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PREFACE

Spectroscopy has become an important aspect of many modern devices and form the
heart of many sensors, such as for material composition analysis and disease
diagnostics. The latest technological advances have brought a lot of progress in this
area leading to the introduction of several portable spectroscopic devices for point of
care applications. A dramatic increase in counterfeit drugs has been observed in the
past few decades pausing threat to public health. The challenge for public health safety
officers is to identify and discard the poor quality medicines available on the market.
However, the availability of easy and robust quality testing methods for determining
counterfeit drug is an unmet need. The use of specialized inks and packaging materials
has been used for simple visual and quality inspections and served authentication tools
in the past. Increased counterfeiting sophistication techniques in packaging and
labelling imitations are becoming nearly perfect, making it extremely difficult to
distinguish from genuine drugs through simple analysis, which necessitated the need
for detailed chemical analysis of the drugs for the identity of APIs and composition
estimation. Drug content analysis is done through analytical equipment like GC,
HPLC, which is bulky and costly and unsuitable for onsite analysis. Similarly,
environmental pollution is one of the serious issues faced by the entire globe. The
most important one is the pollution of aquatic bodies. Mercury and lead are the two
heavy metals considered to be the most toxic that pollute aquatic systems and pose a
life-threatening danger to living beings. Presently, their estimation also requires
sophisticated analytical instruments such as mass, atomic absorption and emission
spectroscopies. Therefore, there is an unmet global need to develop portable and cost-
effective devices and methodologies that are easy to perform, have fast response, high
sensitivity, and selectivity. The current thesis focuses on developing
spectrophotometric methodologies for fast quality analysis of pharmaceutical product
as well as drinking water.

Over the years, Raman spectroscopy has evolved as a molecular fingerprinting
and non-destructive technique. Presently, Raman spectrometers are available in
handheld versions opening new possibilities for point of care and testing applications.
However, this requires gaining in-depth knowledge through extensive fundamental

studies on the various factors contributing to the observed Raman signal and

XXV



developing the know-how to use spectral information for a specific application.
Similarly, smartphones have become an inevitable part of human life. Most of them
have capabilities to be used as minicomputers, enabling advanced technologies like
artificial intelligence and machine learning to pocket-size devices. Smartphone usually
comes with sensitive cameras, and incorporating image processing techniques opens
up possibilities for low-cost photometric and colourimetric measurement systems for a
broad range of chemical analysis.

The first part of the thesis focuses on developing a model Raman system, a
comparative study of various signal processing methods, Raman spectral studies of an
identified class of pharmaceuticals, develop data processing methods for qualitative
and quantitative estimations. In the second part of the thesis, the potential of a silver
nanoparticle-based system for colourimetric sensing of two toxic metal ions from
water is investigated. Further, the feasibility of using the smartphone as a
spectrochemical device for aiding their automated colourimetric detection and
quantification was also studied.

Chapter 1 gives an overview of the existing spectroscopic techniques used for
onsite analysis with emphasis on Raman spectroscopy and smartphone spectroscopy.
A literature review of the applications of spectroscopic technique for quality analysis
in the pharmaceutical industry and water quality analysis in environmental studies is
also included.

In chapter 2, we describe the feasibility of setting up a Raman spectrometer on
an optical benchtop. Different properties of each of the optical components and how
they influence the quality of the spectra has been discussed. For the setting up of the
model system the following components were used, (i) green laser pointer (JD-851) as
the excitation source, (ii) probe optics with backscattering configuration and a
compact spectrometer (Science surplus) having ~450-700 nm spectral range and ~1
nm spectral resolution. It was equipped with 1800 g/mm plane ruled reflection grating,
50 pm slit, and sony ILX linear CCD detector.

In chapter 3, the translation of the tabletop Raman spectrometer into a portable
device is described. To evaluate its performance, various standard samples were
analyzed and were compared with a commercial Raman spectrometer system. In
general, for all the compounds investigated, we found a good agreement between the
results obtained from the commercial device and the fabricated system. The potential

of the fabricated system for quantitative analysis of alcoholic beverages was also

XXVi



investigated.

The development of software tools for the portable Raman spectrometer
enabling automatic spectral processing and library matching is described in chapter 4.
Raman effect being weak, the spectroscopic data out of it has low SNR, and it is
essential to evolve apt signal processing methodologies to extract any meaningful
information. The main identified contributions to noises are (i) low-frequency
fluorescence background, (ii) high-frequency electronic noises like dark current and
readout noise, (iii) photon flux dependent noise and (iv) stray light. The effect of dark
current, readout noise and stray light has been removed by subtracting the blank
spectrum from the acquired sample spectrum. The efficacy of different methods like
digital filtering, polynomial based fitting and moving point average based methods for
low-frequency background removal has studied. Further to automate molecule
identification, a library matching algorithm was employed, and its prediction accuracy
was studied. A Raman spectral library of 24 different chemicals was generated using
the spectrum collected from the fabricated system, and the automatic identification
ability of the developed algorithm was demonstrated.

In chapter 5, we have attempted to combine the versatility of Raman
spectroscopy with chemometrics for pharmaceutical product quality analysis. The
work involves determining the active ingredients in commercially available tablets.
The study was conducted on a model system of Aceclofenac-Paracetamol mixture. A
new quantification model was developed using MATLAB programming environment
with PCA (Principle component analysis) combined with polynomial regression. This
modified method was compared with traditional PCR using statistical parameters like
ROC, RMSE, correlation coefficient etc. Results showed that the modified algorithm
is having better quantification accuracy than other methods. Using the developed
algorithm, a standalone application was built, which could be incorporated into
portable Raman spectrometers.

In chapter 6, a novel method for the identification of heavy metal ion from
aqueous media using a smartphone as a spectroscopic device has been discussed. We
explored a silver nanoparticle (AgNP) based system exhibiting high selectivity and
distinct spectrophotometric behaviour towards lead and mercury ions in the aqueous
medium. Our studies revealed that most of the metal ions did not influence the
characteristic plasmon spectral profile of AgNPs. On the contrary, mercury caused the

disappearance of absorbance at ~400 nm. Consequently, the yellow solution became
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colourless at around 7.6 ppm of Hg®* ions. While the presence of Pb®" ions induced a
decrease in the initial plasmon intensity with the concomitant emergence of a new red-
shifted band above 500 nm. As a result, the colour of the solution turned from yellow
to red. These colour changes are found to fall well within the spectral responses of R,
G and B filters of the digital camera. By making use of this, an android mobile
application was developed for digitizing the colour values and for doing further
quantitative analysis. The observed linearity in the absorbance spectral changes of
nanoparticle solutions and the RGB values of their photographs opened up

possibilities for quantitative estimation of Hg”* and Pb** ions.
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CHAPTER 1

An Overview of Recent Developments in Portable
Spectroscopic Devices for Chemical Analysis
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1.1. Abstract

Spectroscopy, the study of interaction of light with materials, has emerged as an
analytical technique and forms the heart of many sensors for composition analysis of
samples and diagnosis. Advancements in electronics, optics, and artificial intelligence
have introduced several portable technologies like Raman spectrometers, smartphone
spectrometer, X-ray fluorescence spectrometers for point of care applications. The use
of these kinds of portable devices helped to improve the quality of services in various
areas, especially in the health care and environmental sectors. Recent years have
witnessed a dramatic increase in counterfeit drugs pausing threat to public health.
The availability of accessible and robust quality testing methods for determining

counterfeit drugs is an unmet need. Environmental pollution is yet another severe
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issue faced by humankind ever since civilisation. Ensuring water quality is essential
for sustaining the good health of humans and other life forms. Presently, these two
issues are addressed through sophisticated analytical instruments that are not suitable
for onsite analysis. Therefore, there is an unmet global need to develop portable and
cost-effective devices and methodologies that are easy to perform, having fast
response, high sensitivity, and selectivity. The present chapter gives an insight into
spectroscopy-based onsite analytical instruments, with special emphasis on Raman

spectroscopy and smartphone spectroscopy.

1.2. Introduction

Spectroscopy denotes the techniques utilising electromagnetic (EM) radiation to
obtain information on matter's structural and functional properties. Over the years,
spectroscopy has evolved as a valuable tool to solve various analytical problems. In
general, EM radiation interacts with matter, resulting in various processes like
absorption, emission, scattering, etc. Different spectroscopic techniques exist today
for chemical analysis depending on the species under study (atom/molecule), the
energy of EM radiation, and the type of monitored interaction. However, the ultimate
principle shared by all these techniques is shining a beam of EM radiation onto the
sample, measure their response, and use this information to understand the analyte.
From an instrument point of view, these devices consist of a light source to provide
energy into matter, an optical unit and a detector to collect and measure the generated
photons from the sample, and a signal processing unit to display the response in the
form of spectra.’

The conventional spectroscopic techniques rely on sophisticated laboratory
equipment operating under controlled condition. For testing, the sample needs to be

carried to the laboratory, where a trained professional will perform the sample
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analysis, providing accurate results depending upon the device's resolution and the
technician's proficiency. Along with these, the struggle in making informed decisions
on the spot has forced to introduce the concept of ‘'moving laboratory to the point of
need'. The recent efforts in this direction led to the development of handheld or
portable devices which are easy to handle even by a layperson.? Figure 1.1 represents
some examples of the current generation spectroscopic devices for onsite analysis like
a simple pulse oximeter routinely used in clinical settings,® vibrational spectroscopic
instruments like Raman spectrometer* and IR spectrometer for molecular analysis, X-
ray fluorescence spectrometer for elemental analysis, etc. In the last decade, several
smartphone integrated devices have been introduced. These include a tiny pocket-size
Scio NIR spectrometer developed by M/s Consumer Physics for food analysis,’
Artificial intelligence (Al) integrated smart Raman spectrometer from M/s

CloudMinds,® M/s Goyalab's Gospectro multipurpose smartphone spectrometer,’

smartphone integrated colourimetric devices for analyte detection,®® etc. These

2 Mﬂeu(‘rohm

f

Figure 1.1. Photographs illustrating examples for different portable spectroscopic
devices for onsite analysis (A) pulse oximeter, (B) handheld Raman spectrometer from
Metrohm, (C) GoSpectro handheld spectrometer from GoyaLab, (D) Scio pocket-size
NIR spectrometer, (E) A2 Technologies's FTIR spectrometer for soil analysis, (F)
Cloud Al handheld Raman spectrometer, (G) smartphone colourimetric analyser for
food adulterant detection and (H) X-ray fluorescence spectrometer from Lanscientific.
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technologies have proven their usage in various areas like environmental analysis,™

agricultural fields,"* biomedical science,'” pharmaceutical industry, etc.

1.2.1. Counterfeit Drugs

In the pharmaceutical industry, checking the quality and authenticity of medicines is
essential. Recent years have witnessed a dramatic increase in counterfeit drugs, posing
a threat to public health and the economy. According to the World Health
Organization (WHO), ‘A counterfeit drug™* is deliberately and fraudulently mislabeled
for identity and/or source'. Counterfeit products may include the following variants;
(i) drug having very little or no active pharmaceutical ingredient (API); in this case,
the patient does not get harmed directly but gets affected indirectly through prolonged
sickness due to delayed treatment. Also, antibiotic resistance may be wrongly
diagnosed as a result of the ineffectiveness of the counterfeit drug.™ (ii) Drugs having
the wrong API; this scenario would be similar to the patient taking another drug
instead of the prescribed one without knowing it. (iii) Drugs having all necessary APIs
but in the wrong quantities. (iv) Drugs having no API but harmful ingredients; here,
the patient may develop unexpected adverse drug reactions leading to even death.
India is the third-largest drug manufacturer around the globe, with an annual turnover
worth Rs. 1,29,000 crore in 2018. With such a huge market, there are tremendous
possibilities for counterfeiters.

According to a study conducted by WHO in 2002, around 20% of the drug in
the Indian market are counterfeit.’® In a random survey conducted on drugs, 5% in
Chennai and 12% in Delhi failed the quality test.!” Based on research conducted by
the European Commission, around 75% of the reported counterfeit cases in the global
market originated from India. In 2001, ~1000 Kg of fake raw materials and ~660 Kg

of counterfeit medicines with the logo of a reputable pharmaceutical company were



Chapter 1

(€

AUTHENTIC COUNTERFEIT

\ . Q

AUTHENTIC

COUNTERFEIT

Figure 1.2. (A) Types of counterfeit drugs, (B) image showing the package and tablet
of genuine and counterfeit artesunate antimalarial tablets, and (C-G) different
portable detection techniques for pharmaceutical analysis (C) TrueTag Micro tag
tablets, (D) US FDA's CD3 detector, (E) Paper analytical device, (F) GPHF Minilab
TLC test kit, and (G) Thermofisher Truescan Raman spectrometer for pharmaceutical
raw material analysis.

ceased by police from a factory in India.** The challenges for the health department
are the timely identification and clearance of the fake medicines available on the
market. However, easily accessible and robust quality testing devices for determining
counterfeit drugs are an unmet need. Specialised inks and packaging materials have
served as simple authentication tools in the past. However, sophisticated
counterfeiting techniques have made fairly close imitations of packaging and labels,
making it extremely difficult to distinguish them from genuine drugs through simple
analysis. This necessitates the need for detailed chemical analysis for the content and
composition. Analytical equipment like GC, HPLC are perfect for material
identification and composition estimation. However, the bottleneck for onsite analysis
is their bulkiness, high cost, and elaborate process. Although a few portable
technologies are available, each of them has its limitations. For analysing fluorescence

from the authentic packages, a portable device was developed by USA's FDA

agency™® where the analysis occurs only at packaging levels, thus unable to find fake
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drug hidden under the legitimate package. Colourimetric paper analytical devices
(PAD)™ developed by USA researchers for API identification are cost-effective, but
they are not suitable for all class of drugs. Moreover, this is a destructive technique.
Product tracking through edible imprinted codes like nanotags (developed by M/s
TrueTag Technologies),? is a promising technique, however, it requires modification
in the existing manufacturing process. A briefcase type counterfeit drug detection Kit,
GPHF Minilab, was developed by the Global Pharma Health Fund, which performs
the drug content analysis mainly by TLC along with other physical tests like visual
inspection, weight verification, and disintegration test.?! This technique is slow,
destructive and requires specific chemicals and reagents for different types of drugs.
Ideally, the detection method needs to be non-destructive, aiding large volume

medicine analysis in a short duration.

1.2.2. Heavy Metal Toxicity

In environmental science, ensuring water quality is essential for sustaining the good
health of humans and the existence of other life forms. Mercury and lead are the two
heavy metals considered to be the most toxic that pollute aquatic systems and pose a
life-threatening danger to living beings. The sources of water contamination are both
from humans as well as from natural interventions. For example, lead is one of the
components in many consumer products like batteries, paints, pigments, electronics,
plastics, cable sheathing, ceramics, etc. Through their unwise disposal and consequent
leaching, lead ions reach water bodies.?? Due to the vast global abundance and
distribution, natural forces like volcanoes and forest fires also accelerate lead ions
flow into water bodies.?® Similarly, apart from the innate degassing of the earth's
surface, human activities like gold mining, solid waste incineration, coal-burning

power plants, etc., are the foremost sources of mercury pollution. The complications
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arising from the intake of polluted water include malfunctioning of organs like

kidneys, reproductive systems, central nervous system, and gastrointestinal tract.2*%

26,27 and

Mercury consumption also contributes to physiological stress, hypertension
affects biological processes like haemoglobin synthesis. Exposure to heavy metals at
higher doses by pregnant women may even damage the fetus. Presently, their
estimation requires sophisticated analytical instruments such as mass, atomic
absorption, and emission spectroscopies, which suffer from various limitations like
high cost, complex sample preparation, need of trained professionals etc.
Alternatively, emerging technologies like chemical and optical nanosensors®® can
detect toxic heavy metals, which work based on colourimetric detection. These
methodologies are relatively inexpensive and the detection is easy even with the naked

eye.”® To make this technology suitable for field applications and fully automated,

integrating the same with a smartphone is a feasible option.*

1.2.3. Spectroscopy for Onsite Analysis

In this regard, the present thesis describes the development of two distinct
spectroscopic methodologies based on Raman scattering and smartphone technology
for onsite analysis of pharmaceutical products and drinking water. The first part of the
thesis focuses on developing a model Raman spectrometer, a comparative study of
various signal processing methods, Raman spectral studies of an identified class of
pharmaceuticals, and developing data processing methods for qualitative and
quantitative estimations. In the second part of the thesis, the potential of a silver
nanoparticle-based system for colourimetric sensing of two toxic metal ions from
water is investigated. Further, we studied the feasibility of utilising the smartphone as
an analytical device for aiding their automated colourimetric detection and

quantification.
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1.3. Raman Spectroscopy

Raman spectroscopy (RS) is a type of vibrational spectroscopic technique capable of
providing a structural fingerprint of molecules non-destructively. It is based on the
concept of inelastic scattering invented by C.V. Raman,** who received the Nobel
prize in Physics in 1930. When photons interact with molecules in a solid, liquid, or
gas, most photons get scattered without any change in energy of incident photons and
this type of scattering is known as the Rayleigh scattering or elastic scattering. A
small proportion of the incident photons, i.e. around 1 in 10 million photons, gets
scattered with a shifted frequency/energy compared to that of the incident photon.
This phenomenon is known as the Raman effect or inelastic scattering. The difference
in energy is termed the Raman shift. The interacting photon causes a change in the

vibrational energy levels of materials. If incident radiation causes a transition into

molecule
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higher energy levels of materials, the scattered photons will have reduced
energy/frequency which is called a Stokes shift. If the molecular transitions are to a
lower level, the scattered photons will have higher energy/frequency and are known as
anti-Stokes shift. Therefore, the difference in energy or the Raman shift corresponds
to molecular vibrational transitions, and hence RS allows collecting molecule's

vibrational signature.

1.3.1. Instrumentation of Raman Spectroscopy

Depending on how the scattered photons are measured, two types of Raman
spectrometer configuration are available (i) Fourier Transform (FT) and (ii) dispersive
Raman spectrometer. Dispersive spectrometers have diffraction grating or prism for
splitting the collected radiation into its frequency components and measure individual
frequencies using a photo-sensitive element. FT based spectrometer (originally
developed for IR spectroscopy) employs a moving mirror-based interferometer and an
IR detector to measure the scattered light's frequency. FT-Raman spectroscopy was
introduced in 1986, and it is now available as a bolt-on to many IR spectrometers®
and it generally uses a 1064 nm laser.* The viability of FT Raman spectrometer with
a visible laser was recently demonstrated by Dzsaber, S. et al.** On the other hand,
dispersive spectrometers are available in diverse configurations and works with visible

and NIR lasers. Also, it has got the distinct advantage of a few orders higher

Figure 1.4. Different light sources (A) mercury arc lamp, (B) bulky gas lasers (e.g.
He-Ne), and (C) small footprint laser diodes, used in the previous and current
generation Raman spectrometers.
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sensitivity compared to the FT systems.

The components of a dispersive Raman spectrometer are an excitation light
source, probe optics, and a detector. Figure 1.4 represents the various generations of
light sources used in the Raman spectrometer. In the beginning, exploring the full
capabilities of RS was restricted by the unavailability of apt light sources; the mostly
used ones being mercury arc lamps. Later in the 1970s, a highly intense,
monochromatic, and coherent light source, i.e. LASER, was introduced and
revolutionised RS. Initially developed gas lasers (e.g. Argon ion laser and He-Ne
lasers) were mostly bulky; however, nowadays small footprint tiny laser diodes offer
help in realising miniaturised devices. Raman probe consists of optics for focusing the
laser into the sample and collecting the scattered light from the sample. Additional
filters are used to separate the weak Raman scattered photons from intense Rayleigh
scattered signal. Raman scattered radiation occurs in all directions, giving freedom in
designing the probe optics. Based on the relative orientation of the excitation beam
and scattered light collection path, different probe optics configurations for RS exist
and are generally classified into four types (Figure 1.5). These are (i) transmission
probe optics, where the excitation laser and detector unit are on the opposite sides of
the sample, (ii) spatially offset RS, where the scattered light is collected from a
spatially offset point from the excitation laser, (iii) 90-degree probe optics, as the
name indicates here the excitation and collection paths are at an angle of 90 degrees,

and (iv) backscattering probe optics, where the same optics is used for both excitation

(A) (B) (C) (D)

Csample sample T sample

Figure 1.5. Different probe optics configurations of Raman spectrometers (A)
transmission, (B) spatially offset, (C) 90 degree, and (D) backscattering.
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and collection. Finally, a spectrometer measures this signal. Figure 1.6 represents the
evolution of the Raman detector unit. The spectrometers used by C. V. Raman for

measuring the first spectra composed of a prism as the dispersive element and a

photographic plate as the detector. Next-generation devices were equipped with
single-point sensors like photomultiplier tubes (PMT) or later avalanche photodiodes
(APD) and rotating prism/grating. The latest generation detector mainly consists of

CCDs in combination with the diffraction grating.

(B) ,
Diffraction
Grating

Detector

Sample

Figure 1.6. Different detector systems (A) spectrometer used by C.V Raman for
recording the first Raman spectra, (B) rotating grating and single point detector-
based spectrometer, and (C) linear array CCD spectrometer.

