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Summary

This thesis investigates the valorisation of Dashamoola spent material (DSM), a significant
waste stream in the Ayurvedic industry. DSM is produced in substantial quantities as a by-
product of manufacturing Dashamoola concoction, a traditional mixture derived from ten
medicinal plants. Building on the premise that DSM contains valuable lignocellulosic biomass
(e.g. cellulose and lignin) and health-promoting phenolic compounds, this research explores
their extraction, modification, and application in value-added products. Currently discarded as
waste, DSM is proposed as a promising source of phenolic compounds, cellulose, and lignin,
which could be modified, characterised, and utilised in emulsions, nutrient-rich food
formulations, and active packaging.

The introduction chapter establishes the context by highlighting the growing manufacture of
Ayurvedic formulations, driven by increasing demand, which has led to a concurrent rise in
associated waste streams, including DSM. The lack of effective valorisation of these waste
streams is exacerbating environmental challenges and resulting in the underutilisation of a
valuable resource. Despite their potential, the Ayurvedic industry has yet to systematically
valorise its waste streams to address this issue. This chapter underscores the significance of
valorising Ayurvedic waste streams, using DSM as an example to extract, modify, and apply
phenolic compounds, cellulose, and lignin as valuable ingredients. This approach aligns with
circular economy principles and provides a pathway to address the sustainability concerns of
the Ayurvedic industry.

The first experimental chapter focuses on the extraction of phenolic compounds from DSM
through an optimised pathway, followed by the identification and characterisation of key
compounds. The analyses identified several valuable phenolic compounds in Dashamoola
spent material extracts (DSME), including shikimic acid (83.2 mg/g), gallic acid (51.2 mg/g),
epicatechin (26.3 mg/g), naringenin (25.0 mg/g), and vanillic acid (14.1 mg/g). The results

demonstrated that the DSME possessed significant antioxidant, antidiabetic, and anti-
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inflammatory properties, as evidenced by DPPH data. DSME also showed showed significant
anti-inflammatory capability closely matching with that of aspirin. DSME did not show adverse
health effects as cell tolerability was up to 500 pg/mL in L6 myoblast and RAW 264.7 cells.
These findings highlight DSME’s potential as a promising candidate for incorporation into
health-promoting foods and nutraceuticals. These results establish DSM as a valuable source
of high-value phenolic compounds.

The second experimental chapter focuses on the extraction and characterisation of lignin from
DSM and its conversion into lignin nanoparticles (LNPs). The LNPs were effective, as natural
stabilisers, to stabilise Pickering emulsions for 90 days. These emulsions were able to load
87.9% curcumin and 72.6% of Vitamin Ds. Cell line studies confirmed the non-toxic nature of
the emulsions, with LnE+Cu+vD3 causing only 29.3% and 34.9% cell death in L6 and RAW
264.7 cells, respectively, at the highest concentration (50 pg/mL). These findings establish that
lignin nanoparticles derived from DSM can serve as effective Pickering emulsifiers and
encapsulating materials for high-value unstable compounds.

The third experimental chapter explores the application of LNP-stabilised Pickering emulsions
in creating nutrient-fortified extruded snacks. LNP-stabilised emulsions containing curcumin
and vitamin D3 were incorporated into the blended flour feed and then extruded. The resulting
fortified snacks retained curcumin and vitamin D3 bioavailability and improved their thermal
stability by 69.0% and 65.7%, respectively. Thse findings highlight the potential of LNP-
stabilised emulsions to protect functional compounds and create nutrient-rich snack foods,
helping to address micronutrient deficiencies while contributing to the valorisation of
Avyurvedic spent materials.

The fourth experimental chapter focuses on the development of active and biodegradable
packaging films using lignin and cellulose nanoparticles (LNPs and NCPs) derived from DSM.
The films were produced using polyvinyl alcohol (PVOH) as the matrix, incorporating NCPs

and LNPs and tea tree oil (TTO, 16% w/v) as functional additives. The resulting films exhibited



antimicrobial, antioxidant (85% DPPH scavenging), and UV-blocking (95% transmittance
reduction) properties without compromising mechanical strength. Nanocellulose provided
structure-reinforcing properties, LNPs contributed antioxidant activity and UV-blocking, and
tea tree oil exhibited strong antimicrobial efficacy against E. coli. These films extended the
shelf life of strawberries by 14 days under chilling conditions. These findings highlight the
potential of LNPs and nanocellulose, derived from DSM, in creating sustainable active
packaging solutions, extending the shelf life of perishable foods while valorising Ayurvedic
waste streams.

As summarised above, DSM is a valuable source of phenolic compounds, cellulose, and lignin,
which can be extracted, transformed, and applied in food and other industries. This thesis
demonstrates the feasibility and importance of valorising DSM and similar Ayurvedic spent
materials by using these components to produce emulsions, encapsulate unstable nutrients,
develop nutritionally enriched snacks, and create active, biodegradable packaging. These
findings have important implications for valorising waste in the Ayurvedic industry, promoting
sustainability and waste reduction. This thesis makes a significant contribution to knowledge
by advancing the extraction, transformation, and application of phenolic compounds, cellulose,
and lignin from DSM. It also establishes a foundation for exploring the sustainable use of other
waste streams of the Ayurvedic sector. The contribution of this work is reflected in four papers
(three in Q1 journals) and one manuscript currently under review, underscoring its value to the

field.



Chapter-1

Introduction



1.1. Introduction

Avyurveda, one of the oldest systems of medicine in the world, originated in India over 5,000
years ago. It emphasizes a holistic approach to health, integrating natural therapies, dietary
practices, and lifestyle modifications to promote physical, mental, and spiritual well-being. A
cornerstone of Ayurveda is its reliance on natural ingredients such as herbs, minerals, and oils,
which are processed into a wide range of therapeutic formulations (Chimankar et al., 2020).
However, these processes often generate significant waste streams, raising concerns about the
environmental impact and resource efficiency of Ayurvedic manufacturing practices.
Addressing these challenges through the sustainable management and value addition of such
by-products is not only an environmental imperative but also aligns with Ayurveda’s
foundational principles of harmony with nature (Swathi & Sundaravadivelu, 2023).
Furthermore, Ayurveda’s practices emphasize a deeper understanding of the
interconnectedness between the natural ingredients used in formulations and the environment,
making the valorisation of its waste streams both relevant and necessary in contemporary

research.

In recent decades, Ayurveda has gained global recognition for its effectiveness in addressing
chronic illnesses and lifestyle-related disorders. The growing prevalence of these conditions
has attracted renewed interest in natural and sustainable healthcare solutions. Ayurvedic
formulations, rooted in the polyherbal principle of combining multiple plant-based ingredients,
are commonly acknowledged for their holistic therapeutic efficacy. Among these, Dashamoola
stands out as a traditional remedy of significant importance (Nagarkar, 2016). Comprising the
roots of ten medicinal plants, Dashamoola has been a cornerstone of Ayurvedic treatment for
centuries, known for its anti-inflammatory, antipyretic, and respiratory benefits. It is
particularly effective in managing complex health conditions such as arthritis, fever, and

bronchial disorders (Taru et al., 2022). The rising demand for Dashamoola and similar



Ayurvedic formulations has greatly increased their production volumes, which has

concurrently led to the generation of larger waste streams.

The manufacturing of Ayurvedic formulations generates substantial quantities of waste
material, commonly referred to as Ayurvedic spent materials, including Dashamoola spent
material (DSM). These waste streams pose significant environmental and economic challenges.
The DSM is primarily composed of lignocellulosic biomass, including cellulose, lignin, and
various bioactive compounds such as polyphenols. These compounds are known for their
antioxidant, anti-inflammatory, and antimicrobial properties, making DSM a valuable resource
with untapped potential. The lack of effective utilization strategies, however, results in DSM
being treated as waste. This not only represents a missed opportunity to harness its latent value
but also contributes to environmental degradation through improper disposal methods

(Abraham et al., 2023).

The disposal of DSM and other Ayurvedic spent materials often involves traditional methods
such as open dumping, burning, or discarding into water bodies, resulting in significant
environmental damage. Open dumping contaminates soil and groundwater through toxic
leachate, while burning releases greenhouse gases and particulate matter, contributing to air
pollution. Discarding waste into water bodies disrupts aquatic ecosystems, causing oxygen
depletion and eutrophication. These practices pose risks to ecosystems and human health,
underscoring the urgent need for innovative and sustainable waste management solutions in

the Ayurvedic industry.

Given the environmental challenges posed by traditional waste disposal methods, the
valorisation of Ayurvedic spent materials, including DSM, is of vital importance for resource
utilization and the mitigation of environmental impacts. By transforming low-value waste
streams into valuable ingredients, valorisation contributes to the circular economy. This

approach also enhances the economic sustainability of the Ayurvedic industry. DSM, with its
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rich composition of bioactive compounds and structural biopolymers (e.g., cellulose and
lignin), is particularly well-suited for valorisation (Abraham et al., 2024). For instance,
polyphenols extracted from DSM can be used in nutraceuticals and functional foods (Abraham
et al., 2020). Similarly, lignin and cellulose can be processed into and included as functional

materials in sustainable packaging, drug delivery, and cosmetics.

Lignin nanoparticles (LNPs) are among the most promising materials in the valorisation of
DSM. As natural stabilizers, LNPs play a crucial role in the development of Pickering
emulsions-emulsions stabilized by solid particles instead of conventional emulsifiers
(Abraham et al., 2023). These emulsions offer enhanced stability and can be utilized for
encapsulating bioactive compounds like curcumin and vitamin D3. The encapsulation process
not only improves the stability and bioavailability of these compounds but also broadens their
applicability across multiple industries, including pharmaceuticals, functional foods, and

cosmetics (Lizundia et al., 2021).

Nanocellulose, another potential valorized product of DSM, is a versatile material with
applications across various fields. With exceptional mechanical properties, high surface area,
and biodegradability, nanocellulose is an ideal candidate for partially substituting or fully
replacing conventional plastics in some packaging applications (Kirtania et al., 2024). Its
incorporation into biodegradable films enhances strength and barrier properties, making them

suitable for preserving perishable goods and reducing plastic waste.

1.2. Importance of the thesis work

The importance of valorizing DSM extends beyond industrial benefits; it contributes to
advancing sustainability within the Ayurvedic industry. By providing pathways for
transforming the underutilized waste streams of traditional industries into functional materials,
this work exemplifies how modern technologies can be harnessed to address the challenges

they face. Recent innovations in nanotechnology and green extraction methods enable the
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efficient recovery of valuable compounds from DSM. Environmentally friendly processes,
such as solvent-free extraction and supercritical fluid extraction, implemented in this work,
minimize waste generation while enhancing the recovery of bioactive compounds (Abraham
et al., 2020; Abraham et al., 2023). In essence, this research underscores the pivotal role of

technological innovation in driving sustainability across traditional industries.

This research explores the potential of valorized extracts of DSM in various applications,
including nutraceuticals, emulsifiers, and components of sustainable packaging. It aims to
establish a comprehensive framework for effectively utilizing Ayurvedic spent materials to
address the environmental and industrial challenges faced by the industry. By providing
pathways for extracting, modifying, and applying the bioactive (e.g., phenolic compound-rich
extracts) and structural components (e.g., cellulose and lignin) of DSM, this work contributes
to the integration of circular economy principles into the Ayurvedic sector (Abraham et al.,
2024). The findings are expected to inspire further research and innovation in this important

traditional industry.

The valorisation of DSM is an important step toward ensuring the sustainability of the
Ayurvedic industry. The outcomes presented in this thesis not only address the environmental
challenges posed by Ayurvedic waste streams but also demonstrate how these underutilized
byproducts can be transformed into valuable ingredients and products. Ultimately, the study
highlights how the implementation of cutting-edge technologies, such as nanotechnology and
green extraction, can drive progress in Ayurvedic and similar traditional industries toward a

more sustainable and resource-efficient future.



1.3. Research questions

This thesis addressed the following questions:

Does Dashamoola spent material (DSM) contain biologically active phytochemicals

with antioxidant, antidiabetic, and anti-inflammatory potential?

2. What are the physicochemical properties of lignin nanoparticles extracted from DSM,
and can they stabilize Pickering emulsions for encapsulating unstable compounds (e.g.,
curcumin and vitamin D3)?

3. Can the above-mentioned lignin-based Pickering emulsions be utilized to fortify
extruded snacks and improve their nutritional value?

4. Can nanocellulose and nano-lignin extracted from DSM, combined with tea tree oil, be
used to produce active packaging films that extend the shelf life of fruits?

1.4. Objectives

The aim of this thesis was to explore the valorisation of Dashamoola spent material (DSM) by

extracting and characterizing its bioactive compounds and structural polymers (cellulose and

lignin) and applying them in innovative products, such as Pickering emulsions, extruded

snacks, and active packaging.

The specific objectives of this research were to:

1.

Develop an optimal process for extracting and recovering bioactive phytochemicals
from DSM and characterize their antioxidant, antidiabetic, and anti-inflammatory
properties.

Investigate the application of lignin nanoparticles in Pickering emulsions for
encapsulating curcumin and vitamin D3 as model health-promoting compounds.
Formulate nutrient-fortified model extruded snacks by incorporating lignin-stabilized

Pickering emulsions into coconut spent flour and millet.



4. Evaluate the efficacy of PVOH films infused with nanocellulose, nano-lignin, and tea

tree oil emulsions in extending the shelf life of strawberries as a model fruit.
1.5. Expected outcomes

1. Optimized method for extracting and characterizing bioactive phytochemicals from
DSM.

2. Development of stable and effective Pickering emulsions using lignin nanoparticles.

3. Nutritional and sensorially improved extruded snacks fortified with DSM-derived
materials.

4. Creation of active packaging films containing nanocellulose and nanolignin from DSM
with enhanced UV-blocking and antimicrobial properties with ability to extend the

shelf life of representative fruits.

1.6. Outline of thesis

This thesis is structured into seven chapters, each addressing a specific aspect of the
valorisation of Ayurvedic spent materials (Fig. 1.1). Dashamoola spent material (DSM) was
used as the representative spent material of Ayurvedic waste stream. The chapters are outlined
as follows:

Chapter 1: Introduction

The first chapter provides the foundational background and rationale for this research. It
highlights the environmental and economic challenges posed by the waste generated during the
production of Ayurvedic formulations. The chapter underscores the importance of valorizing
Ayurvedic spent materials, particularly DSM, as a pathway toward sustainability. The research
questions, objectives, and expected outcomes are presented, setting the stage for the subsequent
chapters.

Chapter 2: Literature review

This chapter reviews existing literature on the valorisation of Ayurvedic spent materials, with
a focus on the extraction of bioactive compounds and the development of lignin- and cellulose-
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based nanomaterials. It outlines the current state of research on DSM, identifies knowledge
gaps, and highlights opportunities for innovation in waste valorisation. Additionally, it reviews
the extraction, characterization, and potential applications of lignin and cellulose as valorized
materials relevant to Ayurvedic spent materials, including DSM. Notably, the lignin and
cellulose section of this chapter has been published as a review paper in Science of the Total
Environment (Abraham et al., 2023).

Chapter 3: Extraction of bioactive phytochemicals from DSM

This chapter presents the findings of research conducted to optimize methods for extracting
bioactive compounds from DSM. The antioxidant, antidiabetic, and anti-inflammatory
properties of the extracted phytochemicals are presented and discussed, highlighting the
therapeutic potential of DSM-derived compounds. The phytochemical-rich extract obtained
from the DSM decoction showed its potential for applications in health-promoting food
formulations. The content of this chapter has been published in Industrial Crops and Products
(Abraham et al., 2020).

Chapter 4: Development of lignin nanoparticles and Pickering emulsions

This chapter explores the preparation and characterization of lignin nanoparticles (LNPs)
derived from DSM. It focuses on the application of LNPs in stabilizing Pickering emulsions
for the encapsulation of bioactive compounds, using curcumin and vitamin D3 as models. The
chapter highlights the physicochemical properties and advantages of LNP-stabilized
emulsions, emphasizing their role in improving the stability and bioavailability of encapsulated
compounds. The content of this chapter has been published in Food Chemistry (Abraham et
al., 2024).

Chapter 5: Nutritional fortification of extruded snacks

This chapter investigates the application of lignin-stabilized Pickering emulsions in the
formulation of nutrient-fortified extruded snacks. The formulation includes blended flours and

Pickering emulsions containing curcumin and vitamin D3, resulting in snacks with significantly
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improved nutritional and sensory attributes. It presents data and explanations on the proximate
composition, sensory evaluation, and bioactive retention in the fortified snacks. This research
underscores the potential of lignin nanoparticles as delivery vehicles for unstable yet valuable
compounds in the creation of healthy snack foods. The content of this chapter has been
published in RSC Sustainable Food Technology (Abraham et al., 2025).

Chapter 6: Development of active packaging films

This chapter focuses on the development of active and biodegradable packaging films using
nanocellulose and lignin nanoparticles derived from DSM. The films are evaluated for their
mechanical properties, antimicrobial activity, UV-blocking properties, and efficacy in
extending the shelf life of perishable fruits, with strawberries used as the model. The
incorporation of essential oils enhances the active properties of the films. The content of this
chapter has been published in International Journal of Biological Macromolecules (Abraham
et al., 2025).

Chapter 7: Conclusions and future directions

This final chapter synthesizes the key findings documented in the experimental chapters
(Chapters 3 to 6), draws overall conclusions, and discusses their implications for the
valorisation of waste streams in the Ayurvedic industry. It articulates the contributions made
by the findings presented in this thesis to the body of knowledge on waste valorisation and the
application of valorized materials. Recommendations are also made for future research to
advance knowledge and explore innovative opportunities for further valorisation of Ayurvedic
spent materials. The thesis concludes by envisioning the continuous application of
interdisciplinary science to achieve higher levels of valorisation and contribution to the circular

economy within the Ayurvedic sector.
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Fig. 1.1. Overview of the four experimental chapters of the thesis, outlining the experimental

work conducted.
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Abstract:

Ayurveda, an ancient Indian medical system, emphasises natural remedies for holistically
maintaining health. The growing global demand for Ayurvedic products has resulted in
significant waste generation, including spent plant residues, liquid effluents, and packaging
waste, posing environmental challenges. Current waste disposal practices, such as open
dumping and burning, are exacerbating environmental degradation, highlighting the need for
innovative strategies. This section of the literature review explores the valorisation of
Ayurvedic spent materials as a sustainable approach to waste management, with a focus on
creating value-added products such as nutraceuticals and biopolymers. Particular emphasis is
placed on the composition and therapeutic applications of Dashamoola, a polyherbal
formulation, and the valorisation potential of Dashamoola Spent Material (DSM), a by-product
of its processing in Ayurvedic formulations. The application of advances in nanotechnology
and biopolymer science enables the transformation of lignocellulosic biomass into high-
performance materials, biodegradable packaging, and nutrient delivery systems. This review
highlights the environmental, economic, and societal benefits of valorisation, including
reduced pollution, new revenue streams, and healthy products. It also addresses challenges
such as variability in raw materials, high technological costs, and regulatory limitations, while
identifying knowledge gaps in the characterisation of waste streams and the scalability of
recovery technologies. By examining the intersection of traditional Ayurvedic practices and
modern sustainability goals, this review provides a framework for advancing waste
management practices, fostering environmental conservation, and supporting the circular

cconomy.

Keywords: Ayurvedic waste valorisation, Dashamoola, nanotechnology, lignocellulosic

biomass, sustainable practices
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2A.1. Introduction

Avyurveda is one of the oldest medical systems in the world and originated in India over 5,000
years ago. The term ‘Ayurveda’ is derived from the Sanskrit words ‘Ayur’ (life) and ‘Veda’
(knowledge) and translates as the ‘science of life’ (Chimankar et al., 2020). Ayurveda adopts
a holistic approach, emphasising the balance of the three doshas (mind-body energies): Vata
(air and space), Pitta (fire and water), and Kapha (earth and water), which are believed to
govern physiological and psychological functions (Kizhakkeveettil et al., 2024; Swathi &
Sundaravadivelu, 2023; Shah, 2019).Unlike Western medicine that focuses predominantly on
curing diseases, Ayurveda integrates preventive and curative measures, including natural
therapies, dietary interventions, yoga, meditation, and purification practices such as
Panchakarma (five actions) (Chauhan et al., 2023; Debnath et al., 2015). This comprehensive
approach considers physical, mental, and spiritual well-being as interconnected and equally

important for maintaining health (Luhaste, 2023).

In recent decades, Ayurveda has gained global recognition as an alternative medicine system.
Its eco-friendly and sustainable principles resonate with the rising global demand for natural
health practices (Bhattacharya, 2024). The global Ayurveda market size was estimated at USD
14.4 billion in 2023 and is projected to grow at a Compound Annual Growth Rate (CAGR) of
27.2% from 2024 to 2030 due to growing consumer awareness of Ayurvedic benefits (Grand
View Research, 2024). Ayurvedic formulations such as Chyawanprash (a rejuvenating herbal
jam), Ashwagandha (Indian ginseng, renowned for its stress-relieving and energy-boosting
properties), and Triphala (a traditional blend of three fruits used for digestion and
detoxification) have become household names for their health and therapeutic benefits (Thakur
etal.,2012; Sarkar et al., 2023; Agarwal et al., 2018). Exports of Ayurvedic and herbal products
from India increased from USD 479.6 million (3,967.4 crores INR) in FY21 to USD 606.2

million (5,014.3 crores INR) in FY23, reflecting a significant rise in global demand (Grand
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View Research, 2024). The endorsement of Ayurveda by the World Health Organisation
(WHO) as a form of traditional medicine has further legitimised its role in addressing chronic
and lifestyle-related diseases (Anand et al., 2022; Maier, 2021). Additionally, the rising
demand for organic and natural personal care products infused with Ayurvedic ingredients like
neem, turmeric, and sandalwood has fueled industry growth, solidifying Ayurveda’s position
in the wellness sector (Grand View Research, 2024). The widespread adaptation of Ayurveda
in wellness centres, spas, and integrative health programmes has established it as a key player

in the global wellness industry. (Mukerji & Prasher, 2016).

Despite its popularity, the rapid expansion of Ayurvedic industries has resulted in significant
environmental challenges. These industries generate a diverse range of waste materials,
including spent plant residues, liquid effluents, and packaging waste. Improper disposal of
these materials is causing adverse environmental impacts such as soil degradation, water
pollution, and air quality issues (Rajan et al., 2019). Plant residues, often rich in lignocellulosic
biomass, are discarded or incinerated, contributing to greenhouse gas emissions. Liquid
effluents containing high concentrations of organic matter and bioactive compounds are
frequently released without treatment into water bodies, causing eutrophication and
endangering aquatic ecosystems (Mukerji & Prasher, 2016). Non-biodegradable packaging
waste used in the Ayurvedic Industry adds to the environmental burden, further highlighting

the need for sustainable waste management practices.

The challenges associated with Ayurvedic waste management are exacerbated by factors such
as variability in raw materials, lack of standardised protocols, and high costs of waste treatment
technologies. Limited awareness among producers and inadequate policy frameworks further

hinder sustainable practices in this sector (Swathi & Sundaravadivelu, 2023). These challenges
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underscore the need for innovative approaches to manage Ayurvedic waste effectively and

sustainably.

Valorisation of Ayurvedic spent materials offers a transformative solution. By converting
waste into value-added products, industries can significantly reduce their environmental
footprint while creating economic opportunities. Residual bioactive compounds in spent plant
materials can be extracted and utilised in the development of nutraceuticals, pharmaceuticals,
and functional foods (Espro et al., 2021). Lignocellulosic biomass, a major component of
Ayurvedic waste, can be converted into biopolymers, bioethanol, and bioplastics, contributing
to the circular economy (Debnath et al., 2015). Valorisation also supports resource
conservation, reduces pollution, and creates green jobs, aligning with global sustainability

goals (Bhattacharya, 2024).

This part of the Literature review chapter aims to explore the current status and future prospects
of valorising Ayurvedic spent materials, focusing on their composition, challenges, and
applications. By highlighting innovative waste management practices and technologies, it
seeks to promote sustainability within the Ayurvedic industry. The review provides a
comprehensive understanding of key aspects related to Ayurvedic formulations and their
sustainable practices. It begins with an overview of Ayurvedic formulations, focusing on
Dashamoola — a polyherbal Ayurvedic formulation- and its therapeutic applications. The
discussion then transitions to the generation of Ayurvedic spent materials, specifically
Dashamoola Spent Material (DSM), highlighting its characteristics, environmental impacts,
and current disposal practices. Next, the review explores technological advancements in the
valorisation of Ayurvedic waste, emphasising nanotechnology and biopolymers. Finally, it
summarises the benefits of waste valorisation while addressing challenges and future directions

for integrating sustainability practices into Ayurvedic practices.

21



2A.2. Ayurvedic formulations and Dashamoola

Avyurvedic preparations are based on either single herbs (e.g., Curcuma longa (turmeric) and
Azadirachta indica (neem) or polyherbal formulations (e.g., Dashamoola — roots of 10
medicinal plants and herbs, Triphala — a combination of three fruits: Emblica officinalis (amla),
Terminalia bellirica (bibhitaki), and Terminalia chebula (haritaki). Polyherbal formulations
are integral to Ayurvedic medicine, emphasizing the synergistic effects of multiple herbs to
enhance therapeutic efficacy (Rajini et al., 2023; Agarwal et al., 2018). Unlike single-herb
remedies, which primarily target specific dosha imbalances, polyherbal treatments address a
broader spectrum of health concerns. These formulations are designed to balance Vata, Pitta,
and Kapha doshas simultaneously, enabling a holistic approach to health management
(Kotmire et al., 2024). Polyherbal formulations also allow Ayurvedic practitioners to tailor
treatments to individual prakriti (body constitution), ensuring personalized care. This
adaptability not only enhances efficacy but also minimizes potential side effects, as the
combined effects of the herbs work in harmony to mitigate adverse reactions (Mahale, 2023).
Polyherbal formulations like Dashamoola exemplify this principle, providing comprehensive

solutions for a range of health conditions.

2A.2.1. Dashamoola: composition, therapeutic applications, and significance
Dashamoola, translating to "ten roots," is a classical Ayurvedic formulation comprising the
roots of ten medicinal plants (Table 2A.1). These roots are divided into two categories

(Nagarkar, 2016; Swathi et al., 2023) (Fig. 2A.1):
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Table 2A.1. Medicinal importance of plants used to formulate Dashamoola

Plant Name ..
Category (Scientific Name) Medicinal Importance
Valiyapanchamoola Bilwa (degle marmelos) Known for its d1gest1Ye and anti-
(Larger Plants) inflammatory properties.
Agnimantha Promotes vitality and supports
(Clerodendrum phlomidis) respiratory health.
Shyonaka (Oroxylum Effective in managing joint pain
indicum) and inflammation.
Patala (Stereospermum Supports immunity and respiratory
suaveolens) function.
Gambhari (Gmelina Enhances strength and addresses
arborea) skin and digestive disorders.
Laghupanchamoola Brihati (Solanum indicum) T.reats asthma and other respiratory
(Smaller Plants) ailments.

Kantakari (Solanum

xanthocarpum)

Shalaparni (Desmodium

gangeticum)

Prishniparni (Uraria

picta)

Gokshura (Tribulus

terrestris)

Relieves bronchitis and acts as an
expectorant.

Known for its pain-relieving and
adaptogenic properties.

Supports fever management and
general immunity.

Improves urinary health and
vitality.
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[ Valiyapanchamoola (Larger Plants) ] [ Laghupanch la (Smaller Plants) ]

Desmodium gangeticum
(Shalaparni)

Gmelina arborea ‘ Solanum indicum ‘
Gamphari ‘ (Brihati root) 1 -

Oroxylum indicum
Shyonaka

Aegle marmelos (Bilwa)

Solanum xanthocarpum
(Kanthakari)

Premna integrifolla

) Tribulus terrestris
Agnimantha

(Gokshura)

Stereospermum
suaveolens (Patala

Uraria picta (Prithakpami)

Fig. 2A.1. Classification of Valiyapanchamoola (larger plants) and Laghupanchamoola

(smaller plants) with corresponding species used in Ayurvedic formulations.

Each root contributes distinct therapeutic properties, including anti-inflammatory, analgesic,
expectorant, and adaptogenic effects. Together, they create a balanced formulation that
addresses multiple health concerns. For instance, Valiyapanchamoola primarily targets Vata

imbalances, while Laghupanchamoola focuses on Kapha-related disorders (Nagarkar, 2016).

Therapeutically, Dashamoola is known for its ability to reduce inflammation, enhance
respiratory health, and support metabolic functions (Parekar et al., 2015; Swathi et al., 2023).
It is commonly used to manage arthritis, asthma, and digestive disorders. The formulation’s
comprehensive action makes it a cornerstone of Ayurvedic medicine, reflecting its emphasis

on harmony and balance (Kumar et al., 2017; Taru et al., 2022).

2A.2.2. Dashamoolarishta: A key Dashamoola product and its applications
Dashamoolarishta is a fermented herbal decoction derived from Dashamoola, recognised in

Ayurveda as a rasayana (rejuvenative) for its adaptogenic and restorative properties (Fig.
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2A.2). The fermentation process enhances the bioavailability of its active compounds, such as
tannins, flavonoids, and alkaloids, contributing to its therapeutic efficacy (Athira et al., 2022).
With its systemic action, Dashamoolarishta addresses dosha imbalances, making it a versatile
formulation in Ayurvedic practice (Prabhune et al., 2019). In India, annual production of
Dashamoolarishta is approximately 15 lakh litres, reflecting its high demand in the Ayurvedic
industry (Shetty et al., 2017; Sebastiani et al., 2022). However, this growing demand has led to
concerns about the availability of raw materials, particularly the roots required for Dashamoola,
which are often subject to seasonal and geographic limitations. This scarcity poses challenges
to sustainable production and highlights the need for resource management strategies in the

Ayurvedic sector.

Dashmoolarishia
eI

Fig. 2A.2. Commercial Dashmoolarishta products from various brands.

Therapeutically, Dashamoolarishta is used for postnatal care by restoring strength and vitality
after childbirth, while its adaptogenic properties aid in emotional stability and recovery. It
supports respiratory health by managing asthma, bronchitis, and airway inflammation, and
enhances digestive functions, alleviating issues like indigestion and bloating. Additionally, its
anti-inflammatory properties help treat arthritis and gout, while its antioxidant-rich
components combat fatigue and improve immunity (Mohite et al., 2014). Through these
multifaceted benefits, Dashamoolarishta remains a cornerstone in Ayurvedic therapy,
addressing a wide range of health conditions holistically (Pawar et al., 2013).
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2A.3. Spent materials generation in the Ayurvedic industry

The Ayurvedic industry, rooted in traditional practices and reliant on natural raw materials,
faces increasing challenges due to the rising global demand for its products. This growing
demand has led to substantial waste generation, including plant residues, liquid effluents, and
packaging waste, which pose significant environmental and logistical challenges (Raju et al.,
2024). Ayurvedic formulations such as decoctions, oils, and powders depend heavily on plant-
based resources, and their processing leaves behind various types of spent materials (Table
2A.2). Proper management of these wastes is essential to ensure environmental sustainability
and uphold the Ayurvedic principle of balance and harmony (Abdulhameed et al., 2020;
Kularatne, 2024; Yadevendra et al., 2019).

2A.3.1. Types of spent material generated in Ayurvedic formulations production
Ayurvedic formulations are created through processes such as collection, drying, grinding,
extraction, and formulation, which generate several types of waste (Kularatne, 2024;
Abdulhameed et al., 2020).

Plant residues: Ayurvedic production involves various plant parts such as roots, stems, bark,
leaves, flowers, and seeds. After the active compounds, including alkaloids, flavonoids, and
tannins, are extracted, a significant amount of fibrous residue remains. These residues, referred
to as "spent materials," form the bulk of Ayurvedic waste. For example, the preparation of
Dashamoolarishta leaves behind large quantities of root material after fermentation and
extraction, often discarded as waste despite its potential for secondary applications
(Abdulhameed et al., 2020).

Spent extraction solids: The extraction of active principles using mediums like water, alcohol,
or oils generates solid waste composed of fibrous plant material and inert remnants. While
these solids retain traces of bioactive compounds, improper disposal can negatively impact the

environment, contributing to waste accumulation and pollution (Gopinath, 2020).
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Liquid waste: Liquid effluents are produced during processes such as decoction preparation
and fermentation. These wastes often contain plant extracts, solvent residues, and by-products
of fermentation. If untreated, they pose a significant risk of water pollution by contaminating
nearby water bodies and disrupting aquatic ecosystems (Kularatne, 2024; Abdulhameed et al.,
2020).

Packaging waste: Ayurvedic products are typically packaged in materials like plastic, glass,
or cardboard. The increased production and popularity of Ayurvedic products have resulted in
a growing volume of discarded packaging materials, which contribute to environmental

pollution, particularly when disposed of carelessly (Kularatne, 2024; Gopinath, 2020).

Table 2A.2. Value-added products and applications of ayurvedic materials

Value-Added

Spent Material Product/Process Application Reference
Dashamoola Extraction of bioactive Antioxidant, anti—' '  Abraham et
. compounds (polyphenols, inflammatory, antidiabetic
spent material . . al., 2023
flavonoids) properties
Ashwagandha Bioactive-rich extract for Adaptogenic and stress-  Sarkar et al.,
spent roots  nutraceutical formulations relief supplements 2023
Neem spent  Neem oil extraction and Agricultural pest control, Ojo et al.,
leaves biopesticide formulation medicinal uses 2024

Turmeric spent Curcumin recovery and nano- Enhanced bioavailability = Mahjoubin et

residue encapsulation in food & pharma al., 2020
Triphala spent Polyphenol recovery for Antioxidant and gut health Agarwal et
material functional beverages benefits al., 2018

Brahmi spent  Extracts for cognitive health ~ Memory enhancement and Preethy et al.,

biomass supplements neuroprotection 2018
o . Bioavailabilit
Spent black  Piperine extraction and y Prabhu et al.,
: . enhancement in
pepper microencapsulation . 2015
nutraceuticals
. Essential oil recovery and Flavoring agent, Arun et al.,
Spent cumin . . e . L
antioxidant-rich extracts antimicrobial applications 2018
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2A.3.2. Occurrence of Dashamoola spent material (DSM)

Dashamoola Spent Material (DSM) is a by-product generated during the preparation of
Ayurvedic formulations such as Dashamoolarishta (Fig. 2A.3). The process involves the
extraction and fermentation of the roots of ten medicinal plants that make up Dashamoola.
After the active compounds are extracted for formulations, significant quantities of fibrous
residues remain, referred to as DSM. It primarily consists of lignocellulosic biomass and trace
amounts of bioactive compounds such as tannins and flavonoids (Abraham et al., 2020). The
Ayurvedic industry generates approximately 1,000 tons of DSM annually, making it a valuable

waste stream for potential utilisation.

Fig. 2A.3. Dashamoola spent material (DSM) — a byproduct generated from the production
of Dashamoolarishta.

Despite its promising composition, DSM is often considered waste and discarded without
exploring its potential applications. This material is typically left to accumulate at production
sites, incinerated, or disposed of in landfills, contributing to environmental concerns. However,
its fibrous nature and residual bioactive content suggest its suitability for secondary uses,
including the development of biofertilisers, compost, or even bioenergy applications.
Understanding the occurrence and characteristics of DSM is critical for transitioning the
Ayurvedic industry towards more sustainable waste management practices (Abraham et al.,

2020).
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2A.3.3. Current disposal practices and associated challenges

The Ayurvedic industry, despite its reliance on natural materials, faces significant challenges
in waste disposal. Traditional waste management methods, such as open dumping, burning,
and disposal into water bodies or agricultural fields, are still prevalent in India and other regions
where Ayurveda is practised. These unsustainable practices fail to mitigate the environmental
burden of Ayurvedic waste and contribute to soil degradation, water pollution, and air quality
issues (Rajan et al., 2019; Posada, 2017; Resmi et al., 2022).

¢ Open dumping and landfill

One of the common methods of disposing of Ayurvedic spent materials is open dumping or
landfill disposal. While these methods may seem convenient, they result in significant
environmental harm (Rajan et al., 2019; Patel et al., 2024):

Soil degradation: Open dumping and landfill disposal disrupt the natural soil ecosystem.
Decomposing organic matter alters soil pH and releases excess nutrients, which can lead to
reduced fertility and loss of native vegetation (Kularatne, 2024).

Methane emissions: Organic waste in landfills decomposes to produce methane, a greenhouse
gas 25 times more potent than carbon dioxide, significantly contributing to climate change
(Patel et al., 2024).

Leachate formation: Waste in landfills generates leachate, a toxic liquid that seeps into the
soil and contaminates groundwater. This leachate contains organic materials and plant by-
products harmful to both soil fertility and human health when it reaches water sources
(Kularatne, 2024).

¢ Burning of herbal waste

In rural areas, where proper waste management systems are lacking, burning herbal waste
remains a common practice. While seemingly a quick solution, this method creates several

environmental challenges (Xin et al., 2019; Maj et al., 2019):
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Air pollution: Burning releases airborne pollutants, including carbon dioxide, carbon
monoxide, particulate matter, volatile organic compounds (VOCs), and polycyclic aromatic
hydrocarbons (PAHs). These pollutants pose serious risks to human health, such as respiratory
and cardiovascular issues (Marcelino et al., 2023).
Greenhouse gas emissions: Combustion generates carbon dioxide and other gases, worsening
global warming and ozone depletion. Despite these impacts, burning remains a widely
practised method of waste disposal (Maj et al., 2019; Meng et al., 2017).
¢ Discarding into water bodies
Some Ayurvedic processing units discharge spent plant materials and liquid waste into nearby
rivers, lakes, or streams, assuming this will dilute the pollution. However, such practices result
in severe ecological consequences (Puri et al., 2021; Rajan et al., 2019; WHO, 2003):
Water pollution: Biodegradation of waste in water bodies depletes oxygen levels, harming
aquatic organisms and disrupting ecosystems (WHO, 2003; Puri et al., 2021).
Eutrophication: Excess nutrients, particularly nitrogen and phosphorus, promote algal blooms,
a process known as eutrophication. This depletes oxygen in water, degrading quality and
threatening aquatic life (Dhadse et al., 2021).
e Use in agricultural fields
Some Ayurvedic companies claim that herbal waste can act as natural manure and often dump
spent materials onto agricultural lands. While organic matter can improve soil quality, this
practice is not without risks (Tao et al., 2021; Lubbe & Verpoorte, 2011):
Soil contamination: Bioactive compounds in Ayurvedic waste can disrupt soil microorganisms
and alter pH levels, negatively impacting crop yields and nutrient cycles (Rajan et al., 2019).
Water runoff: During rainfall, surface runoff carries nutrients and bioactive agents into nearby

water bodies, exacerbating water pollution and eutrophication (Srivastava et al., 2010).
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Accumulation at production sites: Inadequate waste treatment often leads to waste
accumulation at processing sites. Decomposing waste generates odours, attracts insects, and
produces leachate, which seeps into the soil and contaminates groundwater (Abdulhameed et
al., 2020).

The environmental impacts of these practices underscore the urgent need for modern,
sustainable waste management solutions within the Ayurvedic industry. Addressing soil
degradation, water pollution, and air quality issues will not only mitigate ecological harm but
also align the industry's operations with global sustainability goals.

2A.4. Prospects and benefits of valorisation of Ayurvedic spent materials

The valorisation of Ayurvedic spent materials offers promising prospects for creating
sustainable, high-value products that align with global environmental and economic goals. By
leveraging residual bioactive compounds and lignocellulosic biomass, industries can not only
reduce waste but also develop innovative solutions across various sectors such as
pharmaceuticals, nutraceuticals, and packaging. The following sections outline specific
opportunities and applications.

2A.4.1. Potential for creating value-added products

The Ayurvedic industry generates significant quantities of waste materials, including plant
residues and liquid effluents, that hold immense potential for transformation into value-added
products. Most of the Ayurvedic preparations are based on aqueous decoctions and oil extracts
and therefore there is substantial retention of the bioactive phytochmeicals in the residue. By
extracting valuable components such as bioactive compounds and lignocellulosic biomass,
these waste materials can be repurposed into a range of innovative applications across
pharmaceuticals, nutraceuticals, sustainable materials, and bioenergy. This approach not only
mitigates environmental challenges but also contributes to the principles of sustainability and

the circular economy (Yarin et al., 2022; Abraham et al., 2020).
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The valorisation of these by-products involves advanced technologies, including the extraction
of residual bioactives and the conversion of lignocellulosic materials into high-value products.
With increasing global demand for natural, eco-friendly solutions, the Ayurvedic industry is
uniquely positioned to lead in the development of sustainable alternatives while reducing its
ecological footprint by further valourization of its by-products (Kularatne, 2024).

2A.4.1.1. Applications of residual bioactive compounds

Residual bioactive compounds in Ayurvedic spent materials, such as tannins, flavonoids,
alkaloids, and polyphenols, exhibit diverse therapeutic and functional properties. These
compounds can be extracted and utilised in various industries:

Pharmaceuticals and nutraceuticals: Tannins and flavonoids are valuable as natural
antioxidants, anti-inflammatory agents, and antimicrobial agents. Their integration into
supplements and medications offers solutions for chronic diseases and immunity enhancement
(Abraham et al., 2020).

Food and beverage industry: Residual bioactives can act as natural preservatives or functional
ingredients, replacing synthetic additives. Flavonoids, for instance, are being explored for their
potential to enhance the shelf life and nutritional value of products (Espro et al., 2021).
Cosmetics: Polyphenols and alkaloids are increasingly used in skincare formulations for their
rejuvenating and anti-ageing effects, providing eco-friendly alternatives to synthetic chemicals.
The recovery and commercialisation of these compounds provide an opportunity for waste
reduction while creating products with high market demand, thereby aligning with sustainable
business practices (Kularatne, 2024).

2A.4.1.2. Utilisation of lignocellulosic biomass

Lignocellulosic biomass, a major component of Ayurvedic spent materials, comprises lignin,
cellulose, and hemicellulose (Fig. 2A.4). These components can be repurposed into materials

and energy solutions, offering significant industrial and environmental benefits:
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Fig. 2A.4. Schematic of lignocellulosic biomass components derived from plant sources.
Bioenergy and biofuels: Cellulose and hemicellulose can be converted into bioethanol,
providing a renewable alternative to fossil fuels. This application contributes to the global shift
towards cleaner energy sources (Gupta et al., 2019; Liu et al., 2019; Abraham et al., 2023).
Sustainable packaging: Cellulose-based films and composites are being developed as
biodegradable packaging materials, addressing the environmental challenges posed by plastic
waste.

High-performance materials: Lignin can be transformed into advanced products such as
carbon fibres, adhesives, and biopolymers. Nano-lignin, for example, is gaining popularity for
its use in drug delivery systems, antioxidant formulations, and lightweight composites in
automotive and aerospace industries (Abraham et al., 2023).

By effectively utilising lignocellulosic biomass, the Ayurvedic industry can reduce waste,
conserve resources, and contribute to sustainable development. This valorisation aligns with
both environmental goals and economic opportunities, positioning the industry as a leader in

innovative waste management strategies (Kularatne, 2024).
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2A.4.1.3. Nanotechnology innovations: development and applications of nano lignin and
nano cellulose

Nanotechnology offers transformative potential for the valorisation of Ayurvedic spent
materials, particularly in the development of nano lignin and nano cellulose. These nanoscale
materials, derived from lignocellulosic biomass, possess unique structural and functional
properties that make them highly desirable for various industrial and biomedical applications
(Vickram et al., 2023).

Nano-lignin: Nano-lignin is increasingly gaining attention for its antioxidant, antimicrobial,
and UV-blocking properties. It is being developed for use in drug delivery systems, where its
ability to encapsulate and protect bioactive compounds can enhance the efficacy and stability
of medications. Additionally, nano-lignin is employed in high-performance coatings,
adhesives, and antioxidant formulations for food and cosmetic industries (Abraham et al.,
2024).

Nano cellulose: Nano cellulose, derived from cellulose fibres, exhibits remarkable mechanical
strength, high surface area, and biocompatibility. Its applications include the development of
biodegradable composites, flexible electronics, and water purification membranes. In food and
pharmaceutical sectors, nano-cellulose is used as a stabiliser in emulsions, a carrier for active
ingredients, and a matrix for controlled drug release (Kularatne, 2024).

By integrating nanotechnology into the utilisation of Ayurvedic spent materials in recovery of
lignocellulosic mass and converting to nanomaterials, the industry can produce sustainable,
high-value products that address the growing demand for eco-friendly and functional materials.
2A.4.1.4. Biopolymer advancements in Pickering emulsions, active packaging, and
nutrient delivery

Pickering emulsions, emulsions stabilised by solid particles, are gaining attention in various

applications in food, pharmaceuticals and cosmetics. The lignin and cellulose from Ayurvedic
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spent materials offers innovative solutions for applications such as Pickering emulsions, active
packaging, and nutrient delivery systems (Pandita et al., 2024). These biopolymer-based
advancements contribute to reducing reliance on synthetic materials while addressing the
demand for sustainability.

Pickering emulsions: Biopolymers, such as nano-lignin and nano-cellulose, serve as stabilisers
in Pickering emulsions, which are emulsions stabilised by solid particles instead of surfactants.
These emulsions are gaining popularity in food and pharmaceutical applications due to their
enhanced stability and reduced use of synthetic additives (Fig. 2A.5). For instance, nano-lignin-
based emulsions can encapsulate sensitive bioactives like curcumin and vitamins, ensuring

better protection and controlled release (Abraham et al., 2024).

Fig. 2A.5. Schematic representation of Pickering emulsion-loaded film-forming solutions and
their applications in food preservation (Zhao et al., 2024).

Active packaging: Biopolymers derived from Ayurvedic spent materials, particularly lignin
and cellulose, are used in developing active packaging solutions and biodegradable packaging
materials (Zhao et al., 2024). These materials provide antioxidant and antimicrobial

functionalities, extending the shelf life of perishable goods. For example, cellulose-based films
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infused with nano-lignin can inhibit microbial growth and protect against oxidation, reducing
food waste and promoting sustainability (Kularatne, 2024).

Nutrient delivery systems: Biopolymers play a crucial role in creating nutrient delivery systems
by acting as carriers for vitamins, minerals, and other bioactive compounds. Nano-cellulose,
with its high surface area and biocompatibility, is particularly effective in encapsulating and
delivering nutrients in a controlled manner. These systems find applications in functional
foods, dietary supplements, and targeted drug delivery, offering improved efficacy and
consumer benefits (Rayees et al., 2024).

By advancing biopolymer applications in these areas, the Ayurvedic industry can create
sustainable, innovative products that meet consumer needs while minimising environmental
impact.

2A.4.2. Benefits of valorisation

The valorisation of Ayurvedic spent materials offers a holistic range of benefits, addressing
environmental, economic, and societal challenges while aligning with global sustainability
goals. By converting waste into value-added products, the Ayurvedic industry can reduce its
environmental impact, foster economic growth, and contribute to societal well-being (Kumar
et al., 2024).

Environmental benefits: Valorisation significantly reduces the environmental burden caused
by Ayurvedic waste disposal. By utilising plant residues and lignocellulosic biomass to create
phytochemicals, bioplastics, and other high-value products, the industry can mitigates pollution
and promotes resource conservation. For instance, reusing lignin and cellulose from spent
materials prevents methane emissions from landfills and reduces water pollution caused by
untreated effluents. Moreover, replacing synthetic materials with biodegradable alternatives
reduces dependency on fossil fuels and minimises the accumulation of plastic waste,

contributing to a circular economy (Maity, 2023; Abraham et al., 2024; Kularatne, 2024). The
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phytochemicals could be converted to nutraceuticals or patented and proprietary products (PNP
products).

Economic benefits: The valorisation of spent materials creates new revenue streams for the
Ayurvedic industry by converting waste into marketable products such as nutraceuticals,
pharmaceuticals, and eco-friendly packaging. These high-value products tap into growing
consumer demand for sustainable and health-promoting solutions. Additionally, the
development and adoption of advanced valorisation technologies generate green jobs, fostering
local and regional economic growth. By aligning with global trends in sustainability, the
Avyurvedic industry can enhance its competitiveness while reducing production costs through
efficient resource use (Rayees et al., 2024).

Societal benefits: Valorisation contributes to the development of sustainable health and
wellness products, offering natural alternatives to synthetic chemicals. Bioactive compounds
recovered from Ayurvedic spent materials can be incorporated into functional foods, dietary
supplements, and personal care products, addressing the increasing demand for eco-friendly
and health-conscious products. Furthermore, reducing environmental pollution through waste
valorisation improves public health outcomes, while the development of sustainable practices
strengthens the social responsibility of the Ayurvedic industry. These advancements ensure
long-term societal benefits by promoting healthier lifestyles and preserving environmental
integrity (Abraham et al., 2024).

By integrating these environmental, economic, and societal benefits, the valorisation of
Ayurvedic spent materials emerges as a transformative strategy for sustainable development.
It not only addresses pressing global challenges but also positions the Ayurvedic industry as a

leader in eco-innovation and sustainability.
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2A.5. Challenges, gaps in knowledge, and research directions

The valorisation of Ayurvedic spent materials offers immense potential for sustainability and
innovation. However, its implementation faces several challenges and knowledge gaps that
require targeted research and strategic interventions to unlock its full potential.

2A.5.1. Key challenges

One of the primary challenges in the valorisation of Ayurvedic spent materials is the variability
in raw materials. Ayurvedic formulations utilise a wide range of plant species, each with
distinct properties and compositions. This inconsistency complicates the standardisation of
valorisation processes and affects the reproducibility of high-value products. Another
significant hurdle is the high technological costs associated with advanced techniques such as
extraction and purification of biopolymer extraction and application of nanotechnology. These
technologies often require substantial investment, making them inaccessible to small and
medium-sized enterprises in the Ayurvedic sector. Regulatory limitations further compound
these issues, as the lack of clear policies and certification standards impedes the adoption of
sustainable practices and restricts the market potential of valorised products (Abraham et al.,
2024; Rayees et al., 2024).

2A.5.2. Gaps in knowledge

Despite progress in research, critical gaps in knowledge hinder the optimisation of Ayurvedic
waste valorisation. One major gap is the lack of systematic studies focusing on the unique
characteristics of different waste streams, such as plant residues, liquid effluents, and
packaging waste. Each stream requires tailored approaches for efficient management, but
comprehensive data on their composition and properties is limited. Additionally, fundamental
information about the chemical and physical characteristics of Ayurvedic spent materials under
varying processing conditions is still missing, which restricts the development of efficient

recovery technologies. Furthermore, many of the applied or proposed technologies, such as
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nano-lignin and nano-cellulose production, have not been rigorously evaluated for their
efficiency, scalability, or environmental impact. This lack of evaluation leaves their industrial
potential underexplored and limits their adoption in large-scale applications (Wang et al., 2023;
Beladjine et al., 2023).

2A.5.3. Future prospects

Addressing these challenges and gaps requires strategic research directions and policy support.
Enhanced methods for bioactive recovery can significantly increase the profitability and
sustainability of valorisation processes. Developing cost-effective technologies to extract
valuable compounds such as tannins, flavonoids, and alkaloids will expand the commercial
potential of Ayurvedic spent materials. Progress in the utilisation of lignocellulosic biomass,
particularly for creating biodegradable materials, biofuels, and nanomaterials, is vital for
broadening the scope of waste valorisation. Scaling up the production of nano-lignin and nano-
cellulose, as well as exploring their applications in industries such as food, pharmaceuticals,
and packaging, could drive innovation and sustainability (Bangar et al., 2021; Rayees et al.,
2024). Moreover, the establishment of robust policy frameworks is crucial to supporting waste
management practices in the Ayurvedic industry. This includes incentivising sustainable
practices, providing certifications for value-added products, and creating infrastructure to
facilitate waste processing. Strengthened collaboration between researchers, policymakers, and
industry stakeholders will ensure the integration of traditional Ayurvedic practices with modern
sustainability goals, paving the way for transformative advancements in waste management

and valorisation (Sinha et al., 2025; Verma et al., 2024; Kularatne, 2024).
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2A.6. Conclusion

This section of review of Ayurvedic spent materials highlights the significant potential of
utilising polyphenol-rich extracts, nanocellulose, and lignin for sustainable and innovative
applications. Current research emphasises the therapeutic and functional benefits of bioactive
compounds, such as antioxidants and anti-inflammatory agents, derived from Ayurvedic waste
streams. Likewise, lignin and nanocellulose have shown considerable promise as key
components in the development of biodegradable materials, advanced delivery systems, and
eco-friendly packaging. Nonetheless, notable gaps remain in the systematic study of the unique
characteristics of different Ayurvedic waste streams, as well as in the assessment of the
efficiency and scalability of proposed technologies.

This review forms the basis for addressing these gaps through the valorisation of Ayurvedic
spent materials, serving as a rationale for the subsequent experimental chapters. It provides a
framework for investigating bioactive recovery methods, developing lignin nanoparticles for
stabilising emulsions, incorporating these systems into nutrient-fortified products, and
designing active packaging materials. Integrating modern technological advances into
traditional Ayurvedic practices will address gaps in the utilisation and valorisation of
Ayurvedic spent materials, drive product innovation, and promote environmental

sustainability.
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Abstract

Small particles of size range from 1 to 100 nm are referred to as nanoparticles. Nanoparticles
have tremendous applications in various sectors including the areas of food and

pharmaceutics. They are being prepared from various natural sources widely. Lignin is one
such sources that deserves a special mention due to its ecological compatibility, accessibility,
abundance, and low cost. This amorphous heterogeneous phenolic polymer is the second most
abundant molecule in nature after cellulose. Apart from being used as a biofuel source, lignin
is less explored for its potential at nano level. In plants, lignin exhibits cross linking structures
with cellulose and hemicellulose. To benefit from the untapped potential of lignin in high-
value-added applications, numerous advancements have taken place in synthesizing
nanolignins for manufacturing lignin-based materials. Lignin and lignin-based nanoparticles
have numerous applications, but in this review, we are particularly focusing on the applications
at food and pharmaceutical sectors. The exercise we undertake has great relevance as it helps
scientists and industries gain valuable insights into lignin's capabilities and exploit its physical
and chemical properties to facilitate the development of future lignin-based materials. We have
summarized the available lignin resources and its potential in food and pharmaceutical
industries at various levels. This review attempts to understand various methods adopted for
the preparation of nanolignin. Furthermore, the unique properties of nano-lignin-based
materials and their applications in fields including packaging industry, emulsions, nutrient
delivery, drug delivery hydrogels, tissue engineering, and biomedical applications were well-

discussed.

Keywords: Lignin, nanolignin, antioxidant activity, nutrient delivery, drug delivery
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2B.1. Introduction

The principal components of plant biomass created by plants consist of cellulose,
hemicellulose, and lignin. Lignin is the most widely distributed aromatic polymer, and it
participates with cellulose and hemicellulose to shape and toughen plant cell walls. According
to recent reports, the paper industry produces nearly 50 million tons of biomass by-products
annually worldwide. Unfortunately, 98%of this organic chunk is either burned for generating
energy or disposed of directly into sewage systems, leading to serious environmental
consequences. That leaves 2% of the biomass material for industrial use, especially for creating
valuable lignin-based products (Pham et al., 2023). Lignin also accounts for one-fifth of the
total biomass available on the planet (Pham et al., 2023, Bajwa et al., 2019). Together, they
form a reinforced structure resembling a supra-molecular scaffold capable of providing
physical and chemical durability to the cell when encountering infections and enzymatic, and
chemical destruction (Xie et al., 2018). Mostly lignin (up to 35%) gets stored in the middle
lamella of plants like jute, cotton, industrial hemp, and wood pulp. Lignin types viz
lignosulfonates (88%), kraft lignin (9%), and the emerging sulfur-free organosolv accounting
for 2% represent the lignin market. By 2025, lignin's valuation is expected to reach $913.1
million if current trends continue (Pham et al., 2023, Bajwa et al., 2019). Lignin has a variety
of industrial applications, including sterile biomedical device modules, food packaging
materials, toughened entities for tissue engineering, and deliverable drug carriers, among
others. Lignin also adds value to consumer goods owing to its intrinsic UV shielding qualities,
antioxidant capability, chemical stability, and physical toughness. Several publications discuss
how lignin helps in value addition and shelf-life extension (Akbarian et al., 2022).

Augustin Pyramus de Candolle introduced the moniker lignum, and Peter Klason proposed a
coniferyl alcohol-packed lignin skeleton to explain the chemical composition of lignin (Bajwa

etal., 2019). Lignin is a polymer made up of three monolignols-p-hydroxyphenyl (H), guaiacyl
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(G), and syringyl (S) units. Substituted phenolic groups like p-coumaryl, coniferyl, and sinapyl
are spatially ordered in a lignin biomolecule, allowing for a wide range of functional entities
and linkages. The interplay between H, G, and S units in lignin contributes to their
heterogeneity, yielding numerous functional groups and linkages. About 50% of all linkages
come from the aryl ether-O-4 linkage (Sethupathy et al., 2022).

Previously, the only way to obtain organic constituents and usable energy from lignin-loaded
industrial spent materials and residues was by burning them. The H, S, and G subunits produced
by the radical coupling process of phenylpropanoid units provide the structural foundation for
lignin. Because of their heterogeneous character, recovering lignin in its native state for
structural elucidation becomes laborious. Recent near-perfect recoveries of milled wood lignin
(MWL) and cellulolytic enzyme lignin (CEL) provide a resolution to this problem to an extent
(Bertella and Luterbacher, 2020). Previous lignin research focused on its role in the pulp and
paper industry, as lignin was dumped as waste by the industry. Because of that, studies were
limited to the structural elucidation and chemical profiling (Sharma et al., 2020).

In their natural form, lignins are polysaccharide-bound structures entangled in cellulose and
hemicellulose with irregular distribution patterns (Sharma et al., 2020). Plant source, treatment
criteria, extraction plan, and other factors influence the physicochemical properties of lignin.
Agricultural and industrial by-products such as pulp and paper (Tortora et al., 2014), bagasse
(Bertolo et al., 2019), herbal and agro-waste materials (Abraham et al., 2020), wood, and other
organic wastes have copious amounts of lignin. In contrast, individual plant parts, grass, and
other organic wastes yield significantly low levels of lignin (Sethupathy et al., 2022).
Recently, lignin-derived composites have drawn the attention of researchers and industrialists
since their nanoforms improved durability and added multitudinous value to products such as
rubber, textiles, and other materials. Compared to nano-sized lignins, native lignin fails to

deliver the expected interaction and performance-boosting capabilities when treated as a single
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entity (Parvathy et al., 2020). When impregnated with gluten-containing nanostructures,
nanolignins exhibited improved thermal, mechanical, UV-shielding, and water-sensing
capacity. Nanolignins combined with chitosan have shown up to 83% methyl orange
scavenging capabilities in contaminated water systems. A study found that the morphology of
lignin nanoparticles provides better dispersibility and stability for up to two months. They
produced uniformly dispersed nanolignins using acoustic irradiation sans chemical
intervention (Gilca et al., 2015). Encapsulating cationic polyelectrolyte layers onto nanolignins
loaded with silver ions can form biodegradable and eco-friendly fill-in for silver nanoparticles.
The polyelectrolyte surface facilitates contact with the bacterial cell membrane, kills a wide
range of bacteria, particularly quaternary-amine-resistant Ralstonia sp., Pseudomonas
aeruginosa, and E. coli, when combined with silver ions (Richter et al., 2015).

Many applications involving lignin are in the pipeline, and the need for superior materials to
improve performances and evade life threats is rising. That is why we think it is high time to
shed light on these overlooked abundant, ecofriendly, and biocompatible components.

2B.2. Sources of lignin

The major sources of lignin include plants, agro-processing residues and in India from ayurvedic
industries as spent materials. The different sources of lignin are summarized in Table 2B.1.
Lignin in the plant cell walls perform various physiological functions. Pine variety called
Brazilwood, bamboo species such as Bambusa vulgaris and Chusquea oxylepis, Festuca
arundinacea belonging to grass species, elephant grass (Pennisetum purpureum), Zea mays,
red clover, bagasse (Saccharum hibridas) from sugar cane, and lucerne (Medicago sativa) are
all good sources of lignin.

Using agricultural by-products for lignin synthesis has several advantages on the techno-
economic-environmental front due to the accessibility to various eco-friendly methods. The

agro processing residual biomass generates economically viable homogeneous nanoscale
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coatings and sterile biopolymeric materials for food packaging. Sugar cane, rice, wheat, and
maize are the four crops that contribute the most lignocellulosic biomass to the global agro-
industry, with the remainder of the crops contributing only marginally. Bioethanol synthesis
from lignin-rich agricultural by-products using environmentally friendly technology involving
enzymes and engineered yeasts has the potential to contribute to energy security (Haldar et al.,
2022).

The Ayurveda drug industry uses over a thousand plants and plant parts to manufacture drugs.
Dumping these inorganic wastes exacerbates the accumulation of a large volume of industrial
biomass in landfills (Vinardell et al., 2017). Several studies point to the judicious use of plant-
based spent materials containing lignin portions. Our team has already revealed the potential
of water-miscible bioactive trapped inside massive chunks of lignocellulose spent material
abandoned by the Ayurveda medicine industry (Abraham et al., 2020). Due to incomplete
extraction with popular solvents mentioned in Ayurvedic texts (water, milk, ghee, oil, etc.),
herbal leftovers remained a reservoir of phytochemicals till further extraction. Vinardell et al.
investigated the biological significance of lignin fractions generated from the babul tree
(Acacia nilotica), a medicinal herb used in ayurvedic decoctions. Extraction methods of lignin
from spent materials showing in Fig. 2B.1. Study by Vinardell et al. support the use of bio-
transformed lignin from medicinal plants in the food, pharmaceutical, and cosmetic industries

(Vinardell et al., 2017).
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Fig. 2B.1. Lignin extraction method using Alkali.
Table 2B.1: Major sources and classifications of lignin
Source Image Classification References
Wood Sulfite lignin Lora, 2008
(Lignosulfonates)
Wood
(Black liquors) Kraft lignin Ekeberg et
al., 2006

Non-wood fibers,
annual plants

Soda lignin (Alkali | Gosselink et
lignin) al., 2004

Rattan Rattan fibers
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Annual plants

Aquasolv lignin

Zhuang et al.,

2016
Methanol extracts of
fresh birch (Betula Brauns’ lignins Hiltunen et
pendula) xylem al., 2006
Middle lamella of the | & £ Milled wood Claudia et al.,
plant cell walls e lignin (Bjorkman’s 2011
lignin)
Residue left after
polysaccharides Milled wood Agrawal et
hydrolysis of the enzyme lignin al., 2014
carbohydrates in (MWEL)
finely milled wood
Solvent-soluble Cellulase enzyme | Agrawal et
fraction of MWEL lignin al., 2014
Hardwood and wheat Organosolv lignin Prakash et
straw al., 2015
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Insoluble residue

portion after Klason lignin Chen, 2015
removing the ash by
concentrated acid
hydrolysis of the
plant tissues
Gellerstedt
Hardwood species Steam explosion and
such as aspen lignin Henriksson,
2008
Organosolv Wang et al.,
Corn stalk ethanol lignin 2019
(OEL)
Bamboo Lignin— Huang et al.,
carbohydrate 2018
complexes
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Artocarpus Bio composite Jaganathan et
heterophyllus lignin—chitosan al., 2018
Poly (lactic acid)— | Spiridon et
Birch wood lignin al., 2018
biocomposites
Lignocellulosic | Medina et al.,
Oil palm empty fruit 2016
bunches
Avermectin
Avermectin i Pulp-making black | Zhou et al.,
encapsulated with = liquor 2019
acetylated lignin and
benzoylated lignin

2B.3. Applications of lignin

Lignin has a wide range of applications in various industrial sectors, such as the food and

pharmaceutical industries (Fig. 2B.2).
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Fig. 2B.2. Applications of lignin

2.B.3.1. Food industry applications

The food industry constantly strives to find new functional entities to improve the quality of
food that leaves factories. Such functional foods will contain health-promoting components
that can improve nutrient absorption by filtering out undesirable chemicals in the
gastrointestinal tract (Gil-Chavez et al., 2019).

The zero-waste concept is a widely held concept that dictates the maximum utilization of plant-
derived raw materials. Several allied and non-allied sectors will benefit if the agro-food
industries fixate on adopting such a policy for a low-cost alternative out of lignocellulosic

biomass (Sharma et al., 2020). The applications of lignin in food industries are depicted in



Table 2B.2: Extraction techniques, advantages, disadvantages and application of lignin sourced

raw materials

Raw material Extraction method | Advantage | Disadvantage | Application References
Wood Aqueous dioxane | Better Dioxane is not | Agriculture, | Lora et al., 2008;
extraction of milled | selectivity | recommendabl | manufacturi | Chen et al., 2015
wood for the | e from an | ng,
hydrolysis | environmental | cosmetics,
of  lignin. | perspective as | construction
This it uses and
extraction toxic solvents. | biomedicine
process
significantly
increased
yield and
methoxyl
content of
the isolated
lignin.
Wood Hydrophobic Water Complexity As Ekeberg et al.,
(Black liquors) | Interaction soluble and irregularity | dispersion 2006
Chromatography of the agent in
(HIC) method to molecular concrete, in
separate structure of | ceramics, as
lignosulphonates and lignin. dispersants
kraft lignins into in textile
seven distinctive dyeing,
peaks according to in
hydrophobicity. pesticides,
and as
binders in
briquetting
and animal
feed.
Non-wood Novel, Anti- Heterogeneity, | Functional Gosselink et al.,
fibers, annual | sulphur chemical | oxidant, UV | odour additive in 2004
plants free-pulping process, | stabiliser and colour | commodity
which called the | and low cost | problems  of | plastics like
NovaFiber process of lignin lignin-based polyethylen
products. e and
polypropyle
ne
Annual plants | Liquid hot water | Minimizes | The residual | Production Zhuang et al.,
pretreatment of | the lignin, of high 2016
lignocellulosic formation of | structural value-added
biomass. degradation | characteristics, | products and
products, high solid | biorefinery
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Reduces loading  and | of cellulosic
high water | end ethanol.
consumptio | products
n and | negatively
energy input | influence
enzymatic
hydrolysis  of
cellulose
Methanol Brauns lignin | Attractive Vacuum drying | Woodworki Hiltunen et al.,
extracts of fresh | extracted with light colour | of sawn birch | ng industry, 2006
birch (Betula | neutral alcoholic | of the wood | timber (dark in | wood panel
pendula) Xylem | solvents. colour) causes | products
discolouration.
Middle lamella | Bjorkman  method | Quicker Extraction is | Anti- Claudia et al.,
of the spruce with slight | extraction difficult due to | microbial 2011
(Picea abies and | modification. = The | method. the chemical | and anti-
Picea mariana) | biomass is saturated | Structural bonds that exist | HIV effects.
and beech with toluene prior to | changes of | between lignin | It used as
(Fagus) wood | milling (48 h) and the | lignin is | and the | biological
milled material is | relatively carbohydrates. | carriers.
mixed with 1,4- | small during | Lignin has a
dioxone/water the very high
solution and is stirred | separation | molecular
(24 h) at ambient | process weight and
temperature. may form a
After centrifugation, three-
evaporate solvent dimensional
from supernatants to network.
separate milled wood
lignin.
Finely Milled | Lignin isolated from | Prevents Some As Ganasan et al.,
wood Finely-milled wood, | scaling in carbohydrate sequestering | 2022; Agrawal et
the cellulolytic | hot and cannot be | agents, as a al., 2014
enzymes are used. cooling removed by | dispersant in
waters prolonged and | battery, as a
and dissolv | repetitive dust
es enzymatic suppressant,
micronutrie | treatments or |as a food
nts in liquid | by purification | additives, in
fertilizers. cement, and
Plentiful methods during | in blends.
functional lignin
groups and | isolation.Lowe
low r  durability,
toxicity poor fibre-
matrix
adhesion
Hardwood and | Methanol/H,O(60/40 | The Extraction Antioxidant Prakash et al.,
wheat straw ,viv); 0.1%HCI; treatment of | efficiency  is | addi- 2015
85°C, 4h. Hardwood | very less
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and wheat tive in
straw  with pharmaceuti
aqueous cals,
organic cosmetics
acids is very and the food
well industries.
suitable for
separation
of lignins.
Insoluble residue | Benzene and Most direct | Unstable phys | As Chen, 2015
portion after Ethanol; 72% conc. | and the most | ical and | packaging
removing the ash | H2SO4 (30°C, 4 h); | reliable chemical materials.
by concentrated | diluted to 3% (2 h); | method properties
acid hydrolysis | the insoluble
of the plant substrate is weighed
tissues as lignin
Hardwood Comprehensive More Presence of | Catalysts, Gellerstedt and
species such as | milling of the plant | amount of | minor adsorbents, | Henriksson, 2008
aspen material, followed by | lignin  can | carbohydrate ion
solvent  extraction | be isolated. | impurities exchangers
with dioxane and
further purification
Corn stalk Ionic liquids | Ionic liquids | Ionic liquids is | Suitable for | Wang et al., 2019
including [Hnmp]Cl, | provides a | their relatively | adhesive
[Hnmp]CH3SO3; and | good high cost | formulation
[Hnmp]H2PO4:Aceto | environmen | compared to | or other
ne/water(1:1,v/v), t for lignin | conventional composite
50~90°C, extraction organic biomass
30~180min and solvents applications
enzymatic due to better
hydrolysis thermal
for corn stability
stalk
Bamboo Formic acid/Acetic | Produces It shows less | Addresses Zhang et al., 2019
acid/water(30/50/20, | a light- | unsaturated the staining
%v/v), 50~107°C, coloured structure and | issue  and
30~180min acetic acid | fewer facilitates
bamboo methoxyl the
lignin groups. marketing
microsphere promotion
with of lignin
excellent sunscreens.
uv
absorbance.

Has a small
particle size
and large
interval
space
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Artocarpus Treat  fruit  peel | Higher por | Sulphuric acid | Wound Jaganathan et al.,
heterophyllus | powder with  dil | osity of | requiring healing 2018
fruit peels H>SO4 (0.2 mol/L, | lignin neutralization | (skin burns).
180 °C, 300 W); the | encouraged | and
resultant product 0.1 | the purification.
g dissolved in 7 ml of | water avail
H2SO4 and | ability into
microwave the
irradiation, filtration; | polymeric
washed with DD | network of
water; dried at 100 | biocomposit
°C. es
Birch wood Extracted with | Use of | Hydrotopic Biomedical Spiridon et al.,
Hydrotopic environmen | solvents are not | applications. 2018
solution with the | tally cost effective.
addition of formic | friendly
acid and hydrotopic
hydrogen peroxide process to
extract
lignin from
industrial
birch wood
chips
Oil palm empty | 93%(w/w) acetic acid | Majority ar | Lower Cosmetics, Medina et al.,
fruit bunches | aqueous;0.3% (w/w) | e strength, pharmaceuti 2016
HCI; 115°C, 3h. lignocellulo | variable quality | cal,
sic and polymers
materials, poor moisture | resins  and
consisting | resistance. biofuels.
of an
estimated
cellulosic
content of
30-50%,
15-35% of
hemicellulo
ses and
about 20—
30% of
lignin.
Avermectin ACAL and BZAL | Lignin used | Low yield of | Tissue Zhou et al., 2019
(AVM) were obtained from | as shell | production and | engineering
encapsulated | the chemical | material to | irreugalar or
with acetylated | modification of alkali | prepare morphology. regeneration
lignin (ACAL) | lignin AVM- , artificial
and benzoylated | with CH3COCI | loaded muscles,
lignin (BZAL) | and nanospheres and strong
C-/HsClO, respective | showed underwater
ly good antifouling
controlled materials.
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release and
anti-
photolysis
properties

2B.3.1.1. Emulsion

An emulsion is a stable concoction of liquids which are unblendable due to phase separation.
The emulsification process allows unblendable liquids to stabilize and remain as a single unit.
Food emulsions exhibit phase separation due to their inherent instability. The adsorptive nature
of certain emulsifiers and their ability to lower the interfacial tension allows for the synthesis
of finely divided emulsion. The food industry uses emulsions to make products, such as
mayonnaise, salad creams, and beverages. The pharmaceutical industry uses it to make
medications like ointments, and cosmetic and personal care products, including creams, lotions,
sunscreens, hair sprays, and many more. A cohort from Finland demonstrated the application
of wood-based lignin as a stabilizer, thickener, and texture enhancer in yogurt, baked, and meat
products (Aura, 2018). As evidenced by Gil-Chéavez et al., calorie-free lignin used to make
fluffy muffins can be a replacement for egg components used for the baking process. In addition
to being indigestible, lignin-rich foods help lower blood cholesterol and total calories (Gil-
Chavez et al., 2019).

Kraft lignin modified with tannic acid have the potential to stabilize oil. Additionally, during
ring-opening polymerization through re-oxidation, tannic acid yielded a form of lignin with
improved carboxylate density and solubility. These types of lignin have potential application
in stabilizing oil (hexadecane) in water emulsion systems (Gharehkhani et al., 2018).
Lignosulfonates are part of pest and herb controlling formulations, colourants, and pigments as
a stabilizer (Calvo-Flores et al., 2010). By tweaking the acidity and salinity, it is possible to

enhance the stabilizing properties of amphiphilic lignin obtained from soda and kraft lignin.
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The new functionalized lignins formed were due to molecular affinity between the two liquid
phases (Rojas et al., 2007).

2B.3.1.2. Packaging

The food industry is looking for greener alternatives to traditional food packaging materials
due to the adverse consequences of petroleum-derived materials, aluminum cans, and PFCs -
perfluorinated organic compounds (Tayeb et al., 2020). Due to its crosslinking properties,
lignin finds application in food-grade biofilms to have a unique spatial arrangement that aids
flexibility and stability (Sharma et al., 2020). Consumer products with lignin-incorporated
packaging materials containing chitosan have a longer shelf life because they are impervious
to moisture and pathogenic bacteria (Yang et al., 2016). Recently, biofilms reinforced with
lignin were developed from oil palm black liquor spent materials using glycerol. These films
demonstrated increased plasticity, and thermal, mechanical, and water-repellent properties
(Bhat et al., 2013).

Javed et al. exploited the incorporation of ammonium zirconium carbonate (AZC) cross-linker
onto affixed lignin to improve the storage modulus of pure starch, thereby preventing or
reducing coating dissolution of the support material (Javed et al., 2018). Tayeb et al. used a
type of filtration to create ultrathin biopolymer wafer (16 g/m?) coatings of lignin-containing
cellulose nanofibrils (LCNF) and cellulose nanofibrils (CNF). Both LCNF and CNF favored
physical and chemical properties such as tensile strength, water vapor permeability, moisture
repellency, and oxygen transmission rate. When incubated with cooking oils, LCNF performed
well as a leak-proof coating with improved mechanical qualities, giving a leak-free
environment for five months. The findings show that wood-derived lignin candidates may
outperform traditional fluorocarbon methods (Tayeb et al., 2020).

Cationic wood nanofiber (CWNF) biofilms derived from cationized sawdust contain lignin as

a key component. The lignin component of the system improved UV and oxygen shielding

67



capability, and optical transparency while quelling oxygen transmission and swelling
tendencies under stimulated conditions, either alone or in combination. According to the study,
such eco-friendly CWNF will eventually phase out oil-featured plastics from the packaging
sector one day. Their application in electronic equipment such as solar batteries is due to their
excellent UV absorbing capability (Sirvio et al., 2020). When used in conjunction with a bar
coater, Tamminen et al. propose esterified softwood lignin as a model packaging material
capable of generating a uniform coat on paperboard. This wood-based barrier architecture
utilizes tall oil fatty acid-mediated esterification and is a more environmentally friendly and
long-lasting alternative to its oil-based counterparts (Tamminen et al., 2014).

2B.3.1.3. Nutrient delivery

The use of nanoparticles to distribute nutrients has emerged as a promising field in the
functional food business, attracting the attention of scientists and academics alike. The sole
purpose of the diet is to ensure that the nutrient content of the consumed food gets delivered to
the consumer with minimal loss. Gil-Chavez et al. cite a patent filed by the Dutch company
DSM that turned lignin into a makeshift transport molecule for vitamins and natural colouring
components like carotenoids (Gil-Chavez et al., 2019). Another study by Dinari using the atom
transfer radical polymerization (ATRP) method underpins the ability of lignin-derived
nanogels as a potent delivery vehicle for curcumin (CUR). The synthesised lignin-based
nanogels (lignin-g-P(NIPAM-co-DMAEMA) nanogel (LNDNG) exhibited superior curcumin
loading capacity (49.69%), encapsulation efficiency (92.62%) and cumulative release amount
(65.36% after 72 h), making it a promising candidate for the safe and efficient future nutrient

delivery system (Dinari et al.,2021).
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2B.3.2. Pharmaceutical applications

2B.3.2.1. Hydrogels for drug delivery

Hydrogel technology's applications in designing novel drug delivery systems and smart
hydrogels have grown in stature, and it has never looked back. Hydrogels, as smart polymers,
have been at the forefront of setting industry standards for better targeted and controlled drug
administration for many years (TCDD). Smart hydrogels are non-toxic, biodegradable, and
biocompatible, making them ideal for replacing conventional hydrogels.

Because of the hydrophilic nature of the biopolymer, chemical and physical variants of
hydrogels can retain large amounts of water in their intrinsic 3D framework (Ahmed, 2015).
The hydrophilicity of monomeric and polymeric subunits (chemically induced) is essential to
forming stable biopolymers. Such biopolymers will have cross-linked fabric and a rigid
covalent backbone. In contrast, physical hydrogels rely heavily on network formation mediated
by weak intermolecular forces (IMF) and shape-restricting molecular entanglements (Truong
et al., 2021). Hydrogels are part of regenerative medicine as a moisture-controlling ingredient
in food packaging and the development of diagnostic devices (Ahmed, 2015).

Techniques used to synthesize lignin-derived hydrogels include a). cross-linking, b). atom
transfer radical polymerization (ATRP) and reversible addition-fragmentation chain-transfer
(RAFT), c). polymerization and copolymerization, d). ultrasonication and e). wet spinning.
2B.3.2.1. a. Cross-linking method

Crosslinking prevents hydrophilic components of hydrogel from dissolution upon coming in
contact with an aqueous environment. Larrafieta et. al demonstrated a convenient method to
synthesise lignin-based hydrogels for biomedical purposes from high molecular weight lignin
by fusing lignin with poly(ethylene glycol) and poly(methyl vinyl ether-co-maleic acid) via
esterification. The investigators managed to cross-link the numerous alcohol groups present in

the selected lignin with GAN (Gantrez) as the crosslinker and used PEG molecules with
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varying molecular weights to reinforce the final material. They also showed how to accelerate
the solid-state synthesis using microwave (MW). Apart from GAN, other investigators, such
as Sharma et al., used N, N - methylenebisacrylamide (MBAm) as a cross-linking agent, known
for working effectively as a cross-linking agent and a monomer that improves efficiency,
production, and swelling capacity of the resultant graft (Dacrory et al., 2018).

2B.3.2.1. b. ATRP and RAFT methods

The ATRP (atom transfer radical polymerization) method utilizes the reactivity of organic
halide precursor and monomeric forms of acrylonitrile to produce lignin-based hydrogels. On
the other hand, Azobisisobutyronitrile (AIBN) initiator- lignin core complex achieves
polymerization through radical reaction.

RAFT and ATRP ensue by regulating radicals by reversibly converting active polymeric
radicals to produce dormant polymer chains (Truong et al., 2021). Although effective at
synthesizing hydrogels, both techniques own drawbacks, such as substandard influence over
molecular weight and distribution. Also, it is nearly impossible to create such hydrogels with
preset capabilities and a stable copolymer structure.

2B.3.2.1. c. Copolymerization method

Copolymerization of lignin-derived hydrogels from diverse monomeric species can be
achieved by treating catalytic initiators, cross-linking agents, or graft copolymerization. For
instance, lignosulfonate g-acrylic acid hydrogels from acrylic acid when copolymerized with
lignosulfonates. Acrylamide monomer-mediated graft copolymerization is also a viable
technique to synthesize lignin hydrogels. Copolymerization is advantageous because it affords
stable forms of commercial-grade biopolymers with improved mechanical properties and
impact strength (Nguyen et al.,2022; Wu et al., 2017).

2B.3.2.1. d. Ultrasonication method
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This method exploits the rheological changes affecting reaction media when subjected to high-
frequency sound waves. The sound waves cause low-pressure areas in the medium and create
cavitation bubbles. By exploiting the properties of these cavitation bubbles it is possible to
afford hydrogels (Sharma and Kumar, 2020). Lignosulphonate-grafted poly (acrylic acid-co-
poly (vinyl pyrrolidone) were produced by subjecting the pH-dependent methodology to ultra-
sonication (Wang et al., 2016). The low monomer conversion and high power requirements for
ultra-sonication reduces its industrial applications.

2B.3.2.1. e. Wet spinning method

It is economical and eco-friendly to generate a sustainable bio-based material on a sub-micron
scale. With the introduction of shear stress, the approach self-assembles the growing hydrogel
and then reshapes it in a multi-hierarchical arrangement. A prepolymer, a coagulation solution,
and a receiving pool with a collector roller are the three essential components of traditional wet
spinning. Wet spinning is a helpful way of assisting tissue regeneration, cell communication,
and other biomimetic structures without compromising the functionality and architecture of the
anticipated biological product.