1.3.2. Advantages and Limitations of Raman Spectroscopy

The frequency of bond vibrations depends on the interatomic binding energy. This in
turn depends on the bond strength, bond length, mass of the interacting atoms, the
angle between the bond etc.*® Consequently, molecular vibrations provide unique
structural fingerprint information about materials, facilitating material identification.
Raman and IR are the two spectroscopic techniques that exclusively probe molecular
vibrations. They differ mainly in their operational principle; Raman measures the
scattered photons while IR examines the absorbed radiation. These vibrational
spectroscopic techniques offer many advantages over other spectroscopic methods.
For example, X-ray crystallography provides absolute determination of structure
however, it is quite expensive and often limited to small compounds that can

crystallize; mass spectroscopy can identify the empirical formula but the

11
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determination of functional groups is arbitrarily dependent on how the molecule
fragments; nuclear magnetic resonance spectroscopy (NMR), is limited to the type of
samples having nuclei that will give useful spectra. While vibrational spectroscopy
can identify the structure and functional groups and is suitable to any compound
having a covalent bond whether organic or inorganic without any constraints on the
physical state (liquid, solid, crystal, powder, gas) of the sample, unlike others.
Additionally, it is cost-effective and analysis is less time-consuming thus they are best
suited for the initial examination of a completely unknown material.*® Therefore,

Raman and IR have been widely used in both research and industry for chemical
analysis.

In contrast with absorption-based IR spectroscopy, RS relies on scattering,
offering considerable flexibility to instrumental designs and sample handling. IR
spectroscopy requires unique sample preparation protocols to be followed; mainly, the
sample needs to be analysed in powdered form by mixing it with non-interfering
materials like KBr. The solution state analysis requires sample holders made of
specific materials. In contrast, the Raman spectrum can be acquired directly from
liquid, gases, and solids and in some cases without opening bottles and packages.
With the advent of new generation lasers and optical components, Raman spectra can
currently be acquired even with handheld and battery-operatable systems, which have
elevated their potential for onsite and point of care applications.

A significant limitation of RS is its inherently weak signal intensity due to the
inadequate scattering cross-section; however, this was solved by signal enhancement
techniques like Resonance Raman spectroscopy, Surface-enhanced Raman
spectroscopy (SERS),®” Coherent anti-Stokes Raman scattering (CARS)® etc.
Another issue is extracting weak Raman scattered signal from intense fluorescence

signal, especially with lower excitation wavelengths. Employing an excitation laser at

12
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a higher wavelength (785 nm/1064 nm) helps to reduce this issue. However, the signal
intensity is then compromised. Fortunately, numerous methods for minimising
fluorescence noise have been proposed based on either hardware modifications or

computational algorithms.

1.3.3. Noises in Raman Spectroscopy

Noise is a collective term for undesired signals other than Raman spectra, and it is
grouped into two categories based on their frequency, (i) low-frequency background,
and (ii) high-frequency noises.*

The major sources of high-frequency noises are shot noise, dark noise, cosmic
rays, and readout noises.*’ Photon shot noise is caused by the random nature of
photons incident on the detector.** The shot noise follows a Poisson distribution, i.e.
directly related to the square root of the incident photon flux.*> A photodetector
exhibits a small output even when no incident light is present, known as the dark noise
which is due to the thermally generated charged particles and the same increases with
the ambient temperature. Like shot noise, dark noise also follows a Poisson
distribution; thus, dark noise is proportional to the square root of the dark current.*?
Readout noise is caused by electronic noise in the detector circuitry and it largely
dictates the spectrometer’s detection limit.

Low-frequency noises, often known as the baseline, are mostly caused by
fluorescence. Simple optical filters cannot separate between fluorescence and Stokes
Raman signals since they are in the same wavelength range. Fortunately, the
characteristics of these signals differ in a variety of ways, and a range of fluorescence
removal techniques for Raman measurements have been developed.

Time-domain: Scattering is an instantaneous process (on the order of picoseconds),

while the fluorescence emission lifetime is much longer (a few nanoseconds). This

13
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principle helps in separating fluorescence from Raman scattering through various
time-domain methods* like excitation using pulsed lasers and polarisation-based
studies.**®
Wavelength domain: With the change in excitation wavelength, the Raman scattered
signal wavelength changes, whereas the fluorescence is independent of excitation
wavelength. This property has led to various wavelength domain methods such as
shifted excitation Raman difference spectroscopy.*’
SERS: The fluorescence signal will be quenched to a great extent when a molecule
comes in direct contact with the metal surface, while the Raman signal will be
intensely improved.*®

Even though the above methods effectively separate fluorescence signal from
Raman scattering signal, they have got the following demerits. The time-domain methods
need ultrafast lasers and time-gated electronics for spectrum collection. The wavelength
domain methods require lasers with additional wavelengths for shifted excitation. Thus,
these additional hardware modifications increase the complexity and cost of the device. In
SERS technology, the samples are measured in the presence of plasmonic nanoparticles
or substrates, thus compromising the non-destructive functionality of RS. On the contrary,
software algorithms work based on the fact that Raman peaks are much narrower in
bandwidth than fluorescence peaks. These are relatively simple and user-friendly. In

chapter 4, we go through the computational-based noise reduction approaches in greater

depth.

1.3.4. Raman Spectroscopy in Pharmaceutical Analysis

RS is currently being employed in the pharmaceutical industry for various quality testing
purposes. FT-Raman spectroscopy has been utilised to study various solid-state forms of

drugs,® quantifications of polymorphs, and degree of crystallinity in pharmaceuticals.™
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S. Sasic et al. combined RS with imaging to determine the spatial distributions of low-
content (less than 1% weight concentration) APl in commercial tablets.> The content
uniformity analysis of tablets> for in-line monitoring shows the capability of RS in
quality control. Conventional backscattering RS has limitations in the bulk analysis of
pharmaceuticals, as the data is mainly acquired from the surface. Recent studies show that
configuring RS to transmission mode enables bulk analysis of capsules and tablets.>*®°
Apart from content, analysis of packaging of pharmaceutical drugs has been carried out

through RS. This helps identify the authentic package while the drug is packed in an

aluminium packet where analysis without removing the package is impossible.>’

RS has also been applied for the quantification of API from various drugs.
Quantitative information is gathered either by directly measuring the intensity of a
specific peak®® from the spectra or through multivariate regression analysis.>*® More

detailed information are provided in chapter 5.

1.3.5. Chemometric Analysis

Chemometrics is the area in science that extracts information present in chemical systems
by developing mathematical or statistical methods. This helps to analyse vast and highly
complex data sets to determine the properties of substances which is often very difficult to
measure directly. Raman spectroscopic studies of closely related species are usually
accompanied by chemometric analysis for efficient classification. These techniques
essentially transform the complex multivariate data set into a new space with a minimum
number of significant variables. The multivariate analysis used for the discrimination of
dataset includes Principal Component Analysis (PCA),** Support Vector Machine
(SVM),®® Linear Discriminant Analysis (LDA),* etc. Quantification of components is
often performed by applying various regression models® like Principal Component

Regression (PCR), Partial Lease Square Regression (PLSR), etc.
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1.4. SmartPhone Spectroscopy

Smartphone-based technologies are gaining popularity in research and science for the
last 10 years. This was possible due to their data capture and processing capability and
wide availability at a low cost. Moreover, they contain various onboard sensors, like
cameras, fingerprint sensors, gyroscopes, proximity sensors, gravity sensors, magnetic
compass, ambient light sensors, etc. They can also be interfaced with external
hardware for data acquisition. The imaging capability of the smartphone camera has
been explored in multiple ways for spectroscopic applications, and some examples are
presented in Figure 1.7. One way is to use optical components like a diffraction
grating or prism or G-Fresnel for splitting the incoming light into its wavelength
components and image it with the smartphone camera. The obtained information can
be converted to spectral data through proper calibration of pixels against
wavelength.®® This principle has been demonstrated for easy detection of various

analytes like haemoglobin in the blood,” proteins,®® bisphenol from water,*° etc.

(A)

Camera Sensor

Diffraction
Grating

Microprism
Array and
96-well
Microplate

Light Panel

L]
B -lll=
.,v-ﬁ-lll--

QD microsphere !
Detection antibody |
1Y Capture antibody |
|V Goat anti-mouse IgG 1

Figure 1.7. Pictures showing examples of various smartphone based sensing devices.
(A) Bisphenol detection using an immersion probe, (B) 8 channel spectrometer for
multiplex detection, (C) Zika virus detection through fluorescence measurement, and
(D) colourimetric pH sensor.
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Another key class of smartphone spectrometers is non-grating-based devices exploited
for colourimetric detection. Herein, the colour of the light falling on the camera is
directly measured. This concept has been explored mainly for fluorescence
applications for detecting Zika virus,”® pH,”* aerosol pollutants,”* metal ions,* etc.
Alternatively, smartphones can be coupled with an external spectrometer having its
own detection unit. In such cases, smartphones serve the purposes of data processing
and displaying. Some of the examples are wirelessly connected ultra-compact device
for non-destructive monitoring of fruit ripeness,”>™ MEMS (microelectromechanical
system) architectures based spectrometers,” and tiny smartphone integrated Raman

spectrometer with cloud computing.”

1.4.1. Colour Detection

Colours are an interpretation of the human brain based on the limited spectral
information received by the eyes. An object appears as coloured when it either
transmits or reflects light of a particular wavelength region. The eye perceives the
reflected light with the help of the cone cells having absorption in the visible range, as

shown in Figure 1.8 A.

A digital camera consists of a 2D array of photosensory elements called pixels.
Each pixel is equipped with a combination of red (R), green (G) and blue (B) filters which
selectively pass a band of wavelengths in the visible range matching with the absorption
characteristics of cone cells of the human eye. R, G, and B filters have transmission
wavelength ranges of 700-600 nm, 600-500 nm, and 500-400 nm, respectively. The
intensities of each of these primary colours are represented on an absolute scale of 0-255.
Alternatively, colours are also digitally represented using various mathematical spaces
called colour spaces, like CMYK, CIE, HSV etc.”” For example, in the HSV colour code,

each colour has a specific Hue (H) value varying from 0-360 degree, and a Saturation (S)
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value ranging from 0-100 depending on the extent of the colour or its saturation, and

Value (V) varies from 0-100 with the lighting conditions.
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Figure 1.8. Principle of colour detection (A) absorption spectra of human visual
pigments in eye, (B) spectra showing the light absorbed by chlorophyll pigment in
green coloured leaf and the RGB colour values of its image,” and (C) principle of
colour detection in a digital camera.

1.5. Objectives of the Thesis

The overall focus of the present thesis is to (i) conduct detailed studies on various
factors contributing to the observed Raman signal and develop a portable prototype
system, (ii) understand how to use spectral information for a specific application and
develop suitable software methodologies for spectrum processing, (iii) conduct Raman
spectral studies of an identified class of pharmaceuticals, develop data processing
methods for qualitative and quantitative estimations. (iv) study the feasibility of
employing a smartphone as a spectrophotometric device for water quality analysis.

The second and third chapter deals with building a proof of concept of Raman
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spectrometer with a component cost of less than 1000 USD and its performance
evaluation. Different approaches for extracting the Raman spectrum from noisy
background and algorithm for automatic identification of chemicals are described in
the fourth chapter. In the fifth chapter, the application of RS for pharmaceutical
analysis is explained. The work involves determining and quantifying the active
ingredient from commercial tablets. The study was conducted on a model system of
Aceclofenac-Paracetamol mixture. Finally, in the last chapter, the potential of a silver
nanoparticle-based system for colourimetric sensing of two toxic metal ions from
water is investigated. A smartphone application was developed for aiding their

automated colourimetric detection and quantification.
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Building an Optical Bench Configuration of Raman
Spectrometer and Characterization of its
Components
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Raman spectroscopy has become a popular analytical tool because of its ability to probe

non-destructively and provide fingerprint information about materials. Configuring a

Raman spectrometer for onsite analysis requires knowledge about various factors

contributing to the spectrum intensity, resolution, etc. Few low-cost components such as

laser source, dispersive spectrometer, and filters were identified and in-depth

characterization of the chosen components is carried out. The goal of this chapter is to

describe the assembly of an inexpensive and simple Raman spectrometer on an optical

benchtop using the chosen components. The spectrometer is built in a backscattering

probe optics configuration. Later we present the spectra acquired with this system to
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highlight the capabilities of the system and discuss possible ways to improve the quality of

the spectra.

2.2. Introduction

Raman spectroscopy (RS), the inelastic scattering phenomenon invented by C.V.
Raman,’ provides fingerprint vibrational information and serves as a non-destructive
technique for the reliable identification of substances. Nowadays, RS has evolved as
one of the most important analytical tools and widely used in various fields. In
contrast with absorption-based IR spectroscopy, RS relies on scattering, offering
considerable flexibility to both instrumental design and sample handling. Due to
minimal interference from water, RS is suitable for studying biological samples even
in their native state. Thus, surpassing the limitations of other spectroscopic techniques,
RS has evolved as a preferable analytical tool in numerous areas like medical

diagnosis,® pharmaceutical, and food industries,*> environmental quality testing,’

forensics,” homeland security,® anti-counterfeiting,” archaeology,”® geology,™

gemstone purity checking,'*"?

etc. In general, RS techniques can be used for
qualitative as well as quantitative purposes. Qualitative analysis is based on measuring
the frequencies of scattered radiations and assigning them to specific structural
features. In contrast, quantitative analysis requires accurate measurement of the
intensity of corresponding vibrational transitions.

With the advent of new generation lasers and optical components, Raman
spectra can currently be acquired even with handheld and battery-operatable systems,
which have elevated their potential for onsite and point of care applications.**® The
presently available commercial Raman Spectrometers differ mainly in their optical

components and configurations. Raman spectrometer generally consists of three

primary parts: an excitation source, probe optics, and a detector.
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In Raman scattering, the interacting photon causes the excitation of matter to a
higher energy virtual state. The instantaneous decay from this virtually excited state to
different vibrational levels of the electronic ground state yields new photons of shifted

energies. The energy difference between the incident photon and the scattered photon

represented in wavenumber provides the Raman shift (Av = ! !

). Where

exc  MRaman
represents A,y and Aguman represents the wavelength of the excitation laser and
scattered light respectively. Thus, if the excitation light contains photons of different
energies, each of them inelastically interacts with matter yielding their own Raman
scattered radiation. This causes undesirable peak broadening, and it is necessary to
have monochromatic excitation radiation for obtaining a highly resolved Raman
spectrum. In this context, lasers could be a better choice for an excitation source as
they provide monochromatic and coherent light. Earlier days (before 1970),'" mercury
arc lamp was used as the light source,'®* and the full capabilities of RS have not
been explored much until the invention of the laser. Modern Raman instrumentation
primarily uses a laser as the excitation source and a dispersive spectrometer for the
detector.?

Similarly, earlier used detectors were single-point detectors like PMT, APD
combined with rotating grating, and the spectrum is acquired by scanning intensity at
each wavenumber.??* Considering the low scattering efficiency, this process requires
an extended period for single spectral acquisitions. However, the invention of the
diode array spectrometer has helped to solve this issue, and Raman spectrometer have
become more compact. 202

Out of the different probe optics configuration, backscattering mode requires a
minimum number of optical components, since the same optics is used for both

excitation and collection.
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This chapter outlines the functions of various components in a Raman
spectrometer, identified low-cost laser source, dispersive spectrometer, and filters for
building an affordable Raman spectrometer. We also describe the detailed
characterization of the components and studied how each of these components affects

the quality of the spectra.

2.3. Experimental Section

2.3.1. Optical Configuration

For building a Raman spectrometer, we used a JD-851 green laser pointer as the
excitation source, probe optics with backscattering configuration, and a Science
surplus spectrometer with 1800 lines/mm grating having ~450-700 nm spectral range
and ~1 nm spectral resolution as the detector. Probe optics consists of two convex
lenses, each having a focal length of 50 mm, a beam splitter with a 30:70 reflection
transmission ratio, and a long-pass filter with a 550 nm cut-off wavelength (Newport,

CGA-550) to block the Rayleigh scattered light.

2.3.2. Assembling the Components

For building a tabletop Raman spectrometer, alignment was done on an optical table
having 1/4"-20 (M6) mounting holes on 1" (25 mm) centres. All the optical
components were mounted on appropriate mounts and affixed to the optical table
using relevant posts, M6 screws, and post holder. The battery was removed from the
laser pointer, and the laser driver board was powered directly from the computer's
USB port. To achieve this, two leads of the USB cable were connected to the ground
and the positive terminals of the diode driver using alligator clips. Later, the laser
pointer was mounted on a kinematic lens mount and post assembly, which allows

control over the optical path of the laser. A variable optical attenuator placed in the
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front of the laser diode allows the laser power adjustment. The beam splitter was
mounted on a rectangular optics mount and aligned exactly 45° with the incident
beam. The light reflected from the beam splitter was focused on the sample using a
convex lens (L1) mounted on a kinematic lens mount. The back-reflected and
scattered light is collected by L1 and focused onto the core of an optical fibre using a
second convex lens (L2) mounted on a rigid lens mount. A long-pass filter with a cut-
off at 550 nm was used to block the Rayleigh scattered light and kept between L2 and
the detector.

The optical signal collected by the probe optics is fed into the detector unit
through an optical fibre mounted on an XYZ translational stage. By precise adjusting
the fibre position in a micrometre range, maximum coupling of the scattered signal

into the detector unit is achieved.

2.3.3. Chemicals and Instruments Used

A dilute solution of rhodamine B (M/s Sigma Aldrich corporation) was used for
aligning the probe optics. Standard chemicals like benzonitrile (M/s Sigma Aldrich
corporation), cyclohexane (M/s Spectrochem Pvt. Itd), poly dimethyl siloxane
(PDMS) (M/s Sigma Aldrich corporation), and acetone (M/s SD fine chemicals Itd.)
were used for testing the aligned system.

The laser spectral profile was measured using a RI-series spectrometer (M/s
Research India) having a resolution of 0.3 nm. An optical power meter (843-R with
818-UV/DB silicon detector, M/s Newport corporation) was used for measuring the
laser power. Laser beam profile measurement was carried out using a CMOS colour
camera (Model No: CS165CU, Thorlabs Inc.) with 1440 x 1080 dimensions with each
pixel of size 3.45 um x 3.45um. Special care was taken not to damage the detector by

the high-intensity laser beam, which was managed by placing ND (neutral density)
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filters in the beam path and operating the camera at a very low exposure time.

2.4. Results and Discussion

2.4.1. Tabletop Raman Spectrometer

Figure 2.1 displays the optical layout adopted for setting up the tabletop version of the
Raman spectrometer. The chosen configuration is backscattering mode, and the output of
the probe optics is coupled to the spectrometer's entrance with an optical fibre.
Represented in Figure 2.2 is the photograph of the tabletop set up with all the optical
components mounted using appropriate holding mechanisms. Table 2.1 shows the price of

the optical components used.

PROBE OPTICS
SPECTROMETER
Beam splitter OD6 long-pass
Sample filter Concave
H | mirror Iy
%,
’)”’} %,
L1, 50 mm L2, 50 mm % ©
Optical fibre

=1 Spectral
cleaning filter c,'\'\‘
~‘\\‘J*
. c,°°
&

Green laser pointer

Figure 2.1. Schematic layout of the Raman spectrometer configuration adopted.

A dilute solution of strong fluorescing material, rhodamine B, was used to
align the optical components. The selected dye's absorption maximum (520-560 nm)
matches with the excitation laser wavelength, and the emission profile lies in the 550-

650 nm spectral range, the region of our interest of Stokes Raman bands.
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Figure 2.2. Photograph showing the organization of components of Raman
spectrometer on an optical table; (1) laser pointer, (2) soldered wire for powering
laser diode through USB powering, (3) variable optical attenuator to adjust laser
power, (4) band-pass filter to block 808 nm, (5) beam splitter, (6) focusing convex
lens with focal length 50 mm, (7) sample holder with the sample placed inside a glass
vial, (8) focusing convex lens with focal length 50 mm, (9) 550 nm cut off long-pass
filter, (10) XYZ fibre holder (inset shows the top view of the fibre holder showing Z-

axis movement), (11) 500 um optical fibre, and (12) Science surplus detector.

Table 2.1. Component list with price details

No Component Quantity Make and model Price
(INR)
1  Green laser pointer 1 Huonje, JD851, 70 mW 1000
2 30:70 beamsplitter 1 Holmarc, HO-MPSBS-25 3550
3 Long-pass filter 1 Newport , 20CGA-550 8000
4  Biconvex lens, (FL-50 mm) 2 Holmarc, HO-BXL25-02 2300
5  Spectrometer 1 Science surplus 14000
6  Optical post 8 Holmarc, P-30 2000
7 Optical post holder 8 Holmarc, PH-50 3000
8  Kinematic lens mount 2 Holmarc, KMC-CS-T-25 5600
9 YZlens mount with fibre 1 Holmarc, YZLM-25, 12000
holder FAD25MA
10 Rigid lens mount 1 Holmarc, RLM-25 1200
11 Bar type adjustable lens 2 Holmarc, ALM-B-50 7000
mount
12  Linear translational stage 1 Holmarc, TS-50 7000
Total cost 66650
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2.4.2. Characterization of Components

Excitation source:

In a Raman spectrometer, the light source's primary role is to provide exciting photons
that inelastically interact with the analyte and provide Raman scattered radiation. The
excitation source's technical specifications, such as wavelength, line width
(monochromaticity), optical power, etc., are crucial for obtaining good quality Raman
spectra. The Raman scattering efficiency varies inversely to the fourth power of the
excitation wavelength.*® Thus, lasers with lower excitation wavelength (UV and
visible) produce better Raman signals than the IR light sources.

For the current work, we used a low-cost and readily available green (~532 nm)
laser pointer JD-851, a Diode Pumped Solid State Laser (DPSS), as the excitation
source. Figure 2.3 A represents the photograph of the laser pointer. The inbuilt
Nd:YAG and KTP crystals convert the laser diode's primary emission wavelength,
808 nm, first to 1064 nm and then to 532 nm. Favourably, these laser pointers come
with the necessary electronic driver circuit, passive heat dissipater, and collimator lens
assembly, eliminating the need for additional components.