Polyethylene glycol (PEG) is a suitable candidate for the hydro gelling of working models for
drug delivery purposes. Another recent innovation in hydrogel-assisted drug delivery is the
reactive extrusion procedure. In response to the catalytic impact of sodium hypophosphite,
lignin and related biopolymers undergo plasticization. As a result, citric acid backbones hold
the network together. The formed hydrogels exhibited superior swelling properties when
regulated by pH and acted as a switch to control the diffusion of liquids and particles.
Furthermore, extruding hydrogels with a catalyst reduces the likelihood of degradation, making
the reactive extrusion method a viable choice for systemic drug transportation (Farhat et al.,

2017).
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Using lignin-derived hydrogels as a sterile surface-spanning coating material for medical
devices can save lives. Concerns about resistant superbugs and cross-contamination during
equipment handling and drug elution led to the development of a hydrogel with antimicrobial
capabilities and the ability to keep the proposed medicine inside the hydrophobic bubble for up
to four days. This achievement was accomplished by esterifying lignin with PEG and poly
(methyl vinyl ether-co-maleic acid), resulting in a fluid absorption capability of 500%.
Larrafieta et al. found that PEG 10,000 coatings were effective against a wide range of
pathogenic microorganisms, including S. aureus and Proteus mirabilis (Larrafieta et al., 2018).
Recent studies established the role of sodium lignosulphonate-grafted poly (acrylic acid-co-
poly (vinyl pyrrolidone) hydrogel (SLS-g-P(AA-co-PVP) as a drug delivery platform. They
investigated amoxicillin uptake, transportation, and release in simulated conditions without the
involvement of enzymes which helped to evade acidic conditions of the gastric milieu. The
researchers evaluated the elasticity of the concerned hydrogels in intestine-like settings and
discovered that pH had a significant impact on the hydrogel's releasing capabilities. Swelling
ratios of hydrogels were also a factor in determining the biopolymer's ability to retain water
(Wang et al., 2016).

Inert and biocompatible characteristics of cellulose allow for bypassing the immune reaction
that would otherwise be impossible with lignin alone. A cost-effective cellulose-lignin pair
successfully prolonged the release of bioactive chemicals like phenolics. The complex can
enhance desired output in all living systems by securing bioactive lignin inside the cellulose
covering. The more swelling capacity a hydrogel has, the more polyphenols it can hold, which,
in turn, is determined by the amount of lignin it contains. Hydrogels of this type are a good fit
for drug delivery systems. A recent study tried to achieve controlled release of metronidazole
and lysozyme standards. The results from the experiment revealed that the desired effect came

from the viscosity of the hydrogel (Dong et al., 2018).
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2B.3.3. Tissue engineering applications

Tissue engineering is an area of research concerned with developing biocompatible alternatives
for restoring, maintaining, and improving tissue integrity and performance. Scaffolding
techniques, facilitated by the characteristics of both synthetic and natural polymers, are used in
biological substitutes. Tissue engineering has typically used cells from the source material and
factors that guide the regular functioning of tissues. To provide the appropriate extracellular
environment ex vivo, several biomimetic components and structural proteins, such as elastin
and collagen, are combined.

The coupling of chitin and lignin facilitates the production of nonwoven polymer composites
with a natural feel and acceptability. Such biocompatible tissue scaffolds resembled an
extracellular matrix (ECM). After undergoing mild electrospinning, they enhanced optimal
tissue regeneration without inducing immunogenicity. Their interaction promoted wound
healing, and anti-inflammatory and anti-aging effects on a nanometric level (Morganti et al.,
2018).

In one of the electro-spun methods, multi-component biomaterials containing chitin, lignin,
and poly(glycerol sebacate) (PGS) gained bactericidal properties against E. coli and
Staphylococcus aureus. The amount of PGS in the solution contributes to the structural
integrity and strength of the hybrid biopolymer, and an optimum level of 15% offers maximum
mechanical strength. This lignin-based hybrid is ideal for wound dressing because its ECM
mimics the microstructure of the unwoven network and has antibacterial properties (Abudula
et al., 2018).

Ultrafine biopolymers are formed by ring-opening polymerization when lignin combines with
polyesters (polycaprolactone, PCL, and poly (L-lactic acid), PLLA). These polymers have
fibrous 3D networks that can reach nanoscale thickness. Electrospinning takes place without a

solvent, and the resulting biomaterial provides optimum conditions for cell growth and
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multiplication while also providing the necessary mechanical strength. Lignin must be kept
between 10% and 30% to achieve these benefits (Kai et al., 2017). PCL featured lignin-based
biopolymers created via the electrospinning method to yield ECM-like ultra-fine polymeric
structures with 10% wt lignin. Such scaffolds have outstanding elastic characteristics, bio-eco
compatibility, pore size, and void fraction at optimum levels. Moreover, optimum pore size
and void fraction of the nanocomposites are prerequisites for adequate cell adhesion and
development (Salami et al., 2017).

A group of researchers used a solvent-less ring-opening polymerization approach involving
lignin/PCL to create an antioxidant-rich bio scaffold capable of assisting in the regeneration,
growth, and translational enhancement of neurons and supporting cells, including Schwann
cells at various developmental stages. Experiments with hematopoietic cells from the bone
marrow also yielded similar results (Wang et al., 2018). Copolymerization occurs when lignin
interacts with PCL and polymethyl methacrylate (PMMA). These non-immunogenic electro-
spun nanostructures afford biomaterials with superior properties favoring proper cell
proliferation and adhesion (Kai et al., 2015).

When lignin and alginate gelatinize in CO», aerogels with physical and rheological properties
ideal for tissue engineering are formed. By limiting the solubility of the alginate component,
lignin was observed to enhance the functioning of the produced aerogels by creating a niche
conducive to average cell growth, differentiation, and adhesion. The inherent stability of lignin
aided in slowing the biopolymer's degradation rate, which in turn boosted bone tissue
regeneration (Quraishi et al., 2015).

Lignin is a biomolecule that can change the intrinsic mechanical properties of other substances,
allowing them to participate in bone tissue regeneration via tissue engineering. For example,
lignin derived from OPEFB's (oil palm empty fruit bunches) black lye promotes preferential

cross-linking of epichlorohydrin (ESH) following acid treatment, resulting in hydrogels with
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mechanical qualities required for a solid 3D network. The optimal lignin/agarose hydrogel
includes 5% lignin and agarose each, with a maximum ESH content of 10 mL. (Sathawong et
al., 2018). Similarly, adding 3% lignin to chitosan improves the tensile strength and stiffness
of the bone tissue fabrication candidate (Wang et al., 2016). The resulting PLA/lignin mesh
had enhanced tensile strength when reinforced with lignin (7-15%), which was not possible
with a lower amount of lignin. The human osteosarcoma cell line did not show any form of
immune response to such a composite structure (Spiridon et al., 2018). Because of their
potential to solve solubility issues and unique thermal behavior, bioactive integrated metal
implants produced from bio/eco-friendly scaffolds like organosolv/lignin are utilized to repair
fractured bone tissue and regain functionality. When mixed with hydroxyapatite at varying
concentrations, organosolv/lignin improved the bioactivity of titanium implants. By replacing
titanium with silver, the produced biomaterial becomes more antibacterial, especially against
S. aureus (Ganasan et al., 2022, Erakovic et al., 2014).

Heat treatment of wood constituents impacts the chemical makeup and the overall mechanical
capabilities of polymer-ridden timber matrices. It is capable of creating implants with
dimensional stability and low moisture content. To determine the lifetime of such biopolymer
implants, regular histometrical and histological evaluations are necessary. During
postoperative radiological follow-up in a trial with birch wood-derived bone implants for rabbit
femur bone regeneration, the trabecular bone region of the affected femur supported the
implant via intracondylar implantation. In addition to birch wood, other researchers used beech,
juniper, and ash wood for biomaterial-assisted bone healing (Rekola et al., 2009).

2B.3.4. Lignin composites with biological activity

2B.3.4.1. Antioxidant activity

Daily, biological systems produce reactive oxygen species (ROS) such as H>O», superoxide

ions, NO37, NaClO, and OH due to various routine metabolic activities involving oxygen. These
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toxic chemical entities are a severe threat to the proper functioning of cells and tissues,
increasing the risk of developing life-threatening and debilitating health problems over time.
When ROS affects the stable existence of biomolecules in cells, premature aging, cancer, type
2 diabetes, and autoimmune disorders start forming (Liguori et al., 2018).

By utilizing poly (butylene succinate) via hot-melt extrusion, researchers produced lignin-
based composite materials with antioxidant potential (Dominguez-Robles et al., 2019).
Previous studies have reported free radicals to be inhibited by lignin-carbohydrate complexes
(LCCs) derived from poplar and bamboo. By up-regulating the antioxidant activity of the
concerned enzymes, these complexes successfully scavenged reactive oxygen species (ROS)
in both animal models (zebrafish) and in vitro (RAW 264.7 cells) (Dong et al., 2019). Lignin
binds to PLA and castor oil to create customizable composites that can form fibrous interlocks
when 3D printed. Following extrusion at 200°C, these composites achieve exceptional
antioxidant and mechanical characteristics essential for biomedical and wound healing
applications. An optimal mesh can accommodate up to 3% (w/w) lignin content in its
filamentous PLA structure (Domnguez-Robles et al., 2019). Lignin-based biomaterials are also
employed to counteract the onset of ROS-mediated hyperglycemia. The a-amylase activity of
Acacia nilotica lignin-rich wood produced promising in vitro free radical scavenging results
(Barapatre et al., 2015). In another study involving lignin-derived metabolic intervention for
curbing hyperglycemia, lignosulfonic acid (LS) was able to non-competitively inhibit the
activity of the intestinal a-glucosidase enzyme and lower the absorption of 2-deoxy-glucose by
glucose transporters (Hasegawa et al., 2015). Lignophenols (LPs) have been shown to play a
crucial role in the chemoprotective aspect of Streptozotocin-induced diabetic nephropathy and
localized oxidative stress. LPs commit to this by increasing oxygen delivery to the damaged
organ and combating the mechanisms that cause glomerular fibrosis and MCR-mRNA

expression (Sato et al., 2009).
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2B.3.4.2. Antimicrobial properties

Sepsis is one of the most common causes of death in the world. The systemic invasion of
microbes triggers it; hence, keeping medical devices, pharmaceuticals, and consumer items
free of infectious agents becomes a challenging task (Greenhalgh et al., 2019). The synergistic
effect of various phenolic groups and benzene moieties in lignin nanoparticles leads to
bactericidal properties (Zhang et al., 2019; Reshmy et al., 2022). Acacia wood lignin, combined
with poly vinyl alcohol (PVA) and AgNF (silver nanofibers), generates 3D networks that are
resistant to microbial diseases. In a standard agar well diffusion test, such scaffoldings were
efficient against B. circulans (1.3 = 0.08 cm) and E. coli (1.1 £ 0.05 cm). Nanofibrous mats
like these can be found in specialized applications such as membrane filters, sterile textiles,
and wound-healing dressings (Aadil et al., 2018).

The chitosan/LS nanoparticles are another fascinating lignin-featured combination that works
effectively against E. coli, S. aureus, and B. subtilis unfavorable effects. The lignin portion was
found to decimate the bacterial presence, as demonstrated by the turbidimetric test (Kim et al.,
2013). Lee et al. successfully created a system based on Lignin/PVA composite networks with
near-100% antibacterial efficacy against S. aureus and excellent UV shielding (UPF >50). PVA
nanostructures containing lignin-decorated t-MWNTs (thin multi-walled nanotubes) inhibited
the growth of S. aureus strains by 68.7% after 18 hours compared to PV A nanofibers, according
to another study by the same research group. Such thermally stable reinforced nanofibers are
excellent for initiating dermal wound healing (Lee et al., 2018).

Biocompatible silver-doped lignin mats (Silver/hydroxyapatite/lignin) with superior
bactericidal capability against Pseudomonas aeruginosa, S. aureus, and Candida famata
provide an industrial application for the development of implants requiring immunologically
inert biofilms (Jankovi'c et al., 2015). Lignin nanoparticles (LNPs) can form multifunctional

ternary systems with chitosan and PV A, thereby enhancing the antimicrobial and antioxidant
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potential of the resulting composite hydrogels. Both 1 and 3-weight percent LNPs incorporated
hydrogels exhibited antagonistic activity towards the growth of S. aureus 8325-4 and E. coli
RB, allowing for their use in the packaging industry, wound healing fabrics, and targeted drug
delivery systems. Moreover, LNP hydrogels synergistically improved the overall physical
stability of the entire structure, making this versatile composite association a valuable addition
to the pipeline (Yang et al., 2018). In a recent contribution, biomaterial featuring
lignin/chitosan against E. coli and Klebsiella yielded a zone of inhibition of ~0.9 mm and ~1.1
mm for E. coli and Klebsiella, respectively (Jaganathan et al., 2018). The way the herpes
simplex virus (HSV-1) undergoes inhibition by the nonsulfated cinnamic acid-derived
lignopolymer ascertains the antiviral nature of lignin. The study found the overall efficacy of
carboxylated lignopolymer to be 1000 times better at restricting the cellular entry of enveloped
viruses than previous anti-HIV drug candidates.

Lignosulfonic acid inhibits the replication of the RS and X4 virus types and HSV-2 through
various cellular mechanisms, including blocking the gp120 viral protein from T cell adhesion
and preventing CD4+ T cell bystander activation from already infected T cells. It is worth
noting that this achievement was accomplished without compromising the efficacy of popular
antivirals like acyclovir, LabyAl, or PRO2000 (Gordts et al., 2015). Pimpinella anisum has
antiviral lignin-carbohydrate-protein complexes effective against common viruses infecting
humans li HCMV, HSV-1, HSV-2, and measles. Upon treating these extracts with RAW 264.7
cells, they increased cytokine levels, as demonstrated by the increased IL-1 and IL-10 (Lee et
al., 2011).

2B.3.4.3. Lignin composites for drug delivery systems

A subpar maize starch biofilm may be efficiently transformed into a very stable pH-dependent
(inversely proportional) drug delivery system with better thermal and mechanical properties by

adding 2 wt % hazelnut-derived lignin. In a traditional in vitro release assay that lasted ten
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days, such thermoplastics successfully transported and delivered the standard antibiotic
ciprofloxacin, with peak release occurring within 60 minutes. Lignin-graft-PDLA (LG-g-
PDLA), a superior antioxidative and anticancer filler, improves the properties of an otherwise
hostile environment created by PLLA nanocomposites for light-sensitive drugs like trans-
resveratrol (t-RSV). The filler efficiently shields the drug from UV radiation after it forms a
stereo complex and actively participates in the prolonged release of t-RSV, which can be fine-
tuned by changing the filler content. LG-g-PDLA also improved the system's overall toughness
and thermal stability (Liu et al., 2018).

2B.3.4.4. Lignin composites for wound healing

Wound dressing fabric influences how the injured region initiates and promotes healing.
Currently, sterile garments and fibers such as cotton wool, gauze bandages, and various cotton
composites meet the requirement. An optimal dressing material allows for proper ventilation,
pain relief, the absorption of serosanguinous discharge from wounds, and the prevention of
sepsis. Recent advances in lignin research aim to develop user-friendly biocompatible dressing
materials that keep the wound hydrated while meeting other healing requirements (Ravishankar
etal., 2019).

Physical cross-links involving ionic bonds from an inherently weak chitosan-PVA composite
permit 3D scaffolds of lignin-based hydrogels capable of withstanding stress levels (up to 46.87
MPa) required to evade deformation due to tensile strain. Histomorphological analysis of
murine wound models suggested accelerated regeneration and increased protein adsorption
capacity. Other benefits of such hydrogels include improved antibacterial and antioxidative
activities and the ability to condition wound sites by regulating biological factors for
appropriate healing, making them suitable for wound dressing (Zhang et al., 2019). A
biocompatible hydrogel made of chitosan and alkali lignin with substantial wound regeneration

potential was mentioned in a recent study. The hydrogel responded remarkably well in a scratch
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assay featuring mouse fibroblast cell lines (NIH 3T3). The bio composite was able to regulate
cell migration which is imperative for wound healing (Ravishankar et al., 2019).

Bacterial cellulose dehydrogenase polymer, a biofilm made from microbial cellulose and
lignin, was created to improve wound healing and reduce pain while preventing infection. The
large swelling capacity and bactericidal activity are helpful for therapies that require sustained
drug release, such as delayed wound healing (Zmejkoski et al., 2018). The same researchers
had previously created a hydrogel (DHP-Alg) compatible with human epithelial cells and had
antibacterial activity against Staphylococcus aureus, Pseudomonas aeruginosa, Salmonella
Typhimurium, and Listeria monocytogenes strains. When blended in 1:2 (w/v) of DHP:
Alg(alginate), the participating hydrogel exhibited good MICs or minimal inhibitory
concentrations (0.002-0.90 mg/mL) and MBCs (0.004-1.25 mg/mL) (Spasojevi¢ et al., 2016).
2B.3.4.5. Lignin for disease prevention

Lignin is the major component of the medication CDSOs3, used to treat emphysema, a lung
disease marked by ruptured alveoli and shortness of breath. Here, low molecular weight lignin
(LMWLs) with sulfated caffeic acid moiety ameliorated the disease condition by down-
regulating neutrophil elastase (an aberrant protein marker), oxidation, and inflammation. As a
result, its efficacy as a biocompatible anti-emphysema agent with triple benefits was
established beyond doubt. The flow of blood through arteries is affected by high cholesterol
levels. The presence of total cholesterol in the blood increases the risk of life-threatening
illnesses like myocardial infarction and stroke. Lignophenols reduce cholesterol levels by
regulating oleic acid-induced apo-B lipoproteins produced by HepG2 cells (Norikura et al.,
2010). The research reveals that LP interventions at the transcriptional and translational levels
are responsible for the desired result (Saluja et al., 2013). The pharmaceutical applications of

lignin are summarized in Table 2B.3.
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Table 2B.3: Summary of the studies on the food applications of lignin

Product Usage Feedstock Lignin Reaction/Process Condition References
lignin Content
(wt %)
Wood- Texture improvers, Kraft lignin Up to 80% | Evaluation of 1- and 2- Aura, 2018
derived thickening agent, naphthol, formaldehyde
products emulsion, foam (chemical additives) during
stabilizers, reduce hydrothermal pre-treatments of
oxidation in food pine, birch, and willow wood
products followed by the incorporation
of the residual hydrolysis lignin
in polylactic acid (PLA)-based
composites.
Wood- For baking muffins, to | VTT tested lignin | 15 or 25% | By hot pressing from four Gil-Chavez et
derived substitute whole eggs different industrial sources al., 2019
products and egg yolks
Water-soluble | Stabilizer for oil Water-soluble 20 -32% Initially, lignin and tannic acid | Gharehkhani
lignin with a | (hexadecane) in water | lignin underwent both oxidation and | et al., 2018

high anionic
charge
density

(O/W) emulsions

transesterification reactions.
Later, re-oxidized tannic acid
afforded a ring-opened product
that enhanced carboxylate
group content and
hydrophilicity of modified
lignin.
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Vanillin Flavoring agent in Lignin sulfonates | N/A Oxidation reaction was Calvo-Flores
foods and beverages or kraft lignin catalyzed with recycled copper | etal., 2010
catalyst.
Polymeric Stabilization of Kraft and soda 4 -5% Reaction condition involves Rojas et al.,
amphiphiles | emulsions lignin oxidation with recycled copper | 2007
catalyst. Emulsions with
various oils (including crude
oils) can be formulated and
their properties rationalized
according to lignin surface
activity as a function of pH and
salinity.
Paper-Based | Holding commercially | Lignin-containing | 23% The process involves a Tayeb et al.,
Oil Barrier available cooking oils | cellulose filtration technique that mimics | 2020
Packaging without leakage for nanofibrils the addition of material at the
over five months and wet end of a paper machine.
excellent resistance to Thin films (16 g/m2) from
grease. lignin-containing cellulose
nanofibrils and cellulose
nanofibrils form on paper
substrates. Further analyses
reveal the surface, barrier and
mechanical attributes of the
samples.
Biopolymer- | Filler material in Lignocellulosic 15% to Valorisation of agri-food- Sharma et al.,
based biopolymer-based biomass 25% industrial by-products 2020
packaging packaging
substance
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Novel sago Good thermo Lignin isolated 1,2,3,4 Prepared through casting Bhat et al.,
starch-based | mechanical properties, | from oil palm and 5% method from sago palm 2013
food barrier properties, and | black liquor waste. | v/w. (Metroxylon sagu) starch (in
packaging seal strength with the form of film matrix with
films improved water 30% w/w glycerol as
resistance. plasticizer) by adding lignin
isolated from oil palm black
liquor waste (from empty fruit
bunch), as a reinforcing
material (1, 2, 3, 4 and 5%
V/Iw).
Plasticized Modifying tensile Lignosulfonates 10% Films were prepared from Baumberger
starchy films | resistance wheat starch and crude etal., 1997
commercial lignosulfonates in
the presence of glycerol, either
by thermal moulding or by
casting.
Lignin- Packaging materials Kraft lignin 19-17% Starch solution was added to Javed et al.,
containing the lignin solution, stirred at 2018
coatings 100-300 rpm, followed by the
addition of glycerol and AZC
solution.
Lignin- Packaging materials Kraft lignin N/A Thin films (16 g/m?) from Tayeb et al.,
containing LCNF and CNF were formed 2020
cellulose on paper substrates through
nanofibrils filtration technique.
(LCNF)
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Lignin- Packaging materials Unbleached spruce | 28.6 wt% | CWNF films were fabricated Sirvio et al.,
containing sawdust using the solvent-casting 2020
cationic wood method: CWNF suspension
nanofiber was diluted, sonicated for 10
(CWNF) minutes, poured on a
films polystyrene
tray and stored at 50% relative
humidity (RH).
Lignin Barrier material in Softwood lignin Lignin esterified with tall oil Tamminen et
esterified with | fiber-based packaging fatty acid (TOFA) and tested as | al., 2014
TOFA material barrier material in fiber-based
packaging material.
Table 2B.4: Summary of the studies on the pharmaceutical applications of lignin
Product Usage Feedstock lignin | Lignin Reaction/Process Condition References
Content
(wt %)
Drug delivery hydrogels Drug delivery Kraft lignin Up to Used micro-extruder at 120 °C for | Farhat et al.,
systems 80% 2 or 5 min of recirculation and 20 | 2017
to 200 wt % citric acid.
PEG-lignin hydrogels Medical material | Klason lignin and | 10% 7.5 g of Ethanol/water (70% v/v) Larrafieta et
coatings based on | acid soluble (w/w) containing 10% (w/w) of LIG, 5% | al., 2018

their resistance to
infection and the
ability to release
drugs over
several days.

lignin

(w/w) of GAN and 5% (w/w) of
GLY or PEG dried for 48 h, oven-
dried at 80°C for 24 h and placed
in an ethanol/water (70% v/v)
solution for a week.
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SLS-g-P(AA-co-PVP) Deliver Sodium N/A Involves free-radical Wang et al.,

hydrogels amoxicillin drug | Lignosulphonate polymerization- SLS and sodium | 2016
to the intestine. hydrate mixing, followed by the

addition of acrylic acid, PVP,
NMBA and APS. The whole
solution was stirred for an
additional 30 min and transferred
to an ultrasonic reactor.

Cellulose—lignin hydrogels | Controlled Steam explosion | N/A Cross-linking reaction between Ciolacu et
release of lignin from aspen cellulose in alkaline solution, al., 2012
polyphenols by wood lignin and epichlorohydrin for 8 h,
lignin. at 80 °C.

Microcrystalline cellulose | Lignin controlled | N/A 6.3% Hydrolysis of bleached cellulose Dong et al.,

hydrogel release of drug fibers and unbleached brown 2018
metronidazole. fibers. The mechanical treatment

after hydrolysis enables dispersal
of the cellulose into gel-like
material.

Collagen hydrogels Lignin controlled | Alkali lignin N/A Promotes the formation of layer- Choi et al.,
release rate of the by-layer films using tannic acid 2016
cancer drug and lignin dipped into collagen
doxorubicin hydrogel for 30 s and then washing

twice in pH-adjusted distilled
water for 15 s each.

Pectin and lignin hydrogels | Deliver - Wheat stems 5% 4% citrus pectin heated to 40°C, Borisenkov
glucuronidase lignin and oak extruded into 100 mL ofa 0.34 M | et al., 2015

and estrogens

lignin

aqueous CaCl2 solution and mixed
with 2.5% lignin.
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Scaffolds of chitin-lignin Support cellular | N/A N/A Nanoscale lignin obtained by the | Morganti et
activity, optimize solution-precipitation method was | al., 2018
tissue allowed to complex with chitin
regeneration nanofibril.
without eliciting
any undesirable
local or systemic
response

Scaffolds of Create hybrid Bio-lignin 0.1 wt % | chitin nanofibrils (30 wt%),bio- Abudula et

Chitin/lignin/poly (glycerol | nonwoven lignin, PEO (7wt%) mixed with al., 2018

sebacate) scaffolds. (deionized water(62.9 wt % ) to

produce the sol-gel mixture
followed by the mixing of sol-gel
and PGS solutions via
electrospinning.

Lignin-based copolymer Tissue Alkali lignin 10-30 Alkali lignin, e-caprolactone, L- Kai et al.,
engineering wt% lactide, and tin(II) 2- 2017

ethylhexanoate were mixed, stirred
(130 °C,24 h, N2atm), and cooled.
Added chloroform and centrifuged
to obtain supernatant which was
then washed with ether/ methanol
mixed solvent and dried(50 °C,24
h)

Polymeric scaffold fibers Enhance the N/A 10 wt.% | Varying ratios (100, 95:5, 90:10, Salami et al.,
biological Lignin and 85:15) of lignin was added to | 2017

response of the
cells with the

the PCL solution containing 1 ml
dichloromethane. The mixture was
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mechanical
signals

stirred for 1 h, sonicated for 20 s,
and applied into a 1-ml syringe of
ELS. Desired scaffolds form on
aluminium foil attached to the
rotating drum.

Scaffolds of PCL/lignin Promote cell Alkali lignin N/A After reacting e-caprolactone (6 g) | Wang et al.,
nanofibers proliferation of with Tin(I) 2-ethyl hexanoate (0.5 | 2018

both BMSCs and wt% of monomer as the catalyst)

Schwann cells, and purging with N2 for 30 min,

enhance myelin the mixture underwent stirring at

basic protein 130°C for 24 h. The resulting

expressions of mixture was dissolved in

Schwann cells, chloroform, and the unreacted

stimulate neurite lignin was centrifuged at 5000 rpm

outgrowth of for 5 min. The precipitate (lignin-

DRG neurons PCL) was collected and dried in a

and exhibit vacuum oven at 50°C for 24 h.

antioxidant

properties
Aerogels using alginate Scaffolds for N/A N/A 0.5 mL of DHP in DMSO was Quraishi et
and lignin tissue added to sodium alginate (0.2 g) in | al., 2015

engineering 9.5 mL of distilled water. Further

addition of 0.5% (w/ v) CaCl2
yielded the gel.
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Lignin/hydroxyapatite and | Bone tissue Brazilian wood 20% and | HA and B-TCP were obtained by | Mansur et
lignin/B-tricalcium engineering biomass lignin 40% wet precipitation synthesis, dried | al., 2005
phosphate systems at 110 °C for 4h and mixed with
lignin. The resulting mix was
transformed into disks under
pressure and sintered at 900°C/1h.
Lignin-agarose hydrogel Higher mechanic | Kraft black 5% Chemical cross linking of Sathawong
al properties than | liquor 5%lignin and 5% agarose by 10 ml | et al., 2018
pure agarose gels of epichlorohydrin
Lignin-chitosan Influence Alkali lignin 3% Chitosan (0.15 g) was mixed with | Wang et al.,
microfibers mechanical 10 ml of 1% acetic acid solution 2016
properties and was then stirred at 700 rpm for
4h. Further addition of lignin
accompanied by stirring at 700rpm
for 24hr and subsequent wet
spinning technique facilitates
fabrication.
(PLA)-lignin composites Reduce Kraft lignin 15% PLA and lignin was dried (48 h, 40 | Anwer et al.,
crystallization of °C), batches melt mixed with PLA | 2015
poly (lactic acid) in the micro-compounding system,
extrude injection moulded
PLA-lignin composites Increase the Organosolv 7-15% PLA pellets (50 °C) and lignin (80 | Spiridon et
tensile strength lignin from birch °C) were dried, compounding al., 2018
wood and Kraft procedure at 175 °C for 10 min, 60
lignin from rpm, compression moulding, using
softwood a Carver press.
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Hydroxyapatite/lignin Bioactive coating | Organosolv 0.5-10% | Electrophoretic deposition of Erakovic et
composite coatings for titanium lignin HAP/Lig and Ag/HAP/Lig al., 2014
implants coatings on Titanium-HAP/Lig
and Ag/HAP/Lig suspensions via
ultrasonication lasting 30 min.
Titanium plate forms the working
electrode with an EPD voltage
range of 50 to 100 V and
deposition time ranging from 30 s
to 5 min.
Heat-treated birch wood Osteoconductivit | N/A N/A The wood material was heated at | Rekola et
y 140 °C and 200 °C under normal | al., 2009
atmospheric pressure for 2h.
Lignin\PBS composites Antibacterial and | kraft lignin up to Employed brabender plastograph | Dominguez-
antioxidant 15% w/w | internal mixing machine for Robles et al.,
properties adding lignin to PBS matrix at 150 | 2019
°C, 80 rpm and 10 min. The
mixture was cooled, milled using a
blade mill and stored.
Lignin-carbohydrate Prevent the LCC from 44.1%- RAW 264.7 cells were co- Dong et al.,
complexes reduction of bamboo and 47.8% incubated with ROS fluorescent 2019
antioxidant poplar probe for 30 min after adding 50

enzyme activity.

pg/mL LCCs-Bjorkman solution
and 100 pmol/L of H2Oo.

Evaluation of ROS was achieved
by the Flow cytometry technique.
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3D printed meshes Wound healing Kraft lignin 0.5 to Vortexed PLA pellets (40 g) and Dominguez-
3% castor oil (40 uL) before adding Robles et al.,
and vortexing lignin and 2019
tetracycline powder. Allows for
the extrusion of filaments, discs
and squares and 3D-printed using
Ultimaker 3FFF system.

Alkali lignin To act against Alkali lignin N/A Alkali lignin extraction and Barapatre et
hyperglycemia microbial biotransformation by al., 2015

ligninolytic fungus.

Lignosulfonic acid Suppress the rise | N/A N/A LS acid was added to 0.2 U/ml Hasegawa et
in blood glucose alpha-glucosidase in 50 mM PBS | al., 2015
level and incubated for 30 min at 25°C.

Added PNP Gluc solution
followed by Na,COs to terminate
the reaction.

Lignophenols Excess oxidative | N/A N/A The LPs were mixed with a Sato et al.,
stress, infiltration standard commercial laboratory 2009
and activation of diet and provided to diabetic rats
macrophages and
glomerular
expansion in
STZ-induced
diabetic kidneys

PV A/Acacia wood Act against B. Acacia wood 1 wt% PVA and lignin were blended ina | Aadil et al.,

lignin/silver nanofibers circulans and E. | lignin 9:1 ratio in 10 mL of methanol: 2018

coli

water (60:40) and stirred for 2 h.
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Stirred again after adding silver
nanoparticles and then sonicated.

Chitosan/lignosulfonates Antagonist for S. | Hardwood lignin | N/A Sonochemical formation of Kim et al.,
nanoparticles aureus, E. coli particles by incorporation of CS 2013
and and LS solutions, 30 mL and 15
B. subtilis mL, respectively, in the presence
of 5 mL of the organic phase
(vegetal oil).
Lignin/(PVA) 99.9% reduction | Alkali lignin 50 and The lignin/PV A solutions was Lee etal.,
nanocomposite fibers rate against 85 wt% | stirred at 80°C for 6 h and then 2019
S.aureus, electrospun under various spinning
excellent UV conditions.
protection
Lignin/decorated thin 68.7% bacterial N/A tMWNTs were synthesized via Lee etal.,
multi-walled carbon growth decrease chemical vapor deposition (CVD) | 2018
nanotubes in of S. aureus N/A method and was added to lignin
poly(vinylalcohol) solutions and subjected to
nanocomposites sonication.
Silver/hydroxyapatite/ligni | Act against the Organosolv 1 % w/v | Ag: HA powders (10 % w/v) and | Jankovi'c et
n thin films microbial Lignin Lig (1 % w/v) were dissolved in al., 2015
colonization of S. distilled water, vortexed and flash-
aureus, P. frozen in a liquid nitrogen-cooled
aeruginosa and copper container. Later, it was
C. famata mounted on a cryogenic holder,
rotated at 10 rpm and irradiated
with a laser beam.
Gelatin/lignin films inhibitors for B. H-bonding between gelatin-lignin | Mehta et al.,
subtilis via cholinium citrate. 2019
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Polyvinyl Greater than 95% | Pristine lignin 1 and 3% | PVA was diluted in deionized Yang et al.,
alcohol/lignin/chitosan cell reduction in water at 20% (wt/v) under 2018
hydrogels E. coli and magnetic stirring at 90 °C for 4 h.
greater than 85% An aqueous dispersion of LNPs
in S. aureus was added and sonicated for 5 min
at 40 % amplitude. Chitosan was
dissolved in water containing
glacial acetic acid (1% v/v) under
magnetic stirring at 40 °C for 12 h
and was mixed with PVA/LNPs
solution.
Polylactide/silver/lignin 100% cell Organosolv 40 mg PLA (4 g) was added to the Shankar et
nanoparticles reduction of L. lignin AgNPs solution and stirred al., 2018
monocytogenes continuously at 2242 °C for 48 h.
The mix was cast onto a Teflon
film-coated glass plate, dried, and
then conditioned in a humidity
chamber.
Artocarpus heterophyllus | Inhibition zone Artocarpus 1%,3%,5 | Lignin was added to chitosan Jaganathan
peel lignin/chitosan for E. coli and heterophyllus % medium (15 mg in 10 ml of 1% etal., 2018

Biocomposites

Klebsiella

peel lignin

acetic acid), sonicated at 100 W
for 5 h and fabricated via freezing
drying methods.
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Carboxylated lignin Act as an Caffeic acid and | N/A Caffeic/ferulic acid and H202 Thakkar et
polymer antagonist to ferulic acid lignin were added to 50 mL of 10 mg al., 2010
HIV-1, dengue, HRP in 10 mM sodium phosphate
Kaposi’s buffer at pH 8 for Sh.
sarcoma-
associated herpes
virus, and
hepatitis C virus.
Lignosulfonic acid Anti-HIV and N/A 2.5% Mice exposed to HSV-2 G Gordts et al.,
anti-HSV activity suspension were treated with 50 pul | 2015
of 2.5% LA, 5% acyclovir, 1%
tenofovir for 5 days.
Lignin-Carbohydrate- Antiviral activity | Pimpinella HSV-2 suspension and precooled | Lee et al.,
Protein Complexes against herpes anisum lignin (3hr) LCC were mixed at 40C, 2011
simplex virus washed with PBS wash (3 times)
typel and type 2, before diluting (10-fold PBS) the
human cell pellet. Finally, added vero cell
cytomegalovirus monolayers (35mm dish) and
(HCMYV) and performed a plaque assay.
measles virus
Lignin— starch Release of Alkali lignin 1.2, 1.6, | Starch and lignin were added to 20 | Calgeris et
biodegradable films Ciprofloxacin 2.0and | mL water (constant stirring at al., 2012
2.4wt% | 100°C) containing 0.5 mL glycerol

as a plasticizer and heated for
Smin. Dried biofilms were placed
in vials containing 15 mL of
Ciprofloxacin (172 mg/L) for 72 h
at 208°C and dried at 408°C
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Drug-loaded poly(L-
lactide)/lignin
stereocomplex film

Release of trans -
resveratrol

Alkaline lignin

10%
(w/w)

PLLA and LG-g-PDLA were
dissolved in chloroform, sonicated
for 5 min and trans-RSV acetone
solution appended. The mixture
was poured onto a smooth and
framed PTFE plate and kept in a
40 °C vacuum.

Liu et al.,
2018

Banana-chitosan film

Wound healing

N/A

N/A

Chitosan powder was dissolved in
2% acetic acid solution and stirred
for 4 hours with 1 ml glycerol as a
plasticizer. Mixed with banana
peel powder, dried at 40°C for 24
h followed by another drying at
40°C for 4 h.

Rihayat et
al., 2019

Lignin—chitosan-PVA
composite hydrogel

Wound healing

Sulfite
papermaking
pulp lignin

10 wt%

Chitosan dissolved in acetic acid
solution (500 rpm for 5 h), PVA
dissolved into water (90 °C,6 h)
and lignin dissolved into deionized
water (500 rpm ,5 h). The solution
was mixed (1000 rpm, 5 h) and
frozen at —18 °C for 8 h.

Zhang et al.,
2019

Chitosan-alkali lignin
hydrogel

Wound healing

Alkali lignin

10%

Hydrogels and crosslinked

films of chitosan and alkali lignin
obtained by ionotropic
cross-linking.

Ravishankar
etal., 2019

Bacteria cellulose and
lignin model polymer
(BCDHP)

Wound healing

N/A

DHP synthesis by the action of
CA, H202, and horseradish
peroxidase prepared in phosphate

Zmejkoski
etal., 2018
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buffer(pH 7.3). DHP was
centrifuged and washed in double-
distilled water. Finally, the
precipitate was air-dried and
dissolved in a 5% dimethyl
sulfoxide (DMSO) water solution.

DHP-alginate hydrogel Wound healing 1% (w/v) | DHP in DMSO solution and Spasojevi¢
sodium alginate solution were etal., 2016
mixed and CaCl2 0.5% w/ v was
added.

Unsulfated or sulfated low | Therapeutic use | Caffeic acid, N/A LMWLs were synthesized Saluja et al.,

molecular weight lignins in emphysema ferulic acid or chemoenzymatically from three 4- | 2013

sinapic acid hydroxycinnamic acids.

Lignophenols Regulation of Native lignin N/A Phase-separation system consisting | Norikura et

apo-B secretion,
decreases cellular
total cholesterol

from Japanese
cedar

of cresol and sulfuric acid.

al., 2010
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Fig. 2B.3. Nanolignin Preparations method

2B.4. Recent trends in lignin research: Nanolignin
2B.4.1. The rationale for nanolignin preparation

The most attractive features of lignocellulosic residues are their eco-friendliness,
availability, and inherent bioactive characteristics. By harnessing the powers of
nanotechnology, nanolignin has the potential to drive future nano-based medical interventions,
diagnostics, and food sectors. Environmental and nanotechnology research is gaining traction
due to the constant development of recyclable lignin-containing biomass. Several scientific
improvements and patents relevant to enhanced lignin use, particularly in nano lignin-based
products, have been made in the last decade (Dey et al., 2022). Nanolignin preparation methods
showing in Fig. 2B.3.
A comparison of lignin and nanolignin is described in Table 2B.5. The following section

discusses the available methods to synthesize nanolignin from native lignin.
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Table 2B.5: Comparison of typical lignin and nanolignin

Properties Normal lignin Nanolignin Source

Mechanical properties | Good mechanical Advantages: Improved Caietal.,
properties stiffness, strength, toughness, | 2008

thermal stability and barrier
properties.

Performs better in
comparison

to traditional composites due
to the higher specific surface
of the nanofillers.

UV blocking Better UV blocking Advantages: 30% increase in | Li et al.,
property due to UV protective activity 2016
phenolic, ketone and Exhibits a broader absorption
other chromophores band in the longer wavelength

region and shows a shoulder
towards the longer
wavelength region

SPF value of the sunscreens
increases with decreasing size
of lignin colloidal spheres.

Antimicrobial Successful Advantages:Increased Nada et al.,

property antimicrobial antimicrobial effect due to 1989
properties against huge surface area, more
various functional and polyphenolic
microorganisms due to | sidechains on their surface,
the polyphenolic and increased contact area.
compounds of lignin

Radical-scavenging Effective free-radical | Advantages: Nanoscale polar | Dizhbite et

capacity, reducing scavenger, capable of | OS lignin has improved al., 2004

power, and reducing oxygen radical-scavenging capacity,

superoxide radical radicals, retard and reducing power, superoxide

scavenging activity. inhibit oxidation radical scavenging activity
reactions and water solubility than non-

nano scale lignin.

Pickering emulsion Under acidic Advantages: Nanoparticles Wei et al.,

conditions at pH 4, grafted with surface-active 2012

lignin forms particles
with an average size of
182 nm. These
particles form a
Pickering emulsion.

polymer chains can decrease
surface and interfacial
tensions and create stable
Pickering emulsions.
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exhibited relatively
low adsorption
capacity and poor
affinity for specific
heavy metal ions due
to small surface areas
(large size) and lack of
functionalities. For
example, 31.6 mg/g
was the adsorption
capacity of alkaline
lignin for Cr(VI).

different kinds of heavy metal
ions

Ex: lignin-based nano-trap
(LBNT). LBNT is expected
to possess reduced particle
size for enhancing diffusion
and contacting frequency,
strong metal binding groups
on the surface affordable to
different kinds of heavy metal
ions with excellent adsorption
capability, and the surface-
dispersed binding sites in
control of loading heavy
metal ions facilitating further
multiple use.

Carbonized lignin Produced carbon fibers | Advantages: Increased Kadla et al.,
nanofibers from commercially tensile strength and modulus | 2002
available Kraft lignin. | of carbon fibers were
observed with decreasing
fiber diameter.
Adsorption capacity | Lignin-derived Advantages: Excellent Albadarin et
adsorbing materials adsorption capability toward | al., 2011

2B.4.1.1. Nanolignin from mechanical processes

The milling process is one of the most widely used methods for synthesizing nanolignins from

plant sources. It is a cost-effective technique for obtaining lignins with nanomolecular particle

sizes (Sharma and Kumar, 2020). For example, homogenizing 5 g/L kraft lignin at 15 K rpm

for 4 hours yields 500 nm kraft lignin-derived nanolignin. Furthermore, a sonication-based

acoustic approach produces stable 10-20 nm nanolignin with a uniform dispersion of 0.7%

lignin suspension derived from wheat straw and Sarkanda grass. 20 kHz sound waves and 600

W input for an hour in a homogenous stable nanodispersion of size 10-20 nm are ideal

circumstances for such nanoscale formation without free radicals (Gilca et al., 2015).
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2B.4.1.2. Nanolignin from solvent shifting method

Under the effect of polarity considerations of the involved lignin substrates, a strictly regulated
solvent shift approach can produce mid-sized nanolignins despite their low yield. Dimethyl
sulfoxide, acetone/water, tetrahydrofuran, and acetone are the chosen solvents for this
procedure (Sharma and Kumar, 2020). Using tetrahydrofuran and water, the solvent-shifting
approach produced small nanolignin with a particle size of 221 + 10 nm, whereas kraft lignin
created lignin nanoparticles with a 200-500 nm size (Figueiredo et al., 2017).

2B.4.1.3. Nanolignin from pH shifting technique

Stable nanostructures with densely arranged lignin moieties form by precipitating extremely
porous lignin nanoparticles by shifting the pH. Such stable nanoparticles are the result of two
independent stages. The first attempt features Indulin AT in ethylene glycol solution followed
by adding aqueous HCI. The second method uses a mixture of lignin and aqueous sodium
hydroxide, which produces the required precipitates when combined with HNOs;. The first
approach yielded pH stable (1-9) biodegradable nanoparticles. The second method produced
environmentally safe nanolignins that are stable below pH 5. Lignin sourced nanostructures do
not affect the growth of model microorganisms such as Chlamydomonas reinhardtii and
Saccharomyces cerevisiae, ensuring cell viability (Sharma and Kumar, 2020).

2B.4.1.4. Nanolignin from template-based synthesis technique

Caicedo et al. used template synthesis to create lignin-derived nanomaterials. The process is
initiated by Schiff's base reaction between the aldehyde groups of thioglycolate lignin and their
amino counterparts in the activated alumina membrane (APTES). Polymerization starts after
adding hydroxycinnamaldehydes, hydroxycinnamates, or hydroxycinnamyl alcohols in the
presence of appropriate catalysts such as HRP (horseradish peroxidase) and H>O». As a result,
nanotubes with 15 nm thick walls and nanowires with a 200 nm inner diameter form. These

nanomaterials can also be bio-functionalized after being placed on the lignin base layer.

99



(Caicedo et al., 2012). Reductant-mediated template synthesis of lignin molecules affords
uniformly dispersed 45-55 nm pseudo spherical silver nanoparticles with antimicrobial
activity. Although template synthesis has various advantages, it is also responsible for the
toxicity factor of surfactants such as SDS and CTAB. Other limiting factors that undermine the
overall effectiveness of this method are issues related to purification and the removability of
source materials (Sharma and Kumar, 2020).

2B.4.1.5. Nanolignin from ice-segregation-induced self-assembly method

Initially, a monomer unit-containing solution is frozen (Sharma and Kumar, 2020). As a result
of this process, ice crystals form, which continue to develop and segregate the polymer phase.
Under the effect of a revolving drum (300 rpm) and liquid nitrogen (77 K) as a coolant,
homogenous lignin nanofiber scaffolds form with alkali lignin as the source material (Spender
etal., 2012).

2B.4.1.6. Nanolignin from aerosol process

Using an atomizer, this approach creates a continuous loop of aerosol. After passing through a
heating tube, the aerosol is captured by a low-pressure impactor, which collects the sorted
fractions of the required nanoparticle. This highly reproducible one-step method accurately
assembles dried nanoparticles based on size and shape. This approach helps produce lignin
nanoparticles with particle sizes ranging from 30 to 200 nanometers (Sharma and Kumar,
2020).

2B.4.1.7. Nanolignin from electrospinning method

The electrospinning method requires a polymer solution as a starting material for nanolignin
formation. The mixture can travel through a 100 m wide nozzle that acts as an
electrode/auxiliary electrode system after being mixed with an appropriate solvent. For
nanolignin production using the electrospinning process, the desired E-field level is 100-500

kV/m (Sharma and Kumar, 2020).
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2B.4.1.8. Nanolignin from supercritical fluid processes

Nanolignin synthesis with supercritical fluids like CO> is beneficial since it is inexpensive,
non-flammable, and non-toxic (Sharma and Kumar, 2020). CO; also has a favorable critical
temperature and pressure of 304.3 K and 7.4 MPs, making it an ideal choice for supercritical
fluid-mediated processes. Fine lignin nanoparticles of 144 nm are formed by reacting CO; and
acetone with lignin at 30 MPs and 35 °C. The compressed CO; antisolvent Technique can make
environmentally friendly LNPs (Myint et al., 2016). The process starts by pumping CO: to a
cooler kept at 258.2 K and then transferring it to the precipitator, where it gets liquefied.
Following the stabilization of the precipitating unit, lignin solution was added to the obtained
lignin nanoparticles after weighing. The resulting mixture was subjected to sonication for half
an hour at room temperature and sprayed via a nozzle dictated by flow rate presets. The
particles that make it to the filter paper are collected. CO2 immiscible compounds are not
suitable for this Technique (Sharma and Kumar, 2020).

2B.4.1.9. Nanolignin from solvent antisolvent precipitation

The slow addition of a prepared lignin solution to an antisolvent such as water is used in this
procedure. Polarity of antisolvent differs from that of the organic solvent used to dissolve lignin
before antisolvent treatment. Water is a popular antisolvent because lignin is immiscible or
sparingly soluble (Sharma and Kumar, 2020). In one work, both soft (alkali lignin) and
hardwood (dioxin lignin) lignins were treated with the antisolvent precipitation approach to
produce 80 to 104 nm lignin particles (ALNP and DLNP) with strong UV shielding and radical
scavenging properties. For this, the contributors employed acetone and water with constant
stirring (300 rpm) at 20°C (Yearla and Padmasree, 2016). The Technique's drawbacks include
the colloid system's instability, the shape of the formed nanoparticles, and the solvents'

irremovable nature (Sharma and Kumar, 2020).
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2B.4.1.10. Nanolignin from acoustic cavitation assisted nanoparticles preparation

Gilca et al. prepared stable lignin nanoparticles from lignin (0.7%) suspension by taking
advantage of this method. The aqueous solution was then subjected to acoustic treatment via
an ultrasonic probe outputting a 20 KHz frequency at 600 W for an hour. The resulting uniform
nanosuspension was allowed to dry under mild conditions (Gilca et al., 2015).

2B.4.1.11. Nanolignin from SERSL

Steam exploded rice straw lignin (SERSL) is an alternative source for the synthesis of LNPs.
Initially, castor oil (20 wt.%) and SERSL solution mixture underwent stirring to afford a
homogenous solution. By maintaining a nitrogen setting, 20 mL HCI (1 M) was introduced in
drops at 50°C for 4 h. Nascent lignin nanoparticles formed were subjected to thorough washing
with water and ethanol until a pH of 7 was reached (Rahman et al., 2018).

2B.4.1.12. Nanolignin from green synthesis process

The use of precursor materials (kraft lignin and organosolv) in a unique technique for
manufacturing LNPs resulted in nanoparticles with diameters ranging from 45 to 250 nm. Kraft
(Indulin AT) guided synthesis begins when a solution of 0.25 g kraft in 50 mL ethylene glycol
is vortexed (30 min) and filtered through a 0.45 pm pore size syringe filter. Particles emerge
after quickly adding 1-3 mL of 0.025 M nitric acid to 5 mL of the filtered solution in a
scintillation vial with continual shaking. The acetone/organosolv stock solution (0.25
organosolv in 50 mL acetone) was subjected to the same initial vortexing and filtration stages
in the second approach. Finally, supersaturated lignin was phase-separated into LNPs by
adding 9.2 mL water to a 1 mL filtrate solution (Richter et al., 2016).

2B.4.1.13. Nanolignin from hydroxymethylation

Popa et al. demonstrated the role of hydroxymethylation in the synthesis of lignin nanoparticles
in a study. Initially, 10 g of lignin derived from wheat straw and Sarkanda grass produced lignin

suspension in water (47 mL) upon stirring continuously at room temperature for 120 min. The
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resulting lignin dispersion was then treated with a 50% solution containing 1.29 g sodium
hydroxide and a 25% solution containing 3.14 g ammonium hydroxide while mechanically
shaken for 2 hours (for catalysis). A 37% solution containing 6.7 g formaldehyde was allowed
to react for 4 hours in the next phase, kept at 85°C. Next, a recovery stage with 1 N HCI (pH
2) yielded a precipitate, centrifuged to obtain a solid phase. The portion was washed twice with
water and dried to obtain LNPs (Popa et al., 2011).

2B.4.1.14. Nanolignin from wheat pulping black liquor

This method is suitable for transforming non-uniform clusters of lignin-derived polymers into
uniformly distributed spherical colloidal nanoparticles. In one such study, pulping black liquor
formed the source of alkali lignin, which was then purified and acetylated. For that, acetylated
lignin-tetrahydrofuran (ACL-THF) solution (I mg/mL) was prepared by adding
tetrahydrofuran to the solution followed by water. The hydrophobic nature of acetylated lignin
molecules in the ACL-THF solution started to promote the formation of colloids, as evidenced
by the sudden rise in the scattered light intensity of the solution. The critical water content of
44 vol % facilitated the formation of spherical colloids (Qian et al., 2014).

2B.4.1.15. Nanolignin from supercritical antisolvent technology

The supercritical antisolvent approach is a viable way to produce lignin-based nanoparticles
from rugose wood elements. It comprises a combination of techniques, including precipitation,
dissolution, centrifugation, and CO; supercritical equipment. They used carbonic acid as the
antisolvent of choice in the patented technology for producing industrial-grade xylogen NPs.
2B.4.1.16. Nanolignin from chemomechanical methods

This patented chemo-mechanical process enabled the synthesis of size-controlled xylogen
nanoparticles with a particle size of up to 26 nm. The procedure begins with alkali treatment
of the extract, followed by grinding to a particle size of less than 0.2 mm and freeze-drying the

colloid sol to obtain xylogen NPs with an average particle size of 30 nm (Zhiming et al., 2013).
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2B.4.1.17. Nanolignin from self-assembly

When used as fillers in natural rubber, stable lignin nanoparticles of 100 nm made from
industrial sulfate lignin accelerated vulcanization. Colloidal LPCs were mixed with a 2% poly
(diallyl dimethylammonium chloride) (PDADMAC) solution in an alkaline pH to make these
electrostatically ~ assembled NR/LPCs  (Natural Rubber/ Lignin-Poly  (diallyl
dimethylammonium chloride) (PDADMAC) complexes (LPCs) composites (pH 12). The
obtained solution was coprecipitated with H2SO4 (pH 2), yielding a mixture. Filtering, washing,
and vacuum drying at 50°C culminate in fabricating the NR/LPCs nanocomposites (Jiang et
al., 2013).

2B.4.2. Applications of nanolignin

Despite lignin's universal abundance, it is seldom considered for high-end applications.
Because of their particle size and surface area, biopolymers such as lignin exhibit remarkable
physical and chemical properties. Large and highly complex compounds like lignin can be
broken down to nanoscale levels. Nanolignin has the advantage of being mechanically and
thermally stable particles with superior antioxidant, bactericidal, UV shielding, and stabilizing
capabilities than native lignin molecules. By valorizing the input feedstock, nanometric lignin
particles can leverage the biorefining sector (Ponnusamy et al., 2019; Akbarian et al., 2022).
The following section discusses the application of nanoscale lignin in different aspects (Fig.

2B.4).
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Fig. 2B.4. Applications of nanolignin

2B.4.2.1. Food packaging

The biggest challenge faced by the food packaging industry is the lack of low-cost,
biodegradable packaging with antimicrobial properties. Since impending contamination
hazards threaten each packaging stage, the development of nanometric kraft lignin labeled with
silver NPs could be one such solution. For this, Indulin AT was precipitated by pH shifting and
treated with Ag-NPs in an aqueous AgNOj3 solution. These silver-tagged lignin NPs were able
to efficiently neutralize both gram-negative and gram-positive food-borne pathogens (Richter
et al., 2015).

Yang's team contributed to the industry by developing a three-component polymeric covering
that had shown significant action against Pseudomonas syringae pv. tomato (Pst), a plant
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pathogen. LNPs and cellulose nanocrystals were deposited on PLA with and without a glycidyl
methacrylate (GMA) graft using a melt extrusion method. The reinforced PLA biofilm (1 and
3 wt% of lignin) also exhibited good UV protection and nucleation. By incorporating chitosan
in the skeleton, the same group executed solvent casting with binary and ternary coatings. As
a result, PVA/CH/LNP nanocomposites could suppress Erwinia carotovora subsp. carotovora
and Xanthomonas arboricola pv. Pruni. These encouraging findings highlight the efficacy and
use of lignin nanoparticles as a safe and low-cost food packaging option (Yang et al., 2016).
2B.4.2.2. Nanolignin as a radical scavenger/antioxidant.

LNPs impart antioxidant functionality to systems courtesy of functional groups and inherent
complexity. These factors promote hydrogen donation, an antagonist of oxidation and free
radical formation (Chauhan, 2019). The antioxidant and radical scavenging potential of
nanometric lignin composites are one of the most sought-after entities in the present-day food,
pharma, and cosmetic industries. Lu et al. employed acetone as a solvent and supercritical CO2
as an antisolvent. Upon estimation, the reducing power and radical scavenging potential of the
nanolignins showed improvements (Lu et al., 2012).

Transparent polymeric composite structures of PLA-fused LNPs with strong antioxidant
properties were recently described (Tian et al., 2017). In an investigation, dioxane lignin
nanoparticles (DLNP) and alkali lignin nanoparticles (ALNP) were effective in protecting E.
coli against radiation-induced death. Compared to the control, nano lignin production using an
alkaline solution precipitation approach had a 3.3 times greater free radical scavenging
capability. The nanolignin's bioavailability, smaller dimensions, and larger surface area are
most likely to have contributed to the nanolignin's potency (Yearla and Padmasree, 2016).

2B.4.2.3. Nanolignin as a carrier
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Biocompatible substrates like lignin, both at micron and sub-micron levels) with low
immunogenicity are used for a targeted treatment regime. Capsular, hollow, and porous forms,
and solid structures with pores, are two types of lignin nanocarriers (Akbarian et al., 2022).

A lignosulfonate capsule with hollow porous structures carrying hydrophobic bioactive
molecules, such as coumarin-6, is an example of a pH-sensitive nanometric drug carrier.
Embedding B-thiopropionate (acid-labile functionality) on the shell surface enables drug
delivery to the target site in response to a matching pH. These acoustically synthesized capsular
carriers with allyl-grafts typically have a 50-300 nm diameter range and are formed in an oil-
in-water emulsion system (Chen et al., 2016). Tortora et al. explored the production of
coumarin-6 microcapsular carriers generated from kraft lignin. 0.3 to 1.1 pm sized
microcapsules can be produced by a high-frequency acoustic-driven synthesis of oil-laden
lignin microcapsules at the water/oil portion of oil in water emulsion. Furthermore, after
internalization into hamster ovary cells, this method showed low immunogenicity and toxicity
(Tortora et al., 2014). The release patterns of coumarin were similar in both cases. When loaded
with bioactive supplements like polyphenols and essential oils, these nanocapsules have the
potential to cure skin-related ailments (Akbarian et al., 2022).

Yiamsawas et al. developed stable lignin-derived nanocapsules of 150-200 nm diameter at the
water-cyclohexane interface. Reduced cross-linking agent (lignosulfonic acid), enzyme
degradation, increased temperature, and inversely proportional pH levels improved the release
rates of the resulting nanocarriers. The same authors also describe an effective 2-
propylpyridine-loaded kraft lignin-derived nanocapsules possessing an oil phase and lignin
core (Yiamsawas et al., 2017).

Cytotoxicity of carbon nanotubes to living cells restricts their application in the human body.
The ability of biocompatible lignin nanotubes to transfect HeLa cells after DNA adsorption

makes them an appropriate solution to this problem. In a study comparing the cytotoxicity of
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both nanostructures on Hela cells, lignin nanotubes exhibited a tolerance threshold ten times
higher than carbon nanotubes. Recently, self-assembled micelles of lignin (SLRM) origin that
encapsulated horseradish peroxidase (HRP) enzyme inside its hydrophilic core exhibited
improved enzymatic activity upon immobilization. The SLRM core structure boosts HRP's
overall activity, enabling bioremediation of phenol-contaminated wastewater at pH4 (Zhong et
al., 2016). Reusable colloidal cationic lignin nanospheres enable ester synthesis by helping to
attach entrapped hydrolases onto the platform (Sipponen et al., 2018). The pH of the medium
impacts the stability of novel biocompatible LNPs encapsulating water-soluble Rhodamine 6G.
Green synthesis of nanoparticles utilizing a hydrotropic solution includes self-assembling
LNPs made of aqueous sodium p-toluene sulfonate. These nanoparticles demonstrated a long-
term drug release profile while encapsulating hydrophobic molecules with 90% efficiency
(Chen et al., 2018).

2B.4.2.4. Solid and porous particles/structures

The use of novel bionanomaterials and nanocarriers is important in the fight against neoplasm.
Shortcomings of conventional and targeted cancer therapies lie in the mode of delivery of the
proposed drug. LNPs tasked to encapsulate test compounds against cancer must preserve the
target medication from premature degradation and allow for ligand-assisted tumor penetration.
Modifying LNPs with targeting entities help to attain enhanced cellular interaction during the
treatment. Various cell lines treated with complex spherical LNPs containing iron molecules
(Fe-LNPs and Fe304-LNPs) exhibited low polydispersity, low toxicity, insignificant in vitro
hemolysis, and H>O: generation at a stable pH of 7.4. Also, BZL (benzazulenein) cancer cell
lines' cytotoxic effect was boosted by pure lignin nanoparticles (Figueiredo et al., 2017). The
use of magnetic Resveratrol (RSV)-loaded lignin nanoparticles (AL/RSV/Fe304 NPs) in
cytological and animal experiments was a success against proliferating cancer cells. The work

focused on creating green chemistry-based self-assembled AL-based unmodified lignin
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nanocomposites. The magnetic drug-loaded delivery method improved long-term drug release,
allowing optimal drug accumulation and tumor shrinkage (Dai et al., 2017). The overall
performance of these innovative technologies makes it possible to test them in real-world
circumstances.

2B.4.2.5. Nanolignin for oral disease and tissue regeneration

As a virus-inhibiting agent, solubilized nanolignin in the form of [1251]-labeled LCC (lignin
carbohydrate complex) has medical potential (Sakagami et al., 2017). A recent study examined
the effect of combining electropositive chitin nanofibrils (CN) with LNPs. The bactericidal and
anti-inflammatory capabilities of the formed CN-LG particles (163 nm) possessed a wide range
of industrial and medicinal applications, including skin-related disorders. CN-LG matrix helps
tissue regeneration by establishing a barrier against microbial proliferation at the wound site,
in addition to being a chemoattractant. Also, these compounds can be administered to in vitro
cultures of human keratinocytes and human mesenchymal stromal cells for potential use in skin
contact applications (Danti et al., 2019).

2B.4.2.6. Nanolignin as a UV blocker

Lignin is an excellent candidate for a sun blocker ingredient in some lignin-derived sunscreens
since it is non-oxidizable. The addition of LNPs enhanced the native SPF value of plain creams
significantly (1.03 versus 1.26-2.23 for amalgamations) (Chauhan, 2019). In another study,
when exposed to 400 nm light, a transparent PLA-tagged LNP matrix containing 4 wt% LNPs
offered UV protection of up to 80%. (Tian et al., 2017). Value-addition of sunscreens with
photoprotective LNPs/ZnO sourced from Agave tequilana enhanced the SPF value of the
sunscreen as evidenced by the extent of blocking of UV-B and UV-C rays (Hernandez et al.,
2016). The poly (butylene adipate-coterephthalate) (PBAT) matrix forms biofilms with
improved mechanical and thermal stability when combined with various LNP combinations of

melanin core-shell nanoparticles (MNP) and lignin-melanin core-shell nanoparticles (LMNP).
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Poly(butylene adipate-coterephthalate) (PBAT) matrix associates with various LNP
combinations of melanin core-shell nanoparticles (MNP) and lignin—melanin core—shell
nanoparticles (LMNP) to form biofilms with enhanced mechanical and thermal stability. Also,
they absorbed more than 80% of incoming UV-B rays when NPs concentrations ranged
between 0.5 -5.0 wt% (Xing et al., 2019). A study dedicated to investigating the effect of the
development of sunscreens with lignin and lignin-based colloidal micelles of different shapes
and sizes revealed that of all blend types, sunscreen with colloidal spheres exhibited the most
protection owing to the presence of phenolic groups in lignin molecules.

Although UV-absorbing clothes containing LNPs are rare, they protect from damaging UV
rays without impairing the fabric's basic texture. A study found that nanolignins with silicone
emulsion offered the garments antibacterial and antistatic properties. Such application-level
initiatives could lead to the development of fabrics that protect wearers from more challenging
environmental threats like viruses and fungi in the future. The role of nanolignins as a versatile
finish agent is detailed in a study that used lignin obtained from coconut fibers to treat cotton
and linen textiles. Apart from being UV resistant, both fabrics showed significant action against
S. aureus and K. pneumonia. The antioxidant capacity of the participating nanolignin
impregnated fabrics was confirmed by their radical scavenging activity (Juikar et al., 2017).
2B.4.2.7. Nanolignin as adsorbent

Xiao's team had previously produced a functionalized metal-organic scaffold that efficiently
scavenges heavy metal ions and microorganisms. Their study further bolstered its bactericidal
property against E. coli (99.68%) and S. aureus (99.76%) when tagged with silver metal (Xiao
et al., 2018, Liu et al., 2022).

2B.4.2.8. Nanolignin as supercapacitor

LNPs can act as excellent ultra-capacitors when conditioned with a KOH (6 M) electrolyte

solution. Activation of lignin-derived microspheres and precursors (LAC-M and LAC-P)
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resulted in profound capacitive (at 50 mV/s) and rate performance (at a particular current range
of 0.05 - 100 A/g) features. When soda lignin from spruce wood is carbonized and activated,
carbon fibers (ACFs) with submicron thickness and high porosity form. These acts can be used
as ultra-capacitors with a storage capacity of 8.1 Wh/kg. A study that investigated alkaline
lignin as ultra-capacitors vouched for the ability of the resulting fibrous mats to be used as an
anode material in a conventional Li-ion battery. Such composites are expected to have a
specific capacity of 445 mAh/g and a capacitance retention rate of about 90% after 6000
charge/discharge cycles (Yu et al., 2018).

2B.4.2.9. Nanolignin as surfactant

In the food and pharmaceutical industry, the use of submicron-level (320 nm) kraft lignin NPs
as surfactants form a stable Pickering emulsion with different-sized hexadecane droplets. These
lignin-derived surfactants offer a cost-effective and recyclable form of lignin NPs (182 nm)
that renders pH responsiveness to styrene-in-water Pickering emulsions by generating
insoluble particles at pH 4. RAFT-mediated grafting of kraft lignin particles with
polyacrylamide functionality yields polymer-grafted lignin nanoparticles (PGLNs) that control
aggregation strength without affecting interfacial interactions required to form Pickering
emulsions. Furthermore, the emulsion's comparatively rapid creaming property did not affect
Ostwald's ripening and coalescence for months (Qian et al., 2014).

2B.4.3. United Nations Sustainable Development Goal (UNSDG) achieved with the
development of nanolignins

The use of nanolignins can guide the development of sustainable and environment-friendly
food and pharmaceutical products, which aligns with the United Nations Sustainable
Development Goal 12 (UNSDG 12) - Responsible Consumption and Production. Nanolignin-
derived products can also give access to the costly healthcare system because it follows

UNSDG 3, which endorses Good Health and Well-being. Additionally, food and
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pharmaceutical applications containing nanolignins components can potentially create more
job opportunities and hence support the UNSDG 8 - Decent Work and Economic Growth.
Furthermore, lignin-based nanomaterials also contribute to UNSDG 13 - Climate Action as it
addresses some environmental problems facing the food and pharmaceutical industries, such
as waste and pollution.

2B.5. Future perspectives

Lignin, an undervalued natural polymer, is rapidly gaining importance, especially with the
application of nano-technological innovations. Most patents involving lignin deal with the
production of nanolignin, which shows the vast potential of nanolignin. Based on our current
knowledge of lignin and lignin nanoparticles and considering the existing gaps in technologies
adopted for nanoparticle development, we have to enlist future actions that are feasible enough
to overcome the hurdles in this area. It is necessary that studies should focus on the following
areas in order to meet sustainable standards and ensure their safety and effectiveness, greener
processes for the synthesis of lignin and nanolignin that use more affordable, environmentally
friendly, and easily recoverable solvents are essential. To accomplish lignin and nanolignin
industrialization and speedy commercialization, scale-up processes may call for investments in
large-scale, quick, low-cost, energy-efficient in manufacturing methods. It is essential to do a
life cycle analysis of a nanolignin biorefinery. Discovering and creating new nanolignin that
could substitute carbon-intensive synthetic nanoparticles and nanoparticles made from other
natural sources are novel applications of nanolignin. The viability and marketing of nanolignins
will be improved by this. Prior to clinical trials, the safety, interactions, and efficacy of freshly
synthesized lignin and nanolignins should be assessed using in silico, in vitro, and in vivo
approaches. These results are necessary to obtain regulatory agency permission and move on

to the next phase of nano lignin utilization.
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2B.6. Conclusion

A comparison between lignin and nano lignin shows vastly improved properties for nanolignin
than non-nanolignin. This includes enhanced mechanical, UV blocking, radical-scavenging
capacity, reducing power, superoxide radical scavenging activity, ability to form pickering
emulsion, and adsorption capacity for nanolignin. The unique properties of lignin and nano
lignin enable its application in other fields like the packaging industry, emulsions, nutrient
delivery, drug delivery hydrogels, tissue engineering, and biomedical applications, which will
be an excellent opening for human needs. Since these nanoscales and non-nano scale lignin has
a wide range of properties, lignin applications will continue to undergo extensive research in
the coming years. The findings and insights included in this review will give a different
perspective on the potential applications of nanolignins in the food and pharma industries. The
article also analyses the challenges and opportunities presented by useful nanolignins, which
help researchers, policymakers, and industry professionals plan their nano-lignin-centred
investigations with a clear mind about the possible challenges and limitations of the
technology.
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Chapter-3

Phytochemical rich extract from the spent material generated from
Industrial Dashamoola preparation (a medicinal Ayurvedic decoction)

with antioxidant, antidiabetic and anti-inflammatory potential
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Abstract

Dashamoola Arishta (DA), an age-old Ayurvedic formulation, is considered as panacea for
inflammation-related ailments. As water is used as the solvent in DA preprations, the active
ingredients are not extracted out completely and remain in the spent material (DSM). The
phytochemicals extracted from Dashamoola fresh and Dashamoola spent material using 70%
(v/v) ethanol (DE & DSME respectively) were characterized using HPTLC which suggested
retension of considerable amount of phytochemicals in DSME. Studies on the total phenolic
and flavonoid content indicated polyphenol and/or flavonoid-rich matrix. LCMS/MS analysis
of DSME confirmed the presence of polyphenols, especially shikimic acid (83.225 mg/g),
gallic acid (51.261 mg/g), epicatechin (26.300 mg/g), naringenin (25.054 mg/g) and vanillic
acid (14.147 mg/g). The antioxidant potential of DE and DSME evaluated in terms of DPPH
(IC5098.19 & 68.17 ng/mL), ABTS (ICs5044.2 & 17.8 ng/mL) and NO (ICso 881 & 738 pg/mL)
assays indicated better activity of DSME. DSME showed better antidiabetic potential as
inferred from a-amylase and a-glucosidase inhibition assays. The anti-inflammatory capability
of DSME was evaluated using protein denaturation assay which showed an ICso value of 61.17
pg/mL against 95.04 & 100.12 pg/mL for DE and aspirin, resepctively. DSME (ICso of 60.8
ug/mL) closely contested with aspirin (ICso of 70.1 pg/mL) in the proteinase inhibition assay.
RAW 264.7 cells subjected to LPS-induced NO production further strengthens the scope of
preliminary antioxidant results. Safety of DSME was established by MTT assay in L6 myoblast
and RAW 264.7 cells with tolerability reaching up to 500 pg/mL concentration. The present
study indicates the potential of DSM for further value addition, as a source of bioactives with
immense nutraceutical/therapeutic properties.

Keywords: Dashamoola spent material, phytochemical assay, antioxidant activity, antidiabetic

activity, anti-inflammatory activity
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Fig. 1. Graphical abstract showing the extraction, chemical profiling, and bioactivity evaluation
of Dashamoola Spent Material (DSM).

Highlights
e Dashamoola is a combination of ten herbal plant roots prescribed in Ayurveda.

e Bioactivity of Dashamoola spent material extract (DSME) was characterized by
LCMS/MS.

e Shikimic acid, gallic acid, epicatechin & naringenin were the major polyphenols in
DSME.

e DSME was analysed for TPC & TFC; antioxidant potential was proven by DPPH,
ABTS & NO.

¢ Antidiabetic & anti-inflammatory activity of DSME were confirmed by various assays.
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3.1. Introduction
Ayurveda, an indigenous system of traditional medicine, is being practiced for over thousands
of years. It generally focuses on plant-based medicines for the management of various diseases
(Randive et al., 2014). Scientific validation of the traditional medicines are being attempted to
trace clues regarding contributing factors in ameliorating debilitating disease conditions
(Tungcharoen et al., 2018). Dashamoola is an ayurvedic polyherbal formulation prepared from
ten different plant roots, based on traditional Ayurvedic text ‘Sahasrayogam’. The plants used
in Dashamoola preparation are known to possess therapeutical potential against certain health
ailments (Awasthi & Pandey, 2015) which include the roots of ten medicinal plans - five bigger
plants called “Valiyapanchamoola” and five smaller plants called “Laghupanchamoola” as
recorded in Ayurvedic texts (Vyas et al., 2011). Valiyapanchamoola is a combination of
Stereospermum suaveolens (Patala) Premna integrifolla (Agnimantha), Aeglemarmelos
(Bilwa) Gmelinaarborea (Gamphari) and Oroxylum indicum (Shyonaka). Laghupanchamoola
category includes Desmodium gangeticum (Shalaparni), Uraria picta (Prithakpami), Solanum
indicum (Brihati root), Solanum xanthocarpum (Kanthakari) and Tribulus terrestris
(Gokshura) (Nagarkar et al., 2013). All the plants in Dashmoola are endowed with medicinal
properties, mainly anti-inflammatory, hypoglycemic, antihypertensive, vasodilator, analgesic,
anti-cholestrolemic, antirheumatic, antioxidant and anti-fever (Nanda & Tiwari, 2016). In the
above context, dashamoola plays a versatile role in the biological and pharmacological aspects
(Rao, M.L., & Savithramma, N., 2011). There are several products with “dashamoola” as the
main ingredient as described in Ayurvedic classics (Karunagoda et al., 2010; Irshad et al.,
2009). The need for dashamoola in the market is on the rise because of its utility in preparing
various formulations (Nagarkar, B., & Jagtap, S., 2017; Sudhanshu et al., 2012).
In most of the Ayurvedic preparations, water is used as the solvent, and therefore, most of the

time active ingredients are not extracted out completely. Therefore, there is great possibility of
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retaining phytochemicals with potential biological activity in the spent material. Similar studies
conducted on spent cumin (Arun et al., 2018) and black pepper (Prabhu et al., 2015) revealed
the potential for value addition of Ayurvedic spent materials as a rich source of bioactives for
further formulions in the form of functional foods and nutraceuticals.

Utilization of spent materials generated from Ayurveda industries have got great relevance as
the availability of plant materials are getting diminished due to the high demand for the
medicinal plants in various preparations and also due to the threat of extinction. The Ayurvedic
industries are investigating possibilities for preserving the medicinal plants by various means.
One such activity includes the utilization of spent materials for further value addition. In this
context, spent materials generated from Ayurveda industries are investigated and found to
possess promising biological activities (Arun et al., 2018). Some of the plants used in
Dashamoola are becoming extinct, and therefore, the re-utilization of the spent materials for
the ayurvedic/nutraceutical preparations, if found potential, could be of high relevance. The
medicinal plants in the ‘Dashamoola’ are reported to possess antioxidant, anti-inflammatory
and hypoglycemic action (Nanda & Tiwari, 2016). As Ayurvedic medicine preparations
employ water-based decoctions of medicinal plants and other ingredients, the Dashamoola
spent materials (DSM in the present study) may retain a major part of the bioactive
phytochemicals. Based on this hypothesis, the objectives of the present study is to compare the
phytochemical content of DSM with that of fresh dashamoola extract and to evaluate its
antioxidant, antidiabetic and anti-inflammatory potential. From this study, we expect to gain
valuable information about the compounds that are retained in the spent materials and their
potential in encompassing inflammation and diabetes.

3.2. Materials and methods

3.2.1. Chemicals and plant material

2,2’-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS), 2,2-diphenyl-1-
picrylhydrazyl (DPPH), a-glucosidase, a-amylase, acarbose, trolox, ascorbic acid polyphenol
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standards, dulbecco’s modified eagle’s media (DMEM), fetal bovine serum (FBS), horse
serum, rosiglitazone, 4-nitrophenyl a-D-glucopyranoside, 3-(4,5-dime thylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT), gallic acid, dimethyl sulfoxide (DMSO),
lipopolysaccharides (LPS), dexamethasone, aspirin, trypsin, casein, perchloric acid, Griess
reagent were procured from Sigma Aldrich Chemicals (St. Louis, MO, USA). Folin—Ciocalteu
reagent, sodium chloride (NaCl), ethylene diamine tetraacetic acid (EDTA), sodium carbonate
(Na2CO0:3), tris-HCl, potassium hydroxide (KOH) were obtained from MERK. Trypsin-EDTA,
antibiotic-antimycotic were purchased from Gibco Invitrogen (Carlsbad, CA, USA). 2-NBDG
(2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino)-2-deoxyglucose) was procured from
Molecular Probe (Invitrogen Life Technologies, Carlsbad, CA, USA). All the reagents used
were of high-quality analytical grade.

Fresh Dashamoola raw materials in the proportion as used for the Ayurveda preparations and
corresponding spent Dashamoola materials were supplied by M/s. Kottakkal Arya Vaidyasala,

Kottakkal, Kerala, India (M/s. AVS Kottakkal Ltd).

3.2.2. Proximate composition and mineral analysis of Dashamoola spent materials (DSM)
Initially, moisture content (AOAC method 930.15) of the oven-dried (105°C) DSM was
estimated in triplicates. For this, dried samples were allowed to cool in a desiccator before
weighing. Weighed samples used for the estimation of ash content (AOAC method 923.03)
were heated (550°C) in a muffle furnace with for 16 h. Micro-Kjeldahl method furnished
protein content in the samples by converting resultant nitrogen to protein (multiplying by 6.25).
Fat content was determined By using the soxhlet extraction method (AOAC method 920.39)

and the total carbohydrate content was calculated based on the difference method.

3.2.3. Preparation of the extracts
The dried raw and spent sample powder (40-60 mesh size) were extracted with 70% ethanol

by hot extraction method using soxhlet apparatus lasting 6 hours. The extracts were filtered
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and then concentrated using a rotary evaporator (Heidolph, Germany). The concentrate was
then lyophilized (VirTis Genesis, USA) and stored at -4°C until use the lyophilized samples

were then subjected to various analysis as described below.

3.2.4. High-performance thin layer chromatography (HPTLC)

The 70 % ethanolic extract of 1 g Fresh Dashamoola (DE) and 1g spent Dashamoola (DSME)
(10 mL) was dissolved in 10 mL of methanol. Pre-activated HPTLC Silica gel 60 F2s4 plates
(10 x 10 cm; Merck, Darmstadt, Germany) was employed to perform chromatography. Then,
the plates were submitted to densitometric scanning on a CAMAG scanner I1I at 490 nm. Using
an automatic applicator in HPTLC (Linomat-V with N2 flow, CAMAG Repostar 3,
Switzerland), extracts were applied 8mm above one end of each plate forming 6mm wide
bands. Before commencing chromatography, the plates were subjected to an activation process
involving methanolic prewashing (60°C for 5 minutes). Scanning speed of 40 mm s™! and slit
size of 5 x 0.45 mm were ensured for the analysis that utilized a mobile phase constituting
Toluene: Ethyl acetate: Formic acid: Methanol (7:5:1:0.5). Plates were developed on a twin
glass chamber (10 x 10 cm) filled with the mobile phase. Plates were then air-dried, derivatized,
and then heated to 105 °C for 5 min. Derivatization of chromatogram makes use of the Camag
glass reagent spray (5% sulfuric acid in methanol). After 30 minutes, plates were observed

using Camag UV cabinet at 254 and 366 nm (Kumar et al., 2015).

3.2.5. Fourier transform infrared spectrum (FTIR)
FTIR spectroscopy was used for characterizing the functional groups of phytochemicals
present in DE and DSME. The spectra were recorded using the Bruker FT-IR (Germany)

spectrometer in the wavenumber range between 4000 to 400 cm.
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3.2.6. Phytochemical analysis of spent Dashamoola

3.2.6.1. Determination of total phenolic content (TPC)

Estimation of Phenolic content in DSME was done using Folin-Ciocalteau reagent with gallic
acid (1-1000 pg/mL) serving as standard (Singleton, V.L., & Rossi, J.A., 1965). Reaction
mixtures containing 100-500 pL. of DSME and Folin—Ciocalteu reagent (0.5 mL) mixed with
20% sodium carbonate were incubated for 90 minutes at 760 nm on a Shimadzu ultraviolet-
visible 2600 (UV) spectrophotometer (Kyoto, Japan). The volume of the reaction mixtures was
made up with distilled water. Gallic acid equivalent (mg/100g) of DSME was plotted and the

resulting standard curve was used for the quantification of polyphenols.

3.2.6.2. Determination of total flavonoid content (TFC)

Flavonoid content in DSME was estimated by aluminum chloride method (Chang et al., 2002).
Initially, varying concentrations of quercetin (20-100 pg) and DSME (100-500 pL) were
prepared. To the samples, 0.3 mL of aluminium chloride (10%), sodium nitrite (5%) and 2 mL
NaOH were added. The final volume (10 mL) of the reaction mixtures were attained by adding
distilled water. After the reaction, absorbance of each sample was read at 510 nm using a
spectrophotometer (Shimadzu ultraviolet-visible 2600 (UV) spectrophotometer (Kyoto,

Japan).

3.2.7. Chemical profiling and quantification using LCMS/MS

The quantitative analysis of 28 compounds — catechol, catechin, quinine, naringenin,
tocopherol, gallic acid, chlorogenic acid, epicatechin, syringic acid, vanillic acid, caffeic acid,
epigallocatechin, ferulic acid, myricetin, quercetin, p-Coumaric acid, luteolin, apigenin,
kaempferol, rutin, diadzein, hesperetin, shikimic acid, ellagic acid, morin, genistein, cinnamic
acid, and chrysin were performed by LC-MS/MS system (Nexera with LCMS-8045, Shimadzu
Corporation, Kyoto, Japan) - HPLC (Nexera LC-30AD) equipped with an autosampler (SIL-

30AC), temperature-controlled column oven (CTO-20AC) and prominence diode array
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detector (SPD-M20A) coupled to triple quadrupole mass spectrometer (Nexera with LCMS-
8045, Shimadzu Corporation, Kyoto, Japan). Working standards were prepared by diluting the
stock solution with water concentration ranging from 0.01- 1 pg/ml. The quantification of all
the polyphenols was carried out on Shimadzu Shim-pack GISS C18 column (150 X 2.1 mm
i.d, 1.9 um) that used water / formic acid (100/0.1%) mobile phase for solvent A and 100 %
methanol for solvent B. Polyphenols were eluted with a linear gradient system as follows: 0.5
— 1.9 min 5% of solvent B, 2.0 — 10.0 min 98% of solvent B, 10.1 — 15 min 98% of solvent B
and 15.1 — 17 min 5% of solvent B, a flow rate of 0.3 mL/min, the injection volume was 10 pl
and oven temperature of 40 °C. Positive and negative modes of multiple reaction-monitoring
(MRM) mode were operated during LC-MS/MS with electrospray ionization (ESI). LC-
MS/MS data were collected and processed by Lab Solutions software (Shimadzu, Kyoto,
Japan). An interface temperature of 400°C was conditioned for ionization, desolvation line
temperature of 300°C, heat block temperature of 400°C, nebulizing gas flow (nitrogen) at 3
L/min and drying gas flow (nitrogen) at 10 L/min. Each calibration solution was analyzed in
triplicate, and the average value of the results was used as the representative for each point.
The results obtained are represented as polyphenols in pg/g with SD (n = 3). The values are
statistically significant as F>F critical one-tail. Therefore, the variances of the two populations

are unequal. The analytical performance of the LC-MS/MS method is given in Table 3.1.
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Table 3.1: The analytical performance of the LC-MS/MS method of 28 compounds.

Compounds Rt Parent Molecular lon CE Calibration equation r2 Linear DL/QL
ion lon Mode Range
(min) (m/z) (m/z) (V) (ne/L) (ne/L)

1. Catechol (PA) 1.87 111.20 78.95/64.10 +ve -9/-25 y=387.253x+7.0483e+006 0.986 5-50 0.07/0.23
2. Catechin (F) 6.75 291.20 139.10/165.05 +ve -15/-13 y=10393.1x-16953.5 0.993  5-150 2.20/6.68
3. Quinine (A) 6.88 325.20 307.10/184.05 +ve -24/-28 y=70839.3x+3503.38 0.996  5-150 0.27/0.81
4. Naringenin (F) 7.28 273.20 153.05/147.15 +ve -17/-21 y=5753.24x-13117.0 0.992 5-150 0.78/2.37
5. Tocopherol (V) 12.87 429.50 163.15/205.05 +ve -22/-23 y=12257.5x-27446.3 0.993 5-150 2.31/7.01
6. Gallic acid (PA) 1.91 169.20 125.05/81.00 -ve 17/17 y=2779.60x+1214.12 0.992 5-150 3.20/9.70
7. Chlorogenic acid (PA) 6.81 353.00 191.20/92.90 -ve 16/43 y=10282.0x+16136.9 0.997 5-150 1.27/3.85
8. Epicatechin (F) 6.77 289.00 245.20/205.20 -ve 14/16 y=2231.57x-3359.76 0.993 5-150 7.08/21.46
9. Syringic acid (PA) 7.20 197.20 182.20/123.05 -ve 14/24 y=941.096x+12146.4 0.996 5-150 10.44/31.65
10. Vanillic acid (PA) 6.79 167.20 152.10/108.10 -ve 17/19 y=8887.775x+2823.33 0.991 5-150 14.35/43.48
11. Caffeic acid (PA) 6.91 179.20 135.15/134.10 -ve 16/30 y=31106.3x-2363.27 0.995 5-150 0.49/1.49
12. Epigallocatechin (F) 2.01 456.90 169.15/125.05 -ve 17/40 y=904.191x-524.176 0.987 5-50 2.90/8.79
13. Ferulic acid (PA) 7.36 193.20 134.00/178.00 -ve 15/10 y=2014.91x+171906 0.992 5-50 4.37/13.23
14. Myricetin (F) 7.65 317.00 151.20/179.20 -ve 25/19 y=15064.0x-14109.0 0.995 5-150 0.25/0.75
15. Quercetin (F) 7.92 301.20 151.05/179.00 -ve 22/18 y=48446.6x+52582.0 0.991 5-150 0.62/1.88
16. p-Coumaric acid (PA) 7.34 163.00 119.15/93.10 -ve 15/33 y=12379.7x+41113.6 0.992 5-150 2.13/6.46
17. Luteolin (F) 7.92 285.20 151.10/175.05 -ve 25/25 y=29060.1x+177101 0.991 5-150 0.27/0.83
18. Apigenin (F) 8.18 269.20 149.05/151.00 -ve 23/25 vy=26104.3x-13101.5 0.993 5-150 0.48/1.45
19. Kaempferol (F) 7.83 285.20  159.15/187.05 -ve 31/27 y=1243.29x-487.739 0.993 5-150 1.44/4.36
20. Rutin (F) 7.34 609.20 300.00/301.15 -ve 38/34 y=25186.6x+9234.48 0.995 5-150 0.08/0.23
21. Diadzein (F) 7.91 252.90 208.20/224.15 -ve 29/25 y=8324.16x-13781.5 0.981 5-150 0.71/2.16
22. Hesperetin (F) 7.86 301.20 164.10/286.05 -ve 25/18 y=17857.8x-14187.8 0.993 5-150 0.57/1.73
23. Shikimic acid (PA) 1.76 172.90 111.20 -ve 11 y=864.091x+63809.9 0.969  5-150 5.79/17.55
24, Ellagic acid (PA) 7.56 300.90 185.10/145.20 -ve 31/40 y=648.613x+9964.71 0.992 5-150 2.28/6.92
25. Morin (F) 7.74 301.20 151.00/149.15 -ve 20/25 y=49085.8x+113300 0.994 5-150 0.59/1.79
26. Genistein (F) 7.81 269.20 133.20/132.05 -ve 31/46 y=11955.6x-6477.21 0.990 5-150 0.59/1.79
27. Cinnamic acid (PA) 7.93 147.00 103.05 -ve 13 y=628.783x+1513.72 0.993  5-150 6.60/20.01
28. Chrysin (F) 8.39 252.90 62.95/143.20 -ve 32/27 y=20464.6x-17508.2 0.996 5-150 0.41/1.26

PA-Phenolic acid, A- Alkaloid, F- Flavonoid, V- Vitamin,

Rt — Retention time, DL- Detection Limit, QL- Quantitation Limit

144



3.2.8. Antioxidant analysis of Dashamoola spent material

3.2.8.1. 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity
DPPH scavenging activity of DSME was estimated using a 130mM DPPH solution. The

reaction was allowed to take place between 2.5 mL of DPPH and 500 pL of DE / DSME (10 —
250 pg/mL) and ascorbic acid (1 — 10 pg/mL) (Brand-Williams et al., 1995). Following this,
the mixture was vortexed and incubated in the dark for 90 minutes at 33°C. The absorbance of
the assay mixture was read at 517 nm using UV/VIS spectrophotometer 2600 (Shimadzu,

Japan) at 517nm. The following equation was used to calculate ICso (ng/mL) values.

Absorbance of Control—Absorbanc of Sample

% Inhibition = x 100 (1).

Absorbance of Control
3.2.8.2. 2, 2’-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) assay
ABTS assay uses radical cations prepared from 2 mM (0.0548 g in 50 ml) ABTS dissolved in
distilled water (Re et al., 1999). Apart from ABTS, potassium persulfate 70 mM (0.0189 g in
ImL) was also prepared. A reaction mixture containing 200 pL of potassium persulfate and 50
mL of ABTS were prepared and used post 2 hours of mixing. Solutions of DE and DSME were
prepared at varying concentrations (1 — 100 pg/mL) by adding 0.3 mL of ABTS radical cation
and 1.7 mL phosphate buffer (pH 7.4). Trolox (1 — 10 pg/mL) was used as positive control for
the assay absorbance was read at 734 nm, with triplicate values recorded for DE, DSME and
Trolox .

Inhibition (%) = 100 x (Ao-A1)/Ao (2).

Where absorbance of the control and DE/DSME /standard are Ao and A, respectively. ICso
values were determined from the curve obtained by plotting % inhibition and concentration.

The ICso value is indirectly proportional to antioxidant capacity.

3.2.8.3. Nitric oxide (NO) radical scavenging assay

Nitric oxide radical scavenging assay revolves around the production of nitrite ions and the

subsequent spectrophotometric measurement of the resulting chromophore at 546 nm
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(Govindarajan et al., 2003). At physiological pH, nitric oxide gets released from sodium
nitroprusside, which further reacts with oxygen to form nitrite ions. In the presence of nitric
oxide scavengers, nitrite ion production plummets as these scavengers competitively use up
the oxygen levels. Greiss reagent (1% sulphanilamide, 2% O-phosphoric acid and 0.1% of N-
(1- naphthyl) ethylenediamine dihydrochloride) is used to estimate the nitrite ion concentration.
Approximately 1 mL of sodium nitroprusside (SmM) was mixed with varying concentrations
of DE and DSME (200-1000 pg/ml) in phosphate buffer (pH 7.4, 0.1 M), followed by
incubation at 25°C for 2 h. Post incubation, 1.5 mL of Greiss reagent was added after the
removal of the same volume of the reaction mixture. The resulting chromophore is formed in
two steps- diazotization and coupling with Greiss reagent components. The absorbance of DE,
DSME, ascorbic acid (10 — 500 pg/mL) and control tubes was measured at 546 nm after the

formation of chromophores.

3.2.9. Antidiabetic assay of Dashamoola spent material

3.2.9.1. a -amylase inhibition assay

The assay method described by Xiao (Xiao et al., 2006) depends on the starch-iodine test for
assessing a-amylase enzyme inhibition. The most active methanolic extract form was selected
for the assay. Intitially, varying concentrations of DE and DSME (50 — 250 pg/mL) extracts
were added to the mixture, followed by the addition of 0.02 M sodium phosphate buffer (pH
6.9) and 6 mM NaCl. 1 U/mL of porcine pancreatic a-amylase was added to all the mixtures
which was then incubated at 50° C for 30 min post addition of soluble starch (1% w/v). Finally,
iodine reagent (5 mM I, and 5 mM KI) was added prior to stopping the reaction using 1 M
HCI. Absorbance of the samples was read at 580 nm on a multiplate reader (Synergy 4 Biotek
multiplate reader, USA). Wells without any extract was used as control, and a known amylase
inhibitor, Acarbose (1 —25 pug/mL), was used as the positive control. The percentage of amylase

enzyme inhibition was calculated using the following equation.
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Absorbance of Control—Absorbance of Sample

% Inhibition = X 100 (3).

Absorbance of Control
3.2.9.2. a - glucosidase inhibition assay
a-glucosidase assay followed in this study is based on the procedure of Adisakwattana
(Adisakwattana et al., 2004), with slight modifications. This assay aims at estimating the 1Cso
values of samples spectrophotometrically. Initially, 200 pL of DE and DSME (50 — 250 pg/mL)
were premixed with 20 pL of a -glucosidase (1.25 U/mL) and was incubated at RT for 5 min.
The extracts were dissolved in 50 mM potassium phosphate buffer (pH 6.8) before premixing.
To the samples, 200 puL. of 50 mM phosphate-buffered 4-nitrophenyl a-D-glucopyranoside
(1mM) was added to initiate the reaction and incubated the reaction mixture for 20-minutes at
room temperature. The addition of 500 uL. of 1M Na»COs, terminates the reaction leaving a
final volume of 1.5 mL in the reaction tubes. Quantity of p-nitrophenol released during the
reaction was determined by reading samples at 405 nm using a microplate reader (BioTek
Instruments Inc. Winooski, VT). Concentrations ranging from 10 — 100 pg/mL was used for
acarbose (positive control). Glucosidase activity (ICso values) of the extract was calculated

based on the triplicate values obtained during spectrophotometric analysis.

Absorbance of Control—Absorbanc of Sample

% Inhibition =

x 100 (4).

Absorbance of Control

3.2.9.3. Glucose uptake assay

3.2.9.3.1. Cell culture conditions

L6 myoblast was obtained from NCCS, Pune, India. L6 Myoblasts were nurtured in Dulbecco’s
modified eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS) and 1%
antibiotic-antimycotic solution. A humidified ambience (37°C, 5% CO;) was set up for the
growth of the cells. The cells were seeded at a density of 1x 10° cells/well on 24 well-plates
and 96-well black plates (BD Biosciences, Franklin Lakes, NJ, United States) for different

assays.
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3.2.9.3.2. Cell viability assay
The cellular toxicity of DSME on L6 cells was determined by the MTT assay (Mosmann, T.,

1983). The cells were seeded and cultured in 96 well plate for 24h and then the cells were
incubated with various concentrations of DSME (10 — 500 pg/mL) containing complete
DMEM medium for 24 h. After incubation, 100 uL of MTT (0.5 mg/mL) was added to all
wells and kept at dark for 4 h. After discarding the MTT medium, 200 pL. of DMSO was added
to solubilize the formed formazan by shaking. Then, the absorbance was measured at 570 nm
using the microplate reader (Synergy4 Biotek multiplate reader, USA). The untreated cells
were used as control.

Glucose uptake assay was done in differentiated L6 myoblast cell line as described by Chen
(Chen et al., 2010) with minor modifications. Cells were seeded in 96-black well plates and
allowed to differentiate into myotubes as described above. The assays were performed at 70%
cell confluency, the cells were washed with phosphate-buffered saline (PBS), and treated with
DSME extract at two different concentrations 50 pg/mL and 100 pg/mL in low glucose media
for 24 hrs. After incubation, cells were incubated with 2-NBDG in PBS at 37 °C for 30 min.
Cells were then incubated and subjected to washing with phosphate buffer (pH 7.4), and

observed under confocal microscopy (Pathway 855, BD Bioscience, USA).

3.2.10. Anti-inflammatory activity of spent Dashamoola

3.2.10.1. Inhibition of albumin denaturation

Anti-inflammatory activity of DE and DSME extract was determined using inhibition of
albumin denaturation assay with minor modification (Mizushima, Y., & Kobayashi, M., 1968
and Sakat et al., 2010). Different concentrations of DE and DSME (10 — 250 pg/mL) and 1%
bovine albumin was mixed, and the pH of the mixture was adjusted using 1N HCI. The
Reaction mixture was incubated for 20 min at 37 °C, and then temperature increased to 60 °C

for 30 min. After incubation, the samples were cooled and turbidity was read at 660 nm using
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a microplate reader (Synergy4 Biotek multiplate reader, USA). Reaction mixture without
samples was used as control and aspirin (10 — 250 ug/mL) was used as standard. Experiments
were done in triplicates. Percentage inhibition of protein denaturation was determined using
the following equation:

Percentage inhibition = (Abs Control — Abs Sample) X 100/ Abs control (5).

3.2.10.2. Inhibition of antiproteinase action

The antiproteinase test was performed according to Oyedepo and Sakat with slight
modification (Oyedepo, O.0., & Femurewa, A.J., 1995 and Sakat et. al., 2010). The reaction
mixture with 0.06 mg trypsin, 20 mM Tris HCI buffer (pH 7.4), and different concentrations
(10250 pg/ml) of DE / DSME and aspirin (10 — 250 pg/mL) was incubated for 5 min at 37°C.
Then, 0.8 % (w/v) casein was added to the mixture and incubated for 20 min to arrest the
reaction. After incubation, 70% perchloric acid was added to the reaction mixture. Absorbance
of the supernanant from the resulting cloudy suspension was read at 210 nm using multiplate
reader (Synergy4 Biotek multiplate reader, USA) against buffer as blank and samples without
extract as control. The experiments were done individually in triplicates. Percentage inhibition
of proteinase inhibitory activity was determined using the equation below.

Percentage inhibition = (Abs control —Abs sample) X100/ Abs control (6)

3.2.10.3. Nitric oxide inhibition assay
RAW 264.7 cells were procured from ATCC (American Type Culture Collection, Manassas,

United States). The cells were maintained in the same way as described under 3.2.9.3.1. The
cell viability was estimated using the MTT assay as per the protocol given under 3.2.9.3.2

NO released from immune cells was evaluated in the cultured supernatant media (Green et al.,
1982). After pretreatment of DSME extract for 2h, LPS (lipopolysaccharide, 5 pg/mL) was
added to all the wells except that of the negative control. After 24 h incubation, all the treated

cells in the culture media (100 pL) underwent treatment with 0.1 mL Griess reagent (1%
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sulfanilamide, 0.1% naphthylethylene diamine in 2.5% phosphoric acid solution) at ambient
temperature for 10 min. The reaction mixture in the 96 well plates were then read at 540 nm
using multiplate reader (Synergy4 Biotek multiplate reader, USA). Results were then calibrated

using absorbance values obtained from dexamethasone standard.

3.2.11. Statistical analysis

Experimental data provided are mean = SD (standard deviation) derived from triplicate
measurements of values recorded from respective assays. All the data were then subjected
Duncan’s multiple range tests which is used to assess the significance of mean differences
obtained during the initial one-way analysis of variance (ANOVA) using SPSS, standard
version7.5.1 (SPSS Inc., USA) and the significance was accepted at p<0.05.

3.3. Results and discussion

3.3.1. Proximate analysis of DSM

Proximate analysis of Dashamoola Spent Material (DSM) serves as a toolkit to assess the
macronutrient content in it. The proximate composition of DSM were, moisture content - 8.68
+ 0.070%; ash content 3.62 + 0.049%; fat content 0.90 & 0.007%; crude protein content: 3.34
+ 0.028% and carbohydrate content: 83.46 + 0.431%. Thus carbohydrates turned out to be the

major macronutrient in DSM.

3.3.2. Comparative evaluation of phytochemicals in DE and DSME by HPTLC

Preliminary evaluation of the phytochemical content of DE and DSME by HPTLC was
performed to confirm the retention of bioactive compounds in the spent materials. First glimpse
into the distribution pattern of bioactive compounds among DE and DSME was obtained
through HPTLC. 1t is evident from the fluorescence behavior that DSME is enriched with
phenolic compounds (Stanek, N., & Jasicka-Misiak, 1., 2018). HPTLC fingerprint yielded
similar banding pattern and graphs for DE and DSME (Fig. 3.1). Interestingly, highest area

(AU) was recorded by DSME (89874.8). Similar Ry values in DE and DSME indicates the
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presence of shared bioactive compounds in DSME which were retained even after industrial

arishta preparation process (Table 3.2).
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Fig. 3.1. TLC Plate views (I and II) and the corresponding HPTL chromatograms (III and IV)
of DE, DSME at 254 and 366 nm.
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Table 3.2: HPTLC data of DE and DSME at 254 nm.

DE DSME
Peak Ry Area % Area Peak Ry Area % Area
no. Value (AU) no. Value (AU)
1 0.16 374.2 0.61 1 - - -
2 0.21 1162.1 1.88 2 - - -
3 0.26 25325 4.10 3 0.27 5578.6 6.21
4 0.39 22992.6  37.26 4 0.39 179129  19.93
5 0.45 7651.4  12.40 5 0.46 221753  24.67
6 0.49 4536.5  7.36 6 0.52 9149.0 10.18
7 0.60 15380.6 24.93 7 0.61 18826.4  20.95
8 0.72 53563  8.68 8 0.72 14673.3 16.32
9 0.79 1717.2  2.78 9 0.79 1559.3 1.74
Total 61703.4 100% 89874.8  100%

3.3.3. Fourier transform infrared spectroscopy (FTIR)
FTIR spectra of DE and DSME are depicted in Fig. 3.2 presence of phenolic compounds and
alcohols has created a broad band at 3334 cm™' owing to the vibratory stretching of the ~OH

'is from the carboxylic acid carbonyl (C=0) groups

group. Peak formation at 1031 cm™
contributed by the phenolics. Additionally, —CH bending vibrations (1450-1317 cm™!), C—C
stretching vibrations (1612 cm™") and aliphatic —CH stretching (2936 cm™!) were also recorded
(Karattu Veedu et al., 2019). Interestingly DSME was able to retain most of the functional
groups from DE.

These striking similarities in HPTLC and FTIR analysis lead to further investigation of DSME

using phytochemical assays and LC-MS/MS and other bioactive assays.
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Fig. 3.2. FTIR spectra of Dashamoola raw extract (DE) & Dashamoola Spent Material Extract
(DSME).

3.3.4. Determination of total phenolic content (TPC) and total flavonoid content (TFC) in
DSME extract

Total phenolic content (TPC) was determined with gallic acid (1 mg/ml) as standard. A
calibration curve was obtained that provided a linear equation, using which the phenolic
content in DSME was calculated. Phenolic concentration in DSME (143.032 + 5.0432 mg
GAE/g dry weight) clearly suggested its potent antioxidant activity. Quercetin standard (1
mg/ml) was used to determine the total flavonoid content in DSME. The linear equation derived
from the standard calibration plot was employed for the assessment of total flavonoids in the
extract. Flavonoid content in the sample was estimated to be 62.92 + 0.981 mg QE/g dry
weight.

The total phenolic content of residue from bacaba fruit (Barros et al., 2017), spent coffee

(Marina Ramoén-Gongalves et al., 2019), and spent cumin (Arun et al., 2018) was reported to
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be 0.11 GAE/g, 15.38 GAE/g, 9-29 mg GAE/g and 1.20 mg GAE/g, respectively. The

flavonoid content bacaba fruit residue was 0.086 QE/g, coffee spent 11-27 mg QE/g DW, and
spent cumin 3.10 mg QE/g DW. Compare to these reports, DSME possesses much higher

phytochemicals.

3.3.5. Profiling and quantification of compounds using LC-MS/MS

A comparative LCMS/MS profiling of DE and DSME clearly suggest that DSME possess
more phytochmeicals (Fig. 3.3). The corresponding chromatograms of the standard
compounds, DE and DSME are given in Fig. 3.4a, 3.4b and 3.4c respectively. These bioactive
compounds are known for their effectiveness in curbing reactive oxidative species (ROS),
diabetis, inflammation, cancer, and so on. Shikimic acid (83.225 mg/g) was found to be the
most abundant one followed by gallic acid (51.261 mg/g), epicatechin (26.300 mg/g),
naringenin (25.054 mg/g) and vanillic acid (14.147 mg/g) indicates the phytochemical richness
of DSME in ameliorating disease conditions. Shikimic acid is the key ingredient of the
oseltamivir phosphate, the drug used to treat human influenza (WHO, 1980) and also reported
to possesses vital neuroprotective capability alongside a key role in preventing blood clots
(Estévez et al., 2012). Anticancer, herbicidal and antimicrobial role of shikimic acid makes it
the starting material for the synthesis of the drugs (Cuellar et al., 2015) which is directly
isolated from the plant source (Hao et al., 2015). Gallic acid ( (3,4,5-trihydroxybenzoic acid)
and chlorogenic acid (5.158 mg/g ) have the ability to fight viral and microbial infections
(Sorrentino et al., 2018) alongside stabilizing obesity and hypertension by affecting lipid
metabolism (Naveed et al., 2018). Gallic acid is a potent bile stimulator with profound
antioxidant efficacy (Anand et al., 1997), anticancerous (Asci et al., 2017; Ho et al., 2010
Yoshioka et al., 2000, Nam et al., 2016; Madlener et al., 2007), hepatoprotective (Jadon et al.,
2006). Antioxidant properties of gallic acid are leveraged for the natural colour enhancement

of fruit-based beverages (Navruz et al., 2016; Roidoung et al., 2016) and as an oxidation
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barrier in double emulsions (Silva et al., 2018). Studies based on epicatechin shed insight into
improved insulin sensitivity and evading hyper and hypoglycemia in human test groups
(Cremonini et al., 2019). By inhibiting NF-KB production (Fraga et al., 2011) and by exerting
various protective actions on the gastrointestinal tract, epicatechin delivers direct benefit for
the smooth functioning of the body (Oteiza et al., 2018). Naringenin is indeed a very
interesting flavanone carrying a spectrum of biological activity ranging from anti-
inflammatory, fibrosis, and even neoplasm (Du et al., 2009; Zeng et al., 2018). Even though
lesser in quantity when compared to other polyphenols, ellagic acid (7.311mg/g), tocopherol
(5.615mg/g), syringic acid (5.257mg/g), p-Coumaric acid (4.687mg/g), apigenin (3.752mg/g),
chrysin (3.299mg/g) were also identified and quantified. The trend followed by HPTLC was
also observable in LCMS/MS results as the quantity of some of the detected compounds were
more pronounced in DE (Fig. 3.3). The reason for this behavior could be attributed to the fact
that 70% ethanol system used for extraction was efficient in leaching out compounds of
varying polarities along with physical properties of the compounds, source of the plant
materials used, etc. (Chekroun-Bechlaghem et al., 2019; Dehghan et al., 2016). Scientific
investigations suggest that these polyphenols possess higher antioxidant capability (Guitard et
al., 2016; Kilic et al., 2014; Lesjak et al., 2018; Hodgson et al., 2004; Kyriakis et al., 2015).
From the LCMS/MS data, it can be inferred that DSME houses much promising biologically
active of phenolic and flavonoid compounds as compared to some of the spent materials
already reported (Marina Ramon-Gongalves et al., 2019; Arun et al., 2018). Therefore, we
further explored the antioxidant activities of the extract by in vitro biochemical analysis.
Therefore, we further explored the antioxidant activities of the extract by in vitro biochemical

analysis.
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Fig. 3.3. LCMS/MS analysis of compounds in DE & DSME.
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1-Catechol, 2-Catechin, 3-Quinine, 4-Naringenin, 5-Tocopherol, 6-Gallic acid, 7-Chlorogenic
acid, 8-Epicatechin, 9-Syringic acid, 10-Vanillic acid, 11-Caffeic acid, 12-Epigallocatechin,
13-Ferulic acid, 14-Myricetin, 15-Quercetin, 16-p-Coumaric acid, 17-Luteolin, 18-Apigenin,
19-Kaempferol, 20-Rutin, 21-Diadzein, 22-Hesperetin, 23-Shikimic acid, 24-Elagic acid, 25-
Morin, 26-Genistein, 27-Cinnamic acid and 28-Chrysin.

3.3.6. Evaluation of antioxidant efficiency

The degree of scavenging (expressed as ICso value) of free radicals formed during various
antioxidant assays is employed to assess the efficiency of a sample in curbing biological
oxidation stress in vitro (Frankel. E.N., & Meyer, A.S., 2000). The 1Cso value (Table 3.3) of
DE and DSME against DPPH free radical was found to be 98.19 + 1.11, 68.17 + 1.54 pg/mL,
and that of standard gallic acid was 2.3 £ 0.09 pg/mL. ABTS assay is yet another tool that
measures the extent of antioxidant capacity by trapping ABTS™ free radicals. The results are
expressed as TEAC value (Trolox equivalent antioxidant capacity) in comparison with the
standard Trolox. TEAC of the sample is the concentration equivalent of extract to that of the
activity shown by Trolox. TEAC values for 50% reduction in free radicals were 44.2 + 0.98,
17.8+1.03, and 2.8 + 0.32 pg/ml for DE, DSME, and Trolox, respectively. Nitric oxide (NO)
production in the body is under the strict regulatory control of various biomolecules, including

hormones and cytokines. Although NO plays a vital role in maintaining cellular homeostasis,
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the overproduction of NO can be deleterious to physiological stability. NO can be viewed as
markers of inflammation when expressed for a long period. In addition to inflammation, NO is
also seen elevated in patients suffering from cancer, Parkinson’s disease (PD), arthritis, and
diabetes, (Zou et al., 2002). NO scavenging activity of methanolic extract of DE and DSME
was 881 £1.67, 738 £1.02 ug/ml, respectively. The standard Vitamin C exhibited an ICsg value
of 238 +£1.13 pg/ml (Table 3.3).

Table 3.3: Antioxidant, anti-diabetic and anti-inflammation activity of DE and DSME.

Sample Anti-oxidant Assays Anti-diabetic Assays  Anti-inflammatory Assays
(ICs0 - pg/mL) (ICs0 - pg/mL) (ICs0 - pg/mL)
DPPH ABTS NO a- o- Albumin Proteinase

amylase  glucosidase denaturation  Inhibition

Standard Gallic Trolox  Ascorbic Acarbose  Acarbose Aspirin Aspirin
acid acid

23+ 2.8+ 238 + 6.27 + 54.67 + 100.12 + 70.1 +
0.09 0.32 1.13 0.92 1.32 0.06 0.01

DE 98.19 + 44.2 + 881+  154.07+ 102.91 + 95.04 + 78.6 +
1.11 0.98 1.67 1.57 0.24 0.01 0.01

DSME 68.17 + 17.8 + 738+  129.19+ 77.03 + 61.17 + 60.8 +
1.54* 1.03* 1.02° 0.84" 0.92" 0.00" 0.00"

*Each value represents mean + SD (standard deviation) from triplicate measurements. DSME
significantly different from DE; (p value <0.05).

3.3.7. In vitro antidiabetic assay

a-amylase found in the saliva and pancreatic juice is a hydrolizing enzyme that cleaves alpha
1, 4 glucosidic bonds in starch, thereby exposing the resulting oligosaccharides for the final
conversion to glucose, leading to elevated blood glucose level (Hanhineva et al., 2010). On the
other hand, a-glucosidases found in the intestinal cells aid absorption by catalyzing undigested
carbohydrates to monosaccharides (Kim et al., 2010). Therefore, inhibitors of a-glucosidases

and a-amylase are responsible for the lowering of postprandial blood sugar levels by delaying
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the availability of the respective enzymes. Hence, the antidiabetic potential of DE and DMSE
was evaluated in terms of inhibition of the action of digestive enzymes. The a-amylase
inhibition of DE and DSME recorded ICso values of 154.07 = 1.57 and 129.19 + 0.84 ug/mL,
respectively, whereas that of acarbose was 6.27 = 0.92 pug/mL (Table 3.3). The ICs values of
DE and DSME in a -glucosidase inhibition assay were 102.91 + 0.24 and 54.67+ 1.32 pg/mL,
respectively, while that of the standard (acarbose) was 77.03 = 0.92 pg/mL (Table 3.3). It can
be seen that DSME demonstrated superior activity over DE in all the test assays. This striking
inhibitory potential of both the extract can be explained based on the molecular structure of the
bioactive compounds present. Polyphenols and flavonoids are made of glycoside linkages,
whose presence and structural variations cause enzyme inhibition (Wang et al., 2018). Plant
extracts with high antioxidant potential have shown strong antidiabetic capacity during in vitro
tests involving a-amylase and a-glucosidase enzymes (Sobeh et al., 2017; Sekhon-Loodu, S.,
& Rupasinghe, H. P., 2019). Synergistic effect of bioactive compounds presents in the samples
including cholorogenic acid, caffeic acid, etc may have caused amelioration during the tests

(Chiou et al., 2017; Aras et al., 2019).

3.3.8. Glucose uptake assay

The role of skeletal muscle in rendering glucose homeostasis and oxidation is well documented
(Engeli et al., 2012). Increasing the uptake of glucose by skeletal muscle cells has been one of
the important targets for anti-diabetes therapy (Arha, 2017). It is known that glucose uptake
mediated by the upregulation and expression of GLUT4 found in adipose tissue is key to an
increase in sensitivity to insulin. In the case of type 2 diabetes, the cells including skeletal
muscle cells fail to uptake glucose, creating an imbalance in the glucose homeostasis that leads
to the onset of hyperglycemia. As DSME exhibited significant anti-diabetic properties, as
established in the preliminary screening, it prompted us to carry out further studies to assess its

efficacy in inducing glucose uptake in L6 myoblast.
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Cytotoxicity effect of DSME on cell growth and survival was studied using the MTT assay. L6
myoblast cell lines were able to tolerate up to 500 pg/mL DSME while maintaining desirable
cell viability of above 70% (Fig. 3.5). These results indicated that DSME extract did not cause
any cytotoxicity in cells in vitro. Therefore, concentrations of DSME below this level (50

ug/mL and 100 ug/mL) were selected for the cellular experiments.
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Fig. 3.5. The effect of DSME extract on L6 myoblast and RAW 264.7 cells viability by MTT

assay (The data represents mean + SD of three independent experiment).

Glucose uptake efficacy of DSME was tested in glucose fluorescent analog, 2-NBDG (10 mM)
L6 myoblast aided by confocal imaging Fig. 3.6 shows increased 2-NBDG uptake as evidenced
by the increased fluorescent intensity in participant cells. However, the activity was less than
the metformin, a standard drug used as the positive control, as can be noted from the higher
fluorescent intensity under identical experimental conditions. As can be seen, the treatment of
cells with DSME induced cellular uptake of 2-NBDG, indicating its intervention in diabetes

management, presumably by GLUT4 translocation process.
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Fig. 3.6. Glucose uptake (2-NBDG) in L6 myoblast cells was observed under confocal
microscopy (BD Falcon). Images A to E depicts A- Blank, B- control, C- Metformin, D-
50pug/mL DSME, E- 100pg/mL DSME.

3.3.9. In vitro anti-inflammatory assay
The anti-inflammatory activity of DSME was assessed in terms of inhibition of albumin

denaturation, antiproteinase action, and NO production by RAW 264.7 cells.

3.3.9.1. Albumin denaturation inhibition by DSME extract

Protein denaturation is a process in which proteins lose their structural conformation due to
external stress or any substances, such as strong base or acid or heat. When denatured, most of
the biological proteins lose their biological function. Denaturation of proteins is known to be
the main course of inflammation (Mizushima, Y., & Kobayashi, M., 1968 and Sakat et al.,
2010). As a part of the examination of the mechanism of the anti-inflammatory activity of DE
and DSME, its ability to inhibit protein denaturation was studied. The results suggest that
DSME extract was effective in inhibiting heat-induced albumin denaturation. DE and DSME

demonstrated ICso values of 95.04 + 0.019 and 61.17 + 0.004 pg/mL respectively against
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inhibition of protein denaturation that was much better than aspirin (100.12 £+ 0.061 pg/mL),
the standard anti-inflammation drug (Table 3.3). Thus, DSME resulted in higher inhibition

when compared to DE and aspirin.

3.3.9.2. Proteinase inhibition by DSME extract

Proteinase enzymes (proteinases) have been associated with arthritic reactions. Neutrophils are
known to be a rich source of proteinase and are confined inside cellular components like
lysosomes. It was reported that the proteinase secreted by leukocytes plays an important role
in the development of tissue damage during inflammatory reactions and a significant level of
defense was provided by proteinase inhibitors. According to Das and Chatterjee (1995), a
significant level of protection was provided by proteinase inhibitors. The ICso value of DSME
in anti-proteinase assay produced 60.8 + 0.003 pg/mL inhibitory activity whereas that of aspirin
was 70.1 + 0.012 pg/mL (Table 3.3). DE on the otherhand inhibited proteinase activity (ICso
78.6 £ 0.015 pg/mL) in a compatitive manner but with less effectiveness than aspirin and
DSME. DSME exhibited the highest anti-proteinase activity among all the test groups. The
presence of bioactives in DSME might have contributed to their anti-inflammatory activity.
The cytotoxicity of the DSME on RAW 264.7 cells indicated cell viability above 70% on
treatment of the cells with DSME at a concentration up to 500 pg/mL, and therefore,
concentrations of DSME below this level (50 pg/mL and 100 pg/mL) were selected for other
cellular experiments. DSME was also able to establish potent anti-inflammatory activity
against LPS-induced NO formation in RAW 264.7 cell line (at 10-500 pg/mL concentrations)
by significantly lowering nitrite concentration in nitrite estimation assay.

3.3.9.3. Effect of DSME on NO production by RAW 264.7 cells
Estimation of inhibited NO produced by RAW 264.7 cells was carried out using Griess reagent.

Cellular acquisition of anti-inflammatory capability is reflected in the lowering of NO

production post antigenic challenge. Unstimulated cells were found to produce fewer NO when
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compared to LPS treated (5 pg/mL) RAW 264.7 macrophage cells. Effectiveness of DSME
extract (10-500 pg/mL) in neutralizing LPS-induced NO generation can be drawn from the
results obtained in vitro. (Fig. 3.7). At 500 pg/mL, it can be clearly seen that DSME was able
to retard NO production in a concentration-dependent manner, an activity superior to
dexamethasone which served as the positive control. Evidence from this assay proves the
potency of DSME in combating inflammation. There are instances in which ethanolic extract
with high NO scavenging activity exhibited superior anti-inflammatory potential by impacting
transcription factors leading to inhibition of cytokine production (Junior et al., 2020).
Individual herbs that constitute Dashamoola were reported to have anti-inflammatory,
antipyretic, analgesic properties, supported by various studies. Individual anti-inflammation
contributions from Uraria picta root (Kale et al., 2012) and Solanum indicum Linn. fruits (Deb
et al., 2014) have been documented in separate studies. Synergistic effects of the retained,
flavonoids and phenolic acids in DSME could have attributed to the observed beneficial effects

in vitro.
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Fig. 3.7. NO Production inhibition assay by Griess reagent.

3.4. Conclusion

The study confirmed the retention of bioactive phytochmeicals in the spent dashamoola
material. The HPTLC and LCMS/ms analysis of the DSME revealed the presence of
phytochemicals wih immense biological potential. Further studies on the antioxidant activities
suggested promising activity which was better than the fresh extract itself. DSME demonsrated
potential antidiabetic and anti-inflammatory capabilities in vitro. Retention of residual
phytochemical in DSME with confirmed biological activity caters to the needs of several foods,
nutraceutical and pharmaceutical industries. If proven in vivo, the spent materilas from the
related industries could be utilized for the further value addition e.g. development of
nutraceutical products or active ingredeint isolation. Combating material loss is essential to any

industry, especially when the spent material is presumed to have health benefits. Further in
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vivo studies are warranted to confirm the biological activities so that the DSM can be further
explored for the re-use for ayurvedic formulations.
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Chapter-4

Lignin nanoparticles from Ayurvedic industry spent materials:
Applications in Pickering emulsions for curcumin and vitamin D3
encapsulation
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Abstract

Lignin nanoparticles (LNP), extracted from spent materials of Dashamoola Arishta (Ayurvedic
formulation), shared a molecular weight of 14.42 kDa with commercial lignin. Processed into
LNPs (496.43 + 0.54 nm) via planetary ball milling, they demonstrated stability at pH 8.0 with
a zeta potential of -32+0.27 mV. Operating as Pickering particles, LNP encapsulated curcumin
and vitamin D3 in sunflower oil, forming LnE+Cu+vD3; nanoemulsions (particle size:
347.40+0.71 nm, zeta potential: -42.27+0.72 mV) with high encapsulation efficiencies
(curcumin: 87.95+0.21%, vitamin D3: 72.66 + 0.11%). The LnE+Cu+vD3 emulsion exhibited
stability without phase separation over 90 days at room (27 + 2 °C) and refrigeration (4 + 1 °C)
temperatures. Remarkably, LnE+Cu+vD3 exhibited reduced toxicity, causing 29.32% and
34.99% cell death in L6 and RAW264.7 cells respectively, at the highest concentration (50
ug/mL). This underscores the potential valorisation of Ayurvedic industry spent materials for

diverse industrial applications.

Keywords: Lignin nanoparticles, Ayurveda industry, Curcumin, Vitamin Dj3, Pickering

nanoemulsions.
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Fig. 2. Graphical abstract showing lignin extraction, nanoparticle formation, and emulsion
preparation with curcumin and vitamin Ds3.

Highlights

e Lignin nanoparticles (LNP) were produced from Ayurvedic spent materials

e LNPs were maximally stable, had lowest particle size and highest zeta potential at pH

8.0

e LNP produced stable Pickering emulsions and encapsulated curcumin and vitamin D3

e These Pickering emulsions were stable for 90-day at refrigerated temperature

e There was no observable phase separation even at room temperature for 90 days
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4.1. Introduction

Lignin is one of the most important components of the plant cell wall structure, and it is the
second-most prevalent natural macromolecule after cellulose (Gordobil et al., 2018). It is an
amorphous, heterogencous molecule constituting phenylpropane units derived from three
aromatic alcohols (coniferyl, p-coumaryl, and sinapyl). The chemical structure of lignin
depends highly on the botanical origin, growing conditions of the plant, and the extraction
process (Gordobil et al., 2018; Tortora et al., 2014; Rahman, et al., 2018; Zou et al., 2019).
Agriculture, forestry and paper/pulp industry together create approximately 78 million metric
tonnes of lignin as a by-product (Zou et al., 2019). Lignin is used in multiple sectors,
encompassing biofuels (char, hydrogen, syngas, diesel), chemicals (polymers, dispersants,
binders), agriculture (controlled release for pesticides/herbicides, heavy metal sequestration,
humic acid formation, high-value fertilizers), human health applications (drug encapsulation,
delivery, health-promoting functions), and UV protection in cosmetics (Schneider et al., 2021;
Abraham et al., 2023).

Ayurveda is an indigenous form of traditional Indian medicinal science that has been practiced
for thousands of years, with its roots dating back several millennia. It makes use of plant-based
formulations to treat a wide range of illnesses (Randive et al., 2014). Dashamoola Arishta (DA)
is an anti-inflammatory formulation and is one of the most effective and sought-after
Ayurvedic preparations for inflammation-related ailments (Randive et al., 2014, Shukla et al.,
2010, Nagarkar et al., 2013). It is prepared from the roots of ten different medicinal plants,
primarily including Bilva (4degle marmelos), Agnimantha (Premna integrifolia), Shyonaka
(Oroxylum indicum), Patala (Stereospermum suaveolens), Gambhari (Gmelina arborea),
Brihati (Solanum indicum), Kantakari (Solanum xanthocarpum), Shalaparni (Desmodium
gangeticum), Prishnaparni (Uraria picta), Gokshura (Tribulus terrestris), as recorded in
Ayurvedic texts (Vyas et al., 2011; Abraham et al., 2020). Ayurveda industry generates ~1000

tons of spent materials of dashamoola, hence forth referred to as dashamoola spent material
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(DSM), after the arista production and is a rich source of lignocellulosic materials. Our earlier
study showed that this DSM is rich in lignocellulosic content and that it can be valorised to be
used in Ayurvedic industry and could converted into a sustainable, commercially viable source
of lignin and cellulose (Abraham et al., 2020).

Naturally obtained biopolymeric materials including cellulose and pectin or their derivatives
have lately seen increasing popularity as emulsion stabilizers (Hossain et al., 2021, Jiang and
Hsieh, 2015, McClements et al., 2017). Micron and nanosized particles have been used as
surface-active stabilizers for Pickering emulsions (Zou et al., 2019; Bertolo et al., 2019;
Sipponen et al., 2018; Li et al, 2021). Pickering emulsions are stabilized by solid particles and
are finding applications in foods, cosmetics and pharmaceuticals etc (Zou et al., 2019; Hossain
et al., 2021). In addition to providing emulsifying and stabilizing properties, lignin and
cellulose are known to protect light-sensitive compounds such as vitamins, oils, and food
colour (Pandian et al., 2021; Sodeinde et al., 2021).

Several studies have touted curcumin's potential for providing health promoting functions to
human against inflammation, oxidation-induced stresses cells (Anand et al., 2008). It is also
known to promote immunomodulation (Ahsan et al., 1999). A recent study showed that the
deficiency of Vitamin D3 in the US population was associated with a higher incidence of
COVID-19 infections and subsequent deaths among the Latino and Black populations (Ames
et al., 2021). The intake of curcumin and vitamin D3 was reported to provide relief from the
infections and complications associated with COVID-19 (Ilie et al., 2020, Zahedipour et al.,
2020, Rattis et al., 2021). Curcumin and vitamin D3 are sensitive to environmental factors, and
require to be stabilized by encapsulation. Encapsulated form of these compounds enables
precise dosing and increased bioavailability, both of which are important for their efficacy.

In the above context, the current research aimed to isolate and characterize the lignin from

DSM and convert it into nano lignin. Subsequently, the efficacy of nano lignin, utilized as a
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Pickering particle in an O/W emulsion, was investigated for its ability to encapsulate curcumin

and vitamin D3, along with an assessment of their storage stability.

4.2. Material and methods

4.2.1. Material and chemicals

DSM for the study was kindly provided by Arya Vaidya Sala, Kottakal, Malappuram, Kerala,
India. SD Fine Chemicals, Mumbai, India, supplied sulphuric acid (72% w/v), calcium
carbonate. Laccase and cellulase enzymes were supplied by Zytex Biotech Pvt. Ltd, Andheri
(E), Mumbai, India. Lignin standard was procured from Sigma Aldrich Chemicals Pvt. Ltd,
Massachusetts, USA. Sisco Research Laboratories Pvt. Ltd., Mumbai, India, provided all the
analytical-grade reagents utilized in the current study.

4.2.2. Isolation of lignin from DSM

The compositional analysis of DSM in terms of lignin, cellulose and hemicellulose was carried
out according to National Renewable Energy Laboratory (NREL) protocol (Ruiz and Date,
1996). Lignin was extracted form DSM using alkaline extraction method (Si et al., 2015;
Wunna et al., 2017). Briefly, DSM was suspended in 1% NaOH with 10% w/v loading. This
mixture was heated at 121 °C for 1 h in an autoclave. Subsequently, the treated solid content
was cooled to a room temperature before utilization with the cheese cloth. The supernatant
(black liquor) obtained in this way was rendered acidic by lowering the pH to 2.0 using 10%
H>SOs. The precipitate was recovered by centrifugation at 5000 x g for 15 minutes. The solid
mass, lignin, obtained from the centrifugation step was freeze-dried at -80°C under a pressure
of 10 Pa.

4.2.3. Preparation of nano lignin

Planetary ball mill (Pulverisette, Fritsch, Germany) running at 300 rpm and zirconium dioxide
(ZrO2) containers (50 mL) containing ZrO> balls (10 mm) was used for the size reduction of

extracted lignin. All lignin samples were ground for 23 cycles in an argon environment (each
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cycle had a (each cycle lasted for 5 minutes, followed by a 10-minute gap). After the ball
milling, the powder was sieved through 63 mm sieve (Jayanth Scientific Instruments, Delhi,
India).

4.2.4. Zeta potential and particle size

The droplet size and zeta potential of lignin was calculated from pH 4.0 to 10.0 using the
Malvern Zeta sizer (Zeta Nano-ZS; Malvern Instruments, UK), which relies on the dynamic
light scattering (DLS) principle.

4.2.5. Characterization of LNP

The lignin nanoparticles (LNP) were characterized in terms of NMR, GPC, FTIR, TGA, DSC,
XRD and compared with that of Standard Lignin Powder (SLP). Further LNP was also
characterized in terms of contact angle, SEM and TEM. The protocols for these tests are
provided below.

4.2.5.1. Purity of extracted lignin

A two-step hydrolysis process was performed to analyse the chemical composition of the
recovered lignin, focusing specifically on its carbohydrate, acid-soluble, and insoluble content
(Ruiz and Ehrman, 1996). The polysaccharides content of the hydrolysate formed at the end of
the two-step acid treatment was quantitated using the HPLC method, following the procedure
outlined in Karthyani et al., 2017.

4.2.5.2. Functional group analysis of LNP using FTIR

FTIR analysis of the LNP was carried out using FTIR — ATR spectrometer (Perkin Elmer,
USA) and the spectra were recorded from 4000 to 1000 cm™ with a resolution of 4 cm™.
4.2.5.3. Determining the molecular weight of LNP

The gel permeation chromatography method was employed to determine the molecular weight

of lignin. The method used a 300 % 7.8 mm Phenomenex Phenogel GPC column mounted on
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a Shimadzu GPC unit connected to a photodiode array detector. The calibration and analysis
were carried out as reported by Akhil et al., 2020.

4.2.5.4. NMR characterization of LNP: Molecular structure analysis

A previously reported 'H-'*C NMR heteronuclear single-quantum coherence (HSQC)
technique was used for analysing the LNP using an in-house Bruker Avance II 500
spectrometer (US). Sample preparation involved the addition of a 10 mg lignin sample in 1 mL
d6-DMSO. The contours and cross peaks were identified and assigned according to the
reported literature (Gabov et al., 2014, Ragauskas and Yoo, 2018).

4.2.5.5. Analysis of phenolic content

UV spectrometry was used to calculate the phenolic content of lignin. The assay was based on
the change in the absorbance brought out by the ionisation of phenolic hydroxyl groups in
alkaline conditions. The LNP was dissolved in a 0.2 M NaOH solution and dioxane. The total
phenolic hydroxyl group and C-5 substitution (condensed Phenolic OH) were determined
according to Goldmann et al., 2017.

4.2.5.6. Surface composition of LNP

The X-ray photoelectron spectroscopy (XPS) was used to determine the surface composition
of lignin. PHI 5000 Versa Probe II (ULVAC-PHI Inc., USA) was used to determine the ratio
of oxygen and carbon (O: C). The oxygen-to-carbon ratio directly provides details on the
percentage of surface lignin. The equipment used a built-in micro-focused (200 um, 15 kV)
monochromatic Al-Ka X-Ray source (hv =1486.6 eV) for carrying out the analysis (Mou et al.,
2013).

4.2.5.7. Thermal degradation of LNP
Thermal gravimetric (TG) analyses of LNP and SLP were carried on a TA Q50 instrument.

Sample (10 mg) was placed in the alumina crucible, heated in the temperature range 40-500 °C
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at a heating rate of 10 °C min™! in the presence of nitrogen (Moustaqgim et al., 2018). The weight
loss (%) versus temperature data were recorded.

4.2.5.8. Thermal characteristics of LNP

Differential scanning calorimetry (DSC) was employed to assess the thermal behavior,
specifically focusing on the Glass Transition Temperature (Tg), of both LNP and SLP.
Measurements were performed using DSC Q2000, TA Instruments, USA. Distilled water (6 L)
was added to 3.0 mg of the sample and was transferred into pre-weighed aluminium sample
pans. Samples were heated from 25 °C to 95 °C at a rate of 10 °C/min under a nitrogen
environment. The onset temperature (TO) marks the initiation of phase transitions, peak
temperature (TP), and conclusion temperature (TC) were measured using the Fit2D software
(Sathyan and Nisha, 2022).

4.2.5.9. Crystalline and amorphous content of LNP

The wide-angle X-ray diffraction (WAXD) observations were captured using Xenocs' XEUSS
SAXS/WAXS instrument in transmission mode to analyse the amorphous and crystalline
content of LNP and SLP. Cu K radiation at 50 kV and 0.6 mA with a wavelength of 1.54 was
used. Fit2D software was used to analyse the data after the 2D patterns were captured on a
Mar345 picture plate. The degree of crystallinity was calculated by the ratio of the intensity of
the crystalline peak to the total intensity according to Raveendran et al., 2011.

4.2.5.10. Contact angle

A thin film of LNP was made by dispersing 5% (w/v) LNP in distilled water on a spotless glass
slide and dried at 85 °C for 30 min. A drop of distilled water (2 pL) was then added on the film
surface, and their contact angle was determined using a drop shape analyzer (Model DSA30E,

KRUSS GmBH, Hamburg, Germany; with Kruss Advance Software 1.7.0.8, Version 15).
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4.2.5.11. Microscopic surface morphology

A specimen holder made of aluminium was coated with carbon tape before being filled with
the sample, a thin layer of gold was applied using a gold/palladium sputter coater (SC7620,
Emitech, Quorum Technologies Ltd, Kent, UK). Scanning electron microscopy (ZEISS; EVO
18, Germany) was used to analyze the microscopic surface texture of these samples under 15
KV of accelerating voltage, 10,000x magnification was used to capture the micrographs
(Sathyan and Nisha, 2022).

4.2.5.12. Internal structure of LNP

Transmission electron microscopy (TEM) of the LNP was done using JOEL JEM F200 with
STEM, EDS, and Gatan EELS and FEI Tecnai T30 with EDAX. This technique facilitated
high-resolution imaging and detailed examination of the internal structure and composition of
LNP at the nanoscale.

4.2.6. Preparation of O/W Pickering emulsions

Oil-in-water (O/W) Pickering emulsions were prepared using LNP as Pickering particle. LNP
solutions of various concentrations (0, 500, 1000, 1500, 2000, 2500 ppm) at pH 8 were
prepared and used. Sunflower oil (10% w/w) loaded with 50 ppm curcumin (Cu) and 50 ppm
vitamin D3 (vD3) was used as the dispersed phase. Pickering emulsions {(1) LnE (LNP
stabilized O/W emulsion of sunflower oil) and (2) LnE+Cu+vD3 (LNP stabilized O/W
emulsion of sunflower oil loaded with curcumin, and vitamin D3)} were prepared by using a
probe sonicator (VCX-750 Vibra cell, sonics & materials, USA) sonicating for 0, 15, 30, 45,
60 minutes (cycle 10 s on/10 s off, amplitude 50%). The resulting emulsions LnE+Cu+vD3
were analysed in terms of particle size, {-potential, colour and stability at 4 °C and 27 °C for
90 days.

4.2.6.1. Rheological properties

A controlled stress rheometer was used to analyse the rheological properties (viscometric,
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dynamic strain sweep, and dynamic frequency sweep behaviour) of two emulsions: LnE and
LnE+Cu+vD3; (MCR 102 Rheometer, Anton Paar GmbH, Ostfildern-Scharnhausen, Germany).
A cone and plate geometry with a 25 mm diameter was employed in these tests. The gap
between the cone and the plate was 0.105 mm. The viscometric was applied in a shear rate
ranging from 0.01 to 100 s ! to record shear rate versus viscosity data. During the dynamic
strain sweep analysis, the strain for LnE and LnE+Cu+vD3 was varied from 0.01 to 100%. The
linear viscoelastic region (LVE) was determined from their strain sweep curve. The behaviour
of the two emulsions, during dynamic frequency sweep was measured by varying the frequency
from 0.01 to 100 rad/s (Sathyan and Nisha, 2022; Kavya, Jacob and Nisha, 2023).

4.2.6.2. Microstructure of emulsions

Microstructure of the emulsion was captured and analysed using a fluorescence microscope
(Olympus fluorescence microscope 1X83, Olympus corporation of Americas, Center Valley,
USA) to understand whether LNP acted as a Pickering particle. LNP and the oil phase were
stained with dye calcofluor white and nile red respectively. Emulsion (100 uL) was taken in a
96-well plate, stained with nile red (10%), kept for a few minutes, followed by adding
calcofluor white (5Smg/mL). Photographs were taken using a delta 512 EMCCD camera
(photometrics, USA) (Bai et al., 2019).

4.2.6.3. Creaming index

Emulsions were transferred tol5 mL graduated test tubes immediately after preparation and
stored for 90 days at both room temperature (27°C) and refrigerating temperature (4°C). The
amount of oil phase (in mL) that had separated from the emulsion was recorded every 15-day
interval. Using Eq. (1), the percentage of separated oil (phase) was calculated using equation
(1) (Huimin et al., 2014).

Phase separation (%) = (VT/VE) x 100 (D).
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Where, VT is the volume (mL) of the oil phase that was separated. VE is the total volume (mL)
of emulsion used in the test.

4.2.6.4. Encapsulation efficiency

Encapsulation efficiency, representing the quantity of curcumin and Vitamin D3 retained within
the Pickering emulsion, was assessed using high-performance liquid chromatography (HPLC).
To prepare samples for analysis, 1 mL of emulsion was mixed with 5 mL of methanol and
stirred using a magnetic stirrer for 3 hours at 2,795x g. The mixture was then centrifuged at
55,900 x g for 10 minutes, supernatant was collected and filtered through a 0.22 uym PTFE
syringe filter. The filtered sample was analyzed using a Prominence UFLC system (Shimadzu,
Japan) containing LC-20AD system equipped with a column oven (CTO-20A), an autosampler
injector (SIL-20AC), a diode array detector, and a Phenomenex Gemini C18 column (250 X
4.6 mm, 5 um) (SPD-M20A). The analysis for curcumin and vitamin D3 was carried out using
an isocratic flow of 100% methanol as the mobile phase, with a flow rate set at 1 mL/min and
an injection volume of 10 pL. Detection of the curcumin and vitamin D3 fractions was
performed at 420 nm and 261 nm, respectively, with retention times of 3.2 minutes for
curcumin and 7.6 minutes for vitamin D3, The column temperature was maintained at 40 °C
throughout the analysis (Fig. 8 a-f).

The encapsulation efficiency (E.E) of Curcumin and Vitamin D3 was determined using
equation (2).

mass of compound retained in the emulsion (mg)

E.E.(%) = x 100 Q).

totla mass of compund used (mg)

4.2.6.5. Cell viability assay

The L6 myoblast (NCCS, Pune, India) and RAW 264.7 (ATCC, Manassas, USA) cell lines
were used in these tests. The cells grown in Dulbecco’s modified eagle’s medium (DMEM)

supplemented with fetal bovine serum (10%) and a solution containing antibiotic-antimycotic
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solution (1%) were kept in CO2 incubator maintained at 37 °C and 5% COs,. Cells were seeded
in 96 well plates at a density of 1x 10* cells/well for cell viability assays.

The toxicity of lignin solution (Ln) and lignin emulsion (LnE+Cu+vD3) against RAW 264.7
and L6 myoblast cells was studied using MTT assay (Klapiszewski et al., 2013). The cell lines
grown in 96 well-plates were incubated with varying DSME concentrations (10 - 500 pg/mL)
for 24 h. After the incubation period, the cells in each well were washed and added with 100
pL of MTT (0.5 mg/mL) and incubated at 37 °C for 4 h in a CO> incubator. Following
incubation, 100 pL of DMSO was added in each well and optical density was determined (570
nm, Synergy4 Biotek multiplate reader, USA) after 45 min (Mosmann et al., 1983). In the
MTT assay, the viability of cells is related to the conversion of MTT (yellow colour) to
formazan crystals (purple colour). The abovementioned conversion will happen only in
metabolically viable cells. The intensity of the purple colour measured at 570 nm is directly
correlated with the number of viable cells. Higher optical density indicates more viable cells,
indicating their potential to convert MTT into formazan.

4.2.6.7. Storage stability

To evaluate the storage stability of the emulsions LnE+Cu+vD3, they were stored at two
temperatures: room temperature (27°C) and refrigerated temperature (4°C) for 90 days. During
the storage period, the LnE+Cu+vD3; was examined in 15 days’ interval for changes in colour,
particle size, and zeta potential.

4.2.7. Statistical analysis

Experiments were carried out in triplicate unless otherwise specified above. Results are
presented as mean values and standard deviation (SD). The analysis of variance was carried
out using one-way analysis of variance (ANOVA) with Dunnetts multiple comparison test
using graph prism pad 5.0 statistical software versions and Microsoft Excel (2007). A 95%

confidence level was used to confirm significant difference between any two mean values.
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4.3. Results and discussion

4.3.1. Characterization of extracted lignin

4.3.1.1. Chemical composition

The composition of DSM was found to closely resemble that of typical lignocellulosic biomass,
with cellulose 39.10 %, hemicellulose 30.56 %, and lignin 27.89%. Lignin, with a purity of
96.18%, was extracted through alkaline hydrolysis of DSM and then converted into LNP using
ball milling, which was further characterised using various physicochemical methods. In order
to understand the pH stability of LNP, surface charge across pH range of 4 to 10 was studied
(Fig. 4.1a). Notably, the LNP solution exhibited negative surface charge in this pH range. At
pH 8.0, the LNP solution had the zeta potential value of -32.40 = 0.81 mV and particle size of
496.43 £0.54 nm) (Fig. 4.1b). The negative zeta potential values can be attributed to the surface
hydroxyl and acidic groups becoming ionized when dispersed in an aqueous solution
(Czaikoski et al., 2020, Klapiszewski et al., 2013). The difference in electrostatic interactions
at various pH values may be correlated with the variation in particle sizes. At higher pH,
cleavage of the B-O-4 linkage in lignin was observed, potentially leading to a reduction in

particle size (Pradyawong et al., 2022).
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Fig. 4.1. (a) Images of lignin solution of pH 4-10, (b) Lignin solution size & zeta potential at
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Further, chemical and structural characteristics of the LNP were compared with standard
(commercially obtained) SLP. IR and NMR data indicated that SLP and LNP had guaiacyl (G),
syringyl (S) and p-hydroxyl (H) units (Fig. 2a,b). However, the intensity of G unit was more
pronounced in the aromatic region of the HSQC spectra as shown in Fig. 2b. The contour
corresponding to G5 protons was wider suggesting the presence of higher guaiacyl units with
unsubstituted C5 position. f-O-4 linkages of G and S units were also observed in the aliphatic
region of the HSQC spectra along with B-f linkages (Balakshin et al., 2003). The IR spectra of

SLP and LNP were close, indicating the similar structural composition, as shown in Fig. 2c.
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Fig. 4.2. (a) 2D-NMR spectroscopy of SLP, (b) 2D-NMR spectroscopy of LNP (c) FTIR

spectroscopy of Standard Lignin Powder (SLP) and Lignin nanoparticles (LNP).

GPC data provided important insights into the structural heterogeneity, cross-linking or
branching of the LNP in terms of molecular weight and Polydispersity index (PDI). LNP was
found to have higher molecular weight than SLP (Table 4.1). PDI represents the heterogeneity
of the macromolecule. Lignin is covalently bonded to polysaccharides, hemicelluloses in
particular, which adds to its heterogeneity (Tarasov, et al., 2018). However, LNP had a lower
PDI value than SLP, indicating better homogeneity. It is known that the $-O-4 linkages are
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easily cleaved by alkali (Tarasov et al., 2018; Devendra et al., 2022). The NMR data indicated

a higher number density of -O-4 linkages in LNP, suggesting the presence of complex lignin-

carbohydrate moieties. This may potentially lead to the blocking of inter-lignin f-O-4 linkages

through steric hindrance, resulting in better homogeneity (Tarasov et al., 2018; Devendra et al.,

2022).

Table 4.1: Lignin characterized by GPC, IR, UV

Molecular
Total phenolic and aliphatic OH in
Lignin weight PDI IR
mmol/g (UV analysis)
(KDa)
Extracted 14.417 2.00 G-S-Hlignin a) Phenolic OH: 2.134
Lignin (1327,1514,833) b) Cs substituted: 0.169
(LNP) C-H S unit (1120)
Standard  12.634 2.30 Phenolic OH a) Total Phenolic OH: 3.556
Lignin (3392), b) Cs substituted: 1.860
(SLP) G>S(1510),C-0

(1029)

The FTIR analysis revealed that LNP had a complex lignin structure, potentially with a broader

range of phenolic constituents, while SLP had a simpler lignin structure with a higher

concentration of phenolic OH groups (Devendra et al., 2022). The FTIR data of LNP indicated

the presence of G-S-H lignin units (1327, 1514 cm™') and C-H S units (833 ¢m™'), indicating a

complex lignin structure. In contrast, standard lignin (SLP) showed a higher proportion of G

units (1510 cm™') and phenolic OH groups (3392 cm!). These differences in lignin composition

indicated that they had distinct reactivity profiles and would potentially be suitable for different

applications (Tarasov, et al., 2018; Devendra et al., 2022). UV analysis (supplementary table
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4.1) indicated that LNP had a lower total phenolic OH content (2.134 mmol/g) compared to
SLP (3.556 mmol/g). A similar trend was observed in C5-substituted phenolic OH, with LNP
measuring 0.169 mmol/g and SLP measuring 1.86 mmol/g. SLP contained a notably higher
concentration of both total phenolic ~groups and C5 substituted phenolic OH groups compared
to LNP. These data and underlying trends are comparable with those reported by Devendra et
al., 2022 in the case of both condensed and uncondensed phenolic hydroxyl groups through
absorbance changes upon ionization in an alkaline medium. The difference in phenolic content
between LNP and SNP can have significant implications for their reactivity, chemical
functionality, and suitability in various industrial applications.

4.3.1.2. Bonding and elemental composition

XPS analysis helps to identify the elemental composition, nature of bonding and the state of
oxidation of a material (Mou et al., 2013). The survey spectrum of LNP and SLP revealed the
presence of carbon and oxygen as shown in (Fig. 4.3a-f). The high-resolution C 1s spectrum
of SLP revealed a peak at binding energy of 284.09 eV, attributed to C-C/C=C bonding in
lignin. LNP had a lower binding energy of 284.69 eV. In addition, SLP showed peaks at 287
and 289 eV corresponding to C-O/C-OH, C=0/0-C=0 in the C 1s spectrum. Meanwhile, the
Ols spectrum of all three compounds showed a peak at 532.8 eV, indicating the presence of
C-O in the structure. LNP showed an additional peak at 530.7 eV, indicative of C=O in the
lignin structure. This can be attributed to the large polarizability of phenolic structure of lignin.
As a result, the binding energy of the lignin was shifted to a lower value, specifically 532 eV.
These spectral features showed that LNP had broad Cls and Ols peaks in comparison to
commercial lignin which had Cls and O1s peaks at 284 and 532 eV, respectively (Mou et al.,

2013).
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Fig. 4.3. (a) Survey spectrum of SLP, (b) XPS Curve Fitting of SLP carbon spectra, (c) XPS
Curve Fitting of SLP oxygen spectra, (d) Survey spectrum of LNP, (e¢) XPS Curve Fitting of
LNP carbon spectra, (f) XPS Curve Fitting of LNP oxygen spectra

4.3.1.3. Thermal behaviour

The thermal stability of extracted lignin was evaluated through TGA and DSC analysis. A
steady decrease in the mass loss (weight loss) was observed from 40 to 100 °C in the TGA
curve (Fig. 4.4a) of both LNP and SLP (7.60 and 11.17% respectively), which corresponded to
the moisture loss (Moustaqim et al., 2018). Above 100 °C (post-dehydration), the TGA curve
showed two peaks, which could be attributed to the decomposition of f-O-4 bonds and aliphatic
hydroxyl groups around 200 °C and cleavage of the C-C bond and demethoxylation of phenolic
lignin around 300 °C to 450 °C (Ragauskas and Yoo, 2018). There was a 44.22% weight loss
between 150 and 300 °C with an onset temperature around 150 °C for LNP. This was followed

by a 67.11% loss of mass between 300 to 450 °C whereas SLP showed a 54.95% weight loss
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in the same temperature range. The degradation profile was similar to what is reported for
lignin (Ragauskas and Yoo, 2018; Devendra et al., 2022). The difference in the mass loss
during the thermal degradation of LNP and SLP could be attributed to the difference in their
composition, which could be further inferred from the residual mass of 8.21% for SLP versus

6.02% for LNP at 800°C.

The DSC profile of LNP and SLP samples exhibited comparable thermal profiles, including
water evaporation, lignin decomposition, and glass transition temperature as shown in Fig.
4.4b. LNP showed an endothermic peak below 100 °C, aligning with the evaporation of water.
Additionally, an appearance of an exothermic peak around 200 °C suggested the decomposition
of lignin, a finding that agrees well with Moustaqim et al., 2018’s report. DSC analysis

identified a similar glass transition temperature (Tg) of about 72 °C for both LNP and SLP.

w—SLP o SLP —SLp
—|NP v | NP bl

-
in
re

(@ Loss of water

$

=~
S
ry

Weight loss (%)

Heat flow (mW)
~
=
i

a
Intensity (a. u.)

-
=
r
in
re

e
e

T T T T 1.0 - a T T T T T T
150 300 450 60 750 60 80 100 120 0 10 0 3 40
Temperature (C) Temperature (C) Angle20(*)

Fig. 4.4. Thermal and structural analyses of SLP and LNP: (a) TGA for thermal stability, (b)

DSC for melting/crystallization behaviours and (c) XRD for crystalline structure

Fig. 4.4c showcases the XRD patterns of LNP and SLP. As compared to SLP, LNP exhibited
sharp peaks at 18° and 23° which could be attributed to the presence of residual cellulose in
LNP. LNP isolated through alkaline hydrolysis showed 96.18% purity and contained 3.18%

cellulose, as compared to SLP's 98% purity and no cellulose. Similar spectrum for alkaline
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extracted lignin is reported earlier which is correlated with its residual cellulose (Gomide et al.

2020). SLP showed a broad peak, indicative of its predominantly amorphous nature.

Overall, these structural analyses highlighted the importance of considering both thermal and
structural characteristics when evaluating the potential application of LNP to encapsulate heat
sensitive bioactive compounds (e.g., curcumin) and vitamins. The robust thermal stability of
LNP makes it an excellent candidate for protecting these sensitive compounds during

processing and ensuring their preservation in the final product.

4.3.1.4. Surface morphology and microstructure

The morphological features of LNP were studied using SEM and TEM to understand the
morphological and microstructural properties. The SEM and TEM microstructure (Fig. 4.5a-c)
showed that the LNP were spherical, and the size ranged from 200 to 300 nm. There was not a
strong spread of size, and which indicated that ball milling can be used to produce LNP surface
morphology of lignin nanoparticles.

With their small size, spherical shape, uniformity, and relatively narrow size range, these LNP
are expected to be suitable for application in food formulations, especially as encapsulating
shell materials and delivery vehicles. In the ensuing section presents their efficacy as Pickering
particles to stabilize emulsions.

4.3.2. Characteristics of Pickering emulsion produced using LNP

In order to understand the hydrophobic/hydrophilic nature of LNP which is important for
preparing emulsion, the contact angle was measured and was found to be 71.6° (Fig. 4.5d).
This indicated that the LNP had hydrophilic in nature and could be considered to be suitable to
produce O/W emulsions. It is expected for these LNPs (as Pickering particles) to adsorb at the
oil-water interface and form a dense layer to prevent the droplet aggregation (McClements,

2015).
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Fig. 4.5. Microscopic characterization of LNP: (a) SEM image at 10,000x magnification, (b)
SEM image at 30,000x magnification, showcasing surface morphology, (c¢) TEM image
revealing internal structure, and (d) Contact angle measurement demonstrating surface

wettability of LNP

LNPs were used to prepare two Pickering emulsions: (1) LnE and (2) LnE+Cu+vDs. These
emulsions were prepared at pH 8.0 based on the pH stability information presented in section
3.1.1. Initial trials were carried to understand the composition of the emulsion (LnE) in terms
of percentage of dispersed phase and the amount of LNP required. It was found that 10% of oil
with 2000-2500 ppm of LNP produced stable LnE. Ultrasound was used to prepare emulsions
using sonication time ranging from 15 to 60 min (Fig. 4.6a). Most stable emulsions were
obtained at 45 min of sonication at LNP concentration of 2000 ppm, which are referred to LnE
(Fig. 6a). Based on this experience, LnE+Cu+vD3 emulsions with 10% sunflower oil and 2000

LNP loaded with curcumin and vitamin D3 at concentrations of 500 ppm each, maintaining a
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45-minutes of sonication. As the loading of curcumin and vitamin D3 can affect the stability of
the interface, we further evaluated the optimum LNP concentration by varying its concentration
from 0 to 2500 ppm (Fig. 4.6b). The stability of emulsion was evaluated in terms of oil
separation. The most stable LnE+Cu+vDs were obtained in the LNP concentrations of 2000
ppm and 2500 ppm. Ultimately, we chose the LNP concentration of 2000 ppm. (Li et al.,2021;

Zhang et al., 2022).

Fig. 4.6. (a) Formation of lignin emulsion through probe sonication at varying time intervals
(0-60 min), (b) Influence of varying LNP concentration (0-2500 ppm) on curcumin and vitamin
Ds-loaded lignin emulsion, (c¢) fluorescence microscopy images of LnE (d) fluorescence
microscopy images of LnE+Cu+vD3

The microstructure of the optimized emulsions, LnE and LnE+Cu+vD3, was examined using
fluorescent microscopy to ascertain the formation of Pickering emulsions. LNPs would be
considered as Pickering particles if they could preferentially be adsorbed at the O/W interface
and ensured emulsion stability. The organization of lignin and oil droplets in the freshly
prepared emulsion (LnE) is presented Fig. 4.6¢. The calcofluor dye (blue colour) indicated the
presence of LNP while the Nile red stain (red colour) revealed the size of individual oil
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droplets. The blue contour could be clearly observed surrounding the red-coloured oil droplets,
illustrating how LNP were forming a layer entrapping them. In the case of the LnE+Cu+vD3
emulsion, where curcumin and vitamin D3 are solubilized in sunflower oil, the oil droplets were
stained with Nile red and lignin with calcofluor dye (as shown in Fig. 4.6d). Again, the blue
contour was observed to encircle the red-coloured oil droplets, demonstrating that LNP clearly
acting as Pickering particles. Similar to our findings, Yuan et al., 2023 observed fluorescence
microscopy images in which lignin, stained in blue (using calcofluor white), formed a contour
around red-coloured oil droplets (stained with Nile red) created through high-energy
microfluidization. These observations indicated that LNP can act as Pickering particles in oil-

in-water emulsion systems.

4.3.2.1. Particle size and zeta potential

The particle size and zeta potential of LnE and LnE+Cu+vD3 were significantly different
(Table 4.2). LnE had larger particle size (546.83 £ 9.81) band small absolute value of zeta
potential while LnE+Cu+vD3 (347.40 + 0.71) had smaller particle size higher absolute value
of zeta potential. The smaller size of LnE+Cu+vD3 indicated that this emulsion was more stable
at the same time was containing curcumin and vitamin D3 in the core. These compounds in
LnE+Cu+vDs acted as natural surfactants, reducing the surface tension between oil and water
phases, which helped to form smaller droplets. They modified the interfacial properties,
possibly through steric hindrance and electrostatic repulsion, enhancing droplet stability
against coalescence. Additionally, their incorporation could increase the viscosity of the
continuous phase, further stabilizing the smaller droplets by impeding their movement
(Zembyla et al., 2020). The negative zeta potential values for both formulations, especially the
higher value in LnE+Cu+vD3, underscored their electrostatic stability, which is important for

broader application of LNP in food emulsions (Bertolo et al., 2019, Winuprasith, et al., 2018,
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Saffarionpour and Diosady, 2022). This finding is also in accordance with previous research

highlighting the role of kraft lignin in stabilizing O/W emulsions (Czaikoshi et al., 2020).

Table 4.2: Lignin emulsions of size, zeta, and colour values

Sample LnE LnE+Cu+vD3
name

Size (nm)  546.83£9.812  347.40+0.71°

Zeta (Mv) -35.53+£0.57° -42.265 £ 0.72°

L* 73.93 £0.23¢% 62.62 + 1.25°
a® 5.31+0.03? 3.893 +0.03°
b* 13.53 £0.09* 59.91 £0.71°

Values are means £ SE (n = 3). Values with different superscript letter denotes significant

difference between the sample (p < 0.05).

4.3.2.2. Colour analysis of emulsions

The colour analysis further revealed distinctions in LnE and LnE+Cu+vD; (Table 4.2).
Notably, the colour values revealed that emulsions formulated with curcumin and vitamin D3
exhibited a vibrant yellow hue, as evidenced by a substantial increase in the b* value.
Specifically, the b* value rose from 13.53 £ 0.092 in LnE to 59.91 £0.716 in LnE+Cu+vD3, a
change attributed to the presence of curcumin. The above-mentioned differences in colour,
particle size and zeta potential data indicated that the presence of curcumin and vitamin D3 in
the oil phase actually brought about positive impact on LNP-stabilized emulsions (Heger et al.,

2014; Kharat et al., 2017).

198



4.3.2.3. Viscometrical and rheological behaviour of optimized emulsions

To understand the rheological characteristics of an emulsion stabilized by lignin, we compare
the rheological behaviors of two emulsions: LnE and LnE+Cu+vD3.The curves for LnE and
LnE+Cu+vDs are illustrated in Fig. 7a-c. The viscosity-shear rate graph in Fig. 4.7a reveals
that both LnE and LnE+Cu+vDj3 exhibit shear-thinning behavior, with viscosities decreasing
as the shear rate increases. Specifically, the viscosity of LnE decreases from 6.94 to 0.0054
Pa.s as the shear rate varies from 0.01 to 20 s*!, while for LnE+Cu+vD3, it drops from 13.1 Pa.s
to 0.00315 Pa.s over the same shear rate range. Notably, the decrease in viscosity values
indicates that LnE+Cu+vD3 is more susceptible to applied shear-induced deformation than
LnE. This heightened susceptibility of LnE+Cu+vD3 to shear-induced deformation, resulting
in a more pronounced viscosity decrease compared to LnE, can be attributed to the impact of
the added components Cu and vDs. The presence of Cu and vD3 likely alters the interfacial
properties of the LNP-stabilized O/W emulsion droplets, potentially promoting droplet
coalescence or disrupting the overall emulsion structure under shear forces. The pronounced
shear-thinning behaviour observed in Pickering emulsions, indicative of weak associative
interactions within the drop network structure, aligns with similar findings reported by Zhao et
al., 2022.

The linear visco-elastic regions (LVE) of LnE and LnE+Cu+vDj3 are presented in Fig. 4.7b. In
LnE, the G' (storage modulus) consistently exceeded G" (loss modulus) at higher strains,
indicating a solid-like behaviour without a crossover between G' and G". Similarly,
LnE+Cu+vDs; showed a distinct trend with G' consistently surpassing G" across the entire strain
range. The persistent G' dominance in LnE+Cu+vD3 implies sustained solid-like behaviour and
non-crossover of G' and G" in both LnE and LnE+Cu+vDs3 for stability assessment. The
enhanced elastic property of LnE+Cu+vDs is attributed to the interface-stabilizing effect of

lignin particle, curcumin and vitamin D3. This, along with the reported G' dominance, implies
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a prolonged solid-like structure, enhancing stability of O/W emulsions against droplet

coagulation or aggregation during storage (Kavya, Jacob and Nisha, 2023).
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Fig. 4.7. (a) Viscosity curve, (b) amplitude sweep, (c) frequency sweep of LnE and
LnE+Cu+vDs3, (d) FTIR analysis of lignin emulsions, (e) Analysis of toxicity of emulsion (Ln/
LnE+Cu+vD3) against L6 (f) Analysis of toxicity of emulsion (Ln/ LnE+Cu+vD3) against
RAW264 respectively.

The frequency sweep results for LnE and LnE+Cu+vDs are presented in Fig. 4.7c. LnE
consistently exhibited G' > G" across the applied frequency range, with no noticeable responses
observed with an increase in frequency. Similarly, LnE+Cu+vD3 showed G' > G", and there
was no crossover between G' and G" values. The elasticity values of LnE+Cu+vD3 were higher
than those of LnE. These findings suggest that the lignin solution and the added components
Cu and vD3 in LnE+Cu+vDs retained their solid-like characteristics to a greater extent under
non-destructive strain for a longer duration compared to LnE alone. This effect has been
documented in these studies (Sannya and Nisha, 2022; Zhao et al., 2022) suggesting that the

presence of Cu and vDs contributes to the prevention of droplet coagulation.
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4.3.2.4. Molecular level of interactions among the components of emulsions

The FT-IR spectra of the Ln (lignin solutions), sunflower oil, curcumin (Cu), vitamin D3 (vD3),
LnE and LnE+Cu+vDs are presented in Fig. 4.7d. The broad peaks in the range of 3600—3000
cm ! in LnE+Cu+vDs correspond to OH bonds in carboxylic acid and free OH stretching bonds.
These OH stretching vibrations indicates inter- or intra-molecular hydrogen bonds. In
sunflower oil, a main peak was observed in the region 3000—2800 cm™'. The bands in this
region could be assigned to the symmetrical and asymmetrical C-H stretching vibration of the

CH: and CHj3 aliphatic groups due to the alkyl residue of triglycerides (Bunaciu et al., 2012).

The main peak corresponding to the symmetrical and asymmetrical C-H stretching vibrations
of the CH» and CH3 aliphatic groups in sunflower oil is absent in both LnE and LnE+Cu+vD3,
suggesting the effective encapsulation of sunflower oil by lignin in these emulsions. Moreover,
the FT-IR spectra showed characteristic bands for curcumin at 1438 (olefinic C-H bending
vibration), 1510 (C=C vibrations), as well as 1597 and 1674 cm ™! (C-O stretching) (Nandiyanto
et.al, 2017). In the case of vitamin D3, the peaks at 2935 and 2874 cm™! were related to alkyl
C—H stretch. Several other C-H linkages were observed in the range of 1052-1460 cm™' on the
spectrum vitamin D3. The peak around 1460 cm ™' was related to C—H vibration bending of the
methylene group of vitamin D3 (Hasanvand et al, 2018; Klapiszewski et al., 2013). Notably, in
LnE+Cu+vD3, the main characteristic peaks of curcumin and vitamin D3 were not observed,
indicating their encapsulation within the emulsion. These findings collectively underscored
that the sunflower oil, curcumin, and vitamin D3 formed the core of the emulsion system and
supported the fact that LnE+Cu+vD3 emulsion was stable. In the context of sunflower oil, the
absence of its main characteristic peak in LnE and LnE+Cu+vDs3 suggested that sunflower oil
was fully covered by lignin in these emulsions. Additionally, the absence of characteristic

peaks of curcumin and vitamin D3 in LnE+Cu+vDs confirmed the effective encapsulation of
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these bioactive compounds in the emulsion. These findings showed that this Pickering

emulsion could be used a carrier for the delivery of these functional ingredients.
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Fig. 4.8. Encapsulation efficiency of HPLC chromatograph (a) standard curcumin (b) curcumin
without lignin emulsion (c) curcumin in LnE+Cu+vD3 (d) standard vitamin D3 (e) vitamin D3
without lignin emulsion (f) vitamin D3 in LnE+Cu+vDs.

The encapsulation efficiency (EE) of curcumin and vitamin D3 in the LnE+Cu+vD; are 87.95
+ 0.21% and 72.66 + 0.11% respectively (Fig. 4.8a-f). In the absence of lignin as Pickering
particle, the EE of curcumin and vitamin D3 decreased to 30.43 + 0.01% and 17.19 + 0.03%.
These results suggested that an LNP-based emulsion could encapsulate and protect these
bioactive compounds.

4.3.3. Toxicity

To ensure biological safety, the toxicity of lignin solution (Ln) and the lignin emulsion
(LnE+Cu+vD3) against L6 and RAW264.7 cell lines was assessed by MTT assay. The results
(Fig. 4.7e,f) showed that Ln at the highest concentration (50 pg/mL) induced 59.06% and

81.51% cell death in L6 and RAW264.7 cells, respectively. Meanwhile, cells treated with 50
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ug/mL of LnE caused the death of 47.78% of L6 cells and 54.27% of RAW 264.7 cells. The
ICso values for Ln and LnE+Cu+vDs against L6 myoblast cells were as 58.68 + 1.18 pug/mL
and 37.43 + 0.67 pg/mL, respectively. Whereas, the ICso values for Ln and LnE+Cu+vD;
against RAW264.7 cell lines were 46.62 + 0.78 pg/mL and 28.49 £+ 0.23 pg/mL, respectively.
The cytotoxicity of lignin was low below 0.5 % w/w concentration which ensued in a dose-
response relationship, for HT-29 cells and Caco-2 cells (Czaikoski., et al., 2020). Recent
research has also reported a similarly low vitro cytotoxicity of lignin at low concentrations
(0.1 mg/mL) (Yu et al., 2023).