The measured laser beam diameter and optical output power are respectively ~1
mm and ~70 mW and are sufficient to produce an easily detectable amount of Raman
scattered photons. The measured spectral profile (Figure 2.3 B) indicated that the
central wavelength and FWHM are ~531.8 nm and ~0.32 nm, respectively. From this,
the estimated minimum achievable Raman spectral resolution is in the range of 7-11
cm™. It is to be noted that any inaccuracies in measuring wavelength will lead to a
considerable variation in Raman peak positions in the wavenumber domain. The
deviation will be worse in the lower wavelength region than the higher wavelength
region (a 0.4 nm inaccuracy for 532 nm excitation leads to a deviation of 13 cm™ at

lower wavenumbers). Typically, the Raman spectrum appears ~10-200 nm above
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Figure 2.3. (A) Photograph of the JD-851 laser pointer and (B) graph showing the
spectral profile of the laser emission measured using a spectrometer having ~0.3 nm
resolution.

(Stokes) and below (anti-Stokes) the excitation wavelength. Corresponding to 300-
3000 cm™ Raman shift, the Stokes lines will fall in the range of 540-630 nm, and
typical silicon detectors exhibit the highest efficiency in this range.?* All these factors
contribute to the easy detection of Raman scattered photons using a silicon CCD
detector. This eliminates the need for cooled detectors, which are bulky and costly.
The only problem envisaged here could be the interference from background

fluorescence for certain samples.

Spectral cleaning filter:
It is also noticed that the laser emission contains an additional diminished output at

808 nm. A band-pass filter with transmission characteristics shown in Figure 2.4 is
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Figure 2.4. Graph showing the wavelength-dependent transmission of the band-pass
filter used for blocking the 808 nm, inset showing the photograph of the filter
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used to block 808 nm from the excitation radiation. The laser spectrum after the band-
pass filter (Figure 2.5) shows that the laser peak intensity at 532 nm is reduced to

55%, in accordance with the transmission efficiency of the filter.
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Figure 2.5. Graphs showing the laser's emission spectral profile measured in the (A)
absence and (B) presence of band-pass filter.

Probe optics configuration:

The major preferred configurations for probe optics are transmission, 90°,
backscattered, and spatially offset. The third is the simplest and is easy to set up with
minimum components and alignment. Figure 2.6 shows the layout of the adopted
backscattered probe optics configuration. The primary considerations while designing
probe optics are to maximize the collection efficiency of the weak Raman radiation

and block the intense Rayleigh radiation from entering into the detection unit.

convex Beam  Convex lens,

Sample lens, L1 splitter L2

- 0 Detector

LP filter

Light source

Figure 2.6. Schematic representation of the adopted probe optics arrangement.
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These goals are achieved through focusing lenses, a beam splitter, and a long-pass
filter. The collimated light from the laser diode is directed to the sample through a
beam splitter and a focusing lens (L1). The backscattered radiation is collected by the
same lens (L1), and a portion of this beam (70%) directly passes through the beam
splitter and is focused onto the detector using a second focusing lens (L2). Rayleigh
scattered light was blocked using a long-pass filter kept in between the beam splitter

and L2 lens.

Long-pass filter:

The transmission spectral profile of the chosen long-pass filter with cut-off
wavelength at 550 nm is shown in Figure 2.7. The filter has approximately 0%
transmission below 550 nm (OD ~3), thus restricts the lower spectral limit to ~630

cm™,

To study how effectively the long-pass filter blocks the Rayleigh scattered
signal entering the detection unit, rhodamine B solution's fluorescence was analyzed
using the tabletop arrangement. In the absence of any long-pass filter, the back
collected radiation exhibited mainly two components (i) a strong narrow peak at 532
nm arising from Rayleigh scattered and back-reflected laser light, and (ii) relatively

weak fluorescence from the rhodamine B solution (~7740 counts). i.e., the highest
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Figure 2.7. Graph showing the wavelength-dependent transmission of the long-pass
filter with cut off at 550 nm (Newport CGA-550).
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intensity is observed for laser line radiation (~62000 counts) irrespective of the strong
fluorescing nature of rhodamine B, ®em = 31 %% (Figure 2.8.A). In a typical Raman
spectral acquisition, the strong Rayleigh scattered signal’s intensity can saturate the
detector, and observation of the weak Raman scattered signal is a challenging task.
We overcame this issue by installing the long-pass filter, which blocks Rayleigh
scattered radiation from entering the detection unit. Figure 2.8 B represents the
emission spectrum collected in the presence of the long-pass filter (optical density of 3
at 532 nm) between lens L2 and the beam splitter. For optimal filter arrangement, two
similar filters were cascaded together, yielding a total optical density of 6, and the
fluorescent spectra were evaluated (Figure 2.8 C). The fluorescence intensity reduces

by 12% (count: 6750) of the initial value (count: 7740) after placing a single filter, and
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Figure 2.8. Graphs showing the obtained emission profile of rhodamine B in the (A)
absence of long-pass filter, (B) presence of one 550 nm long-pass filter (optical
density at 532 nm = 3) installed in between beam splitter and focusing lens L2; the
reduced interference from the laser is marked with the red arrow, and (C) presence of
two numbers of 550 nm long-pass filters (each having optical density 3 at 532 nm)
installed in between beam splitter and focusing lens. All the spectra were taken with
0.5 s integration time.
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to 22% (count: 6040) with two filters, while the laser intensity reduces from the
initially saturated 62000 counts to 270 with one filter, and to 80 with two filters (noise
level: 90).

After placing two long pass filters, fine alignment of the probe optics was done
by adjusting the fibre position using the XYZ translational stage (marked as 10 in
Figure 2.2). When aligning the fibre core to the focus of L2 the detected fluorescence

signal gradually increases as shown in Figure 2.9.
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Figure 2.9. Graphs showing the improvement in signal intensity during fine alignment
of the probe optics using the XYZ translational stage. All spectra were taken from
diluted rhodamine B solution with 100 ms integration time.

Detector:

The detector used is Science surplus make having a spectral range of ~450-700 nm.
The approximate cost for this spectrometer is Rs. 14000/-. The spectrometer
essentially consists of a 50 um entrance slit, concave mirrors for collimation and
focusing with focal length respectively as ~38 mm and ~40 mm, an 1800 lines/mm
diffraction grating, and a Sony ILX511 linear silicon CCD detector. Figure 2.10
shows the photographs of the optical bench inside the spectrometer. The current
spectrometer has a spectral resolution of ~1 nm, restricting the maximum achievable
Raman spectral resolution to ~33 cm™ at 600 cm™ and ~25 cm™ at 3000 cm™ for a 532

nm excitation.

39



Chapter 2

Figure 2.10. Photograph of spectrometer's optical bench configuration and the

position of components.

One of the noted issues with the spectrometer was the presence of hot pixels.

Hot pixels are certain pixels in the CCD detector having a much higher dark current

than their neighbours (Figure 2.11 A). The effect of hot pixels is found to worsen with

an increase in exposure time (Figure 2.11 B) and when the signal intensity is
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Figure 2.11. (A) CCD dark spectrum showing the hot pixels, (B) dark spectrum
measured at three different integration time, i.e. 100 ms, 1000 ms, and 3000 ms and

(C) after dark spectrum subtraction.
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extremely low. Though this is not a problem for measuring highly intense and broad
signals like fluorescence, hot pixels critically interfere with relatively weak and
narrow Raman signals. To some extent, the hot pixels' effect can be nullified by
subtracting samples spectrum with a blank spectrum recorded under identical

conditions, see Figure 2.11.C.

2.4.3. Raman Shift Calibration of the Spectrometer

The raw information obtained from the CCD spectrometer is of the form light
intensity (CCD counts) with respect to the pixel number. To perform Raman shift
calibration of the device, we used the fluorescent lamp, which has highly
distinguishable multiple sharp peaks in the entire visible range (refer table 2.2) and is
emanating from Hg, Eu, and Tb ions. The fluorescent lamp spectrum was first
collected using the spectrometer and did a one-to-one matching of the peak position
with the reported wavelengths. The reference spectrum of the fluorescent lamp is

shown in Figure 2.12.
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Figure 2.12. Reference spectra of CFL lamp?®®
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Table 2.2. Peak positions of CFL lamp emission spectrum

Peak No. Wavelength of peak (nm)  Species producing peak

1 405.4 mercury
2 436.6 Mercury
3 487.7 terbium from Tb*"
4 542.4 terbium from Tb*"
5 546.5 Mercury
6 577.7 likely terbium from Tb*" or mercury
7 580.2 mercury or terbium from Tb**
8 584.0 terbium from Tb*"
9 587.6 likely europium in Eu*3:Y,0;
10 593.4 likely europium in Eu*3:Y,0;
11 599.7 likely europium in Eu*3:Y,0;
12 611.6 europium in Eu*3:Y,0,
13 625.7 likely terbium from Ths,
14 631.1 likely europium in Eu*®:Y,05
15 650.8 likely europium in Eu*3:Y,0;,
16 662.6 likely europium in Eu*3:Y,0;,
17 687.7 likely europium in Eu*3:Y,0;
18 693.7 likely europium in Eu*3:Y,0;
19 707 & 709 likely europium in Eu*3:Y,0;,
20 712.3 likely europium in Eu*3:Y,0;,
(A) 20000 Uncalibrated spectrum (?)\ 7004 Calibration curve
’;:15000 6116 g
ok £ 6504
210000 2
g 54 89371 2 400,
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Figure 2.13. The spectrum of fluorescent lamp collected using the spectrometer
represented in terms of (A) pixel number vs intensity, (B) pixel number vs reported
wavelength, and (C) calibrated spectrum represented in wavelengths.
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Chapter 2

A plot of the wavelength against pixel number yielded a nonlinear curve that is
best fitted with a quadratic equation of the form y = Ax® + Bx + C. The extracted
values of the coefficients are used for the actual calibration of the device. Then, the
spectrum was converted into the Raman shift values using the equation (Raman shift,
AV = Uhexc — 1/ARaman).- Where Ay is the emission wavelength of the excitation source
(in the present case A of the laser diode is 531.8 nm) and Araman IS the wavelength of

the Raman scattered photons. Both Aey. and Araman are expressed in cm.

2.4.4. Performance Evaluation of Tabletop RS

(). Standard chemical analysis
Figure 2.14 shows the Raman spectra of various common chemicals like PDMS,
benzonitrile, cyclohexane, and acetone recorded using the built tabletop spectrometer

system. Comparison of the reported and the observed peak values are tabulated in

Table 2.3.
Cyclohexane 3
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g g8 8 I
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Figure 2.14. Raman spectrum of cyclohexane, benzonitrile, PDMS, and acetone
acquired using the tabletop setup (shown in Figure 2.2) with laser power 55 mWw,
integration time 5 s, and no. of average = 1.
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Table 2.3. Comparison of the observed and reported Raman peaks of analyzed
chemicals

No. . . Deviation
vibration Reported  Observed
Cyclohexane
1 C-C str 802 801 -1
2 C-C str 1027 1028 1
3 CH, twist 1266 1266 0
4 CH,scis 1444 1444 0
5 CH, s-str 2852 2848 -4
6 CH, a-str 2923
2927
7 CH, a-str 2938
Benzonitrile
1 C-H bend 751.3
774
2 C-H bend 767.1
3 C-C stretch 1007
1012
4 C-C stretch 1026.6
5 C-CN stretch 1177.7
1189
6 C-CN stretch 1192.6
7 C=C stretch 1598.9 1600 1
8 C-N stretch 2229.4 2233 4
9 C-H stretch 3072.3 3070 -2
PDMS
1 C-H stretch 2909 2910 1
2 C-H stretch 2971 2972 1
Acetone?’
1 C-C symm stretch 789 786 -3
2 CHj; rock 1068 1069 1
3 CH; deformation 1427 1428 1
4 C=0 stretch 1711 1713 2
5 C-H stretch 2940 2936 4
6 C-H stretch 3020 3024 4
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(ii). Analyzing the effect of laser power

To identify the minimum excitation power requirements, the Raman spectrum of
benzonitrile was acquired by continuously reducing the laser power from 55 mW to 5
mW and keeping all other acquisition parameters (like sample position, integration
time, averaging, etc.) constant. Optical power adjustment was achieved using a
variable optical attenuator (marked as 3 in Figure 2.2) placed in between the laser
source and the beam splitter. From the data presented in Figure 2.15, the following
observations can be made; in general, both the peak intensity and the noise are
enhanced with laser power. However, the rate at which the Raman peak intensity
increases is much higher than the increment in noise. For example, as shown in Figure
2.16, when the laser power increases from 5 mW to 55 mW, the peak intensity at 2243
cm™ increases from 255 to 3928 (rate: 74), while noise increases only at a rate ~8 (30
to 431). Nevertheless, with the present configuration, the Raman signals were visible
and distinguishable at powers as small as 5 mW. Thus these results indicate
adaptability of the current design with Class 3A visible laser pointers or laser diodes

or the lower end of Class 3B lasers (eg: Thorlabs DJ 532-10).

5000
(A) —smmw|  (B) 0 -
— 35 mW |@2243 cm

'S 3750 15 mw 7 3750
) —5mW i
>
= 2500+ 2 2500+
e @
g o
£ 12501 € 1250+

0 - A= 04

700 1400 2100 2800 3500 0 16 32 48
Wavenumber (cm™) Laser power (mW)

Figure 2.15. (A) Raman spectrum of benzonitrile taken with varying excitation laser
power (integration time = 5 s, number of averages = 1) and (B) plot showing the
variation in intensity of peak at 2243 cm™ as a function of excitation laser power.
Optical power adjustment was achieved using a variable optical attenuator placed in
between the laser source and the beam splitter
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Figure 2.16. Variation in signal and background noise with increment in laser
power.

2.4.5. Scope for SNR Improvement

Different ways could be adopted to improve the detected signal intensity without
changing the laser source, detector, and probe optics configuration. To achieve this
goal we tailored the numerical aperture (NA) of the collection optics and altered the
probe optics-detector coupling mechanism. Details of signal to noise ratio (SNR)

improvement are provided below.
(a). NA of collection optics

To study the effect of collection optics on the quality of Raman spectra, studies were
conducted with different focal length lenses (15 mm, 30 mm, and 50 mm) for focusing
the laser on the sample. Raman spectrum of benzonitrile collected with the selected
lenses are shown in Figure 2.17. The signal intensity enhanced with the decrease in
the focal length of the convex lenses. Around 2.5 times improvement in signal
intensity was obtained with 15 mm lens and 1.9 times improvement in signal intensity
was obtained with 30 mm lens with respect to the 50 mm lens.

To have a clear understanding of the reason for the signal improvement, the
focused laser spot size was measured using a CMOS camera having a pixel dimension

of 3.45 um. The collimated laser was focused using this three different convex lenses
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and the measured spot size is shown in Figure 2.18.
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Figure 2.17. Raman spectra of benzonitrile taken with collection optics having L1

lens with focal length respectively as 15 mm, 30 mm, and 50 mm. All spectra were

taken with 5 s integration time and an average 1.
I

€-=-=-=-=== > max-f gy

(A) f

Figure 2.18. Schematic representation of (A) focusing a laser of beam diameter 'D’,
to a spot size 'd' using a lens of focal length 'f, (B) measuring the laser spot size, and
CCD image of the focused laser spot with focal length (C) 50 mm (D) 30 mm (E) 15
mm

The measured focused laser spot size was ~17 pum, ~34 pm, and ~55 pm
respectively for lenses with 15 mm, 30 mm, and 50 mm focal length. i.e. shorter the
focal length tighter will be the laser spot size, thus this will allow higher laser power

density at the sample. Since the Raman signal intensity is directly proportional to the

47



Chapter 2

laser power density at the sample, a shorter focal length lens will provide higher signal
intensity. With decreasing the focal length of the lenses it's effective NA also

improves.

(b). Coupling mode to the detector

Most of the modular Raman spectrometers uses coupling of the probe optics to the
detector via optical fibre. On the other hand, the free-space coupling of the output of
the collection optics to the detector may avoid fibre coupling and transmission losses,
allowing the detection of less intense signals yielding improved sensitivity. So instead
of an optical fibre, we attempted direct coupling of the Raman signal to the
spectrometer's entrance slit. The measured data showed an almost 3.7 times
improvement in signal strength for the direct coupling approach than the fibre
coupling with 500 um fibre (Figure 2.19). The use of fibre with core size matching

with the slit size will provide maximum coupling of the light to the detector.

optical fibre having 200 um core diameter

—— optical fibre having 500 um core diameter
—— direct couplin

2715000 ping

5

S

210000+

7]

[
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£ 500 -mwj

LA A A e J',L‘_

1200 1800 2400 ) 3000
Wavenumber (cm™)

Figure 2.19. Raman spectra of cyclohexane collected under identical conditions and
varying the mode of detector coupling with the probe optics

2.5. Summary

In this chapter, we identified cost-effective optical elements that can be used for the

fabrication of a Raman spectrometer. Using these components a simple backscattering
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probe optics based Raman spectrometer was built using excitation wavelength 532
nm, spectral range 650-4000 cm™, and spectral resolution of ~25-33 cm™. The
influence of each of the components on the quality of the Raman spectra has been
studied in detail. Additionally, improvement in signal intensity was achieved with
increasing laser power, focusing optics with shorter focal length, and higher numerical
aperture, and direct coupling of the scattered into the detector, rather than through an
optical fibre. The spectral resolution is mainly limited by the resolution of the detector
unit. With the currently used laser pointer, spectral resolution can go up to 10 cm™ by

using a spectrometer of matching resolution.
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Design and Development of a Portable Raman
Spectrometer and its Performance Evaluation
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3.1. Abstract

Availability of Raman spectrometers in handheld and portable versions opens new
possibilities for point of care diagnosis and testing applications. The Raman spectrometer
model demonstrated in the previous chapter is a tabletop version and thus not suitable for
onsite analysis. In this chapter, we focus on translating the tabletop Raman spectrometer
arrangement to a fully integrated portable version with improved collection efficiency.
The technical specifications of portable version is the same as the tabletop system; 532
nm excitation laser, spectral range 650-4000 cm™and spectral resolution of ~ 25 cm™.
The performance of the fabricated portable Raman spectrometer was compared with a
state of the art commercial Raman spectrometer system. Furthermore, the device was

used for onsite testing of alcoholic content from beverages.
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3.2. Introduction

Commercial Raman spectrometers are available at different price ranges depending
upon their functional capabilities. The high-end Raman spectrometers equipped with
microimaging cost a minimum of 100k USD. These instruments have many more
functional capabilities than the other two classes and are best suited for creating
2D/3D Raman spectral images, especially biological samples.! They have a larger
footprint, high spatial and spectral resolution, hence apt for research applications. The
second category is the modular Raman spectrometer with flexible instrumental design
and costs around 30k to 50k USD. Instead of an integrated system, it uses a separate
laser module, spectrometer unit, and fibre optics-based probe module. The third
category is the portable/handheld versions cost around 10k to 30k USD. Out of these
different configurations, portable versions are suitable for onsite testing applications
because of their small footprint, compact design, and handiness. With device
miniaturisation, Raman spectroscopy is currently being introduced to several
applications that were not possible earlier using the conventionally used cumbersome
instruments. The introduction of handheld or portable Raman spectrometers has
eliminated the need to transfer samples to the laboratory for testing. Instead, the
analysis could be done at the site, opening possibilities for point of care and onsite

testing.?

Figure 3.1. Different instrumental configurations of Raman spectrometers (A) high
end (Renishaw inVia Raman microscope), (B) modular (BW-Tek Fiber optic Raman
system) and (C) portable (Metrohm Mira handheld).
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Several recent studies have unravelled RS's potential to applications like
medical diagnosis,® pharmaceutical, food* and environmental quality assessment and
monitoring,” forensics, safety and security, archaeology, geology, and many others.
Some illustrated diagnostic applications of RS include detecting various biomarkers of
diseases like gout,® kidney failure,” tuberculosis,® and cancer.>*® Apart from disease
diagnosis RS has been used in the production* and quality control*** of
pharmaceutical products. In forensic science, it is being employed for the
identification of illegal drugs, explosives,™ gunshot residue,* and inks in counterfeit
labelling.™ While in the food industry, identifying foreign substances and quality
assessment of milk*® and milk products'’, edible oil,*® fish and meat®, coffee bean,®
etc. has been explored using Raman spectroscopy. Quantification of ethanol in

2122 jdentification of illegal alcohols containing methanol

alcoholic beverages,
content®® using Raman spectrometer provided easy and rapid results.

Apart from the commercially available portable devices, there have been few
efforts to provide cost-effective solutions for Raman spectroscopy. In 2008, D.
Johnson et al. reported setting up a modular Raman spectrometer suitable for organic
and inorganic solid samples using a combination of 532-nm diode-pumped YAG
laser, fiber optics probe, notch filter and Ocean optic’s HR2000 high-resolution
spectrometer at a cost of 6.5k USD.* In a similar line, C. Mohr et al. assembled an
inexpensive modular Raman spectrometer using a green laser pointer at a cost below
5k USD® and W. R. C. Somerville et al. succeeded in setting up of Raman
spectrometer system in both backscattering as well as 90° configurations. In the later,
authors used Ocean Optics HR4000, laser pointer (5 mW, 532 nm), Ar” laser (514.5
nm), and HeNe (633 nm, 30 mW) lasers. Out of these, the 90° configuration had the

advantage of visualizing both Stokes and anti Stokes lines with minimum optical

components.?® Feasibility of fabricating a portable Raman spectrometer using a digital
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camera as the detector at a cost of 3k USD has also been demonstrated.”” Most of
these demonstrated configurations were modular, not completely portable, utilizes
costly spectrometers and connected to the collection optics via fibre optics. On the
other hand, a completely integrated and battery operable system will have the
advantage of easily carrying to the point of requirements. To the best of our
knowledge, there were no previous attempts in this direction, other than the
commercial system, normally costing above 10k USD.