4.3.4. Storage stability of Pickering emulsion

Storage stability of emulsions is an important parameter that determines their suitability in
potential applications. We assessed the storage stability of the LnE+Cu+vD3; emulsion by
measuring the creaming index, particle size, zeta potential, and colour at both room temperature
(27 £ 2 °C) and refrigerated temperature (4 + 2 °C) over a period of 90 days. The results are

presented in Fig. 4.10 a-c. The images provided in Fig. 4.9.

Fig. 4.9. Visual images of the stability of the emulsion (LnE+Cu+vD3) at room temperature

(27 £ 2 °C) and refrigerated temperature (4 + 2 °C) across a 90-day period
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Creaming index indicates the degree of stability of emulsions. There was no significant
variation in the creaming index data during the entire storage period at both the condition. This
observation indicated that the LNP produced Pickering emulsions could with stand potential
coagulation and instability (Mirhosseini et al., 2008). This observation also complemented the
overall resilience of the emulsion structure, as evidenced by size, zeta potential, and colour.
The particle size of the emulsion increased substantially over time at room temperature,
indicating a trend toward destabilization. However, the absence of phase separation in this case
to indicted that the stability of the emulsion was not compromised. The increase of particle size
in refrigerated emulsion was slow and gradual highlighting better stability compared to when
stored at room temperature. This observation aligns with the broader understanding in emulsion
science that lower temperatures are more suitable for better stability (Chen et al., 2021).
Simultaneously, the zeta potential values, reflecting the repulsive forces between particles,
showed a decreasing trend over time at room temperature, in line with the particle size, and
hinted at higher likelihood of phase separation. The zeta potential of the emulsion on 90" day
at room temperature was -25.98 + 0.51 mV while it was -30.87+ 0.57 mV when stored at
refrigerated condition. The fact that the magnitude of zeta potential of emulsion stored at room
temperature for 90 days was still high supported the fact that no phase separation was observed
in it. The samples stored under refrigeration maintained consistently higher zeta potential
values, refrigeration temperature is conducive for storage stability of Pickering emulsions
produced using LNP. These findings also showed that particle size and zeta potential greatly
affected the stability of the LnE+Cu+vD3 emulsion. The extended 90-day stability of emulsions
stabilized by LNP, despite its relatively hydrophilic nature as indicated by a 70° contact angle,
could be attributed to several key factors. These include the stabilization enhancements through
surface modifications and functionalization of LNP, derived from their polyherbal spent

source, to improve compatibility with the oil phase. This enabled adjustment of optimal oil-to-
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water ratio in the emulsion formulation (Zembyla et al. 2020). Additionally, the small and
uniform particle size of LNP offerred a protective effect against droplet coalescence. Its
interactions with encapsulated curcumin and vitamin D3 further contributed to the emulsion's
stability. Chen et al., 2021 also reported that the shape and droplet diameter of lignin-stabilized
emulsion remained unchanged upon 30 days of storage. Among the different types of lignin,
the authors observed that kraft lignin had lower storage stability when stored for 28 days which
was due to the presence of different functional groups (Czaikoski et al., 2020). Our findings
are akin to those of earlier studies that colloidal systems of nanosized lignin were stable when

the zeta potential values ranged between -35.1 mV and -32.4 mV (Bertolo et al., 2019).
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The colour parameters (L*a*b*) of LnE+Cu+vD3 at the room and refrigerated storage
temperatures are presented in Fig. 4.10c. At room temperature, significant changes in colour
were observed over time, indicating the degradation of curcumin in the emulsion due to its
inherent sensitivity at ambient temperatures. The degradation of curcumin at elevated
temperatures, indicated by a change in colour, have also been reported in the literature (Kharat
et al., 2017). In contrast, refrigerated conditions exhibited a notable colour stability as there
was only slight decrease in the b* values upon 90 days of storage. This finding suggests that
under refrigeration temperatures, the LNP stabilized Pickering emulsion system effectively
preserves the colour integrity of curcumin and vitamin Ds. The observed stability resulted from
the encapsulation of bioactives within the lipid droplets and their covering by LNP, providing
a protective environment. In essence, these results indicated that the LnE+Cu+vD3 had
desirable stability both at room and refrigeration temperatures, although the room temperature
had destabilizing tendency. Storing these LnE+Cu+vD3 emulsion at refrigeration condition was
conducive in terms of its minimal impact on particle size, zeta potential and colour stability.
4.4. Conclusion

The valorisation of lignin from dashamoola spent material (DSM) in the ayurvedic industry is
important from a sustainability perspective, given lignin's enormous potential for food
applications. Lignin nanoparticles (LNP) were produced from DSM aiming to use them as
Pickering particles and further applying them to produce Pickering O/W emulsions. LNP with
sufficiently high absolute value of zeta potential and sufficiently low particle size were
synthesized. The findings of this study showed that stable Pickering emulsions incorporating
curcumin and vitamin D3 (LnE+Cu+vD3) could be produced using LNP as Pickering particles.
The particle size, zeta potential, and curcumin stability were reasonable at room temperature
and highly stable at refrigerated temperature for 90 days. Curcumin and vitamin D3 remained

fully encapsulated in the oil phase and had no effect on the emulsion stability LNP network at
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the oil-water interface. The encapsulation efficiency of bioactives in this emulsion system was
also quite high (curcumin: 87.95+0.21%, vitamin Dj3: 72.66 + 0.11%). Therefore, this study
offers an easy-to-implement valorisation pathway for DSM that can enhance the ayurvedic
industry's economic performance. The LNP are expected to find greater applications in food

industry in the future as emulsifiers.
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Chapter-5

Nutrient-rich puffed snacks developed using blended flours and

lignin Pickering emulsions containing curcumin and vitamin D3
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Abstract:

This study explores the use of blended flours and fortification with health-promoting compounds
to improve the nutritional profile of extruded puffed snacks (EPS). Lignin particles extracted from
the Ayurvedic spent materials were used to create lignin Pickering emulsions (LPE) for
incorporating the lipophilic compounds, curcumin and vitamin D3. A blended flour composed of
pearl millet, spent coconut, and corn grits was used to replace 80% of the traditionally used corn
grits. Fortification was achieved by incorporating LPE containing curcumin and vitamin Ds.
Protein content, dietary fiber, texture profile, and structural integrity of the snacks were evaluated.
Compared to a control made solely from corn grits, the EPS with blended flour showed higher
protein (13.8%) and dietary fiber (19.2%) contents. However, the increase in protein and fiber
content resulted in lower expansion ratios for EPS produced with the blended flour, with or without
LPE. The EPS containing LPE had similar hardness, microstructure, fracturability, chewiness, and
gumminess as those without LPE. Sensory analysis scores confirmed the acceptability of EPS and
EPS containing LNP. Importantly, the inclusion of LPE enhanced the stability of curcumin
(69.0%) and vitamin D3 (65.7%), highlighting the protective encapsulation effect of lignin
particles. This study underscores the potential of lignin-based Pickering emulsions loaded with
lipophilic compounds, combined with blended flours, for producing nutrient-rich and health-

promoting ready-to-eat snacks through extrusion.

Key words: Extrusion, Puffed snacks, Lignin, Pickering emulsion, Fortification, Blended flour,

Curcumin, Vitamin D3
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Fig. 3. Graphical abstract showing extruded snacks from blended flours and lignin Pickering
emulsions with curcumin and vitamin D3

Highlights:
e Extruded puffed snacks (EPS) were produced from blended flour of pearl millet, spent
coconut flour, and corn grits
e EPS was infused with curcumin and vitamin D3 encapsulated in lignin-based Pickering
emulsion (LPE)
o EPS with LPE maintained texture, sensory appeal, and structural integrity
e LPE protected curcumin (69%) and vitamin D3 (65%)

e LNP can be an effective carrier for delivery of functional ingredients in food products
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5.1. Introduction

Extrusion cooking is a widely used industrial process that applies high pressure, heat, and
mechanical force in a short time, resulting in significant transformations in food matrices. This
method is effective for producing ready to eat (RTE) snacks with unique textures and flavors. The
high-temperature short-time (HTST) nature of extrusion enables rapid cooking and facilitates the
production of a wide variety of snack products (Abilmazhinov et al., 2023). However, the intense
conditions can also degrade heat-sensitive nutrients like vitamins, essential fatty acids, and
bioactive compounds, which poses a challenge in the development of nutritionally fortified snacks
(Prabha et al., 2021).

Fortifying extruded snacks with bioactive and nutritional compounds has become increasingly
important because it offers health benefits beyond basic nutrition (Dilrukshi et al., 2022).
Traditional fortification methods typically involve the direct addition of vitamins, minerals, or
other bioactive compounds to the food matrix before extrusion. However, these methods often
result in significant nutrient losses due to the harsh processing conditions, thereby reducing the
effectiveness of fortification (Onwulata, 2013). When carried out as a preceding step,
microencapsulation protects bioactive compounds like omega-3 fatty acids and probiotics from the
detrimental effects of extrusion by creating a protective barrier, thereby enhancing the nutritional
quality of the final product (Feizollahi et al., 2018; Sultana et al., 2022). Pickering emulsions that
are stabilized by solid particles rather than surfactants, are attracting increasing attention as
delivery vehicles owing to their higher stability and better ability to protect the encapsulated
bioactive compounds (Abraham et al., 2024). Studies have focused on improving the nutritional
characteristics of extruded products by incorporating biopolymers, such as inulin and chitosan
(Tsokolar-Tsikopoulos et al., 2015; Kumar et al., 2018). Incorporating inulin, a prebiotic fiber, into

extruded snacks has been shown to enhance dietary fiber content, improve gut health, and boost
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antioxidant activity, thereby making the snacks nutritionally superior (Tsokolar-Tsikopoulos et al.,
2015). Another study highlighted the role of chitosan in enhancing the functional properties of
proteins, reducing fat absorption during extrusion, and improving the textural attributes of snacks
(Kumar et al., 2018).

Lignin, a natural biopolymer from plant cell walls, is gaining attention for its potential to create
delivery systems that enhance the bioavailability of encapsulated bioactive compounds (Wang et
al., 2023; Abraham et al., 2023). A recent study showed that lignin, as a Pickering particle,
effectively protected sensitive nutrients like vitamins (e.g., vitamin D3) and polyphenols (e.g.,
curcumin) from heat and mechanical degradation, while improving their stability and delivery
(Abraham et al., 2024). Curcumin, a polyphenol found in turmeric, is well-known for its anti-
inflammatory, antioxidant, and antimicrobial properties, while vitamin D3 is essential for calcium
absorption and bone health (Al-Azzawi et al., 2023). The combination of these bioactives in lignin-
based Pickering emulsions represents a novel approach to fortification, particularly in high
temperature processes like extrusion.

Extruded snacks are commonly made using corn flour, which is favored for its starch content that
supports the puffing and expansion processes during extrusion. However, corn-based extruded
snacks often lack significant nutritional value, as they are typically low in protein, fiber, and
essential micronutrients (Amadeu et al., 2024, Ahmed et al., 2024). In developing nutritionally
enhanced extruded snacks, the choice of raw materials is of prime importance, and blended flours
offer a practical solution (Amadeu et al., 2024). These flour blends typically combine grains,
tubers, legumes, and seeds, providing a balanced mix of proteins, carbohydrates, fibers, and
micronutrients (Ahmed et al., 2024; Grasso, 2020). Ahmed et al., (2024) demonstrated that twin-

screw extrusion can produce granules containing iron and vitamin D3, using a blend of corn and
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lentil flours as the carrier matrix. These granules exhibited excellent chemical stability and
bioactive effects when tested on human osteoblast cells, suggesting potential applications for bone
health. Grasso, (2020) reviewed the use of industrial by-products in extruded snacks, emphasizing
nutritional and sustainability benefits. These studies highlight the versatility of blended flours in
developing nutrient-rich extruded snacks. Spent coconut flour, a by-product of virgin coconut oil
production, is rich in dietary fiber, protein, and antioxidants, making it an excellent ingredient to
enhance the health benefits of snacks, particularly for gluten-free and vegan consumers (Shakeela
et al., 2024). Similarly, pearl millet flour, rich in essential minerals and other nutrients, is derived
from a crop known for its drought resilience (Longvah, 2017).

This study aimed to develop fortified extruded puffed snacks (EPS) using blends of pearl millet,
corn grits, and spent coconut flour, enriched with LPE-encapsulated curcumin and vitamin Ds3. The
EPS were compared to a corn-based control for their physicochemical, textural, and sensory
properties. The stability of the encapsulated bioactives (curcumin and vitamin D3) was also
compared to that of the non-encapsulated formulation. This research achieves improved stability
of curcumin and vitamin D3 while creating healthier snacks that contribute to improved

micronutrient intake and support better overall nutrition.

5.2. Materials and methods
5.2.1. Materials

Lignin was isolated from Ayurvedic spent materials, converted to nano lignin using planetary mill
(Pulverisette, Fritsch, Germany) as reported by Abraham et al., (2024). Spent coconut meal, a by-
product of virgin coconut oil processing, was supplied by Apex Coco Solar Energy Pvt. Ltd. (Tamil
Nadu, India). The residual oil was removed to produce spent coconut flour (SCF). Pearl millet and

corn were sourced from the local market in Thiruvananthapuram, cleaned, ground into flour, and
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sieved through a 200 mm mesh to achieve uniform particle size. Curcumin and cholecalciferol
(Vitamin D3) were procured from Sigma-Aldrich Chemicals Pvt. Ltd. (Massachusetts, USA). All
other chemicals and reagents used in this study were of chromatography grade and were sourced

from reliable local suppliers.

5.2.2. Preparation of O/W Pickering emulsions

Oil-in-water (O/W) Pickering emulsions were formulated using lignin nanoparticles as the
stabilizing agent. LNP solution was prepared at a concentration of 2000 ppm at a pH of 8.0
Sunflower oil (10% w/w), containing 50 ppm of curcumin and 50 ppm of vitamin D3 was used as
the dispersed phase. This emulsion was prepared by sonicating with a VCX-750 Vibra Cell (Sonics
& Materials, USA) for 45 min (using a 10 s on/10 s off cycle at 50% amplitude) according to the
recent study by Abraham et al. (2024). The resulting Pickering emulsion (LPE) was used for
fortification of the extruded snacks.

5.2.3. Preparation of extruded snacks

The composition of flour blend was determined through preliminary trials and contained 15%
Spent Coconut Flour (SCF), 65% Pearl Millet Flour (PMF), and 20% Corn Grits (CG) on w/w
basis. This formulation yielded extrudates with sensory and physical properties comparable to the
control made with only corn grits. The control, prepared using only corn grit, is referred to as Cl1,
and the product with optimized flour blend is denoted as S1.

This optimised flour blend was subsequently infused with LPE. The resulting LPE infused (which
contained curcumin and vitamin D3 as stated above) extrudates are referred to as S2.

5.2.4. Extrusion process

The blended flour (S1) was uniformly mixed using a laboratory-scale mixer (Basic Technology

Private Ltd, Kolkata, India) and conditioned with 16 & 1% water to achieve optimal expansion and
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texture during extrusion cooking. The hydrated flour was equilibrated for 1 h at ambient
temperature (30 = 2 °C) in an airtight container before extrusion. After conditioning, the flour
mixtures were extruded. For all the EPS the time and temperature were kept same.

Extrudates were prepared using a laboratory scale twin screw extruder employing hot extrusion
technology (L-TSE, Basic Technology Private Ltd, Kolkata, India). The operating parameters of
the extrusion process including screw speed, feed moisture content, and cooking temperature, were
optimized through preliminary trials. The extrusion process is illustrated in Fig. 5.1. Before
operation, the extruder was primed, and a 2 mm circular die was attached to the barrel end. The
barrel was heated to 105 °C and 80 °C. The screw speed (350 rpm), feeder speed (10 rpm), and
cutter speed (70 rpm) were adjusted via the main control panel. Once the desired barrel temperature
was reached, the optimized flour blend was fed using a semi-automatic feeder, and the extruded
product emerged from the die. The extrudates were cut uniformly by the cutter assembly, cooled
to room temperature, and promptly packed into pouches. The extrudates were toasted in a
conventional oven (Bajaj OTG oven, India) at 160 °C for 3 min. This temperature-time
combination was determined through trials. The toasted extruded products were coated with
refined sunflower oil and a seasoning agent (Symega Food Ingredients Limited, Cochin, Kerala,

India) for sensory appeal.
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Fig. 5.1. Flowchart of extrusion process to produce EPS: C1 - Control, S1 — EPS with Composite

flour, S2 — EPS with lignin-based Pickering emulsion fortified (LPE)

5.2.5. Analysis of the physical and functional attributes of extrudates

5.2.5.1. Proximate composition of flours and extrudates

Moisture, ash, fat, and protein contents were determined according to the procedures outlined by
the AOAC (method 930.15, 923.03, 920.39) (1990). Samples were oven-dried at 105 °C, then
transferred to a desiccator and allowed to cool to room temperature (32.0 + 2°C). For determining
ash content, the mass of the samples was recorded before and after the ashing step using a muffle
furnace (550 °C for 6 h). Protein content was determined using Micro Kjeldahl method with
nitrogen-to-protein conversion factor of 6.25. The fat content was determined via Soxhlet

extraction. Total carbohydrate was determined by difference.
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5.2.5.2. Estimation of dietary fiber

The dietary fiber content of EPS - S1, S2 and C1 was determined according to the Bureau of Indian
Standards Method 1S:11062, (1984) with a slight modification. Fat- and moisture-free samples
were autoclaved with water, the pH was adjusted, and pepsin, pancreatin, and glucoamylase were
added. The mixture was then incubated for enzymatic digestion. After incubation, the pretreated
extract was centrifuged at 1,118,000 x g for 10 min to separate the residue and supernatant. The
residue, containing insoluble fiber, was collected, washed three times with acetone and diethyl
ether, and lyophilized to obtain a stable weight of insoluble dietary fiber. The supernatant,
containing soluble fiber, was precipitated using ethanol and refrigerated overnight. It was then
centrifuged (Model 7780; KUBOTA, Tokyo, Japan) again at 1,118,000 x g for 10 min, and the
resulting residue was collected. This residue was washed three times with alcohol, acetone, and
diethyl ether, then lyophilized in a pilot scale freeze dryer (SP Scientific VirTis Genesis 35L Pilot
Lyophilizer, Warminster, USA) to achieve a constant weight, yielding the soluble dietary fiber

(Arun et al., 2018).

5.2.5.3. Expansion ratio

The expansion ratio of an EPS was measured by comparing the diameter of the extruded product
to that of the die (Tas & Shah, 2021). A digital vernier calliper (0.1 accuracy) was used to measure
the diameter of ten randomly selected extrudates, and the mean value was recorded. The expansion

ratio of the extrudates was calculated using equation (1).

Cross sectional diameter of extrudate

ER =

Cross sectional diameter of the die opening

(D).
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5.2.5.4. Bulk density

The length and diameter of ten EPS samples were measured using the digital vernier caliper. The
mass of these 10 EPS samples was also measured. The bulk density was measured using equation
(2) considering they were cylindrical in shape (Suri et al., 2020).

Bulk density (g/cm?®) = 4m/(nd’L) (2).

Where, L is the length (cm), m is the mass (g) and d is the diameter (cm) of the extruded snacks,

respectively.

5.2.5.5. Colour analysis

The colour parameters of the EPS were measured using a colourimeter (Hunter lab, Colour Flex
EZ, Virginia, USA). The empty cuvette was calibrated initially using standard white and black
plates. The hue of the samples was assessed on the L* (lightness), a*(red-green), and b* (yellow-
blue) colour systems. To measure the colour values, the extruded products were pulverized and
transferred into cylindrical glass sample cuvette, which were then placed in the sample port. The
colour values were recorded after 10 rotations of each sample, with measurements taken in
triplicate (Shakeela et al., 2022).

5.2.5.6. Texture analysis

The textural properties of extrudates were analyzed using a texture analyzer (TA. XT texture
analyzer, Stable Microsystems, Surrey, England). Texture profile analysis (Stable Microsystems)
was employed to measure properties such as hardness, gumminess, chewiness, fracturability. A
2 mm cylindrical probe was used in these measurements. The tests were carried out in compression
mode using the following parameters: pre-test speed: 1 mm/s, post-test speed: 5 mm/s, test speed:
1 mm/s, trigger force: 5 g, distance (compression): 10 mm. The texture of EPS was analyzed at

three different positions of the sample, and each sample was tested in triplicate.
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5.2.5.7. Sensory analysis

Sensory analysis was conducted to evaluate the acceptability of extrudate snacks. A semi trained
panel of 25 members, aged 25 to 45, assessed the samples based on appearance, colour, aroma,
taste, and overall acceptance. Panelists were instructed to focus on one attribute at a time and
cleanse their palate with water between each sample to prevent cross-sensory contamination.
Participants were encouraged to provide candid feedback based on their overall sensory
experience. A 9-point hedonic scale was used for the evaluation, with scores ranging from 1
(‘dislike extremely"), 5 (‘neither like nor dislike"), and 9 ('like extremely'), following the guidelines
of ISO 4121:2003. The average score across all criteria was calculated to determine the sensory
attributes (Wichchukit, 2015).

5.2.5.8. Cross sectional microscopic images

The microstructure of the EPS was observed using an Olympus CX41 microscope (Olympus,
Shinjuku, Tokyo, Japan). Images of the surface morphology of the extrudates were captured at 4x
magnification using a camera attached to the microscope and equipped with QCapture software
(QImaging).

5.2.5.9. Observing microscopic morphology

The EPS were sliced and mounted onto an aluminum specimen holder using carbon tape. Prior to
microscopic examination, a thin layer of gold was applied using a gold/palladium sputter coater
(SC7620, Emitech, Quorum Technologies Ltd, Kent, UK). Scanning electron microscopy (ZEISS;
EVO 18, Germany) was used to acquire and analyse the microscopic surface morphology of the
extruded samples. The instrument operated at an accelerating voltage of 15 kV. Micrographs were

captured at 500x magnification.
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5.2.5.10. Stability of curcumin and vitamin D3

The bioactive stability, representing the percentage retaining of curcumin and vitamin D3 in the
extruded product, was determined using a high-performance liquid chromatography with a diode-
array detector (HPLC-DAD). For the analysis, 1 g of powdered EPS was mixed with 5 mL of
methanol and magnetically stirred for 3 h. The methanolic extract was centrifuged at 1,118,000 x
g for 10 min, and the supernatant was collected and filtered through a 0.22 um PTFE syringe filter.
The HPLC analysis was performed as previously described by the (Abraham et al., 2024). Briefly,
a Prominence UFLC system (Shimadzu, Japan) was used, equipped with a Phenomenex Gemini
C18 column (250 x 4.6 mm, 5 um). The system operated with an isocratic flow of 100% methanol
at a rate of 1 mL/min, with detection wavelengths of 420 nm for curcumin and 261 nm for vitamin
D3s. Retention times for curcumin and vitamin D3 were 3.2 min and 7.6 min, respectively. The
column temperature was maintained at 40 °C throughout the analysis.

5.2.6. Statistical analysis

Experiments were carried out in triplicate except mentioned above. All analyses were conducted
with three technical replicates, and the results are presented as mean + standard deviation (SD).
The data were subjected to analysis of variance (ANOVA) using GraphPad Prism 5.0 statistical
software to determine if there were statistically significant differences between any two mean
values or samples (p < 0.05).

5.3. Results and discussion

5.3.1. Nutritional profile of extruded snacks

The nutritional profiles of EPS are shown in Table 5.1. The fat content showed a slight increase in
S2 (1.64 %), attributed to the inclusion of sunflower oil in the emulsion, while S1 (0.10 %) and

C1 (0.08 %) showed comparatively lower fat levels. Variations in carbohydrate content were
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observed, likely due to differences in ingredient composition, such as dietary fiber. Other
parameters, including moisture and ash content, showed no significant differences among C1, S1,
and S2. EPS produced using the blended flour showed significantly higher protein content as
compared to C1. Typically, extruded snacks are made with corn flour to achieve better expansion
and texture. However, it is low in protein and other essential nutrients. Over-reliance on this
ingredient results in nutritionally deficient snacks with a high glycemic index. The use of blended
flour in this study produced snacks with increased protein content (13.5%) in S1 against 9.8% in
the corn-based control (C1). The increased protein content came from the spent coconut flour
(SCF), a known protein-rich ingredient. SCF contains 25.5% protein, thus, it significantly
contributed the protein content in the formulation. Additionally, pearl millet, with a reported
protein content of 12.5% (Navami, 2024), further enhanced the protein profile of the blend. Similar
increase in protein content was reported in enriched extrudates; for example, Gojiya et al., (2022)
and group observed an increase in protein content from 14.0% to 26.7% when 10% to 40% defatted
sesame flour was added in the formulation.

The addition of PMF and SCF to the blended flour significantly enhanced the dietary fiber content
in the EPS. SCF contains 54.0% total dietary fiber, including 44.5% insoluble fiber and 9.5%
soluble fiber. Similarly, pearl millet contributes to the fiber profile of S1, as it contains 11.5% total
dietary fiber, comprising 9.1% insoluble fiber and 2.3% soluble fiber (Longvah, 2017). S1
contained significantly higher levels of total dietary fiber (18.9%), insoluble dietary fiber (14.2%),
and soluble dietary fiber (4.6%) compared to C1, which had 13.0%, 9.6%, and 3.4%, respectively
(Table 5.1). This increase in fiber content can be attributed to the contributions of pearl millet and
SCF. A recent study (Karun et al., 2023) reported a 5% increase in protein content in extrudates

with the addition of green gram and cowpea flour, along with a 3% reduction in total carbohydrate
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content, making it a healthier snack option. Similarly, another study observed significant increases
in protein (7.6% to 27.2%) and fiber content (0.1% to 2.6%) in extrudates with the incorporation
of cowpea (10% to 30%) and whey protein concentrate (WPC) (5% to 20%) compared to the
control. The formulation containing 15% cowpea and 5% WPC received the highest levels of
acceptance, with a protein content of 14.6% and a total dietary fiber content of 1.6% (Dilrukshi et
al., 2022). These findings highlight that use of blended flour containing fiber- and protein-rich
ingredients can significantly improve the nutritional profile of extruded snacks (Amadeu et al.,
2024; Delic et al., 2023). The snacks developed in this study were significantly dense in terms of
protein and dietary fiber can be considered as healthier option.

Table 5.1: Nutritional profile of EPS from corn grit (C1) and blended flours (S1), blended flours

infused with curcumin and vitamin D3 (S2).

Composition
C1 S1 S2

(Wb %)
Protein 9.8+0.0? 13.5+0.1° 13.8 £0.2°
Moisture 29+0.52 2.8+0.1° 3.3+0.0¢
Fat 0.1+0.28 0.1+0.28 1.6+0.1¢
Ash 1.4+0.2° 2.0+£0.1° 1.74 £ 0.0P
Carbohydrate 85.8+£0.22 81.6+0.5° 79.5+0.1¢
Total dietary fiber 13.0+0.22 18.9+0.1° 19.2+0.1¢
Insoluble dietary fiber 9.6+0.1* 142 +£0.1° 14.6 £0.2°
Soluble dietary fiber 3.4+0.2° 4.6+0.1° 4.6+0.2°

Different superscripts within the same row denote significant differences between the samples and

control (p > 0.05; n = 3).
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5.3.2. Bulk density and expansion ratio

The bulk density and expansion ratio are important indicators of texture, mouthfeel, and overall
consumer acceptance of extruded snacks. Bulk density reflects the degree of puffing in extruded
products and the blended flour and LPE are expected to alter the bulk density of the snack samples.
As shown in Fig. 5.2a, the bulk density of S1 (0.70 g/cm?® and S2 (0.72 g/cm?) were higher than
that of the control C1 (0.50 g/cm?). The similar bulk density values of S1 and S2 indicated that the
incorporation of LPE did not significantly alter the physical or internal structure of the snacks.
Bulk density is influenced by the interactions among starch, protein, and fiber components
(Aussanasuwannakul, 2022). SCF is rich in dietary fiber, which enhances the compactness of
extruded snacks and increases their bulk density. The observed increase in bulk density with the
addition of dietary fiber suggests that higher fiber content contributes to a denser and more
compact extrudate structure. Previous studies have shown that increased fiber content in extruded
products correlates with higher bulk density.

The higher expansion ratios typically signify lighter, crispier textures. The control sample (C1)
had the highest expansion ratio 4.01, while the expansion ratio of both S1 and S2 was only 37.2%
of the control (Fig. 5.2b). The inclusion of soluble and insoluble fibers in extruded snacks
significantly influences their physicochemical characteristics, particularly the expansion ratio and
bulk density. The observed decrease in expansion ratio can be attributed to the increased protein
and fiber content, resulting in a denser, less expanded structure. An increase of protein content
also affects the extent and rate of starch gelatinization, which could lead to a decrease in the
expansion ratio (Aussanasuwannakul, 2022). Studies have shown that incorporating dietary fibers
from various sources, such as polydextrose, gum acacia, inulin, xanthan gum, and resistant starch,

into corn-based feed reduces the expansion of extruded snacks. The addition of fiber increases the
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viscosity of the starchy dough during extrusion, reducing the water available for gelatinization and
thereby limiting starch expansion at the die (Han et al., 2017).

Fiber typically functions as an inert filler within the expanded starch matrix. At low concentrations,
the fiber is insufficient to evenly distribute throughout the extrudate matrix. However, as its
content increases, the starch matrix may become overwhelmed, causing it to collapse as fiber
particles penetrate. This process ultimately reduces the expansion ratio. Previous study reported
reduced expansion index values in extruded products containing okara and mung bean powder.
This was attributed to the high fiber content (60.8% in okara; 15.2% in mung bean) and notable
protein levels (26.5% in okara; 20.2% in mung bean) Aussanasuwannakul (2022). Similarly,
extruded snacks made with 80-90% broken rice and 10-20% lupin flour, higher rice content
increased the expansion index, whereas higher lupin flour content reduced it (Oliveira et al., 2015).
During snack extrusion, dietary fiber significantly impacts starch gelatinization by competing with
starch for available water. This competition reduces amylose leaching and limits the full
gelatinization of amylose and amylopectin, potentially affecting amylose retrogradation and
disrupting the structure of amylopectin. Additionally, fiber increases dough viscosity, disrupting
the starch matrix and hindering expansion. These structural disruptions weaken the matrix,
reducing the expansion ratio and producing denser snacks with higher bulk density and less
puffiness. As a result, the texture of fiber-enriched snacks differs markedly from fiber-free
products (Alam et al., 2016; Aussanasuwannakul, 2022).

The extruded product formulated with 15% spent coconut flour (SCF) and 65% pearl millet flour
successfully replaced 80% of corn flour, marking a significant step toward replacing traditional

corn-based snacks. Similarly, extruded snack developed using 80% pearl millet flour, 10% African
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walnut flour, and 10% corn starch, which achieved moderate sensory acceptance (Sobowale et al.,

2021).
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Fig. 5.2. (a) Bulk density (b) expansion ratio, content in the extrudates. Different letters denote
significant difference between the samples (p<0.05).

5.3.3. Texture profile analysis

Texture attributes like hardness, fracturability, gumminess, and chewiness are essential for
evaluating the quality and appeal of extruded snacks. Hardness affects the perception of freshness,
while fracturability can be correlated with the crispiness. Gumminess indicates the effort required
to chew, and chewiness influences the overall sensory experience. All of these attributes are vital
for creating products that satisfy the consumers. The texture qualities of the extruded snacks are
shown in Fig. 5.3. The increase in hardness observed in SI and S2 compared to C1 is primarily
due to the higher protein and fiber content from SCF and PMF, which disrupts the starch matrix,
leading to reduced expansion and a denser texture. The strong relationship between hardness and
expansion suggests that higher protein and fiber levels enable the formation of a compact structure
that affects the overall texture. This type of relationship was also noted by Kumar et al., (2018),
that fortification of snacks with chitosan, which was attributed to the increase in dietary fibre

content. Similarly, an incorporation of 5 to 20% tomato pomace powder in extruded snacks was
y p p p
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found to increase in the hardness (Yagci et al., 2022). A protein-starch interaction that inhibited
expansion might be attributed to an increase in hardness in sorghum-based extruded snacks when
protein-rich soy meal flour was added up to 20% of formulation (Rodriguez-Vidal et al., 2017).
The control sample (C1) had the highest chewiness when compared to S1 and S2. Earlier research
also showed that the chewiness was significantly reduced from 1.63 N to 0.42 N when corn flour
was supplemented with soy and chickpea flour about 20 - 40% (Shan et al., 2016). Gumminess of
EPS increased with the addition of SCF and PMF compared to that of the control. Fiber acts as
both a structure-forming and water-absorbing component, creating a denser matrix that resists
deformation and thereby enhances gumminess. This aligns with previous studies showing that
incorporating soy and chickpea flour into corn flour significantly increased gumminess,
demonstrating a positive correlation between dietary fiber content and gumminess in extruded
products. It is also reported that gumminess increased significantly from 0.33 N in the control to
1.99 N with when 20% soy and 20% chickpea flour substituted in corn flour (Shan et al., 2016).
Fracturability is an important texture attribute that reflects the brittleness or crispness of a snack.
A higher of fracturability value indicates that the snack can break with less force and indicates to
a crunchy and crisp texture. In extruded snacks, it is affected by several factors, including the
composition of the ingredients (e.g., starch, fiber, moisture, fat, or emulsifiers), the extrusion
process parameters (e.g., temperature and pressure), and the extent of product expansion. It was
observed that addition of fiber rich SCF and PMF resulted in a slight reduction in fracturability
compared to that of the control. Fiber-rich ingredients, such as SCF and PMF, disrupt the
continuous starch network, reducing product expansion and creating a denser texture. This
compact structure absorbs more force before breaking, thereby reducing the product’s brittleness.

The lower expansion caused by high fiber content also decreases porosity, making the product less
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brittle and slightly tougher to fracture. These findings are consistent with studies that reported
similar effects when high-fiber ingredients, such as tomato pomace, were incorporated into
extruded snacks, resulting in reduced fracturability due to the compact and dense structure (Yagci
et al., 2022; Sinaki and Koksel, 2024).

Notably, the similar texture profiles of S1 and S2 suggest that incorporating lignin-based Pickering
emulsions (containing curcumin and vitamin D3) does not significantly alter the core textural
properties of the snacks. This finding indicates that these emulsions can be used to fortify extruded
snacks without compromising their overall texture profile, making them a promising option for

enhancing nutritional value.
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Fig. 5.3. Texture profile of extruded puffed snacks. All the parameters expressed in Newton (N).
different letters denote significant difference in the values between the samples (p<0.05).

5.3.4. Colour analysis

The colour properties of the extruded snacks, as indicated by the L* (lightness), a* (red-green), b*
(yellow-blue), and yellowness index (YI) values, showed significant variation among C1, S1, and
S2 in terms of colour (Table 5.2). Sample C1 exhibited the highest lightness suggesting to a
brighter appearance compared to the other samples. The a* and b* values of C1 indicated a more

pronounced reddish and yellowish hue, contributing to its high yellowness index (YI = 80.86).
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This is due to the presence of corn grits, whose yellow colour primarily comes from natural
carotenoid pigments, particularly lutein and zeaxanthin.

In contrast, S1 displayed the lowest lightness and reduced a* and b* values, resulting in the lowest
yellowness index (YI = 57.78). The lower colour intensity of S1 can be attributed to the
incorporation of SCF and PMF, with the latter likely responsible for the darker colour. Pearl millet
contributes to the dark colour of extrudates due to its high phenolic content, including tannins and
flavonoids, which act as natural pigments. During extrusion, the high temperatures and pressures
trigger the Maillard reaction, forming brown melanoidins that further enhance the dark colour.
Pigments such as anthocyanins present in the bran layer of pearl millet further intensify the
darkening effect during processing. It is reported that reactions such as Maillard browning,
caramelization, pigment degradation, and lipid oxidation contribute to the reduction in lightness
in extruded snacks (Zahari et al., 2021). S2, however, exhibited a markedly different colour profile.
While its lightness was comparable to C1, the a* value shifted toward the green spectrum, and its
b* value was significantly higher than the other samples, resulting in the highest yellowness index
(YI=131.26). This indicates that S2 had a strong yellow hue due to the presence of curcumin and
lignin, which carry yellow and brown pigments (Abraham et al., 2024). The colour profile of the
extruded snacks formulated in this work aligns with research showing that the addition of
vegetable ingredients and other agricultural by-products to rice-, barley-, and corn-based extruded
snacks improves their colour desirability (Gupta et al., 2008; Grasso, 2020; Brennan et al., 2013).
Furthermore, the inclusion of lignin in extruded snacks not only supports the stability of bioactives

like curcumin and vitamin D3 but also enhances the product’s visual appeal.
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Table 5.2: Colour analysis of EPS at different combinations of blended flours.

Extruded Yellowness index
L* a* b*
puffed snack (YD
Cl1 67.9+0.12 3.9+0.02 38.5+0.22 80.9+0.02
S1 61.5+0.0° 3.0+£0.0° 249 +0.1° 57.8+0.1b
S2 67.8+£0.32 -0.4+0.0° 62.2 £0.2¢ 131.3 £0.5¢

Entries within the same column with different superscripts denote significant differences between
the sample and control (p > 0.05; n = 3).

5.3.5. Sensory profile of snacks

The sensory profile of the EPS was evaluated to determine their potential acceptance by the
consumers. Attributes such as colour, texture, flavor, and overall acceptability were evaluated (Fig.
5.4). All samples received mean scores above 8.0 out of 9 for each attribute, indicating high levels
of acceptance among the panellists. The panellists noted the sample fortified with LPE (S2) had a
distinct darker yellow hue compared to the control and the one produced using blended flour
without fortifying with the emulsion yet received similar sensory score in texture, flavor, and
crispiness.

The high sensory scores across all samples suggest that the inclusion of SCF and PMF did not
negatively impact consumer acceptability. The positive sensory attributes of S1 and S2 snacks,
including taste, texture, and crispness could be attributed to the unique combination of pearl millet
and coconut flour, which created a distinct flavor profile compared to commercial snacks. The
crispness was resulted from the extrusion process and the interaction of the ingredients.

The distinct darker yellow colour of the product fortified with LPE (S2) added a unique visual

appeal without compromising texture and flavour. A similar result was observed with the addition
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of tomato pomace powder to ready-to-eat (RTE) snacks. When included at levels of 5-10%, the
snacks achieved the highest sensory scores. However, acceptability decreased at inclusion levels
above 10% (Yagci et al., 2022). Likewise, Hoglund (2018) incorporated bilberry press cake into
extruded snack formulations. Substitutions of up to 25% were tested, but products with 10%
inclusion were the most preferred by panellists. In another study, oat flour was added at levels of
5-20% to extruded snacks. Formulations containing 10% oat flour achieved the highest overall
sensory scores (Gumul et al., 2015). These studies highlighted that moderate inclusion levels of
natural fiber-rich ingredients enhanced snack sensory appeal, whereas excessive amounts reduced
acceptability. The findings confirm that the blend of SCF, PMF, and corn grits—fortified with
LPE—improves the nutritional profile of extruded snacks while maintaining high sensory appeal.
Notably, the blended flour in this study contained 15% SCF and 65% PMF, replacing 80% of corn

grits in extruded puffed snacks while still delivering desirable sensory properties.

—C1
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acceptance
Crispiness Flavour

Taste

Fig. 5.4. Sensory profiles of extruded puffed snacks. corn grit (C1) and blended flour (S1), blended

flour infused with curcumin and vitamin D3 (S2).
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5.3.6. Microstructural analysis

The microstructural analysis of EPS samples using an optical microscope (Fig. 5.5 a-c) revealed
notable differences among C1, S1, and S2. The control sample (C1) displayed a uniform pore
distribution with large, homogeneous edges, indicating greater expansion and aeration during
extrusion. In contrast, S1 had smaller pores and a denser, less porous structure due to the higher
fiber content in SCF and PMF, which promoted a more compact matrix. S2 showed a similar
structure to S1 but with a distinct yellow hue caused by the presence of curcumin.

The microstructural characteristics of EPS samples—C1, S1, and S2—were examined through
SEM (Fig. 5.5 d-f). Fig. 5.5d reveals a rough, fractured surface with air pockets formed during the
extrusion process. This porous structure results from the expansion of starch and protein
components at the end of the extrusion process. The visible cracks may be due to moisture
evaporation and rapid expansion. In contrast, Fig. 5.5¢ shows a more fibrous, layered structure
with elongated strands, suggesting partial melting of starches or proteins that solidify into fibrous
formations, enhancing the snack’s crunchiness. Fig. 5.5f displays a microstructure similar to that
of the control (C1), indicating that LPE did not affect the EPS microstructure. Similar findings
were reported in extruded snacks made from rice starch and pea protein blends, which showed an
even distribution of proteins and carbohydrates throughout the porous structure (Philipp et al.,

2017).
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Fig. 5.5. Microscopic images, (a-c) optical microscopy images, (d-f) SEM images of extruded
puffed snacks

5.3.7. Stability of bioactives in lignin-encapsulated extrudates

Emulsions stabilized by lignin show promise in encapsulating health-promoting compounds like
vitamin D3 and curcumin for fortifying snack products. Incorporating these bioactive compounds
into extruded snacks can significantly enhance their nutritional profile. Preserving the stability of
curcumin and vitamin D3 within the emulsion is crucial for maintaining the health benefits of
fortified snacks over time. To evaluate LPE's ability to protect curcumin and vitamin D3 during
extrusion, a control EPS (C2) was prepared by adding these compounds directly to the blended
flour without emulsifying with lignin particles. The stability of curcumin and vitamin D3 in C2
was then compared to that in the S2 sample. Fig. 5.6 (a-d) shows the chromatograms of the
extrudates S2 and C2, showing the stability of curcumin and vitamin D3 in the products. The

bioactive stability of curcumin and vitamin D3 in S2 was 69.0 and 65.7%, respectively. In contrast,
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the stability of curcumin and vitamin Dj; significantly decreased to 7.4 and 8.2%, respectively in
C2 (Fig. 5.6 g).

The significant difference in bioactive stability between S2 and C2 underscores the vital role of
lignin as a protective agent in extrusion processes. Lignin acts as a stabilizer, shielding curcumin
and vitamin D3 from the harsh thermal conditions, thereby maintaining their integrity and activity.
Without lignin, as observed in C2, the curcumin and vitamin D3 are highly susceptible to thermal
degradation their stability is compromised. These findings are in accordance with those of Bertolo
(2019), in which lignin particles were shown to protect bioactive compound (curcumin) in food
system. The notably higher stability of curcumin and vitamin D3 in S2 underscores lignin’s
potential as a protective agent, demonstrating its suitability for the production of fortified extruded
snacks. Lignin has also been shown to possess antioxidative properties, with the ability to protect
oxygen-sensitive compounds (Dai et al., 2019). In this study, lignin’s role as a Pickering particle
was vital for successfully encapsulating curcumin and vitamin D3, ensuring their stability during
high-temperature extrusion (110 £ 2 °C). These findings align with existing literature, where lignin
is consistently noted as an encapsulating and protective agent for bioactive compounds (Czaikoski,

2020; Dai et al., 2019).
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5.4. Conclusion

This study successfully developed and characterized nutritionally and functionally superior
extruded puffed snacks (EPS). The EPS were formulated using a blend of spent coconut, pearl
millet flour, corn grits, and lignin Pickering emulsions (LPE) in which curcumin and vitamin D3
were encapsulated. Notably, 80% of the corn flour typically used in traditional snacks was replaced
with the blended flour, resulting in increased protein and dietary fiber content. Although the
expansion ratio, bulk density, and textural properties of the blended flour snacks were lower than
those of traditional corn flour snacks, the inclusion of LPE enhanced their nutritional profile. The
overall sensory acceptance of these snacks was comparable to conventional snacks, indicating their
suitability as nutritionally enriched alternatives. The study also confirmed that curcumin and
vitamin D3 were effectively encapsulated within the snacks’ matrix, with their structural integrity
and bioactivity preserved during the extrusion process. Lignin played a vital role in maintaining
the stability and bioavailability of curcumin and vitamin D3 in the snacks. These findings highlight
the potential of lignin-stabilized emulsions for incorporating bioactive compounds into healthier,
ready-to-eat snacks.
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Cellulose and lignin nanoparticles from an Ayurvedic waste
stream for essential oil-based active packaging to extend shelf life
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Abstract

Cellulose and lignin nanoparticles (NCP and LNP) were successfully extracted from
Dashamoola spent material (DSM), a residue from an Ayurvedic decoction. The NCP had a
particle size of 493.6 nm and a zeta potential of -30.9 mV, indicating good colloidal stability.
FTIR confirmed the removal of non-cellulosic components, while TGA demonstrated thermal
stability, with major degradation between 260°C and 350°C. XRD analysis indicated a semi-
crystalline structure of nanocellulose. Oil-in-water emulsions of tea tree oil (TTO) were
prepared using NCP (C at 4%), LNP (L at 4%), and a combination blend (2% each of C and L
in CL_TTO), with 16% TTO, all in w/v. Among these, CL_TTO emulsions had the smallest
particle size and highest stability. PVOH-based films, prepared with a 4% w/v mixture of
CL_TTO emulsion, PVOH, and glycerol, demonstrated improved tensile strength, Young’s
modulus, water vapour barrier properties, and water repellence. These films blocked 95% UV
transmittance, providing appreciable protection to light-sensitive products. PVOH-CL _TTO
films also exhibited strong antioxidant activity (85% DPPH scavenging) and antimicrobial
property against E. coli. These films extended the shelf life of strawberries by preserving
lightness, firmness, and pH for 14 days under chilling (4°C). These findings highlight the
potential of NCP and LNP obtained from DSM for producing sustainable active packaging
which would valorizing Ayurvedic waste stream.

Keywords: Nano cellulose, Nano Lignin, Polyvinyl Alcohol, Emulsion, Active packaging

film.
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Fig. 4. Graphical abstract showing the process of obtaining cellulose and lignin from DSM and

their application in making active packaging films.

Highlights

e Cellulose and lignin were extracted from Ayurvedic spent material and converted into
nanoparticles.

e Cellulose and lignin nanoparticles were characterized using FTIR, XRD, TGA, and
SEM.

e Teatree oil emulsion stabilized by cellulose and lignin nanoparticles exhibited desirable
stability.

e Incorporation of the emulsion in PVOH film enhanced strength and water vapor
barriers.

e Films containing this emulsion extended the shelf life of strawberries for 14 days at

4°C.
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6.1. Introduction

Sustainability and by-product valorisation are essential for advancing Sustainable
Development Goals (SDGs) (Ahmad et al., 2024). The Ayurveda industry, rooted in traditional
medicine, is gaining global significance as demand grows for natural and holistic healthcare
products (Mukherjee et al., 2017). Indian Ayurvedic industry generates about 1000 ton/year
Dashamoola spent material (DSM) as a byproduct of Dashamoola arishta production, which
is rich in lignocellulosic materials including cellulose and lignin (Abraham et al., 2020;
Abraham et al., 2023). Lignin is a complex organic polymer which offers UV-blocking and
antioxidant properties, while cellulose is the most abundant biopolymer, which provides
excellent mechanical strength and water vapour and oxygen barrier properties (Abraham et al.,
2023; Tanpichai et al., 2022; Liu et al., 2021). Both lignin and cellulose have wide applications
such as biocomposite production, textile, food, and pharmaceutical industries. As a part of
active food packaging, they improve barrier properties, mechanical robustness. The
incorporation of these natural materials coming from renewable sources into polymer systems

contributes to sustainability (Abraham et al., 2023; Tanpichai et al., 2022).

Application of emulsion technology enhances the functionality of active packaging films by
dispersing small droplets of hydrophobic substances in hydrophilic matrices. The uniformity
of distribution and size of these droplets play important roles in determining the film's
effectiveness (Cheng et al., 2024; Chen et al., 2024; Pandita et al., 2024). Emulsions help
incorporate hydrophobic bioactive compounds or essential oils, such as tea tree oil (TTO), into
hydrophilic biopolymer matrices, and help enhance the antioxidant and antimicrobial activities
of the resulting packaging materials or films (Hanan et al., 2024; Dai et al., 2024; Pandita et
al.,, 2024). TTO, derived from Melaleuca alternifolia, contains active compounds like

terpinene-4-ol and y-terpinene, which impart antibacterial and antioxidant properties (Brun et
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al., 2019). These materials, along with biopolymer stabilizers such as cellulose and lignin, can
greatly reduce moisture permeability and improve the barrier and protective functions of
biodegradable polymer-based films (Yang et al., 2016; Hassan et al., 2024; Asgher et al., 2020;

He et al., 2023).

Petroleum-based plastics dominate food packaging due to their cost-effectiveness and desirable
mechanical and barrier properties; however, environmental concerns have increased interest in
biodegradable alternatives (Sani et al., 2021; Salgado et al., 2021; Bhargava et al., 2020).
Polyvinyl alcohol (PVOH) is a promising biodegradable polymer due to its hydrophilic, non-
toxic nature, making it suitable for environment-friendly packaging applications (Panda et al.,
2022). Although PVOH lacks inherent antioxidant properties, it can be fortified with natural
additives like lignocellulose, curcumin, essential oils, and plant extracts to enhance its
functionality (Haque et al., 2021; Roy et al., 2021; Debiagi et al., 2014; Luzi et al., 2022).
However, there remains a significant gap in sustainable packaging solutions that not only
enhance food preservation but also utilize natural, industry-derived byproducts including spent
materials of Ayurvedic industry. In PVOH systems, cellulose and lignin provide UV-blocking
properties, reduce moisture sensitivity, and reinforce mechanical strength under humid
conditions, offering a sustainable alternative to inorganic fillers (Dudeja et al., 2023; Oun et
al.,, 2022; Li et al, 2022; Cazon et al., 2019). Thus, the incorporation of lignin and
nanocellulose derived from DSM into PVOH matrix could produce active and sustainable

packaging materials for food application (Suganthi et al., 2020; Bahrami & Fattahi, 2021).

The increasing global population and changing dietary habits have significantly raised the
demand for fresh fruits and vegetables (Nian et al., 2024). Strawberries (Fragaria ananassa),
valued for their nutritional benefits and economic importance, are highly perishable and
particularly susceptible to mechanical damage, moisture loss, texture softening, physiological

degradation, and microbial spoilage (Lan et al., 2019). These factors rapidly degrade

259



strawberry quality, posing challenges for marketing and distribution (He et al., 2024; Bertolo
et al., 2023). Although active packaging technologies using biopolymers infused with PVOH
have been explored to extend the shelf life of perishable products, their effectiveness in
maintaining the quality of strawberries and similarly perishable fruits over extended storage
periods remains limited. It is of practical importance to apply the active packaging materials
produced using lignin and nanocellulose from Ayurvedic spent materials (DSM as an example)

and PVOH to extend the shelf life of perishable fruits (e.g., strawberries) (Nian et al., 2024).

The role of lignin nanoparticles in stabilizing emulsions was established in our earlier research
(Abraham et al., 2024). This research investigates the effectiveness of cellulose and lignin
nanoparticles derived from Ayurvedic residues in developing PVOH-based active packaging
films infused with tea tree oil. The study evaluates the impact of these natural biopolymers on
the films' morphological, mechanical, and functional properties, as well as their ability to
extend the shelf life of perishable fruits. By exploring the utilisation of nanocellulose and lignin
from Ayurvedic spent materials, this work contributes to sustainability and offers a viable, eco-
friendly alternative to conventional plastics for food preservation.

6.2. Materials and methods

6.2.1. Raw material selection and source

The Dashamoola Spent Material (DSM) utilized in the research was generously supplied by
Arya Vaidya Sala, located in Kottakal, Malappuram, Kerala, India (M/s. AVS Kottakal Ltd).
6.2.2. Chemicals and reagents

Analytical-grade sodium hydroxide (NaOH), sodium chlorite (NaClO:), hydrochloric acid
(HCI), and glacial acetic acid (CH;COOH) were obtained from HiMedia, India. Petroleum
ether was acquired from Sisco Research Laboratories Pvt. Ltd. (SRL), India. Cellulose powder
(CAS number 9004-34-6, SCP), glycerol, 2,2-diphenyl-1-picrylhydrazyl (DPPH), and

polyvinyl alcohol (Mw: 89,000-98,000 Da, fully hydrolyzed) were sourced from Sigma-
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Aldrich Pty Ltd. (New South Wales, Australia). Tea tree oil (TTO) from Thursday Plantation
was purchased from a local Chemist Warehouse outlet (Melbourne, Australia). Antibacterial
assays were performed using the LB broth dilution method on E. coli strain 25922, sourced
from New England Biolabs. All other reagents used in this study were of analytical-grade and
supplied by Sigma-Aldrich Pty Ltd. (New South Wales, Australia).

6.2.3. Fruit selection

Strawberries (Fragaria ananassa) were selected as a representative fruit. Freshly harvested
(within one day), the strawberries were sourced directly from Coles, Bundoora, Melbourne,
Australia. The fruits were chosen based on uniform shape, size, colour, and absence of physical
damage. After selection, the strawberries were gently washed with deionised water, dried using
clean paper towels, chilled at 4 + 1°C and 80 + 5% relative humidity (RH), and used
immediately.

6.2.4. Nano cellulose (NCP) and nano lignin (LNP) extraction from DSM

The compositional analysis of DSM was conducted following the National Renewable Energy
Laboratory (NREL) protocol (Ruiz and Date, 1996) and reported in our previous paper
(Abraham et al., 2024). The isolation of cellulose from DSM was adapted from the
methodologies outlined by Silvério et al. (2013) and Dingel Kasapoglu et al. (2023), with slight
modifications to suit the material. DSM was initially dried at 40 °C in a hot air oven and then
ground into fine powder. This powder was suspended in a 1% NaOH solution with a 10% w/v
loading and autoclaved at 121 °C for 1 h. After cooling to room temperature, the solid was
separated from the liquid using cheesecloth and retained for further processing. The solid
residue underwent acid treatment with 4% H2SOs in an autoclave for 1 h. This process was
repeated three times to ensure the removal of hemicellulose and partial lignin. Afterward, the
acid-treated residue was cooled, centrifuged at 5000 x g for 15 min, and thoroughly washed

with water until a neutral pH was achieved.
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For bleaching, an equal volume mixture of 1.7% w/v NaClO: and an acetate buffer (pH-4.5)
was used. The acetate buffer was prepared by dissolving 2.7 g of NaOH and 7.5 mL of glacial
acetic acid in 100 mL of distilled water. The solid residue was treated with the bleaching
solution at 80 °C for 3 h, until a uniform colour was achieved. After bleaching, the residue was
cooled, centrifuged at 5000 x g for 10 min, and washed until neutral pH. Finally, the bleached
residue was freeze-dried at —80 °C and 10 Pa, yielding fine cellulose powder. A planetary ball
mill (Pulverisette, Fritsch, Germany) operating at 300 rpm, with zirconium dioxide (ZrO2)
containers (50 mL) and ZrO: balls (10 mm), was used to reduce the size of the extracted
cellulose. The milling process was conducted in an argon environment to prevent oxidation
and consisted of 23 cycles, with each cycle lasting 5 minutes followed by a 10-minute gap to
prevent overheating. The cellulose powder composition was determined using the NREL
method. The resulting nanocellulose powder (NCP) was stored in zip-lock pouches for further

experimental analyses.

The procedure for the extraction and characterization of lignin nanoparticle (LNP) from DSM
is detailed in our previous work (Abraham et al., 2024). Briefly, lignin was extracted from
Dashamoola spent material (DSM) through alkaline hydrolysis followed by acid precipitation.
The precipitated lignin was purified and processed into nanolignin using ball milling. The
nanolignin particles were characterized for their size, morphology, and surface properties using
techniques such as dynamic light scattering (DLS), Fourier-transform infrared spectroscopy
(FTIR), and nuclear magnetic resonance (NMR). These methods confirmed the structural
features, including B-O-4 linkages and guaiacyl, syringyl, and p-hydroxyphenyl units, as well

as the thermal stability and surface charge characteristics essential for its potential applications.

6.2.5. Characterization of NCP

6.2.5.1. Particle size and zeta potential of NCP
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The particle size of the NCP was measured using a dynamic light scattering method
(Mastersizer 3000, Malvern Instruments Ltd., Malvern, UK). Samples were diluted in distilled
water (pH 7) and agitated at 200 rpm for thorough dispersion. For Zeta potential analysis, the
NCP samples were diluted 100 times using Milli Q water prior to measurements. The pH of
the NCP aqueous solution is 7. The Zeta potential was measured with a Zetasizer (Nano-ZS,
Malvern Instruments Ltd., Malvern, UK).

6.2.5.2. Observation of microstructure

The microstructure of the NCP was examined using a scanning electron microscope (SEM-
Quanta200, Philips XL-30, Philips, Eindhoven, the Netherlands). The NCP powder samples
were placed on silicon wafer pieces mounted on aluminium stubs using double-sided adhesive
conductive carbon tape. The specimens were coated with a thin layer of iridium using a sputter
coater to improve conductivity and to prevent the development of electrical charge in the
samples during imaging. The SEM measurements were conducted at an acceleration voltage of
0.7 kV.

6.2.5.3. Functional group analysis of NCP using FTIR

FTIR analysis of NCP and Standard Cellulose Powder (SCP) was performed using an FTIR-
ATR spectrometer (Perkin Elmer, USA). Spectra were recorded from 4000 to 1000 cm™* with
a 4 cm™ resolution, allowing comparison of the functional groups in NCP and SCP. A total of
64 scans were recorded and averaged for each sample.

6.2.5.4. Thermal degradation of NCP

Thermal gravimetric (TG) analyses of NCP and SCP were carried on a TA Q50 instrument.
Sample (10 mg) was placed in the alumina crucible, heated in the temperature range 40-500 °C
at a heating rate of 10 °C min™! in the presence of nitrogen (Moustaqim et al., 2018). The weight
loss (%) versus temperature data were recorded.

6.2.5.5. Surface composition of NCP
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X-ray photoelectron spectroscopy (XPS) was used to determine the surface compositions of
NCP and SCP. A PHI 5000 Versa Probe II (ULVAC-PHI Inc., USA) was employed to analyse
the oxygen-to-carbon (O:C) ratio, which provides insights into the percentage of lignin on the
surface. The analysis was carried out using a micro-focused (200 pm, 15 kV) monochromatic
Al-Ko X-ray source (hv = 1486.6 ¢V) (Mou et al., 2013).

6.2.5.6. Crystalline and amorphous content of NCP

The wide-angle X-ray diffraction (WAXD) analysis was performed using a Xenocs' XEUSS
SAXS/WAXS instrument in transmission mode to analyse the amorphous and crystalline
content of NCP and SCP. Cu Ko radiation at 50 kV and 0.6 mA with a wavelength of 1.54 A
was used. The 2D diffraction patterns were captured on a Mar345 image plate and analysed
using Fit2D software. The degree of crystallinity was calculated as the ratio of the intensity of
the crystalline peak to the total intensity, according to the method described by Sindhu et al.
(2011).

6.2.6. Preparation and characterization of emulsions

NCP and LNP extracted from DSM were used to prepare emulsions with tea tree oil (TTO) as
the oil phase, designated as C_ TTO and L_TTO, respectively. An emulsion was also prepared
using a combination of NCP (C) and LNP (L) with TTO as the oil phase, designated as
CL _TTO. NCP, LNP, and their combination were mixed with TTO at specified concentrations:
4% w/v for C, 4% w/v for L, and 2% w/v each of C and L for CL, along with 16% w/v TTO in
each emulsion. These mixtures were stirred at 35°C for 60 min at 300 rpm, followed by
sonication (10 s on/off, 5 min, 50% amplitude) to obtain the final emulsions (Abraham et al.,
2024).

6.2.6.1. Particle size and zeta potential

The particle (droplet) size and Zeta potential of the above-mentioned emulsions were measured

using the Zetasizer (Nano-ZS, Malvern Instruments Ltd., Malvern, UK) at 25°C, as described
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in section 6.2.5.1. The emulsion samples were diluted 10 times using Milli Q water for both
particle size and Zeta potential measurements.

6.2.7. Film casting preparation

A polyvinyl alcohol (PVOH) solution was prepared by dissolving PVOH in water to achieve a
concentration of 3% w/v. The PVOH solution was then blended with 1% w/v glycerol and
stirred at 80 °C and 500 rpm for 60 min to ensure uniform mixing of glycerol with PVOH, as
glycerol acts as a plasticiser. Each of the emulsion (C_TTO, L. TTO, or CL_TTO) was then
added to the PVOH-glycerol solution and the mixture was stirred at 35°C for 60 min with a
magnetic stirrer set at 300 rpm. To achieve homogeneity, the mixture was further homogenized
using an IKA T25 Ultra Turrax homogenizer (Wilmington, USA) for 3 min at 5000 rpm and
then probe-sonicated for 2 min (10 s on, 10 s off, at 50% amplitude). Finally, the solutions were
degassed to remove entrapped air bubbles. Table 6.1. Shows the composition or formulation
of the films.

The final step involved casting 15 mL of each mixture into a 10-cm diameter acrylic Petri dish
and drying at room temperature (25 = 2°C) for 48 h. The films were then conditioned over
saturated magnesium chloride to achieve a constant relative humidity (RH-53%) environment
before further testing or characterization (He et al., 2023). The resulting films, PVOH, PVOH-
C TTO, PVOH-L TTO, and PVOH-CL TTO, had total solid contents of 4% (w/w) as

indicated in Table 6.1.

Table 6.1: Preparation ratio PVOH, PVOH-C _TTO, PVOH-L TTO, and PVOH-CL TTO

Code PVOH Glycerol Cellulose (C) Lignin TTO Total
(%) (%) (%) (L) (%) content
(%) (%)
PVOH 3.0 1 0 0 0 4
PVOH-C TTO 2.8 1 0.04 0 0.16 4
PVOH-L TTO 2.8 1 0 0.04 0.16 4
PVOH-CL TTO 2.8 1 0.02 0.02 0.16 4
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6.2.8. Characterization of films

6.2.8.1. Thickness of films

The thickness of the films was measured using a digital micrometer (Mitutoyo, Japan, precision
up to 0.01 mm). Measurements were taken at 5 different locations on each film and averaged
to ensure accuracy.

6.2.8.2. Water contact angle analysis

The water contact angle (WCA) was measured to evaluate the surface hydrophobicity of the
films using an OCA-20 Contact Angle System (Data Physics Instruments, Germany) equipped
with a Basler high-resolution camera. Rectangular film samples (20 mm x 80 mm) were
positioned horizontally, and a 1 pL water droplet was applied to the surface. The WCA was
determined by averaging the left and right angles from digital images, with at least ten
measurements taken and averaged per film. All experiments were conducted at room
temperature.

6.2.8.3. Water vapour transmission rate (WVTR)

The water vapour permeability of the films was measured using a Permatran-W system
(Mocon, Minneapolis, USA) at 22 + 1 °C. The wet side relative humidity (RH) was maintained
at 80%, with a gradient of 70% RH across the films.

6.2.8.4. Measurement of colour parameters

The colour profile of the films was measured using a Chroma Meter CR—400 (Minolta, Japan)
in terms of lightness (L*; black to white), redness (a*; green to red), and yellowness (b*; blue
to yellow). The instrument was calibrated using a standard white plate, and measurements were
taken at three points on each film. The total colour difference (AE) was calculated using

equation (1) (Martinez-Alvarenga et al., 2014).

- * * 2 * * 2 * * 2
AE= (Lﬁlm'Lstandard ) +(aﬁlm'astandard ) +(bﬁlm'bstandard ) (1)
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6.2.8.5. Micro structure analysis

The microstructure of the films, including both surface and cross-sectional views, was analyzed
using scanning electron microscopy (SEM), as described in section 2.5.2. Film samples,
measuring approximately 5 mm x 5 mm, were mounted on aluminium stubs with conductive
carbon tape and coated with a thin layer of iridium to enhance conductivity and prevent
charging during imaging (He et al., 2023).

6.2.8.6. Measurement of mechanical properties

The mechanical properties of the four different of the films, including tensile strength,
elongation at break, and Young's modulus, were determined using an Instron universal testing
machine (model 4467, Instron Corporation, Massachusetts, USA) equipped with a 100-kN load
cell. Data collection and analysis were performed using Bluehill software. Film strips, cut to
approximately 5 mm x 50 mm, were conditioned at 53% RH for 48 h, following the ASTM
D1708 standard. During the tensile test, each strip was placed between two clamps with an
initial grip separation of 22 mm and subjected to a crosshead speed of 10 mm/min
(Oladzadabbasabadi et al., 2024).

6.2.8.7. Thermal degradation of films

Thermal degradation of the films was determined using a thermogravimetric (TG) analysis, as
described in section 6.2.5.4. Film samples (10 mg) were heated from 40 to 500 °C at a rate of
10 °C/min under nitrogen purge. The weight loss (%) versus temperature data were recorded,
and DTG (Derivative Thermogravimetry) was also evaluated.

6.2.8.8. Thermal characteristics of films

Differential scanning calorimetry (DSC) was used to evaluate the thermal behavior of the films,
specifically focusing on the glass transition temperature (Tg). Measurements were performed
using a DSC Q2000 (TA Instruments, USA). Approximately 3.0 mg of the film sample was

placed into pre-weighed aluminium pans. The samples were heated from 25 °C to 95 °C at a
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rate of 10 °C/min under a nitrogen environment. The onset temperature (To), peak temperature
(Tp), and conclusion temperature (Tx) were determined using the Fit2D software (Abraham et
al.,2024).

6.2.8.9. Crystalline and amorphous content of films

The crystalline and amorphous contents of the films were determined using wide-angle X-ray
diffraction (WAXD), as described in section 6.2.5.6.

6.2.8.10. Film transparency

The UV—Vis transmission through the films was measured across the 200-800 nm wavelength
range using a UV-Vis spectrophotometer (UV-2600, Shimadzu, Kyoto, Japan). Film samples
were cut to dimensions of 1.5 x 3 cm?, and the absorption spectrum was recorded within the
specified range (He et al., 2023).

6.2.8.11. Antioxidant properties of films

Antioxidant activity of the films was determined using DPPH scavenging activity. Film sample
of 900 mg dipped in 18 mL of methanol and incubated at 25°C for 1 h with stirring (150 rpm).
One mL of this methanolic extract was mixed with 2 mL of 0.06 mM DPPH solution and
vortexed. The mixture was incubated in dark for 30 min at room temperature (25 £ 2°C).
Absorbance was measured at 517 nm using a UV—vis spectrometer (Abraham et al., 2020). A
control sample with methanol and DPPH was prepared, and antioxidant activity (%) was

calculated using Equation (2).

Absorbance of control—Absorbance of film sample

DPPH activity (%) = (

) * 100 )

Absorbance of control

6.2.8.12. Antibacterial assays of films
Antibacterial activity of the films was assessed using the LB broth dilution method against
Escherichia coli strain 25922 (New England Biolabs). LB broth was prepared by dissolving

10 g/L tryptone, 5 g/L yeast extract, and 10 g/L NaCl in distilled water, and the pH was adjusted
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to 7.0. The medium was sterilized by autoclaving at 121°C for 15 min. After cooling, E. coli
was cultured in the LB broth overnight at 37°C with shaking at 100 rpm. Two mL of LB broth
was added to each well of sterile 24-well plates, and film samples (1.5 cm x 1.5 cm) were
transferred to the wells. A bacterial suspension (50 uL, 10° cells/mL) was inoculated into each
well, with bacteria-only wells serving as controls. Bacterial growth was monitored over 18 h
at 37°C with shaking at 100 rpm, and optical density was measured at 600 nm using a UV-Vis
spectrophotometer.

6.2.9. Assessment of preservation effect on strawberry

The preservation performance of of the films on strawberries wrapped on them was evaluated
at room temperature (22 + 2°C) and under chilling condition (4 = 1°C). Observations were
recorded at room temperature on days 0, 2, and 4, while those under refrigeration were recorded
on days 4, 8, and 14 (Lan et al., 2019). The assessed films for their ability to extend the shelf
life of strawberries included plain polyvinyl alcohol (PVOH), and PVOH containing Pickering
emulsion produced using NCP (C) and LNP (L) tea tree oil (PVOH-CL TTO). Unwrapped
strawberries (UW) were used for comparision.

6.2.9.1. Colour analysis of strawberry

The colour parameters of strawberries, unwrapped (UW) and wrapped in PVOH and PVOH-
CL _TTO films, were measured using a chromameter CR—400. Measurements were taken at
three random spots and the average L*, a*, and b* were recorded as described in section 2.8.4.
6.2.9.2. Hardness of strawberry

The hardness of strawberry samples was assessed using a texture analyzer (TA-XT2i, Stable
Micro Systems) with a 50 kg load cell. The fruit samples were positioned on the platform to
allow a 5 mm diameter aluminium probe to pierce the shoulders. A compression test was
performed, and hardness was defined as the force (N) required to penetrate 50% of the sample

height at a speed of 1 mm/s. The texture profile analysis (TPA) involved a two-cycles, with
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pre-test, test, and post-test speeds of 5 mm/s, 1 mm/s, and 8 mm/s, respectively. Firmness was
reported as the maximum force during the first compression.

6.2.9.3. pH of strawberry

A strawberry sample weighing 5 g was homogenised with 50 mL of distilled water and then
filtered through a paper filter or muslin cloth. The pH of the filtrate was measured using a pH
meter (Microprocessor Meter, HANNA Instruments, Romania)

6.2.10. Statistical analysis

Experiments were conducted in triplicate unless otherwise specified. Results are presented as
mean values + standard deviation (SD). Statistical analysis was performed using one-way
analysis of variance (ANOVA) followed by Tukeys multiple comparison test, utilizing
GraphPad Prism 5.0 and Microsoft Excel (2007). A 95% confidence level (p < 0.05) was used
to determine significant differences between mean values.

6.3. Results and discussion
6.3.1. Characterisation of extracted lignin and cellulose from DSM

The lignocellulosic biomass of DSM used in this work contained 39.1% cellulose, 30.6%
hemicellulose, and 27.9% lignin (Abraham et al., 2024). In our previous studies (Abraham et
al., 2024), lignin was successfully isolated from DSM and converted into lignin nanoparticles
(LNP) with a molecular weight of 14.42 kDa, which was comparable to that of commercial
LNPs. The LNPs, produced using planetary ball milling to a size of 496.4 nm, demonstrated
stability at pH 8.0 with a zeta potential of -32.0 mV. The authors (Abraham et al., 2024) used
these LNPs as Pickering particles to produce oil-in-water (O/W) emulsion of sunflower oil,
which remained stable for 90 days at room temperature. In this work, we further extracted NCP
from DSM and characterised it. O/W emulsions of tea tree oil were produced using LNP and

NCP, both separately and in combination.
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The NCP powder obtained from DSM had a particle size of 493.6 nm (Fig. 6.1a) and a zeta
potential of -30.9 mV. These values close to the size and surface charge of commonly reported
cellulose nanoparticles (Li et al., 2022; Haque et al., 2021). Its purity was determined to be
93.7% cellulose and 4.9% hemicellulose, confirming the effective isolation of cellulose

nanoparticles.

The SEM image in Fig. 6.1c represents the NCP obtained from the extracted cellulose (Fig.
6.1D) after planetary ball milling. As shown, the figures reveal morphological changes induced
by the mechanical treatment. Fig. 6.1c depicts a more fragmented and irregular particle
structure compared to the fibrillar network observed in Fig. 6.1b. This indicates that ball milling
effectively reduced particle size and disrupted the cellulose fibres, resulting in smaller, more
irregular particles. This level of reduction in size increases the surface area, which is beneficial
for applications requiring enhanced reactivity or better dispersion in composite matrices
(Nagarajan et al., 2019). The rougher surface morphology of these NCPs suggests potential for
improved bonding with other materials in nanocomposites, making them suitable for
applications such as emulsions and biodegradable packaging. FTIR data shown in Fig. 6.1d
highlights the key structural characteristics of standard cellulose powder (SCP) and NCP
powder, confirming the latter’s high purity. The absorption bands around 3340 cm™ and 1040
cm™! correspond to O-H and C-O stretching vibrations, which are typical of cellulose structures.
The absence of a peak at 1738 cm™ in NCP indicates the successful removal of lignin, while
the C=O stretching vibration associated with ester groups from hemicellulose confirms its
partial removal (Soni et al., 2015). Additionally, bands at 1641 cm™, attributed to adsorbed
water, and 1429 cm™', corresponding to CH» bending, further confirm the preservation of the
cellulose structure in NCP (Trilokesh et al., 2019). The close similarity between the FTIR

spectra of SCP and NCP indicates that the extraction of cellulose and its conversion into
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nanoform did not alter the cellulose structure, making NCP suitable for applications in

emulsions, biocomposites, and packaging (Li et al., 2019).

Thermogravimetric analysis (Fig. 6.1e) reveals a distinct two-stage thermal degradation
process for both NCP and SCP. The initial weight loss, occurring below 125 °C, is attributed
to the evaporation of bound water—an inherent characteristic of cellulose fibers. This stage
underscores the hydrophilic nature of the material and its tendency to retain moisture. The
second, more significant weight loss between 260 °C and 350 °C corresponds to the
depolymerization of cellulose chains, a hallmark of cellulose thermal degradation. These
findings not only confirm the thermal behaviour of NCP and SCP but also provide insights into
their stability under elevated temperatures, a critical consideration for applications in
biocomposites or thermally resilient materials (Trilokesh et al., 2019). Above 400 °C, they
further degraded into inorganic char or ash similar to degradation of typical cellulosic materials
(Soni et al., 2015). NCP exhibited slightly lower moisture retention in the initial stage (5.2%
compared to 6.1% for SCP) and a marginally reduced weight loss during cellulose
depolymerization (63.4% compared to 65.8% for SCP), likely due to its higher purity compared
to SCP. The thermal stability of NCP was comparable to that of SCP, indicating its suitability
for high-temperature applications such as bio-composites, where resistance to thermal

degradation is critical (Li et al., 2019).

XRD analysis, shown in Fig. 6.1f, indicates that the NCP retains its semi-crystalline structure,
similar to SCP. The prominent peak at 22.5° 20 corresponds to the (002) plane, which is
characteristic of cellulose I. A secondary peak is observed near 18° 20, attributed to the (110)
plane, further confirms the cellulose I allomorph (Candido et al., 2017). The similar
crystallinity values observed in NCP and SCP indicate that the extraction and size reduction

processes effectively preserved the cellulose's natural structure—an essential factor for its
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functional applications. Crystallinity plays a key role in determining material properties such
as mechanical strength and barrier functionality, both of which directly influence performance

in bio-composites and packaging materials (Lu et al., 2012).
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Fig. 6.1. Characteristics of nanocellulose powder (NCP) obtained from Dashamoola Spent
Material (DSM): (a) particle size distribution, (b, ¢) SEM images with scale bars of 2 um at

%4500 magnification and 10 um at x1500 magnification, respectively, (d) FTIR spectra, (e)

TGA, and (f) XRD analysis.
6.3.2. Compositional analysis of NCP

X-ray photoelectron spectroscopy was used to assess the surface elemental composition and
chemical states of the extracted nanocellulose powder (NCP), and the data is shown in Fig. 6.2.
The survey spectra (Fig. 6.2a&b) for both standard cellulose and NCP revealed the
predominance of carbon and oxygen, the primary constituents of cellulose. In the high-
resolution Cls spectra (Fig. 6.2c&d), the extracted cellulose exhibited a peak at 284.72 eV,
corresponding to the C-C and C-H bonds, similar to standard cellulose (Zhang et al., 2020).

The minor shifts in binding energy likely resulted from slight changes in surface chemistry
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during extraction, possibly due to residual non-cellulosic substances or environmental
exposure. The Ols spectra (Fig. 6.2e&f) showed a peak at 532.62 eV, corresponding to
hydroxyl and ether groups. This peak exhibited a slight shift compared to standard cellulose,
suggesting surface interactions such as hydrogen bonding or electrostatic interactions that may
have occurred during the extraction process (Zhang et al., 2020). These results suggest that the
core chemical structure of cellulose remained largely intact in NCP with minimal surface

modifications (Anari et al., 2024).
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Fig. 6.2. XPS analysis of NCP obtained from Dashamoola spent material (DSM): (a) Survey
spectrum of SCP, (b) Survey spectrum of NCP, (c) Cls spectrum of SCP, (d) Cls spectrum of

NCP, (e) Ols spectrum of SCP, and (f) Ols spectrum of NCP.
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6.3.3. Emulsion preparation and characterization

LNP and NCP are shown to possess significant potential in forming stable emulsions (Abraham
et al., 2023; Zhu et al., 2021). Building on this information, O/W emulsions of tea tree oil
(TTO) as dispersed phase with LNP (2%) and NCP (2%) were fabricated as detailed in section
2.6, where oil phase was 16%. The characteristics of emulsion stabilized by of NCP (i.e., C-
TTO), LNP (i.e., L TTO), and their combination (i.e., CL_TTO) are presented in Table 6.2.
The particle size data revealed that C_ TTO exhibited comparatively larger average particle size
(620.9 nm) to that of L TTO (593.2 nm) and CL_TTO (585.9 nm), suggesting that lignin may
contribute to produce finer emulsions. The combination yielded the smallest particle size, as
observed in CL_TTO, suggesting that this pairing is beneficial and could lead to the formation
of more stable emulsions, which are desirable for producing active packaging films (Li et al.,
2025; Pandita et al., 2024).

Zeta potential data also indicated that the combination was beneficial as CL__TTO (-39.4 mV)
had the highest magnitude followed by L. TTO (-35.7 mV) and C_TTO (-32.6 mV). Higher
magnitudes of zeta potential generally correlate with better emulsion stability due to higher
electrostatic repulsion. The highest negative charge observed in CL_TTO aligns with its
smallest particle size, this formulation would produce emulsion with higher stability (Pandita

et al., 2023; Bai et al., 2018).

The polydispersity index (PDI) values, presented in Table 6.2, follow a similar trend. CL_TTO
exhibited the lowest PDI, L _TTO fell in between, and C_TTO showed the highest. Lower PDI
values indicate a narrower size distribution, which typically leads to higher stability. These
findings align with recent studies that show combining biopolymers with emulsifying
properties can enhance the stability of emulsions (Rehman et al., 2024). Photographs of these
emulsions (Fig. 6.3) confirm that there was no phase separation in these emulsions. This high

level of stability is promising for developing clear, stable active packaging films infused with
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potent essential oils (He et al., 2023). Further, TTO infused bioactive PVOH films were

developed using NCP, LNP and their mixtures as Pickering emulsifiers.

Table 6.2: Particle size, PDI and Zeta of emulsion tea tree oil with cellulose (C_TTO), lignin

(L_TTO), and their combination (CL_TTO)

Emulsions C_TTO L_TTO CL_TTO
Size (nm) 620.85 + 10.38¢ 593.19 + 8.57° 585.89 & 4.08°
PDI 0.511 +0.012 0.491 + 0.05 0.409 + 0.01°
Zeta (mV)  -32.55+0.89° -35.74 +0.92 -39.39 + 0.43¢

Small letters indicate significant difference between the samples

C-TT0 || L-TTO - CL-ITO i&.\{ | Nano-cellulose (C)
i | —_? Nano-lignin (L)
1] Tea tree oil (TTO)

M

Fig. 6.3. Visual images of tea tree oil emulsions with cellulose (C_TTO), lignin (L_TTO), and

their combination (CL_TTO), taken 5 minutes after preparation. A graphical representation of

the CL_TTO emulsion is also shown.

6.3.4. Essential oil infused bioactives PVOH film and its characterization

Bioactive films were prepared using PVOH as the main matrix and infused with emulsified
TTO essential oil. NCP, LNP, and their combinations, described above, served as Pickering
emulsifiers. The films were then prepared by solution casting, as detailed in Section 6.2.7.

Characterisation of these films examines how the infused C TTO, L TTO, and CL_TTO
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emulsions influence their structural, mechanical, and functional properties, providing insights

into the modifications imparted by lignin and cellulose within the PVOH matrix.

6.3.4.1. Physical properties of films

The thickness of the films (Table 6.3) showed a gradual increase across PVOH, PVOH-
C _TTO, PVOH-L_TTO, and PVOH-CL_TTO films. Given the total non-water content, the
addition of cellulose, lignin, and tea tree oil increased the thickness of these films. Thickness
of films is an important parameter as it impacts their tensile strength and flexibility.

WVTR, which indicates a film’s moisture barrier property, was highest in the PVOH film
(349.3 g/m?-day). WVTR significantly decreased in the PVOH-CL TTO film (170.7
g/m?-day), likely due to the presence of cellulose-lignin matrix, which creates a more complex
diffusion path for water vapour enhancing barrier properties. In comparison, Zhou et al. (2022)
reported a higher WVTR of 1400.6 g/m?-day for PVOH films containing chitin and lignin,
while Lingait et al. (2024) reported a WVTR of 562.3 g/m?-day for PVOH films with pectin.
These findings indicate that incorporating cellulose and lignin nanoparticles into PVOH-

CL_TTO active films creates a more effective moisture barrier than similar composite films.

In contact angle measurements, values < 90° indicate hydrophilicity, while values > 90°
indicate hydrophobicity. The PVOH film had a contact angle of 50.1° indicating its hydrophilic
nature. The incorporation of NCP and LNP increased the contact angle of the films by 8°
(PVOH-C _TTO) and 14° (PVOH-L _TTO). The combination of NCP and LNP increased the
contact angle by 20° (PVOH-CL_TTO). These films remained hydrophilic in nature. Studies
have reported contact angle values of 60° for lignin-containing PVOH films with a lignin
content of 5% (Phansamarng et al., 2024) and 51° for PVOH films containing nanocellulose
and Fe*" together (Ren et al., 2024). The findings on WVTR and WCA suggest that the

combined incorporation of NCP and LNP in PVOH films significantly enhances water
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resistance, making them more resistance to water vapour transport and increase water
repellence.

Colour analysis revealed significant changes in the optical properties of the PVOH films with
the addition of NCP and LNP, and essential oils. As shown in Table 6.3, the control PVOH
film had the highest L* value, indicating a lighter, more transparent appearance. In contrast,
the LNP containing film (e PVOH-L_TTO) had the lowest L* value (81.3) indicating its darker
hue attributed to lignin’s natural chromophores, such as phenolic and carbonyl groups (Liu et
al., 2024). This shift was accompanied by increased a* and b* values, producing a richer colour
and enhancing the film's visual appeal.

The total colour difference (AE) also increased when LNP and NCP and essential oils were
present in the films compared that the control film. This light dark hue was not only
aesthetically pleasant but also added a light-shielding effect, potentially protecting packaged
products from light-induced oxidative damage (Liu et al., 2024). Similar colour changes have
been reported in k-carrageenan films containing fenugreek extract (Farhan and Hani, 2020).
These optical enhancements, combined with improved water vapour barrier properties, make
these films more suitable than PVOH films to be used in moisture-sensitive packaging where

both functionality and aesthetics are essential.
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Table 6.3: Properties of PVOH-based films with tea tree oil, cellulose, and lignin, including
thickness, contact angle, WVTR, colour parameters (L*, a*, b*), and total colour difference

(AE).

PVOH PVOH-C_TTO PVOH-L_TTO PVOH-CL_TTO

Thickness 60.00 = 10.00*  70.00 £10.00* 80.00 £10.00* 80.00 + 10.00?

(nwm)

Contact 50.124+2.95%  58.43 +0.90° 64.13 £ 1.26¢ 70.53 + 0.904
angle (°)

WVTR 349.34 £3.06¢ 191.42 +4.08° 183.15+£2.42b 170.71 £ 2.572
(g/m?*-day)

L* 91.89+0.17¢  89.48 £0.37° 81.27 +1.76% 85.89 £ 0.84°
a® 0.76 £ 0.042 1.15+0.02° 471 +£0.114 2.25+0.01¢
b* 0.19+0.04° 0.43+0.18° 9.87 £0.724 5.62+0.13¢
AE 2.45+0.828 13.00 + 0.54¢ 6.74 £ 0.69°

Data are presented as mean =+ standard deviation (n = 3) and the different superscripted

alphabets in the same row indicate significant differences (p < 0.05) between the samples.
6.3.5. Surface morphology of films

The photographic images of the films (Fig. 6.4a) show a noticeable increase in opacity from
the pure PVOH film to those containing NCP, LNP, and essential oil. The pure PVOH film
appears highly transparent, reflecting its smooth and homogenous structure. The PVOH-
C _TTO film showed only slight increase in opacity, indicating that the NCP does not introduce
significant changes in transparency and opacity. The PVOH-L_TTO film exhibited the highest
increase in chromaticity and opacity, attributed to the relatively higher concentration of LNP,
which imparts its own distinct colour. he opacity and colour variation of the PVOH-CL_TTO
film remained between those of PVOH and PVOH-L TTO, suggesting that the colouring
component originated from LNP, albeit at half the concentration present in PVOH-L_TTO.

These alterations in colour and transparency underscore the impact of incorporating additives
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on both the aesthetic and functional properties of the films, with potential implications for light
transmission and barrier performance (Phansamarng et al., 2024; Ren et al., 2024).

SEM images (Fig. 6.4b) provided further insight into the surface morphology of the films. The
pure PVOH film showed a smooth, uniform texture, indicating a pristine polymer matrix. In
contrast, the PVOH-C_TTO and PVOH-L_TTO films exhibited rougher surfaces, with visible
particle distributions suggesting the presence of additives within the PVOH matrix. This
surface roughness is likely caused by phase separation, where the additives disrupt the matrix
continuity, resulting in a textured surface. Such microscale surface variation is important in

modulating surface wettability (Ren et al., 2024; Phansamarng et al., 2024; Zhang et al., 2021)

The cross-sectional SEM images (Fig. 6.4c) revealed distinct difference in the internal structure
among the films. The pure PVOH film demonstrated a dense and uniform cross-section,
indicating tightly packed polymer chains. In contrast, the PVOH-C TTO film exhibited a
stratified structure, indicative of layered microphase separation, while the PVOH-L_TTO film
shows an eroded, uneven structure, likely due to lignin's tendency to aggregate within the
matrix. The PVOH-CL_TTO film exhibited a three-phase microstructure, where interactions
between PVOH, cellulose, and lignin produced a rough, layered internal structure. These
morphological features, driven by polymer-additive interactions, give rise to the unique
mechanical and barrier properties of the composite films (Zhang et al., 2021; Wang et al.,

2024).

Mechanical flexibility tests (Fig. 6.4d) of the PVOH-CL_TTO film showed that it maintained
its structural integrity under bending, stretching, twisting, and folding stresses without tearing
or permanent deformation. These properties are essential for packaging applications, where
materials must withstand mechanical forces during handling and transportation (Wang et al.,
2024). The robust performance of PVOH-CL _TTO in these tests reinforces its suitability for

use as a flexible packaging material.

280



PVOH-C_TT
T Ty

a) Visual Image ;

b) Surface

¢) Cross section

d) PVOH-CL_TTO

Fig. 6.4. Analysis of Polyvinyl Alcohol (PVOH) treatments showing (a) photographic
appearance, (b) surface morphology with a scale bar of 50 pm at x1500 magnification, (c)
cross-sections with a scale bar of 300 pm at X250 magnification, and (d) mechanical flexibility

tests, including bending, stretching, twisting, and folding.

6.3.6. Mechanical properties of films

The mechanical properties of PVOH films, both with and without NCP, LNP, and TTO,
demonstrate their considerable potential for active packaging applications. As shown in Fig.
6.5a, the stress-strain behaviour of these films revealed that PVOH-C TTO exhibited
significant robustness, withstanding a stress of up to 6.34 MPa before failure. This 20%
increase of tensile strength over the unmodified PVOH film suggests that cellulose
reinforcement significantly improves the load-bearing capacity of PVOH, making it suitable

for packaging applications (Pirsa, 2024).
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The Young's modulus (Fig. 6.5b) of PVOH-C_TTO film was the highest (48.78 MPa). This
represents a substantial increase from the modulus of pure PVOH (24.75 MPa), indicating that
the addition of cellulose creates a more rigid material, ideal for applications requiring resistance
to deformation. Conversely, the PVOH-L TTO and PVOH-CL _TTO composites exhibited
lower moduli of 25.13 MPa and 34.92 MPa, respectively, suggesting a softer material that

could be more appropriate for wrapping, where some flexibility is required (Li et al., 2022).

The elongation at break values (Fig. 6.5c), further illustrated the ductility of the PVOH
composites. PVOH-L TTO and PVOH-CL_TTO displayed remarkable elongation at break
values of 100.04% and 102.27%, respectively—considerably higher than the 61.93% of the
standard PVOH film. This level of flexibility allows the material to absorb impacts during
transportation, reducing the likelihood of damage to packaged goods, which is particularly

advantageous for fragile items (Akelah, 2013).

The tensile strength (Fig. 6.5d) data of the films showed that PVOH-C _TTO film had the
highest tensile strength. Although PVOH-L TTO and PVOH-CL TTO had slightly lower
tensile strength values. Thus, the NCP an LNP extracted from DSM improve the mechanical
properties of PVOH, creating flexible packaging materials more suitable in food applications.
The incorporation of essential oil (e.g., tea tree oil) imparts antibacterial properties (Section

6.3.8) without compromising the mechanical properties of these films (Borges et al., 2024).
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Fig. 6.5. Mechanical profiles of PVOH composites (a) Stress-strain curves (b) Young's

modulus (c) Elongation at break and (d) Tensile strength.
6.3.7. FTIR, thermal properties and UV transmittance of films

The FT-IR spectra of PVOH films and with and without NCP and LNP shown in Fig. 6.6a
provide key structural insights. The PVOH film exhibited characteristic asymmetric stretching
vibrations of the hydroxyl (-OH) and methylene (CH2) groups at around 3302 cm™ and
2941 cm™'. These peaks shifted in the spectra of PVOH containing, NCP and LNP individually
and in combination, indicating interactions between PVOH and NCP, LNP and tea tree oil.
Notably, PVOH-L TTO showed strong absorption IR due to aromatic skeletal vibrations and
C-H stretching in the 1600-1500 cm™ and 1460 cm ™ regions, consistent with lignin's structure.
The presence of cellulose in PVOH-C_TTO introduced notable changes in the fingerprint
region (1200-900 cm™), where the C-O-C pyranose ring skeletal vibrations are observed
(Szymanska-Chargot et al. 2015). The broad band around 3300 cm™, associated with the -OH

stretching of cellulose and PVOH, indicated formation of intermolecular hydrogen bonding
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(Zhang et al. 2011). In PVOH-CL_TTO, the spectrum is more complex due to interactions
between lignin's aromatic structure and cellulose's hydroxyl groups, with additional influence
from tea tree oil components such as terpinen-4-ol. These shifts reflect changes in the hydrogen

bonding network that would impact the film’s physical properties (He et al., 2023).

The thermogravimetric analysis (TGA) shown in Fig. 6.6b captures the thermal degradation
behaviour of PVOH films with or without NCP, LNP and tea tree oil. The pure PVOH film
showed a single-stage degradation starting around 300°C, with complete decomposition
occurring by 400°C. In contrast, the PVOH-C _TTO film began to lose weight at a lower
temperature (~250-260°C), likely due to the volatilization of tea tree oil components, with
cellulose contributing to gradual weight loss beyond this point (Wang et al., 2021). The PVOH-
L TTO film exhibited lesser overall weight loss. It had a higher residual mass above 30%,
attributable to lignin's tendency to form a char rather than volatilizing. The PVOH-L_TTO film
was thermally stable up to 500°C compared to other films. The PVOH-CL_TTO film showed
similar behaviour in terms of initial weight loss followed by lignin's char formation. These
results highlight the fact that the NCP and LNP obtained from DSM can help produce thermally

stable biodegradable active packaging.

The differential thermal gravimetric (DTG) analysis (Fig. 6.6c) further elucidates the
decomposition profiles of these films. The pure PVOH film showed a sharp peak around
300°C, typical of its semi-crystalline structure (Bascon-Villegas et al., 2021). The addition of
cellulose and tea tree oil in PVOH-C_TTO lowered the onset of thermal degradation to around
250°C, with another peak indicating that cellulose component was thermally stabile up to
~350°C (Wang et al., 2019). The broader DTG peak for PVOH-L_TTO (270-330°C) suggested
to a staggered degradation, likely due to lignin’s amorphous structure. The PVOH-CL _TTO
composite exhibited a multi-modal DTG curve, suggesting sequential degradation of tea tree

oil, cellulose, and lignin (Bascon-Villegas et al., 2021).
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The Differential Scanning Calorimetry (DSC) analysis (Fig. 6.6d) illustrates the thermal
transitions of PVOH-based films with NCP, LNP, and TTO. Pure PVOH exhibited a Tg of 85-
90°C and a melting peak at 220-230°C, reflecting its semi-crystalline structure (Bascon-
Villegas et al., 2021). The PVOH-C_TTO film showed a lower Tg (70-75°C) due to the
plasticizing effect of TTO and a broad melting peak near 200-210°C, indicating disrupted
crystallinity caused by cellulose (Wang et al., 2021). The PVOH-L_TTO film had a higher Tg
(95-100°C) and a melting peak at 225-235°C, showing restricted polymer chain mobility and
improved stability due to lignin. The PVOH-CL_TTO film exhibited intermediate thermal
behaviour, with a Tg around 80-85°C and endothermic events at 180-200°C (cellulose) and
220-230°C (PVOH). These results highlight lignin's stabilizing effect and TTO's flexibility-
enhancing properties, making PVOH-CL TTO suitable for active packaging applications

(Wang et al., 2021; Bascon-Villegas et al., 2021).

X-ray diffraction (XRD) patterns in Fig. 6.6e show the structural shifts in the PVOH
composites. Pure PVOH exhibits sharp peaks at 26 values around 19.5° and 40.5°, indicative
of its semi-crystalline nature (Abdelghany et al., 2019). The PVOH-C_TTO sample reveals
reduced peak intensity, suggesting decreased crystallinity due to hydrogen bonding disruptions
by cellulose (Lu et al., 2012). PVOH-L_TTO displays slight peak broadening, particularly near
22°, indicating a less ordered structure due to lignin's amorphous nature. The PVOH-CL_TTO
sample shows diminished peak intensity and additional shifts, indicating complex interactions
between PVOH, cellulose, lignin, and tea tree oil, likely affecting the film’s mechanical and

barrier properties (Wang et al., 2021).

The UV transmittance spectra (Fig. 6.6f) highlight the films' potential for active packaging.
Pure PVOH film showed 55% UV transmittance, providing moderate UV protection. PVOH-
C TTO reduced the transmittance to 50%, with tea tree oil contributing antioxidants that

protect within the 200-400 nm range. PVOH-L_TTO exhibited a substantial reduction in UV
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transmittance, reaching 0%, thanks to lignin's UV-absorbing properties derived from its
aromatic structure (Shikinaka et al., 2020). PVOH-CL _TTO showed 5% UV transmittance
indicating a sound level of UV protection. In particular, incorporation of LNP enhanced the
film's ability to block harmful UV rays, which is expected to help extend shelf life of UV-

sensitive products.
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Fig. 6.6. Polyvinyl alcohol (PVOH)-based films with lignin, cellulose, and tea tree oil additives,
showing (a) FTIR absorption spectra, (b) TGA thermograms, (c) DTG curves, (d) DSC
thermograms, (e) XRD patterns, and (f) UV-Vis transmittance spectra. L= lignin, C= cellulose,

TTO = tea tree oil.

6.3.8. Antioxidant and antimicrobial activity of films

The antioxidant activity of the films was evaluated using the DPPH radical scavenging method
and the results are shown in Fig. 6.7a. The results indicated that the incorporation of lignin
(PVOH-L TTO) and a combination of lignin with essential oils (PVOH-CL _TTO)
significantly enhanced the films' antioxidant properties. Specifically, the PVOH-CL_TTO film
exhibited a DPPH scavenging activity of 85%, which is substantially higher than that of control
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PVOH film (less than 20%). This enhancement is attributed to the phenolic compounds present
in lignin and essential oils, which are known to neutralize free radicals (Barhoum et al, 2020;
Basbasan et al., 2023). The presence of lignin and essential oils amplified the film's antioxidant
effectiveness. In contrast, the pure PVOH film showed minimal activity, underscoring the
importance of incorporating, particularly nano lignin to improve antioxidant capacity of active
films.

The antimicrobial activity against E. coli is shown in Fig. 6.7b. The data showed that films
containing lignin and essential oils (PVOH-L TTO and PVOH-CL TTO) significantly
inhibited bacterial growth. Lignin’s phenolic structure is known to contribute to its
antimicrobial properties by disrupting bacterial cell walls and interfering with essential cellular
processes (Li et al., 2023). The combination of lignin and essential oils in PVOH-CL _TTO
further enhanced the antimicrobial effectiveness. Essential oils are known to possess
antimicrobial properties against broad-spectrum of bacterial species (Wang et al., 2021). Thus,
they provide additional antimicrobial benefits when combined with lignin. Conversely, the
pure PVOH film showed negligible antimicrobial activity, indicating that PVOH lacks inherent
antibacterial properties. These results highlight that the incorporation of lignin and essential
oils imparts both antioxidant and antimicrobial functionalities to the films, making them

suitable as active packaging materials.
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Fig. 6.7. a) Antioxidant (DPPH scavenging) and b) antimicrobial (E. coli inhibition) activities

of pure PVOH films and PVOH films containing NCP, LNP and tea tree oil.

6.3.9. Application of films to extend the shelf-life of strawberries

In Fig. 6.8a and 6.8Db, the performance of films in preserving shelf life of strawberries wrapped
in them and stored at room temperature (22 + 2°C) on the 0, 2", and 4% days, and under
refrigeration (4 = 1°C) on the 4", 8% and 14" days. The assessed included plain polyvinyl
alcohol (PVOH), and PVOH containing NCP and and LNP with tea tree oil (PVOH-CL_TTO).
The unwrapped (UW) on strawberry was used as the control. Results indicated that PVOH-
CL _TTO films provided the best preservation effects compared to the others. This superior
performance is primarily due to UV barrier, antimicrobial properties imparted by lignin and tea
tree oil, respectively. The presence of NCP increased the water vapour barrier. The PVOH-
CL_TTO films effectively maintained the strawberries' colour, firmness, and pH. The enhanced
colour retention and reduced browning were evident over time, while firmness was preserved,
indicating reduced moisture loss and cellular breakdown. Furthermore, the pH stability
observed in PVOH-CL_TTO-wrapped strawberries highlighted the film's ability to slow down
spoilage. These findings confirm the potential of PVOH-CL _TTO films in extending the shelf-

life and freshness of perishable fruits.
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Fig. 6.8. Strawberry preservation studies: (a) Room temperature (22°C) storage observed at 0,

2, and 4 days; (b) Refrigeration (4°C) observed at 4, 8, and 14 days. Comparison of unwrapped

(UW), plain PVOH and PVOH-CL_TTO wraps. C = cellulose, L = lignin, TTO = tea tree oil.

6.3.9.1. Storage studies of strawberry

The lightness (L*) of strawberries is a critical indicator of freshness. As shown in Fig. 6.9a, on
day 0, all fresh samples had an initial L* value of 50.0. Over time, particularly at room
temperature, a rapid decline in lightness was observed. For example, on day 2, unwrapped
strawberries showed a significant drop of L* to 35.0, indicating rapid spoilage. In contrast,
strawberries wrapped in PVOH and PVOH-CL_TTO films retained higher lightness values of
40.0 and 45.0, respectively, indicating a slower degradation process. By day 4, PVOH-
CL _TTO films maintained a L* value of 42.0, outperforming both PVOH-wrapped samples
(38.0) and unwrapped samples (30.0). Under refrigeration (4 = 1°C), the decline in L* values
was less severe across all samples. By day 14, PVOH-CL_TTO-wrapped strawberries retained
an L* value of 35.0, while unwrapped samples fell to 25.0. This preservation effect could be
attributed to the structural reinforcement provided by lignin and cellulose in the PVOH-
CL _TTO films, as well as the antimicrobial properties of tea tree oil (Da silva et al., 2019; He
et al., 2023). These findings indicate that PVOH-CL_TTO films could be used to extend the

shelf life of fresh fruits (Basumatary et al., 2023).
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The firmness is also an important parameter that reflects on the freshness of fruits. As shown
in Fig. 6.9b, on day 0, all samples had firmness values between 6.8 N and 7.0 N reflecting their
initial freshness. At room temperature, unwrapped strawberries showed a significant decline in
firmness, by day 2, it dropped to 5.5 N, whereas strawberries wrapped in PVOH and PVOH-
CL _TTO films retained higher firmness at 6.2 N and 6.5 N, respectively. By day 4, firmness
of unwrapped strawberries further decreased to 4.8 N, while PVOH-CL TTO-wrapped
samples maintained firmness at 5.8 N. Under refrigerated/chilling condition, the decline in
firmness was slower across all samples. By day 14, the firmness of unwrapped strawberries
decreased to 4.2 N, while that of PVOH-CL_TTO-wrapped strawberries much higher level of

firmness (5.5 N), reflecting the film's ability to preserve texture (Shen et al., 2023).

The variation of pH in stored strawberries is an important indicator of spoilage. As shown in
Fig. 6.9¢, on day 0, the pH of fresh samples ranged between 4.8 and 5.0. At room temperature,
unwrapped strawberries showed a decline in pH to 4.5 by day 2, suggesting to a faster spoilage.
In contrast, strawberries wrapped in PVOH and PVOH-CL _TTO films maintained pH values
between 4.7 and 4.8, due to the antimicrobial properties of the films (Zhang et al., 2019). By
day 4, unwrapped strawberries' pH dropped further to 4.3, while that of PVOH-CL TTO
samples remained at 4.7. Under refrigeration, the pH decline was more gradual. By day 14,
unwrapped strawberries reached a pH of 4.2, while PVOH-CL_TTO samples maintained a
stable pH of 4.7, demonstrating the effectiveness of these films in preserving strawberry by
reducing spoilage rate (Basumatary et al., 2023; Shen et al., 2023). These results demonstrated
the ability of PVOH-CL_TTO films in extending the shelf life of strawberries by preserving

freshness, texture, and acidity.
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Fig. 6.9. Storage performance of strawberries wrapped in different films over 14 days at room
(22 + 2°C) and refrigerated (4 = 1°C) conditions, with standard deviations: (a) colour (L*); (b)
firmness (%); (c¢) pH. Films include UW, PVOH, and PVOH-CL _TTO. In (a), * shows
significant differences between UW, lowercase letters for PVOH, and uppercase for PVOH-

CL_TTO across days (p < 0.05).

6.4. Conclusion

Cellulose and lignin were successfully extracted from Dashamoola spent material (DSM) and
converted into nanoparticles. The cellulose nanoparticles (NCP) showed excellent structural
integrity, thermal stability, and potential for applications including in food packaging.
Formation of emulsions and their characterisation revealed that combining lignin nanoparticles

(LNP) and NCP enhanced the stability, uniformity of O/W emulsions using an essential oil
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(tea tree oil) as the dispersed phase. Incorporating these emulsions into PVOH resulted in
bioactive packaging materials with improved physical, mechanical, thermal, antioxidant, and
antimicrobial properties. These active films were effective in extending the shelf life of
strawberries, a model perishable fruit, up to 14 days in chilled condition. These findings
highlight the potential of utilizing cellulose and lignin obtained from Ayurvedic industry’s
waste stream to develop sustainable, high-performance packaging solutions.
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7.1. Overview of research work

This thesis addresses two important challenges faced by the Ayurvedic and allied sectors: the
effective utilization of byproducts or spent material left over after the extraction of medicinally
important compounds, and the development of eco-friendly, health-promoting products. To
address these challenges, the research primarily focused on Dashamoola spent material (DSM),
a lignocellulose-rich byproduct from Ayurvedic drug production that is generated in significant
quantities. DSM was selected as a model due to its abundance and high potential to extract
high-value phytochemicals, such as polyphenols, nanocellulose and lignin, for use as

ingredients in nutraceutical, food, and packaging applications.

The first experimental chapter of this thesis involved a detailed characterization of DSM,
revealing its rich phytochemical composition, including polyphenols such as gallic acid,
shikimic acid, and epicatechin. These compounds, known for their antioxidant, antidiabetic,
and anti-inflammatory properties, were extracted with higher yields by optimizing the
extraction method. In vitro assays confirmed their antioxidative and other health-promoting
properties, underscoring DSM's potential as a sustainable source of health-promoting
ingredients. Furthermore, the recovery of these compounds at high yields demonstrates that

this work offers an efficient valorisation pathway for Ayurvedic industrial byproducts.

In the second experimental chapter, lignin nanoparticles (LNPs) were produced from DSM
using ball milling. These nanoparticles exhibited exceptional stability and effectiveness as
Pickering particles, capable of stabilizing oil-in-water emulsions. The emulsions successfully
encapsulated bioactive compounds, such as curcumin and vitamin D3, achieving high
encapsulation efficiency and stability for over 90 days under varying storage conditions. This

part of the research highlighted the shielding capability of LNPs in protecting bioactive
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compounds from degradation caused by environmental factors. This work also demonstrated
the potential of lignin, a traditionally underutilized component, for industrial applications as an

emulsifier and encapsulant.

In the third experimental chapter of this thesis, LNP-based Pickering emulsions were
formulated and applied to nutrient-fortified extruded snacks. A flour blend comprising pearl
millet, coconut spent flour (CSF), and corn grits was used to formulate these snacks, achieving
a significantly improved nutritional profile. Encapsulation of curcumin and vitamin D3 within
these emulsions better preserved their bioavailability and enhanced stability during the high-
temperature extrusion process, outperforming conventional fortification methods. These
findings demonstrate that LNPs extracted from DSM spent material serve as highly effective
Pickering emulsifiers and delivery vehicles for health-promoting yet unstable compounds,

offering a novel approach to snack food fortification.

The fourth, or final, experimental chapter focused on developing biodegradable packaging
films composed of polyvinyl alcohol (PVOH) infused with nanocellulose and nanolignin
extracted from DSM. Nanocellulose contributed to structural reinforcement, while nanolignin
provided UV-blocking properties and acted as an antioxidant. Tea tree oil an essential oil, was
incorporated into these films to impart antibacterial functionality. Compared to PVOH-only
films, the modified films exhibited improved mechanical and thermal properties. The enhanced
antioxidant, UV-blocking, and antimicrobial properties of these films preserved freshness for
a longer duration and reduced microbial load, thereby extending the shelf life of strawberries.
Thus, nanocellulose and nanolignin extracted from DSM demonstrated potential as
components of biodegradable and sustainable food packaging solutions. This application in
food packaging also provides a pathway for value addition to DSM and other Ayurvedic waste

materials.
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Overall, this research provides an effective pathway for the valorisation of DSM by optimizing
the extraction of antioxidants, cellulose, and lignin, and demonstrating their applications in
nutrient fortification, emulsification, delivery systems, and active, biodegradable packaging.
The outcomes highlight the potential of these DSM-derived materials for enhancing the
functionality and sustainability of food and food packaging applications. This work establishes
a foundation for future studies to further refine these materials and explore their use in other

industrial processes.

7.2. Key findings, general discussion, and conclusion

7.2.1. Extraction and bioactive potential of phenolic compounds from DSM

The extraction process for bioactive compound-rich extracts from DSM was optimized,
resulting in a higher yield. The extracts contained phenolic compounds, including gallic acid,
shikimic acid, and epicatechin. These extracts, due to the presence of these compounds,
exhibited strong antioxidant, antidiabetic, and anti-inflammatory activities, as confirmed by
DPPH, ABTS, and protein denaturation assays. The antioxidant potential of the extract,
reflected in its ICso values, indicated a strong radical scavenging capacity. These findings align

with existing studies confirming the role of polyphenols in mitigating oxidative stress.

In vitro studies revealed the cytoprotective and metabolic-regulating effects of phenolic
compound-rich DSM extracts, highlighting their potential applications in nutraceuticals. These
extracts exhibited significant a-amylase and a-glucosidase inhibitory activities, indicating their
efficacy in glycemic control and their potential as viable candidates for developing health-
promoting ingredients. These findings align with contemporary research on polyphenols and
flavonoids, corroborating the bioactive potential of plant-derived polyphenols in health

promotion (Olivares et al., 2018; Milke et al., 2018).
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7.2.2. Development and application of lignin nanoparticles

Lignin nanoparticles (LNPs) extracted from DSM demonstrated exceptional properties as
Pickering particles, enabling the stabilization of oil-in-water emulsions. These emulsions were
used to encapsulate curcumin and vitamin D3, achieving high encapsulation efficiencies of
87.9% and 72.6%, respectively. The emulsions remained stable for over 90 days, with no phase
separation observed. Such stability highlights the structural integrity and protective capacity of

LNPs under varying environmental conditions.

These findings mark a significant advancement in the valorisation of lignin, extracted from
DSM, and pave the way for its broader application in the food, pharmaceutical, and other
industries. Their stability and multifunctionality make them a compelling alternative to
synthetic stabilizers. Studies by Grappa et al. (2024) and Lizundia et al. (2021) corroborate the
multifunctional properties of lignin nanoparticles across diverse applications, reinforcing the

outcomes of this research.

7.2.3. Fortification of extruded snacks using nanolignin from DSM

The development of nutrient-rich snacks using blended flour and LNP-based Pickering
emulsions represents an innovation of practical importance. These snacks contained
significantly higher protein (13.8%) and dietary fiber (19.2%) levels compared to conventional
extruded snacks, addressing common nutritional deficiencies. These findings align with the
role of high-protein and high-fiber ingredients in enhancing snack nutritional quality, as

highlighted by Gomes et al. (2023).

The LNP-stabilized emulsions were utilized to encapsulate curcumin and vitamin D3, which
preserved their structural integrity during the extrusion process and enhanced their
bioavailability. Incorporating these curcumin- and vitamin D3-infused emulsions into extruded

snacks further improved their health-promoting properties. The use of underutilized grains such
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as pearl millet and byproducts like CSF highlights the potential to create nutritious snacks with
sustainable ingredients and contributes towards overcoming malnutrition. Increased utilization

of underutilized crops supports global food security, as emphasized by Geisen et al. (2021).

7.2.4. Creating active packaging films using NCP and LNP from DSM

Active packaging films developed using PVOH as the primary matrix and DSM-derived
nanocellulose and nanolignin as additives demonstrated superior properties, including UV-
blocking, antimicrobial activity, and moisture resistance. These films extended the shelf life of
strawberries, a model perishable fruit, by preserving their colour, firmness, and pH for up to
14 days under chilled conditions. This work contributes to the growing trend of developing

bio-based and biodegradable active packaging materials, as highlighted by Tan et al. (2021).

The research presented in this thesis on the use of DSM-derived materials, such as
nanocellulose and nanolignin combined with essential oils, in developing active (antimicrobial,
UV-blocking) biodegradable packaging films demonstrates their potential in sustainable
packaging. These components can serve as valuable elements of eco-friendly alternatives to
conventional plastics while also helping to extend the shelf life of perishable fruits. Similarly,
Zhang et al. (2022) highlight the benefits of incorporating lignocellulosic materials into

sustainable packaging solutions.

7.3. Contribution made by the thesis to the body of knowledge

This thesis makes a significant contribution to the body of knowledge by demonstrating how
Ayurvedic spent materials, an underutilized resource, can be sustainably repurposed into high-
value products, thereby contributing to the advancement of circular economy practices. It
optimizes extraction and purification protocols to obtain nanocellulose and nanolignin from

DSM at the highest yield levels and provides insights into their characteristics using advanced
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analytical methods. These findings pave the way for their effective valorisation and application

in areas such as healthy food development and biodegradable packaging.

The key contributions made by this thesis to the body of knowledge in the relevant field are

outlined below.

1.

Extraction and characterization of phenolic compound-rich DSM extract
(Chapter 3): This study optimized process protocols to achieve the highest yield of
phenolic compound-rich extracts from DSM. The major phenolic compounds were
subsequently identified and characterized, confirming that DSM is a rich source of
polyphenols and flavonoids. The findings demonstrate the potential of these extracts
for developing health-promoting foods.

Extraction, characterization, and application of lignin nanoparticles from DSM
(Chapter 4): This study optimized the extraction and purification protocols to obtain
lignin from DSM and successfully converted it into lignin nanoparticles (LNPs). The
LNPs were characterized using advanced analytical techniques to determine their
structural, thermal, and functional properties. The findings demonstrate the potential of
LNPs as UV-blocking agents and encapsulating materials, providing a scalable model
for their integration into various industrial processes.

Formulation and application of LNP-stabilized pickering emulsions for nutrient-
rich snack fortification (Chapter 5): This part of the work demonstrated that LNPs
can be effectively used to formulate highly stable LNP-stabilized Pickering emulsions.
It showed that these emulsions could successfully encapsulate bioactive compounds,
such as curcumin and vitamin D3, ensuring a high level of structural stability and
preservation of bioactivity during extrusion into snacks. This study advances the

science underpinning the application of LNPs derived from DSM in food systems,
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highlighting their potential to create nutrient-rich emulsions and snacks with enhanced
health-promoting properties. Additionally, it demonstrates that these enriched
Pickering emulsions can be readily utilized to fortify snack products made from
underutilized grains.

4. Development of active packaging films using nanocellulose and LNPs derived
from DSM (Chapter 6): This work demonstrated that cellulose nanoparticles and
lignin nanoparticles (LNPs) could be successfully incorporated into a PVOH matrix to
reinforce its structure and impart UV-light blocking properties. It also showed that
essential oils could be infused into these films to introduce antimicrobial functionality.
The resulting films exhibited desirable UV-blocking and antimicrobial properties
without compromising mechanical integrity or water vapor barrier performance. These
films significantly extended the shelf life of strawberries, a perishable fruit, providing
a realistic pathway for creating active and fully biodegradable packaging materials.
This study establishes the feasibility of applying nanocellulose and LNPs derived from

DSM in food packaging, contributing to their value addition.

These contributions collectively advance the body of knowledge on the effective valorisation
of Ayurvedic spent materials, demonstrating optimized methods for extracting and
characterizing the physicochemical properties of phenolic compound-rich extracts,
nanocellulose, and lignin nanoparticles (LNPs). This research demonstrates real-life
applications of these materials in creating stable emulsions, encapsulating health-promoting
compounds, fortifying extruded products, and developing active biodegradable packaging. In
essence, it provides a holistic pathway for the valorisation of Ayurvedic spent materials, using

DSM as a model.
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7.4. Recommendations for future work
Even though the research demonstrated the applications of ingredients derived from DSM,

there are several other areas where further research would be vital:

1. Scaling up of extraction process: The extraction of phenolic compound-rich extracts,
nanocellulose and LNP of DSM were carried out in laboratory scale. The scaling up of
the extraction process including pilot plant trials and feasibility studies would provide
valuable information to ascertain their successful commercial exploitation.

2. Clinical trials for phenolic compound-rich extracts: In vitro studies were carried out
in this work to evaluate their health promoting aspects. Thus, clinical evaluations need
to be undertaken to ascertain the safety human health-promotion aspects of DSM
extracts. This step is essential for regulatory approvals and product safety.

3. Broader applications of LNPs: In this work, application of LNPs were applied to
produce Pickering emulsions and to encapsulate curcumin and vitamin D3. Their
applications in drug delivery, cosmetics, and agricultural formulations need to be
pursued to leverage their unique properties.

4. Further expand the application in packaging films: In this work, the nanocellulose
and LNPs obtained from DSM were applied create a single prototype of active-
biodegradable packaging. Its efficacy was tested in only one fruit (strawberry).
Nanocellulose and LNPs from DSM can be incorporated in various natural polymer
based and synthetic plastics as they bring unique re-enforcing and colouring and UV
blocking properties. Their applications in synthetic yet biodegradable plastic such as
PBAT, PBSA and PHAs greatly broaden their application.

5. Cost-benefit analysis: While this study refined the extraction methods and
demonstrated the potential applications of DSM-derived ingredients, a detailed cost

analysis of their extraction and processing is necessary. This includes assessing raw
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material costs, processing efficiency, energy consumption, and scalability factors. A
comprehensive economic evaluation will help determine the commercial viability of

these materials obtained from DSM and other Ayurvedic waste streams.

There are many opportunities to undertake research and development to make use of DSM-
derived materials. The approach taken in this study for value-adding DSM can be applied to

other waste streams of Ayurvedic industry.
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This thesis explores the valorization of Dashamoola spent material (DSM), a byproduct
generated in large quantities during the preparation of Ayurvedic formulations like
Dashamoolaarishta. The Ayurvedic industry produces substantial waste in the form of DSM,
which is rich in lignocellulosic biomass, including lignin, cellulose, and hemicellulose, as well
as bioactive polyphenols such as shikimic acid, gallic acid, and epicatechin. Traditionally
discarded as waste, DSM represents untapped potential for sustainable and health-promoting
applications, aligning with the principles of the circular economy and waste valorization.
This study focuses on:
1. Extracting and characterizing bioactive compounds from DSM using advanced
chromatographic techniques, revealing potent antioxidant, antidiabetic, and anti-

inflammatory activities.

2. Converting lignin from DSM into nanoparticles and using them to stabilize Pickering
emulsions for encapsulating curcumin and vitamin D3, ensuring improved stability and

bioavailability.

3. Integrating these emulsions into the extrusion process to develop nutrient-fortified

snacks with enhanced nutritional profiles and sensory qualities.

4. Utilizing DSM-derived lignin and cellulose to create active packaging films infused

with tea tree oil, offering improved properties for sustainable food preservation.

The findings demonstrate the potential of DSM to provide innovative solutions for waste
valorization while addressing critical global challenges in health, nutrition, and sustainability.
This work underscores the importance of leveraging waste from the Ayurvedic industry as a
resource for developing functional and eco-friendly products. By integrating sustainable
practices into traditional medicine systems, the industry can reduce its environmental impact

while creating economic and social value.
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Billu Abraham'*3, Nisha P*'*3, Nitin Mantri', Charles Brennan' and Benu Adhikari™".

'Royal Melbourne Institute of Technology, Australia,

2Agro Processing and Technology Division,

CSIR-National Institute for Interdisciplinary Science and Technology, Council of Scientific and Industrial
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Abstract- This study aims to enhance food product nutrition to address the critical issue of
micronutrient deficiencies affecting 2 billion people globally. It focuses on incorporating vital nutrients
like curcumin and vitamin Ds into extruded snacks by leveraging the solubility of these micronutrients
in sunflower oil. However, due to the high temperatures prevailing in the extrusion processes, direct
addition of these micronutrients is not possible; hence, we utilized lignin to stabilize a nano pickering
emulsion before incorporating it into the snack formulation prior to the extrusion process. The lignin-
stabilized emulsions (LSE) were produced through sonication and contained sunflower oil (10%), lignin
(0.25%), vitamin D3 (0.05%), and curcumin (0.05%). These LSEs were stable due to their small size
(347 £ 0.7 nm) and high zeta potential (-42.62 + 0.7 mV). Microscopic imaging revealed the Pickering
nature of LSE. FTIR-ATR analysis confirmed the effective encapsulation of curcumin and vitamin D3
in LSE. The effective encapsulation of curcumin in the LSE was further confirmed by the high
yellowness index (131.26 £ 0.50) compared to Emulsion Without Lignin (EWL, 80.86 + 0.04). Textural
and sensory evaluation of LSE-incorporated snacks were similar to those snack samples that did not
contain it. The HPLC analysis of LSE-incorporated snacks confirmed better encapsulation of curcumin
(78.95 + 0.5%) and vitamin D3 (66.66 + 0.6%) than in EWL (17.425 £ 0.2% curcumin, 8.185 + 0.4%
vitamin Dj3). This research offers a promising pathway for the fortification of snack products with edible
oil-soluble micronutrients and thus contributes to the global effort to combat micronutrient deficiencies

(Billu A STOTEN 2023; 881:163316).
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2. Antidiabetic and anti-inflammatory potential of phytochemicals from Dashamoola (a
combination of the root of ten medicinal plants prescribed in Ayurveda) spent
material generated from Ayurveda industry

Billu Abraham'2, T R Reshmitha'?, Liza George!, V V Venugopalan!, P Nisha'*

'Agro Processing and Technology Division,

CSIR-National Institute for Interdisciplinary Science and Technology, Council of Scientific and Industrial
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2 Academy of Scientific and Innovative Research (AcSIR), New Delhi 110001, India

*Corresponding authors: P Nisha: Mobile: +91 9846777133
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Abstract: Dashamoola (DA) is an age-old Ayurvedic formulation considered as the panacea for
inflammation-related ailments. In DA preparations, water is used as the solvent and therefore, most of
the time the active ingredients are not extracted out completely and remain in the spent material (DSM).
In this study, initially, DSME was subjected to HPTLC analysis to check the presence of bioactive
compounds and then compared with extracts of the fresh dashmoola (DE). TPC and TFC studies
indicated the polyphenol and/or flavonoid-rich matrix. Subsequently, HPLC analysis of DSME
confirmed the presence of polyphenols, especially flavonoids like myricetin (74.93+0.937 pg/mL).
Antioxidant property of DSME was evaluated using DPPH (ICsy 68.17+0.184 pg/mL), ABTS (ICso
17.8£1.03 pg/mL) and NO (ICsp 738+1.02 pg/mL) assays, which showed comparable ICsy values to
that of the assay standards. The antidiabetic studies yielded promising results as inferred from o-
amylase (ICso 129.19+£0.84 ng/mL) and a-glucosidase (ICso 77.03+0.92 pg/mL) inhibition assays. The
anti-inflammatory capability of DSME was evaluated using protein denaturation assay which showed
an ICsp value of 61.17+0.004 pg/mL against 100.12+0.061 pg/mL that of Aspirin. DSME (ICso of
60.8+0.003 pg/mL) closely contested with Aspirin (ICso of 70.1+0.012 pg/mL) in proteinase inhibition
assay. RAW 264.7 cells subjected to LPS-induced NO production further strengthens the scope of
preliminary antioxidant results. Safety of DSME was established by MTT assay in L6 myoblast and
RAW 264.7 cells with tolerability up to 500 pg/mL concentration. This study highlights the potential

of DSME as a source of bioactives with immense nutraceutical/therapeutic properties.
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3. Process for isolation of bioactives and development of ayurvedic nutraceutical food

from Dashamoola spent material

Billu Abraham'?2, P Nisha!-?

'Agro Processing and Technology Division,

CSIR-National Institute for Interdisciplinary Science and Technology, Council of Scientific and Industrial
Research, Trivandrum, India-695019

2 Academy of Scientific and Innovative Research (AcSIR), New Delhi 110001, India

*Corresponding authors: P Nisha: Mobile: +91 9846777133: Fax: + 91-471- 491712

Email: pnisha@niist.res.in, bp.nisha@yahoo.com

Abstract: Dashamoola (combination of 10 medicinal plant roots) is a well-known ayurvedic
arishtam used to improve the general health and immunity of an individual. In this study, we aim
to evaluate the proximate composition and antioxidant potential of Dashamoola spent for the
development of a value added product from ayurvedic waste. Dashamoola spent material was
extracted in a soxhlet apparatus with 70% ethanol for 6 hours. The analysis of bioactive compounds
presents in the freeze-dried spent extracts by phytochemical screening assays, antioxidant assays,
chromatographic techniques such as HPTLC and HPLC. Proximate analysis showed that the
carbohydrate content of spent was higher compare the moisture, protein, ash and fat. The
phytochemical analysis showed that ethanolic extract of spent Dashamoola is rich in total phenolic
and flavonoid content. Polyphenols were quantified using HPLC and confirmed by HPTLC. The
antioxidant potential was assessed in terms of DPPH, ABTS and NO free radical scavenging
activity.65.16% Crude fiber component is present in spent material. Dietary fibre from spent
Dashamoola (IDF-85.36%, SDF-4.21%) was Isolated and quantified. Since spent dashamoola is
rich in antioxidants and fibre, an attempt was made to develop a value added product - Dashamoola
spent Squash and its quality parameters was estimated. The study thus, established the nutraceutical

potential of the spent Dashamoola.
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Dashamoola Arishta (DA), an age-old Ayurvedic formulation, is considered as panacea for inflammation-related
ailments. As water is used as the solvent in DA preprations, the active ingredients are not extracted out com-
pletely and remain in the spent material (DSM). The phytochemicals extracted from DA and DSMDE using 70%
(v/v) ethanol (DA & DSME respectively) were characterized using HPTLC which suggested retentsion of con-
siderable amount of phytochemicals in DSME. Studies on the total phenolic and flavonoid content indicated
polyphenol and/or flavonoid-rich matrix. LCMS/MS analysis of DSME confirmed the presence of polyphenols,
especially shikimic acid (83.225mg/g), gallic acid (51.261 mg/g), epicatechin (26.300 mg/g), naringenin
(25.054 mg/g) and vanillic acid (14.147 mg/g). The antioxidant potential of DE and DSME evaluated in terms of
DPPH (ICso 98.19 & 68.17 pg/mL), ABTS (ICso 44.2 & 17.8 ug/mL) and NO (ICso 881 & 738 ug/mL) assays
indicated better activity of DSME. DSME showed better antidiabetic potential as inferred from a-amylase and a-
glucosidase inhibition assays. The anti-inflammatory capability of DSME was evaluated using protein dena-
turation assay which showed an ICs, value of 61.17 ug/mL against 95.04 & 100.12 ug/mL for DE and aspirin,
resepctively. DSME (ICso of 60.8 ug/mL) closely contested with aspirin (ICso of 70.1 pg/mL) in the proteinase
inhibition assay. RAW 264.7 cells subjected to LPS-induced NO production further strengthens the scope of
preliminary antioxidant results. Safety of DSME was established by MTT assay in L6 myoblast and RAW 264.7
cells with tolerability reaching up to 500 pg/mL concentration. The present study indicate the potential of of
DSM for further value addition, as a source of bioactives with immense nutraceutical/therapeutic properties.

1. Introduction plants called “Laghupanchamoola” as recorded in Ayurvedic texts (Vyas

et al., 2011). Valiyapanchamoola is a combination of Stereospermum

Ayurveda, an indigenous system of traditional medicine, is being
practiced for over thousands of years. It generally focuses on plant-
based medicines for the management of various diseases (Randive et al.,
2014). Scientific validation of the traditional medicines are being at-
tempted to trace clues regarding contributing factors in ameliorating
debilitating disease conditions (Tungcharoen et al., 2018). Dashamoola
is an ayurvedic polyherbal formulation prepared from ten different
plant roots, in equal proportions, based on traditional Ayurvedic text
‘Sahasrayogam’. The plants used in Dashamoola preparation are known
to possess therapeutical potential against certain health ailments
(Awasthi and Pandey (2015)) which include the roots of ten medicinal
plans - five bigger plants called “Valiyapanchamoola” and five smaller

suaveolens (Patala) Premna integrifolla (Agnimantha), Aegle marmelos
(Bilva/Indian Bael) Gmelinaarborea (Gamphari) and Oroxylum indicum
(Shyonaka). Laghupanchamoola category includes Desmodium gang-
eticum (Shalaparni), Uraria picta (Prithakpami), Solanum indicum (Bri-
hati root), Solanum xanthocarpum (Kanthakari) and Tribulus terrestris
(Gokshura) (Nagarkar et al., 2013). All the plants in Dashmoola are
endowed with medicinal properties, mainly anti-inflammatory, hy-
poglycemic, antihypertensive, vasodilator, analgesic, anti-cholestro-
lemic, antirheumatic, antioxidant and anti-fever (Nanda and Tiwari
(2016)). In the above context, dashamoola plays a versatile role in the
biological and pharmacological aspects (Rao and Savithramma (2011)).
There are several products with “dashamoola” as the main ingredient as
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described in Ayurvedic classics (Karunagoda et al., 2010; Irshad et al.,
2009). The need for dashamoola in the market is on the rise because of
its utility in preparing various formulations (Nagarkar and Jagtap
(2017); Sudhanshu et al., 2012).

Most of the Ayurvedic preparations use water as solvent, and
therefore, the active ingredients are not extracted out completely.
Therefore, a major part of the phytochemicals with potential biological
activity may be retained in the spent material. Similar studies con-
ducted on spent cumin (Arun et al., 2018) and black pepper (Prabhu
et al., 2015) revealed the potential for value addition of Ayurvedic
spent materials as a rich source of bioactives for further formulions in
the form of functional foods and nutraceuticals.

Utilization of spent materials generated from Ayurveda industries
have got great relevance as the availability of plant materials are get-
ting diminished due to the high demand for the medicinal plants in
various preparations and also due to the threat of extinction. The
Ayurvedic industries are investigating possibilities for preserving the
medicinal plants by various means. One such activity includes the uti-
lization of spent materials for further value addition. In this context,
spent materials generated from Ayurveda industries are investigated
and found to possess promising biological activities (Arun et al., 2018).
Some of the plants used in Dashamoola are becoming extinct, and
therefore, the re-utilization of the spent materials for the ayurvedic/
nutraceutical preparations, if found potential, could be of high re-
levance. The medicinal plants in the ‘Dashamoola’ are reported to
possess antioxidant, anti-inflammatory and hypoglycemic action
(Nanda and Tiwari (2016)). As Ayurvedic medicine preparations em-
ploy water-based decoctions of medicinal plants and other ingredients
(Dashamoola in the present study), the spent materials (DS in the
present study) may retain a major part of the bioactive phytochemicals.
Based on this hypothesis, the objectives of the present study is to
compare the phytochemical content of DS with that of fresh da-
shamoola extract and to evaluate its antioxidant, antidiabetic and anti-
inflammatory potential. From this study, we expect to gain valuable
information about the compounds that are retained in the spent ma-
terials and their potential in encompassing inflammation and diabetes.

2. Materials and methods
2.1. Chemicals and Plant material

2,2’-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS),
2,2-diphenyl-1-picrylhydrazyl (DPPH), a-glucosidase, o-amylase,
acarbose, trolox, ascorbic acid polyphenol standards, dulbecco’s mod-
ified eagle’s media (DMEM), fetal bovine serum (FBS), horse serum,
rosiglitazone, 4-nitrophenyl a-D-glucopyranoside, 3-(4,5-dime thyl-
thiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT), gallic acid, di-
methyl sulfoxide (DMSO), lipopolysaccharides(LPS), dexamethasone,
aspirin, trypsin, casein, perchloric acid, Griess reagent were procured
from Sigma Aldrich Chemicals (St. Louis, MO, USA). Folin—Ciocalteu
reagent, sodium chloride (NaCl), ethylene diamine tetraacetic acid
(EDTA), sodium carbonate (Na,COs), tris-HCl, potassium hydroxide
(KOH) were obtained from MERK. Trypsin-EDTA, antibiotic-anti-
mycotic were purchased from Gibco Invitrogen (Carlsbad, CA, USA). 2-
NBDG (2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino)-2-deox-
yglucose) was procured from Molecular Probe (Invitrogen Life
Technologies, Carlsbad, CA, USA). All the reagents used were of high-
quality analytical grade.

Fresh Dashamoola raw materials in the proportion as used for the
Ayurveda preparations and corresponding spent Dashamoola materials
were supplied by M/s. Kottakkal Arya Vaidyasala, Kottakkal, Kerala,
India (M/s. AVS Kottakkal Ltd).
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2.2. Proximate Composition and mineral analysis of Dashamoola Spent
Materials (DSM)

Initially, moisture content (AOAC, 1990 method 930.15) of the
oven-dried (105 °C) DSM was estimated in triplicates. For this, dried
samples were allowed to cool in a desiccator before weighing. Weighed
samples used for the estimation of ash content (AOAC, 1990 method
923.03) were heated (550 °C) in a muffle furnace with for 16 h. Micro-
Kjeldahl method furnished protein content in the samples by converting
resultant nitrogen to protein (multiplying by 6.25). Fat content was
determined By using the soxhlet extraction method (AOAC, 1990
method 920.39) and the total carbohydrate content was calculated
based on the difference method.

2.3. Preparation of the extracts

The dried raw and spent sample powder (40-60 mesh size) were
extracted with 70% ethanol by hot extraction method using soxhlet
apparatus lasting 6 hours. The extracts were filtered and then con-
centrated using a rotary evaporator (Heidolph, Germany). The con-
centrate was then lyophilized (VirTis Genesis, USA) and stored at —4 °C
until use the lyophilized samples were then subjected to various ana-
lysis as described below.

2.4. High-Performance Thin Layer Chromatography (HPTLC)

The 70 % ethanolic extract of 1 g Fresh Dashamoola (DE) and 1 g
spent Dashamoola (DSME) (10 mL) was dissolved in 10 mL of methanol.
Pre-activated HPTLC Silica gel 60 Fas4 plates (10 x 10 cm; Merck,
Darmstadt, Germany) was employed to perform chromatography. Then,
the plates were submitted to densitometric scanning on a CAMAG
scanner III at 490nm. Using an automatic applicator in HPTLC
(Linomat-V with N, flow, CAMAG Repostar 3, Switzerland), extracts
were applied 8 mm above one end of each plate forming 6 mm wide
bands. Before commencing chromatography, the plates were subjected
to an activation process involving methanolic prewashing (60 °C for
5 minutes). Scanning speed of 40 mm s~ ! and slit size of 5 X 0.45 mm
were ensured for the analysis that utilized a mobile phase constituting
Toluene: Ethyl acetate: Formic acid: Methanol (7:5:1:0.5). Plates were
developed on a twin glass chamber (10 x 10 cm) filled with the mobile
phase. Plates were then air-dried, derivatized, and then heated to
105°C for 5min. Derivatization of chromatogram makes use of the
Camag glass reagent spray (5% sulfuric acid in methanol). After
30 minutes, plates were observed using Camag UV cabinet at 254 and
366 nm (Kumar et al., 2015).

2.5. Fourier transform infrared spectrum (FTIR)

FTIR spectroscopy was used for characterizing the functional groups
of phytochemicals present in DE and DSME. The spectra were recorded
using the Bruker FT-IR (Germany) spectrometer in the wavenumber
range between 4000 to 400 cm™.

2.6. Phytochemical analysis of Spent Dashamoola

2.6.1. Determination of Total Phenolic Content (TPC)

Estimation of Phenolic content in DSME was done using Folin-
Ciocalteau reagent with gallic acid (1-1000 pg/mL) serving as standard
(Singleton and Rossi (1965)). Reaction mixtures containing 100-500 puL
of DSME and Folin-Ciocalteu reagent (0.5 mL) mixed with 20% sodium
carbonate were incubated for 90 minutes at 760 nm on a Shimadzu
ultraviolet-visible 2600 (UV) spectrophotometer (Kyoto, Japan). The
volume of the reaction mixtures were made up with distilled water.
Gallic acid equivalent (mg/100g) of DSME was plotted and the re-
sulting standard curve was used for the quantification of polyphenols.
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2.6.2. Determination of Total Flavonoid Content (TFC)

Flavonoid content in DSME was estimated by aluminum chloride
method (Chang et al., 2002). Initially, varying concentrations of quer-
cetin (20-100 pg) and DSME (100-500puL) were prepared. To the
samples, 0.3 mL of aluminium chloride (10%), sodium nitrite (5%) and
2mL NaOH were added. The final volume (10 mL) of the reaction
mixtures were attained by adding distilled water. After the reaction,
absorbance of each sample was read at 510nm using a spectro-
photometer (Shimadzu ultraviolet-visible 2600 (UV) spectro-
photometer (Kyoto, Japan).

2.7. Chemical profiling and quantification using LCMS/MS

The quantitative analysis of 28 compounds - catechol, catechin,
quinine, naringenin, tocopherol, gallic acid, chlorogenic acid, epica-
techin, syringic acid, vanillic acid, caffeic acid, epigallocatechin, ferulic
acid, myricetin, quercetin, p-Coumaric acid, luteolin, apigenin,
kaempferol, rutin, diadzein, hesperetin, shikimic acid, ellagic acid,
morin, genistein, cinnamic acid and chrysin were performed by LC-MS/
MS system (Nexera with LCMS-8045, Shimadzu Corporation, Kyoto,
Japan) - HPLC (Nexera LC-30AD) equipped with an autosampler (SIL-
30AC), temperature-controlled column oven (CTO-20AC) and promi-
nence diode array detector (SPD-M20A) coupled to triple quadrupole
mass spectrometer (Nexera with LCMS-8045, Shimadzu Corporation,
Kyoto, Japan). Working standards were prepared by diluting the stock
solution with water concentration ranging from 0.01- 1pg/ml. The
quantification of all the polyphenols was carried out on Shimadzu
Shim-pack GISS C18 column (150 X 2.1 mm i.d, 1.9 um) that used water
/ formic acid (100/0.1%) mobile phase for solvent A and 100 % me-
thanol for solvent B. Polyphenols were eluted with a linear gradient
system as follows: 0.5 — 1.9 min 5% of solvent B, 2.0 — 10.0 min 98% of
solvent B, 10.1 — 15min 98% of solvent B and 15.1 — 17 min 5% of
solvent B, a flow rate of 0.3 mL/min, the injection volume was 10 ul and
oven temperature of 40 °C. Positive and negative modes of multiple
reaction-monitoring (MRM) mode were operated during LC-MS/MS
with electrospray ionization (ESI). LC-MS/MS data were collected and
processed by Lab Solutions software (Shimadzu, Kyoto, Japan). An in-
terface temperature of 400 °C was conditioned for ionization, desolva-
tion line temperature of 300 °C, heat block temperature of 400 °C,
nebulizing gas flow (nitrogen) at 3L/min and drying gas flow (ni-
trogen) at 10 L/min. Each calibration solution was analyzed in tripli-
cate, and the average value of the results was used as the representative
for each point. The results obtained are represented as polyphenols in
ug/g with SD (n = 3). The values are statistically significant as F > F
critical one-tail. Therefore the variances of the two populations are
unequal. The analytical performance of the LC-MS/MS method is given
in Table 1.

2.8. Antioxidant analysis of Dashamoola Spent Material

2.8.1. 2,2-diphenyl-1-picrylhydrazyl (DPPH) Radical Scavenging Activity

DPPH scavenging activity of DSME was estimated using a 130 mM
DPPH solution. The reaction was allowed to take place between 2.5 mL
of DPPH and 500 pL of DE / DSME (10 — 250 pg/mL) and ascorbic acid
(1 - 10 pg/mL) (Brand-Williams et al., 1995). Following this, the mix-
ture was vortexed and incubated in the dark for 90 minutes at 33 °C.
The absorbance of the assay mixture was read at 517 nm using UV/VIS
spectrophotometer 2600 (Shimadzu, Japan) at 517 nm. The following
equation was used to calculate ICs, (1g/mL) values.

Absorbance ofControl — Absorbance of Sample %

% Inhibition = 100

Absorbance of Control

2.8.2. 2, 2’-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) (ABTS)
assay
ABTS assay uses radical cations prepared from 2mM (0.0548 g in
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50 ml) ABTS dissolved in distilled water (Re et al., 1999). Apart from
ABTS, potassium persulfate 70 mM (0.0189 g in 1 mL) was also pre-
pared. A reaction mixture containing 200 pL of potassium persulfate
and 50 mL of ABTS were prepared and used post 2 hours of mixing.
Solutions of DE and DSME were prepared at varying concentrations (1 —
100 ug/mL) by adding 0.3mL of ABTS radical cation and 1.7 mL
phosphate buffer (pH 7.4). Trolox (1 — 10 ug/mL) was used as positive
control for the assay Absorbance was read at 734 nm, with triplicate
values recorded for DE, DSME and Trolox.

Inhibition (%) = 100 x (A¢-A1)/Ag

Where absorbance of the control and DE/DSME /standard are A,
and A,, respectively. ICso values were determined from the curve ob-
tained by plotting % inhibition and concentration. The ICs, value is
indirectly proportional to antioxidant capacity.

2.8.3. Nitric oxide (NO) radical scavenging assay

Nitric oxide radical scavenging assay revolves around the produc-
tion of nitrite ions and the subsequent spectrophotometric measure-
ment of the resulting chromophore at 546 nm (Govindarajan et al.,
2003). At physiological pH, nitric oxide gets released from sodium ni-
troprusside, which further reacts with oxygen to form nitrite ions. In the
presence of nitric oxide scavengers, nitrite ion production plummets as
these scavengers competitively use up the oxygen levels. Greiss reagent
(1% sulphanilamide, 2% O-phosphoric acid and 0.1% of N-(1- naph-
thyl) ethylenediamine dihydrochloride) is used to estimate the nitrite
ion concentration. Approximately 1 mL of sodium nitroprusside (5 mM)
was mixed with varying concentrations of DE and DSME (200-1000 pg/
ml) in phosphate buffer (pH 7.4, 0.1 M), followed by incubation at 25 °C
for 2h. Post incubation, 1.5 mL of Greiss reagent was added after the
removal of the same volume of the reaction mixture. The resulting
chromophore is formed in two steps- diazotization and coupling with
Greiss reagent components. The absorbance of DE, DSME, ascorbic acid
(10 — 500 ug/mL) and control tubes was measured at 546 nm after the
formation of chromophores.

2.9. Antidiabetic assay of Dashamoola spent material

2.9.1. a -amylase inhibition assay

The assay method described by Xiao (Xiao et al., 2006) depends on
the starch-iodine test for assessing a-amylase enzyme inhibition. The
most active methanolic extract form was selected for the assay. In-
titially, varying concentrations of DE and DSME (50 — 250 ug/mL) ex-
tracts were added to the mixture followed by the addition of 0.02M
sodium phosphate buffer (pH 6.9) and 6 mM NaCl. 1 U/mL of porcine
pancreatic a-amylase was added to all the mixtures which was then
incubated at 50 °C for 30 min post addition of soluble starch (1% w/v).
Finally, iodine reagent (5mM I, and 5mM KI) was added prior to
stopping the reaction using 1 M HCl. Absorbance of the samples was
read at 580 nm on a multiplate reader (Synergy 4 Biotek multiplate
reader, USA). Wells without any extract was used as control and a
known amylase inhibitor, Acarbose (1 — 25ug/mL) was used as the
positive control. The percentage of amylase enzyme inhibition was
calculated using the following equation.

Absorbance ofControl — Absorbance of Sample
Absorbance of Control

% Inhibition = X 100

2.9.2. a - glucosidase inhibition assay

a-glucosidase assay followed in this study is based on the procedure
of Adisakwattana (Adisakwattana et al., 2004), with slight modifica-
tions. This assay aims at estimating the ICsy values of samples spec-
trophotometrically. Initially, 200 pL of DE and DSME (50 - 250 pug/mL)
were premixed with 20 uL of a -glucosidase (1.25 U/mL) and was in-
cubated at RT for 5min. The extracts were dissolved in 50 mM po-
tassium phosphate buffer (pH 6.8) before premixing. To the samples,
200uL  of 50mM  phosphate-buffered  4-nitrophenyl a-D-
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Table 1
The analytical performance of the LC-MS/MS method of 28 compounds.
Compounds Re Parent ion Molecular Ion Mode CE Calibration equation e Linear DL/QL
(min)  (m/2) Ton W Range (ug/L)  (ug/L)
(m/z)
1. Catechol (PA) 1.87 111.20 78.95/64.10 +ve -9/-25 y = 387.253x+7.0483e + 006 0.986 5-50 0.07/0.23
2. Catechin (F) 6.75 291.20 139.10/165.05 +ve —15/-13 y = 10393.1x-16953.5 0.993 5-150 2.20/6.68
3. Quinine (A) 6.88 325.20 307.10/184.05 +ve —24/-28 y = 70839.3x +3503.38 0.996 5-150 0.27/0.81
4. Naringenin (F) 7.28 273.20 153.05/147.15 +ve -17/-21 y = 5753.24x-13117.0 0.992 5-150 0.78/2.37
5. Tocopherol (V) 12.87 429.50 163.15/205.05 +ve —22/-23 y = 12257.5x-27446.3 0.993 5-150 2.31/7.01
6. Gallic acid (PA) 1.91 169.20 125.05/81.00 -ve 17/17 y = 2779.60x+1214.12 0.992 5-150 3.20/9.70
7. Chlorogenic acid (PA) 6.81 353.00 191.20/92.90 -ve 16/43 y = 10282.0x+16136.9 0.997 5-150 1.27/3.85
8. Epicatechin (F) 6.77 289.00 245.20/205.20 -ve 14/16 y = 2231.57x-3359.76 0.993 5-150 7.08/21.46
9. Syringic acid (PA) 7.20 197.20 182.20/123.05 -ve 14/24 y = 941.096x +12146.4 0.996 5-150 10.44/31.65
10. Vanillic acid (PA) 6.79 167.20 152.10/108.10 -ve 17/19 y = 8887.775x+2823.33 0.991 5-150 14.35/43.48
11. Caffeic acid (PA) 6.91 179.20 135.15/134.10 -ve 16/30 y = 31106.3x-2363.27 0.995 5-150 0.49/1.49
12. Epigallocatechin (F) 2.01 456.90 169.15/125.05 -ve 17/40 y = 904.191x-524.176 0.987 5-50 2.90/8.79
13. Ferulic acid (PA) 7.36 193.20 134.00/178.00 -ve 15/10 y = 2014.91x+ 171906 0.992 5-50 4.37/13.23
14. Myricetin (F) 7.65 317.00 151.20/179.20 -ve 25/19 y = 15064.0x-14109.0 0.995 5-150 0.25/0.75
15. Quercetin (F) 7.92 301.20 151.05/179.00 -ve 22/18 y = 48446.6x+52582.0 0.991 5-150 0.62/1.88
16. p-Coumaric acid (PA) 7.34 163.00 119.15/93.10 -ve 15/33 y = 12379.7x+41113.6 0.992 5-150 2.13/6.46
17. Luteolin (F) 7.92 285.20 151.10/175.05 -ve 25/25 y = 29060.1x+177101 0.991 5-150 0.27/0.83
18. Apigenin (F) 8.18 269.20 149.05/151.00 -ve 23/25 y = 26104.3x-13101.5 0.993 5-150 0.48/1.45
19. Kaempferol (F) 7.83 285.20 159.15/187.05 -ve 31/27 y = 1243.29x-487.739 0.993 5-150 1.44/4.36
20. Rutin (F) 7.34 609.20 300.00/301.15 -ve 38/34 y = 25186.6x+9234.48 0.995 5-150 0.08/0.23
21. Diadzein (F) 7.91 252.90 208.20/224.15 -ve 29/25 y = 8324.16x-13781.5 0.981 5-150 0.71/2.16
22. Hesperetin (F) 7.86 301.20 164.10/286.05 -ve 25/18 y = 17857.8x-14187.8 0.993 5-150 0.57/1.73
23. Shikimic acid (PA) 1.76 172.90 111.20 -ve 11 y = 864.091x+63809.9 0.969 5-150 5.79/17.55
24. Ellagic acid (PA) 7.56 300.90 185.10/145.20 -ve 31/40 y = 648.613x+9964.71 0.992 5-150 2.28/6.92
25. Morin (F) 7.74 301.20 151.00/149.15 -ve 20/25 y = 49085.8x+ 113300 0.994 5-150 0.59/1.79
26. Genistein (F) 7.81 269.20 133.20/132.05 -ve 31/46 y = 11955.6x-6477.21 0.990 5-150 0.59/1.79
27. Cinnamic acid (PA) 7.93 147.00 103.05 -ve 13 y = 628.783x+1513.72 0.993 5-150 6.60/20.01
28. Chrysin (F) 8.39 252.90 62.95/143.20 -ve 32/27 y = 20464.6x-17508.2 0.996 5-150 0.41/1.26

PA - Phenolic acid, A- Alkaloid, F- Flavonoid, V- Vitamin
Rt — Retention time, DL- Detection Limit, QL- Quantitation Limit

glucopyranoside (1 mM) was added to initiate the reaction and in-
cubated the reaction mixture for 20-minutes at room temperature. The
addition of 500 uL. of 1M Na,COs, terminates the reaction leaving a
final volume of 1.5 mL in the reaction tubes. Quantity of p-nitrophenol
released during the reaction was determined by reading samples at
405 nm using a microplate reader (BioTek Instruments Inc. Winooski,
VT). Concentrations ranging from 10 — 100 ug/mL was used for acar-
bose (positive control). Glucosidase activity (ICso values) of the extract
was calculated based on the triplicate values obtained during spectro-
photometric analysis.

Absorbance ofControl — Absorbance of Sample

% Inhibition = X 100

Absorbance of Control

2.9.3. Glucose uptake assay

2.9.3.1. Cell culture conditions. L6 myoblast was obtained from NCCS,
Pune, India. L6 Myoblasts were nurtured in Dulbecco’s modified eagle’s
medium (DMEM) containing 10% fetal bovine serum (FBS) and 1%
antibiotic-antimycotic solution. A humidified ambience (37 °C, 5% CO,)
was set up for the growth of the cells.The cells were seeded at a density
of 1 x 10® cells/well on 24 well-plates and 96-well black plates (BD
Biosciences, Franklin Lakes, NJ, United States) for different assays.

2.9.3.2. Cell viability assay. The cellular toxicity of DSME on L6 cells
was determined by the MTT assay (Mosmann (1983)). The cells were
seeded and cultured in 96 well plate for 24 h and then the cells were
incubated with various concentrations of DSME (10 - 500 pg/mL)
containing complete DMEM medium for 24 h. After incubation, 100 uL
of MTT (0.5 mg/mL) was added to all wells and kept at dark for 4 h.
After discarding the MTT medium, 200 uL. of DMSO was added to
solubilize the formed formazan by shaking. Then, the absorbance was
measured at 570 nm using the microplate reader (Synergy4 Biotek

multiplate reader, USA). The untreated cells were used as control.

2.9.3.3. Glucose uptake assay. Glucose uptake assay was done in
differentiated L6 myoblast cell line as described by Chen (Chen et al.,
2010) with minor modifications. Cells were seeded in 96-black well
plates and allowed to differentiate into myotubes as described above.
The assays were performed at 70% cell confluency, the cells were
washed with phosphate-buffered saline (PBS), and treated with DSME
extract at two different concentrations 50 ug/mL and 100 ug/mL in low
glucose media for 24 hrs. After incubation, cells were incubated with 2-
NBDG in PBS at 37 °C for 30min. Cells were then incubated and
subjected to washing with phosphate buffer (pH 7.4), and observed
under confocal microscopy (Pathway 855, BD Bioscience, USA).

2.10. Anti-inflammatory activity of Spent Dashamoola

2.10.1. Inhibition of albumin denaturation

Anti-inflammatory activity of DE and DSME extract was determined
using inhibition of albumin denaturation assay with minor modification
(Mizushima and Kobayashi (1968) and Sakat et al., 2010). Different
concentrations of DE and DSME (10 — 250 pg/mL) and 1% bovine al-
bumin was mixed, and the pH of the mixture was adjusted using 1 N
HCI. The Reaction mixture was incubated for 20 min at 37 °C, and then
temperature increased to 60 °C for 30 min. After incubation, the sam-
ples were cooled and turbidity was read at 660 nm using a microplate
reader (Synergy4 Biotek multiplate reader, USA). Reaction mixture
without samples was used as control and aspirin (10 — 250 pg/mL) was
used as standard. Experiments were done in triplicates. Percentage in-
hibition of protein denaturation was determined using the following
equation:

Percentage inhibition = (Abs Control — Abs Sample) X 100/ Abs control
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Fig. 1. TLC Plate views (I and II) and the corresponding HPTL chromatograms (III and IV) of DE, DSME at 254 and 366 nm.

2.10.2. Inhibition of antiproteinase action

The antiproteinase test was performed according to Oyedepo and
Sakat with slight modification (Oyedepo and Femurewa (1995) and
Sakat et al., 2010). The reaction mixture with 0.06 mg trypsin, 20 mM
Tris HCI buffer (pH 7.4), and different concentrations (10 — 250 pg/ml)
of DE / DSME and aspirin (10 — 250 pg/mL) was incubated for 5 min at
37°C. Then, 0.8 % (w/v) casein was added to the mixture and in-
cubated for 20 min to arrest the reaction. After incubation, 70% per-
chloric acid was added to the reaction mixture. Absorbance of the su-
pernanant from the resulting cloudy suspension was read at 210 nm
using multiplate reader (Synergy4 Biotek multiplate reader, USA)
against buffer as blank and samples without extract as control. The
experiments were done individually in triplicates. Percentage inhibition
of proteinase inhibitory activity was determined using the equation
below.

Percentage inhibition = (Abs control ~Abs sample) X100/ Abs control

2.10.3. Nitric oxide inhibition assay
2.10.3.1. Cell culture conditions and cell viability. RAW 264.7 cells were
procured from ATCC (American Type Culture Collection, Manassas,

United States). The cells were maintained in the same way as described
under 2.9.3.1. The cell viability was estimated using the MTT assay as
per the protocol given under 2.9.3.2

2.10.3.2. Nitric oxide inhibition assay. NO released from immune cells
was evaluated in the cultured supernatant media (Green et al., 1982).
After pretreatment of DSME extract for 2h, LPS (lipopolysaccharide,
5 pg/mL) was added to all the wells except that of the negative control.
After 24 h incubation, all the treated cells in the culture media (100 pL)
underwent treatment with 0.1 mL Griess reagent (1% sulfanilamide,
0.1% naphthylethylene diamine in 2.5% phosphoric acid solution) at
ambient temperature for 10 min. The reaction mixture in the 96 well
plates were then read at 540 nm using multiplate reader (Synergy4
Biotek multiplate reader, USA). Results were then calibrated using
absorbance values obtained from dexamethasone standard.

2.11. Statistical analysis

Experimental data provided are mean + SD (standard deviation)
derived from triplicate measurements of values recorded from re-
spective assays. All the data were then subjected Duncan’s multiple
range tests which is used to assess the significance of mean differences
obtained during the initial one-way analysis of variance (ANOVA) using
SPSS, standard version7.5.1 (SPSS Inc., USA) and the significance was
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accepted at p < 0.05.
3. Results and discussion
3.1. Proximate analysis of DSM

Proximate analysis of Dashamoola Spent Material (DSM) serves to
assess the macronutrient content in it. The proximate composition of
DSM were, moisture content - 8.68 * 0.070%; ash content
3.62 + 0.049%; fat content 0.90 + 0.007%; crude protein content:
3.34 + 0.028% and carbohydrate content: 83.46 *+ 0.431%. Thus
carbohydrates turned out to be the major macronutrient in DSM.

3.2. Comparative evaluation of phytochemicals in DE and DSME by HPTLC

Preliminary evaluation of the phytochemical content of DE and
DSME by HPTLC was performed to confirm the retention of bioactive
compounds in the spent materials. First glimpse into the distribution
pattern of bioactive compounds among DE and DSME was obtained
through HPTLC. It is evident from the fluorescence behavior that DSME
is enriched with phenolic compounds (Stanek and Jasicka-Misiak
(2018)). HPTLC fingerprint yielded similar banding pattern and graphs
for DE and DSME (Fig. 1). Interestingly, highest area (AU) was recorded
by DSME (89874.8). Similar Ry values in DE and DSME indicates the
presence of shared bioactive compounds in DSME which were retained
even after industrial arishta preparation process (Table 2).

3.3. Fourier transform infrared spectroscopy (FTIR)

FTIR spectra of DE and DSME are depicted in Fig. 2. Presence of
phenolic compounds and alcohols has created a broad band at
3334 cm ™! owing to the vibratory stretching of the — OH group. Peak
formation at 1031 cm ™! is from the carboxylic acid carbonyl (C = O)
groups contributed by the phenolics. Additionally, —CH bending vi-
brations (1450 — 1317cm™!), C—-C stretching vibrations (1612
em ™) and aliphatic — CH stretching (2936 cm 1) were also recorded
(Karattu Veedu et al., 2019). Interestingly DSME was able to retain
most of the functional groups from DE.

These striking similarities in HPTLC and FTIR analysis lead to fur-
ther investigation of DSME using phytochemical assays and LC-MS/MS
and other bioactive assays.

3.4. Determination of Total Phenolic Content (TPC) and Total Flavonoid
Content (TFC) in DSME extract

Total phenolic content (TPC) was determined with gallic acid
(1 mg/ml) as standard. A calibration curve was obtained that provided
a linear equation, using which the phenolic content in DSME was cal-
culated. Phenolic concentration in DSME (143.032 + 5.0432 mg GAE/
g dry weight) clearly suggested its potent antioxidant activity.
Quercetin standard (1 mg/ml) was used to determine the total
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Fig. 2. FTIR spectra of Dashamoola raw extract (DE) & Dashamoola Spent
Material Extract (DSME).

flavonoid content in DSME. The linear equation derived from the
standard calibration plot was employed for the assessment of total
flavonoids in the extract. Flavonoid content in the sample was esti-
mated to be 62.92 = 0.981 mg QE/g dry weight.

The total phenolic content of residue from bacaba fruit (Barros
et al., 2017), spent coffee (Marina Ramén-Goncalves et al., 2019) and
spent cumin (Arun et al., 2018) was reported to be 0.11 GAE/g, 15.38
GAE/g, 9-29 mg GAE/g and 1.20 mg GAE/g, respectively. The flavo-
noid content bacaba fruit residue was 0.086 QE/g, coffee spent
11-27 mg QE/g DW, and spent cumin 3.10 mg QE/g DW. Compare to
these reports, DSME possesses much higher phytochemicals.

3.5. Profiling and quantification of compounds using LC-MS/MS

A comparative LCMS/MS profiling of DE and DSME clearly suggest
that DSME possess more phytochmeicals (Figs. 3). The corresponding
chromatograms of the standard compounds, DSME and DE are given in
supplementary Fig. 1, Fig. 2 and Fig. 3, respectively. These bioactive
compounds are known for their effectiveness in curbing reactive oxi-
dative species (ROS), diabetis, inflammation, cancer, and so on. Shi-
kimic acid (83.225 mg/g) was found to be the most abundant one fol-
lowed by gallic acid (51.261mg/g), epicatechin (26.300 mg/g),
naringenin (25.054 mg/g) and vanillic acid (14.147 mg/g) indicates the
phytochemical richness of DSME in ameliorating disease conditions.
Shikimic acid is the key ingredient of the oseltamivir phosphate, the
drug used to treat human influenza (WHO, 1980) and alsos reported to
possesses vital neuroprotective capability alongside a key role in pre-
venting blood clots (M Estevez and J Estevez (2012)). Anticancer,
herbicidal and antimicrobial role of shikimic acid makes it the starting
material for the synthesis of the drugs (Cuellar et al., 2015) which is

Table 2

HPTLC data of DE and DSME at 254 nm.
DE
Peak no. Ry Value Area (AU) % Area
1 0.16 374.2 0.61
2 0.21 1162.1 1.88
3 0.26 2532.5 4.10
4 0.39 22992.6 37.26
5 0.45 7651.4 12.40
6 0.49 4536.5 7.36
7 0.60 15380.6 24.93
8 0.72 5356.3 8.68
9 0.79 1717.2 2.78

Total 61703.4 100%

DSME

Peak no. Ry Value Area (AU) % Area

1 « = =

2 5 & =

3 0.27 5578.6 6.21

4 0.39 17912.9 19.93

5 0.46 22175.3 24.67

6 0.52 9149.0 10.18

7 0.61 18826.4 20.95

8 0.72 14673.3 16.32

9 0.79 1559.3 1.74
89874.8 100%
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Fig. 3. LCMS/MS analysis of compounds in DE & DSME.

directly isolated from the plant source (Hao et al., 2015). Gallic acid
((3,4,5-trihydroxybenzoic acid) and chlorogenic acid (5.158 mg/g)
have the ability to fight viral and microbial infections (Sorrentino et al.,
2018) alongside stabilizing obesity and hypertension by affecting lipid
metabolism (Naveed et al., 2018). Gallic acid is a potent bile stimulator
with profound antioxidant efficacy (Anand et al., 1997), anticancerous
(Asci et al., 2017; Ho et al., 2010; Yoshioka et al., 2000, Nam et al.,
2016; Madlener et al., 2007), hepatoprotective (Jadon et al. (2007)).
Antioxidant properties of gallic acid are leveraged for the natural color
enhancement of fruit-based beverages (Navruz et al., 2016; Roidoung
et al.,, 2016) and as an oxidation barrier in double emulsions (Silva
et al., 2018). Studies based on epicatechin shed insight into improved
insulin sensitivity and evading hyper and hypoglycemia in human test
groups (Cremonini et al., 2019). By inhibiting NF-KB production (Fraga
and Oteiza (2011)) and by exerting various protective actions on the
gastrointestinal tract, epicatechin delivers direct benefit for the smooth
functioning of the body (Oteiza et al., 2018). Naringenin is indeed a
very interesting flavanone carrying a spectrum of biological activity

ranging from anti-inflammatory, fibrosis and even neoplasm (Du et al.,
2009; Zeng et al., 2018). Even though lesser in quantity when compared
to other polyphenols, ellagic acid (7.311 mg/g), tocopherol (5.615 mg/
g), syringic acid (5.257 mg/g), p-Coumaric acid (4.687 mg/g), apigenin
(3.752 mg/g), chrysin (3.299 mg/g) were also identified and quantified.
The trend followed by HPTLC was also observable in LCMS/MS results
as the quantity of some of the detected compounds were more pro-
nounced in DE (Fig. 3). The reason for this behavior could be attributed
to the fact that 70% ethanol system used for extraction was efficient in
leaching out compounds of varying polarities along with physical
properties of the compounds, source of the plant materials used, etc.
(Chekroun-Bechlaghem et al., 2019; Dehghan et al., 2016). Scientific
investigations suggest that these polyphenols possess higher anti-
oxidant capability (Guitard et al., 2016; Kilic et al., 2014; Lesjak et al.,
2018; Hodgson et al., 2004; Kyriakis et al., 2015). From the LCMS/MS
data, it can be inferred that DSME houses much promising biologically
active of phenolic and flavonoid compounds as compared to some of the
spent materials already reported (Marina Ramoén-Goncalves et al.,
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Table 3
Antioxidant, anti-diabetic and anti-inflammation activity of DE and DSME.
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Sample Antioxidant Assays Antidiabetic Assays Anti-inflammatory Assays
DPPH ABTS NO a-amylase a-glucosidase Albumin denaturation Inhibition Proteinase Inhibition
(ICso - pg/mL) (ICsp - pg/mL) (ICsp - Hg/mL) (ICsp - Hg/mL) (ICsp - pg/mL) (ICsp - pg/mL) (ICsp - Hg/mL)
Standard Gallic acid Trolox Ascorbic acid Acarbose Acarbose Aspirin Aspirin
2.3 = 0.09 2.8 + 0.32 238 + 1.13 6.27 = 0.92 54.67 + 1.32 100.12 + 0.061 70.1 + 0.012
DE 98.19 * 1.11 44.2 = 0.98 881 *+ 1.67 154.07 + 1.57 102.91 + 0.24 95.04 * 0.019 78.6 = 0.015
DSME 68.17 + 1.54* 17.8 = 1.03" 738 += 1.02% 129.19 + 0.84" 77.03 + 0.92" 61.17 + 0.004" 60.8 + 0.003"

@ Each value represents mean + SD (standard deviation) from triplicate measurements. DSME significantly different from DE; (p value <0.05).