This chapter focuses on translating the tabletop version of the RS to a fully
integrated portable Raman spectrometer and illustrates its application to a model
onsite testing of quantifying ethanol from alcoholic beverages. Special considerations
has been given to make the device more handy and easy to use. All the essential
optical components are the same as used in tabletop design. The performance of the

device was evaluated and compared with a commercial Raman spectrometer system.

3.3. Experimental Section

3.3.1. Optical Configuration

The optical components used for fabricating the portable Raman spectrometer are
essentially the same as in the tabletop version. The comparison between the optical
configuration of portable and the tabletop version is listed in Table 3.1. The entire

optical layout of the portable Raman spectrometer is provided in Figure 3.2.

Modifications: A power bank (portable mobile charger) is used to supply power for
both the laser diode and the detector, and an 8-inch tablet (Nuvision, TM800W610L)
with Windows OS for spectral acquisition and display. The entire unit was powered
using a 5V, 2A DC adapter. Chasis and mounts for optical components were designed
in 3D designing software, Solidworks (M/s Dassault Systemes), and fabricated in
Aluminium with the support of M/s Vinvish Technologies Pvt. Ltd.
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Table 3.1. Comparison between the optical components used in tabletop and
portable version

Optical component Tabletop design Portable
Laser source JD-851 Green laser pointer JD-851 Green laser pointer
P ti . .

rob_e op IFS Backscattering Backscattering
configuration
Spectrometer Science surplus Science surplus
Beam splitter 30:70 50:50

. Convex lens, focal length 50  Convex lens, focal length 30

Focusing lens, L1 mm -

Convex lens, focal length 50  Convex lens, focal length 30

Focusing lens, L2
mm mm

OD 6, long-pass filter, cut off OD 6, long-pass filter, cut off

Laser blocking filter at 550 nm at 550 nm

Probe optics coupling

via optical fibre Direct couplin
to the detector P Pling

Fully integrated Aluminium

Mechanical design On an optical tabletop chassis
PROBE OPTICS SPECTROMETER
Concave
Convex Beam Convex lens, T
Sample lens, L1 splitter L2 OO*)
2, %,
EF 0. %
s "0 %
LP filter 9\5
Spectral \‘\\:“
cleaning filter Gy, . o
9{,,’ S cco

532 nm laser diode

Figure 3.2. Schematic representation of the optical configuration adopted for
portable Raman spectrometer.

3.3.2. Instruments Used

The performance of the fabricated system was compared with a commercial confocal
Raman microscope with model number WITec Alpha300R (M/s WITec Inc

Germany). This device was equipped with a 532 nm excitation laser, an inverted
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microscope with a 10X objective lens, and ActonSpectraPro® SP2300, a cooled
spectrograph from M/s Princeton instruments with 600 lines/mm, 180-3200 cm™

spectral range, and <3 cm™ spectral resolution.

3.4. Results and Discussion

3.4.1. Design of Mechanical Mounts

For translating the tabletop design to a compact and portable version, the major work
was done on the mechanical design. To achieve proper mechanical sturdiness, firm
optical mounts were designed for all components and mounted to the base of the

chassis. The detailed mechanical design is provided below.

Laser source: A mechanical mount was designed to hold the laser pointer as
shown in Figure 3.3 A. The holder was fixed to the base of the chassis through
proper mounting screws. Figure 3.3 B shows the photographs of the laser diode

mounted on the chassis.

¥

Figure 3.3. 3D design and photographs of the mounts for (A) and (B) laser pointer
(C) and (D) band-pass filter to block 808 nm. Red arrow marks show the mounting
screws to the chassis.

Laser spectral cleaning filter: The band-pass filter to block the 808 nm emission was
cut to a size of 25 x 25 mm, and was mounted on an appropriately designed mount;

the 3D design and the photograph are shown in Figure 3.3 C and D.

Beam splitter: For improving the signal collection efficiency, a beam splitter with a
50:50 transmission-reflection ratio was used. While comparing with the 30:70 beam

splitter (used in tabletop arrangement in chapter 2), this allows more amount of laser
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power to reach the sample. The beam splitter was cut to 2.5 cm x 2.5 cm square size
and mounted on the designed mount as shown in Figure 3.4 A. Provision was
provided to mount the beam splitter at 45° with the axis of the laser pointer and the
sample, with a tolerance of +/5°. This tolerance limit was defined by the length of the

channel provided for mounting the screws as marked in yellow colour in Figure 3.4 B.

Figure 3.4. 3D design and photograph of mount for (A,B) beam splitter, (C,D) sample
holder. Red arrow marks show the mounting screws to the chassis.

Focusing lens L1: Once the beam splitter was aligned at 45°, the convex lens L1
(aperture: 25 mm, FL: 30 mm) used to focus the laser onto the sample was mounted

onto the wall of the chassis, as shown in Figure 3.4 D.

Sample holder: To improve the usability and safety aspect, a sample holder was
designed (Figure 3.4 C) to hold glass vials of diameter up to 1 cm. This specifically
designed sample holder confines the laser radiation inside and gets rid of unnecessary
exposure to the personnel. It also avoids the need for manual focusing of the laser on
the sample.
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Focusing lens L2: The scattered light collected by the lens L1 is focused onto the
detector unit using a second lens L2 (aperture: 25 mm diameter and 30 mm focal
length). The lens was mounted on a holder placed at a distance of 30 mm from the
entrance slit of the detector. In the tabletop version, for aligning the probe optics to the
detector unit with micrometer precision, a facility was provided for the X, Y, and Z
movement of the optical fibre using the translational stage. Conversely, in the portable
version 5 mm movement freedom was provided for the lens L2 (Figure 3.5) in both X
and Y axis. This helps in aligning the probe optics with the detector and thus achieve

maximum signal coupling.

Figure 3.5. (A) 3D design and (B) photograph of the lens mount. The arrow marks
indicate the provision provided for 5 mm movement freedom along the X and Y-axis.

Rayleigh blocking filter: To block the Rayleigh scattered light, two long-pass filters
with cut off at 550 nm were cut into a size of 2.5 x 2.5 cm, and stacked together, and
placed in between the beam splitter and the lens L2. Filters were affixed on the sheet
having a hole that coincides with the optical axis of other components to avoid any

stray light entering the detector.

Detector: To achieve maximum coupling of the light to the detector, direct coupling
was adopted rather than fibre coupling. The case of the spectrometer was removed,
and the entire unit was mounted on the chassis through 4 screws, as shown in Figure

3.6. The spectrometer was mounted in such a way that the entrance slit of the detector
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was exactly aligned with the optical axis. Figure 3.6 shows the 3D design of the

spectrometer unit mounted on the base of the chassis.

Figure 3.6. 3D design showing the spectrometer mounted on the chassis using the
four screws (arrow marks) with parts marked as 1. optical bench, 2. electronics
board, and 3. base of the chassis.

3.4.2. Integrating Portable Raman Spectrometer

Once all the components were mounted on the chassis, as shown in Figure 3.7, the
necessary electrical connections were made. Three external interfaces were included
onto the chassis sidewall, (i) a micro-USB connector for powering the device, (ii) an
external switch, and (iii) a DB9 connector, as shown in Figure 3.8.

In comparison with the tabletop version, a single power supply was
provided for both the laser diode and the spectrometer using a 5V DC adapter
through a micro USB connector (marked as 1 in figure 3.8). The detector unit
was powered directly from this input power supply. While the laser diode
requires a voltage of 3.3V, the voltage supply was step down from 5V to 3.3 V
by adding an extra resistor. To avoid unintentional laser exposure to the sample,
an external mechanical switch (marked as 2 in Figure 3.8) was added to turn

ON/OFF the laser without powering off the entire unit.
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(A)

Figure 3.7. 3D drawing of the Raman spectrometer showing the internal components
1. laser diode mount, 2. laser diode, 3. band-pass filter, 4. beam splitter, 5. focusing
lens, L1, 6. glass vial holder, 7. long-pass filter, 8. focusing lens L2 on XY translating
mount, 9. spectrometer, 10.charging port, 11. external switch to control the laser
ON/OFF, and 12. RS232 to USB converter to communicate with a windows tablet,
and (B) photograph of the assembled system.

Figure 3.8. Photographs showing the interfaces on the sidewall of the chassis, marked
as 1. powering port, 2. switch for laser control, and 3. RS232 port to communicate
with the tablet PC.

For spectrum acquisition and displaying the results, a tablet PC with
Windows OS was used. A mechanical mount was designed for the tablet, as
shown in Figure 3.9, and integrated into the main chassis. The PC
communicates with the spectrometer through RS232 using the DB9 connector
marked as 3 in Figure 3.8. Figure 3.10 shows the different stages of integrating the
device. An image of the fully integrated system is shown in Figure 3.11. Once all the
integration was done, fine optical alignment was performed using a fluorescence

sample.
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Figure 3.9. Mount for the tablet PC (A) exploded view and the assembled view. Arrow
marks indicate the slot for 1: accessing the microUSB port 2: power switch of the
tablet PC.

Figure 3.10. Photographs showing the different stages of the assembled system.

Figure 3.11. (A) 3D design of the Raman spectrometer and (B) photograph of the
assembled system.
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3.4.3. Performance Comparison with Tabletop Version

Figure 3.12 represents the Raman spectra of cyclohexane and benzonitrile taken using
the fabricated and the tabletop system. For a meaningful comparison, both the spectra
were taken using the same integration time (5 s) and no. of averages (1). As expected,
better signal intensity is obtained for the fabricated system than the tabletop
arrangement mainly due to the following reasons, (i) direct coupling of the probe
optics provides better signal coupling to the detector than fibre optics coupling, (ii)
lens L1 has a shorter focal length; thus laser spot at the sample (~ 34 um) is smaller,
and hence higher laser power per unit area, (iii) the focal length of L2 is selected such
that the focal spot size of L2 is not greater than the entrance slit of the detector i.e. 50
pum, and (iv) use of 50:50 beam splitter. Around 5 to 6 times increment in signal

intensity was obtained.
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Figure 3.12. Raman spectra of (A) cyclohexane and (B) benzonitrile took using the
portable Raman spectrometer (red) and tabletop version (black), all spectra were
taken with 5 s integration time.

3.4.4. Performance Comparison with a Commercial Device

Validation of the fabricated device was carried out by analysing various standard
samples and comparing the data with those recorded using a commercial confocal
Raman microscope with model number WITec Alpha300R, M/s WITec Inc Germany.

Table 3.2 compares the specifications of commercial and fabricated systems.
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Table 3.2. Specifications of the commercial device and the fabricated system

Parameters Portable RS Confocal RS
Excitation laser 532 nm, 10 mw 532 nm, 25 mW
Detector SonyILX511 Linear CCD  M/s Princeton instruments
ActonSpectraPro® SP2300
Grating 1800 lines/mm 600 lines/mm
Collection optics Convex lens 10X, 0.25 NA objective
30 mm focal length lens
Spectral range 700-4000 cm™ 180-3200 cm™
Spectral resolution  25-28 cm™ <3cm?
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Figure 3.13. Raman spectra of (A) benzonitrile (B) cyclohexane (C) PDMS and
(D) toluene obtained using the confocal Raman microscope (laser power 25
mW) (green) and fabricated portable system (laser power 10 mW) (red). All
spectra were taken with 5 s integration time.

Figure 3.13 represents the Raman spectra of various chemicals such as
benzonitrile, cyclohexane, polydimethylsiloxane (PDMS), and toluene measured using
the fabricated system and the confocal Raman microscope. The observed peak
positions are tabulated in Table 3.3 and were assigned to specific bond vibrations from

literature references.?3
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Table 3.3. Comparison of the peak positions observed from the confocal
microscope, the developed portable device and reported values

Raman Shift, AD (cm™) Deviation (cm™)
Confocal Portable Confocal Portable Assgned bond
Reported . . o
@ Microscope spectrometer Microscope spectrometer vibration
(b) (c) (b-a) (c-a)
Benzonitrile
460.9 464 - 3.1 - Ring
deformation
548.5 551 ; 25 . C =N in-plane
bending
751.3 753 757 1.7 C-H bend
767.1 771 3.9 C-H bend
1007 1003 1002 -4 C-C stretch
1026.6 1030 3.4 C-C stretch
1177.7 1179 1185 1.3 C-CN stretch
1192.6 1195 2.4 “L strete
1598.9 1601 1600 2.1 1.1 C=C stretch
2229.4 2232 2232 2.6 2.6 C-N stretch
3072.3 3074 3072 1.7 0.3 C-H stretch
Cyclohexane
801.3 806 802 4.7 0.7 C-C stretch
1028.3 1032 1032 3.7 3.7 C-C stretch
1266.4 1269 1268 2.6 1.6 CH, twist
1444 .4 1447 1448 2.6 3.6 CH,-scis
2852.9 2855 2854 2.1 1.1 CH, stretch
2923.8 2927 3.2 CHz-asym
stretch
2926 CHy-asym
2938.3 2940 1.7 2785y
stretch
PDMS
Si-O-Si
492 525 - 33 stretch
688 667 689 -21 1 CHs rock
1413 1411 1418 -2 5 CHs; asym bend
2906 2902 2911 -4 5 C-H stretch
2967 2963 2969 -4 2 C-H stretch
Toluene
521.7 525 - 3.3 - Ring
deformation
786.5 788 789 15 05 Out of plane C-
H bend
1003.6 1006 2.4 i
1007 - -
1030.6 1033 2.4 In-plane C-H
bend
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1211.4 1213 1212 16 06 Aromatic C-C
stretch

1605.1 1608 1609 29 39 Aromatic C=C
stretch

2919.5 2921 2922 15 25 C-H stretch

3057.1 3056 3056 11 11 Aromatic C-H
stretch

In general, for all the compounds investigated, we found good agreements
between data obtained from the fabricated device and commercial system in terms of
spectral band position and relative intensities. For example, the dominant peaks
observed with the fabricated spectrometer system for benzonitrile were 1002 cm™,
1600 cm™, 2232 cm™, and 3072 cm™ arising from the C-C stretch/Ring breath, C=C
stretch, C-N stretch, and C-H stretch vibrations, respectively. Our spectrometer's
lower spectral acquisition limit is ~ 620 cm™ because we have employed a 550 nm
long-pass filter. The other apparent difference was with the spectral resolution. Very
close peaks (751.3 cm™ and 767.1 cm™, 1007 cm™ and 1026.6 cm™, 1177.7 cm™ and
1192.6 cm™) whose separation was less than 30 cm™ appeared as single peaks in the
Raman spectrum acquired with the currently fabricated system. This is mainly limited
by the FWHM of the laser, and the resolution of the spectrometer, which resulted in
minor variation in the spectral band position with respect to the reported values, as
noted in Table 3.2. The other factors contributing to this could be inaccuracies in

determining the exact wavelength of the excitation source.
3.4.5. Quantitative Analysis

As the obtained Raman spectral intensities are functions of excitation power,
scattering cross-section of the sample, and the concentration of the component in the
sample, the technique can be used for quantitative analysis. In effect, the observed
Raman spectrum will be the algebraic sum of the contributions of the individual

components.
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To illustrate the potential of the current system for mixture analysis, we
studied a model system of cyclohexane-toluene mixture. Seven mixtures of toluene
blended with cyclohexane at a concentration range 0-100 volume percentage was

prepared. The raw spectra of the mixtures are represented in Figure 3.14.

[Cyclohexane],%

‘\“A\\s——~_~_~ _AN 0%
NN AAL0%
A . NA30%
e M 50%
A M__75%
A M 80%

12000 A . M. 100%

1200 1800 2400 3000
Wavenumber (cm™)

Figure 3.14. Raman spectra of cyclohexane-toluene mixtures of varying compositions
collected using the fabricated portable device with acquisition parameters:
integration time 3 s, no. of averages 5, laser power 10 mW measured at sample point.
Toluene and cyclohexane have characteristic peaks with high intensity in the
range 2500-3100 cm™ (Figure 3.15). Due to their non-overlapping nature, the peaks at
2858 cm™ (CH, stretching) and 3055 cm™ (aromatic C-H stretch) were selected as
marker peaks for cyclohexane and toluene, respectively. The analysis of the data
revealed a linear response for both the increase of peak intensity at 2858 cm™ and the
decrease of peak intensity at 3055 cm™ with an increase in cyclohexane concentration.
This could serve as the calibration curve for the quantitative analysis of samples of
unknown concentrations. Instead of peak intensity, one could also employ the peak
area for generating a calibration graph. A representative example of the calibration

curve for quantifying cyclohexane using peak area under the range 2830-2880 cm™ is

shown in Figure 3.16.
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Figure 3.15. (A) Raman spectra of cyclohexane-toluene mixtures in the range 2700 to
3100 cm™ (B) variation in peak intensity at 2858 cm™ and 3055 cm™ with respect to
cyclohexane concentration.
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Figure 3.16. Variation in peak intensity in the range 2830 cm™ to 2880 cm™ vs
cyclohexane concentration.

The plot of cyclohexane concentration against peak intensity at 2850 cm™ and
peak area in the range 2830 cm™ to 2880 cm™ showed a correlation of 0.993 and
0.998, respectively. This shows that quantification prediction accuracy could be

improved by peak area analysis than peak intensity.

3.4.6. Onsite Analysis

To study the possibility of onsite analysis using the fabricated portable Raman
spectrometer, we considered a real-life scenario to predict alcohol content in
beverages. Ethanol and water are the main components of most alcoholic beverages,

and they vary by the alcohol by volume (ABV) content. For creating calibration data,
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mixtures of ethanol and water were prepared in the concentration range 0-100 volume
percentage of ethanol and analysed using the fabricated system. The characteristic
Raman peaks for water due to OH stretching appeared in the range 3100-3600 cm™,
while CH3-CH, stretching of ethanol peaked in the range ~ 2800-3000 cm™.?? The
acquired spectra of the ethanol and the mixtures after baseline correction are presented

in Figure 3.17 and 3.18.
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Figure 3.17. Raman spectra of ethanol collected using the fabricated portable device
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Figure 3.18. Raman spectra of ethanol-water mixtures of varying compositions
collected using the fabricated portable device with acquisition parameters:
integration time 5 s, no of averages 5, laser power 10 mW measured at the sample
point.

The goal is to quantify the ethanol from the mixtures by analysing the spectral
region 2800-3000 cm™. To achieve this a calibration curve was plotted with integrated
peak intensities in this range against ethanol concentration and is shown in Figure
3.19.
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Figure 3.19. (A) Raman spectra in the range 2700- 3700 cm™ of ethanol-water
mixtures of varying compositions collected using the device with 10 mW laser
power and 5 s integration time and (B) plot showing the variation in integrated
peak intensity in the range 2800-3000 cm™ vs ethanol concentration.

The linear fit (Y = mX + C) of this graph yielded a correlation coefficient R?
value of 0.97. Using the calibration curve provided in Figure 3.19 B, ethanol was
predicted from new samples, which were not used for calibration. The prepared and
predicted ethanol concentration in new samples is tabulated in Table 3.4.

Table 3.4. Prepared and predicted ethanol concentration in laboratory
prepared mixtures

Prepared ethanol Predicted ethanol conc.
conc. % %
5.6 3.88
23 26
41 42.5
56.5 54.45
100 100

Apart from the laboratory prepared samples, alcohol was also quantified from
commercially available real alcoholic beverages. According to the package details
provided by the manufacturer, the sample under analysis (white rum) containing
alcohol VIV 42.86 %. The Raman spectrum of the sample collected using the

fabricated spectrometer is given in Figure 3.19. Using the calibration curve provided
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in Figure 3.18 B alcohol content was estimated as ~ 41%.
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Figure 3.20. Raman spectrum of an alcoholic drink containing 42.86 alcohol V/V %,
inset shows the photograph of the sample under analysis.

3.4.7. Scope for Improvement

Relevant parts and prices of the proposed Raman spectrometer are tabulated in Table
3.4.

Table 3.5. Component list of fabricated portable Raman spectrometer with price
details

Sl

No Component QTY Make and model Price(INR)
1 Green laser pointer 1 Huonje, JD851, 70 mW output 1000
power
Banggood, 50R/50T Plate
2 50-50 beam splitter 1 Beam Splitter Plate 80 x 80 x 2000
1.1 mm
3 Band-pass filter 1 BP520
4 Long-pass filter (2x2 inch) 1 Newport , 20CGA-550 8000
5 Biconvex lens (FL-3cm) 2 Holmarc, HO-BXL25-1.2 3000
Science Surplus1800
6 Spectrometer 1 lies/mm,1 nm resolution, 500- 14000
700 nm range
7 8 inch windows tablet 1 Nuvision, TM800W610L 14000
g  Powerbankand USB cable Syska Power Pro2000 1000
(portable mobile charger)
9 Matgrla_l cost for chasis 1 Aluminum 9000
fabrication
Total cost 52000
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From the data, it can be inferred that a good cost-effective, portable, and fully
integrated Raman spectrometer, can be implemented at a material cost of around Rs.
52000/-. The design and machining cost for chassis fabrication was not included in the
price calculation. The chassis could also be 3D printed using materials like PLA/ABS.
Instead of a science surplus spectrometer, one could build an own low-cost
spectrometer at a much lower cost compared to other commercially available
spectrometers.