2019; Arun et al., 2018). Therefore, we explored the antioxidant ac-
tivities of the extract further, by in vitro biochemical analysis. There-
fore, we explored the antioxidant activities of the extract by in vitro
biochemical analysis.

3.6. Evaluation of antioxidant efficiency

The degree of scavenging (expressed as ICs, value) of free radicals
formed during various antioxidant assays is employed to assess the ef-
ficiency of a sample in curbing biological oxidation stress in vitro
(Frankel and Meyer (2000)). The ICsq value (Table 3) of DE and DSME
against DPPH free radical was found to be 98.19 + 1.11,
68.17 + 1.54nug/mL, and that of standard gallic acid was
2.3 = 0.09 ug/mL. ABTS assay is yet another tool that measures the
extent of antioxidant capacity by trapping ABTS™ free radicals. The
results are expressed as TEAC value (Trolox equivalent antioxidant
capacity) in comparison with the standard Trolox. TEAC of the sample
is the concentration equivalent of extract to that of the activity shown
by Trolox. TEAC values for 50% reduction in free radicals were
44.2 + 0.98, 17.8 = 1.03 and 2.8 + 0.32pug/ml for DE, DSME and
Trolox, respectively. Nitric oxide (NO) production in the body is under
the strict regulatory control of various biomolecules including hor-
mones and cytokines. Although NO plays a vital role in maintaining
cellular homeostasis, the overproduction of NO can be deleterious to
physiological stability. NO can be viewed as markers of inflammation
when expressed for a long period. In addition to inflammation, NO is
also seen elevated in patients suffering from cancer, Parkinson’s disease
(PD), arthritis, and diabetes, (Zou et al., 2002). NO scavenging activity
of methanolic extract of DE and DSME was 881 + 1.67,
738 + 1.02pg/ml, respectively. The standard Vitamin C exhibited an
ICsp value of 238 + 1.13 pug/ml (Table 3).

3.7. Invitro antidiabetic assay

a-amylase found in the saliva and pancreatic juice is a hydrolizing
enzyme that cleaves alpha 1, 4 glucosidic bonds in starch, thereby ex-
posing the resulting oligosaccharides for the final conversion to glucose,
leading to elevated blood glucose level (Hanhineva et al., 2010). On the
other hand, a-glucosidases found in the intestinal cells aid absorption
by catalyzing undigested carbohydrates to monosaccharides (Kim et al.,
2010). Therefore, inhibitors of a-glucosidases and a-amylase are re-
sponsible for the lowering of postprandial blood sugar levels by de-
laying the availability of the respective enzymes. Hence, the anti-
diabetic potential of DE and DMSE was evaluated in terms of inhibition
of the action of digestive enzymes. The a-amylase inhibition of DE and
DSME recorded ICs, values of 154.07 = 1.57 and 129.19 = 0.84 ug/
mL, respectively, whereas that of acarbose was 6.27 + 0.92 ug/mL
(Table 3). The ICsq values of DE and DSME in a -glucosidase inhibition
assay were 102.91 = 0.24 and 54.67 * 1.32pug/mlL, respectively,
while that of the standard (acarbose) was 77.03 = 0.92pug/mL
(Table 3). It can be seen that DSME demonstrated superior activity over
DE in all the test assays. This striking inhibitory potential of both the
extract can be explained based on the molecular structure of the
bioactive compounds present. Polyphenols and flavonoids are made of

glycoside linkages, whose presence and structural variations cause en-
zyme inhibition (Wang et al., 2018). Plant extracts with high anti-
oxidant potential have shown strong antidiabetic capacity during in
vitro tests involving a-amylase and a-glucosidase enzymes (Sobeh
et al., 2017; Sekhon-Loodu and Rupasinghe (2019)). Synergistic effect
of bioactive compounds present in the samples including cholorogenic
acid, caffeic acid, etc may be responsible for the activities of the extract
(Chiou et al., 2017; Aras et al., 2019).

3.8. Glucose uptake assay

The role of skeletal muscle in rendering glucose homeostasis and
oxidation is well documented (Engeli et al., 2012). Increasing the up-
take of glucose by skeletal muscle cells has been one of the important
targets for anti-diabetes therapy (Arha (2017)). It is known that glucose
uptake mediated by the upregulation and expression of GLUT4 found in
adipose tissue is key to an increase in sensitivity to insulin. In the case
of type 2 diabetes, the cells including skeletal muscle cells fail to uptake
glucose, creating an imbalance in the glucose homeostasis that leads to
the onset of hyperglycemia. As DSME exhibited significant anti-diabetic
properties, as established in the preliminary screening, it prompted us
to carry out further studies to assess its efficacy in inducing glucose
uptake in L6 myoblast.

Cytotoxicity effect of DSME on cell growth and survival was studied
using the MTT assay. L6 myoblast cell lines were able to tolerate up to
500 pg/mL DSME while maintaining desirable cell viability of above
70% (Fig. 4). These results indicated that DSME extract did not cause
any cytotoxicity in cells in vitro. Therefore, concentrations of DSME
below this level (50 ug/mL and 100 pg/mL) were selected for the cel-
lular experiments.

Glucose uptake efficacy of DSME was tested in glucose fluorescent
analog, 2-NBDG (10 mM) L6 myoblast aided by confocal imaging Fig. 5
shows increased 2-NBDG uptake as evidenced by the increased fluor-
escent intensity in participant cells. However, the activity was less than
the metformin, a standard drug used as the positive control, as can be
noted from the higher fluorescent intensity under identical experi-
mental conditions. As can be seen, the treatment of cells with DSME
induced cellular uptake of 2-NBDG, indicating its intervention in dia-
betes management, presumably by GLUT4 translocation process.

3.9. In vitro anti-inflammatory assay

The anti-inflammatory activity of DSME was assessed in terms of
inhibition of albumin denaturation, antiproteinase action, and NO
production by RAW 264.7 cells.

3.9.1. Albumin denaturation inhibition by DSME extract

Protein denaturation is a process in which proteins lose their
structural conformation due to external stress or any substances, such as
strong base or acid or heat. When denatured, most of the proteins lose
their biological function. Denaturation of proteins is known to be the
main cause of inflammation (Mizushima and Kobayashi (1968) and
Sakat et al., 2010). As a part of the examination of the mechanism of the
anti-inflammatory activity of DE and DSME, its ability to inhibit protein
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Fig. 4. The effect of DSME extract on L6 myoblast and RAW 264.7 cells viability by MTT assay (The data represents mean + SD of three independent experiment).

Fig. 5. Glucose uptake (2-NBDG) in L6 myoblast cells was observed under confocal microscopy (BD Falcon). Images A to E depicts A- Blank, B- control, C- Metformin,
D- 50 ug/mL DSME, E- 100 pg/mL DSME.
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Fig. 6. NO Production inhibition assay by Griess reagent.

denaturation was studied. The results suggest that DSME extract was
effective in inhibiting heat-induced albumin denaturation. DE and
DSME demonstrated ICso values of 95.04 = 0.019 and
61.17 * 0.004 pug/mL respectively against inhibition of protein dena-
turation that was much better than aspirin (100.12 * 0.061 pg/mL),
the standard anti-inflammation drug (Table 3). Thus, DSME resulted in
higher inhibition when compared to DE and aspirin.

3.9.2. Proteinase inhibition by DSME extract

Proteinase enzymes (proteinases) have been associated with ar-
thritic reactions. Neutrophils are known to be a rich source of protei-
nase and are confined inside cellular components like lysosomes. It was
reported that the proteinase secreted by leukocytes plays an important
role in the development of tissue damage during inflammatory reac-
tions and a significant level of defense was provided by proteinase in-
hibitors. According to Das and Chatterjee (1995), a significant level of
protection was provided by proteinase inhibitors. The ICso value of
DSME in anti-proteinase assay demonstrated 60.8 + 0.003 pg/mL in-
hibitory activity whereas that of aspirin was 70.1 * 0.012 ug/mL
(Table 3). DE on the otherhand inhibited proteinase activity in a
compatitive manner (ICso 78.6 * 0.015pg/mL) but with less effec-
tiveness than aspirin and DSME. DSME exhibited the highest anti-pro-
teinase activity among all the test groups. The presence of bioactives in
DSME might have contributed to their anti-inflammatory activity.

The cytotoxicity of the DSME on RAW 264.7 cells indicated cell
viability above 70% on treatment of the cells with DSME at a con-
centration up to 500 pug/mL, and therefore, concentrations of DSME
below this level (50 ug/mL and 100 pg/mL) were selected for other
cellular experiments. DSME was also able to establish potent anti-in-
flammatory activity against LPS-induced NO formation in RAW 264.7
cell line (at 10-500 pg/mL concentrations) by significantly lowering
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nitrite concentration in nitrite estimation assay (Fig. 2).

3.9.3. Effect of DSME on NO production by RAW 264.7 cells

Estimation of inhibited NO produced by RAW 264.7 cells was car-
ried out using Griess reagent. Cellular anti-inflammatory capability is
reflected in the lowering of NO production post antigenic challenge.
Unstimulated cells were found to produce fewer NO when compared to
LPS treated (5ug/mL) RAW 264.7 macrophage cells. Effectiveness of
DSME extract (10-500 pg/mL) in neutralizing LPS-induced NO gen-
eration can be drawn from the results obtained in vitro (Fig. 6). At
500 pg/mlL, it can be clearly seen that DSME was able to retard NO
production in a concentration-dependent manner and exhibited an ac-
tivity superior to the dexamethasone which served as the positive
control. Evidence from this assay proves the potency of DSME in
combating inflammation. There are instances in which ethanolic extract
with high NO scavenging activity exhibited superior anti-inflammatory
potential by impacting transcription factors leading to inhibition of
cytokine production (Junior et al., 2020). Individual herbs that con-
stitute Dashamoola were reported to have anti-inflammatory, anti-
pyretic, analgesic properties, supported by various studies. Individual
anti-inflammation contributions from Uraria picta root (Kale et al.,
2012) and Solanum indicum Linn. fruits (Deb et al., 2014) have been
documented in separate studies. Synergistic effects of the retained,
flavonoids and phenolic acids in DSME could have attributed to the
observed beneficial effects in vitro.

4. Conclusion

The study confirmed the retention of bioactive phytochmeicals in
the spent dashamoola material. The HPTLC and LCMS/ms analysis of
the DSME revealed the presence of phytochemicals wih immense
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biological potential. Further studies on the antioxidant activities sug-
gested promising activity which was better than the fresh extract itself.
DSME demonsrated potential antidiabetic and anti-inflammatory cap-
abilities in vitro. Retention of residual phytochemical in DSME with
confirmed biological activity caters to the needs of several food, nu-
traceutical and pharmaceutical industries. If proven in vivo, the spent
materilas from the related industries could be utilized for the further
value addition e.g. development of nutraceutical products or active
ingredeint isolation. Combating material loss is essential to any in-
dustry, especially when the spent material is presumed to have health
benefits. Further in vivo studies are warranted to confirm the biological
activities so that the DSM can be further explored for the re-use for
ayurvedic formulations.
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Lignin nanoparticles (LNP), extracted from spent materials of Dashamoola Arishta (Ayurvedic formulation),
shared a molecular weight of 14.42 kDa with commercial lignin. Processed into LNPs (496.43 + 0.54 nm) via
planetary ball milling, they demonstrated stability at pH 8.0 with a zeta potential of —32 + 0.27 mV. Operating
as Pickering particles, LNP encapsulated curcumin and vitamin D3 in sunflower oil, forming LnE + Cu + vD3
nanoemulsions (particle size: 347.40 + 0.71 nm, zeta potential: —42.27 + 0.72 mV) with high encapsulation

efficiencies (curcumin: 87.95 + 0.21%, vitamin D3: 72.66 + 0.11%). The LnE + Cu + vD3 emulsion exhibited
stability without phase separation over 90 days at room (27 + 2 °C) and refrigeration (4 £+ 1 °C) temperatures.
Remarkably, LnE + Cu + vDj3 exhibited reduced toxicity, causing 29.32% and 34.99% cell death in L6 and
RAW264.7 cells respectively, at the highest concentration (50 pg/mL). This underscores the potential valori-
zation of Ayurvedic industry spent materials for diverse industrial applications.

1. Introduction

Lignin is one of the most important components of the plant cell wall
structure, and it is the second-most prevalent natural macromolecule
after cellulose (Gordobil et al., 2018). It is an amorphous, heterogeneous
molecule constituting phenylpropane units derived from three aromatic
alcohols (coniferyl, p-coumaryl, and sinapyl). The chemical structure of
lignin depends highly on the botanical origin, growing conditions of the
plant, and the extraction process (Gordobil et al., 2018; Rahman et al.,
2018; Tortora et al., 2014; Zou et al., 2019). Agriculture, forestry and
paper/pulp industry together create approximately 78 million metric
tonnes of lignin as a by-product (Zou et al., 2019). Lignin is used in
multiple sectors, encompassing biofuels (char, hydrogen, syngas,
diesel), chemicals (polymers, dispersants, binders), agriculture
(controlled release for pesticides/herbicides, heavy metal sequestration,
humic acid formation, high-value fertilizers), human health applications
(drug encapsulation, delivery, health-promoting functions), and UV

protection in cosmetics (Abraham et al., 2023; Schneider et al., 2021).

Ayurveda is an indigenous form of traditional Indian medicinal sci-
ence that has been practiced for thousands of years, with its roots dating
back several millennia. It makes use of plant-based formulations to treat
a wide range of illnesses (Randive et al., 2014). Dashamoola Arishta
(DA) is an anti-inflammatory formulation and is one of the most effec-
tive and sought-after Ayurvedic preparations for inflammation-related
ailments (Randive et al., 2014, Shukla et al., 2010, Nagarkar et al.,
2013). It is prepared from the roots of ten different medicinal plants,
primarily including Bilva (Aegle marmelos), Agnimantha (Premna integ-
rifolia), Shyonaka (Oroxylum indicum), Patala (Stereospermum suaveo-
lens), Gambhari (Gmelina arborea), Brihati (Solanum indicum), Kantakari
(Solanum xanthocarpum), Shalaparni (Desmodium gangeticum), Prishna-
parni (Uraria picta), Gokshura (Tribulus terrestris), as recorded in Ayur-
vedic texts (Vyas et al., 2011; Abraham et al., 2020). Ayurveda industry
generates ~1000 tons of spent materials of dashamoola, hence forth
referred to as dashamoola spent material (DSM), after the arista
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production and is a rich source of lignocellulosic materials. Our earlier
study showed that this DSM is rich in lignocellulosic content and that it
can be valorised to be used in Ayurvedic industry and could converted
into a sustainable, commercially viable source of lignin and cellulose
(Abraham et al., 2020).

Naturally obtained biopolymeric materials including cellulose and
pectin or their derivatives have lately seen increasing popularity as
emulsion stabilizers (Hossain et al., 2021; Jiang & Hsieh, 2015;
McClements et al., 2017). Micron and nanosized particles have been
used as surface-active stabilizers for Pickering emulsions (Bertolo et al.,
2019; Li et al., 2021; Sipponen et al., 2018; Zou et al., 2019). Pickering
emulsions are stabilized by solid particles and are finding applications in
foods, cosmetics and pharmaceuticals etc. (Hossain et al., 2021; Zou
et al., 2019). In addition to providing emulsifying and stabilizing
properties, lignin and cellulose are known to protect light-sensitive
compounds such as vitamins, oils, and food color (Pandian et al.,
2021; Sodeinde et al., 2021).

Several studies have touted curcumin’s potential for providing
health promoting functions to human against inflammation, oxidation-
induced stresses cells (Anand et al., 2008). It is also known to promote
immunomodulation (Ahsan et al., 1999). A recent study showed that the
deficiency of Vitamin D3 in the US population was associated with a
higher incidence of COVID-19 infections and subsequent deaths among
the Latino and Black populations (Ames et al., 2021). The intake of
curcumin and vitamin D3 was reported to provide relief from the in-
fections and complications associated with COVID-19 (Ilie et al., 2020;
Rattis et al., 2021; Zahedipour et al., 2020). Curcumin and vitamin D3
are sensitive to environmental factors, and require to be stabilized by
encapsulation. Encapsulated form of these compounds enables precise
dosing and increased bioavailability, both of which are important for
their efficacy.

In the above context, the current research aimed to isolate and
characterize the lignin from DSM and convert it into nano lignin. Sub-
sequently, the efficacy of nano lignin, utilized as a Pickering particle in
an O/W emulsion, was investigated for its ability to encapsulate cur-
cumin and vitamin Dg, along with an assessment of their storage
stability.

2. Material and methods
2.1. Material and chemicals

DSM for the study was kindly provided by Arya Vaidya Sala, Kotta-
kal, Malappuram, Kerala, India. SD Fine Chemicals, Mumbai, India,
supplied sulphuric acid (72% w/v), calcium carbonate. Laccase and
cellulase enzymes were supplied by Zytex Biotech Pvt. Ltd., Andheri (E),
Mumbai, India. Lignin standard was procured from Sigma Aldrich
Chemicals Pvt. Ltd., Massachusetts, USA. Sisco Research Laboratories
Pvt. Ltd.,, Mumbai, India, provided all the analytical-grade reagents
utilized in the current study.

2.2. Isolation of lignin from DSM

The compositional analysis of DSM in terms of lignin, cellulose and
hemicellulose was carried out according to National Renewable Energy
Laboratory (NREL) protocol (Ruiz & Ehrman, 1996). Lignin was
extracted form DSM using alkaline extraction method (Si et al., 2015;
Wunna et al., 2017). Briefly, DSM was suspended in 1% NaOH with 10%
w/v loading. This mixture was heated at 121 °C for 1 h in an autoclave.
Subsequently, the treated solid content was cooled to a room tempera-
ture before utilization with the cheese cloth. The supernatant (black li-
quor) obtained in this way was rendered acidic by lowering the pH to 2.0
using 10% HySO4. The precipitate was recovered by centrifugation at
5000 xg for 15 min. The solid mass, lignin, obtained from the centrifu-
gation step was freeze-dried at —80 °C under a pressure of 10 Pa.

Food Chemistry 458 (2024) 140284

2.3. Preparation of nano lignin

Planetary ball mill (Pulverisette, Fritsch, Germany) running at 300
rpm and zirconium dioxide (ZrO3) containers (50 mL) containing ZrO,
balls (10 mm) was used for the size reduction of extracted lignin. All
lignin samples were ground for 23 cycles in an argon environment (each
cycle had a (each cycle lasted for 5 min, followed by a 10-min gap). After
the ball milling, the powder was sieved through 63 mm sieve (Jayanth
Scientific Instruments, Delhi, India).

2.4. Zeta potential and particle size

The droplet size and zeta potential of lignin was calculated from pH
4.0 to 10.0 using the Malvern Zeta sizer (Zeta Nano-ZS; Malvern In-
struments, UK), which relies on the dynamic light scattering (DLS)
principle.

2.5. Characterization of LNP

The lignin nanoparticles (LNP) were characterized in terms of NMR,
GPC, FTIR, TGA, DSC, XRD and compared with that of Standard Lignin
Powder (SLP). Further LNP was also characterized in terms of contact
angle, SEM and TEM. The protocols for these tests are provided below.

2.5.1. Purity of extracted lignin

A two-step hydrolysis process was performed to analyse the chemical
composition of the recovered lignin, focusing specifically on its carbo-
hydrate, acid-soluble, and insoluble content (Ruiz & Ehrman, 1996).
The polysaccharides content of the hydrolysate formed at the end of the
two-step acid treatment was quantitated using the HPLC method,
following the procedure outlined in Karthyani et al., 2017.

2.5.2. Functional group analysis of LNP using FTIR
FTIR analysis of the LNP was carried out using FTIR — ATR spec-
trometer (Perkin Elmer, USA) and the spectra were recorded from 4000

to 1000 cm ™! with a resolution of 4 cm ™.

2.5.3. Determining the molecular weight of LNP

The gel permeation chromatography method was employed to
determine the molecular weight of lignin. The method used a 300 x 7.8
mm Phenomenex Phenogel GPC column mounted on a Shimadzu GPC
unit connected to a photodiode array detector. The calibration and
analysis were carried out as reported by Akhil et al., 2020.

2.5.4. NMR characterization of LNP: Molecular structure analysis

A previously reported 'H—'3C NMR heteronuclear single-quantum
coherence (HSQC) technique was used for analysing the LNP using an
in-house Bruker Avance II 500 spectrometer (US). Sample preparation
involved the addition of a 10 mg lignin sample in 1 mL d6-DMSO. The
contours and cross peaks were identified and assigned according to the
reported literature (Gabov et al., 2014; Ragauskas & Yoo, 2018).

2.5.5. Analysis of phenolic content

UV spectrometry was used to calculate the phenolic content of lignin.
The assay was based on the change in the absorbance brought out by the
ionization of phenolic hydroxyl groups in alkaline conditions. The LNP
was dissolved in a 0.2 M NaOH solution and dioxane. The total phenolic
hydroxyl group and C-5 substitution (condensed Phenolic OH) were
determined according to Goldmann et al., 2016.

2.5.6. Surface composition of LNP

The X-ray photoelectron spectroscopy (XPS) was used to determine
the surface composition of lignin. PHI 5000 Versa Probe II (ULVAC-PHI
Inc., USA) was used to determine the ratio of oxygen and carbon (O: C).
The oxygen-to-carbon ratio directly provides details on the percentage
of surface lignin. The equipment used a built-in micro-focused (200 pm,
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15 kV) monochromatic Al-Ka X-Ray source (hv =1486.6 eV) for carrying
out the analysis (Mou et al., 2013).

2.5.7. Thermal degradation of LNP

Thermal gravimetric (TG) analyses of LNP and SLP were carried on a
TA Q50 instrument. Sample (10 mg) was placed in the alumina crucible,
heated in the temperature range 40-500 °C at a heating rate of 10 °C/
min in the presence of nitrogen (Moustagim et al., 2018). The weight
loss (%) versus temperature data were recorded.

2.5.8. Thermal characteristics of LNP

Differential scanning calorimetry (DSC) was employed to assess the
thermal behaviour, specifically focusing on the Glass Transition Tem-
perature (Tg), of both LNP and SLP. Measurements were performed
using DSC Q2000, TA Instruments, USA. Distilled water (6 L) was added
to 3.0 mg of the sample and was transferred into pre-weighed aluminium
sample pans. Samples were heated from 25 °C to 95 °C at a rate of 10 °C/
min under a nitrogen environment. The onset temperature (TO) marks
the initiation of phase transitions, peak temperature (TP), and conclu-
sion temperature (TC) were measured using the Fit2D software (Sathyan
& Nisha, 2022).

2.5.9. Crystalline and amorphous content of LNP

The wide-angle X-ray diffraction (WAXD) observations were
captured using Xenocs’ XEUSS SAXS/WAXS instrument in transmission
mode to analyse the amorphous and crystalline content of LNP and SLP.
Cu K radiation at 50 kV and 0.6 mA with a wavelength of 1.54 was used.
Fit2D software was used to analyse the data after the 2D patterns were
captured on a Mar345 picture plate. The degree of crystallinity was
calculated by the ratio of the intensity of the crystalline peak to the total
intensity according to Raveendran et al., 2011.

2.5.10. Contact angle

A thin film of LNP was made by dispersing 5% (w/v) LNP in distilled
water on a spotless glass slide and dried at 85 °C for 30 min. A drop of
distilled water (2 pL) was then added on the film surface, and their
contact angle was determined using a drop shape analyzer (Model
DSA30E, KRUSS GmBH, Hamburg, Germany; with Kruss Advance Soft-
ware 1.7.0.8, Version 15).

2.5.11. Microscopic surface morphology

A specimen holder made of aluminium was coated with carbon tape
before being filled with the sample, a thin layer of gold was applied
using a gold/palladium sputter coater (SC7620, Emitech, Quorum
Technologies Ltd., Kent, UK). Scanning electron microscopy (ZEISS;
EVO 18, Germany) was used to analyse the microscopic surface texture
of these samples under 15 KV of accelerating voltage, 10,000x magni-
fication was used to capture the micrographs (Sathyan & Nisha, 2022).

2.5.12. Internal structure of LNP

Transmission electron microscopy (TEM) of the LNP was done using
JOEL JEM F200 with STEM, EDS and Gatan EELS and FEI Tecnai T30
with EDAX. This technique facilitated high-resolution imaging and
detailed examination of the internal structure and composition of LNP at
the nanoscale.

2.6. Preparation of O/W Pickering emulsions

Oil-in-water (O/W) Pickering emulsions were prepared using LNP as
Pickering particle. LNP solutions of various concentrations (0, 500,
1000, 1500, 2000, 2500 ppm) at pH 8 were prepared and used. Sun-
flower oil (10% w/w) loaded with 50 ppm curcumin (Cu) and 50 ppm
vitamin D3 (vD3y was used as the dispersed phase. Pickering emulsions
{(1) LnE (LNP stabilized O/W emulsion of sunflower oil) and (2) LnE +
Cu + vD3 (LNP stabilized O/W emulsion of sunflower oil loaded with
curcumin, and vitamin D3)} were prepared by using a probe sonicator
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(VCX-750 Vibra cell, sonics & materials, USA) sonicating for 0, 15, 30,
45, 60 min (cycle 10 s on/10 s off, amplitude 50%). The resulting
emulsions LnE + Cu + vD3 were analysed in terms of particle size,
C-potential, color and stability at 4 °C and 27 °C for 90 days.

2.6.1. Rheological properties

A controlled stress rheometer was used to analyse the rheological
properties (viscometric,

dynamic strain sweep, and dynamic frequency sweep behaviour) of
two emulsions: LnE and LnE + Cu + vD3 (MCR 102 Rheometer, Anton
Paar GmbH, Ostfildern-Scharnhausen, Germany). A cone and plate ge-
ometry with a 25 mm diameter was employed in these tests. The gap
between the cone and the plate was 0.105 mm. The viscometric was
applied in a shear rate ranging from 0.01 to 100 s ~! to record shear rate
versus viscosity data. During the dynamic strain sweep analysis, the
strain for LnE and LnE + Cu + vD3 was varied from 0.01 to 100%. The
linear viscoelastic region (LVE) was determined from their strain sweep
curve. The behaviour of the two emulsions, during dynamic frequency
sweep was measured by varying the frequency from 0.01 to 100 rad/s
(Kavya et al., 2023; Sathyan & Nisha, 2022).

2.6.2. Microstructure of emulsions

Microstructure of the emulsion was captured and analysed using a
fluorescence microscope (Olympus fluorescence microscope IX83,
Olympus corporation of Americas, Center Valley, USA) to understand
whether LNP acted as a Pickering particle. LNP and the oil phase were
stained with dye calcofluor white and nile red respectively. Emulsion
(100 pL) was taken in a 96-well plate, stained with nile red (10%), kept
for a few minutes, followed by adding calcofluor white (5 mg/mL).
Photographs were taken using a delta 512 EMCCD camera (photomet-
rics, USA) (Bai et al., 2019).

2.6.3. Creaming index

Emulsions were transferred tol5 mL graduated test tubes immedi-
ately after preparation and stored for 90 days at both room temperature
(27 °C) and refrigerating temperature (4 °C). The amount of oil phase (in
mL) that had separated from the emulsion was recorded every 15-day
interval. Using Eq. (1), the percentage of separated oil (phase) was
calculated using eq. (1) (Huimin et al., 2014).

Phase separation (%) = (VT/VE) x 100 1)

where, VT is the volume (mL) of the oil phase that was separated. VE is
the total volume (mL) of emulsion used in the test.

2.6.4. Encapsulation efficiency

Encapsulation efficiency, representing the quantity of curcumin and
Vitamin D3 retained within the Pickering emulsion, was assessed using
high-performance liquid chromatography (HPLC). To prepare samples
for analysis, 1 mL of emulsion was mixed with 5 mL of methanol and
stirred using a magnetic stirrer for 3 h at 2795 xg. The mixture was then
centrifuged at 55,900 xg for 10 min, supernatant was collected and
filtered through a 0.22 pm PTFE syringe filter. The filtered sample was
analysed using a Prominence UFLC system (Shimadzu, Japan) contain-
ing LC-20 CE system equipped with a column oven (CTO-20 A), an
autosampler injector (SIL-20 AC), a diode array detector, and a Phe-
nomenex Gemini C18 column (250 x 4.6 mm, 5 pm) (SPD-M20A). The
analysis for curcumin and vitamin D3 was carried out using an isocratic
flow of 100% methanol as the mobile phase, with a flow rate set at 1 mL/
min and an injection volume of 10 pL. Detection of the curcumin and
vitamin D3 fractions was performed at 420 nm and 261 nm, respectively,
with retention times of 3.2 min for curcumin and 7.6 min for vitamin D3,
The column temperature was maintained at 40 °C throughout the
analysis.

The encapsulation efficiency (E.E) of Curcumin and Vitamin D3 was
determined using eq. (2).
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mass of compound retained in the emulsion (mg)

%) =
EE.(%) totla mass of compund used (mg)

x 100 2)

2.6.5. Cell viability assay

The L6 myoblast (NCCS, Pune, India) and RAW 264.7 (ATCC, Man-
assas, USA) cell lines were used in these tests. The cells grown in Dul-
becco’s modified eagle’s medium (DMEM) supplemented with fetal
bovine serum (10%) and a solution containing antibiotic-antimycotic
solution (1%) were kept in CO3 incubator maintained at 37 °C and 5%
CO,. Cells were seeded in 96 well plates at a density of 1x 10* cells/well
for cell viability assays.

The toxicity of lignin solution (Ln) and lignin emulsion (LnE + Cu +
vD3) against RAW 264.7 and L6 myoblast cells was studied using MTT
assay (Klapiszewski et al., 2013). The cell lines grown in 96 well-plates
were incubated with varying DSME concentrations (10-500 pg/mL) for
24 h. After the incubation period, the cells in each well were washed and
added with 100 pL of MTT (0.5 mg/mL) and incubated at 37 °C for 4 h in
a COy incubator. Following incubation, 100 pL of DMSO was added in
each well and optical density was determined (570 nm, Synergy4 Biotek
multiplate reader, USA) after 45 min (Mosmann, 1983). In the MTT
assay, the viability of cells is related to the conversion of MTT (yellow
color) to formazan crystals (purple color). The abovementioned con-
version will happen only in metabolically viable cells. The intensity of
the purple color measured at 570 nm is directly correlated with the
number of viable cells. Higher optical density indicates more viable
cells, indicating their potential to convert MTT into formazan.

2.6.6. Storage stability

To evaluate the storage stability of the emulsions LnE + Cu + vDs,
they were stored at two temperatures: room temperature (27 °C) and
refrigerated temperature (4 °C) for 90 days. During the storage period,
the LnE + Cu + vD3 was examined in 15 days’ interval for changes in
color, particle size, and zeta potential.

2.7. Statistical analysis

Experiments were carried out in triplicate unless otherwise specified
above. Results are presented as mean values and standard deviation
(SD). The analysis of variance was carried out using one-way analysis of
variance (ANOVA) with Dunnetts multiple comparison test using graph
prism pad 5.0 statistical software versions and Microsoft Excel (2007). A
95% confidence level was used to confirm significant difference between
any two mean values.

3. Results and discussion
3.1. Characterization of extracted lignin

3.1.1. Chemical composition

The composition of DSM was found to closely resemble that of
typical lignocellulosic biomass, with cellulose 39.10%, hemicellulose
30.56%, and lignin 27.89%. Lignin, with a purity of 96.18%, was
extracted through alkaline hydrolysis of DSM and then converted into
LNP using ball milling, which was further characterized using various
physicochemical methods. In order to understand the pH stability of
LNP, surface charge across pH range of 4 to 10 was studied. Notably, the
LNP solution exhibited negative surface charge in this pH range. At pH
8.0, the LNP solution had the zeta potential value of —32.40 + 0.81 mV
and particle size of 496.43 + 0.54 nm) (Supplementary Fig. 1). The
negative zeta potential values can be attributed to the surface hydroxyl
and acidic groups becoming ionized when dispersed in an aqueous so-
lution (Czaikoski et al., 2020; Klapiszewski et al., 2013). The difference
in electrostatic interactions at various pH values may be the correlated
with the variation in particle sizes. At higher pH, cleavage of the p-O-4
linkage in lignin was observed, potentially leading to a reduction in
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particle size (Pradyawong et al., 2022).

Further, chemical and structural characteristics of the LNP were
compared with standard (commercially obtained) SLP. IR and NMR data
indicated that SLP and LNP had guaiacyl (G), syringyl (S) and p-hy-
droxyl (H) units (Fig. 1a, b). However, the intensity of G unit was more
pronounced in the aromatic region of the HSQC spectra as shown in
Fig. 1b. The contour corresponding to G5 protons was wider suggesting
the presence of higher guaiacyl units with unsubstituted C5 position.
B-O-4 linkages of G and S units were also observed in the aliphatic region
of the HSQC spectra along with p-f linkages (Balakshin et al., 2003). The
IR spectra of SLP and LNP were close, indicating the similar structural
composition, as shown in Fig. 1c.

GPC data provided important insights into the structural heteroge-
neity, cross-linking or branching of the LNP in terms of molecular weight
and Polydispersity index (PDI). LNP was found to have higher molecular
weight than SLP (Supplementary Table 1). PDI represents the hetero-
geneity of the macromolecule. Lignin is covalently bonded to poly-
saccharides, hemicelluloses in particular, which adds to its
heterogeneity (Tarasov et al., 2018). However, LNP had a lower PDI
value than SLP, indicating better homogeneity. It is known that the p-O-
4 linkages are easily cleaved by alkali (Devendra & Sukumaran, 2023;
Tarasov et al., 2018). The NMR data indicated a higher number density
of p-O-4 linkages in LNP, suggesting the presence of complex lignin-
carbohydrate moieties. This may potentially lead to the blocking of
inter-lignin B-O-4 linkages through steric hindrance, resulting in better
homogeneity (Devendra & Sukumaran, 2023; Tarasov et al., 2018).

The FTIR analysis revealed that LNP had a complex lignin structure,
potentially with a broader range of phenolic constituents, while SLP had
a simpler lignin structure with a higher concentration of phenolic OH
groups (Devendra & Sukumaran, 2023). The FTIR data of LNP indicated
the presence of G-S-H lignin units (1327, 1514 em™!) and C—H S units
(833 cm™Y), indicating a complex lignin structure. In contrast, standard
lignin (SLP) showed a higher proportion of G units (1510 cm™!) and
phenolic OH groups (3392 cm™!). These differences in lignin composi-
tion indicated that they had distinct reactivity profiles and would
potentially be suitable for different applications (Devendra & Suku-
maran, 2023; Tarasov et al., 2018). UV analysis (supplementary Table 1)
indicated that LNP had a lower total phenolic OH content (2.134 mmol/
g) compared to SLP (3.556 mmol/g). A similar trend was observed in C5-
substituted phenolic OH, with LNP measuring 0.169 mmol/g and SLP
measuring 1.86 mmol/g. SLP contained a notably higher concentration
of both total phenolic ~groups and C5 substituted phenolic OH groups
compared to LNP. These data and underlying trends are comparable
with those reported by Devendra et al., 2022 in the case of both
condensed and uncondensed phenolic hydroxyl groups through absor-
bance changes upon ionization in an alkaline medium. The difference in
phenolic content between LNP and SNP can have significant implica-
tions for their reactivity, chemical functionality, and suitability in
various industrial applications.

3.1.2. Bonding and elemental composition

XPS analysis helps to identify the elemental composition, nature of
bonding and the state of oxidation of a material (Mou et al., 2013). The
survey spectrum of LNP and SLP revealed the presence of carbon and
oxygen as shown in (Fig. 2a-f). The high-resolution C 1 s spectrum of SLP
revealed a peak at binding energy of 284.09 eV, attributed to C-C/C=C
bonding in lignin. LNP had a lower binding energy of 284.69 eV. In
addition, SLP showed peaks at 287 and 289 eV corresponding to C-O/C-
OH, C=0/0-C=0 in the C 1 s spectrum. Meanwhile, the O1s spectrum of
all three compounds showed a peak at 532.8 eV, indicating the presence
of C—O in the structure. LNP showed an additional peak at 530.7 eV,
indicative of C=0 in the lignin structure. This can be attributed to the
large polarizability of phenolic structure of lignin. As a result, the
binding energy of the lignin was shifted to a lower value, specifically
532 eV. These spectral features showed that LNP had broad C1s and Ols
peaks in comparison to commercial lignin which had C1s and O1s peaks
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Fig. 1. (a) 2D-NMR spectroscopy of SLP, (b) 2D-NMR spectroscopy of LNP (c) FTIR spectroscopy of Standard Lignin Powder (SLP) and Lignin nanoparticles (LNP).
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at 284 and 532 eV, respectively (Mou et al., 2013).

3.1.3. Thermal behaviour

The thermal stability of extracted lignin was evaluated through TGA
and DSC analysis. A steady decrease in the mass loss (weight loss) was
observed from 40 to 100 °C in the TGA curve (Fig. 3a) of both LNP and
SLP (7.60 and 11.17% respectively), which corresponded to the mois-
ture loss (Moustaqim et al., 2018). Above 100 °C (post-dehydration), the
TGA curve showed two peaks, which could be attributed to the
decomposition of B-O-4 bonds and aliphatic hydroxyl groups around
200 °C and cleavage of the C—C bond and demethoxylation of phenolic
lignin around 300 °C to 450 °C (Ragauskas & Yoo, 2018). There was a

44.22% weight loss between 150 and 300 °C with an onset temperature
around 150 °C for LNP. This was followed by a 67.11% loss of mass
between 300 and 450 °C whereas SLP showed a 54.95% weight loss in
the same temperature range. The degradation profile was similar to
what is reported for lignin (Ragauskas & Yoo, 2018; Devendra et al.,
2022). The difference in the mass loss during the thermal degradation of
LNP and SLP could be attributed to the difference in their composition,
which could be further inferred from the residual mass of 8.21% for SLP
versus 6.02% for LNP at 800 °C.

The DSC profile of LNP and SLP samples exhibited comparable
thermal profiles, including water evaporation, lignin decomposition,
and glass transition temperature as shown in Fig. 3b. LNP showed an
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Fig. 3. Thermal and structural analyses of SLP and LNP: (a) TGA for thermal stability, (b) DSC for melting/crystallization behaviors and (c) XRD for crystal-

line structure.

endothermic peak below 100 °C, aligning with the evaporation of water.
Additionally, an appearance of an exothermic peak around 200 °C
suggested the decomposition of lignin, a finding that agrees well with
Moustagim et al., 2018’s report. DSC analysis identified a similar glass
transition temperature (Tg) of about 72 °C for both LNP and SLP.

Fig. 3c showcases the XRD patterns of LNP and SLP. As compared to
SLP, LNP exhibited sharp peaks at 18° and 23° which could be attributed
to the presence of residual cellulose in LNP. LNP isolated through
alkaline hydrolysis showed 96.18% purity and contained 3.18% cellu-
lose, as compared to SLP’s 98% purity and no cellulose. Similar spec-
trum for alkaline extracted lignin is reported earlier which is correlated
with its residual cellulose (Gomide et al., 2020). SLP showed a broad
peak, indicative of its predominantly amorphous nature.

Overall, these structural analyses highlighted the importance of
considering both thermal and structural characteristics when evaluating
the potential application of LNP to encapsulate heat sensitive bioactive
compounds (e.g., curcumin) and vitamins. The robust thermal stability
of LNP makes it an excellent candidate for protecting these sensitive
compounds during processing and ensuring their preservation in the

final product.

3.1.4. Surface morphology and microstructure

The morphological features of LNP were studied using SEM and TEM
to understand the morphological and microstructural properties. The
SEM and TEM microstructure (Fig. 4a-c) showed that the LNP were
spherical, and the size ranged from 200 to 300 nm. There was not a
strong spread of size, and which indicated that ball milling can be used
to produce LNP surface morphology of lignin nanoparticles.

With their small size, spherical shape, uniformity, and relatively
narrow size range, these LNP are expected to be suitable for application
in food formulations, especially as encapsulating shell materials and
delivery vehicles. In the ensuing section presents their efficacy as
Pickering particles to stabilize emulsions.

3.2. Characteristics of Pickering emulsion produced using LNP

In order to understand the hydrophobic/hydrophilic nature of LNP
which is important for preparing emulsion, the contact angle was

100nm CSMCRI
o 1

0. O]

Fig. 4. Microscopic characterization of LNP: (a) SEM image at 10,000 x magnification, (b) SEM image at 30,000 x magnification, showcasing surface morphology, (c)
TEM image revealing internal structure and (d) Contact angle measurement demonstrating surface wettability of LNP.
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measured and was found to be 71.6° (Fig. 4 d). This indicated that the
LNP had hydrophilic in nature and could be considered to be suitable to
produce O/W emulsions. It is expected for these LNPs (as Pickering
particles) to adsorb at the oil-water interface and form a dense layer to
prevent the droplet aggregation (McClements, 2015).

LNPs were used to prepare two Pickering emulsions: (1) LnE and (2)
LnE + Cu + vD3. These emulsions were prepared a pH 8.0 based on the
pH stability information presented in section 3.1.1. Initial trials were
carried to understand the composition of the emulsion (LnE) in terms of
percentage of dispersed phase and the amount of LNP required. It was
found that 10% of oil with 2000-2500 ppm of LNP produced stable LnE.
Ultrasound was used to prepare emulsions using sonication time ranging
from 15 to 60 min (Fig. 5a). Most stable emulsions were obtained at 45
min of sonication at LNP concentration of 2000 ppm, which are referred
to LnE (Fig. 5 a). Based on this experience, LnE + Cu + vD3 emulsions
with 10% sunflower oil and 2000 LNP loaded with curcumin and
vitamin D3 at concentrations of 500 ppm each, maintaining a 45-min of
sonication. As the loading of curcumin and vitamin D3 can affect the
stability of the interface, we further evaluated the optimum LNP con-
centration by varying its concentration from 0 to 2500 ppm (Fig. 5b.).
The stability of emulsion stability was evaluated in terms of oil sepa-
ration. The most stable LnE + Cu + vD3 were obtained in the LNP
concentrations of 2000 ppm and 2500 ppm. Ultimately, we chose the
LNP concentration of 2000 ppm. (Li et al., 2021; Zhang et al., 2022).

The microstructure of the optimized emulsions, LnE and LnE + Cu +
vD3, was examined using fluorescent microscopy to ascertain the for-
mation of Pickering emulsions. LNPs would be considered as Pickering
particles if they could preferentially be adsorbed at the O/W interface
and ensured emulsion stability. The organization of lignin and oil
droplets in the freshly prepared emulsion (LnE) is presented Fig. 5c. The
calcofluor dye (blue color) indicated the presence of LNP while the Nile
red stain (red color) revealed the size of individual oil droplets. The blue
contour could be clearly observed surrounding the red-colored oil
droplets, illustrating how LNP were forming a layer entrapping them. In
the case of the LnE + Cu + vD3 emulsion, where curcumin and vitamin
D3 are solubilized in sunflower oil, the oil droplets were stained with
Nile red and lignin with calcofluor dye (as shown in Fig. 5d). Again, the
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blue contour was observed to encircle the red-colored oil droplets,
demonstrating that LNP clearly acting as Pickering particles. Similar to
our findings, Yuan et al., 2023 observed fluorescence microscopy images
in which lignin, stained in blue (using calcofluor white), formed a
contour around red-colored oil droplets (stained with nile red) created
through high-energy microfluidization. These observations indicated
that LNP can act as Pickering particles in oil-in-water emulsion systems.

3.2.1. Particle size and zeta potential

The particle size and zeta potential of LnE and LnE + Cu + vD3 were
significantly different (Table 1). LnE had larger particle size (546.83 +
9.81) band small absolute value of zeta potential while LnE + Cu + vD3
(347.40 + 0.71) had smaller particle size higher absolute value of zeta
potential. The smaller size of LnE + Cu + vDs3 indicated that this
emulsion was more stable at the same time was containing curcumin and
vitamin Ds3 in the core. These compounds in LnE + Cu + vDs3 acted as
natural surfactants, reducing the surface tension between oil and water
phases, which helped to form smaller droplets. They modified the
interfacial properties, possibly through steric hindrance and electro-
static repulsion, enhancing droplet stability against coalescence. Addi-
tionally, their incorporation could increase the viscosity of the
continuous phase, further stabilizing the smaller droplets by impeding
their movement (Zembyla et al., 2020). The negative zeta potential
values for both formulations, especially the higher value in LnE + Cu +
vD3, underscored their electrostatic stability, which is important for

Table 1
Lignin emulsions of size, zeta, and color values.

Sample name LnE LnE + Cu + vD3

Size (nm) 546.83 + 9.81% 347.40 + 0.71°

Zeta (Mv) —35.53 + 0.57% —42.265 + 0.72°
L* 73.93 + 0.23% 62.62 + 1.25°
a* 5.31 + 0.03% 3.893 + 0.03°
b* 13.53 + 0.09* 59.91 + 0.71°

Values are means + SE (n = 3). Values with different superscript letter denotes
significant difference between the sample (p < 0.05).

Fig. 5. (a) Formation of lignin emulsion through probe sonication at varying time intervals (0-60 min), (b) Influence of varying LNP concentration (0-2500 ppm) on
curcumin and vitamin D3-loaded lignin emulsion, (c) fluorescence microscopy images of LnE (d) fluorescence microscopy images of LnE + Cu + vDs.
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broader application of LNP in food emulsions (Bertolo et al., 2019;
Saffarionpour & Diosady, 2022; Winuprasith et al., 2018). This finding is
also in accordance with previous research highlighting the role of kraft
lignin in stabilizing O/W emulsions (Czaikoski et al., 2020).

3.2.2. Color analysis of emulsions

The color analysis further revealed distinctions in LnE and LnE + Cu
+ vDg (Table 1). Notably, the color values revealed that emulsions
formulated with curcumin and vitamin D3 exhibited a vibrant yellow
hue, as evidenced by a substantial increase in the b* value. Specifically,
the b* value rose from 13.53 4+ 0.092 in LnE to 59.91 + 0.716 in LnE +
Cu + vDg, a change attributed to the presence of curcumin. The above-
mentioned differences in color, particle size and zeta potential data
indicated that the presence of curcumin and vitamin D3 in the oil phase
actually brought about positive impact on LNP-stabilized emulsions
(Heger et al., 2014; Kharat et al., 2017).

3.2.3. Viscometrical and rheological behaviour of optimized emulsions

To understand the rheological characteristics of an emulsion stabi-
lized by lignin, we compare the rheological behaviors of two emulsions:
LnE and LnE + Cu + vD3.The curves for LnE and LnE + Cu + vDg3 are
illustrated in Fig. 6a-c. The viscosity-shear rate graph in Fig. 6a reveals
that both LnE and LnE + Cu + vDg3 exhibit shear-thinning behaviour,
with viscosities decreasing as the shear rate increases. Specifically, the
viscosity of LnE decreases from 6.94 to 0.0054 Pa.s as the shear rate
varies from 0.01 to 20 s’l, while for LnE + Cu + vDg, it drops from 13.1
Pa.s to 0.00315 Pa.s over the same shear rate range. Notably, the
decrease in viscosity values indicates that LnE + Cu + vD3 is more
susceptible to applied shear-induced deformation than LnE. This
heightened susceptibility of LnE + Cu + vD3 to shear-induced defor-
mation, resulting in a more pronounced viscosity decrease compared to
LnE, can be attributed to the impact of the added components Cu and
vDs. The presence of Cu and vDs likely alters the interfacial properties of
the LNP-stabilized O/W emulsion droplets, potentially promoting
droplet coalescence or disrupting the overall emulsion structure under
shear forces. The pronounced shear-thinning behaviour observed in
Pickering emulsions, indicative of weak associative interactions within
the drop network structure, aligns with similar findings reported by
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Zhao et al., 2023.

The linear visco-elastic regions (LVE) of LnE and LnE + Cu + vD3 are
presented in Fig. 6b. In LnE, the G’ (storage modulus) consistently
exceeded G" (loss modulus) at higher strains, indicating a solid-like
behaviour without a crossover between G’ and G". Similarly, LnE +
Cu + vD3 showed a distinct trend with G’ consistently surpassing G"
across the entire strain range. The persistent G’ dominance in LnE + Cu
+ vD3 implies sustained solid-like behaviour and non-crossover of G’
and G" in both LnE and LnE + Cu + vDj3 for stability assessment. The
enhanced elastic property of LnE + Cu + vDgs is attributed to the
interface-stabilizing effect of lignin particle, curcumin and vitamin Ds.
This, along with the reported G’ dominance, implies a prolonged solid-
like structure, enhancing stability of O/W emulsions against droplet
coagulation or aggregation during storage (Kavya et al., 2023).

The frequency sweep results for LnE and LnE + Cu + vDg are pre-
sented in Fig. 6¢. LnE consistently exhibited G’ > G” across the applied
frequency range, with no noticeable responses observed with an increase
in frequency. Similarly, LnE + Cu + vD3 showed G’ > G”, and there was
no crossover between G’ and G" values. The elasticity values of LnE + Cu
+ vD3 were higher than those of LnE. These findings suggest that the
lignin solution and the added components Cu and vD3 in LnE + Cu + vD3
retained their solid-like characteristics to a greater extent under non-
destructive strain for a longer duration compared to LnE alone. This
effect has been documented in this studies (Sannya and Nisha, 2022;
Zhao et al., 2022) suggesting that the presence of Cu and vD3 contributes
to the prevention of droplet coagulation.

3.2.4. Molecular level of interactions among the components of emulsions

The FT-IR spectra of the Ln (lignin solutions), sunflower oil, curcu-
min (Cu), vitamin D3 (vD3), LnE and LnE + Cu + vD3 are presented in
Fig. 6d. The broad peaks in the range of 3600-3000 cm ™! in LnE + Cu +
vD3 correspond to OH bonds in carboxylic acid and free OH stretching
bonds. These OH stretching vibrations indicates inter- or intra-molecular
hydrogen bonds. In sunflower oil, a main peak was observed in the re-
gion 3000—2800 cm*. The bands in this region could be assigned to
the symmetrical and asymmetrical C—H stretching vibration of the CH;
and CHj aliphatic groups due to the alkyl residue of triglycerides
(Bunaciu et al., 2022).
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B. Abraham et al.

The main peak corresponding to the symmetrical and asymmetrical
C—H stretching vibrations of the CH, and CH3 aliphatic groups in sun-
flower oil is absent in both LnE and LnE + Cu + vDs, suggesting the
effective encapsulation of sunflower oil by lignin in these emulsions.
Moreover, the FT-IR spectra showed characteristic bands for curcumin
at 1438 (olefinic C—H bending vibration), 1510 (C=C vibrations), as
well as 1597 and 1674 cm ™! (C—O stretching) (Nandiyanto et al., 2017).
In the case of vitamin D3, the peaks at 2935 and 2874 cm ™! were related
to alkyl C—H stretch. Several other C—H linkages were observed in the
range of 1052-1460 cm ! on the spectrum vitamin Dg. The peak around
1460 cm ™! was related to C—H vibration bending of the methylene
group of vitamin D3 (Hasanvand et al., 2018; Klapiszewski et al., 2013).
Notably, in LnE + Cu + vDj3, the main characteristic peaks of curcumin
and vitamin D3 were not observed, indicating their encapsulation within
the emulsion. These findings collectively underscored that the sunflower
oil, curcumin, and vitamin D3 formed the core of the emulsion system
and supported the fact that LnE + Cu + vD3 emulsion was stable. In the
context of sunflower oil, the absence of its main characteristic peak in
LnE and LnE + Cu + vD3 suggested that sunflower oil was fully covered
by lignin in these emulsions. Additionally, the absence of characteristic
peaks of curcumin and vitamin D3 in LnE + Cu + vD3 confirmed the
effective encapsulation of these bioactive compounds in the emulsion.
These findings showed that this Pickering emulsion could be used a
carrier for the delivery of these functional ingredients.

The encapsulation efficiency (EE) of curcumin and vitamin Dg in the
LnE + Cu + vD3 are 87.95 + 0.21% and 72.66 + 0.11% respectively
(supplementary Fig. 2). In the absence of lignin as Pickering particle, the
EE of curcumin and vitamin D3 decreased to 30.43 £ 0.01% and 17.19
+ 0.03%. These results suggested that an LNP-based emulsion could
encapsulate and protect these bioactive compounds.
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3.3. Toxicity

To ensure biological safety, the toxicity of lignin solution (Ln) and
the lignin emulsion (LnE + Cu + vDj3) against L6 and RAW264.7 cell
lines was assessed by MTT assay. The results (Fig. 6 e, f) showed that Ln
at the highest concentration (50 pg/mL) induced 59.06% and 81.51%
cell death in L6 and RAW264.7 cells, respectively. Meanwhile, cells
treated with 50 pg/mL of LnE caused the death of 47.78% of L6 cells and
54.27% of RAW 264.7 cells. The ICsq values for Ln and LnE + Cu + vD3
against L6 myoblast cells were as 58.68 + 1.18 pg/mL and 37.43 + 0.67
pg/mL, respectively. Whereas, the ICsg values for Ln and LnE + Cu +
vD3 against RAW264.7 cell lines were 46.62 + 0.78 pg/mL and 28.49 +
0.23 pg/mlL, respectively. The cytotoxicity of lignin was low below 0.5%
w/w concentration which ensued in a dose-response relationship, for
HT-29 cells and Caco-2 cells (Czaikoski et al., 2020). Recent research has
also reported a similarly low vitro cytotoxicity of lignin at low concen-
trations (0.1 mg/mL) (Yu et al., 2023).

3.4. Storage stability of Pickering emulsion

Storage stability of emulsions is an important parameter that de-
termines their suitability in potential applications. We assessed the
storage stability of the LnE + Cu + vD3 emulsion by measuring the
creaming index, particle size, zeta potential, and color at both room
temperature (27 + 2 °C) and refrigerated temperature (4 + 2 °C) over a
period of 90 days. The results are presented in Fig. 7a-c. The images
provided in Supplementary Fig. 3.

Creaming index indicates the degree of stability of emulsions. There
was no significant variation in the creaming index data during the entire
storage period at both the condition. This observation indicated that the
LNP produced Pickering emulsions could with stand potential coagula-
tion and instability (Mirhosseini et al., 2008). This observation also
complemented the overall resilience of the emulsion structure, as

b Days

0 15 30 45 60 75 90

Zeta value (mV)

u27°C m4°C

= Day 60 u Day 75 uDay 90

d

Storage condition

Fig. 7. (a) Particle size (b) zeta potential of LnE + Cu + vD3 during storage (c) color values of LnE + Cu + vD3 during storage. The results are presented as mean +
standard deviation. Small letters indicate significant differences at 27 °C, while capital letters signify significant differences at 4 °C between the interval days (p

< 0.05).
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evidenced by size, zeta potential, and color. The particle size of the
emulsion increased substantially over time at room temperature, indi-
cating a trend toward destabilization. However, the absence of phase
separation in this case to indicted that the stability of the emulsion was
not compromised. The increase of particle size in refrigerated emulsion
was slow and gradual highlighting better stability compared to when
stored at room temperature. This observation aligns with the broader
understanding in emulsion science that lower temperatures are more
suitable for better stability (Chen et al., 2021). Simultaneously, the zeta
potential values, reflecting the repulsive forces between particles,
showed a decreasing trend over time at room temperature, in line with
the particle size, and hinted at higher likelihood of phase separation. The
zeta potential of the emulsion on 90th day at room temperature was
—25.98 + 0.51 mV while it was —30.87 £+ 0.57 mV when stored at
refrigerated condition. The fact that the magnitude of zeta potential of
emulsion stored at room temperature for 90 days was still high sup-
ported the fact that no phase separation was observed in it. The samples
stored under refrigeration maintained consistently higher zeta potential
values, refrigeration temperature is conducive for storage stability of
Pickering emulsions produced using LNP. These findings also showed
that particle size and zeta potential greatly affected the stability of the
LnE + Cu + vD3 emulsion. The extended 90-day stability of emulsions
stabilized by LNP, despite its relatively hydrophilic nature as indicated
by a 70° contact angle, could be attributed to several key factors. These
include the stabilization enhancements through surface modifications
and functionalization of LNP, derived from their polyherbal spent
source, to improve compatibility with the oil phase. This enabled
adjustment of optimal oil-to-water ratio in the emulsion formulation
(Zembyla et al., 2020). Additionally, the small and uniform particle size
of LNP offerred a protective effect against droplet coalescence. Its in-
teractions with encapsulated curcumin and vitamin D3 further contrib-
uted to the emulsion’s stability. Chen et al., 2021 also reported that the
shape and droplet diameter of lignin-stabilized emulsion remained un-
changed upon 30 days of storage. Among the different types of lignin,
the authors observed that kraft lignin had lower storage stability when
stored for 28 days which was due to the presence of different functional
groups (Czaikoski et al., 2020). Our findings are akin to those of earlier
studies that colloidal systems of nanosized lignin were stable when the
zeta potential values ranged between —35.1 mV and — 32.4 mV (Bertolo
et al., 2019).

The color parameters (L*a*b*) of LnE + Cu + vDs3 at the room and
refrigerated storage temperatures are presented in Fig. 7c. At room
temperature, significant changes in color were observed over time,
indicating the degradation of curcumin in the emulsion due to its
inherent sensitivity at ambient temperatures. The degradation of cur-
cumin at elevated temperatures, indicated by a change in color, have
also been reported in the literature (Kharat et al., 2017). In contrast,
refrigerated conditions exhibited a notable color stability as there was
only slight decrease in the b* values upon 90 days of storage. This
finding suggests that under refrigeration temperatures, the LNP stabi-
lized Pickering emulsion system effectively preserves the color integrity
of curcumin and vitamin Ds. The observed stability resulted from the
encapsulation of bioactives within the lipid droplets and their covering
by LNP, providing a protective environment. In essence, these results
indicated that the LnE + Cu + vD3 had desirable stability both at room
and refrigeration temperatures, although the room temperature had
destabilizing tendency. Storing these LnE + Cu + vD3 emulsion at
refrigeration condition was conducive in terms of its minimal impact on
particle size, zeta potential and color stability.

4. Conclusion

The valorization of lignin from dashamoola spent material (DSM) in
the ayurvedic industry is important from a sustainability perspective,
given lignin’s enormous potential for food applications. Lignin nano-
particles (LNP) were produced from DSM aiming to use them as
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Pickering particles and further applying them to produce Pickering O/W
emulsions. LNP with sufficiently high absolute value of zeta potential
and sufficiently low particle size were synthesized. The findings of this
study showed that stable Pickering emulsions incorporating curcumin
and vitamin D3 (LnE + Cu + vDg3) could be produced using LNP as
Pickering particles. The particle size, zeta potential and curcumin sta-
bility were reasonable at room temperature and highly stable at refrig-
erated temperature for 90 days. Curcumin and vitamin D3 remained
fully encapsulated in the oil phase and had no effect on the emulsion
stability LNP network at the oil-water interface. The encapsulation ef-
ficiency of bioactives in this emulsion system was also quite high (cur-
cumin: 87.95 + 0.21%, vitamin D3: 72.66 + 0.11%). Therefore, this
study offers an easy-to-implement valorization pathway for DSM that
can enhance the ayurvedic industry’s economic performance. The LNP
are expected to find greater applications in food industry in the future as
emulsifiers.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.foodchem.2024.140284.
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Nutrient-rich puffed snacks developed using
blended flours and lignin Pickering emulsions
containing curcumin and vitamin D5

Billu Abraham, ©2°9 Heeba Shakeela,?® Pavithra Pathrakadavil Ajayan,®
Charles Brennan,® Nitin Mantri,® Benu Adhikari @ *9¢ and Nisha P. {2 *abd

This study explores the use of blended flours and fortification with health-promoting compounds to
improve the nutritional profile of extruded puffed snacks (EPS). Lignin particles extracted from Ayurvedic
spent materials were used to create lignin Pickering emulsions (LPEs) for incorporating the lipophilic
compounds, curcumin and vitamin Dsz. A blended flour composed of pearl millet, spent coconut, and
corn grits was used to replace 80% of the traditionally used corn grits. Fortification was achieved by
incorporating LPE containing curcumin and vitamin Ds. Protein content, dietary fiber, texture profiles,
and structural integrity of the snacks were evaluated. Compared to a control made solely from corn
grits, the EPS with blended flour showed higher protein (13.8%) and dietary fiber (19.2%) contents.
However, the increase in protein and fiber content resulted in lower expansion ratios for EPS produced
with the blended flour, with or without LPE. The EPS containing LPE had similar hardness,
microstructure, fracturability, chewiness, and gumminess as those without LPE. Sensory analysis scores
confirmed the acceptability of both EPS and EPS containing LPE. Importantly, the inclusion of LPE
enhanced the stability of curcumin (69.0%) and vitamin Ds (65.7%), highlighting the protective
encapsulation effect of lignin particles. This study underscores the potential of lignin-based Pickering
emulsions loaded with lipophilic compounds, combined with blended flours, for producing nutrient-rich
and health-promoting ready-to-eat snacks through extrusion.

The sustainability goals of this study align with SDG 2 (Zero Hunger), SDG 3 (Good Health and Well-being) and SDG 12 (Responsible Consumption and
Production). By utilizing nutrient-dense blended flours and lignin particles derived from agricultural and Ayurvedic waste, the study promotes food waste
valorization and a circular economy. Fortifying snacks with curcumin and vitamin D3 addresses nutritional deficiencies, while producing affordable, shelf-

stable, and health-promoting ready-to-eat snacks enhances food security and supports sustainable food innovation.

1. Introduction

time (HTST) nature of extrusion enables rapid cooking and
facilitates the production of a wide variety of snack products.*

Extrusion cooking is a widely used industrial process that
applies high pressure, heat, and mechanical force in a short
time, resulting in significant transformations in food matrices.
This method is effective for producing ready to eat (RTE) snacks
with unique textures and flavors. The high-temperature short-
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However, the intense conditions can also degrade heat-sensitive
nutrients like vitamins, essential fatty acids, and bioactive
compounds, which poses a challenge in the development of
nutritionally fortified snacks.

Fortifying extruded snacks with bioactive and nutritional
compounds has become increasingly important because it
offers health benefits beyond basic nutrition.* Traditional
fortification methods typically involve the direct addition of
vitamins, minerals, or other bioactive compounds to the food
matrix before extrusion. However, these methods often result in
significant nutrient losses due to the harsh processing condi-
tions, thereby reducing the effectiveness of fortification.* When
carried out as a preceding step, microencapsulation protects
bioactive compounds like omega-3 fatty acids and probiotics
from the detrimental effects of extrusion by creating a protective

Sustainable Food Technol.
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barrier, thereby enhancing the nutritional quality of the final
product.>® Pickering emulsions that are stabilized by solid
particles rather than surfactants have attracted increasing
attention as delivery vehicles owing to their higher stability and
better ability to protect encapsulated bioactive compounds.”
Studies have focused on improving the nutritional characteris-
tics of extruded products by incorporating biopolymers, such as
inulin and chitosan.?® Incorporating inulin, a prebiotic fiber,
into extruded snacks has been shown to enhance dietary fiber
content, improve gut health, and boost antioxidant activity,
thereby making the snacks nutritionally superior.® Another
study highlighted the role of chitosan in enhancing the func-
tional properties of proteins, reducing fat absorption during
extrusion, and improving the textural attributes of snacks.’

Lignin, a natural biopolymer derived from plant cell walls, is
gaining attention for its potential to create delivery systems that
enhance the bioavailability of encapsulated bioactive
compounds.’®" A recent study showed that lignin, as a Picker-
ing particle, effectively protects sensitive nutrients like vitamins
(e.g., vitamin Dj3) and polyphenols (e.g., curcumin) from heat
and mechanical degradation, while improving their stability
and delivery.” Curcumin, a polyphenol found in turmeric, is
well-known for its anti-inflammatory, antioxidant, and antimi-
crobial properties, while vitamin D; is essential for calcium
absorption and bone health.”” The combination of these
bioactives in lignin-based Pickering emulsions represents
a novel approach for fortification, particularly in high temper-
ature processes like extrusion.

Extruded snacks are commonly made using corn flour,
which is favored for its high starch content that supports the
puffing and expansion processes during extrusion. However,
corn-based extruded snacks often lack significant nutritional
value, as they are typically low in protein, fiber, and essential
micronutrients.”'* In developing nutritionally enhanced
extruded snacks, the choice of raw materials is of prime
importance, and blended flours offer a practical solution.*
These flour blends typically combine grains, tubers, legumes,
and seeds, providing a balanced mix of proteins, carbohydrates,
fibers, and micronutrients.**** Ahmed et al. demonstrated that
twin-screw extrusion can produce granules containing iron and
vitamin D3, using a blend of corn and lentil flours as the carrier
matrix. These granules exhibited excellent chemical stability
and bioactive effects when tested on human osteoblast cells,
suggesting their potential applications for bone health.* Grasso
reviewed the use of industrial by-products in extruded snacks,
emphasizing nutritional and sustainability benefits.'> These
studies highlight the versatility of blended flours in developing
nutrient-rich extruded snacks. Spent coconut flour, a by-
product of virgin coconut oil production, is rich in dietary
fiber, protein, and antioxidants, making it an excellent ingre-
dient to enhance the health benefits of snacks, particularly for
gluten-free and vegan consumers.'® Similarly, pearl millet flour,
rich in essential minerals and other nutrients, is derived from
a crop known for its drought resilience."”

This study aimed to develop fortified extruded puffed snacks
(EPS) using blends of pearl millet, corn grits, and spent coconut
flour, enriched with LPE-encapsulated curcumin and vitamin D;.
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The EPSs were compared to a corn-based control for their phys-
icochemical, textural, and sensory properties. The stability of the
encapsulated bioactives (curcumin and vitamin D;) was also
compared to that of the non-encapsulated formulation. This
research achieves improved stability of curcumin and vitamin D;
while creating healthier snacks that contribute to improved
micronutrient intake and support better overall nutrition.

2. Materials and methods

2.1. Materials

Lignin was isolated from Ayurvedic spent materials and con-
verted to nano lignin using a planetary mill (Pulverisette, Fritsch,
Germany), as reported by Abraham.” Spent coconut meal, a by-
product of virgin coconut oil processing, was supplied by Apex
Coco Solar Energy Pvt. Ltd (Tamil Nadu, India). The residual oil
was removed to produce spent coconut flour (SCF). Pearl millet
and corn were sourced from the local market in Thir-
uvananthapuram, cleaned, ground into flour, and sieved through
a 200 mm mesh to achieve uniform particle size. Curcumin and
cholecalciferol (vitamin D) were procured from Sigma-Aldrich
Chemicals Pvt. Ltd (Massachusetts, USA). All other chemicals
and reagents used in this study were of chromatography grade
and were sourced from reliable local suppliers.

2.2. Preparation of O/W Pickering emulsions

Oil-in-water (O/W) Pickering emulsions were formulated using
lignin nanoparticles as the stabilizing agent. LNP solution was
prepared at a concentration of 2000 ppm at a pH of 8.0.
Sunflower oil (10% w/w), containing 50 ppm curcumin and
50 ppm vitamin D; was used as the dispersed phase. This
emulsion was prepared by sonicating with a VCX-750 Vibra Cell
(Sonics & Materials, USA) for 45 min (using a 10 s on/10 s off
cycle at 50% amplitude) according to the recent study.” The
resulting Pickering emulsion (LPE) was used for fortification of
the extruded snacks.

2.3. Preparation of extruded snacks

The composition of the flour blend was determined through
preliminary trials and contained 15% Spent Coconut Flour (SCF),
65% Pearl Millet Flour (PMF), and 20% Corn Grits (CG) on a w/w
basis. This formulation yielded extrudates with sensory and
physical properties comparable to the control made with only corn
grits. The control, prepared using only corn grit, is referred to as
C1, and the product with optimized flour blend is denoted as S1.
This optimised flour blend was subsequently infused with
LPE. The resulting LPE infused (which contained curcumin and
vitamin Dj; as stated above) extrudates are referred to as S2.

2.4. Extrusion process

The blended flour (S1) was uniformly mixed using a laboratory-
scale mixer (Basic Technology Private Ltd, Kolkata, India) and
conditioned with 16 + 1% water to achieve optimal expansion
and texture during extrusion cooking. The hydrated flour was
equilibrated for 1 h at ambient temperature (30 £+ 2 °C) in an
airtight container before extrusion. After conditioning, the flour

© 2025 The Author(s). Published by the Royal Society of Chemistry
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mixtures were extruded. For all the EPSs, the time and
temperature were kept the same.

Extrudates were prepared using a laboratory scale twin screw
extruder employing hot extrusion technology (L-TSE, Basic Tech-
nology Private Ltd, Kolkata, India). The operating parameters of
the extrusion process including screw speed, feed moisture
content, and cooking temperature, were optimized through
preliminary trials. The extrusion process is illustrated in Fig. 1.
Before operation, the extruder was primed, and a 2 mm circular
die was attached to the barrel end. The barrel was heated to 105 °©
C and 80 °C. The screw speed (350 rpm), feeder speed (10 rpm),
and cutter speed (70 rpm) were adjusted via the main control
panel. Once the desired barrel temperature was reached, the
optimized flour blend was fed using a semi-automatic feeder, and
the extruded product emerged from the die. The extrudates were
cut uniformly using a cutter assembly, cooled to room tempera-
ture, and promptly packed into pouches. The extrudates were
toasted in a conventional oven (Bajaj OTG oven, India) at 160 °C
for 3 min. This temperature-time combination was determined
through trials. The toasted extruded products were coated with
refined sunflower oil and a seasoning agent (Symega Food
Ingredients Limited, Cochin, Kerala, India) for sensory appeal.

2.5. Analysis of the physical and functional attributes of
extrudates

2.5.1. Proximate composition of flours and extrudates.
Moisture, ash, fat, and protein contents were determined

Blending of raw material

N\

Pre - conditioning the flour (moisture content - 16%)

A4

Extrusion ( Temp - 105 °C, Screw speed - 350 rpm)

A4

Cooling to ambient temperature (30 °C *2%)

A4

Toasting (160 °C, 3 min)

S

Packaging

Fig. 1 Flowchart of the extrusion process for producing EPS: C1 -
control, S1 — EPS with blended flour, and S2 — EPS with lignin-based
Pickering emulsion (LPE) fortification.
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according to the procedures outlined by the AOAC.*® Samples
were oven-dried at 105 °C, and then transferred to a desiccator
and allowed to cool to room temperature (32.0 + 2 °C). For
determining ash content, the mass of the samples was recorded
before and after the ashing step using a muffle furnace (550 °C
for 6 h). Protein content was determined using the Micro Kjel-
dahl method with a nitrogen-to-protein conversion factor of
6.25. The fat content was determined via Soxhlet extraction.
Total carbohydrate was determined by difference.

2.5.2. Estimation of dietary fiber. The dietary fiber content
of EPSs - S1, S2 and C1 - was determined according to the
Bureau of Indian Standards Method with a slight modifica-
tion.” Fat- and moisture-free samples were autoclaved with
water, the pH was adjusted, and pepsin, pancreatin, and glu-
coamylase were added. The mixture was then incubated for
enzymatic digestion. After incubation, the pretreated extract
was centrifuged at 1118000 x g for 10 min to separate the
residue and supernatant. The residue, containing insoluble
fiber, was collected, washed three times with acetone and
diethyl ether, and lyophilized to obtain a stable weight of
insoluble dietary fiber. The supernatant, containing soluble
fiber, was precipitated using ethanol and refrigerated overnight.
It was then centrifuged (Model 7780; KUBOTA, Tokyo, Japan)
again at 1118 000 x g for 10 min, and the resulting residue was
collected. This residue was washed three times with alcohol,
acetone, and diethyl ether, and then lyophilized in a pilot scale
freeze dryer (SP Scientific VirTis Genesis 35L Pilot Lyophilizer,
Warminster, USA) to achieve a constant weight, yielding the
soluble dietary fiber.**

2.5.3. Expansion ratio. The expansion ratio of an EPS was
measured by comparing the diameter of the extruded product to
that of the die.”* A digital vernier calliper (0.1 accuracy) was used
to measure the diameter of ten randomly selected extrudates,
and the mean value was recorded. The expansion ratio of the
extrudates was calculated using eqn (1).

cross sectional diameter of extrudate
ER = - - - —. 1
cross sectional diameter of the die opening

2.5.4. Bulk density. The length and diameter of ten EPS
samples were measured using a digital vernier caliper. The
mass of these 10 EPS samples was also measured. The bulk
density was measured using eqn (2) considering they were
cylindrical in shape.?

Bulk density (g cm™>) = 4m/(rd*L). (2)

where, L is the length (cm), m is the mass (g) and d is the
diameter (cm) of the extruded snacks, respectively.

2.5.5. Colour analysis. The colour parameters of the EPS
were measured using a colorimeter (Hunter lab, Colour Flex EZ,
Virginia, USA). The empty cuvette was calibrated initially using
standard white and black plates. The hue of the samples was
assessed on the L* (lightness), a* (red-green), and b* (yellow-
blue) colour systems. To measure the color values, the
extruded products were pulverized and transferred into cylin-
drical glass sample cuvettes, which were then placed in the
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sample port. The color values were recorded after 10 rotations of
each sample, with measurements taken in triplicate.”

2.5.6. Texture analysis. The textural properties of extru-
dates were analyzed using a texture analyzer (TA. XT texture
analyzer, Stable Microsystems, Surrey, England). Texture profile
analysis (Stable Microsystems) was employed to measure
properties such as hardness, gumminess, chewiness, fractur-
ability. A 2 mm cylindrical probe was used in these measure-
ments. The tests were carried out in compression mode using
the following parameters: pre-test speed: 1 mm s ', post-test
speed: 5 mm s, test speed: 1 mm s~ ', trigger force: 5 g, and
distance (compression): 10 mm. The texture of EPSs was
analyzed at three different positions of the sample, and each
sample was tested in triplicate.

2.5.7. Sensory analysis. Sensory analysis was conducted to
evaluate the acceptability of extrudate snacks. A semi trained
panel of 25 members, aged 25 to 45, assessed the samples based
on appearance, color, aroma, taste, and overall acceptance.
Panelists were instructed to focus on one attribute at a time and
cleanse their palate with water between samples to prevent
cross-sensory contamination. Participants were encouraged to
provide candid feedback based on their overall sensory experi-
ence. A 9-point hedonic scale was used for the evaluation, with
scores ranging from 1 (‘dislike extremely’), 5 (‘neither like nor
dislike’), and 9 (‘like extremely’), following the guidelines of ISO
4121:2003. The average score across all criteria was calculated to
determine the sensory attributes.**

2.5.8. Cross-sectional microscopic images. The micro-
structure of the EPS was observed using an Olympus CX41
microscope (Olympus, Shinjuku, Tokyo, Japan). Images of the
surface morphology of the extrudates were captured at 4x
magnification using a camera attached to the microscope and
equipped with QCapture software (QImaging).

2.5.9. Observing microscopic morphology. The EPSs were
sliced and mounted onto an aluminum specimen holder using
carbon tape. Prior to microscopic examination, a thin layer of
gold was applied using a gold/palladium sputter coater (SC7620,
Emitech, Quorum Technologies Ltd, Kent, UK). Scanning elec-
tron microscopy (ZEISS; EVO 18, Germany) was used to acquire
and analyse the microscopic surface morphology of the
extruded samples. The instrument operated at an accelerating
voltage of 15 kV. Micrographs were captured at 500x
magnification.

2.5.10. Stability of curcumin and vitamin D;. The bioactive
stability, representing the percentage retention of curcumin
and vitamin D; in the extruded product, was determined using
high-performance liquid chromatography with a diode-array
detector (HPLC-DAD). For the analysis, 1 g of powdered EPS
was mixed with 5 mL of methanol and magnetically stirred for
3 h. The methanolic extract was centrifuged at 1118 000 x g for
10 min, and the supernatant was collected and filtered through
a 0.22 pm PTFE syringe filter. The HPLC analysis was performed
as previously described by the authors.” Briefly, a Prominence
UFLC system (Shimadzu, Japan) was used, equipped with
a Phenomenex Gemini C18 column (250 x 4.6 mm, 5 pm). The
system operated with an isocratic flow of 100% methanol at
arate of 1 mL min ", with detection wavelengths of 420 nm for
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curcumin and 261 nm for vitamin D;. Retention times for cur-
cumin and vitamin D3 were 3.2 min and 7.6 min, respectively.
The column temperature was maintained at 40 °C throughout
the analysis.

2.6. Statistical analysis

Experiments were carried out in triplicate, except where other-
wise mentioned. All analyses were conducted with three tech-
nical replicates, and the results are presented as mean =+
standard deviation (SD). The data were subjected to analysis of
variance (ANOVA) using GraphPad Prism 5.0 statistical software
to determine if there were statistically significant differences
between any two mean values or samples (p < 0.05).

3. Results and discussion

3.1. Nutritional profile of extruded snacks

The nutritional profiles of EPS are shown in Table 1. The fat
content showed a slight increase in S2 (1.64%), attributed to the
inclusion of sunflower oil in the emulsion, while S1 (0.10%) and
C1 (0.08%) showed comparatively lower fat levels. Variations in
carbohydrate content were observed, likely due to differences in
ingredient composition, such as dietary fiber. Other parame-
ters, including moisture and ash content, showed no significant
differences among C1, S1, and S2. EPS produced using the
blended flour showed significantly higher protein content as
compared to C1. Typically, extruded snacks are made with corn
flour to achieve better expansion and texture. However, it is low
in protein and other essential nutrients. Over-reliance on corn
flour results in nutritionally deficient snacks with a high gly-
cemic index. The use of blended flour in this study produced
snacks with increased protein content (13.5%) in S1 against
9.8% in the corn-based control (C1). The increased protein
content resulted from the spent coconut flour (SCF), a known
protein-rich ingredient. SCF contains 25.5% protein; thus, it
significantly contributed the protein content in the formula-
tion. Additionally, pearl millet, with a reported protein content
of 12.5%,” further enhanced the protein profile of the blend. A
similar increase in protein content was reported in enriched
extrudates; for example, Gojiya et al. observed an increase in

Table 1 Nutritional profile of EPSs made from corn grit (C1), blended
flours (S1), and blended flours infused with curcumin and vitamin D3
(S2)*

Composition (Wb%) C1 S1 S2

Protein 9.8 + 0.0° 135+ 01>  13.8+0.2°
Moisture 2.9 £+ 0.5° 2.8 +0.1° 3.3 £ 0.0°
Fat 0.1 + 0.2° 0.1 & 0.2° 1.6 + 0.1°
Ash 1.4 +0.2° 2.0+£01>  1.74+0.0°
Carbohydrate 85.8 + 0.2% 81.6 £ 0.5° 79.5 £ 0.1¢
Total dietary fiber 13.0 £0.2°? 18.9 + 0.1° 19.2 £ 0.1°
Insoluble dietary fiber 9.6 + 0.1° 142 +01° 146+ 02°
Soluble dietary fiber 3.4 +0.2° 4.6 +0.1° 4.6 + 0.2°

“ Different superscripts within the same row denote significant
differences between the samples and control (p > 0.05; n = 3).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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protein content from 14.0% to 26.7% when 10% to 40% defat-
ted sesame flour was added into the formulation.>*

The addition of PMF and SCF to the blended flour signifi-
cantly enhanced the dietary fiber content in the EPS. SCF
contains 54.0% total dietary fiber, including 44.5% insoluble
fiber and 9.5% soluble fiber. Similarly, pearl millet contributes
to the fiber profile of S1, as it contains 11.5% total dietary fiber,
comprising 9.1% insoluble fiber and 2.3% soluble fiber."” S1
contained significantly higher levels of total dietary fiber
(18.9%), insoluble dietary fiber (14.2%), and soluble dietary
fiber (4.6%) compared to C1, which contained 13.0%, 9.6%, and
3.4%, respectively (Table 1). This increase in fiber content can
be attributed to the contributions of pearl millet and SCF. A
recent study reported a 5% increase in protein content in
extrudates with the addition of green gram and cowpea flour,
along with a 3% reduction in total carbohydrate content,
making it a healthier snack option.”” Similarly, another study
reported significant increases in protein (7.6% to 27.2%) and
fiber content (0.1% to 2.6%) in extrudates with the incorpora-
tion of cowpea (10% to 30%) and whey protein concentrate
(WPC) (5% to 20%) compared to the control. The formulation
containing 15% cowpea and 5% WPC achieved the highest
acceptance, with a protein content of 14.6% and a total dietary
fiber content of 1.6%.* These findings highlight that the use of
blended flour containing fiber- and protein-rich ingredients can
significantly improve the nutritional profile of extruded
snacks."?® The snacks developed in this study were significantly
dense in protein and dietary fiber and can be considered
a healthier option.

3.2. Expansion ratio and bulk density

The expansion ratio and bulk density are important indicators
of texture, mouthfeel, and overall consumer acceptance of
extruded snacks. Bulk density reflects the degree of puffing in
extruded products and the blended flour and LPE are expected
to alter the bulk density of the snack samples. As shown in Fig.
2a, the bulk density of S1 (0.70 g cm™?) and S2 (0.72 g cm™?)
were higher than that of the control C1 (0.50 g cm ™). The
similar bulk density values of S1 and S2 indicated that the
incorporation of LPE did not significantly alter the physical or
internal structure of the snacks. Bulk density is influenced by
the interactions among starch, protein, and fiber components.*
SCF is rich in dietary fiber, which enhances the compactness of
extruded snacks and increases their bulk density. The observed
increase in bulk density with the addition of dietary fiber
suggests that higher fiber content contributes to a denser and
more compact extrudate structure. Previous studies have shown
that increased fiber content in extruded products correlates
with higher bulk density.

The higher expansion ratios typically signify lighter, crispier
textures. The control sample (C1) had the highest expansion
ratio of 4.01, while the expansion ratio of both S1 and S2 was
only 37.2% of that of the control (Fig. 2b). The inclusion of
soluble and insoluble fibers in extruded snacks significantly
influences their physicochemical characteristics, particularly
the expansion ratio and bulk density. The observed decrease in
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the expansion ratio can be attributed to the increased protein
and fiber content, resulting in a denser, less expanded struc-
ture. An increase in protein content also affects the extent and
rate of starch gelatinization, which could lead to a decrease in
the expansion ratio.”® Studies have shown that incorporating
dietary fibers from various sources, such as polydextrose, gum
acacia, inulin, xanthan gum, and resistant starch, into corn-
based feed reduces the expansion of extruded snacks.** The
addition of fiber increases the viscosity of the starchy dough
during extrusion, reducing the water available for gelatinization
and thereby limiting starch expansion at the die.*

Fiber typically functions as an inert filler within the
expanded starch matrix. At low concentrations, the fiber is
insufficient to be evenly distributed throughout the extrudate
matrix. However, as its content increases, the starch matrix may
become overwhelmed, causing it to collapse as fiber particles
penetrate. This process ultimately reduces the expansion
ratio.®* A previous study reported reduced expansion index
values in extruded products containing okara and mung bean
powder. This was attributed to the high fiber content (60.8% in
okara; 15.2% in mung bean) and notable protein levels (26.5%
in okara; 20.2% in mung bean).*> Similarly, extruded snacks
made with 80-90% broken rice and 10-20% lupin flour showed
that higher rice content increased the expansion index, whereas
higher lupin flour content reduced it.**

During snack extrusion, dietary fiber significantly impacts
starch gelatinization by competing with starch for available
water. This competition reduces amylose leaching and limits
the full gelatinization of amylose and amylopectin, potentially
affecting amylose retrogradation and disrupting the structure of
amylopectin. Additionally, fiber increases dough viscosity, dis-
rupting the starch matrix and hindering expansion. These
structural disruptions weaken the matrix, reducing the expan-
sion ratio and producing denser snacks with higher bulk
density and less puffiness. As a result, the texture of fiber-
enriched snacks differs markedly from fiber-free products.”*>*

The extruded product formulated with 15% spent coconut
flour (SCF) and 65% pearl millet flour successfully replaced 80%
of corn flour, marking a significant step toward replacing
traditional corn-based snacks. Similarly, an extruded snack
developed using 80% pearl millet flour, 10% African walnut
flour, and 10% corn starch achieved moderate sensory
acceptance.*

3.3. Texture profile analysis

Texture attributes like hardness, fracturability, gumminess, and
chewiness are essential for evaluating the quality and appeal of
extruded snacks. Hardness affects the perception of freshness,
while fracturability can be correlated with the crispiness.
Gumminess indicates the effort required to chew, and chewi-
ness influences the overall sensory experience. All of these
attributes are vital for creating products that satisfy the
consumers. The texture qualities of the extruded snacks are
shown in Fig. 3. The increase in hardness observed in S1 and S2
compared to C1 is primarily due to the higher protein and fiber
content from SCF and PMF, which disrupt the starch matrix,
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Fig. 2
(p < 0.05).

leading to reduced expansion and a denser texture. The strong
relationship between hardness and expansion suggests that
higher protein and fiber levels enable the formation of
a compact structure that affects the overall texture. This type of
relationship was also noted by Kumar et al.,” who found that
fortification of snacks with chitosan led to the increase in die-
tary fibre content. Similarly, the incorporation of 5 to 20%
tomato pomace powder in extruded snacks was found to
increase hardness.*® A protein-starch interaction that inhibited
expansion might be attributed to an increase in hardness in
sorghum-based extruded snacks when protein-rich soy meal
flour was added up to 20% of the formulation.*” The control
sample (C1) had the highest chewiness compared to S1 and S2.
Earlier research also showed that chewiness was significantly
reduced from 1.63 N to 0.42 N when corn flour was supple-
mented with soy and chickpea flour about 20-40%.%* The
gumminess of EPS increased with the addition of SCF and PMF
compared to the control. Fiber acts as both a structure-forming
and water-absorbing component, creating a denser matrix that
resists deformation and thereby enhances gumminess. This
aligns with previous studies showing that incorporating soy and
chickpea flour into corn flour significantly increases gummi-
ness, demonstrating a positive correlation between dietary fiber
content and gumminess in extruded products. It has also been
reported that gumminess increased significantly from 0.33 N in
the control to 1.99 N when 20% soy and 20% chickpea flour
were substituted for corn flour.*® Fracturability is an important
texture attribute that reflects the brittleness or crispness of
a snack. A higher fracturability value indicates that the snack
can break with less force, indicating its crunchy and crisp
texture. In extruded snacks, it is affected by several factors,
including the composition of the ingredients (e.g:, starch, fiber,
moisture, fat, or emulsifiers), the extrusion process parameters
(e.g., temperature and pressure), and the extent of product
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Expansion ratio

C1 S1 S2
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(a) Bulk density and (b) expansion ratio content in the extrudates. Different letters denote significant differences between the samples

expansion. It was observed that the addition of fiber rich SCF
and PMF resulted in a slight reduction in fracturability
compared to the control. Fiber-rich ingredients, such as SCF
and PMF, disrupt the continuous starch network, reducing
product expansion and creating a denser texture. This compact
structure absorbs more force before breaking, thereby reducing
the product's brittleness. The lower expansion caused by high
fiber content also decreases porosity, making the product less
brittle and slightly tougher to fracture. These findings are
consistent with studies that reported similar effects when high-
fiber ingredients, such as tomato pomace, were incorporated
into extruded snacks, resulting in reduced fracturability due to
the compact and dense structure.’>**

Notably, the similar texture profiles of S1 and S2 suggest that
incorporating lignin-based Pickering emulsions (containing
curcumin and vitamin D3) does not significantly alter the core

200
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140 u Sl
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Hardness

Fracturability
Textural parameters

Gumminess Chewiness

Fig. 3 Texture profile of extruded puffed snacks. All the parameters
expressed in Newton (N). Different letters denote significant differ-
ences in the values between the samples (p < 0.05).
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Table 2 Colour analysis of EPSs formulated with different combinations of blended flours®

Extruded puffed snack L* a* b* Yellowness index (YI)
C1 67.9 + 0.1* 3.9 £ 0.0% 38.5 + 0.2% 80.9 + 0.0?
s1 61.5 + 0.0° 3.0 +0.0° 24.9 +0.1° 57.8 £ 0.1°
S2 67.8 + 0.3% —0.4 £ 0.0° 62.2 £ 0.2¢ 131.3 £ 0.5¢

¢ Entries within the same column with different superscripts denote significant differences between the sample and control (p > 0.05; n = 3).

textural properties of the snacks. This finding indicates that
these emulsions can be used to fortify extruded snacks without
compromising their overall texture profile, making them
a promising option for enhancing nutritional value.

3.4. Color analysis

The color properties of the extruded snacks, as indicated by the
L* (lightness), a* (red-green), b* (yellow-blue), and yellowness
index (YI) values, showed significant variation among C1, S1,
and S2 in terms of colour (Table 2). Sample C1 exhibited the
highest lightness value suggesting a brighter appearance
compared to the other samples. The a* and b* values of C1
indicated a more pronounced reddish and yellowish hue,
contributing to its high yellowness index (YI = 80.86). This is
due to the presence of corn grits, whose yellow colour primarily
results from natural carotenoid pigments, particularly lutein
and zeaxanthin.

In contrast, S1 displayed the lowest lightness value and
reduced a* and b* values, resulting in the lowest yellowness
index (YI = 57.78). The lower colour intensity of S1 can be
attributed to the incorporation of SCF and PMF, with the latter
likely responsible for the darker colour. Pearl millet contributes
to the dark color of extrudates due to its high phenolic content,
including tannins and flavonoids, which act as natural
pigments. During extrusion, the high temperatures and pres-
sures trigger the Maillard reaction, forming brown melanoidins
that further enhance the dark color. Pigments such as antho-
cyanins present in the bran layer of pearl millet further intensify
the darkening effect during processing. It has been reported

Overall
acceptance

Crispiness

Taste

that reactions such as Maillard browning, caramelization,
pigment degradation, and lipid oxidation contribute to the
reduction in lightness of extruded snacks.** S2, however,
exhibited a markedly different colour profile. While its lightness
was comparable to that of C1, the a* value shifted toward the
green spectrum, and its b* value was significantly higher than
that of other samples, resulting in the highest yellowness index
(YI =131.26). This indicates that S2 had a strong yellow hue due
to the presence of curcumin and lignin, which carry yellow and
brown pigments.” The colour profile of the extruded snacks
formulated in this work aligns with research showing that the
addition of vegetable ingredients and other agricultural by-
products to rice-, barley-, and corn-based extruded snacks
improves their colour desirability.">*"** Furthermore, the
inclusion of lignin in extruded snacks not only supports the
stability of bioactives like curcumin and vitamin D; but also
enhances the product's visual appeal.

3.5. Sensory profile of snacks

The sensory profile of the EPSs was evaluated to determine their
potential acceptance by the consumers. Attributes such as color,
texture, flavor, and overall acceptability were evaluated (Fig. 4).
All samples received mean scores above 8.0 out of 9 for each
attribute, indicating a high level of acceptance among the
panellists. The panellists noted that the sample fortified with
LPE (S2) had a distinct darker yellow hue compared to both the
control and the one produced using blended flour without the
emulsion fortification, yet it received similar sensory scores for
texture, flavor, and crispiness.

Fig. 4 Sensory profiles of extruded puffed snacks. Corn grit (C1) and blended flours (S1), blended flours infused with curcumin and vitamin

D3 (S2).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The high sensory scores across all samples suggest that the
inclusion of SCF and PMF did not negatively impact consumer
acceptability. The positive sensory attributes of S1 and S2
snacks, including taste, texture, and crispness could be attrib-
uted to the unique combination of pearl millet and coconut
flour, which created a distinct flavor profile compared to
commercial snacks. The crispness resulted from the extrusion
process and the interaction of the ingredients.

The distinct darker yellow colour of the product fortified
with LPE (S2) enhanced its visual appeal without compromising
texture and flavour. A similar result was observed with the
addition of tomato pomace powder to ready-to-eat (RTE) snacks.
When included at levels of 5-10%, the snacks achieved the
highest sensory scores. However, acceptability decreased at
inclusion levels above 10%.%® Likewise, Hoglund*® incorporated
bilberry press cake into extruded snack formulations. Substi-
tutions of up to 25% were tested, but products with 10%
inclusion were the most preferred by panellists. In another
study, oat flour was added at levels of 5-20% to extruded snacks.
Formulations containing 10% oat flour achieved the highest
overall sensory scores.** These studies highlighted that
moderate inclusion levels of natural fiber-rich ingredients
enhanced snack sensory appeal, whereas excessive amounts
reduced acceptability. The findings confirm that the blend of
SCF, PMF, and corn grits—fortified with LPE—improves the
nutritional profile of extruded snacks while maintaining strong
sensory appeal. Notably, the blended flour in this study con-
tained 15% SCF and 65% PMF, replacing 80% of corn grits in
extruded puffed snacks while still delivering desirable sensory
properties.

3.6. Microstructural analysis

The microstructural analysis of EPS samples using an optical
microscope (Fig. 5a-c) revealed notable differences among C1,
S1, and S2. The control sample (C1) displayed a uniform pore
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distribution with large, homogeneous edges, indicating greater
expansion and aeration during extrusion. In contrast, S1 had
smaller pores and a denser, less porous structure due to the
higher fiber content in SCF and PMF, which promoted a more
compact matrix. S2 showed a similar structure to S1 but with
a distinct yellow hue caused by the presence of curcumin.

The microstructural characteristics of EPS samples—C1, S1,
and S2—were examined through SEM (Fig. 5d-f). Fig. 5d reveals
a rough, fractured surface with air pockets formed during the
extrusion process. This porous structure results from the
expansion of starch and protein components at the end of the
extrusion process. The visible cracks may be due to moisture
evaporation and rapid expansion. In contrast, Fig. 5e shows
a more fibrous, layered structure with elongated strands, sug-
gesting partial melting of starch or proteins that solidify into
fibrous formations, enhancing the snack's crunchiness. Fig. 5f
displays a microstructure similar to that of the control (C1),
indicating that LPE did not affect the EPS microstructure. Similar
findings were reported in extruded snacks made from rice starch
and pea protein blends, which showed an even distribution of
proteins and carbohydrates throughout the porous structure.*

3.7. Stability of bioactives in lignin-encapsulated extrudates

Emulsions stabilized by lignin show promise in encapsulating
health-promoting compounds like vitamin D; and curcumin for
fortifying snack products.’* Incorporating these bioactive
compounds into extruded snacks can significantly enhance
their nutritional profile. Preserving the stability of curcumin
and vitamin D; within the emulsion is crucial for maintaining
the health benefits of fortified snacks over time. To evaluate
LPE's ability to protect curcumin and vitamin D; during extru-
sion, a control EPS (C2) was prepared by adding these
compounds directly to the blended flour without emulsifying
with lignin particles. The stability of curcumin and vitamin Dy
in C2 was then compared to that in the S2 sample. Fig. 6 shows

Teon 162220

Fig. 5 Microscopic images, (a—c) optical microscopy images, and (d—f) SEM images of extruded puffed snacks.
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the chromatograms of the extrudates S2 and C2, showing the
stability of curcumin and vitamin D; in the products. The
bioactive stability of curcumin and vitamin D; in S2 was 69.0
and 65.7%, respectively. In contrast, the stability of curcumin
and vitamin D; significantly decreased to 7.4 and 8.2%,
respectively in C2. These results indicate that lignin stabilised
emulsions effectively protect curcumin and vitamin D3 during
the extrusion process.

View Article Online
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The significant difference in bioactive stability between S2
and C2 underscores the vital role of lignin as a protective agent
in extrusion processes. Lignin acts as a stabilizer, shielding
curcumin and vitamin D5 from the harsh thermal conditions,
thereby maintaining their integrity and activity. Without lignin,
as observed in C2, curcumin and vitamin D3 are highly
susceptible to thermal degradation their stability is compro-
mised. These findings are in accordance with those of Bertolo,*
which demonstrated that lignin particles protect bioactive
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Fig.6 HPLC chromatograms of extruded snacks showing bioactive stability: (a) curcumin content in C2, (b) curcumin content in S2, (c) vitamin
D3 content in C2, (d) vitamin D3 content in S2 (e) standard curcumin, and (f) standard vitamin Ds. (g) Bioactive stability of curcumin and vitamin Dz
in extruded snacks; different letters denote significant differences in values between C2 and S2.
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compounds (such as curcumin) in food systems. The notably
higher stability of curcumin and vitamin D; in S2 underscores
lignin's potential as a protective agent, demonstrating its suit-
ability for the production of fortified extruded snacks. Lignin
has also been shown to possess antioxidative properties, with
the ability to protect oxygen-sensitive compounds.”” In this
study, lignin's role as a Pickering particle was vital for
successfully encapsulating curcumin and vitamin D3, ensuring
their stability during high-temperature extrusion (110 + 2 °C).
These findings align with the existing literature, where lignin is
consistently highlighted as an encapsulating and protective
agent for bioactive compounds.*”**

4. Conclusion

This study successfully developed and characterized nutrition-
ally and functionally superior extruded puffed snacks (EPSs).
The EPSs were formulated using a blend of spent coconut, pearl
millet flour, corn grits, and lignin Pickering emulsions (LPE) in
which curcumin and vitamin D; were encapsulated. Notably,
80% of the corn flour typically used in traditional snacks was
replaced with the blended flour, resulting in increased protein
and dietary fiber content. Although the expansion ratio, bulk
density, and textural properties of the blended flour snacks were
lower than those of traditional corn flour snacks, the inclusion
of LPE enhanced their nutritional profile. The overall sensory
acceptance of these snacks was comparable to that of conven-
tional snacks, indicating their suitability as nutritionally
enriched alternatives. The study also confirmed that curcumin
and vitamin D; were effectively encapsulated within the snacks’
matrix, with their structural integrity and bioactivity preserved
during the extrusion process. Lignin played a vital role in
maintaining the stability and bioavailability of curcumin and
vitamin Dj in the snacks. These findings highlight the potential
of lignin-stabilized emulsions for incorporating bioactive
compounds into healthier, ready-to-eat snacks.
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ARTICLE INFO ABSTRACT

Cellulose and lignin nanoparticles (NCP and LNP) were successfully extracted from Dashamoola spent material

;Z:;Z:ljiﬂose (DSM), a residue from an Ayurvedic decoction. NCP had a particle size of 493.6 nm and a zeta potential of
Nanolignin —30.9 mV, indicating good colloidal stability. FTIR confirmed the removal of non-cellulosic components, while
Polyvinyl alcohol TGA demonstrated thermal stability, with major degradation between 260 °C and 350 °C. A semi-crystalline
Emulsion structure of nanocellulose was indicated via XRD analysis. Oil-in-water emulsions of tea tree oil (TTO) were pre-

Active packaging film pared using NCP (C at 4 %), LNP (L at 4 %), and a combination blend (2 % each of C and L in CL_TTO), with 16 %
TTO, all in w/v. Among these, CL_TTO emulsions had the smallest particle size and highest stability. PVOH-based
films, prepared with a 4 % w/v mixture of CL_TTO emulsion, PVOH, and glycerol, demonstrated improved ten-
sile strength, Young's modulus, water vapour barrier properties, and water repellence. These films blocked 95 %
UV transmittance, providing appreciable protection to light-sensitive products. PVOH-CL_TTO films also exhib-
ited strong antioxidant activity (85 % DPPH scavenging) and antimicrobial property against E. coli. These films
extended the shelf life of strawberries by preserving lightness, firmness, and pH for 14 days under chilling (4 °C).
These findings highlight the potential of NCP and LNP obtained from DSM for producing sustainable active pack-
aging which would valorizing Ayurvedic waste stream.

ties, mechanical robustness. The incorporation of these natural materi-
als coming from renewable sources into polymer systems contributes to

1. Introduction

Sustainability and by-product valorization are essential for advanc-
ing Sustainable Development Goals (SDGs) [1-3]. The Ayurveda indus-
try, rooted in traditional medicine, is gaining global significance as de-
mand grows for natural and holistic healthcare products [4]. Indian
Ayurvedic industry generates about 1000 ton/year Dashamoola spent
material (DSM) as a byproduct of Dashamoola arishta production, which
is rich in lignocellulosic materials including cellulose and lignin [5,6].
Lignin is a complex organic polymer which offers UV-blocking and an-
tioxidant properties, while cellulose is abundant and this biopolymer
provides mechanical strength, and water vapour and oxygen barrier
properties [6-9]. Both lignin and cellulose have wide applications such
as biocomposite production, textile, food, and pharmaceutical indus-
tries. As a part of active food packaging, they improve barrier proper-

sustainability [6,8].

Emulsion technology has the prospect of enhancing the functional-
ity of active packaging films by dispersing small droplets of hydropho-
bic substances in hydrophilic matrices. The uniformity of this distribu-
tion, together with the size of these droplets, plays an important role in
determining the effectiveness of the film [10-12]. Emulsions help in-
corporate hydrophobic bioactive compounds and essential oils, such as
tea tree oil (TTO), into hydrophilic biopolymer matrices, and this has
the potential to enhance the antioxidant and antimicrobial activities of
the resulting packaging materials or films [12-14]. TTO, derived from
Melaleuca alternifolia, contains active compounds, including terpinene-
4-o0l and y-terpinene, which impart antibacterial and antioxidant prop-
erties [15]. These materials, along with biopolymer stabilizers such as
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cellulose and lignin, can reduce moisture permeability and improve the
barrier and protective functions of biodegradable polymer-based films
[16-19].

Petroleum-based plastics dominate food packaging due to their cost-
effectiveness and desirable mechanical and barrier properties; how-
ever, environmental concerns have increased interest in biodegradable
alternatives [20-22]. Polyvinyl alcohol (PVOH) is a promising
biodegradable polymer due to its hydrophilic, non-toxic nature, making
it suitable for environment-friendly packaging applications [23]. Al-
though PVOH lacks inherent antioxidant properties, it can be fortified
with natural additives like lignocellulose, curcumin, essential oils, and
plant extracts to enhance its functionality [24-27]. However, there re-
mains a significant gap in sustainable packaging solutions that not only
enhance food preservation but also utilize natural, industry-derived
byproducts including spent materials of the Ayurvedic industry. In
PVOH systems, cellulose and lignin provide UV-blocking properties, re-
duce moisture sensitivity, and reinforce mechanical strength under hu-
mid conditions, offering a sustainable alternative to inorganic fillers
[28-31]. Thus, the incorporation of lignin and nanocellulose derived
from DSM into PVOH matrix could produce active and sustainable
packaging materials for food application [32,33].

The increasing global population and changing dietary habits have
significantly raised the demand for fresh fruits and vegetables [34].
Strawberries (Fragaria ananassa), valued for their nutritional benefits
and economic importance, are highly perishable and particularly sus-
ceptible to mechanical damage, moisture loss, texture softening, physi-
ological degradation, and microbial spoilage [35]. These factors rapidly
degrade strawberry quality, posing challenges for marketing and distri-
bution [36,37]. Although active packaging technologies using biopoly-
mers infused with PVOH have been explored to extend the shelf life of
perishable products, their effectiveness in maintaining the quality of
strawberries over extended storage periods remains limited. It is practi-
cally important to apply active packaging materials made from nano-
lignin and nanocellulose derived from Ayurvedic spent materials (e.g.,
DSM) and PVOH to extend the shelf life of perishable fruits such as
strawberries [34].

Our earlier work indicated that lignin nanoparticles play a role in
stabilizing emulsions [38]. This new study investigates the effective-
ness of cellulose and lignin nanoparticles derived from Ayurvedic
residues in developing PVOH-based active packaging films infused with
tea tree oil. The study evaluates the impact of these natural biopoly-
mers on the films' morphological, mechanical, and functional proper-
ties, as well as their ability to extend the shelf life of strawberries. By ex-
ploring the utilisation of nanocellulose and lignin from Ayurvedic spent
materials, this work contributes to sustainability and offers a viable,
eco-friendly alternative to conventional plastics for food preservation.

2. Materials and methods
2.1. Raw material selection and source

The Dashamoola Spent Material (DSM) utilized in the research was
generously supplied by Arya Vaidya Sala, located in Kottakal, Malappu-
ram, Kerala, India (M/s. AVS Kottakal Ltd).

2.2. Chemicals and reagents

Analytical-grade sodium hydroxide (NaOH), sodium chlorite (Na-
ClO,), hydrochloric acid (HCl), and glacial acetic acid (CH;COOH) were
obtained from HiMedia, India. Petroleum ether was acquired from Sisco
Research Laboratories Pvt. Ltd. (SRL), India. Cellulose powder (CAS
number 9004-34-6, SCP), glycerol, 2,2-diphenyl-1-picrylhydrazyl
(DPPH), and polyvinyl alcohol (Mw: 89,000-98,000 Da, fully hy-
drolyzed) were sourced from Sigma-Aldrich Pty Ltd. (New South Wales,
Australia). Tea tree oil (TTO) from Thursday Plantation was purchased
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from a local Chemist Warehouse outlet (Melbourne, Australia). An-
tibacterial assays were performed using the LB broth dilution method
on E. coli strain 25922, sourced from New England Biolabs. All other
reagents used in this study were of analytical-grade and supplied by
Sigma-Aldrich Pty Ltd. (New South Wales, Australia).

2.3. Fruit selection

Strawberries (Fragaria ananassa) were selected as a representative
fruit. Freshly harvested (within one day), the strawberries were sourced
directly from Coles, Bundoora, Melbourne, Australia. The strawberries
were chosen based on uniform shape, size, colour, and absence of physi-
cal damage. After selection, the strawberries were gently washed with
deionised water, dried using clean paper towels, chilled at 4 = 1 °C and
80 * 5 % relative humidity (RH), and used immediately.

2.4. Nanocellulose (NCP) and nanolignin (LNP) extraction from DSM

The compositional analysis of DSM was conducted following the Na-
tional Renewable Energy Laboratory (NREL) protocol [39] and re-
ported in our previous paper [38]. The isolation of cellulose from DSM
was adapted from the methodologies outlined by Silvério et al. [40,411,
with slight modifications to suit the material. DSM was initially dried at
40 °C in a hot air oven and then ground into fine powder. This powder
was suspended in a 1 % NaOH solution with a 10 % w/v loading and
autoclaved at 121 °C for 1 h. After cooling to room temperature, the
solid was separated from the liquid using cheesecloth and retained for
further processing. The solid residue underwent acid treatment with
4 % H,SO, in an autoclave for 1 h. This process was repeated three
times to ensure the removal of hemicellulose and partial lignin. After-
ward, the acid-treated residue was cooled, centrifuged at 5000 X g for
15 min, and thoroughly washed with water until a neutral pH was
achieved.

For bleaching, an equal volume mixture of 1.7 % w/v NaClO, and
an acetate buffer (pH -4.5) was used. The acetate buffer was prepared
by dissolving 2.7 g of NaOH and 7.5 mL of glacial acetic acid in 100 mL
of distilled water. The solid residue was treated with the bleaching solu-
tion at 80 °C for 3 h, until a uniform colour was achieved. After bleach-
ing, the residue was cooled, centrifuged at 5000 X g for 10 min, and
washed until neutral pH. Finally, the bleached residue was freeze-dried
at —80 °C and 10 Pa, yielding fine cellulose powder. A planetary ball
mill (Pulverisette, Fritsch, Germany) operating at 300 rpm, with zirco-
nium dioxide (ZrO,) containers (50 mL) and ZrO, balls (10 mm), was
used to reduce the size of the extracted cellulose. The milling process
was conducted in an argon environment to prevent oxidation and con-
sisted of 23 cycles, with each cycle lasting 5 min followed by a 10-min
gap to prevent overheating. The cellulose powder composition was de-
termined using the NREL method. The resulting nanocellulose powder
(NCP) was stored in zip-lock pouches for further experimental analyses.

The procedure for the extraction and characterization of lignin
nanoparticle (LNP) from DSM is detailed in our previous work [38].
Briefly, lignin was extracted from Dashamoola spent material (DSM)
through alkaline hydrolysis followed by acid precipitation. The precipi-
tated lignin was purified and processed into nanolignin using ball
milling. The LNPs were characterized for their size, morphology, and
surface properties using techniques such as dynamic light scattering
(DLS), Fourier-transform infrared spectroscopy (FTIR), and nuclear
magnetic resonance (NMR). These methods confirmed the structural
features, including p-O-4 linkages and guaiacyl, syringyl, and p-
hydroxyphenyl units, as well as the thermal stability and surface charge
characteristics essential for its potential applications.



B. Abraham et al.

2.5. Characterization of NCP

2.5.1. Particle size and zeta potential of NCP

The particle size of the NCP was measured using a dynamic light
scattering method (Mastersizer 3000, Malvern Instruments Ltd.,
Malvern, UK). Samples were diluted in distilled water (pH 7) and agi-
tated at 200 rpm for thorough dispersion. For Zeta potential analysis,
the NCP samples were diluted 100 times using Milli Q water prior to
measurements. The pH of the NCP aqueous solution is 7. The Zeta po-
tential was measured with a Zetasizer (Nano-ZS, Malvern Instruments
Ltd., Malvern, UK).

2.5.2. Observation of microstructure

The microstructure of the NCP was examined using a scanning elec-
tron microscope (SEM-Quanta200, Philips XL-30, Philips, Eindhoven,
the Netherlands). The NCP powder samples were placed on silicon
wafer pieces mounted on aluminium stubs using double-sided adhesive
conductive carbon tape. The specimens were coated with a thin layer of
iridium using a sputter coater to improve conductivity and to prevent
the development of electrical charge in the samples during imaging.
The SEM measurements were conducted at an acceleration voltage of
0.7 kv.

2.5.3. Functional group analysis of NCP using FTIR

FTIR analysis of NCP and Standard Cellulose Powder (SCP) was per-
formed using an FTIR-ATR spectrometer (Perkin Elmer, USA). Spectra
were recorded from 4000 to 1000 cm~! with a 4 cm™ resolution, al-
lowing comparison of the functional groups in NCP and SCP. A total of
64 scans were recorded and averaged for each sample.

2.5.4. Thermal degradation of NCP

Thermogravimetric (TG) analyses of NCP and SCP were performed
using a TA Instruments Q50 instrument (USA). Sample (10 mg) was
placed in the alumina crucible, heated in the temperature range
40-500 °C at a heating rate of 10 °C/min in the presence of nitrogen
[42]. The weight loss (%) versus temperature data were recorded.

2.5.5. Surface composition of NCP

X-ray photoelectron spectroscopy (XPS) was used to determine the
surface compositions of NCP and SCP. A PHI 5000 Versa Probe II (UL-
VAC-PHI Inc., USA) was employed to analyse the oxygen-to-carbon
(0:C) ratio, which provides insights into the percentage of lignin on the
surface. The analysis was carried out using a micro-focused (200 pm,
15 kV) monochromatic Al-Ka X-ray source (hv = 1486.6 eV) [43].

2.5.6. Crystalline and amorphous content of NCP

The Wide-angle X-ray diffraction (WAXD) analysis was performed
using a Xenocs XEUSS SAXS/WAXS instrument (France) in transmission
mode to examine the amorphous and crystalline content of NCP and
SCP. Cu Ka radiation at 50 kV and 0.6 mA with a wavelength of 1.54 A
was used. The 2D diffraction patterns were captured on a Mar345 im-
age plate and analyzed using Fit2D software. The degree of crystallinity
was calculated as the ratio of the intensity of the crystalline peak to the
total intensity, according to the method described by Sindhu et al. [44].

2.6. Preparation and characterization of emulsions

NCP and LNP extracted from DSM were used to prepare emulsions
with tea tree oil (TTO) as the oil phase, designated as C_TTO and L_TTO,
respectively. An emulsion was also prepared using a combination of
NCP (C) and LNP (L) with TTO as the oil phase, designated as CL_TTO.
NCP, LNP, and their combination were mixed with TTO at specified
concentrations: 4 % w/v for C, 4 % w/v for L, and 2 % w/v each of C
and L for CL, along with 16 % w/v TTO in each emulsion. These mix-
tures were stirred at 35 °C for 60 min at 300 rpm, followed by sonica-
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tion (10 s on/off, 5 min, 50 % amplitude) to obtain the final emulsions
[38].

2.6.1. Particle size and zeta potential

The particle (droplet) size and Zeta potential of the above-
mentioned emulsions were measured using the Zetasizer (Nano-ZS,
Malvern Instruments Ltd., Malvern, UK) at 25 °C, as described in
Section 2.5.1. The emulsion samples were diluted 10 times using Milli
Q water for both particle size and Zeta potential measurements.

2.7. Film casting preparation

A polyvinyl alcohol (PVOH) solution was prepared by dissolving
PVOH in water to achieve a concentration of 3 % w/v. The PVOH solu-
tion was then blended with 1 % w/v glycerol and stirred at 80 °C and
500 rpm for 60 min to ensure uniform mixing of glycerol with PVOH,
as glycerol acts as a plasticiser. Each of the emulsion (C_TTO, L_TTO, or
CL_TTO) was then added to the PVOH-glycerol solution and the mixture
was stirred at 35 °C for 60 min with a magnetic stirrer set at 300 rpm.
To achieve homogeneity, the mixture was further homogenized using
an IKA T25 Ultra Turrax homogenizer (Wilmington, USA) for 3 min at
5000 rpm and then probe-sonicated for 2 min (10 s on, 10 s off, at 50 %
amplitude). Finally, the solutions were degassed to remove entrapped
air bubbles. Table 1 shows the composition or formulation of the films.

The final step involved casting 15 mL of each mixture into a 10-cm
diameter acrylic Petri dish and drying at room temperature (25 * 2 °C)
for 48 h. The films were then conditioned over saturated magnesium
chloride to achieve a constant relative humidity (RH-53 %) environ-
ment before further testing or characterization [19]. The resulting
films, PVOH, PVOH-C_TTO, PVOH-L_TTO, and PVOH-CL_TTO, had to-
tal solid contents of 4 % (w/w) as indicated in Table 1.

2.8. Characterization of films

2.8.1. Thickness of films

The thickness of the films was measured using a digital micrometer
(Mitutoyo, Japan, precision up to 0.01 mm). Measurements were taken
at 5 different locations on each film and averaged to ensure accuracy.

2.8.2. Water contact angle analysis

The water contact angle (WCA) was measured to evaluate the sur-
face hydrophobicity of the films using an OCA-20 Contact Angle System
(Data Physics Instruments, Germany) equipped with a Basler high-
resolution camera. Rectangular film samples (20 mm x 80 mm) were
positioned horizontally, and a 1 pL water droplet was applied to the
surface. The WCA was determined by averaging the left and right an-
gles from digital images, with at least ten measurements taken and av-
eraged per film. All experiments were conducted at room temperature.

2.8.3. Water vapour transmission rate (WVTR)

The water vapour permeability of the films was measured using a
Permatran-W system (Mocon, Minneapolis, USA) at 22 + 1 °C. The wet
side relative humidity (RH) was maintained at 80 %, with a gradient of
70 % RH across the films.

Table 1
Preparation ratio PVOH, PVOH-C_TTO, PVOH-L_TTO, and PVOH-CL_TTO.

Code PVOH Glycerol Cellulose (C) Lignin (L) TTO Total
(%) (%) (%) (%) (%) content (%)

PVOH 3 1 0 0 0 4
PVOH- 2.8 1 0.04 0 0.16 4

C_TTO
PVOH- 2.8 1 0 0.04 0.16 4

L TTO
PVOH- 2.8 1 0.02 0.02 0.16 4

CL_TTO
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2.8.4. Measurement of colour parameters

The colour profile of the films was measured using a Chroma Meter
CR-400 (Minolta, Japan) in terms of lightness (L*; black to white), red-
ness (a*; green to red), and yellowness (b*; blue to yellow). The instru-
ment was calibrated using a standard white plate, and measurements
were taken at three points on each film. The total colour difference (AE)
was calculated using Eq. (1) [45].

2 . 2 2
AE = \/<L;lm - L:landard) + (a21m - a:tandard) + (bzlm - b:tandard) @

2.8.5. Micro structure analysis

The microstructure of the films, including both surface and cross-
sectional views, was analyzed using scanning electron microscopy
(SEM), as described in Section 2.5.2. Film samples, measuring approxi-
mately 5 mm X 5 mm, were mounted on aluminium stubs with con-
ductive carbon tape and coated with a thin layer of iridium to enhance
conductivity and prevent charging during imaging [19].

2.8.6. Measurement of mechanical properties

The mechanical properties of the four different of the films, includ-
ing tensile strength, elongation at break, and Young's modulus, were
determined using an Instron universal testing machine (model 4467, In-
stron Corporation, Massachusetts, USA) equipped with a 100-kN load
cell. Data collection and analysis were performed using Bluehill soft-
ware. Film strips, cut to approximately 5 mm X 50 mm, were condi-
tioned at 53 % RH for 48 h, following the ASTM D1708 standard. Dur-
ing the tensile test, each strip was placed between two clamps with an
initial grip separation of 22 mm and subjected to a crosshead speed of
10 mm/min [46].

2.8.7. Thermal degradation of films

Thermal degradation of the films was determined using a thermo-
gravimetric (TG) analysis, as described in Section 2.5.4. Film samples
(10 mg) were heated from 40 to 500 °C at a rate of 10 °C/min under ni-
trogen purge. The weight loss (%) versus temperature data were
recorded, and DTG (Derivative Thermogravimetry) was also evaluated.

2.8.8. Thermal characteristics of films

Differential scanning calorimetry (DSC) was used to evaluate the
thermal behaviour of the films, specifically focusing on the glass transi-
tion temperature (T,). Measurements were performed using a DSC
Q2000 (TA Instruments, USA). Approximately 3.0 mg of the film sam-
ple was placed into pre-weighed aluminium pans. The samples were
heated from 25 °C to 95 °C at a rate of 10 °C/min under a nitrogen envi-
ronment. The onset temperature (T,), peak temperature (T,), and con-
clusion temperature (T,) were determined using the Fit2D software
[38].

2.8.9. Crystalline and amorphous content of films

The crystalline and amorphous contents of the films were deter-
mined using wide-angle X-ray diffraction (WAXD), as described in
Section 2.5.6.

2.8.10. Film transparency

The UV-Vis transmission through the films was measured across the
200-800 nm wavelength range using a UV-Vis spectrophotometer (UV-
2600, Shimadzu, Kyoto, Japan). Film samples were cut to dimensions of
1.5 x 3 cm? and the absorption spectrum was recorded within the
specified range [19].

2.8.11. Antioxidant properties of films

Antioxidant activity of the films was determined using DPPH scav-
enging activity. Film sample of 900 mg dipped in 18 mL of methanol
and incubated at 25 °C for 1 h with stirring (150 rpm). One mL of this
methanolic extract was mixed with 2 mL of 0.06 mM DPPH solution
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and vortexed. The mixture was incubated in dark for 30 min at room
temperature (25 = 2 °C). Absorbance was measured at 517 nm using a
UV-vis spectrometer [5]. A control sample with methanol and DPPH
was prepared, and antioxidant activity (%) was calculated using Eq.

(2).

DPPH activity (%)
_ <Absorbance of control — Absorbance of film sample) +100 2

Absorbance of control

2.8.12. Antibacterial assays of films

Antibacterial activity of the films was assessed using the LB broth di-
lution method against Escherichia coli strain 25922 (New England Bio-
labs). LB broth was prepared by dissolving 10 g/L tryptone, 5 g/L yeast
extract, and 10 g/L NaCl in distilled water, and the pH was adjusted to
7.0. The medium was sterilized by autoclaving at 121 °C for 15 min. Af-
ter cooling, E. coli was cultured in the LB broth overnight at 37 °C with
shaking at 100 rpm. Two mL of LB broth was added to each well of ster-
ile 24-well plates, and film samples (1.5 cm X 1.5 cm) were trans-
ferred to the wells. A bacterial suspension (50 pL, 10° cells/mL) was in-
oculated into each well, with bacteria-only wells serving as controls.
Bacterial growth was monitored over 18 h at 37 °C with shaking at
100 rpm, and optical density was measured at 600 nm using a UV-Vis
spectrophotometer.

2.9. Assessment of preservation effect on strawberry

The preservation performance of the films on strawberries wrapped
on them was evaluated at room temperature (22 = 2 °C) and under
chilling condition (4 + 1 °C). Observations were recorded at room tem-
perature on days 0, 2, and 4, while those under refrigeration were
recorded on days 4, 8, and 14 [35]. The assessed films for their ability
to extend the shelf life of strawberries included plain polyvinyl alcohol
(PVOH), and PVOH containing Pickering emulsion produced using NCP
(C) and LNP (L) tea tree oil (PVOH-CL_TTO). Unwrapped strawberries
(UW) were used for comparison.

2.9.1. Colour analysis of strawberry

The colour parameters of strawberries, unwrapped (UW) and
wrapped in PVOH and PVOH-CL_TTO films, were measured using a
chromameter CR-400. Measurements were taken at three random spots
and the average L*, a*, and b* were recorded as described in Section
2.8.4.

2.9.2. Hardness of strawberry

The hardness of strawberry samples was assessed using a texture an-
alyzer (TA-XT2i, Stable Micro Systems) with a 50 kg load cell. The
strawberry samples were positioned on the platform to allow a 5 mm
diameter aluminium probe to pierce the shoulders. A compression test
was performed, and hardness was defined as the force (N) required to
penetrate 50 % of the sample height at a speed of 1 mm/s. The texture
profile analysis (TPA) involved a two-cycles, with pre-test, test, and
post-test speeds of 5 mm/s, 1 mm/s, and 8 mm/s, respectively. Firm-
ness was reported as the maximum force during the first compression.

2.9.3. pH of strawberry

A strawberry sample weighing 5 g was homogenized with 50 mL of
distilled water and then filtered through a paper filter or muslin cloth.
The pH of the filtrate was measured using a pH meter (Microprocessor
Meter, HANNA Instruments, Romania).

2.10. Statistical analysis
Experiments were conducted in triplicate unless otherwise speci-

fied. Results are presented as mean values * standard deviation (SD).
Statistical analysis was performed using one-way analysis of variance
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(ANOVA) followed by Tukey's multiple comparison test, utilizing
GraphPad Prism 5.0 and Microsoft Excel (2007). A 95 % confidence
level (p < 0.05) was used to determine significant differences between
mean values.

3. Results and discussion
3.1. Characterization of extracted lignin and cellulose from DSM

The lignocellulosic biomass of DSM used in this work contained
39.1 % cellulose, 30.6 % hemicellulose, and 27.9 % lignin [38]. In our
previous studies [38], lignin was successfully isolated from DSM and
converted into lignin nanoparticles (LNP) with a molecular weight of
14.42 kDa, which was comparable to that of commercial LNPs. The
LNPs, produced using planetary ball milling to a size of 496.4 nm,
demonstrated stability at pH 8.0 with a zeta potential of —32.0 mV.
These LNPs have been used as Pickering particles to produce oil-in-
water (O/W) emulsion of sunflower oil, which remained stable for
90 days at room temperature [38]. In this work, we further extracted
NCP from DSM and characterized it. O/W emulsions of tea tree oil were
produced using LNP and NCP, both separately and in combination.

The NCP powder obtained from DSM had a particle size of 493.6 nm
(Fig. 1a) and a zeta potential of —30.9 mV. These values close to the
size and surface charge of commonly reported cellulose nanoparticles
[24,30]. Its purity was determined to be 93.7 % cellulose and 4.9 %
hemicellulose, confirming the effective isolation of cellulose nanoparti-
cles.

The SEM image in Fig. 1c represents the NCP obtained from the ex-
tracted cellulose (Fig. 1b) after planetary ball milling. As shown, the fig-
ures reveal morphological changes induced by the mechanical treat-
ment. Fig. 1c depicts a more fragmented and irregular particle structure
compared to the fibrillar network observed in Fig. 1b. This indicates
that ball milling effectively reduced particle size and disrupted the cel-
lulose fibers, resulting in smaller, more irregular particles. This level of
reduction in size increases the surface area, which is beneficial for ap-
plications requiring enhanced reactivity or better dispersion in compos-
ite matrices [47]. The rougher surface morphology of these NCPs sug-
gests potential for improved bonding with other materials in nanocom-
posites, making them suitable for applications such as emulsions and
biodegradable packaging. FTIR data shown in Fig. 1d highlights the key
structural characteristics of standard cellulose powder (SCP) and NCP
powder, confirming the latter's high purity. The absorption bands
around 3340 cm™ and 1040 ecm™! correspond to O—H and C—O
stretching vibrations, which are typical of cellulose structures. The ab-
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sence of a peak at 1738 cm™! in NCP indicates the successful removal of
lignin, while the C=O0 stretching vibration associated with ester
groups from hemicellulose confirms its partial removal [48]. Addition-
ally, bands at 1641 cm™!, attributed to adsorbed water, and 1429 cm™?,
[38] corresponding to CH, bending, and this confirms the preservation
of the cellulose structure in NCP [49]. The close similarity between the
FTIR spectra of SCP and NCP indicates that the extraction of cellulose
and its conversion into nanoform did not alter the cellulose structure,
making NCP suitable for applications in emulsions, biocomposites, and
packaging [50].

Thermogravimetric analysis (Fig. 1e) reveals a distinct two-stage
thermal degradation process for both NCP and SCP. The initial weight
loss, occurring below 125 °C, is attributed to the evaporation of bound
water—an inherent characteristic of cellulose fibers. This stage under-
scores the hydrophilic nature of the material and its tendency to retain
moisture. The second, more significant weight loss between 260 °C and
350 °C corresponds to the depolymerization of cellulose chains, a hall-
mark of cellulose thermal degradation. These findings not only confirm
the thermal behaviour of NCP and SCP but also provide insights into
their stability under elevated temperatures, a critical consideration for
applications in biocomposites or thermally resilient materials [49].
Above 400 °C, they further degraded into inorganic char or ash similar
to degradation of typical cellulosic materials [48]. NCP exhibited
slightly lower moisture retention in the initial stage (5.2 % compared to
6.1 % for SCP) and a marginally reduced weight loss during cellulose
depolymerization (63.4 % compared to 65.8 % for SCP), likely due to
its higher purity compared to SCP. The thermal stability of NCP was
comparable to that of SCP, indicating its suitability for high-
temperature applications such as bio-composites, where resistance to
thermal degradation is critical [50].

XRD analysis, shown in Fig. 1f, indicates that the NCP retains its
semi-crystalline structure, similar to SCP. The prominent peak at 22.5°
20 corresponds to the (002) plane, which is characteristic of cellulose I.
A secondary peak is observed near 18° 20, attributed to the (T10) plane,
further confirms the cellulose I allomorph [51]. The similar crystallinity
values observed in NCP and SCP indicate that the extraction and size re-
duction processes effectively preserved the cellulose's natural struc-
ture—an essential factor for its functional applications. Crystallinity
plays a key role in determining material properties such as mechanical
strength and barrier functionality, both of which directly influence per-
formance in bio-composites and packaging materials [52].
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Fig. 1. Characteristics of nanocellulose powder (NCP) obtained from Dashamoola Spent Material (DSM): (a) particle size distribution, (b, ¢) SEM images with
scale bars of 2 pm at X4500 magnification and 10 pm at x 1500 magnification, respectively, (d) FTIR spectra, (e) TGA, and (f) XRD analysis.



B. Abraham et al.

3.2. Compositional analysis of NCP

X-ray photoelectron spectroscopy was used to assess the surface ele-
mental composition and chemical states of the extracted nanocellulose
powder (NCP), and the data is shown in Fig. 2. The survey spectra (Fig.
2a & b) for both standard cellulose and NCP revealed the predominance
of carbon and oxygen, the primary constituents of cellulose. In the high-
resolution Cls spectra (Fig. 2¢ & d), the extracted cellulose exhibited a
peak at 284.72 eV, corresponding to the C—C and C—H bonds, simi-
lar to standard cellulose [53]. The minor shifts in binding energy likely
resulted from slight changes in surface chemistry during extraction,
possibly due to residual non-cellulosic substances or environmental ex-
posure. The Ols spectra (Fig. 2e & f) showed a peak at 532.62 eV, corre-
sponding to hydroxyl and ether groups. This peak exhibited a slight
shift compared to standard cellulose, suggesting surface interactions
such as hydrogen bonding or electrostatic interactions that may have
occurred during the extraction process [53]. These results suggest that
the core chemical structure of cellulose remained largely intact in NCP
with minimal surface modifications [54].

3.3. Emulsion preparation and characterization

LNP and NCP are shown to possess significant potential in forming
stable emulsions [6,55]. Building on this information, O/W emulsions
of tea tree oil (TTO) as dispersed phase with LNP (2 %) and NCP (2 %)
were fabricated as detailed in Section 2.6, where oil phase was 16 %.
The characteristics of emulsion stabilized by of NCP (i.e., C-TTO), LNP
(i.e., L_TTO), and their combination (i.e., CL_TTO) are presented in
Table 2. The particle size data revealed that C_TTO exhibited compara-
tively larger average particle size (620.9 nm) to that of L TTO
(593.2 nm) and CL_TTO (585.9 nm), suggesting that lignin may con-
tribute to produce finer emulsions [56]. The combination yielded the
smallest particle size, as observed in CL_TTO, suggesting that this pair-
ing is beneficial and could lead to the formation of more stable emul-
sions, which are desirable for producing active packaging films [9,12].
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Fig. 2. XPS analysis of NCP obtained from Dashamoola spent material (DSM):
(a) Survey spectrum of SCP, (b) Survey spectrum of NCP, (c) Cls spectrum of
SCP, (d) C1s spectrum of NCP, (e) Ols spectrum of SCP, and (f) O1s spectrum of
NCP.
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Table 2
Particle size, PDI and Zeta of emulsion tea tree oil with cellulose (C_TTO),
lignin (L_TTO), and their combination (CL_TTO).

Emulsions C_TTO L.TTO CL_TTO

Size (nm) 620.85 + 10.38" 593.19 + 8.57 585.89 + 4.08"
PDI 0.511 + 0.01% 0.491 * 0.05" 0.409 + 0.01°
Zeta (mV) —-32.55 + 0.89° -35.74 = 0.92° —-39.39 + 0.43°

Small letters indicate significant difference between the samples.

Zeta potential data also indicated that the combination was benefi-
cial as CL_TTO (—39.4 mV) had the highest magnitude followed by
L_TTO (-35.7 mV) and C_TTO (-32.6 mV). Higher magnitudes of zeta
potential generally correlate with better emulsion stability due to
higher electrostatic repulsion. The highest negative charge observed in
CL_TTO aligns with its smallest particle size, this formulation would
produce emulsion with higher stability [57,58].

The polydispersity index (PDI) values, presented in Table 2, follow a
similar trend. CL_TTO exhibited the lowest PDI, L_TTO fell in between,
and C_TTO showed the highest. Lower PDI values indicate a narrower
size distribution, which typically leads to higher stability. These find-
ings align with recent studies that show combining biopolymers with
emulsifying properties can enhance the stability of emulsions [59].
Photographs of these emulsions (Fig. 3) confirm that there was no
phase separation in these emulsions. This high level of stability is
promising for developing clear, stable active packaging films infused
with potent essential oils [19]. Further, TTO infused bioactive PVOH
films were developed using NCP, LNP and their mixtures as Pickering
emulsifiers.

3.4. Essential oil infused bioactives PVOH film and its characterization

Bioactive films were prepared using PVOH as the main matrix and
infused with emulsified TTO essential oil. NCP, LNP, and their combi-
nations, described above, served as Pickering emulsifiers. The films
were then prepared by solution casting, as detailed in Section 2.7. Char-
acterization of these films examines how the infused C_TTO, L_TTO, and
CL_TTO emulsions influence their structural, mechanical, and func-
tional properties, providing insights into the modifications imparted by
lignin and cellulose within the PVOH matrix.

3.4.1. Physical properties of films

The thickness of the films (Table 3) showed a gradual increase
across PVOH, PVOH-C_TTO, PVOH-L_TTO, and PVOH-CL_TTO films.
Given the total non-water content, the addition of cellulose, lignin, and
tea tree oil increased the thickness of these films. Thickness of films is
an important parameter as it impacts their tensile strength and flexibil-
ity.

WVTR, which indicates a film's moisture barrier property, was high-
est in the PVOH film (349.3 g/m?day). WVTR significantly decreased
in the PVOH-CL_TTO film (170.7 g/m?day), likely due to the presence
of cellulose-lignin matrix, which creates a more complex diffusion path
for water vapour enhancing barrier properties. In comparison, Zhou et

Nano-cellulose (C)
Nano-lignin (L)

o
B

’i Tea tree oil (TTO)

,’$-|0\?

Fig. 3. Visual images of tea tree oil emulsions with cellulose (C_TTO), lignin
(L_TTO), and their combination (CL_TTO), taken 5 min after preparation. A
graphical representation of the CL_TTO emulsion is also shown.
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Table 3
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Properties of PVOH-based films with tea tree oil, cellulose, and lignin, including thickness, contact angle, WVTR, colour parameters (L*, a*, b*), and total colour

difference (AE).

PVOH PVOH-C_TTO PVOH-L_TTO PVOH-CL_TTO
Thickness (um) 60.00 + 10.00% 70.00 + 10.00° 80.00 + 10.00% 80.00 + 10.00°
Contact angle (°) 50.12 + 2.95° 58.43 + 0.90° 64.13 + 1.26° 70.53 + 0.90¢
WVTR (g/m>day) 349.34 = 3.06% 191.42 + 4.08° 183.15 + 2.42° 170.71 + 2.57°
L* 91.89 = 0.17¢ 89.48 = 0.37° 81.27 + 1.76% 85.89 + 0.84°
a* 0.76 = 0.04" 1.15 + 0.02° 471 + 0.11¢ 2.25 + 0.01°
b* 0.19 = 0.04° 0.43 = 0.18" 9.87 = 0.72° 5.62 * 0.13°
AE 2.45 * 0.82% 13.00 + 0.54° 6.74 = 0.69"

Data are presented as mean + standard deviation (n = 3) and the different superscripted alphabets in the same row indicate significant differences (p < 0.05) be-

tween the samples.

al. [60] reported a higher WVTR of 1400.6 g/m>day for PVOH films
containing chitin and lignin, while Lingait et al. [61] reported a WVTR
of 562.3 g/m?day for PVOH films with pectin. These findings indicate
that incorporating cellulose and lignin nanoparticles into PVOH-
CL_TTO active films creates a more effective moisture barrier than simi-
lar composite films.

In contact angle measurements, values <90° indicate hydrophilic-
ity, while values >90° indicate hydrophobicity. The PVOH film had a
contact angle of 50.1° indicating its hydrophilic nature. The incorpora-
tion of NCP and LNP increased the contact angle of the films by 8°
(PVOH-C_TTO) and 14° (PVOH-L_TTO). The combination of NCP and
LNP increased the contact angle by 20° (PVOH-CL_TTO). These films re-
mained hydrophilic in nature. Studies have reported contact angle val-
ues of 60° for lignin-containing PVOH films with a lignin content of 5 %
[62] and 51° for PVOH films containing nanocellulose and Fe?* to-
gether [63]. The findings on WVTR and WCA suggest that the combined
incorporation of NCP and LNP in PVOH films significantly enhances
water resistance, making them more resistance to water vapour trans-
port and increase water repellence.

Colour analysis revealed significant changes in the optical proper-
ties of the PVOH films with the addition of NCP and LNP, and essential
oils. As shown in Table 3, the control PVOH film had the highest L*
value, indicating a lighter, more transparent appearance. In contrast,
the LNP containing film (e PVOH-L_TTO) had the lowest L* value (81.3)
indicating its darker hue attributed to lignin's natural chromophores,
such as phenolic and carbonyl groups [64]. This shift was accompanied
by increased a* and b* values, producing a richer colour and enhancing
the film's visual appeal.

The total colour difference (AE) also increased when LNP and NCP
and essential oils were present in the films compared that the control
film. This light dark hue was not only aesthetically pleasant but also
added a light-shielding effect, potentially protecting packaged products
from light-induced oxidative damage [64]. Similar colour changes have
been reported in k-carrageenan films containing fenugreek extract [65].
These optical enhancements, combined with improved water vapour
barrier properties, make these films more suitable than PVOH films to
be used in moisture-sensitive packaging where both functionality and
aesthetics are essential.

3.5. Surface morphology of films

The photographic images of the films (Fig. 4a) show a noticeable in-
crease in opacity from the pure PVOH film to those containing NCP,
LNP, and essential oil. The pure PVOH film appears highly transparent,
reflecting its smooth and homogenous structure. The PVOH-C_TTO film
showed only slight increase in opacity, indicating that the NCP does not
introduce significant changes in transparency and opacity. The PVOH-
L_TTO film exhibited the highest increase in chromaticity and opacity,
attributed to the relatively higher concentration of LNP, which imparts
its own distinct colour. The opacity and colour variation of the PVOH-
CL_TTO film remained between those of PVOH and PVOH-L_TTO, sug-

PVOH-C_TTO

P\OH L_TTO PVOH-CL_TTO

a) Visual Image [~

el LESR &5
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Folding

¢) Cross seetion

Bending Stretching Twisting

d) PVOH-CL_TTO

Fig. 4. Analysis of Polyvinyl Alcohol (PVOH) treatments showing (a) photo-
graphic appearance, (b) surface morphology with a scale bar of 50 pm at
x 1500 magnification, (c) cross-sections with a scale bar of 300 ym at x 250
magnification, and (d) mechanical flexibility tests, including bending, stretch-
ing, twisting, and folding.

gesting that the colouring component originated from LNP, albeit at
half the concentration present in PVOH-L_TTO. These alterations in
colour and transparency underscore the impact of incorporating addi-
tives on both the aesthetic and functional properties of the films, with
potential implications for light transmission and barrier performance
[62,63].

SEM images (Fig. 4b) provided further insight into the surface mor-
phology of the films. The pure PVOH film showed a smooth, uniform
texture, indicating a pristine polymer matrix. In contrast, the PVOH-
C_TTO and PVOH-L_TTO films exhibited rougher surfaces, with visible
particle distributions suggesting the presence of additives within the
PVOH matrix. This surface roughness is likely caused by phase separa-
tion, where the additives disrupt the matrix continuity, resulting in a
textured surface. Such microscale surface variation is important in
modulating surface wettability [62,63,66].

The cross-sectional SEM images (Fig. 4c) revealed distinct difference
in the internal structure among the films. The pure PVOH film demon-
strated a dense and uniform cross-section, indicating tightly packed
polymer chains. In contrast, the PVOH-C_TTO film exhibited a stratified
structure, indicative of layered microphase separation, while the
PVOH-L_TTO film shows an eroded, uneven structure, likely due to
lignin's tendency to aggregate within the matrix. The PVOH-CL_TTO
film exhibited a three-phase microstructure, where interactions be-
tween PVOH, cellulose, and lignin produced a rough, layered internal
structure. These morphological features, driven by polymer-additive in-
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teractions, give rise to the unique mechanical and barrier properties of
the composite films [66,67].

Mechanical flexibility tests (Fig. 4d) of the PVOH-CL_TTO film
showed that it maintained its structural integrity under bending,
stretching, twisting, and folding stresses without tearing or permanent
deformation. These properties are essential for packaging applications,
where materials must withstand mechanical forces during handling and
transportation [67]. The robust performance of PVOH-CL_TTO in these
tests reinforces its suitability for use as a flexible packaging material.

3.6. Mechanical properties of films

The mechanical properties of PVOH films, both with and without
NCP, LNP, and TTO, demonstrate their considerable potential for active
packaging applications. As shown in Fig. 5a, the stress-strain behaviour
of these films revealed that PVOH-C_TTO exhibited significant robust-
ness, withstanding a stress of up to 6.34 MPa before failure. This 20 %
increase of tensile strength over the unmodified PVOH film suggests
that cellulose reinforcement significantly improves the load-bearing ca-
pacity of PVOH, making it suitable for packaging applications [68].

The Young's modulus (Fig. 5b) of PVOH-C_TTO film was the highest
(48.78 MPa). This represents a substantial increase from the modulus of
pure PVOH (24.75 MPa), indicating that the addition of cellulose cre-
ates a more rigid material, ideal for applications requiring resistance to
deformation. Conversely, the PVOH-L_TTO and PVOH-CL_TTO compos-
ites exhibited lower moduli of 25.13 MPa and 34.92 MPa, respectively,
suggesting a softer material that could be more appropriate for wrap-
ping, where some flexibility is required [30].

The elongation at break values (Fig. 5¢), further illustrated the duc-
tility of the PVOH composites. PVOH-L_TTO and PVOH-CL_TTO dis-
played remarkable elongation at break values of 100.04 % and
102.27 %, respectively—considerably higher than the 61.93 % of the
standard PVOH film. This level of flexibility allows the material to ab-
sorb impacts during transportation, reducing the likelihood of damage
to packaged goods, which is particularly advantageous for fragile items
[69].

The tensile strength (Fig. 5d) data of the films showed that PVOH-
C_TTO film had the highest tensile strength. Although PVOH-L_TTO and
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PVOH-CL_TTO had slightly lower tensile strength values. Thus, the NCP
an LNP extracted from DSM improve the mechanical properties of
PVOH, creating flexible packaging materials more suitable in food ap-
plications. The incorporation of essential oil (e.g., tea tree oil) imparts
antibacterial properties (Section 3.8) without compromising the me-
chanical properties of these films [70].

3.7. FTIR, thermal properties and UV transmittance of films

The FT-IR spectra of PVOH films and with and without NCP and LNP
shown in Fig. 6a provide key structural insights. The PVOH film exhib-
ited characteristic asymmetric stretching vibrations of the hydroxyl
(—OH) and methylene (CH,) groups at around 3302 cm™! and
2941 cm™!. These peaks shifted in the spectra of PVOH containing, NCP
and LNP individually and in combination, indicating interactions be-
tween PVOH and NCP, LNP and tea tree oil. Notably, PVOH-L_TTO
showed strong absorption IR due to aromatic skeletal vibrations and
C—H stretching in the 1600-1500 cm™! and 1460 cm™! regions, con-
sistent with lignin's structure. The presence of cellulose in PVOH-C_TTO
introduced notable changes in the fingerprint region (1200-900 cm™),
where the C—O—C pyranose ring skeletal vibrations are observed
[71]. The broad band around 3300 cm™!, associated with the —OH
stretching of cellulose and PVOH, indicated formation of intermolecu-
lar hydrogen bonding. In PVOH-CL_TTO, the spectrum is more complex
due to interactions between lignin's aromatic structure and cellulose's
hydroxyl groups, with additional influence from tea tree oil compo-
nents such as terpinen-4-ol. These shifts reflect changes in the hydrogen
bonding network that would impact the film's physical properties [19].

The thermogravimetric analysis (TGA) shown in Fig. 6b captures the
thermal degradation behaviour of PVOH films with or without NCP,
LNP and tea tree oil. The pure PVOH film showed a single-stage degra-
dation starting around 300 °C, with complete decomposition occurring
by 400 °C. In contrast, the PVOH-C_TTO film began to lose weight at a
lower temperature (~250-260 °C), likely due to the volatilization of tea
tree oil components, with cellulose contributing to gradual weight loss
beyond this point [72]. The PVOH-L_TTO film exhibited lesser overall
weight loss. It had a higher residual mass above 30 %, attributable to
lignin's tendency to form a char rather than volatilizing. The PVOH-
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L_TTO film was thermally stable up to 500 °C compared to other films.
The PVOH-CL_TTO film showed similar behaviour in terms of initial
weight loss followed by lignin's char formation. These results highlight
the fact that the NCP and LNP obtained from DSM can help produce
thermally stable biodegradable active packaging.

The differential thermal gravimetric (DTG) analysis (Fig. 6¢) further
illustrates the decomposition profiles of these films. The pure PVOH
film showed a sharp peak around 300 °C, typical of its semi-crystalline
structure [73]. The addition of cellulose and tea tree oil in PVOH-
C_TTO lowered the onset of thermal degradation to around 250 °C, with
another peak indicating that cellulose component was thermally stabile
up to ~350 °C [74]. The broader DTG peak for PVOH-L_TTO
(270-330 °C) suggested to a staggered degradation, likely due to lign-
in's amorphous structure. The PVOH-CL_TTO composite exhibited a
multi-modal DTG curve, suggesting sequential degradation of tea tree
oil, cellulose, and lignin [73].

The Differential Scanning Calorimetry (DSC) analysis (Fig. 6d) illus-
trates the thermal transitions of PVOH-based films containing NCP,
LNP, and TTO. Pure PVOH exhibited a Tg of 87 °C and a melting peak at
225 °C, confirming its semi-crystalline nature [75]. The PVOH-C_TTO
film showed a lower Tg (72 °C) due to the plasticizing effect of TTO,
with a broad melting peak near 205 °C, indicating disrupted crys-
tallinity [75]. The PVOH-L_TTO film exhibited a higher Tg (97 °C) and
a melting peak at 230 °C, suggesting restricted polymer chain mobility
and enhanced thermal stability due to lignin [76]. The PVOH-CL_TTO
film displayed intermediate behaviour, with a Tg of 83 °C and en-
dothermic events at 190 °C and 225 °C. These findings highlight lignin's
stabilizing effect and TTO's flexibility-enhancing properties, making
PVOH-CL_TTO a promising material for active packaging applications
[75,76].

X-ray diffraction (XRD) patterns in Fig. 6e show the structural shifts
in the PVOH composites. Pure PVOH exhibits sharp peaks at 20 values
around 19.5° and 40.5°, indicative of its semi-crystalline nature [77].
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The PVOH-C_TTO sample reveals reduced peak intensity, suggesting
decreased crystallinity due to hydrogen bonding disruptions by cellu-
lose [52]. PVOH-L_TTO displays slight peak broadening, particularly
near 22°, indicating a less ordered structure due to lignin's amorphous
nature. The PVOH-CL_TTO sample shows diminished peak intensity and
additional shifts, indicating complex interactions between PVOH, cellu-
lose, lignin, and tea tree oil, likely affecting the film's mechanical and
barrier properties [72].

The UV transmittance spectra (Fig. 6f) highlight the films' potential
for active packaging. Pure PVOH film showed 55 % UV transmittance
at 315-320 nm, providing moderate UV protection. PVOH-C_TTO re-
duced the transmittance to 50 %, with tea tree oil contributing antioxi-
dants that protect within the 200-400 nm range. PVOH-L_TTO exhib-
ited a substantial reduction in UV transmittance, reaching 0 %, thanks
to lignin's UV-absorbing properties derived from its aromatic structure
[78]. PVOH-CL_TTO showed 5 % UV transmittance indicating a sound
level of UV protection. In particular, incorporation of LNP enhanced the
film's ability to block harmful UV rays, which is expected to help extend
shelf life of UV-sensitive products.

3.8. Antioxidant and antimicrobial activity of films

The antioxidant activity of the films was evaluated using the DPPH
radical scavenging method and the results are shown in Fig. 7a. The re-
sults indicated that the incorporation of lignin (PVOH-L_TTO) and a
combination of lignin with essential oils (PVOH-CL_TTO) significantly
enhanced the films' antioxidant properties. Specifically, the PVOH-
CL_TTO film exhibited a DPPH scavenging activity of 85 %, which is
substantially higher than that of control PVOH film (<20 %). This en-
hancement is attributed to the phenolic compounds present in lignin
and essential oils, which are known to neutralize free radicals [79-81].
The presence of lignin and essential oils amplified the film's antioxidant
effectiveness. In contrast, the pure PVOH film showed minimal activity,
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Fig. 7. a) Antioxidant (DPPH scavenging) and b) antimicrobial (E. coli inhibition) activities of pure PVOH films and PVOH films containing NCP, LNP and tea tree oil.
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underscoring the importance of incorporating, particularly nanolignin
to improve antioxidant capacity of active films.

The antimicrobial activity against E. coli is shown in Fig. 7b. The
data showed that films containing lignin and essential oils (PVOH-
L_TTO and PVOH-CL_TTO) significantly inhibited bacterial growth.
Lignin's phenolic structure is known to contribute to its antimicrobial
properties by disrupting bacterial cell walls and interfering with essen-
tial cellular processes [82]. The combination of lignin and essential oils
in PVOH-CL_TTO further enhanced the antimicrobial effectiveness. Es-
sential oils are known to possess antimicrobial properties against
broad-spectrum of bacteria and fungal species [72,83]. Thus, they pro-
vide additional antimicrobial benefits when combined with lignin. Con-
versely, the pure PVOH film showed negligible antimicrobial activity,
indicating that PVOH lacks inherent antibacterial properties. Thus the
incorporation of lignin and essential oils imparts both antioxidant and
antimicrobial functionalities to the films, making them suitable as ac-
tive packaging materials.

3.9. Application of films to extend the shelf-life of strawberries

In Fig. 8a and b, the performance of films in preserving shelf life of
strawberries wrapped in them and stored at room temperature
(22 = 2 °C) on the Oth, 2nd, and 4th days, and under refrigeration
(4 = 1 °C) on the 4th, 8th, and 14th days. The assessed included plain
polyvinyl alcohol (PVOH), and PVOH containing NCP and LNP with tea
tree oil (PVOH-CL_TTO). The unwrapped (UW) on strawberry was used
as the control. Results indicated that PVOH-CL_TTO films provided the
best preservation effects compared to the others. This superior perfor-
mance is primarily due to UV barrier, antimicrobial properties imparted
by lignin and tea tree oil, respectively. The presence of NCP increased
the water vapour barrier. The PVOH-CL_TTO films effectively main-
tained the strawberries' colour, firmness, and pH. The enhanced colour
retention and reduced browning were evident over time, while firmness
was preserved, indicating reduced moisture loss and cellular break-
down. Furthermore, the pH stability observed in PVOH-CL_TTO-
wrapped strawberries highlighted the film's ability to slow down
spoilage. These findings confirm the potential of PVOH-CL_TTO films in
extending the shelf-life and freshness of strawberries.

3.9.1. Storage studies of strawberry

The lightness (L*) of strawberries is a critical indicator of freshness.
As shown in Fig. 9a, on day 0, all fresh samples had an initial L* value of
50.0. Over time, particularly at room temperature, a rapid decline in
lightness was observed. For example, on day 2, unwrapped strawberries
showed a significant drop of L* to 35.0, indicating rapid spoilage. In
contrast, strawberries wrapped in PVOH and PVOH-CL_TTO films re-
tained higher lightness values of 40.0 and 45.0, respectively, indicating
a slower degradation process. By day 4, PVOH-CL_TTO films main-
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tained a L* value of 42.0, outperforming both PVOH-wrapped samples
(38.0) and unwrapped samples (30.0). Under refrigeration (4 = 1 °C),
the decline in L* values was less severe across all samples. By day 14,
PVOH-CL_TTO-wrapped strawberries retained an L* value of 35.0,
while unwrapped samples fell to 25.0. This preservation effect could be
attributed to the structural reinforcement provided by lignin and cellu-
lose in the PVOH-CL_TTO films, as well as the antimicrobial properties
of tea tree oil [19,84]. These findings indicate that PVOH-CL_TTO films
could be used to extend the shelf life of fresh fruits [85].

The firmness is also an important parameter that reflects on the
freshness of sugar- and acid-rich fruits such as strawberries. As shown
in Fig. 9b, on day 0, all samples had firmness values between 6.8 N and
7.0 N reflecting their initial freshness. At room temperature, un-
wrapped strawberries showed a significant decline in firmness, by day
2, it dropped to 5.5 N, whereas strawberries wrapped in PVOH and
PVOH-CL_TTO films retained higher firmness at 6.2 N and 6.5 N, re-
spectively. By day 4, firmness of unwrapped strawberries further de-
creased to 4.8 N, while PVOH-CL_TTO-wrapped samples maintained
firmness at 5.8 N. Under refrigerated/chilling condition, the decline in
firmness was slower across all samples. By day 14, the firmness of un-
wrapped strawberries decreased to 4.2 N, while that of PVOH-CL_TTO-
wrapped strawberries much higher level of firmness (5.5 N), reflecting
the film's ability to preserve texture [86].

The variation of pH in stored strawberries is an important indicator
of spoilage. As shown in Fig. 9¢, on day 0, the pH of fresh samples
ranged between 4.8 and 5.0. At room temperature, unwrapped straw-
berries showed a decline in pH to 4.5 by day 2, suggesting to a faster
spoilage. In contrast, strawberries wrapped in PVOH and PVOH-
CL_TTO films maintained pH values between 4.7 and 4.8, due to the an-
timicrobial properties of the films [87]. By day 4, unwrapped strawber-
ries' pH dropped further to 4.3, while that of PVOH-CL_TTO samples re-
mained at 4.7. Under refrigeration, the pH decline was more gradual.
By day 14, unwrapped strawberries reached a pH of 4.2, while PVOH-
CL_TTO samples maintained a stable pH of 4.7, demonstrating the effec-
tiveness of these films in preserving strawberry by reducing spoilage
rate [85,86]. These results demonstrated the ability of PVOH-CL_TTO
films in extending the shelf life of strawberries by preserving freshness,
texture, and acidity.

The long-term stability of active films depends on their ability to
withstand temperature fluctuations, humidity, and mechanical stress
[72]. High humidity can compromise the film's moisture barrier, while
temperature variations may affect its thermal stability and bioactive
properties. Additionally, prolonged storage could reduce the film's an-
timicrobial efficiency due to the degradation of its antimicrobial com-
pounds. Future studies should focus on enhancing the durability of ac-
tive films under the most likely storage conditions.
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Fig. 8. Strawberry preservation studies: (a) Room temperature (22 °C) storage observed at 0, 2, and 4 days; (b) Refrigeration (4 °C) observed at 4, 8, and 14 days.
Comparison of unwrapped (UW), plain PVOH and PVOH-CL_TTO wraps. C = cellulose, L = lignin, TTO = tea tree oil.
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( < 0.05).

4. Conclusion

Cellulose and lignin were successfully extracted from Dashamoola
spent material (DSM) and converted into nanoparticles. The cellulose
nanoparticles (NCP) showed excellent structural integrity, thermal sta-
bility, and potential for applications including in food packaging. For-
mation of emulsions and their characterization revealed that combining
lignin nanoparticles (LNP) and NCP enhanced the stability, uniformity
of O/W emulsions using an essential oil (tea tree oil) as the dispersed
phase. Incorporating these emulsions into PVOH resulted in bioactive
packaging materials with improved physical, mechanical, thermal, an-
tioxidant, and antimicrobial properties. These active films were effec-
tive in extending the shelf life of strawberries up to 14 days in chilled
condition. These findings highlight the potential of utilizing cellulose
and lignin obtained from Ayurvedic industry's waste stream to develop
sustainable, high-performance packaging solutions.
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applications, but in this review, we are mainly focusing on the applications in the food and pharmaceutical sectors. The
exercise we undertake has great relevance as it helps scientists and industries gain valuable insights into lignin's capa-
bilities and exploit its physical and chemical properties to facilitate the development of future lignin-based materials.
We have summarized the available lignin resources and their potential in the food and pharmaceutical industries at
various levels. This review attempts to understand various methods adopted for the preparation of nanolignin. Further-
more, the unique properties of nano-lignin-based materials and their applications in fields including the packaging in-
dustry, emulsions, nutrient delivery, drug delivery hydrogels, tissue engineering, and biomedical applications were

well-discussed.
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1. Introduction

The principal components of plant biomass created by plants consist of
cellulose, hemicellulose, and lignin. Lignin is the most widely distributed
aromatic polymer, and it participates with cellulose and hemicellulose to
shape and toughen plant cell walls. According to recent reports, the paper
industry produces nearly 50 million tons of biomass by-products annually
worldwide. Unfortunately, 98 % of this organic chunk is either burned for
generating energy or disposed of directly into sewage systems, leading to
serious environmental consequences. That leaves 2 % of the biomass mate-
rial for industrial use, especially for creating valuable lignin-based products
(Pham et al., 2023). Lignin also accounts for one-fifth of the total biomass
available on the planet (Pham et al., 2023; Bajwa et al., 2019). Together,
they form a reinforced structure resembling a supra-molecular scaffold ca-
pable of providing physical and chemical durability to the cell when en-
countering infections and enzymatic and chemical destruction (Xie et al.,
2018). Mostly lignin (up to 35 %) gets stored in the middle lamella of plants
like jute, cotton, industrial hemp, and wood pulp. Lignin types viz. lignosul-
fonates (88 %), kraft lignin (9 %), and the emerging sulfur-free organosolv
accounting for 2 % represent the lignin market. By 2025, lignin's valuation
is expected to reach $913.1 million if current trends continue (Pham et al.,
2023; Bajwa et al., 2019). Lignin has a variety of industrial applications, in-
cluding sterile biomedical device modules, food packaging materials,
toughened entities for tissue engineering, and deliverable drug carriers,
among others. Lignin also adds value to consumer goods owing to its intrin-
sic UV shielding qualities, antioxidant capability, chemical stability, and
physical toughness. Several publications discuss how lignin helps in value
addition and shelf-life extension (Akbarian et al., 2022).

Augustin Pyramus de Candolle et al introduced the moniker lignum,
and Peter Klason proposed a coniferyl alcohol-packed lignin skeleton to
explain the chemical composition of lignin (Bajwa et al., 2019). Lignin
is a polymer made up of three monolignols-p-hydroxyphenyl (H),
guaiacyl (G), and syringyl (S) units. Substituted phenolic groups like
p-coumaryl, coniferyl, and sinapyl are spatially ordered in a lignin bio-
molecule, allowing for a wide range of functional entities and linkages.
The interplay between H, G, and S units in lignin contributes to their
heterogeneity, yielding numerous functional groups and linkages.
About 50 % of all linkages come from the aryl ether-O-4 linkage
(Sethupathy et al., 2022).

Previously, the only way to obtain organic constituents and usable en-
ergy was from lignin-loaded industrial spent materials and their residues.
The H, S, and G subunits produced by the radical coupling process of
phenylpropanoid units provide the structural foundation for lignin (Ma
et al., 2018). Because of their heterogeneous character, recovering lignin
in its native state for structural elucidation becomes laborious. Recent
near-perfect recoveries of milled wood lignin (MWL) and cellulolytic en-
zyme lignin (CEL) provide a resolution to this problem to an extent
(Bertella and Luterbacher, 2020). Previous lignin research focused on its
role in the pulp and paper industry, as lignin was dumped as waste by the
industry. Because of that, studies were limited to structural elucidation
and chemical profiling (Sharma et al., 2020).

In their natural form, lignins are polysaccharide-bound structures
entangled in cellulose and hemicellulose with irregular distribution pat-
terns (Sharma et al., 2020). Plant source, treatment criteria, extraction
plan, and other factors influence the physicochemical properties of lignin.
Agricultural and industrial by-products such as pulp and paper (Tortora
etal., 2014), bagasse (Bertolo et al., 2019), herbal and agro-waste materials
(Abraham et al., 2020), wood, and other organic wastes have copious
amounts of lignin. In contrast, individual plant parts, grass, and other or-
ganic wastes yield significantly low levels of lignin (Sethupathy et al.,
2022).

Recently, lignin-derived composites have drawn the attention of re-
searchers and industrialists since their nanoforms improved durability
and added multitudinous value to products such as rubber, textiles, and
other materials (Ajith et al., 2021). Compared to nano-sized lignins, native
lignin fails to deliver the expected interaction and performance-boosting
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capabilities when treated as a single entity (Parvathy et al., 2020).
When impregnated with gluten-containing nanostructures, nanolignins
exhibited improved thermal, mechanical, UV-shielding, and water-
sensing capacity. Nanolignins combined with chitosan have shown up
to 83 % methyl orange scavenging capabilities in contaminated water
systems. A study found that the morphology of lignin nanoparticles pro-
vides better dispersibility and stability for up to two months. They pro-
duced uniformly dispersed nanolignins using acoustic irradiation sans
chemical intervention (Gilca et al., 2015). Encapsulating cationic poly-
electrolyte layers onto nanolignins loaded with silver ions can form
biodegradable and eco-friendly fill-in for silver nanoparticles. The poly-
electrolyte surface facilitates contact with the bacterial cell membrane
and it kills a wide range of bacteria, particularly quaternary-amine-re-
sistant Ralstonia sp., Pseudomonas aeruginosa, and E. coli, when com-
bined with silver ions (Richter et al., 2015).

Many applications involving lignin are in the pipeline, and the need for
superior materials to improve performances and evade life threats is rising.
Therefore, we think it is high time to shed light on these overlooked abun-
dant, ecofriendly, and biocompatible components.

2. Sources of lignin

The significant sources of lignin include plants and agro-processing res-
idues. In India, ayurvedic industries also yield tons of spent materials as
biowaste, a resource used for lignin production. The different sources of lig-
nin are summarized in Table 1. Moreover, a Pine variety called Brazilwood,
bamboo species such as Bambusa vulgaris and Chusquea oxylepis, Festuca
arundinacea belonging to grass species, elephant grass (Pennisetum
purpureum), Zea mays, red clover, bagasse (Saccharum hibridas) from
sugar cane, and lucerne (Medicago sativa) are all good sources of lignin
(Haghdan et al., 2016).

Using agricultural by-products for lignin synthesis has several advan-
tages on the techno-economic-environmental front due to the accessibility
to various eco-friendly methods. The agro-processing residual biomass gen-
erates economically viable homogeneous nanoscale coatings and sterile
biopolymeric materials for food packaging. Sugar cane, rice, wheat, and
maize are the four crops that contribute the most lignocellulosic biomass
to the global agro-industry, with the remainder of the crops contributing
only marginally. Bioethanol synthesis from lignin-rich agricultural by-
products using environmentally friendly technology involving enzymes
and engineered yeasts has the potential to contribute to energy security
(Haldar et al., 2022).

The Ayurveda drug industry uses over a thousand plants and plant parts
to manufacture various drugs. Dumping these biowastes exacerbates the ac-
cumulation of a large volume of industrial biomass in landfills (Vinardell
and Mitjans, 2017). Several studies point to the judicious use of plant-
based spent materials containing lignin portions. Our team has already re-
vealed the potential of water-miscible bioactive trapped inside massive
chunks of lignocellulose spent material abandoned by the Ayurveda medi-
cine industry (Abraham et al., 2020). Due to incomplete extraction with
popular solvents mentioned in Ayurvedic texts (water, milk, ghee, oil,
etc.), herbal leftovers remained a reservoir of phytochemicals till further ex-
traction. Vinardell et al. investigated the biological significance of lignin
fractions generated from the babul tree (Acacia nilotica), a medicinal herb
used in ayurvedic decoctions.

A primary extraction method of lignin from spent materials is described
in Fig. 1. In addition, a study by Vinardell et al. supports using bio-
transformed lignin from medicinal plants in the food, pharmaceutical,
and cosmetic industries (Vinardell and Mitjans, 2017). Various extraction
techniques for lignin and their advantages and disadvantages are discussed
in Table 2.