Current limitations and feasible improvements of the developed equipment are
listed below.

(i). Fluctuation in the output optical power of the laser pointer mainly due to thermal
variations. To maintain the operating temperature at a specific value (e.g. 25 °C) TEC
cooling needs to be incorporated with the laser diode.
(ii). The spectral range is mainly limited by the cut-off wavelength (550 nm) of the
long-pass filter. This could be overcome using a filter with a lower cut-off
wavelength, for example, the band-pass filter, NF533-17 from Thorlabs, can provide a
spectral range from 320 cm™.
(iii). The spectral resolution (25-30 cm™) is mainly limited by the resolution of the
detector unit (~ 1 nm). This could be improved up to ~ 10-17 cm™ without replacing
the laser source by using an alternated spectrometer with a better resolution (0.3-0.5
nm).
(iv). Improve the laser signal intensity at the sample using a dichroic beam splitter,
rather than a 50-50 beam splitter. For example, dichroic beam splitter Di03-R532-t1-
25x36, Semrock reflects almost 98% of the 532 nm wavelength to the sample and
transmits >93% of all the wavelengths above 541 nm at an angle of incidence 45°.

The inclusion of these improvements would imply a considerable increment in

the performance (spectral range: 300-4000 cm™, and spectral resolution: ~ 15 cm™) of
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the proposed device, at an extra cost of approximately Rs. 1,50,000/-.
3.5. Summary

The results presented in this chapter demonstrate the feasibility of the implementation
of a portable Raman spectrometer having the following specifications; excitation
wavelength: 532 nm, spectral range: 650-4000 cm™, and spectral resolution ~ 25 cm™.
The fabricated system has many favourable qualities like affordable price, ease of
construction, and reliability. Moreover, the design strategy provided offers the
flexibility of configuring Raman systems with a different excitation wavelength, and
the only modification to be implemented will be the choice of the long-pass filter with
the right cut-off wavelength. The performance of the system was compared with the
commercially available device and exhibited good matching with Raman shift values
and relative peak intensity of the commercial system, which was confirmed by the
obtained spectra of cyclohexane, benzonitrile, PDMS, and toluene. Quantitative
analysis of components from mixtures was studied and utilised the device for

quantifying alcohol from alcoholic beverages.
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CHAPTER 4

Spectral Processing and Library Matching Tools
for Onsite Analysis
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4.1. Abstract

The fingerprinting capability of Raman spectroscopy makes it a powerful tool for
material identification. However, the low signal strength and interfering contribution
from several noises necessitate post-acquisition spectral processing to extract useful
information from the raw spectra. Incorporating spectral processing and analysis tool
into the data acquisition software architecture elevates the potential of
portable/handheld Raman spectrometer for onsite testing. Thus, the device provides
rapid results, becomes more convenient to use, and assists in making informed
decisions on the spot. Herein, we attempted to develop a software tool for spectral
processing and library matching to integrate with the fabricated Raman spectrometer.
The efficacy of several existing background removal techniques was investigated on

mathematically simulated spectra. Blank subtraction and Savitsky-Golay filtering
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were found to be effective in removing high-frequency noises. While, the 1-Mod-Poly
method could correct the baseline without the need for any user-defined parameters,
regardless of the baseline shape. Thus, these methods could accurately retrieve
Raman spectral information with minimum user intervention and hence chosen to
construct spectral analysis software. The fabricated portable device was used to build
a Raman spectral library comprising 24 distinct compounds. Together with a
correlation coefficient-based library matching algorithm, this spectral database was
incorporated into the software. The software was designed and built with a user-

friendly and straightforward graphical user interface using LabVIEW.

4.2. Introduction

Raman spectroscopy has emerged as a valuable and promising tool in various material
identification and sensing fields, including disease diagnosis,* food quality analysis,**
and environmental monitoring.* Despite the fact that Raman spectroscopy is a
powerful technology for spectral fingerprinting, there are a few hurdles to be solved
for improving the end-user experience, especially in the context of onsite analysis.
Raman scattering is intrinsically a weak phenomenon, with just one out of every 10’
photons experiencing inelastic scattering.> Due to technical restrictions, only a tiny
portion of these scattered photons can be measured.® As a result, the measured Raman
scattered light is much weaker than the incident laser and is highly susceptible to
interferences and noises.” The challenge of transforming the raw spectral data into
useful information is significant and requires a lot of spectrum processing. Thus, data
acquisition, signal processing and analysis need to be entirely automated for an ideal
POC device. There exist a few commercial software tools for post-acquisition Raman
spectral processing like WIRE (M/s Renishaw, UK), WiTec Suite Five (M/s WITec,

Germany), OPUS (M/s Bruker, USA), Unscrambler® X (M/s Camo Analytics,
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Norway) and open-source tools like Vespucci,® RamanProcessing,” Rampy,™
RamanToolSet,***? SpecTool,*? etc. These software packages work stand alone and are
not expandable or modifiable. This chapter explores different spectral processing
methodologies and the development of fully integrated software for the portable
Raman spectrometer, which offers easy onsite testing. The portable Raman
spectrophotometer detailed in this chapter is an improved version of the device
described in chapter 3.

In general, noises are of either high or low frequency in nature compared to the
Raman spectrum.'* Shot noise, readout noise, dark noise are examples of the former,
while fluorescence and stray light contribute to the latter. Figure 4.1 is an example of
the raw Raman spectrum of toluene obtained with the portable Raman spectrometer
(described in the previous chapter) and depicts contributions from noises and
background. Ultimately, noises define the sensitivity and detection limit of the Raman
spectrometer. In general, the sensitivity of a Raman spectrometer can be expressed in
terms of signal-to-noise ratio (SNR)™. Figure 4.2 is an example of the Raman spectra
of cyclohexane measured with two different integration times and illustrates the
influence of integration time on noises. At a very low integration time (0.5 s), all the

peaks except the high-intensity ones in the range 2700-3100 cm™ are masked under

Raw data
-] . Shot noise
< |Noise .
T it an il itad o pabhul Dark noise
2 L Readout noise
2 |Baseline
% - | { Fluorescence
= Stray light
Pure Spectra ,I\_/\ Ve

750 1500 2250 3000
Wavenumber (cm™)

Figure 4.1. Raman spectrum of toluene taken using the portable Raman spectrometer
developed in chapter 3 (red), and its decomposed components: high-frequency noise
(black), low-frequency baseline (green), and the denoised Raman spectrum (blue).
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Figure 4.2. Raw Raman spectrum of cyclohexane taken at (A) 3 s, (B) 0.5 s
integration time using the upgraded version of portable Raman spectrometer at laser
power ~ 5 mW (Figure 4.5).

the noise and have SNR < 2. When the integration time is substantially increased to 3

s, the signal level got considerably increased, enhancing the SNR > 5. As a result, all

the peaks became easily noticeable and distinguishable. Therefore, in instances of low
SNR, it is necessary to adopt proper means to improve the SNR.

Various possibilities for increasing the SNR of Raman spectroscopic systems™®
are: (i) Increase the number of scattered photons using higher laser power; however,
this is often limited by the photodamage to the sample, especially in biological
samples. (ii) Increase the acquisition time and thus collect more photons. But the
prolonged exposure of the sample to the laser may result in photodamage. (iii) Collect
more amount of scattered photons by optimising the hardware features (e.g. improving
the numerical aperture).’” (iv) Reduce the noise by optimising the detector unit like
using those with higher quantum efficiency, reduced readout noise and dark currents,
and by operating at a lower temperature. This may require additional hardware
changes increasing the cost and sophistication of the device. Denoising the acquired

spectrum through software methods®*

is another viable approach to improve the
SNR, and could be implemented alone or together with the other techniques discussed

above.
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Similar to high-frequency noises, fluorescence from samples under
consideration significantly impact the Raman spectral measurements. In most cases,
fluorescence has several orders of magnitude higher quantum efficiency than the
Raman scattering. Also, Stokes Raman bands appear in the same spectral region as
that of fluorescence. This leads to engulfing of weak Raman signal inside the strong
fluorescence spectrum. Instrumental and computational approaches have been
explored to suppress or remove fluorescence from Raman spectral data.”® Shifted

2122 and time gating®® are examples of instrumental techniques that require

excitation
hardware modifications. SERS technology is another way in which the fluorescence of
a sample can be suppressed. Herein, samples are analysed in the presence of
plasmonic nanoparticles or substrates, compromising the non-destructive capability of
RS. Whereas computational methods, aided by software algorithms, are relatively

affordable and doesn’t require any hardware modifications. Over the years, several

mathematical approaches for fluorescence background removal have been established.

24,25 26-29

These include frequency-domain filtering, wavelet transformation methods,

30,31 32-35 36-38

least square methods, polynomial fitting, moving point average methods,
etc. The critical requirements of noise and baseline correction algorithms for portable
Raman spectrometer is that they should be automated with minimum user interaction
and recover the Raman peaks with the most accuracy. In this context, we explored
various available algorithms and details are discussed below.

Polynomial least square regression is a method first introduced by Gergonne in
1815 and has been used in various spectroscopic data for baseline estimation even
before the invention of Raman spectroscopy.®® The polynomial fitting method is
simple and relatively faster, where an n™ order polynomial function mathematically

models the low-frequency baseline. The value of n is selected to fit the shape of the

baseline, thus vary from spectrum to spectrum. The single polynomial function not
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Figure 4.3.3 Principle of baseline estimation by (A) single polynomial fitting and (B)
Mod-Poly algorithm

only represents the low fluorescence background, but have contributions from Raman
peaks as well. However, this type of fitting using the least square approach has a
significant disadvantage, i.e. it does not adequately mimic the fluorescence
background (Figure 4.3.A). This is because the curve fitting is based on minimising
the error between the fitted curve and the observed spectrum. As a result, the
polynomial fitting must be performed in spectral areas with just background
fluorescence while ignoring spectral regions with Raman bands. Lieber suggested a
modified multi polynomial fitting (Mod-Poly) based iterative approach to overcome
the constraints of the single polynomial fitting.* Here, the raw spectrum is first fitted
using a polynomial function, like the conventional least square method. The fitted
polynomial ordinates and raw spectral intensity values are then compared at each
wavenumber value. The lowest values for each wavenumber are selected for each
subsequent cycle of polynomial fitting and then concatenated to construct a modified
spectrum, which is then re-fitted. Figure 4.3 B shows the modified spectrum after 1%
iteration and the finally estimated baseline. Later Mod-Poly method was further
improved by Zhao et al.*® by adding a peak trimming step in the first stage of Mod-
Poly, which substantially reduces the computation time. According to reported
studies, this improved modified polynomial algorithm (I-Mod-Poly) is an automated
approach for baseline correction that requires less computing time and hence

considered for the current study. More details of this algorithm are discussed in the
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experimental section.

Another simple and popular way for extracting the baseline is to iteratively
smooth the raw Raman spectra by averaging until the Raman peaks are stripped off.
However, selecting an apt iteration stopping criterion is crucial in this approach.
Depending on implemented stopping criterion, many smoothing-based baseline
estimation algorithms were introduced in the past.*” * “° For example, Krishna et al.
have suggested a range independent background-subtraction algorithm and works
based on the moving point average (MPA) smoothing.”’ The RIA algorithm
repetitively smoothens the raw Raman spectrum to gradually reduce the high-
frequency Raman peaks, finally resulting in the underlying wide baseline that can be
subtracted from the raw spectrum to retrieve the actual Raman signal. The main
benefit of this approach is that, unlike other approaches, it is not affected by the
spectral region chosen for baseline correction, and it could find the spectral contour
most accurately, especially in a shorter spectral region.

In another work, Mikhailyuk et al. proposed a rolling-circle spectral filter
(RCF), a type of digital filtering.** This method involves rolling a circle of radius ‘r’
below data points on the spectra, and background is estimated at each point by
comparing the actual intensity in the spectra and the vertical locus®* (see Figure 4.4).
The smallest of these two values is selected as the updated value. This procedure is
repeated, and as the circle rolls under the entire spectrum, the fragments of the curve
whose radius of curvature greater than the r is trimmed. At a certain value of r, the
entire background can be effectively subtracted without disturbing the Raman peaks.
However, at spectral regions with overlapping peaks having baseline width larger than
2r, the propogating circle rolls into the peak, thus subtract more than the actual
background. To overcome this limitation of RCF, a Savitzky-Golay (S-Golay) coupled

advanced rolling circle filter (SCARF) has been proposed by James. T.N et.al.*?
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Figure 4.4. Pictorial representation of RCF algorithm.*

In the present work, the above said three algorithms (I-Mod-Poly, RIA, and
SCARF) have been selected for spectral processing and were validated using
mathematically simulated spectra. The best-found approach was chosen to process the
fabricated spectrometer acquired Raman spectra and develop the software. Further, a
Raman spectral library of 24 distinct compounds is built from the denoised Raman
spectra to aid in automated material identification. Among the several available

spectral matching algorithms,****

the correlation approach is the most popular and
hence chosen for library search. Finally, dedicated software comprising the
functionalities for acquisition control, high-frequency noise reduction, baseline

correction, and library search was made for the fabricated portable spectrometer.

4.3. Experimental Section

4.3.1. Portable Raman Spectrometer

The portable Raman spectrometer presented in the previous chapter was improved in
terms of signal intensity, spectrum range, and spectral resolution. The upgraded
fabricated system (Figure 4.5) consists of a 532 nm (Thorlabs, DJ532-40) laser diode
with 40 mW output power and 0.3 nm FWHM. The temperature of the diode was

maintained at 25 °C with TEC cooling; a dichroic mirror with edge wavelength at
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Figure 4.5. Photograph of the upgraded portable Raman spectrometer.

538.4 nm and Tayg > 93% above 541.6 nm (Semrock, Di03-R532 t125x36); a notch
filter with centre wavelength at 533 nm and 17 nm FWHM to block the Rayleigh
scattered signal (Thorlabs, NF533-17); Research India spectrometer consisting of a
Toshiba linear CCD, spectral range 300-1100 nm and spectral resolution of 0.5 nm.
The fabricated system has a spectral range and resolution of 330-3500 cm™ and 11-17
cm™, respectively. Spectrum acquisition and analysis are controlled through a

compute stick (Intel, STK1IAW32SC) with windows OS installed, together with a 5-

inch display.

4.3.2. Generation of Synthetic Raman Spectrum

A synthetic Raman spectrum was constructed using MATLAB® to compare the
effectiveness of distinct baseline correction algorithms. Generally, the measured raw
Raman spectrum can be expressed as a sum of Raman signal (y), baseline (B), and
noise (N). The combination of a series of Lorentzian peaks on a null baseline is used
to generate the simulated Raman peaks. The Lorentzian peaks were generated using

equation 4.1.

Y= * [—2—] (4.1)

(x—xp)+w?2
Where 1 is the peak intensity, w is the peak width defined in terms of FWHM, and X

is the centre of the peak position along the wavenumber axis. The parameter values
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used in constructing the 10 Raman peaks in the range of 300 to 3300 cm ™' are shown
in Table 4.1, and Figure 4.6 represents the resulting spectrum.

Table 4.1. Lorentzian function parameters utilised to create the synthetic Raman
spectrum.

Pgik Peak Intensity
po(s)'(o')on width w) (1)
700 10 1660
950 22 1636
1200 20 2376
1300 35 4189
1450 25 2900
1750 18 1686
1900 14 1115
2400 17 1643
2880 15 2444
2953 17 4611
8000
j;‘eooo-
S
2 4000
c
2
£ 2000
04

750 1500 2250 3000
Wavenumber (cm™)

Figure 4.6. Simulated spectrum with 10 Lorentzian peaks on a null baseline.

The high-frequency random noise, N was then simulated using the MATLAB function
awgn() and added to the Raman signal, resulting in a final SNR of 20 (see Figure 4.7
A). The shape of the low-frequency baseline is generally characterised by the
detector’s sensitivity and the fluorescence emission profile of the sample under
observation.*® Herein, three distinct types of baseline (i) Gaussian, (ii) exponential,
and (iii) sigmoidal were designed for modelling the low-frequency fluorescence. This

was accomplished by utilising inbuilt MATLAB functions: gaussmf(), sigmf(), and
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exp(). Figure 4.7 B depicts the shape of the synthesised baselines, and Figure 4.8

shows the overall Raman spectra with white noise overlaid on the three baselines.
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Figure 4.7. Mathematically generated (A) random noise and (B) baseline following a
Gaussian distribution (black), sigmoidal curve (blue), and exponential shape (red).
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Figure 4.8. Mathematically simulated Raman spectrum added with random noise and
three baseline types (A) exponential baseline, (B) Gaussian distribution, and (C)
sigmoidal baseline.

4.3.3. Baseline Correction Algorithms

The 1-Mod-Poly, RIA methods (both developed in MATLAB), and the SCARF
(written in LabVIEW) were used to remove the low-frequency baseline from synthetic
Raman spectra in the range 300-3300 cm™.

RIA Algorithm:*® This algorithm trims the spectra to the desired wavenumber range
and extrapolates the data to a straight line on both ends. To this extrapolated region, a
Gaussian peak having similar height and width is added on both ends. This modified
spectrum is repeatedly smoothened until the height of the added Gaussian peak is

entirely restored. Figure 4.9 illustrates the concept of RIA. The width and position of
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the Gaussian peaks were set at 50 cm™ and 100 cm™, respectively, while the height

(‘pheight”) was selected between 900 and 2500.
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Figure 4.9. Pictorial representation of RIA algorithm showing Raman spectrum
added with Gaussian peaks on extrapolated ends, and the estimated background after
each iteration.*’

SCARF:* As previously stated, SCARF is a more advanced form of rolling circle
filtering in which the baseline formed by a single pass RCF is filtered via S-Golay. S-
Golay is a digital filter for smoothing, that uses a lower degree polynomial to fit
neighbouring data points. SCARF handles three parameters, ‘r’ the rolling circle’s
radius, ‘s’ the number of side points (half of S-Golay filter window size), and ‘n’ the
order of the polynomial function of the S-Golay filter. To capture details in the
fluctuation of the baseline level, r should be smaller than the radii of curvature of the

baseline and not less than the broadest Raman peak. For r, values between 10 and 60
were tested, and s was selected in such a way that s > r; optimised results were

obtained at (r,s) = (30,40). Different polynomial order ranging from 1 to 7 has been

investigated for the S-Golay filter, and the best results were obtained with n = 1.

I-Mod-Poly Algorithm:* This fluorescence removal algorithm is based on modified
multi-polynomial fitting with a peak-removal procedure during the first iteration. This

is done by calculating the noise level in the spectra, and all the peaks above the noise
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level are stripped off. Then, a polynomial of order ‘n” is used to fit this peak-stripped
spectrum repeatedly. Data points in the fitted spectrum with intensities larger than
their associated pixel values in the input spectrum are automatically reassigned to the
original intensity after each iteration. Because additional iteration does not
significantly remove any baseline, this iteration is continued until the difference in the
standard deviation of the residual between two subsequent iterations is less than 5%.
Various polynomial order ranging from n = 1 to 7 has been investigated, and the best
baseline fitting was obtained with the highest order n = 7 and chosen for the present
study. An increment in n beyond 7 doesn’t bring a significant improvement in the

estimated baseline.
4.3.4. High-Frequency Noise Removal

Dark noise, readout noise, and stray light contributions are considered fixed for a
given integration time and temperature. Therefore, blank spectrum subtraction might
eliminate them. The spectra taken with the same integration time in the absence of any
sample is called blank spectra. After blank subtraction, a third-order S-Golay filter
was employed to smooth the spectrum with a window size of 9. This reduces high-
frequency fluctuations such as photon flux dependent shot noise while having no

effect on Raman peaks and so boosting the SNR.
4.3.5. Software Development

The portable Raman spectrometer’s software was developed entirely in National
Instruments LabVIEW on a Windows PC. LabVIEW was preferred because it is simple
to integrate data acquisition with the spectrum analysis tools. The system is built in the
form of a straightforward and minimalistic graphical user interface (GUI). The integrated
functions are divided into three stages: data acquisition, spectrum processing, and spectral

database organisation. The acquisition module has the functions for setting laser power
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and integration. The spectrum processing module includes functions such as blank
subtraction, baseline correction, and high-frequency noise reduction. The baseline
correction method, built in MATLAB, was imported into LabVIEW using the Mathscipt
module.*®* The library search and material prediction are added in the database
management section. More details on the GUI are discussed in the later sections of this
chapter. The developed LabVIEW project is compiled into a standalone application and

installed in the Windows stick PC integrated into the portable Raman spectrometer.

4.4. Results and Discussion

4.4.1. Processing of Simulated Spectra

This section describes the findings of the baseline-correction algorithms on the
simulated spectra. The performance of various baseline correction procedures is
assessed using: (i) R? value of the fit between the originally added Raman spectra and
the recovered spectra, (ii) comparison between the fitted baseline and the simulated

baseline, and (iii) analysis of recovered peak intensities.

(i). RIA algorithm

Figure 4.10 depicts the baseline correction applied to the simulated spectra using the
RIA algorithm. The estimated baseline is near the contour across the spectral range for
spectra with sigmoidal and Gaussian background. Thus the recovered spectrum is
almost identical to the originally added spectra (R* > 0.95) (Figure 4.10 A and E and
Table 4.2). For exponential data, on the other hand, the calculated baseline is nearly
optimal only in the central region (500-2500 cm™), and it is underestimated towards
the edges (see green marking in Figure 4.10 C). This discrepancy leads to a corrupted
recovered spectrum at the tail end with a low R? value of 0.32 (Table 4.2).

Furthermore, the best pheight for each type of baseline must be determined
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individually. The recovered spectra with the closest match to the original were
obtained with pheight at 1270, 1000, and 2300, respectively, for sigmoidal,
exponential, and Gaussian data. ~ 95% of the peak intensities from the original was
recovered by applying these settings. Because of its dependency on the pheight value,
the RIA method is inappropriate to use in a portable Raman spectrometer for

automated applications.
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Figure 4.10. (left) Simulated noisy raw data (black) and estimated baseline (red) and
(right) extracted Raman spectra (blue) and originally added spectra (wine red); (top)
sigmoidal background, (middle) exponential baseline (underestimated baseline is
marked in green) and (bottom) Gaussian background using the RIA algorithm.

Table 4.2. R? value and recovered peak intensities of the extracted spectra with RIA.

Parameters Gaussian Exponential ~ Sigmoidal
R? 0.95 0.32 0.96
. 700 cm™ 98 96 97
Recovered peak 1, ot 88 86 88
intensity in %
2400 cm™® 99 100 100
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(if). SCARF algorithm
The fitted baseline and the extracted Raman spectra using the SCARF algorithm with

input parameters (n,r,s) = (1,30,40) is shown in Figure 4.11.
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Figure 4.11. (left) Simulated noisy raw data (black) and estimated baseline (red) and
(right) extracted Raman spectra (blue) and originally added spectra (wine red); (top)
sigmoidal background, (middle) exponential baseline (underestimated baseline is
marked in green) and (bottom) Gaussian background using the SCARF algorithm
with (n,r,s)=(1,30,40).

In contrast to RIA, the calculated baseline was not smooth, particularly in peak-free
regions with a curved background (Figure 4.11 B, D, and F). Reducing r, the radius of
the rolling circle, eliminated the uneven baseline to some extent. However, it stripped
away Raman peaks (Figure 4.12 A, Table 4.3). Thus the overall quality of the

recovered spectra did not improve significantly by reducing the r value (R* < 0.85).

With r = 30, the optimal value for R? and recovered peak intensities were obtained,

and hence r = 30 was chosen for further analysis. Also, we varied s value from r to 2r
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while keeping r = 30 to understand the influence of s on the predicted baseline (Figure

4.12 B). These studies revealed that s had no significant effect on the calculated

baseline.
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Figure 4.12. SCARF estimated baseline on the simulated spectrum with Gaussian
baseline obtained by varying (A) r values and (B) s values at r = 30.

Table 4.3. R? value and recovered peak intensities of the extracted spectra from
Figure 4.12A with different r values in SCARF.

Radius of the rolling circle, ‘r’ 10 15 20 30 40
Window size, ‘s’ 20 25 30 40 40
R? 0.80 0.84 0.85 0.83 0.79
700 cm™ 93 96 97 99 99
Recovered peak 15y o1 g 72 78 87 91
intensity in %
2400 cm™ 99 99 99 99 99

The influence of the order of the polynomial function in the S-Golay filter has
also been investigated. Various values from n = 1 to 7 has been applied to the SCARF
keeping r and s constant. As a representative example, Figure 4.13 shows the
estimated baseline for spectra with Gaussian background with n varying from 1 to 7,

and (r,s) = (30, 40). The results show that the best-fitted baseline was obtained at n =
1, with R? = 0.83, while for higher polynomial orders, the fitting was poor with R? <

0.75. A similar reduction in R? value was observed for sigmoidal and exponential

baseline. By changing the n from 1 to 7, R? value reduced from 0.92 to 0.87 for the
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sigmoidal baseline, and it went down to 0.67 from 0.71 for the exponential baseline
(Table 4.4). Thus irrespective of the shape of the baseline, a lower value of n works

well in recovering the Raman peaks in SCARF algorithm.
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Figure 4.13. SCARF estimated baseline on the simulated spectrum with Gaussian
baseline for different values of n.

Table 4.4. R? value of the extracted spectra of data with different n’ values in
SCARF and (r, s) = (30 ,40).

Selected polynomial order for
the S-Golay filter

Baseline shape

n Gaussian  Exponential ~ Sigmoidal
1 0.83 0.71 0.92
2 0.76 0.68 0.88
3 0.76 0.68 0.88
4 0.74 0.67 0.87
5 0.74 0.67 0.87
6 0.74 0.67 0.87
7 0.74 0.67 0.87

The irregularities in the peak free zone were substantially reduced by a double
pass SCARF, (doing a second round of filtering on the recovered spectra from
SCARF). As a representative example, Figure 4.14 shows the recovered spectra by
singe and double pass SCARF performed on spectra with Gaussian baseline, here the
R? value improved from 0.83 to 0.92 by double filtering. Table 4.5 summarises the
results of double RCF filtering performed with the same parameters as single-pass

SCAREF, i.e (n,r,s)=(1,30,40).
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Figure 4.14. Extracted Raman spectrum with a single pass (black), double pass (red)
SCARF along with the original spectrum (red).

Table 4.5. R? value and recovered peak intensities of the extracted spectra with
single-pass and double-pass SCARF.

Gaussian Exponential Sigmoidal
Parameters

sp* dp* sp* dp* sp*  dp*
R? 0.83 0.92 0.71 0.89 092 0.92

700 cm™ 99 98 96 99 99 98

Recovered peak 1 op0 eyt g7 87 85 78 90 87

intensity in %

2400 cm™ 99 99 99 96 100 100

*sp: single pass SCARF, dp: double pass SCARF

The results reveal that, unlike RIA, the input parameters (n,r,s) in SCARF is less
reliant on the baseline shape, hence baseline correction can be automated. Although
irregularities were observed in the recovered spectra in single pass SCARF, double

pass SCARF helped to overcome this to a great extent at the expense of peak intensity.
(iii). I-Mod-Poly algorithm

The only user-defined parameter in the I-Mod-Poly algorithm is the polynomial order,
n. As a representative example, Figure 4.15 shows the extracted spectra at different
polynomial orders for a Gaussian type baseline. The extracted Raman spectra match
well with the original spectra at n = 7, and increasing beyond 7 doesn’t bring any

significant difference in the estimated baseline. Therefore, for the current study, n =7

was used for all types of baseline for the optimal recovery for Raman peaks.
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Figure 4.15. Extracted Raman spectrum using 1-Mod-Poly algorithm n = 3 (blue), n
= 5 (green), and n=7 (red), along with the originally added Raman spectra to the

Gaussian baseline.
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Figure 4.16. (left) Simulated noisy raw data (black) and estimated baseline (red) and
(right) extracted Raman spectra (blue) and originally added spectra (wine red); (top)
sigmoidal background, (middle) exponential baseline (underestimated baseline is
green) and (bottom) Gaussian background using the I-Mod-Poly

marked in
algorithm.

The fitted baseline and the extracted Raman spectra with n = 7 on all simulated

spectra are shown in Figure 4.16. Irrespective of the baseline’s shape, the I-Mod-Poly
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method was able to estimate the baseline peaks close to the contour of the
background. Moreover, this method can be fully automated without any user-defined
parameters. At least 90% of the peak intensity was recovered after extraction, with
maximum similarity (R* > 0.96) with original spectra.

Table 4.6. R? value and recovered peak intensities of the extracted spectra with I-
Mod-Poly background removal.

Gaussian Exponential Sigmoidal

R? 0.96 0.97 0.96
700 cm™ 97% 96% 97%
Recovered peak 1,00 1 gooy 93% 92%
intensity in %
2400 cm?®  99% 99% 99%

I-Mod-Poly is a better choice for incorporating into the portable Raman
spectrometer due to the following reasons (i) it is entirely automated, (ii) almost 92% of
the original intensity of all Raman peaks were recovered, and (iii). R*> 0.96, which is
better than double pass SCARF (Table 4.6 and Table 4.5). Therefore, I-Mod-Poly was
chosen to process the acquired spectra from portable Raman spectrometer and for

designing the software.

4.4.2. Processing of Experimental Spectrum

The built portable device was used to analyse the Raman spectra of several substances in

order to show the effectiveness of the chosen noise reduction methodology. Figure
4.17 B and C show the raw Raman spectra of two different compounds, cyclohexane
and pharmaceutical tablet containing paracetamol, acquired using the developed
system at a 5 s integration time. Blank spectra (Figure 4.17 A) were subtracted from
raw spectra to remove the influence of fixed noise (red graph). SNR refers to the ratio
of the Raman peak’s intensity to noise height and is calculated using the equation

SNR = (signal maximum — signal minimum) / (noise maximum — noise minimum).
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An S-Golay filter was used to further minimise high-frequency noises. As a
representative example Table, 4.7 shows SNR improvement in cyclohexane at two
separate peaks after filtering. For low-intensity peak, the SNR is relatively lower than
the highest peak. The SNR at the lowest intensity peak (1447 cm™) was 1.37, which
increased by almost six times after dark subtraction and further improved to around 25
times of the initial after S-Golay filtering. While in the case of the highest peak, nearly

50 times increment was observed after spectrum processing.
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Figure 4.17. (A) Dark spectrum taken at 5 s integration time; raw spectra (blue), blank
subtracted spectra (red) and s-Golay filtered spectra (green overlayed) of (B)
cyclohexane and (C) paracetamol tablet taken with 5 s integration time. Baseline
corrected spectrum (brown) of paracetamol is also shown.

Table 4.7. SNR of experimental spectra before and after noise removal.

SNR
Chemical Measured at peak After blank  After S-Golay
Raw . o
subtraction filtering
1447 cm™ 1.37 7.57 28
Cyclohexane )
942 cm’ 3.16 58.87 153
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4.4.3. Raman Spectral Library Creation

Database comparison is of paramount importance for the automatic identification of

materials through onsite testing. For the identification of unknown materials from its

Raman spectra, a library database of 24 samples of commonly used chemicals (listed

in Table 4.8) is created. The chemicals include both solid and liquid form.

Table 4.8. List of chemicals selected for spectral database creation.

Sl No Chemical

1 Acetone

2 Acetonitrile

3 Benzene

4 Benzonitrile

5 Butanol

6 Chloroform

7 Cyclohexane

8 Carbon tetra chloride
9 Dichloromethane

10 Di methyl formamide
11 Di methyl sulphoxide
12 Ethanol

13 Ethyl acetate

14 Hexane

15 Water

16 Iso propyl alcohol

17 Methanol

18 Methy metha acrylate
19 Paracetamol

20 Poly dimethyl siloxane
21 Toluene

22 Tetrahydrofuran

23 Tetra ethyl ortho silicate
24 Tetra butanol

The Raman spectra of the above said chemicals are collected using the

fabricated spectrometer with ~ 10 mW laser power and 3 s integration time. The high

frequency fixed noises, and low-frequency baselines were removed from these

spectra, as explained in the previous section. The processed spectra (Figure 4.18) is
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saved into the database in the form of an excel spreadsheet, the intensity
corresponding to the wavenumber 330 to 3500 cm™ of each spectrum is added to a
separate column.

Library matching, a well-established approach, is used to identify unknown
compounds through database search in any type of spectroscopic data. This is
typically accomplished by cross-correlating the measured spectrum of an unknown
material against spectra in the library. The sample spectrumand the
reference spectrum should agree on the positions of the peaks, their shape, and their
relative heights. The degree of similarity of each possible match is then quantified by

measuring the correlation coefficient which is given by equation 4.2.

n e i
CC: Zl—l(sl S)(rl T) (4.2)
Jz’;l(si—@z S, (-

CC represents the correlation coefficient between the sample spectra s; and the
library reference r;. §and 7 are the sample’s and reference’s (in the library) mean
spectral intensity values, respectively. The value of CC can be anywhere between -1
and 1, with 1 indicating maximum similarity and O indicating no resemblance. The

highest CC value will determine the matching index.

The effectiveness of the library search technique was tested using the recently
discussed Raman spectrum of paracetamol pill. The CC value was computed in two
distinct ways: (i) raw sample spectrum compared with raw spectra in the database, (ii)
processed sample spectrum compared with processed spectra in the database. The
correlation match results are shown in Table 4.9. The new sample was unambiguously
identified as paracetamol in both cases with a matching value lower than the
maximum value of 1. However, for raw spectra, the matching index value was only
0.33, showing a poor match even though it predicted correctly as paracetamol. While

for the noise removed and baseline-corrected spectra the matching index was 0.83.
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Figure 4.18. Raman spectra of the chemicals after noise removal saved into the
database.
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Table 4.9. The calculated correlation coefficient for paracetamol sample with library
database. The highest correlation coefficient marked in red.

Sample spectra

Database spectra Raw Baseline
corrected
Acetone -0.04 0.22
Acetonitile -0.03 0.17
Benzene -0.08 0.13
Benzonitrile 0.13 0.11
Butanol -0.17 0.19
Chloroform -0.27 0.05
Cyclohexane -0.06 0.23
CCl, -0.22 0.05
Dichloromethane -0.17 0.16
DMF -0.12 0.23
DMSO -0.20 0.12
Ethanol -0.17 0.19
Ethyl acetate -0.16 0.24
Water -0.69 -0.13
Hexane -0.12 0.20
Iso propyl alcohol -0.20 0.21
Methanol -0.19 0.13
Methy metha acrylate -0.09 0.33
Paracetamol 0.33 0.83
Poly dimethyl silioxane -0.14 0.17
Toluene 0.03 0.18
THF -0.04 0.19
Tetra ethyl ortho siliacte -0.10 0.21
Tetra butanol -0.20 0.18

The results indicate that baseline correction will improve the prediction accuracy

for correlation-based library search.
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4.4.4. Standalone Application Development

Together with the spectrum processing techniques and library matching algorithm, the
data acquisition module was integrated into the spectrometer in the form of an
executable file once they were optimised. The flowchart of the algorithm is given in

Figure 4.19. The GUI of the developed software is shown in Figure 4.20 and 4.21.

The spectrometer and laser driver unit are initialised once the software is
launched. The user can specify the acquisition parameters such as integration time and
laser optical power (marked as land 2 in Figure 4.20). The laser has a maximum
power of 40 mW, which corresponds to a current of 300 mA and is continuously
variable from 0 to 100% using the given slider option. The CCD spectrometer’s
integration time is set at 3 seconds by default. Before starting the data acquisition, the
user can change these values if necessary. The background set option from the GUI
enables to capture the blank spectra at given acquisition settings. The device is now
ready for sample spectrum acquisition, and the PC sends commands to the laser driver
to switch on the laser and to the spectrometer unit to start the acquisition. The laser
will be switched off automatically after the acquisition is finished. The spectrum
processing stage follows data acquisition. The obtained spectra will be automatically
trimmed to a range of 300-3500 cm™, baseline corrected, and noise removed. The
buttons to disable the baseline correction and blank subtraction is provided in GUI
(marked as 2 and 3 in Figure 4.21). The user can save the final processed spectra to
the PC as “.txt’ file using the save option (marked as 4 in Figure 4.21). The obtained
spectra will be automatically examined for possible matches, and the spectra with the

greatest CC will be displayed as the match (marked as 5 in Figure 4.21).
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Figure 4.19. Algorithm for the developed software.
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RamanSpectral Solution

Acquisition

Figure 4.20. Snapshot of the GUI of the developed application showing the  Set
parameters’ tab.

RamanSpectral Solution

TURM LASER ON ":J

Predicted material |Cyclnhexane 99.6607
-7

Tab Control 5

Figure 4.21. Snapshot of the GUI of the developed application showing the
‘Acquisition’ tab with user interfaces marked as 1. button to acquire bank spectra, 2.
button to enable/disable blank subtraction,3. button to enable/disable baseline
correction, 4. button to save the acquired sample spectra in “.txt’ form, 5. prediction
results based on library search and 6. the acquired spectra after processing.

4.5. Summary and Future Scope

In conclusion, we discussed developing software tools for automatic spectral processing

of Raman spectra and thus enabling material identification for onsite analysis. The data
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presented herein show that the raw Raman spectra collected using a Raman spectrometer
are prone to several noises. Thus, proper spectral processing is necessary to enable onsite
analysis, especially when the SNR is low. The blank subtraction itself helped to reduce
high-frequency noises leading to a 6 to 7 times improvement in SNR. Further
enhancement in SNR is obtainable by enabling digital filters like S-Golay. For removing
the low-frequency noise like fluorescence, we studied three distinct baseline correction
strategies. For a small spectral range, the RIA approach proved the most effective at
reconstructing Raman spectra. However, it is highly dependent on the input parameters,

which differ in value depending on the baseline shape. While, regardless of the baseline

shape, a double pass SCARF could recover the Raman peaks with at least R? > 0.89 and

peak height recovery > 80%. However, it required the optimisation of the input

parameters like r, s, and n. On the other hand, I-Mod poly was superior in recovered
spectra accuracy with R? > 0.95, peak height recovery > 92% and works well for all
types of baseline, hence selected for designing the software. Further, to demonstrate the
potential of the current system for onsite analysis, a processed Raman spectral library of
24 different chemicals was generated. The device integrated with the developed software
could predict the unknown chemical in less than 30 s. Thus, by combining spectral
processing along with data acquisition into a single platform, the onsite analysis could be
carried out more easily. Being the software was made in LabVIEW, a graphical
programming environment, it can be further easily modified for specific POC
applications such as disease diagnosis, food or pharmaceutical product analysis. One such

example is discussed in the following chapter.
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CHAPTERS

Application of Raman Spectroscopy for
Quantification of Aceclofenac from Combinational
Tablets Using Chemometric Methods
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5.1. Abstract

Due to the increasing number of counterfeit drugs, ensuring the quality of
pharmaceutical products is crucial for providing the best quality health care services
to the patient. Raman spectroscopy being a non-destructive technique for the
fingerprint characterisation of chemicals, can be used for pharmaceutical product
quality testing. The potential of Raman spectroscopy for field analysis may be greatly
boosted by merging it with sophisticated technologies such as artificial intelligence
and machine learning. In this chapter, we attempt to develop a chemometric
methodology for API identification and quantification from combinational drugs. PCA

was coupled with polynomial regression in the new quantification model, which was
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designed using the MATLAB® programming environment. Combinational tablets
comprising aceclofenac and paracetamol are used to show the proposed approach.
The findings of Raman spectroscopy measurements were compared to those obtained

using the usual chemical analysis method, HPLC.

5.2. Introduction

Nowadays, counterfeiting is a severe problem tackled by the pharmaceutical industry.*
Counterfeiters target almost all types of drugs, including cancer,? cardiovascular,®
erectile dysfunction,* lifestyle diseases,” etc. Very recently, counterfeit covid-19
vaccines reported in the Chinese market contained only mineral water and saline
water.®” Although the severity of drug adulteration is higher in poor and developing
countries,®® developed countries are also not free from this scam.*®*! The quality of
the counterfeits reaching the patients may vary, and its consumption can lead to severe
health issues, including the patient's death.™? It is estimated that the manufacturing and
consumption of pharmaceutical drugs increase annually at a rate of ~ 6%. Around
3,000 pharma companies with a strong network of over 10,500 manufacturing
facilities are present in India alone.*® As per WHO's report, ~ 1 in 10 tablets available
in low and middle-income countries are fake/substandard. Analysing the quality of
this large volume of drugs from the market in a limited time is a big
challenge. Consequently, quick evaluation tools are required for testing the integrity
of the suspected products. Several analytical methods have proved efficient for
analysing counterfeit medicines.**® Spectroscopy is one of the most extensively
utilised among them.'’ It is non-destructive, reliable, and rapid, and it does not need
sample preparation. Especially in the last decade, RS has been the focus of counterfeit

detection.*®*°

113



Chapter 5

The technological progress in optics and electronics has enabled the
development of handheld and portable spectrometers. Handheld Raman spectrometers
are currently used in the pharmaceutical industry for testing purposes such as raw

material,®® drug stability,* content, and uniformity.?**

Mostly, these are achieved
either with the aid of inbuilt library search or Raman barcode-based spectral
comparison.’® These help to detect drugs containing wrong or no active
pharmaceutical ingredient (API), a major class of counterfeit drugs. However, there is
another class of counterfeit drugs that contain all the APIs but in the wrong quantity.
These can be two types, (i) drugs that contain API in lower dosage, which doesn't
meet the purpose of treatment due to insufficient API, and (ii) drugs with overdosage,
which can be harmful to the patient, and a few death incidents have already reported.?®

This chapter focuses on developing software methods to identify tablets with the
wrong dosage using Raman spectral data. The developed software is essentially based
on machine learning techniques, and hence the potential of RS can be enormously
improved for pharmaceutical product quality testing. As a representative example, we
have chosen a composition of paracetamol (PARA) and aceclofenac (ACE). ACE is a
nonsteroidal anti-inflammatory drug”® commonly used to relieve pain and inflammation.

In comparison, PARA has analgesic and antipyretic effects.?” These drugs are orally

administered in the form of tablets in single or combinational form.

5.3. Experimental Section

5.3.1. Materials and Methods

Chemicals used: The standard references of ACE and 4-Hydroxyacetanilide (PARA) are
purchased from TCI chemicals. 11 mixtures of ACE and PARA are prepared by mixing
and grinding the pure powders of APIs using a mortar and pestle. The final weight

percentage of ACE in the mixture are 0, 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100.
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Pharmaceutical samples: For evaluating the developed quantification model, from the
local market we collected pharmaceutical tablets of five different brands containing these
selected APIs (Table 5.1). Based on their composition, these are primarily classifiable into
three categories; tablets containing APIs (i) only ACE, (ii) only PARA and (iii) both the
ACE and PARA. As per the manufacturer’s description, these tablets also contain other
excipients like titanium dioxide (TiO,) (A and B). However, their presence is not taken
into consideration for the present studies, vide infra.