3. Applications of lignin

Lignin shows a wide range of potential applications in various industrial
sectors, particularly in the food and pharmaceutical industries (Fig. 2).
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Table 1
Major sources and classifications of lignin.
Source Classification References
Wood Sulfite lignin Lora, 2008
(Lignosulfonates)
Wood Kraft lignin Ekeberg et al., 2006
(Black liquors)

Non-wood fibers, annual plants Soda lignin (Alkali lignin) Gosselink et al., 2004

Rattan fibers

Annual plants Aquasolv lignin Zhuang et al., 2016

Methanol extracts of fresh birch (Betula pendula) xylem Brauns' lignins Hiltunen et al., 2006
Middle lamella of the plant cell walls Milled wood lignin Claudia et al., 2011
(Bjorkman's lignin)

_, Celluose
Microfibeil

Residue left after polysaccharides hydrolysis of the carbohydrates in finely
milled wood

Milled wood enzyme lignin ~ Agrawal et al., 2014
(MWEL)

Solvent-soluble fraction of MWEL Cellulase enzyme lignin Agrawal et al., 2014
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Table 1 (continued)

Source Classification References

Hardwood and wheat straw Organosolv lignin Prakash et al., 2015

Insoluble residue portion after removing the ash by concentrated acid Klason lignin Chen, 2015
hydrolysis of the plant tissues

Hardwood species such as aspen Steam explosion lignin Gellerstedt and

Henriksson, 2008

Corn stalk Organosolv ethanol lignin Wang et al., 2019
(OEL)

Bamboo Lignin—carbohydrate Huang et al., 2018
complexes

Artocarpus heterophyllus Bio composite Jaganathan et al., 2018

lignin—chitosan

(continued on next page)
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Table 1 (continued)
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Source

Classification References

Birch wood

Oil palm empty fruit bunches

Avermectin encapsulated with acetylated lignin and benzoylated lignin

Poly (lactic acid)-lignin Spiridon and Tanase,
biocomposites 2018

Lignocellulosic Medina et al., 2016

Pulp-making black liquor Zhou et al., 2019

3.1. Food industry applications

The food industry constantly strives to find new functional entities to
improve the quality of food that leaves factories. Such functional foods
will contain health-promoting components that can improve nutrient

\

absorption by filtering out undesirable chemicals in the gastrointestinal
tract (Gil-Chéavez et al., 2019).

The zero-waste concept is a widely held concept that dictates the maxi-
mum utilization of plant-derived raw materials. Several allied and non-
allied sectors will benefit if the agro-food industries fixate on adopting

\
7 Treated with 2 %
// NaOH and agitated
DRIED Powdered to reduce size for 10 minutes
SPENT
MATERTAL
Precipitate
washed with
hot water
’ Residue
LIG ﬂ / Filtered
using sieve
Filtrate treated 3 cloth Cooled b
with1% | ‘ oveeny
keeping in ice bath
Dried ™ ﬁ | h Autoclave
H,S50,(pH2) to~ 120°C
precipitate for 60
, lignin minutes
Precipitate et

Fig. 1. Lignin extraction method using alkali condition.



Table 2

Extraction techniques, advantages, disadvantages, and application of lignin-sourced raw materials.

Raw material

Extraction method

Advantages

Disadvantages

Application

References

Wood

Wood
(Black liquors)

Non-wood fibers, annual
plants

Annual plants

Methanol extracts of fresh
birch (Betula pendula) xylem

Middle lamella of the spruce
(Picea abies and Picea mariana)
and beech (Fagus) wood

Finely Milled wood

Hardwood and wheat straw

Insoluble residue portion after
removing the ash by
concentrated acid hydrolysis
of the plant tissues

Hardwood species such as
aspen

Corn stalk

Bamboo

Artocarpus heterophyllus fruit
peels

Birch wood

Oil palm empty fruit bunches

Avermectin (AVM) encapsulated
with acetylated lignin (ACAL)
and benzoylated lignin
(BZAL)

Aqueous dioxane extraction of milled wood

Hydrophobic Interaction Chromatography (HIC) method to
separate lignosulphonates and kraft lignins into seven distinctive
peaks according to hydrophobicity

Novel, sulfur chemical free-pulping process, which called the
NovaFiber process

Liquid hot water pretreatment of lignocellulosic biomass.

Brauns lignin extracted with neutral alcoholic solvents.

Bjorkman method with slight modification. The biomass is
saturated with toluene prior to milling (48 h) and the milled
material is mixed with 1,4-dioxone/water solution and is stirred
(24 h) at ambient temperature. After centrifugation, evaporate
solvent from supernatants to separate milled wood lignin.

Lignin isolated from Finely-milled wood, the cellulolytic enzymes
are used.

Methanol/H,0(60/40,v/v); 0.1%HC;
85°C, 4 h.

Benzene and Ethanol; 72 % conc. H»SO4 (30 °C, 4 h); diluted to
3 % (2 h); the insoluble substrate is weighed as lignin

Comprehensive milling of the plant material, followed by solvent
extraction with dioxane and further purification

Tonic liquids including [Hnmp]Cl, [Hnmp]CH3SO3 and [Hnmp]
H,PO4:Acetone/water(1:1,v/v), 50-90 °C, 30-180 min

Formic acid/Acetic acid/water(30/50/20,%v/v), 50-107 °C,
30-180 min

Treat fruit peel powder with dil H,SO, (0.2 mol/L, 180 °C,

300 W); the resultant product 0.1 g dissolved in 7 mL of H,SO4
and microwave irradiation, filtration; washed with DD water;
dried at 100 °C.

Extracted with Hydrotopic solution with the addition of formic
acid and hydrogen peroxide

93 %(w/w) acetic acid aqueous;0.3 % (w/w) HCl; 115 °C, 3 h.

ACAL and BZAL were obtained from the chemical modification of
alkali lignin with CH3;COCI and C,H;CIO, respectively

Better selectivity for the hydrolysis of lignin. This
extraction process significantly increased yield
and methoxyl content of the isolated lignin.
Water soluble

Anti-oxidant, UV stabilizer and low cost of lignin

Minimizes the formation of degradation products,
Reduces high water consumption and energy input

Attractive light colour of the wood

Quicker extraction method.
Structural changes of lignin is relatively small
during the separation process

Prevents scaling in hot and cooling waters and
dissolves micronutrients in liquid fertilizers.
Plentiful functional groups and low toxicity

The treatment of Hardwood and wheat straw with
aqueous organic acids is very well suitable for
separation of lignins.

Most direct and the most reliable method

More amount of lignin can be isolated.

Tonic liquids provides a good environment for
lignin extraction and enzymatic hydrolysis for
corn stalk

Produces a light-colored acetic acid bamboo lignin
microsphere with excellent UV absorbance.

Has a small particle size and large interval space
Higher porosity of lignin encouraged the water
availability into the polymeric network of
biocomposites

Use of environmentally friendly hydrotopic
process to extract lignin from industrial birch
wood chips

Majority are lignocellulosic materials, consisting of an
estimated cellulosic content of 30-50 %, 15-35 % of
hemicelluloses and about 20-30 % of lignin.

Lignin used as shell material to prepare
AVM-loaded nanospheresshowed good controlled
release and anti-photolysis properties

Dioxane is not recommendable from an
environmental perspective as it uses toxic
solvents

Complexity and irregularity of the
molecular structure of lignin.

Heterogeneity, odour and colour problems
of lignin-based products.

The residual lignin, structural
characteristics, high solid loading and end
products negatively influence enzymatic
hydrolysis of cellulose

Vacuum drying of sawn birch timber (dark
in colour) causes discolouration.
Extraction is difficult due to the chemical
bonds that exist between lignin and the
carbohydrates.

Lignin has a very high molecular weight and
may form a three-dimensional network.
Some carbohydrate cannot be removed by
prolonged and repetitive enzymatic
treatments or by purification methods
during lignin isolation. Lower durability,
poor fiber-matrix adhesion

Extraction efficiency is very less

Unstable physical and chemical properties

Presence of minor carbohydrate impurities
Tonic liquids is their relatively high cost
compared to conventional organic solvents
It shows less unsaturated structure and
fewer methoxyl groups.

Sulfuric acid requiring neutralization and
purification.

Hydrotopic solvents are not cost effective.
Lower strength, variable quality and poor
moisture resistance.

Low yield of production and irreugalar
morphology.

Agriculture, manufacturing,
cosmetics, construction, and
biomedicine

As dispersion agent in concrete,
in ceramics, as dispersants in
textile dyeing, in pesticides, and
as binders in briquetting and
animal feed

Functional additive in
commodity plastics like
polyethylene and polypropylene
Production of high value-added
products and biorefinery of
cellulosic ethanol.

Woodworking industry, wood
panel products
Anti-microbial and anti-HIV
effects. It used as biological
carriers.

As sequestering agents, as a
dispersant in battery, as a dust
suppressant, as a food additives,
in cement, and in blends.

Antioxidant additive in
pharmaceuticals, cosmetics and
the food industries.

As packaging materials.

Catalysts, adsorbents, ion
exchangers

Suitable for adhesive
formulation or other composite
biomass applications due to
better thermal stability
Addresses the staining issue and
facilitates the marketing
promotion of lignin sunscreens.
Wound healing (skin burns).

Biomedical applications.

Cosmetics, pharmaceutical,
polymers resins and biofuels.

Tissue engineering or
regeneration, artificial muscles,
and strong underwater
antifouling materials.

Lora, 2008; Chen, 2015

Sun et al., 2015, 2016;
Ekeberg et al., 2006

Gosselink et al., 2004

Zhuang et al., 2016;
Zhang et al., 2022

Hiltunen et al., 2006

Claudia et al., 2011

Ganasan et al., 2022;
Agrawal et al., 2014

Prakash et al., 2015

Chen, 2015

Gellerstedt and
Henriksson, 2008
Wang et al., 2019

Zhang et al., 2019

Jaganathan et al., 2018

Spiridon and Tanase, 2018

Medina et al., 2016;
Zhen et al., 2021

Zhou et al., 2019
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Fig. 2. Various applications of lignin materials.

such a policy for a low-cost alternative out of lignocellulosic biomass
(Sharma et al., 2020). Moreover, various applications of lignin-sourced
raw materials in food industries are depicted in Table 3.

3.1.1. Food emulsion

An emulsion is a stable concoction of unblendable liquids due to
phase separation. The emulsification process allows unblendable liquids
to stabilize and remain as a single unit. Food emulsions exhibit phase
separation due to their inherent instability (Nypelo et al., 2015). The ad-
sorptive nature of certain emulsifiers and their ability to lower the inter-
facial tension allows for the synthesis of finely divided emulsion. The
food industry uses emulsions to make products, such as mayonnaise,
salad creams, and beverages. The pharmaceutical industry uses it to
make medications like ointments, and cosmetic and personal care prod-
ucts, including creams, lotions, sunscreens, hair sprays, and many more.
A cohort from Finland demonstrated the application of wood-based lig-
nin as a stabilizer, thickener, and texture enhancer in yogurt, baked, and
meat products (Aura, 2018). As evidenced by Gil-Chavez et al., calorie-
free lignin used to make fluffy muffins can be a replacement for egg
components used for the baking process. In addition to being indigest-
ible, lignin-rich foods help lower blood cholesterol and total calories
(Gil-Chéavez et al., 2019).

Kraft lignin modified with tannic acid has the potential to stabilize
oil. Additionally, during ring-opening polymerization through re-
oxidation, tannic acid yielded a form of lignin with improved carboxyl-
ate density and solubility. These types of lignin have potential applica-
tions in stabilizing oil (hexadecane) in water emulsion systems
(Gharehkhani et al., 2018). In addition, lignosulfonates are part of
pest and herb-controlling formulations, colorants, and pigments as sta-
bilizers (Calvo-Flores and Dobado, 2010). By tweaking the acidity and
salinity, it is possible to enhance the stabilizing properties of amphi-
philic lignin obtained from soda and kraft lignin. The new functional-
ized lignins formed were due to molecular affinity between the two
liquid phases (Rojas et al., 2007).

3.1.2. Food packaging

The food industry is looking for greener alternatives to traditional food
packaging materials due to the adverse consequences of petroleum-derived
materials, aluminum cans, and perfluorinated organic compounds (PFCs)
(Tayeb et al., 2020). Due to its crosslinking properties, lignin finds applica-
tion in food-grade biofilms to have a unique spatial arrangement that aids
flexibility and stability (Sharma et al., 2020). Consumer products with
lignin-incorporated packaging materials containing chitosan have a longer
shelf life because they are impervious to moisture and pathogenic bacteria
(Yang et al., 2016). Recently, biofilms reinforced with lignin were devel-
oped from oil palm black liquor spent materials using glycerol. These
films demonstrated increased plasticity and thermal, mechanical, and
water-repellent properties (Bhat et al., 2013).

Javed et al. exploited the incorporation of ammonium zirconium car-
bonate (AZC) cross-linker onto affixed lignin to improve the storage modu-
lus of pure starch, thereby preventing or reducing coating dissolution of the
support material (Javed et al., 2018). Tayeb et al. used a type of filtration to
create ultrathin biopolymer wafer (16 g/m?) coatings of lignin-containing
cellulose nanofibrils (LCNF) and cellulose nanofibrils (CNF). Both LCNF
and CNF favored physical and chemical properties such as tensile strength,
water vapor permeability, moisture repellency, and oxygen transmission
rate. When incubated with cooking oils, LCNF performed well as a
leak-proof coating with improved mechanical qualities, giving a leak-free
environment for five months. The findings show that wood-derived lignin
candidates may outperform traditional fluorocarbon methods (Tayeb
et al., 2020).

Cationic wood nanofiber (CWNF) biofilms derived from cationized saw-
dust contain lignin as a critical component. The lignin component of the
system improved UV and oxygen shielding capability and optical transpar-
ency while quelling oxygen transmission and swelling tendencies under
stimulated conditions, either alone or in combination. According to the
study, such eco-friendly CWNF will eventually phase out oil-featured plas-
tics from the packaging sector one day. Their application in electronic
equipment such as solar batteries is due to their excellent UV absorbing
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Table 3
Summary of the studies on the food applications of lignin.
Product Usage Feedstock lignin Lignin content (Wt%)  Reaction/process condition References
Wood-derived products Texture improvers, thickening agent, Kraft lignin Up to 80 % Evaluation of 1- and 2-naphthol, formaldehyde (chemical additives) during Aura, 2018
emulsion, foam stabilizers, reduce hydrothermal pre-treatments of pine, birch, and willow wood followed by the
oxidation in food products incorporation of the residual hydrolysis lignin in polylactic acid (PLA)-based
composites.
Wood-derived products For baking muffins, to substitute whole VTT tested lignin 15 0r 25 % By hot pressing from four different industrial sources Gil-Chévez et al., 2019
eggs and egg yolks
Water-soluble lignin with a high Stabilizer for oil (hexadecane) in water ~Water-soluble lignin 20-32 % Initially, lignin and tannic acid underwent both oxidation and Gharehkhani et al., 2018
anionic charge density (O/W) emulsions transesterification reactions. Later, re-oxidized tannic acid afforded a

ring-opened product that enhanced carboxylate group content and
hydrophilicity of modified lignin.

Vanillin Flavoring agent in foods and beverages Lignin sulfonates or kraft ~ N/A Oxidation reaction was catalyzed with recycled copper catalyst. Calvo-Flores and Dobado, 2010
lignin
Polymeric amphiphiles Stabilization of emulsions Kraft and soda lignin 4-5 % Reaction condition involves oxidation with recycled copper catalyst. Emulsions Rojas et al., 2007

with various oils (including crude oils) can be formulated and their properties
rationalized according to lignin surface activity as a function of pH and salinity.

Paper-Based Oil Barrier Holding commercially available cooking  Lignin-containing 23 % The process involves a filtration technique that mimics the addition of material Tayeb et al., 2020
Packaging oils without leakage for over five months ~ cellulose nanofibrils at the wet end of a paper machine. Thin films (16 g/m2) from
and excellent resistance to grease. lignin-containing cellulose nanofibrils and cellulose nanofibrils form on paper

substrates. Further analyses reveal the surface, barrier and mechanical
attributes of the samples.

Biopolymer-based packaging Filler material in biopolymer-based Lignocellulosic biomass 15 % to 25 % Valorization of agri-food- industrial by-products Sharma et al., 2020
substance packaging
Novel sago starch-based food Good thermo mechanical properties, Lignin isolated from oil 1,2,3,4and 5 % v/w. Prepared through casting method from sago palm (Metroxylon sagu) starch (in ~ Bhat et al., 2013
packaging films barrier properties, and seal strength palm black liquor waste. the form of film matrix with 30 % w/w glycerol as plasticizer) by adding lignin
with improved water resistance. isolated from oil palm black liquor waste (from empty fruit bunch), as a
reinforcing material (1, 2, 3, 4 and 5 % v/w).
Plasticized starchy films Modifying tensile resistance Lignosulfonates 10 % Films were prepared from wheat starch and crude commercial lignosulfonates ~ Baumberger et al., 1997
in the presence of glycerol, either by thermal moulding or by casting.
Lignin-containing coatings Packaging materials Kraft lignin 19-17 % Starch solution was added to the lignin solution, stirred at 100-300 rpm, Javed et al., 2018
followed by the addition of glycerol and AZC solution.
Lignin-containing cellulose Packaging materials Kraft lignin N/A Thin films (16 g/m?) from LCNF and CNF were formed on paper substrates Tayeb et al., 2020
nanofibrils (LCNF) through filtration technique.
Lignin-containing cationic wood Packaging materials Unbleached spruce 28.6 wt% CWNEF films were fabricated using the solvent-casting method: CWNF Sirvio et al., 2020
nanofiber (CWNF) films sawdust suspension was diluted, sonicated for 10 min, poured on a polystyrene tray and
stored at 50 % relative humidity (RH).
Lignin esterified with TOFA Barrier material in fiber-based Softwood lignin Lignin esterified with tall oil fatty acid (TOFA) and tested as barrier material in Tamminenetal., 2014 T.
packaging material fiber-based packaging material. Tamminen T. Ropponen H.
Eva-Lena K Poppius-Levlin,
2014
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capability (Sirvio et al., 2020). Tamminen et al. proposed esterified soft-
wood lignin as a model packaging material capable of generating a uniform
coat on paperboard. This wood-based barrier architecture utilizes tall oil
fatty acid-mediated esterification and is a more environmentally friendly
and long-lasting alternative to its oil-based counterparts (Tamminen
et al.,2014).

3.1.3. Nutrient delivery

The use of nanoparticles to distribute nutrients has emerged as a
promising field in the functional food business, attracting the attention
of scientists and academics alike. The sole purpose of the diet is to en-
sure that the nutrient content of the consumed food gets delivered to
the consumer with minimal loss. Gil-Chavez et al. cite a patent filed by
the Dutch company DSM that turned lignin into a makeshift transport
molecule for vitamins and natural coloring components like carotenoids
(Gil-Chévez et al., 2019). Another study by Dinari using the atom trans-
fer radical polymerization (ATRP) method underpins the ability of
lignin-derived nanogels as a potent delivery vehicle for curcumin
(CUR). The synthesized lignin-based nanogels (lignin-g-P(NIPAM-co-
DMAEMA) nanogel (LNDNG) exhibited superior curcumin loading
capacity (49.69 %), encapsulation efficiency (92.62 %) and cumulative
release amount (65.36 % after 72 h), making it a promising candidate
for the safe and efficient future nutrient delivery system (Dinari et al.,
2021).

3.2. Pharmaceutical applications

3.2.1. Hydrogels for drug delivery

Hydrogel technology's applications in designing novel drug delivery
systems and smart hydrogels have grown in stature, and it has never looked
back. Hydrogels, as smart polymers, have been at the forefront of setting in-
dustry standards for better targeted and controlled drug administration for
many years (TCDD). Smart hydrogels are non-toxic, biodegradable, and
biocompatible, making them ideal for replacing conventional hydrogels
(Dominguez-Robles et al., 2018, 2019a,b).

Because of the hydrophilic nature of the biopolymer, chemical and
physical variants of hydrogels can retain large amounts of water in
their intrinsic 3D framework (Ahmed, 2015). The hydrophilicity of
monomeric and polymeric subunits (chemically induced) is essential
to forming stable biopolymers. Such biopolymers will have cross-
linked fabric and a rigid covalent backbone. In contrast, physical
hydrogels rely heavily on network formation mediated by weak inter-
molecular forces (IMF) and shape-restricting molecular entanglements
(Truong et al., 2021). Hydrogels are part of regenerative medicine as a
moisture-controlling ingredient in food packaging and the development
of diagnostic devices (Ahmed, 2015).

Techniques used to synthesize lignin-derived hydrogels include a) cross-
linking, b) atom transfer radical polymerization (ATRP) and reversible
addition-fragmentation chain-transfer (RAFT), ¢) polymerization and copo-
lymerization, d) ultrasonication, and e) wet spinning, methods.

3.2.1.1. Cross-linking method. Crosslinking prevents hydrophilic components
of hydrogel from dissolution upon coming in contact with an aqueous envi-
ronment. Larrafieta et al demonstrated a convenient method to synthesize
lignin-based hydrogels for biomedical purposes from high molecular
weight lignin by fusing lignin with poly(ethylene glycol) and poly(methyl
vinyl ether-co-maleic acid) via esterification. The investigators managed
to cross-link the numerous alcohol groups present in the selected lignin
with GAN (Gantrez) as the crosslinker and used PEG molecules with vary-
ing molecular weights to reinforce the final material. They also showed
how to accelerate the solid-state synthesis using microwave (MW). Apart
from GAN, other investigators, such as Sharma et al., used N, N -
methylenebisacrylamide (MBAm) as a cross-linking agent, known for work-
ing effectively as a cross-linking agent and a monomer that improves effi-
ciency, production, and swelling capacity of the resultant graft (Dacrory
etal., 2018).
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3.2.1.2. ATRP and RAFT methods. The ATRP (atom transfer radical polymer-
ization) method utilizes the reactivity of organic halide precursor and
monomeric forms of acrylonitrile to produce lignin-based hydrogels. On
the other hand, Azobisisobutyronitrile (AIBN) initiator-lignin core complex
achieves polymerization through radical reaction.

RAFT and ATRP ensue by regulating radicals by reversibly converting
active polymeric radicals to produce dormant polymer chains (Truong
etal., 2021). Although effective at synthesizing hydrogels, both techniques
own drawbacks, such as substandard influence over molecular weight and
distribution. Also, it is nearly impossible to create such hydrogels with pre-
set capabilities and a stable copolymer structure.

3.2.1.3. Copolymerization method. Copolymerization of lignin-derived
hydrogels from diverse monomeric species can be achieved by treating cat-
alytic initiators, cross-linking agents, or graft copolymerization. For in-
stance, lignosulfonate g-acrylic acid hydrogels from acrylic acid when
copolymerized with lignosulfonates. Acrylamide monomer-mediated graft
copolymerization is also a viable technique for synthesizing lignin
hydrogels. Copolymerization is advantageous because it affords stable
forms of commercial-grade biopolymers with improved mechanical proper-
ties and impact strength (Nguyen et al., 2022; Wu et al., 2017).

3.2.1.4. Ultrasonication method. This method exploits the rheological
changes affecting reaction media when subjected to high-frequency sound
waves. The sound waves cause low-pressure areas in the medium and cre-
ate cavitation bubbles. Controlling the properties of these cavitation bub-
bles makes it possible to afford hydrogels (Sharma and Kumar, 2020).
Lignosulphonate-grafted poly (acrylic acid-co-poly (vinyl pyrrolidone)
was produced by subjecting the pH-dependent methodology to ultra-
sonication (Wang et al., 2016a, 2016b). The low monomer conversion
and high power requirements for ultra-sonication reduce its industrial
applications.

3.2.1.5. Wet spinning method. Generating a sustainable bio-based material
on a sub-micron scale is economical and eco-friendly. With the introduction
of shear stress, the approach self-assembles the growing hydrogel and then
reshapes it in a multi-hierarchical arrangement. A prepolymer, a coagula-
tion solution, and a receiving pool with a collector roller are the three essen-
tial components of traditional wet spinning. Wet spinning is a helpful way
of assisting tissue regeneration, cell communication, and other biomimetic
structures without compromising the functionality and architecture of the
anticipated biological product.

3.3. Drug delivery and tissue engineering applications

3.3.1. Drug delivery applications

Polyethylene glycol (PEG) is a suitable candidate for the hydro-gelling
of working models for drug delivery purposes. Another recent innovation
in hydrogel-assisted drug delivery is the reactive extrusion procedure. In re-
sponse to the catalytic impact of sodium hypophosphite, lignin, and related
biopolymers undergo plasticization. As a result, citric acid backbones hold
the network together. The formed hydrogels exhibited superior swelling
properties when regulated by pH and acted as a switch to control the diffu-
sion of liquids and particles. Furthermore, extruding hydrogels with a cata-
lyst reduces the likelihood of degradation, making the reactive extrusion
method a viable choice for systemic drug transportation (Farhat et al.,
2017).

Using lignin-derived hydrogels as a sterile surface-spanning coating
material for medical devices can save lives (Spiridon, 2018; Spiridon
and Tanase, 2018). Concerns about resistant superbugs and cross-
contamination during equipment handling and drug elution led to the de-
velopment of a hydrogel with antimicrobial capabilities and the ability to
keep the proposed medicine inside the hydrophobic bubble for up to four
days. This achievement was accomplished by esterifying lignin with PEG
and poly (methyl vinyl ether-co-maleic acid), resulting in a fluid absorption
capability of 500 %. Larrafeta et al. found that PEG 10,000 coatings were



B. Abraham et al.

effective against a wide range of pathogenic microorganisms, including
S. aureus and Proteus mirabilis (Larrafeta et al., 2018).

Recent studies established the role of sodium lignosulphonate-grafted
poly (acrylic acid-co-poly (vinyl pyrrolidone) hydrogel (SLS-g-P(AA-co-
PVP) as a drug delivery platform. They investigated amoxicillin uptake,
transportation, and release in simulated conditions without the involvement
of enzymes, which helped evade the gastric milieu's acidic conditions.
The researchers evaluated the elasticity of the concerned hydrogels in
intestine-like settings and discovered that pH significantly impacted the
hydrogel's releasing capabilities. Swelling ratios of hydrogels were also a fac-
tor in determining the biopolymer's ability to retain water (Wang et al.,
2016a, 2016b).

Inert and biocompatible characteristics of cellulose allow for bypassing
the immune reaction that would otherwise be impossible with lignin alone.
A cost-effective cellulose-lignin pair successfully prolonged the release of
bioactive chemicals like phenolics. The complex can enhance desired out-
put in all living systems by securing bioactive lignin inside the cellulose
covering. The more swelling capacity a hydrogel has, the more polyphenols
it can hold, which, in turn, is determined by the amount of lignin it con-
tains. Hydrogels of this type are a good fit for drug delivery systems. A re-
cent study tried to achieve a controlled release of metronidazole and
lysozyme standards. The results from the experiment revealed that the de-
sired effect came from the viscosity of the hydrogel (Dong et al., 2018).

3.3.2. Tissue engineering applications

Tissue engineering is an area of research concerned with developing
biocompatible alternatives for restoring, maintaining, and improving tissue
integrity and performance. Scaffolding techniques, facilitated by the char-
acteristics of both synthetic and natural polymers, are used in biological
substitutes. Tissue engineering has typically used cells from the source ma-
terial and factors that guide the regular functioning of tissues. To provide
the appropriate extracellular environment ex vivo, several biomimetic com-
ponents and structural proteins, such as elastin and collagen, are combined.

The coupling of chitin and lignin facilitates the production of nonwoven
polymer composites with a natural feel and acceptability. Such biocompat-
ible tissue scaffolds resembled an extracellular matrix (ECM). After under-
going mild electrospinning, they enhanced optimal tissue regeneration
without inducing immunogenicity. In addition, their interaction promoted
wound healing and anti-inflammatory and anti-aging effects on a
nanometric level (Morganti et al., 2018).

In one of the electro-spun methods, multi-component biomaterials con-
taining chitin, lignin, and poly(glycerol sebacate) (PGS) gained bactericidal
properties against E. coli and Staphylococcus aureus (Yin et al., 2018). The
amount of PGS in the solution contributes to the structural integrity and
strength of the hybrid biopolymer, and an optimum level of 15 % offers
maximum mechanical strength. This lignin-based hybrid is ideal for
wound dressing because its ECM mimics the microstructure of the unwoven
network and has antibacterial properties (Abudula et al., 2018).

Ultra-fine biopolymers are formed by ring-opening polymerization
when lignin combines with polyesters (polycaprolactone, PCL, and poly
(L-lactic acid), PLLA). These polymers have fibrous 3D networks that can
reach nanoscale thickness. Electrospinning takes place without a solvent,
and the resulting biomaterial provides optimum conditions for cell growth
and multiplication while also providing the necessary mechanical strength.
Lignin must be kept between 10 % and 30 % to achieve these benefits (Kai
et al., 2017). PCL featured lignin-based biopolymers created via the
electrospinning method to yield ECM-like ultra-fine polymeric structures
with 10 % wt lignin. Such scaffolds have outstanding elastic characteristics,
bio-eco compatibility, pore size, and void fraction at optimum levels. More-
over, optimum pore size and void fraction of the nanocomposites are pre-
requisites for adequate cell adhesion and development (Salami et al.,
2017).

A group of researchers used a solvent-less ring-opening polymerization
approach involving lignin/PCL to create an antioxidant-rich bio scaffold ca-
pable of assisting in the regeneration, growth, and translational enhance-
ment of neurons and supporting cells, including Schwann cells at various
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developmental stages. Experiments with hematopoietic cells from the
bone marrow also yielded similar results (Wang et al., 2018). Copolymeri-
zation occurs when lignin interacts with PCL and polymethyl methacrylate
(PMMA). These non-immunogenic electro-spun nanostructures afford bio-
materials with superior properties favoring proper cell proliferation and ad-
hesion (Kai et al., 2015).

When lignin and alginate gelatinize in CO,, aerogels with physical and
rheological properties ideal for tissue engineering are formed. By limiting
the solubility of the alginate component, lignin was observed to enhance
the functioning of the produced aerogels by creating a niche conducive to
average cell growth, differentiation, and adhesion. In addition, the inherent
stability of lignin aided in slowing the biopolymer's degradation rate,
boosting bone tissue regeneration (Quraishi et al., 2015).

Lignin is a biomolecule that can change the intrinsic mechanical proper-
ties of other substances, allowing them to participate in bone tissue regen-
eration via tissue engineering. For example, lignin derived from OPEFB's
(oil palm empty fruit bunches) black lye promotes preferential cross-
linking of epichlorohydrin (ESH) following acid treatment, resulting in
hydrogels with mechanical qualities required for a solid 3D network. The
optimal lignin/agarose hydrogel includes 5 % lignin and agarose each,
with a maximum ESH content of 10 mL (Sathawong et al., 2018). Similarly,
adding 3 % lignin to chitosan improves the tensile strength and stiffness of
the bone tissue fabrication candidate (Wang et al., 2016a, 2016b). The re-
sulting PLA/lignin mesh enhanced tensile strength when reinforced with
lignin (7-15 %), which was impossible with a lower amount of lignin.
The human osteosarcoma cell line did not show any form of immune re-
sponse to such a composite structure (Spiridon and Tanase, 2018). Because
of their potential to solve solubility issues and unique thermal behavior,
bioactive integrated metal implants produced from bio/eco-friendly scaf-
folds like organosolv/lignin are utilized to repair fractured bone tissue
and regain functionality. When mixed with hydroxyapatite at varying con-
centrations, organosolv/lignin improved the bioactivity of titanium im-
plants. Replacing titanium with silver makes the produced biomaterial
more antibacterial, especially against S. aureus (Ganasan et al., 2022;
Erakovic et al., 2014).

Heat treatment of wood constituents impacts the chemical makeup and
the overall mechanical capabilities of polymer-ridden timber matrices. It is
capable of creating implants with dimensional stability and low moisture
content. To determine the lifetime of such biopolymer implants, regular
histometrical and histological evaluations are necessary. During postopera-
tive radiological follow-up in a trial with birch wood-derived bone implants
for rabbit femur bone regeneration, the trabecular bone region of the af-
fected femur supported the implant via intracondylar implantation. In addi-
tion to birch wood, other researchers used beech, juniper, and ash wood for
biomaterial-assisted bone healing (Rekola et al., 2009).

3.4. Lignin composites and its biological activity

3.4.1. Antioxidant activity

Daily, biological systems produce reactive oxygen species (ROS) such as
H,0,, superoxide ions, NO3 , NaClO, and OH due to various routine meta-
bolic activities involving oxygen. These toxic chemical entities severely
threaten the proper functioning of cells and tissues, increasing the risk of
developing life-threatening and debilitating health problems over time.
When ROS affects the stable existence of biomolecules in cells, premature
aging, cancer, type 2 diabetes, and autoimmune disorders start forming
(Liguori et al., 2018).

Researchers used poly (butylene succinate) via hot-melt extrusion to
produce lignin-based composite materials with antioxidant potential
(Dominguez-Robles et al., 2019a, 2019b). Previous studies have reported
free radicals to be inhibited by lignin-carbohydrate complexes (LCCs) de-
rived from poplar and bamboo. By up-regulating the antioxidant activity
of the concerned enzymes, these complexes successfully scavenged reactive
oxygen species (ROS) in both animal models (zebrafish) and in vitro (RAW
264.7 cells) (Dong et al., 2019). Lignin binds to PLA and castor oil to create
customizable composites that can form fibrous interlocks when 3D printed.
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Following extrusion at 200 °C, these composites achieve exceptional antiox-
idant and mechanical characteristics essential for biomedical and wound
healing applications. An optimal mesh can accommodate up to 3 % (w/
w) lignin content in its filamentous PLA structure (Dominguez-Robles
etal., 2019a, 2019b). Lignin-based biomaterials are also employed to coun-
teract the onset of ROS-mediated hyperglycemia. The a-amylase activity of
Acacia nilotica lignin-rich wood produced promising in vitro free radical
scavenging results (Barapatre et al., 2015). In another study involving
lignin-derived metabolic intervention for curbing hyperglycemia,
lignosulfonic acid (LS) was able to non-competitively inhibit the activity
of the intestinal a-glucosidase enzyme and lower the absorption of
2-deoxy-glucose by glucose transporters (Hasegawa et al., 2015).
Lignophenols (LPs) have been shown to play a crucial role in the
chemoprotective aspect of Streptozotocin-induced diabetic nephropathy
and localized oxidative stress. LPs commit to this by increasing oxygen
delivery to the damaged organ and combating the mechanisms that cause
glomerular fibrosis and MCR-mRNA expression (Sato et al., 2009).

3.4.2. Antimicrobial properties

Sepsis is one of the most common causes of death in the world. The sys-
temic invasion of microbes triggers it (Demirci et al., 2018); hence, keeping
medical devices, pharmaceuticals, and consumer items free of infectious
agents becomes a challenging task (Greenhalgh et al., 2019). The synergis-
tic effect of various phenolic groups and benzene moieties in lignin nano-
particles leads to bactericidal properties (Zhang et al., 2019; Reshmy
et al., 2022). Acacia wood lignin, combined with poly vinyl alcohol (PVA)
and AgNF (silver nanofibers), generates 3D networks that are resistant to
microbial diseases. In a standard agar well diffusion test, such scaffoldings
were efficient against B. circulans (1.3 0.08 cm) and E. coli (1.1 0.05 cm).
Nanofibrous mats like these can be found in specialized applications such
as membrane filters, sterile textiles, and wound-healing dressings (Aadil
etal., 2018).

The chitosan/LS nanoparticles are another fascinating lignin-featured
combination that works effectively against E. coli, S. aureus, and B. subtilis
unfavorable effects. The lignin portion was found to decimate the bacterial
presence, as demonstrated by the turbidimetric test (Kim et al., 2013). Lee
et al. successfully created a system based on Lignin/PVA composite networks
with near-100 % antibacterial efficacy against S. aureus and excellent UV
shielding (UPF >50). PVA nanostructures containing lignin-decorated t-
MWNTs (thin multi-walled nanotubes) inhibited the growth of S. aureus
strains by 68.7 % after 18 h compared to PVA nanofibers, according to another
study by the same research group. Such thermally stable reinforced nanofibers
are excellent for initiating dermal wound healing (Lee et al., 2018).

Biocompatible silver-doped lignin mats (Silver/hydroxyapatite/lignin)
with superior bactericidal capability against Pseudomonas aeruginosa,
S. aureus, and Candida famata provide an industrial application for
the development of implants requiring immunologically inert biofilms
(Jankovic et al., 2015). Lignin nanoparticles (LNPs) can form multifunc-
tional ternary systems with chitosan and PVA, thereby enhancing the anti-
microbial and antioxidant potential of the resulting composite hydrogels.
Both 1 and 3-wt% LNPs incorporated hydrogels exhibited antagonistic
activity toward the growth of S. aureus 8325-4 and E. coli RB, allowing
for their use in the packaging industry, wound healing fabrics, and targeted
drug delivery systems. Moreover, LNP hydrogels synergistically improved
the overall physical stability of the entire structure, making this versatile
composite association a valuable addition to the pipeline (Yang et al.,
2018). In a recent contribution, biomaterial featuring lignin/chitosan
against E. coli and Klebsiella yielded a zone of inhibition of ~0.9 mm and
~1.1 mm for E. coli and Klebsiella, respectively (Jaganathan et al., 2018).
The way the herpes simplex virus (HSV-1) undergoes inhibition by the
nonsulfated cinnamic acid-derived lignopolymer ascertains the antiviral
nature of lignin. The study found the overall efficacy of carboxylated
lignopolymer to be 1000 times better at restricting the cellular entry of
enveloped viruses than previous anti-HIV drug candidates.

Lignosulfonic acid inhibits the replication of the R5 and X4 virus types
and HSV-2 through various cellular mechanisms, including blocking the
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gp120 viral protein from T cell adhesion and preventing CD4 + T cell by-
stander activation from already infected T cells. It is worth noting that
this achievement was accomplished without compromising the efficacy of
popular antivirals like acyclovir, LabyAl, or PRO2000 (Gordts et al.,
2015). Pimpinella anisum has antiviral lignin-carbohydrate-protein
complexes effective against common viruses infecting humans 1i HCMV,
HSV-1, HSV-2, and measles. Upon treating these extracts with RAW 264.7
cells, they increased cytokine levels, as demonstrated by the increased
IL-1 and IL-10 (Lee et al., 2011).

3.4.3. Lignin composites for drug delivery systems

A subpar maize starch biofilm may be efficiently transformed into a
very stable pH-dependent (inversely proportional) drug delivery system
with better thermal and mechanical properties by adding 2 wt%
hazelnut-derived lignin. In a traditional in vitro release assay that lasted
ten days, such thermoplastics successfully transported and delivered the
standard antibiotic ciprofloxacin, with peak release occurring within
60 min. Lignin-graft-PDLA (LG-g-PDLA), a superior antioxidative and anti-
cancer filler, improves the properties of an otherwise hostile environment
created by PLLA nanocomposites for light-sensitive drugs like trans-
resveratrol (t-RSV). The filler efficiently shields the drug from UV radiation
after it forms a stereo complex and actively participates in the prolonged re-
lease of t-RSV, which can be fine-tuned by changing the filler content. LG-g-
PDLA also improved the system's overall toughness and thermal stability
(Liu et al., 2018).

3.4.4. Lignin composites for wound healing

Wound dressing fabric influences how the injured region initiates and
promotes healing. Currently, sterile garments and fibers such as cotton
wool, gauze bandages, and various cotton composites meet the require-
ment. An optimal dressing material allows for proper ventilation, pain re-
lief, the absorption of serosanguinous discharge from wounds, and the
prevention of sepsis. Recent advances in lignin research aim to develop
user-friendly biocompatible dressing materials that keep the wound hy-
drated while meeting other healing requirements (Ravishankar et al.,
2019).

Physical cross-links involving ionic bonds from an inherently weak
chitosan-PVA composite permit 3D scaffolds of lignin-based hydrogels ca-
pable of withstanding stress levels (up to 46.87 MPa) required to evade de-
formation due to tensile strain. Histomorphological analysis of murine
wound models suggested accelerated regeneration and increased protein
adsorption capacity. Other benefits of such hydrogels include improved an-
tibacterial and antioxidative activities and the ability to condition wound
sites by regulating biological factors for appropriate healing, making
them suitable for wound dressing (Zhang et al., 2019). A biocompatible hy-
drogel made of chitosan and alkali lignin with substantial wound regenera-
tion potential was mentioned in a recent study. The hydrogel responded
remarkably well in a scratch assay featuring mouse fibroblast cell lines
(NIH 3 T3). The bio composite was able to regulate cell migration which
is imperative for wound healing (Ravishankar et al., 2019).

Bacterial cellulose dehydrogenase polymer, a biofilm made from micro-
bial cellulose and lignin, was created to improve wound healing and reduce
pain while preventing infection. The large swelling capacity and bacteri-
cidal activity are helpful for therapies that require sustained drug release,
such as delayed wound healing (Zmejkoski et al., 2018). The same re-
searchers had previously created a hydrogel (DHP-Alg) compatible with
human epithelial cells and had antibacterial activity against Staphylococcus
aureus, Pseudomonas aeruginosa, Salmonella Typhimurium, and Listeria
monocytogenes strains. When blended in 1:2 (w/v) of DHP: Alg(alginate),
the participating hydrogel exhibited good MICs or minimal inhibitory
concentrations (0.002-0.90 mg/mL) and MBCs (0.004-1.25 mg/mL)
(Spasojevi¢ et al., 2016).

3.4.5. Lignin for disease prevention
Lignin is the major component of the medication CDSO3, used to treat
emphysema, a lung disease marked by ruptured alveoli and shortness of
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breath. Here, low molecular weight lignin (LMWLs) with sulfated caffeic
acid moiety ameliorated the disease condition by down-regulating neutro-
phil elastase (an aberrant protein marker), oxidation, and inflammation. As
a result, its efficacy as a biocompatible anti-emphysema agent with triple
benefits was established beyond doubt. The flow of blood through arteries
is affected by high cholesterol levels. The presence of total cholesterol in the
blood increases the risk of life-threatening illnesses like myocardial infarc-
tion and stroke. Lignophenols reduce cholesterol levels by regulating oleic
acid-induced apo-B lipoproteins produced by HepG2 cells (Norikura et al.,
2010a, 2010Db). The research reveals that LP interventions at the transcrip-
tional and translational levels are responsible for the desired result (Saluja
et al., 2013). The pharmaceutical applications of lignin are summarized in
Table 4.

4. Recent trends in lignin research: nanolignin
4.1. The rationale for nanolignin preparation

The most attractive features of lignocellulosic residues are their eco-
friendliness, availability, and inherent bioactive characteristics. By
harnessing the powers of nanotechnology, nanolignin has the potential to
drive future nano-based medical interventions, diagnostics, and food sec-
tors. Environmental and nanotechnology research is gaining traction due
to the constant development of recyclable lignin-containing biomass. Sev-
eral scientific improvements and patents relevant to enhanced lignin use,
particularly in nano lignin-based products, have been made in the last de-
cade (Dey et al., 2022). Common nanolignin preparation method is repre-
sented in Fig. 3. A comparison of lignin and nanolignin are described in
Table 5. The following section discusses the available methods to synthe-
size nanolignin from native lignin.

4.1.1. Nanolignin from mechanical processes

The milling process is one of the most widely used methods for synthe-
sizing nanolignins from plant sources. It is a cost-effective technique for
obtaining lignins with nanomolecular particle sizes (Sharma and Kumar,
2020). For example, homogenizing 5 g/L kraft lignin at 15 K rpm for 4 h
yields 500 nm kraft lignin-derived nanolignin. Furthermore, a sonication-
based acoustic approach produces stable 10-20 nm nanolignin with a uni-
form dispersion of 0.7 % lignin suspension derived from wheat straw and
Sarkanda grass. 20 kHz sound waves and 600 W input for an hour in a ho-
mogenous stable nanodispersion of size 10-20 nm are ideal circumstances
for such nanoscale formation without free radicals (Gilca et al., 2015).

4.1.2. Nanolignin from solvent shifting method

Under the effect of polarity considerations of the involved lignin sub-
strates, a strictly regulated solvent shift approach can produce mid-sized
nanolignins despite their low yield. Dimethyl sulfoxide, acetone/water, tet-
rahydrofuran, and acetone are the chosen solvents for this procedure
(Sharma and Kumar, 2020). Using tetrahydrofuran and water, the
solvent-shifting approach produced small nanolignin with a particle size
of 221 + 10 nm, whereas kraft lignin created lignin nanoparticles with a
200-500 nm size (Figueiredo et al., 2017).

4.1.3. Nanolignin from pH shifting technique

Stable nanostructures with densely arranged lignin moieties form by
precipitating extremely porous lignin nanoparticles by shifting the pH.
Such stable nanoparticles are the result of two independent stages. The
first attempt features Indulin AT in ethylene glycol solution followed by
adding aqueous HC. The second method uses a mixture of lignin and aque-
ous sodium hydroxide, which produces the required precipitates when
combined with HNOs. The first approach yielded pH stable (1-9) biode-
gradable nanoparticles. The second method produced environmentally
safe nanolignins that are stable below pH 5. Lignin sourced nanostructures
do not affect the growth of model microorganisms such as Chlamydomonas
reinhardtii and Saccharomyces cerevisiae, ensuring cell viability (Sharma and
Kumar, 2020).
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4.1.4. Nanolignin from template-based synthesis technique

Caicedo et al. used template synthesis to create lignin-derived nanoma-
terials. The process is initiated by Schiff's base reaction between the alde-
hyde groups of thioglycolate lignin and their amino counterparts in the
activated alumina membrane (APTES). Polymerization starts after adding
hydroxycinnamaldehydes, hydroxycinnamates, or hydroxycinnamyl alco-
hols in the presence of appropriate catalysts such as HRP (horseradish per-
oxidase) and H,0,. As a result, nanotubes with 15 nm thick walls and
nanowires with a 200 nm inner diameter form. These nanomaterials can
also be bio-functionalized after being placed on the lignin base layer.
(Caicedo et al., 2012). Reductant-mediated template synthesis of lignin
molecules affords uniformly dispersed 45-55 nm pseudo spherical silver
nanoparticles with antimicrobial activity. Although template synthesis
has various advantages, it is also responsible for the toxicity factor of surfac-
tants such as SDS and CTAB. Other limiting factors that undermine the
overall effectiveness of this method are issues related to purification and
the removability of source materials (Sharma and Kumar, 2020).

4.1.5. Nanolignin from ice-segregation-induced self-assembly method

Initially, a monomer unit-containing solution is frozen (Sharma and
Kumar, 2020). As a result of this process, ice crystals form, which continue
to develop and segregate the polymer phase. Under the effect of a revolving
drum (300 rpm) and liquid nitrogen (77 K) as a coolant, homogenous lignin
nanofiber scaffolds form with alkali lignin as the source material (Spender
etal., 2012).

4.1.6. Nanolignin from aerosol process

Using an atomizer, this approach creates a continuous loop of aerosol.
After passing through a heating tube, the aerosol is captured by a low-
pressure impactor, which collects the sorted fractions of the required nano-
particle. This highly reproducible one-step method accurately assembles
dried nanoparticles based on size and shape. This approach helps produce
lignin nanoparticles with particle sizes ranging from 30 to 200 nm
(Sharma and Kumar, 2020).

4.1.7. Nanolignin from electrospinning method

The electrospinning method requires a polymer solution as a starting
material for nanolignin formation. The mixture can travel through a
100 m wide nozzle that acts as an electrode/auxiliary electrode system
after being mixed with an appropriate solvent. For nanolignin production
using the electrospinning process, the desired E-field level is 100-500 kV/
m (Sharma and Kumar, 2020).

4.1.8. Nanolignin from supercritical fluid processes

Nanolignin synthesis with supercritical fluids like CO, is beneficial
since it is inexpensive, non-flammable, and non-toxic (Sharma and
Kumar, 2020). CO, also has a favorable critical temperature and pressure
of 304.3 K and 7.4 MPs, making it an ideal choice for supercritical fluid-
mediated processes. Fine lignin nanoparticles of 144 nm are formed by
reacting CO, and acetone with lignin at 30 MPs and 35 °C. The compressed
CO, antisolvent Technique can make environmentally friendly LNPs (Myint
etal., 2016). The process starts by pumping CO, to a cooler kept at 258.2 K
and then transferring it to the precipitator, where it gets liquefied. Follow-
ing the stabilization of the precipitating unit, lignin solution was added to
the obtained lignin nanoparticles after weighing. The resulting mixture
was subjected to sonication for half an hour at room temperature and
sprayed via a nozzle dictated by flow rate presets. The particles that make
it to the filter paper are collected. CO, immiscible compounds are not suit-
able for this Technique (Sharma and Kumar, 2020).

4.1.9. Nanolignin from solvent antisolvent precipitation

The slow addition of a prepared lignin solution to an antisolvent such as
water is used in this procedure. Polarity of antisolvent differs from that of
the organic solvent used to dissolve lignin before antisolvent treatment.
Water is a popular antisolvent because lignin is immiscible or sparingly sol-
uble (Sharma and Kumar, 2020). In one work, both soft (alkali lignin) and
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Table 4
Summary of the studies on the pharmaceutical applications of lignin.
Product Usage Feedstock lignin Lignin content Reaction/process condition References
(Wt%)
Drug delivery hydrogels Drug delivery systems Kraft lignin Up to 80 % Used micro-extruder at 120 °C for 2 or 5 min of recirculation and 20 to 200 wt% citric acid. Farhat et al., 2017

PEG-lignin hydrogels

SLS-g-P(AA-co-PVP) hydrogels

Cellulose-lignin hydrogels

Microcrystalline cellulose hydrogel

Collagen hydrogels

Pectin and lignin hydrogels

Scaffolds of chitin-lignin

Scaffolds of Chitin/lignin/poly (glycerol
sebacate)

Lignin-based copolymer

Polymeric scaffold fibers

Scaffolds of PCL/lignin nanofibers

Aerogels using alginate and lignin

Lignin/hydroxyapatite and
lignin/pB-tricalcium phosphate systems

Lignin-agarose hydrogel

Lignin-chitosan microfibers

(PLA)-lignin composites

PLA-lignin composites

Hydroxyapatite/lignin composite
coatings

Heat-treated birch wood
Lignin\PBS composites

Lignin-carbohydrate complexes

Medical material coatings based on their
resistance to infection and the ability to
release drugs over several days.

Deliver amoxicillin drug to the intestine.

Controlled release of polyphenols by lignin.

Lignin controlled release of drug
metronidazole.

Lignin controlled release rate of the cancer
drug doxorubicin

Deliver -glucuronidase and estrogens

Support cellular activity, optimize tissue
regeneration without eliciting any
undesirable local or systemic response
Create hybrid nonwoven scaffolds.

Tissue engineering

Enhance the biological response of the cells
with the mechanical signals

Promote cell proliferation of both BMSCs
and Schwann cells, enhance myelin basic
protein expressions of Schwann cells,
stimulate neurite outgrowth of DRG
neurons and exhibit antioxidant properties
Scaffolds for tissue engineering

Bone tissue engineering

Higher mechanical properties than pure
agarose gels

Influence mechanical properties

Reduce crystallization of poly (lactic acid)

Increase the tensile strength

Bioactive coating for titanium implants

Osteoconductivity
Antibacterial and antioxidant properties

Prevent the reduction of antioxidant
enzyme activity.

Klason lignin and
acid soluble lignin

Sodium
Lignosulphonate

Steam explosion
lignin from aspen
wood

N/A

Alkali lignin
Wheat stems lignin

and oak lignin
N/A

Bio-lignin

Alkali lignin

N/A

Alkali lignin

N/A

Brazilian wood
biomass lignin

Kraft black liquor

Alkali lignin

Kraft lignin

Organosolv lignin
from birch wood
and Kraft lignin
from softwood
Organosolv lignin

N/A
kraft lignin

LCC from bamboo
and poplar

10 % (w/w)

N/A

N/A

6.3 %
N/A
5%

N/A

0.1 wt%

10-30 wt%

10 wt% Lignin

N/A

N/A

20 % and 40 %

5%

3%

15 %

7-15 %

0.5-10 %

N/A
up to 15 % w/w

44.1 %-47.8 %

7.5 g of Ethanol/water (70 % v/v) containing 10 % (w/w) of LIG, 5 % (w/w) of GAN and 5 % (w/w)
of GLY or PEG dried for 48 h, oven-dried at 80 °C for 24 h and placed in an ethanol/water (70 % v/v)

solution for a week.

Involves free-radical polymerization- SLS and sodium hydrate mixing, followed by the addition of
acrylic acid, PVP, NMBA and APS. The whole solution was stirred for an additional 30 min and
transferred to an ultrasonic reactor.

Cross-linking reaction between cellulose in alkaline solution, lignin and epichlorohydrin for 8 h,

at 80 °C.

Hydrolysis of bleached cellulose fibers and unbleached brown fibers. The mechanical treatment
after hydrolysis enables dispersal of the cellulose into gel-like material.

Promotes the formation of layer-by-layer films using tannic acid and lignin dipped into collagen
hydrogel for 30 s and then washing twice in pH-adjusted distilled water for 15 s each.

4 % citrus pectin heated to 40 °C, extruded into 100 mL of a 0.34 M aqueous CaCl2 solution and

mixed with 2.5 % lignin.

Nanoscale lignin obtained by the solution-precipitation method was allowed to complex with chitin

nanofibril.

Chitin nanofibrils (30 wt%),bio-lignin, PEO (7 wt%) mixed with (deionized water(62.9 wt%) to
produce the sol-gel mixture followed by the mixing of sol-gel and PGS solutions via

electrospinning.

Alkali lignin, e-caprolactone, L-lactide, and tin(II) 2-ethylhexanoate were mixed, stirred

(130 °C,24 h, N2atm), and cooled. Added chloroform and centrifuged to obtain supernatant
which was then washed with ether/ methanol mixed solvent and dried(50 °C,24 h)

Varying ratios (100, 95:5, 90:10, and 85:15) of lignin was added to the PCL solution containing

1 L dichloromethane. The mixture was stirred for 1 h, sonicated for 20 s, and applied into a 1-mL
syringe of ELS. Desired scaffolds form on aluminum foil attached to the rotating drum.

After reacting e-caprolactone (6 g) with Tin(II) 2-ethyl hexanoate (0.5 wt% of monomer as the
catalyst) and purging with N2 for 30 min, the mixture underwent stirring at 130 °C for 24 h. The
resulting mixture was dissolved in chloroform, and the unreacted lignin was centrifuged at

5000 rpm for 5 min. The precipitate (lignin-PCL) was collected and dried in a vacuum oven at

50 °C for 24 h.

0.5 mL of DHP in DMSO was added to sodium alginate (0.2 g) in 9.5 mL of distilled water.
Further addition of 0.5 % (w/ v) CaCl2 yielded the gel.

HA and B-TCP were obtained by wet precipitation synthesis, dried at 110 °C for 4 h and mixed
with lignin. The resulting mix was transformed into disks under pressure and sintered at

900 °C/1 h.

Chemical cross linking of 5 %lignin and 5 % agarose by 10 mL of epichlorohydrin

Chitosan (0.15 g) was mixed with 10 mL of 1 % acetic acid solution and was then stirred at

700 rpm for 4 h. Further addition of lignin accompanied by stirring at 700 rpm for 24 h and
subsequent wet spinning technique facilitates fabrication.

PLA and lignin was dried (48 h, 40 °C), batches melt mixed with PLA in the micro-compounding
system, extrude injection moulded

PLA pellets (50 °C) and lignin (80 °C) were dried, compounding procedure at 175 °C for 10 min,
60 rpm, compression moulding, using a Carver press.

Electrophoretic deposition of HAP/Lig and Ag/HAP/Lig coatings on Titanium-HAP/Lig and
Ag/HAP/Lig suspensions via ultrasonication lasting 30 min. Titanium plate forms the working
electrode with an EPD voltage range of 50 to 100 V and deposition time ranging from 30 s to

5 min.

The wood material was heated at 140 °C and 200 °C under normal atmospheric pressure for 2 h.
Employed brabender plastograph internal mixing machine for adding lignin to PBS matrix at

150 °C, 80 rpm and 10 min. The mixture was cooled, milled using a blade mill and stored.

RAW 264.7 cells were co-incubated with ROS fluorescent probe for 30 min after adding 50 pg/mL
LCCs-Bjorkman solution and 100 pmol/L of H,O,. Evaluation of ROS was achieved by the Flow

cytometry technique.
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3D printed meshes

Alkali lignin

Lignosulfonic acid

Lignophenols

PVA/Acacia wood lignin/silver
nanofibers

Chitosan/lignosulfonates nanoparticles

Lignin/(PVA) nanocomposite fibers

Lignin/decorated thin multi-walled
carbon nanotubes in poly

(vinylalcohol) nanocomposites
Silver/hydroxyapatite/lignin thin films

Gelatin/lignin films
Polyvinyl alcohol/lignin/chitosan
hydrogels

Polylactide/silver/lignin nanoparticles

Artocarpus heterophyllus peel
lignin/chitosan

Biocomposites

Carboxylated lignin polymer

Lignosulfonic acid

Lignin-Carbohydrate-Protein Complexes

Lignin- starch biodegradable films

Drug-loaded poly(i-lactide)/lignin
stereocomplex film

Banana-chitosan film

Lignin—chitosan-PVA composite
hydrogel

Chitosan-alkali lignin hydrogel

Bacteria cellulose and lignin model
polymer (BCDHP)

DHP-alginate hydrogel

Unsulfated or sulfated low molecular
weight lignins

Lignophenols

Wound healing

To act against hyperglycemia
Suppress the rise in blood glucose level

Excess oxidative stress, infiltration and
activation of macrophages and glomerular
expansion in STZ-induced diabetic kidneys
Act against B. circulans and E. coli

Antagonist for S. aureus, E. coli and B.
subtilis

99.9 % reduction rate against S.aureus,
excellent UV protection

68.7 % bacterial growth decrease of S.
aureus

Act against the microbial colonization of S.
aureus, P. aeruginosa and C. famata

Inhibitors for B. subtilis

Greater than 95 % cell reduction in E. coli
and >85 % in

S. aureus

100 % cell reduction of L. monocytogenes

Inhibition zone for E. coli and Klebsiella

Act as an antagonist to HIV-1, dengue,
Kaposi's sarcoma-associated herpes virus,
and hepatitis C virus.

Anti-HIV and anti-HSV activity

Antiviral activity against herpes simplex virus
typel and type 2, human cytomegalovirus
(HCMV) and measles virus

Release of Ciprofloxacin

Release of trans -resveratrol

Wound healing

Wound healing

Wound healing
Wound healing

Wound healing
Therapeutic use in emphysema

Regulation of apo-B secretion, decreases
cellular total cholesterol

Kraft lignin
Alkali lignin
N/A

N/A

Acacia wood lignin
Hardwood lignin
Alkali lignin

N/A

Organosolv Lignin

Pristine lignin

Organosolv lignin

Artocarpus
heterophyllus peel
lignin

Caffeic acid and
ferulic acid lignin

N/A
Pimpinella anisum
lignin

Alkali lignin

Alkaline lignin

N/A

Sulfite
papermaking pulp
lignin

Alkali lignin

Caffeic acid,
ferulic acid or
sinapic acid
Native lignin from
Japanese cedar

0.5t0 3 %
N/A
N/A

N/A

1 wt%
N/A
50 and 85 wt%

N/A

1% w/v

1land3 %

40 mg

1%,3 %,5 %

N/A

2.5 %

1.2,1.6, 2.0 and

2.4 wt%

10 % (w/w)

N/A

10 wt%

10 %
N/A

1 % (w/v)
N/A

N/A

Vortexed PLA pellets (40 g) and castor oil (40 pL) before adding and vortexing lignin and
tetracycline powder. Allows for the extrusion of filaments, discs and squares and 3D-printed using
Ultimaker 3FFF system.

Alkali lignin extraction and microbial biotransformation by ligninolytic fungus.

LS acid was added to 0.2 U/mL alpha-glucosidase in 50 mM PBS and incubated for 30 min at
25 °C. Added PNP Gluc solution followed by Na,COs to terminate the reaction,

The LPs were mixed with a standard commercial laboratory diet and provided to diabetic rats

PVA and lignin were blended in a 9:1 ratio in 10 mL of methanol: water (60:40) and stirred for

2 h. Stirred again after adding silver nanoparticles and then sonicated.

Sonochemical formation of particles by incorporation of CS and LS solutions, 30 mL and 15 mL,
respectively, in the presence of 5 mL of the organic phase (vegetal oil).

The lignin/PVA solutions was stirred at 80 °C for 6 h and then electrospun under various spinning
conditions.

tMWNTs were synthesized via chemical vapor deposition (CVD) method and was added to lignin
solutions and subjected to sonication.

Ag: HA powders (10 % w/v) and Lig (1 % w/v) were dissolved in distilled water, vortexed and
flash-frozen in a liquid nitrogen-cooled copper container. Later, it was mounted on a cryogenic
holder, rotated at 10 rpm and irradiated with a laser beam.

H-bonding between gelatin-lignin via cholinium citrate.

PVA was diluted in deionized water at 20 % (wt/v) under magnetic stirring at 90 °C for 4 h. An
aqueous dispersion of LNPs was added and sonicated for 5 min at 40 % amplitude. Chitosan was
dissolved in water containing glacial acetic acid (1 % v/v) under magnetic stirring at 40 °C for
12 h and was mixed with PVA/LNPs solution.

PLA (4 g) was added to the AgNPs solution and stirred continuously at 22 + 2 °C for 48 h. The
mix was cast onto a Teflon film-coated glass plate, dried, and then conditioned in a humidity
chamber.

Lignin was added to chitosan medium (15 mg in 10 mL of 1 % acetic acid), sonicated at 100 W
for 5 h and fabricated via freezing drying methods.

Caffeic/ferulic acid and H202 were added to 50 mL of 10 mg HRP in 10 mM sodium phosphate
buffer at pH 8 for 5 h.

Mice exposed to HSV-2 G suspension were treated with 50 pL of 2.5 % LA, 5 % acyclovir, 1 %
tenofovir for 5 days.

HSV-2 suspension and precooled (3 h) LCC were mixed at 40C, washed with PBS wash (3 times)
before diluting (10-fold PBS) the cell pellet. Finally, added vero cell monolayers (35 mm dish) and
performed a plaque assay.

Starch and lignin were added to 20 mL water (constant stirring at 100 °C) containing 0.5 mL
glycerol as a plasticizer and heated for 5 min. Dried biofilms were placed in vials containing

15 mL of Ciprofloxacin (172 mg/L) for 72 h at 208 °C and dried at 408 °C

PLLA and LG-g-PDLA were dissolved in chloroform, sonicated for 5 min and trans-RSV acetone
solution appended. The mixture was poured onto a smooth and framed PTFE plate and kept in a
40 °C vacuum.

Chitosan powder was dissolved in 2 % acetic acid solution and stirred for 4 h with 1 mL glycerol
as a plasticizer. Mixed with banana peel powder, dried at 40 °C for 24 h followed by another
drying at 40 °C for 4 h.

Chitosan dissolved in acetic acid solution (500 rpm for 5 h), PVA dissolved into water (90 °C,6 h)
and lignin dissolved into deionized water (500 rpm,5 h). The solution was mixed (1000 rpm, 5 h)
and frozen at —18 °C for 8 h.

Hydrogels and crosslinked films of chitosan and alkali lignin obtained by ionotropic cross-linking.
DHP synthesis by the action of CA, H202, and horseradish peroxidase prepared in phosphate
buffer(pH 7.3). DHP was centrifuged and washed in double-distilled water. Finally, the
precipitate was air-dried and dissolved in a 5 % dimethyl sulfoxide (DMSO) water solution.

DHP in DMSO solution and sodium alginate solution were mixed and CaCl2 0.5 % w/v was added.
LMWLs were synthesized chemoenzymatically from three 4-hydroxycinnamic acids.

Phase-separation system consisting of cresol and sulfuric acid.

Dominguez-Robles et al.,
2019a, 2019b

Barapatre et al., 2015
Hasegawa et al., 2015

Sato et al., 2009

Aadil et al., 2018
Kim et al., 2013
Lee et al., 2019

Lee et al., 2018

Jankovic et al., 2015

Mehta and Kumar, 2019
Yang et al., 2018

Shankar et al., 2018

Jaganathan et al., 2018

Thakkar et al., 2010

Gordts et al., 2015

Lee et al., 2011

Calgeris et al., 2012

Liu et al., 2018; Sun et al.,

2015, 2016

Rihayat et al., 2019

Zhang et al., 2019

Ravishankar et al., 2019
Zmejkoski et al., 2018

Spasojevic et al., 2016
Saluja et al., 2013

Norikura et al., 2010a, 2010b
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Fig. 3. Common preparation method of nanolignin.

hardwood (dioxin lignin) lignins were treated with the antisolvent precipi-
tation approach to produce 80 to 104 nm lignin particles (ALNP and DLNP)
with strong UV shielding and radical scavenging properties. For this,
the contributors employed acetone and water with constant stirring
(300 rpm) at 20 °C (Yearla and Padmasree, 2016). The Technique's draw-
backs include the colloid system's instability, the shape of the formed nano-
particles, and the solvents' irremovable nature (Sharma and Kumar, 2020).

4.1.10. Nanolignin from acoustic cavitation assisted nanoparticles preparation

Gilca et al. prepared stable lignin nanoparticles from lignin (0.7 %) sus-
pension by taking advantage of this method. The aqueous solution was then
subjected to acoustic treatment via an ultrasonic probe outputting a 20 KHz
frequency at 600 W for an hour. The resulting uniform nanosuspension was
allowed to dry under mild conditions (Gilca et al., 2015).

4.1.11. Nanolignin from SERSL

Steam exploded rice straw lignin (SERSL) is an alternative source for the
synthesis of LNPs. Initially, castor oil (20 wt%) and SERSL solution mixture
underwent stirring to afford a homogenous solution. By maintaining a ni-
trogen setting, 20 mL HCI (1 M) was introduced in drops at 50 °C for 4 h.
Nascent lignin nanoparticles formed were subjected to thorough washing
with water and ethanol until a pH of 7 was reached (Rahman et al., 2018).

4.1.12. Nanolignin from green synthesis process

The use of precursor materials (kraft lignin and organosolv) in a unique
technique for manufacturing LNPs resulted in nanoparticles with diameters
ranging from 45 to 250 nm. Kraft (Indulin AT) guided synthesis begins
when a solution of 0.25 g kraft in 50 mL ethylene glycol is vortexed
(30 min) and filtered through a 0.45 pm pore size syringe filter. Particles
emerge after quickly adding 1-3 mL of 0.025 M nitric acid to 5 mL of the
filtered solution in a scintillation vial with continual shaking (Yang et al.,
2016, 2018, 2019). The acetone/organosolv stock solution (0.25
organosolv in 50 mL acetone) was subjected to the same initial vortexing
and filtration stages in the second approach. Finally, supersaturated lignin
was phase-separated into LNPs by adding 9.2 mL water to a 1 mL filtrate so-
lution (Richter et al., 2016).

4.1.13. Nanolignin from hydroxymethylation

Popa et al. demonstrated the role of hydroxymethylation in the synthe-
sis of lignin nanoparticles in a study. Initially, 10 g of lignin derived from
wheat straw and Sarkanda grass produced lignin suspension in water
(47 mL) upon stirring continuously at room temperature for 120 min. The

16

resulting lignin dispersion was then treated with a 50 % solution containing
1.29 g sodium hydroxide and a 25 % solution containing 3.14 g ammonium
hydroxide while mechanically shaken for 2 h (for catalysis). A 37 % solu-
tion containing 6.7 g formaldehyde was allowed to react for 4 h in the
next phase, kept at 85 °C. Next, a recovery stage with 1 N HCI (pH 2) yielded
a precipitate, centrifuged to obtain a solid phase. The portion was washed
twice with water and dried to obtain LNPs (Popa et al., 2011).

4.1.14. Nanolignin from wheat pulping black liquor

This method is suitable for transforming non-uniform clusters of
lignin-derived polymers into uniformly distributed spherical colloidal
nanoparticles. In one such study, pulping black liquor formed the source
of alkali lignin, which was then purified and acetylated. For that, acetylated
lignin-tetrahydrofuran (ACL-THF) solution (1 mg/mL) was prepared by
adding tetrahydrofuran to the solution followed by water. The hydrophobic
nature of acetylated lignin molecules in the ACL-THF solution started to
promote the formation of colloids, as evidenced by the sudden rise in the
scattered light intensity of the solution. The critical water content of
44 vol% facilitated the formation of spherical colloids (Qian et al., 2014a,
2014b).

4.1.15. Nanolignin from supercritical antisolvent technology

The supercritical antisolvent approach is a viable way to produce
lignin-based nanoparticles from rugose wood elements. It comprises a com-
bination of techniques, including precipitation, dissolution, centrifugation,
and CO, supercritical equipment. They used carbonic acid as the
antisolvent of choice in the patented technology for producing industrial-
grade xylogen NPs (Zhigiang et al., 2011).

4.1.16. Nanolignin from chemomechanical methods

This patented chemo-mechanical process enabled the synthesis of size-
controlled xylogen nanoparticles with a particle size of up to 26 nm. The
procedure begins with alkali treatment of the extract, followed by grinding
to a particle size of <0.2 mm and freeze-drying the colloid sol to obtain
xylogen NPs with an average particle size of 30 nm (Zhiming et al., 2013).

4.1.17. Nanolignin from self-assembly

When used as fillers in natural rubber, stable lignin nanoparticles of
100 nm made from industrial sulfate lignin accelerated vulcanization.
Colloidal LPCs were mixed with a 2 % poly (diallyl dimethylammonium
chloride) (PDADMAC) solution in an alkaline pH to make these
electrostatically assembled NR/LPCs (Natural Rubber/ Lignin-Poly (diallyl
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Fig. 4. Applications of nanolignin.

A lignosulfonate capsule with hollow porous structures carrying hydro-
phobic bioactive molecules, such as coumarin-6, is an example of a pH-
sensitive nanometric drug carrier. Embedding f3-thiopropionate (acid-labile
functionality) on the shell surface enables drug delivery to the target site in
response to a matching pH. These acoustically synthesized capsular carriers
with allyl-grafts typically have a 50-300 nm diameter range and are formed
in an oil-in-water emulsion system (Chen et al., 2016). Tortora et al. ex-
plored the production of coumarin-6 microcapsular carriers generated
from kraft lignin. 0.3 to 1.1 pm sized microcapsules can be produced by a
high-frequency acoustic-driven synthesis of oil-laden lignin microcapsules
at the water/oil portion of oil in water emulsion. Furthermore, after inter-
nalization into hamster ovary cells, this method showed low immunogeni-
city and toxicity (Tortora et al., 2014). The release patterns of coumarin
were similar in both cases. When loaded with bioactive supplements like
polyphenols and essential oils, these nanocapsules have the potential to
cure skin-related ailments (Akbarian et al., 2022).

Yiamsawas et al. developed stable lignin-derived nanocapsules of
150-200 nm diameter at the water-cyclohexane interface. Reduced cross-
linking agent (lignosulfonic acid), enzyme degradation, increased tempera-
ture, and inversely proportional pH levels improved the release rates of the
resulting nanocarriers. The same authors also describe an effective 2-
propylpyridine-loaded kraft lignin-derived nanocapsules possessing an oil
phase and lignin core (Yiamsawas et al., 2017).

Cytotoxicity of carbon nanotubes to living cells restricts their applica-
tion in the human body. The ability of biocompatible lignin nanotubes to
transfect HeLa cells after DNA adsorption makes them an appropriate solu-
tion to this problem. In a study comparing the cytotoxicity of both nano-
structures on HeLa cells, lignin nanotubes exhibited a tolerance threshold
ten times higher than carbon nanotubes. Recently, self-assembled micelles
of lignin (SLRM) origin that encapsulated horseradish peroxidase (HRP) en-
zyme inside its hydrophilic core exhibited improved enzymatic activity
upon immobilization. The SLRM core structure boosts HRP's overall activ-
ity, enabling bioremediation of phenol-contaminated wastewater at pH 4
(Zhong et al., 2016). Reusable colloidal cationic lignin nanospheres enable
ester synthesis by helping to attach entrapped hydrolases onto the platform
(Sipponen et al., 2018). The pH of the medium impacts the stability of novel
biocompatible LNPs encapsulating water-soluble Rhodamine 6G. Green
synthesis of nanoparticles utilizing a hydrotropic solution includes self-
assembling LNPs made of aqueous sodium p-toluene sulfonate. These nano-
particles demonstrated a long-term drug release profile while encapsulating
hydrophobic molecules with 90 % efficiency (Chen et al., 2018).

18

Science of the Total Environment 881 (2023) 163316

4.2.4. Solid and porous particles/structures

The use of novel bionanomaterials and nanocarriers is important in the
fight against neoplasm. Shortcomings of conventional and targeted cancer
therapies lie in the mode of delivery of the proposed drug. LNPs tasked to
encapsulate test compounds against cancer must preserve the target medi-
cation from premature degradation and allow for ligand-assisted tumor
penetration. Modifying LNPs with targeting entities help to attain enhanced
cellular interaction during the treatment. Various cell lines treated
with complex spherical LNPs containing iron molecules (Fe-LNPs and
Fe304-LNPs) exhibited low polydispersity, low toxicity, insignificant
in vitro hemolysis, and H,O, generation at a stable pH of 7.4. Also, BZL
(benzazulenein) cancer cell lines' cytotoxic effect was boosted by pure lig-
nin nanoparticles (Figueiredo et al., 2017). The use of magnetic Resveratrol
(RSV)-loaded lignin nanoparticles (AL/RSV/Fe304 NPs) in cytological and
animal experiments was a success against proliferating cancer cells. The
work focused on creating green chemistry-based self-assembled AL-based
unmodified lignin nanocomposites. The magnetic drug-loaded delivery
method improved long-term drug release, allowing optimal drug accumula-
tion and tumor shrinkage (Dai et al., 2017). The overall performance of
these innovative technologies makes it possible to test them in real-world
circumstances.

4.2.5. Nanolignin for oral disease and tissue regeneration

As a virus-inhibiting agent, solubilized nanolignin in the form of [125I]-
labeled LCC (lignin carbohydrate complex) has medical potential
(Sakagami et al., 2017). A recent study examined the effect of combining
electropositive chitin nanofibrils (CN) with LNPs. The bactericidal and
anti-inflammatory capabilities of the formed CN-LG particles (163 nm) pos-
sessed a wide range of industrial and medicinal applications, including
skin-related disorders. CN-LG matrix helps tissue regeneration by establish-
ing a barrier against microbial proliferation at the wound site, in addition to
being a chemoattractant. Also, these compounds can be administered to
in vitro cultures of human keratinocytes and human mesenchymal stromal
cells for potential use in skin contact applications (Danti et al., 2019).

4.2.6. Nanolignin as a UV blocker

Lignin is an excellent candidate for a sun blocker ingredient in some
lignin-derived sunscreens since it is non-oxidizable. The addition of LNPs
enhanced the native SPF value of plain creams significantly (1.03 versus
1.26-2.23 for amalgamations) (Chauhan, 2020). In another study, when
exposed to 400 nm light, a transparent PLA-tagged LNP matrix containing
4 wt% LNPs offered UV protection of up to 80 % (Tian et al., 2017).
Value-addition of sunscreens with photoprotective LNPs/ZnO sourced
from Agave tequilana enhanced the SPF value of the sunscreen as evidenced
by the extent of blocking of UV-B and UV-C rays (Hernandez et al., 2016).
The poly (butylene adipate-coterephthalate) (PBAT) matrix forms biofilms
with improved mechanical and thermal stability when combined with var-
ious LNP combinations of melanin core-shell nanoparticles (MNP) and
lignin-melanin core-shell nanoparticles (LMNP). Poly(butylene adipate-
coterephthalate) (PBAT) matrix associates with various LNP combinations
of melanin core-shell nanoparticles (MNP) and lignin —melanin core
—shell nanoparticles (LMNP) to form biofilms with enhanced mechanical
and thermal stability. Also, they absorbed >80 % of incoming UV-B rays
when NPs concentrations ranged between 0.5 and 5.0 wt% (Xing et al.,
2019). A study dedicated to investigating the effect of the development of
sunscreens with lignin and lignin-based colloidal micelles of different
shapes and sizes revealed that of all blend types, sunscreen with colloidal
spheres exhibited the most protection owing to the presence of phenolic
groups in lignin molecules.

Although UV-absorbing clothes containing LNPs are rare, they protect
from damaging UV rays without impairing the fabric's basic texture. A
study found that nanolignins with silicone emulsion offered the garments
antibacterial and antistatic properties. Such application-level initiatives
could lead to the development of fabrics that protect wearers from more
challenging environmental threats like viruses and fungi in the future.
The role of nanolignins as a versatile finish agent is detailed in a study
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that used lignin obtained from coconut fibers to treat cotton and linen tex-
tiles. Apart from being UV resistant, both fabrics showed significant action
against S. aureus and K. pneumonia. The antioxidant capacity of the partici-
pating nanolignin impregnated fabrics was confirmed by their radical scav-
enging activity (Juikar and Vigneshwaran, 2017).

4.2.7. Nanolignin as adsorbent

Xiao's team had previously produced a functionalized metal-organic
scaffold that efficiently scavenges heavy metal ions and microorganisms.
Their study further bolstered its bactericidal property against E. coli
(99.68 %) and S. aureus (99.76 %) when tagged with silver metal (Xiao
et al., 2018; Liu et al., 2022).

4.2.8. Nanolignin as supercapacitor

LNPs can act as excellent ultra-capacitors when conditioned with a KOH
(6 M) electrolyte solution. Activation of lignin-derived microspheres and
precursors (LAC-M and LAC—P) resulted in profound capacitive (at
50 mV/s) and rate performance (at a particular current range of 0.05-100
A/g) features. When soda lignin from spruce wood is carbonized and acti-
vated, carbon fibers (ACFs) with submicron thickness and high porosity
form. These acts can be used as ultra-capacitors with a storage capacity of
8.1 Wh/kg. A study that investigated alkaline lignin as ultra-capacitors
vouched for the ability of the resulting fibrous mats to be used as an
anode material in a conventional Li-ion battery. Such composites are ex-
pected to have a specific capacity of 445 mAh/g and a capacitance retention
rate of about 90 % after 6000 charge/discharge cycles (Yu et al., 2018).

4.2.9. Nanolignin as surfactant

In the food and pharmaceutical industry, the use of submicron-level
(320 nm) kraft lignin NPs as surfactants form a stable Pickering emulsion
with different-sized hexadecane droplets. These lignin-derived surfactants
offer a cost-effective and recyclable form of lignin NPs (182 nm) that ren-
ders pH responsiveness to styrene-in-water Pickering emulsions by generat-
ing insoluble particles at pH 4. RAFT-mediated grafting of kraft lignin
particles with polyacrylamide functionality yields polymer-grafted lignin
nanoparticles (PGLNs) that control aggregation strength without affecting
interfacial interactions required to form Pickering emulsions. Furthermore,
the emulsion's comparatively rapid creaming property did not affect
Ostwald's ripening and coalescence for months (Qian et al., 2014a, 2014b).

4.3. United Nations sustainable development goal (UNSDG) achieved with the
development of nanolignins

The use of nanolignins can guide the development of sustainable and
environment-friendly food and pharmaceutical products (United Nations
World Tourism Organization, 2018), which aligns with the United Nations
Sustainable Development Goal 12 (UNSDG 12) - Responsible Consumption
and Production. Nanolignin-derived products can also give access to the
costly healthcare system because it follows UNSDG 3, which endorses
Good Health and Well-being. Additionally, food and pharmaceutical appli-
cations containing nanolignins components can potentially create more job
opportunities and hence support the UNSDG 8 - Decent Work and Economic
Growth. Furthermore, lignin-based nanomaterials also contribute to
UNSDG 13 - Climate Action as it addresses some environmental problems
facing the food and pharmaceutical industries, such as waste and pollution.

5. Future perspectives

Lignin, an undervalued natural polymer, is rapidly gaining importance,
especially with the application of nano-technological innovations. Most
patents involving lignin deal with the production of nanolignin, which
shows the vast potential of nanolignin. Based on our current knowledge
of lignin and lignin nanoparticles and considering the existing gaps in tech-
nologies adopted for nanoparticle development, we have to enlist future ac-
tions that are feasible enough to overcome the hurdles in this area. It is
necessary that studies should focus on the following areas in order to
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meet sustainable standards and ensure their safety and effectiveness,
greener processes for the synthesis of lignin and nanolignin that use more
affordable, environmentally friendly, and easily recoverable solvents are es-
sential. To accomplish lignin and nanolignin industrialization and speedy
commercialization, scale-up processes may call for investments in large-
scale, quick, low-cost, energy-efficient in manufacturing methods. It is es-
sential to do a life cycle analysis of a nanolignin biorefinery. Discovering
and creating new nanolignin that could substitute carbon-intensive syn-
thetic nanoparticles and nanoparticles made from other natural sources
are novel applications of nanolignin. The viability and marketing of
nanolignins will be improved by this. Prior to clinical trials, the safety, in-
teractions, and efficacy of freshly synthesized lignin and nanolignins should
be assessed using in silico, in vitro, and in vivo approaches. These results
are necessary to obtain regulatory agency permission and move on to the
next phase of nano lignin utilization.

6. Conclusion

A comparison between lignin and nano lignin shows vastly improved
properties for nanolignin than non-nanolignin. This includes enhanced me-
chanical, UV blocking, radical-scavenging capacity, reducing power, super-
oxide radical scavenging activity, ability to form pickering emulsion, and
adsorption capacity for nanolignin. The unique properties of lignin and
nano lignin enable its application in other fields like the packaging indus-
try, emulsions, nutrient delivery, drug delivery hydrogels, tissue engineer-
ing, and biomedical applications, which will be an excellent opening for
human needs. Since these nanoscale and non-nano scale lignin has a wide
range of properties, lignin applications will continue to undergo extensive
research in the coming years. The findings and insights included in this re-
view will give a different perspective on the potential applications of
nanolignins in the food and pharma industries. The article also analyses
the challenges and opportunities presented by useful nanolignins, which
help researchers, policymakers, and industry professionals plan their
nano-lignin-centred investigations with a clear mind about the possible
challenges and limitations of the technology.
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