Table 5.1. List of pharmaceutical tablets used for the study

Product  Assigned Total API composition*  Excipients
. Appearance .
family Name weight (mg) (mg) present*

Class -1 A | 398 Aceclofenac- 100 TiO,

B 3 246 Aceclofenac -100 TiO,
Class -2 C ) | 633 Paracetamol-500 -

D ) 838 Paracetamol-650 -
Class -3 Parcetamol-325

E e | 684

Aceclofenac - 100

* provided as per the manufacturer

5.3.2. Raman Spectral Measurements

Raman spectra were recorded using a handheld Raman spectrometer (Mira DS, M/s
Metrohm) with a ~ 40 mW, 785 nm excitation laser, 400-2300 cm™ spectral range,
and 10 cm™ spectral resolution. The optical power was measured using a power meter
(843-R, M/s Newport corporation). Analysis was conducted using the universal
sample holder (supplied along with the instrument, Part No. 6.07506.010) with a focal
distance of 3 mm and the excitation light path is equipped with an orbital raster scan
(ORS) system. ORS technology analyses the average spectrum from a larger sample
area and minimises inaccuracies from the sample's local inhomogeneity.?® Further to

ensure the uniformity of measurements, all the spectra were acquired with the same
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acquisition parameters, i.e., 2 s integration time, and the obtained spectra averaged
over three accumulations.

Spectra were recorded from 12 different positions of each 16 samples (i.e. 11
laboratory prepared mixtures + 5 tablets), thus generating a total of 12 x 16 = 192
spectra. Around 70% of this data was used for training the calibration model and the
rest for testing the model. Further validation of the model was performed using an

independent data set, and its details are provided in section 5.4.5.

5.3.3. Data Pre-processing

Generally, Raman spectral measurements interfere with (i) intensity fluctuations
arising due to the differences in sample placement, laser power variation, and
integration time, (ii) both electronic and optical high-frequency noises, (iii) low
frequency background, which usually arises from fluorescence, thermal noise of
detector and ambient light, and (iv) contribution from cosmic rays. For making the
analysis more reliable, the collected raw spectra need a series of pre-processing
operations like noise removal, baseline correction, spectral trimming, and
normalisation. Data pre-processing and chemometric analysis were performed using
the MATLAB® R2013a (MathWorks, USA). The baseline correction was done using
a rolling circle spectral filter; the chosen circle's curvature radius was 20 points.?® The
major excipient in most commercial tablets is TiO,, which has strong Raman peaks
below 700 cm™. To avoid the influence of TiO,, noise removed data were trimmed to
the range 810-1750 cm™. Trimming was followed by intensity normalisation by

Standard Normal Variate (SNV) Normalization® to eliminate intensity fluctuation.
5.3.4. Chemometric Analysis

Pharmaceutical product quality analysis was performed in two stages, (i) identification

of API and (ii) quantification of API.

116



Chapter 5

Qualitative analysis: The differentiation of drug samples involves qualitative
analysis through principal component analysis (PCA). According to this method, the
number of original variables is reduced to retain the relevant spectral characteristics
contributing most to its variance.** The optimal number of components which

contribute to maximum variance was considered for creating the prediction model.

Quantitative analysis: For quantitative analysis, three different models based on
PCA regression (PCR) were conducted on the prepared API mixtures. These are (i)
traditional PCR based on multiple linear regression® using the first 'n' components,
explaining 95% of the variance, (ii) a modified PCR model based on non-linear
regression using the first component, and (iii) a modified PCR model based on non-
linear regression using the first 'n' components explaining 95% of the variance. The
predictive capacity of regression models was assessed by the statistical parameters
like root mean square error (RMSE), correlation coefficient (R), and receiver
operating characteristic (ROC) curve.

RMSE is calculated for all three methods using equation 5.1, where X represents
the predicted concentration, Y represents the actual concentration, and n represents the
total number of test data. For the best predictive model, this error needs to be

minimum.

RMSE= [EE1° (5.1)

Pearson correlation coefficient (R), measures the similarity between two
variables. The correlation coefficient values can range from +1 to -1, where a value
close to +1, -1, and O indicates the perfect positive relationship, ideal negative
relationship, and no connection between the variables, respectively. R-value is
calculated using equation 5.2, for assessing the extent of correlation between two

variables. R-squared (R?) value was used for evaluating the quality of fit of a model on
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data.

__IxX-X)-7)
VEX-X)23(Y-Y)?2

(5.2)

where X and Y represents the mean of predicted and actual concentration
respectively.

The accuracy of the above three methods in classifying the samples correctly
into genuine and fake was later assessed through ROC analysis. ROC illustrates the
diagnostic ability of a binary classifier system as its discrimination threshold is
varied.>* The best predictive model will be having the highest area under the curve
(AUC). ROC is plotted from True positive rate (TPR), and False positive rate (FPR)

values at different threshold levels.

TP

Sensitivity = TPR=—— (5.3)
1-Specificity = FPR=—"— (5.4)

Here, True Positive (TP) means genuine drug classified correctly as genuine, False
Positive (FP) is fake drug wrongly classified as genuine, False Negative (FN) means
genuine drug falsely classified as fake, and True Negative (TN) is fake drug classified
correctly as fake.

ROC analysis was performed on the validation data set consisting of
commercially available tablets containing 23.5% API, laboratory prepared mixtures
equivalent to the commercial tablets with 23.5% API, and fake tablet equivalent

prepared mixture with API concentration below and above 23.5%.

5.3.5. Application Development

Once the best prediction model was identified, a graphical user interface (GUI) was made

using MATLAB® GUIDE for tablet category determination and APl quantification. It
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was then compiled using Compiler™ and build into a standalone executable. The
standalone application consists of the modules for the following operations (i) spectral
pre-processing, (ii) identification of tablet class based on PCA, (iii) quantification of API
using the developed PCR model, and (iv) prediction of the type of the drug (genuine or
counterfeit). The chemometric models for quantification were created using a separate
MATLAB® program and are imported to the primary GUI. The program flowchart is

given in Figure 5.1.

Load a sample spectrum

v

Baseline correction,
spectral trimming and
normalisation

Y

Load the saved PCA Calculate Principle
model from database > components for new
data

v

Perform quantification
of APl using saved PCR

v

Predict tablet category
from the saved
classification tree model

V

If predicted APl quantity
within the range

‘L Yes

Genuine

— Fake
No

Figure 5.1. Application flowchart
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5.3.6. HPLC Analysis

The results obtained from the developed quantification model were compared with
those of HPLC analysis. HPLC experiments were performed on a Prominence UFLC
system (M/s Shimadzu Corporation, Japan) having LC-20AD pump, Phenomenex
Gemini C18 column (250 mm x 4.6 mm, 5 um), a column oven (CTO-20A), an
autosampler injector (SIL-20AC HT), and a diode array detector (SPD M20A). The
mobile phase used was a mixture of 60% acetonitrile and 40% 50 mM NaH,PQO;, in
Milli-Q water. The injection volume was 10 pL and kept the flow rate at 1 mL/min.
The column was maintained at 33 °C, and eluted fractions were monitored at 273 nm.
Sample peaks were identified by matching the retention time with that of reference

samples, pure APIs. LC Lab software was used for data acquisition and analysis. The

mAU
PDA Muti 1

400-|

0.0 25 50 75
min

Figure 5.2. Chromatogram of a solution containing 1 mg aceclofenac in 1 mL
acetonitrile.

mAU )
500 3 PDA Multi 1

0.0 25 50 75
min

Figure 5.3. Chromatogram of a solution containing 1 mg paracetamol in 1 mL
acetonitrile.
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stock solutions of APIs (ACE and PARA) were separately dissolved in acetonitrile (1
mg/mL) and filtered through a 0.22 um PTFE filter. From the chromatogram of these
solutions (Figure 5.2 and Figure 5.3), the retention time® for pure APIs (ACE and
PARA) was estimated to be 5.3 min and 2.8 min, respectively.

For quantification, a calibration graph based on the area under the curve vs.
concentration was prepared from chromatograms of dilute solutions (62.5, 125, 250,
500, 750, and 1000 pg/mL) and is shown in Figure 5.4. To estimate the concentration
of API in tablets, each uncoated tablet were crushed and made into a fine powder, then
1 mg of the powdered tablet was accurately weighed and dissolved in 1 mL
acetonitrile solution, the undissolved residual was filtered out, and the clean solution

was analysed.

(A) - (B) ]
Paracetamol 120000004 Aceclofenac
6000000

4000000+ . / 8000000 /
2000000 / 40000001 /

Area
Area

e Ve
./. .,I
0 r v v r r 0 r r r r r
0 200 400 600 800 1000 0 200 400 600 800 1000
Concentration (ug/mL) Concentration (ug/mL)

Figure 5.4. Calibration graphs showing area under the curve against the
concentration of (A) paracetamol and (B) aceclofenac.

5.4. Results and Discussion

5.4.1. Raman Spectral Analysis

Raw and processed spectra of the PARA and ACE pure API and their chemical
structure are presented in Figure 5.5. The Raman peak positions and their associated

vibrational modes are listed in Table 5.2.

The Raman spectral data revealed that both ACE and PARA have
distinguishable peaks and closely related peaks. For example, ACE and PARA have
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peaks positioned around 650 cm™, 712 cm™, and 1612 cm™, corresponding to the
phenyl ring deformation, CH, wagging and Aryl C-C stretch. On the other hand,
vibrational frequencies at 405 cm™ and 767 cm™, 1580 cm™ corresponding to C-Cl
stretching, C-O-C stretching are found only in ACE, and 1561 cm™, 1651 cm™

corresponding to the NH bending (amide 1), C=0 stretching (amide Il) is found only

in PARA.
6000 5 |
450004 (A) Aceclofenac (8) H aracetamo
= 3 I
S 8 4000{ HO
> 300001 >
% cl @
3 g
< 15000 NH o £ 20004
o 0\)LOH
(0]
ol : : : ol : : :
500 1000 1500 2000 500 1000 1500 2000
_1 =
Wavenumber (cm™) Wavenumber (cm™)
6 6
(C) Aceclofenac (D) Paracetamol
:5' -
s Y 3 1
> ’ =
‘0 =
24 o 2
g 5
£ =
0 04
1000 1250 1500 1750 1000 1250 1500 1750

Wavenumber (cm'l) Wavenumber (cm™)

Figure 5.5. (A),( B) Raw Raman spectrum, and (C), (D) processed spectrum of (A, C)
ACE, and (B, D) PARA respectively. Inset shows the chemical structure of both APIs.
Figure 5.6 represents the Raman spectra of the five different pharmaceutical
tablets. Out of all the five tablets, A and B contains additional excipient TiO,. The
Raman spectrum of TiO; is shown in Figure 5.7. It is evident that TiO, has
characteristic peaks at 510 cm™ and 635 cm™. Generally, the collected Raman spectra

of the tablets appeared to have contributions from all the ingredients. For example, the

Raman spectra of tablets A and B exhibited peaks corresponding to TiO, and ACE.
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On the other hand, the Raman spectrum of tablets that are declared devoid of any

excipients (C and D) matched well with their API, PARA. For the combinational

tablet E, the peaks of both ACE and PARA are noticed.

Table 5.2. Important vibrational frequencies of ACE And PARA

Peak position

(cm™)

Assigned bond vibration

Paracetamol®+*¢%’

652
712
799
860
1100
1169
1239
1280
1325
1561
1612
1651

Deformation of phenyl ring
CH, wagging

C-C rocking in amide group
Ring breathing

CH in-plane bend

C-O-H bending +CH bend aryl
C-N-C stretching

C-N rocking

C-H rocking

NH bending (amide I1)
Aryl C-C stretching

C=0 streching (amide 1)

405
447

516
545

659
719
767
840
1047
1074
1097
1154
1580
1605

Aceclofenac?
C-ClI deformation
Ring 2 Out of plane deformation

Ring 2+1 Out of plane deformation

Deformation of phenyl ring
CH, wagging

C-Cl stretching

CH twist

Ring 2 breathing

Ring 1 breathing

CH wagging+CH bend
Aryl CH in plane bend
C-O asym. stretching

Aryl C-C stretching
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Figure 5.6. (A) Raw and (B) processed Raman spectra of the pharmaceutical tablets

understudy.
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Figure 5.7. Raman spectrum of TiO;

5.4.2. Qualitative Analysis

The PCA multivariate statistical technique was used to discriminate the drugs based
on their API, i.e., drugs containing only PARA, drugs containing only ACE, and
combinational drugs. PCA model was created from Raman spectral data after baseline
correction, trimming, and intensity normalisation. Figure 5.8 A shows the explained
variance by the first ten principal components. It is clear that the first three principal
components explained 98.6% of the total variability of the original variables (PC1 =

95.7%, PC2 = 24 % and PC3 = 0.5%) and are selected for developing the
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classification model. Figure 5.8 B shows the scatter plot of the first three PCs and
illustrates the good clustering of ACE, PARA, and combinational drugs. The loading

vectors corresponding to the three PCs are also given in Figure 5.9.

(A)100 _ (B) 4T . Aceclofenac-API
) e - , Paracetamol-API
2 994 ~ 3{ Tablet B
8 ///’ = RIS Tablet A
E 98 w % Tablet C
> | ) 2 . Tablet D
3 ) 3 Tablet E
£ 971 m 1
o O
[=% o
X 96 0 46 >
-1 02 NS
95 T . . : o
2 4 6 8 10 2 =
No. of Principle components v P own g 8’
: P P S 388 q

'Pc
1 (95.7%)
Figure 5.8. (A) Explained variance by the first ten principal components, and (B)

PCA score plot showing the clustering of tablets based on their ingredients.
The ACE Raman peaks mainly contribute to PC1 loading and get higher PC1
score values for pure ACE API, tablet A, and tablet B. Although tablet E contains

ACE, the presence of PARA (having a negative correlation) makes its PC1 value

(A) 2 PC1
:; 0.0
7
g -0.2
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(B) 5 0.2
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c
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© 3 °%pc3
=z O.O-W\f\/‘«/\\/\f\-/\/\r\z\w
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& -0.2]
E

1000 1200 1400 1600
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Figure 5.9. PCA loading vectors of (A) 1% (B) 2" and (C) 3™ principle components
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smaller. PC3 is contributed by both ACE and PARA peaks with a positive correlation.
Tablets having both these APIs (e.g., E) get higher PC3 value. On the other hand, PC2
is mainly contributed by peaks in the range 1400-1500 cm™, which is found only in
tablet A. Although Raman spectra of A and B have prominent peaks arising from
TiO, at 519 cm™ and 640 cm™, their contribution is not reflected in PCA because the
trimming operation has removed the spectral information below 810 cm™. Thus, the
created PCA model could classify the tablets into three groups based on the API
content. The performance of this model was evaluated on the test data, and all the test

samples were correctly classified, see data presented in Figure 5.10.

@ Aceclofenac -pure

4-‘ [P @ Paracetamol-pure
!."' @ |+ © TabletB
31 ¢ * I) @ Tablet A
N i’ R Tablet C
T - Tablet D

Tablet E

PC3 (0.5%)

PC2 (2.5%)

Figure 5.10. Classification of test data using the PCA model, the points marked in
star shape corresponds to the test data, and the round shape corresponds to the
training data.

5.4.3. Quantitative Analysis

Raman spectra of laboratory prepared ACE-PARA mixtures of varying concentrations
(0-100 weight percentage) are shown in Figure 5.11 and used to create the
quantification models. For performing quantitative analysis, PCA analysis was first

performed on the calibration data set. Results revealed that the first two principal
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components explain ~ 97% of the variance (Figure 5.12 B). The PCA score plot of the

first two components and the corresponding loading vectors are shown in Figure 5.12,

B, 5.13.
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Figure 5.11. Raman spectra of laboratory prepared 0-100 % w/w mixtures of ACE.
Data were baseline corrected, trimmed to 810-1750 cm™, and intensity normalised.

] ® 100 B
(A) © + 90 (8) 98- "]
K4 A g0 —
A ® 0 3
3 ® oo g 964
O\O 50 =
@ 40 g
© 0 ® -
~ ] 20 o 94
] + @ 10 =
o 40 8
-3 a
0
< 3 921
?
-6
r r r T T 90 T T T T
-10 0 10 20 30 2 4 6 8 10
PC1 (91.5%) No. of Principal components

Figure 5.12. (A) PCA score plot, and (B) explained variance of the first 10 principal
components.
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Figure 5.13. (A) PC1 and (B) PC2 loading vectors of the PCA model performed on
the quantification calibration model.
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Three different quantitative models were analysed based on the above said PCA
combined with regression and are described in detail below.

(i). PCR regression

For creating a quantification model, regression of the first two principal components
against the API concentration was performed using the multiple linear equations of the
form y=A*x+B*z+C. The estimated values of the coefficients are shown in equation
5.5. The plot of the estimated API concentration from the multiple linear equation
value against the actual API concentration of the training data is shown in Figure 5.14.

The resulting R? value of the fit is 0.9693.

100+

~
a1

N
(€3]

Actual API conc. (%)
a
o

20 40 60 80 100
Ax+Bz+C

Figure 5.14. Plot showing the relation between PC1 values against the concentration
predicted by the multiple linear equations.
Predictedcon.=(2.22*PCy)+(2.213*PC,)-1.13*10"3+50 (5.5)
From the curve it is obvious that the fitting is poor in the entire concentration
range moreover the relation doesn't look linear, providing further scope for
improvement in prediction.

(ii). Polynomial PCR regression with PC1 (Mod-PCR 1)

To improve the prediction accuracy of the quantification model, we studied different
ways to enhance the R*-value of the fitting model. Figure 5.15 represents the plot of

1% principal component against the API concentration of the training data set. The
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graph can be best fitted by a 3" order non-linear relation of the form Y = A*x + B*x?

+ C*x* + D, and the estimated coefficient values are shown in equation 5.6.
Predictedcon.=( 1.828*PC1)+(-0.108*PC;%)+( 0.00376* PC;*)+63.24 (5.6)

The resulting R? value of the fit is 0.983 which is better than the value shown in the

PCR regression model.

40+ R?=0.983

Actual API (%)
[o)]
o

20
0]a 68.24+1.828.X'+:0.108.X°+0.00376.X°

-10 0 10 20
PC1

Figure 5.15. Plot showing the relation between PC1 values against API
concentration, the red line showing the non-linear fit.

(iii). Polynomial PCR regression with PC1 and PC2 ( Mod-PCR2)

It is to be noted that PC1 accommodates only 91.5% of the variance (Figure 5.12 B).
One way to improve the prediction accuracy could be by using principal components
explaining more of the variance. PC1 and PC2 together accommodate 95% of the
variance and thus decided to use both these components in prediction. Figure 5.16
represents the plot of PC1+PC2 against APl concentration. This graph is also best
fitted by a 3" order non-linear relation of the form Y = A*x + B*x* + C*x*+ D . The
resulting R? value of the fit is 0.989.

The above described three quantification models i.e. PCR, Mod-PCR1, Mod-
PCR2 modelled using the training data was evaluated for predicting the concentration

of API from the test data. The details are provided in the next section.
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Figure 5.16. Relation between PC1+PC2 values against API concentration

5.4.4. Prediction Accuracy of Quantitative Models

30% of the laboratory prepared mixtures was used for testing the quantification
models. The ACE, API concentration was predicted from test data set using the three
models, is tabulated in Table 5.3. The data were averaged for 4 spectra for each
concentration. The calculated RMSE and R?-value of the prediction are tabulated in
Table 5.4.

Table 5.3. Actual and predicted concentration of API from test data using PCR, Mod-
PCR1 and Mod-PCR2 models

Actual AI_DI Predicted API concentration
concentration PCR Mod-PCR1 Mod-PCR2

0 10.03172 9.61993 7.26639
10 13.18034 13.05774 11.13397
20 17.39555 17.42915 16.24976
30 23.90204 24.02954 25.49811
40 31.82306 32.06711 35.37062
50 47.59341 47.78935 53.00515
60 60.63667 60.7905 64.10682
70 71.61022 71.60984 70.29863
80 84.66385 84.58078 76.39846
90 93.87551 93.73863 90.01752
100 93.30101 93.29861 99.9269
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Table 5.4. Comparison of RMSE and R? value of the quantification models.

Model RMSE  R?value

PCR 5.3 97.1
Mod-PCR1 3.7 98.6
Mod-PCR2 2.8 99.2

The results revealed that the prediction accuracy got improved by using polynomial
regression rather than the traditional multiple linear regression. The R? value
improved from 97.1% to 99.2%, and the RMSE reduced from 5.3 to 2.8. Thus,
incorporating more principle components in prediction will help to increase the

accuracy of prediction.

5.4.5. Evaluation of the Model in Classifying Genuine and Fake Samples

As the ultimate aim is to determine and quantify the APl and predict the genuineness
of the tablet from its dosage (overdosage/ under dosage), we carried out further
validation of the models through ROC Analysis. An independent validation set
consisting of 16 fake equivalents and 16 genuine equivalents, thus a total of 32 data
was used for ROC analysis. Tablet E and prepared mixture with 23.5% API is
labelled as genuine, and prepared mixture with 10, 20, 30, 40 % API are used as fake.
The API concentration was predicted from these samples using the three
quantification models, and the results are tabulated in Table 5.5. Furthur TP, FP, TN,
and FN were calculated at nine different threshold levels in the range 23.25-23.75 and
8-45. The calculated values at a selected threshold value are tabulated as a confusion
matrix in Table 5.6.

From the confusion matrix, TPR and FPR were calculated using Equations 5.3
and 5.4, and the results are presented in Table 5.7. Later ROC curve is plotted from

TPR and FPR values, and the measured AUC is represented in Figure 5.17.
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Table 5.5. Actual and predicted concentration of API for genuine and fake equivalent
samples

il A:gjél Predicted ACE (% w/w)
type (% wiw) PCR Mod-PCR1 Mod-PCR2
31.61605 35.66937 39.11073
40 31.90643 34.58759 39.43793
32.40665 37.03129 39.97945
32.69619 36.53701 40.2942
13.5595 12.03123 10.21133
12.77147 10.43517 8.473934
10 13.4393 11.6133 9.950105
12.98035 10.86872 8.938966
Fake 17.49387 16.98866 18.22404
2 17.60684 16.70641 18.43989
16.91717 15.62802 17.1202
17.31146 15.81394 17.8804
23.79607 24.32191 28.92001
%0 23.90456 26.68333 29.5577
23.76553 23.83584 28.87741
24.00071 24.4303 29.45223
18.02124 17.0648 19.21856
18.61794 18.47514 20.31611
17.81649 16.63638 19.8363
18.63029 19.76191 20.33753
235 17.65975 16.23255 18.54207
18.63358 19.00833 20.34255
20.44662 21.24217 23.54196
entine 21.33882 22.11615 24.04117
17.6749 17.94622 18.56372
18.29217 20.10584 19.70997
18.38531 19.70476 19.88376
ablet E 17.90027 19.66195 19.9813
18.32947 19.72839 19.78054
18.08524 19.35448 19.32866
18.48025 20.49474 20.05532
19.8631 20.88016 20.7528
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Table 5.6. Confusion matrix for three different methods at a selected threshold

Actual
PCR Mod-PCR1 Mod-PCR2
Genuine | Fake Genuine Fake Genuine Fake
3
S
g Genuine TP-3 FP-4 Genuine 11 3 Genuine 14 0
o
' Fake FN-13 | TN-12 Fake 5 13 Fake 2 16
Table 5.7. Calculated TPR and FPR at different threshold levels
Threshold PCR Mod-PCR1 Mod-PCR2
TPR FPR TPR FPR TPR FPR
Tl [23.25-23.75] 0 0 0 0 6.25 0
T2 [22-24] 0 25 6.25 6.25 6.25 0
T3 [21- 25] 6.25 25 12.5 18.75 12.5 0
T4 [19-26] 18.75 25 68.75 18.75 87.5 0
T5 [17-27] 100 43.75 87.5 25 100 25
T6 [15-28] 100 50 100 50 100 25
T7 [12-35] 100 100 100 62.5 100 50
T8 [10-38] 100 100 100 100 100 56.25
T9 [8-45] 100 100 100 100 100 100
1.001 /i
?AUC—O 98 / —=—PCR
=0 —k— Mod-PCR
X 0.75- / —%— Mod-PCR2
= AUc=0.79
2
2 0.50-
o AUC=0.67
g 0.25
7 J
P
0.004& ! : : :
0.00 0.25 0.50 0.75 1.00

FPR (1-selectivity)

Figure 5.17. ROC plot for the three quantification models at nine different threshold

levels
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The results showed that AUC is highest for Mod-PCR2 (0.98), with Mod-
PCR1 second best and PCR the worst. Thus Mod-PCR2 is the best classification
model in predicting genuine and fake samples. For implementing the selected model
for classifying the samples into genuine and fake effectively, a threshold level needs
to be selected in such a way that the classification has the highest sensitivity (TPR)
and selectivity (100-FPR). The tabulated data shown in Table 5.7 illustrates that the
optimum threshold value is at T4, having a sensitivity and selectivity respectively as
87.5 % and 100%. This indicates that, at this threshold level, the classifier model
correctly classifies all the fake samples and 87.5% of the genuine samples. In the
current case, the portable Raman spectroscopic system will be used as a screening
method for counterfeit detection. It is required that all counterfeit drugs be detected,
with no false positives (i.e. fake drug classified as genuine), thus T4 will be the best

choice for predicting the quality of the selected drug.

5.4.6. Software Development for Quality Testing

For automatically predicting the API concentration in the pharmaceutical tablets using
the developed quantification model, a standalone windows application was developed
using MATLAB® guide. The user interface of the developed application is shown in
Figure 5.18. The detailed flowchart of the algorithm used for developing the software

is shown in Figure 5.19.
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Figure 5.19. Computational algorithm of the developed standalone application for
pharmaceutical quality estimation.
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Blind Sample Analysis: To evaluate the performance of the developed standalone
application in predicting the API concentration, various laboratory prepared mixtures
of ACE-PARA and commercial samples were analysed. The obtained results are also
compared with HPLC data. The average value of the concentration predicted from 4
repeated experiments is tabulated in Table 5.8. As a representative example, Figure
5.19 shows the snap-shot of the software showing the raw Raman spectrum and
predicted API concentration of the sample S4. Figure 5.20 shows the chromatogram of
the same. The software estimated concentration is 24.6% while the HPLC analysis of
the same yielded concentration is 23.57% (Figure 5.20).

Table 5.8. Comparison of results obtained from HPLC and the developed standalone
application

Laboratory prepared mixtures

Raman spectrometer HPLC
Sample
(% wiw) (% wiw)
S1 10.35 8.55
S2 18.24 16.05
S3 39.44 40.92
S4 24.6 23.57
Pharmaceutical samples
Raman spectrometer HPLC
Sample
(% wiw) (% wiw)
Cl 100 99.09
Cc2 100 99.58
C3 0 3.85
C4 0 25
C5 21.9 22

The results showed that the ACE concentration estimated from Raman spectral
studies is in good agreement with the prediction from HPLC data, with a maximum

deviation of prediction as +/-4. Raman spectroscopic analysis is very fast, requires no
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sample preparation and is non-destructive in comparison with the HPLC analysis. As
a result, the demonstrated method could be used as a screening method for analysing
pharmaceutical product quality and classify the tablet into genuine and fake based on

the API content.

" m! PHARMACEUTICAL QUALITY CHECK

LY My
e ™

() BSCorrection [ Save Aceclofenac32SmgParacetamol100mg_9(1)_Sample_01-16-2020_17-56-41-41.csv
Selected sample Results

PRODUCT CATEGORY

Aceclofenac Paracetamol Tablet

AP| CONTENT Aceclofenac conc.(%)

24.6126

QUALITY
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Figure 5.20. Predicted API concentration from the laboratory prepared mixture
containing 23.5% ACE.

mAU

] PDA Multi 1
250 I

] |Area:=4181908
200 ‘}
b | Area=2226023

g J
0
P S S — ‘ L T

0.0 25 5.0 75
min

Figure 5.21. HPLC chromatogram of the laboratory prepared mixture containing
23.5% ACE

5.5. Summary and Future Scope

RS is a powerful tool for fast and non-destructive analysis of pharmaceutical products.

The flexibility of determination and quantification of ACE from single and
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combinational dosage tablet by portable Raman spectrometer in combination with
multivariate analysis was investigated in this chapter. PCA with the first 3
components was able to classify the spectra into 3 groups based on the type of API
present. Furthur the quantification of ACE from the tablets was performed using
multivariate regression models. Instead of the traditional linear PCR, the polynomial
regression based modified PCR model showed superior performance in accurately
quantifying the API from tablets. The ability of the PCR models as a binary classifier
to categorize the tablets as genuine and fake was evaluated through ROC analysis.
The results showed that all the prepared fake samples were correctly classified as fake
with 100% selectivity, and correctly classifies 87.5% of the genuine samples. The
developed software could be incorporated into a portable spectrometer and thus
enables easy determination of pharmaceutical quality. The developed method opens
up possibilities for detecting counterfeit drugs even if they contain the right APIs but

do not conform to the quantity claimed by the pharmaceutical company.
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CHAPTER 6

Development of a Smartphone Spectrometer
System for Colourimetric Detection of Heavy

Metal Ions
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6.1. Abstract

One of the leading causes of water pollution is heavy metals like lead and mercury.
Currently, its detection relay on specialized analytical techniques that are costly, bulky,
and laborious processes. Thus, there exists an unmet need to develop an easy and
portable detection technique for water quality testing. Herein, we report a silver
nanoparticle (AgNP) based system exhibiting high selectivity and distinct
spectrophotometric behaviour towards these metal ions in the aqueous medium. Though
many of the metal ions did not influence the characteristic plasmon spectral profile of

AgNPs, mercury caused the disappearance of absorbance at ~ 400 nm. Consequently, the
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yellow solution became colourless at around 7.6 ppm of Hg** ions. In contrast, the
presence of Pb** ions induced a decrease in the initial plasmon intensity with the
concomitant emergence of a new red-shifted band above 500 nm. As a result, the colour
of the solution turned from yellow to red. These colour changes fall well within the
spectral responses of R, G, and B filters of the digital camera. Using this, an android
mobile application was developed to do further qualitative and quantitative analysis by
digitizing the colour values. The estimated concentration value by this method was found
to be in good match with those obtained from the absorption spectral measurement. The
achieved lower detection limits were ~ 0.8 ppm for Hg?* and ~ 1.5 ppm for Pb?* ions.
This illustrates the potential of the proposed combination of smartphone system with
AgNPs for easy discrimination and quantification of these two heavy metal ions from the

agueous medium.

6.2. Introduction

Ensuring water quality is essential for sustaining the good health of humans as well as
the environment. Mercury and lead are the two heavy metals considered to be the
most toxic that pollute aquatic systems and pose a life-threatening danger to living
beings.'® Presently, the estimation of heavy metal ions from water relies on
specialized and sophisticated analytical instruments such as mass, atomic absorption
and emission spectroscopies.”*! They are either bulky, expensive, or involve laborious
processes and require trained professionals for operation and thus are unsuitable for
onsite field analysis. Therefore, there exists an unmet global need for developing
portable and cost-effective devices. Further, the methodologies should be easy to
perform, have fast response, high sensitivity and selectivity.

In principle, this can be fulfilled by utilizing smartphone computing

technologies. Lately, there is growing attention for portable, low-cost optical
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spectroscopic devices integrated with mobile phones. New generation smartphones are
equipped with various types of sensors and even advanced technologies like artificial
intelligence and machine learning, opening up possibilities for onsite analysis in
numerous fields.> Some of the recently reported works that specifically utilize the
camera for sensing applications are colourimetric detection of pH,** haemoglobin,**
Bisphenol,*® and fluorescent lateral flow immunoassay (LFIA) platforms for the point
of care detection of Zika virus'® etc. These were possible by measuring analyte
induced variations in either colour or light intensity of the sample upon interaction
with a camera. However, the chemical assay’s sensitivity and selectivity determine the
translation potential of smartphone-based chemical sensors.

Metal nanoparticles exhibit intense colour due to the presence of surface
plasmon resonance. In most cases, analytes induce changes to the plasmon spectral
profiles resulting in visual colour changes. This has led to the development of several
naked eye chemical sensors.*’?? Moreover, to improve the sensing accuracy, people
attempted incorporating smartphone cameras for this colourimetric detection.*%
Major advantage of metal nanoparticles is the simplicity of production. Presently,
many procedures are available for the easy synthesis of nanoparticles, including
simple room temperature mixing of metal salts with a reductant and a suitable capping
ligand.?®?®

This chapter reports a silver nanoparticle based system that exhibits distinctly
different spectrophotometric behaviour towards Pb** and Hg?* ions from the aqueous
medium. Hg?* ions resulted in gradual fading of the yellow colour of the AgNP, while
Pb** induced a drastic colour change to red. However, little spectral changes were
noted for other interfering metal ions. Interestingly, the spectral variations induced by

Pb* and Hg?* ions fall well within the spectral response of the R, G, and B colour

filters of the digital cameras. By taking advantage of these, we could use a smartphone
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and develop a mobile application that can automatically distinguish Pb** and Hg**
ions from the aqueous medium and quantify them with a detection limit of ~ 1.5 ppm

and ~ 0.8 ppm, respectively.

6.3. Experimental Section

6.3.1. Materials and Methods

Nickel(Il) acetate (C4HgNiO,), Magnesium(ll) sulphate (MgSQ,), Zinc(ll) sulphate
(ZnS0Oy4),  Calcium(ll) perchlorate (Ca(ClOy),), Cadmium(Il) chloride (CdCly),
Mercury(ll) acetate (C4HsO4HQ), and Sodium hydroxide (NaOH) were obtained from
M/s Sd fine chemicals. Silver nitrate (AgNO3) and Mercury(ll) chloride (HgCl,) was
purchased from M/s Merck. 3,4-dihydroxyhydrocinnamic acid (DHCA) was obtained
from M/s Sigma Aldrich Corporation, Lead(ll) perchlorate trihydrate
(Pb(Cl0O,4),-3H,0) was purchased from M/s Alfa Aesar. All chemicals were used as
received. Stock solutions of all the reagents were prepared in doubly distilled water.
All the chemicals used herein were of analytical grade. The electronic absorption
spectra were recorded on UV-Vis-NIR spectrometer Lambda 950 (M/s PerkinElmer,
Inc.). For transmission electron microscopic (TEM) studies, samples were prepared by
casting a few drops of their aqueous dispersions on carbon-coated copper grids
followed by drying at room temperature and analyzed with FEI 300 kV high
resolution transmission electron microscope (FEI-Tecnai G2—30 with EDAX). The
hydrodynamic diameter and zeta potential of the nanoparticles were measured by
dynamic light scattering (DLS), using a Zetasizer Nano ZS (M/s Malvern
Instruments). For FTIR studies, DHCA capped AgNPs was precipitated by
centrifugation, dried, mixed with KBr and spectra were acquired in diffused

reflectance mode using IRPrestige-21 (M/s Shimadzu corporation).
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6.3.2. Synthesis of Silver Nanoparticles (AgNPs)

AgNPs were synthesized through one-step room temperature reduction of AgNO3
with 3,4-dihydroxyhydrocinnamic acid (commonly called as dihydrocaffeic acid or
DHCA) in the presence of sodium hydroxide. Similar to the metal nanoparticle
formation by other ligands such as gallic acid, L-DOPA and others*** herein, DHCA
plays the roles of both reducing and capping agents. Mainly, the dihydroxy group acts
as the reducing part, and the anchoring of the acid moiety or the carbonyl groups
imparts colloidal stability to the nanoparticles.

The synthesis was carried out as follows: 0.74 mM (10 mL) of silver nitrate
solution was first mixed with 30 mL of deionized water under stirring. To this,
solutions of 60 puL of 10 mM DHCA and NaOH (20 uL, 0.15 M) were added together

and stirred at room temperature until it turned yellow.

6.3.3. Interaction of AgNPs with Metal Ions

Initially, to study the sensing capabilities, we prepared stock solutions of metal ions
by dissolving their corresponding salts in doubly distilled water (e.g. 7.39 mg of
HgCl, and 12.95 mg of Pb(ClO,4),.3H,0 in 10 mL distilled water each and the final
stock solution concentrations were 2.72 mM and 2.81 mM respectively). Titration
experiments were conducted by adding an aliquot amount of these stock solutions into
2 mL of the AgNPs. The final metal ion concentrations in nanoparticle solution
estimated are [Hg**] = 0 ppm, 0.8 ppm, 1.6 ppm, 2.2 ppm, 3.3 ppm, 6.05 ppm, 7.6
ppm, and [Pb**] = 0 ppm, 1.45 ppm, 2.9 ppm, 4.35 ppm, 5.8 ppm, 8.7 ppm.
Absorption spectral measurements of AgNPs, after each volume addition of
metal ions, were carried out in quartz cuvette (1 cm path length). For smartphone-
enabled colourimetric sensing, 2 mL of the AgNP solutions containing varying

concentrations of metal ions were transferred into glass vials and photographed using
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a mobile camera. To minimize the effect of room light, all the samples were kept in a
similar white background and photographed under the same lighting conditions. The
R, G, and B values of these photographs were first extracted using ImageJ software.
By comparing the variations in their RGB values with the absorbance changes, a
correlation is drawn based on which we developed an algorithm for the distinction and

quantification of the metal ions.

6.3.4. Mobile Application Development

A mobile application was developed using Android Studio 3.1.4 with Software
Development Kit (SDK) Android Nougat, installed on a Laptop with 64 bit Windows
10 operating system. The application was developed in such a way that it can take
photographs using a mobile phone’s camera, extract R, G, and B values from the
selected region of interest (ROI) and, with the help of an algorithm, can distinguish
toxic metal ions and predict their concentrations using a linear equation model. The
developed android application was tested on a Motorolo android smartphone with

model No: MotoG5SPIus.

6.4. Results and Discussion

6.4.1. Characterization of AgNPs

In the present case, nanoparticles are prepared by the addition of DHCA and NaOH to
AgNO; solution. We observed the emergence of a yellow colour in the solution within
two minutes of mixing the reagents. (Figure 6.1 A). The corresponding absorption
spectral measurements showed a strong absorption band in the range 320 nm — 500
nm with a peak maximum at around 400 nm (Figure 6.1 B). It is known that AgNPs
exhibit characteristic plasmon absorption in the 400 - 500 nm, which is size and shape

tunable.®* Therefore, we attribute the band at 400 nm to plasmon absorption of the
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formed AgNPs.
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Figure 6.1. (A) Colour photograph and (B) absorption spectra of the AgNP
synthesized by addition of 10 mM DHCA to 0.74 mM AgNOs; in the presence of 0.15
M NaOH.

To have a clear understanding of the nanoparticle’s size and shape, we performed
detailed DLS and TEM analysis. The DLS curve presented in Figure 6.2 A exhibits a
major peak in the range 25-100 nm and a minor in the range 5-10 nm. The representative
example of TEM images of AgNPs is shown in Figure 6.2 B. Morphologically the
nanoparticles formed are multiply twinned spheres and prisms. Most majority of the
particles have a size ~ 60 nm. Nevertheless, a small portion of smaller particles is also

visualized in the TEM images and corroborates with the DLS analysis.
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Figure 6.2. (A) DLS curve and (B) TEM image, showing the size distribution of
synthesized AgNPs.

In order to estimate the nature of the capping agent, analysis was conducted using

FTIR studies. The IR spectrum of the AgNPs displayed significant absorption peaks at
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3450 cm™, 2880 cm™, 1508 cm™, and 1068 cm™ corresponding to O-H stretching, C-H
stretching, C=C stretching, and O-C stretching respectively. This gives evidence for the
presence of H-bonded DHCA on the surface of the AgNPs synthesized herein (Table 6.1

and Figure 6.3).
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Figure 6.3. FTIR spectrum of the DHCA capped AgNPs.

Table 6.1. Important vibrational frequencies of the DHCA capped AgNPs.

Wavenumber (cm™) Vibrational bond
3450 O-H stretching
2880 C-H stretching
1508 C=C stretching
1522 C=C stretching (in ring)
1778 C=0 stretching
1350 O-H bending (in-plane)
1628 C=C stretching
1420 =C-H bending
1068 O-C stretching
1116 =C-H bending

6.4.2. Interaction of Silver Nanoparticles with Hgz* ions

Figure 6.4 is a representative example of the colour photograph of the nanoparticles
solution after the addition of varying amounts of Hg** ions. The AgNPs exhibited
brilliant yellow colour (vide supra). However, the colour of the nanoparticle solution

gradually faded as the amount of Hg?* ions is systematically increased and became
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completely transparent at ~ 7.6 ppm of Hg?".

H g2+

v

0 0.8 1.6 2.2 3.3 6.1 7.6

|

Figure 6.4. Photographs illustrating the colour changes induced to AgNPs by the
presence of Hg”* ions at 0 ppm, 0.8 ppm, 1.6 ppm, 2.2 ppm, 3.3 ppm, 6.1 ppm, and
7.6 ppm.

(i) Absorption spectral studies

To investigate the scientific reason behind the Hg®™ ion induced colour fading,
detailed absorption spectroscopic studies were conducted. Figure 6.5 A shows the
absorption spectra of AgNP solution after the addition of varying amounts Hg”" ions.
It could be noticed that, with an increase in Hg®" ions concentration, the wavelength of
absorption maximum underwent a continuous blue shift. In addition to this, there was
a continuous decline in the optical density of the AgNP solution. The optical density
got steadily decreased from 0.6 to 0.07 as the Hg”" ions concentration is raised from 0
ppm to 7.6 ppm. This decrease in optical density is the primary reason for the noted

colour fading. A plot of the integrated intensity as a function of the metal ion
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Figure 6.5. (A) Changes in absorption spectra of AgNPs by the presence of varying
concentrations of Hg®* ions, and (B) plot of the area under the absorption curve in the
range 320-500 nm as a function of Hg?* concentration.
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concentration exhibited an excellent linear relationship with an R* value of 0.996
within the investigated concentration range (Figure 6.5 B). This illustrates the
potential of the current system for the quantitative estimation of Hg”" metal ions from

the aqueous medium.
(ii) Mechanism of interaction

The possible reasons for the observed blue shift and dampening of plasmonic features
are (i) size reduction of AgNPs by disintegration, (ii) precipitation, or deposition of
Hg on the surface of AgNP, (iii) changes in electron density induced by Hg”" ions, or
(iv) influence of counterions. From the literature reports, it can be found that the
chloride, the counter ion employed in the current studies, may influence the plasmon

3233 In some of the reported studies, chloride

spectral profile of AgNPs in either way.
ion caused aggregation of AgNPs through surface modifications as well as an increase
in ionic strengths, thereby reducing electrostatic repulsive interactions. Studies also
have brought the disintegration and shape modification through oxidation mediated
silver ion dissolution. However, these observations are made at chloride ion
concentrations above mM range, which is ~ 100 times higher than present studies. To
completely rule out this assumption, experiments were conducted under similar
conditions with other metal chloride salts. For example, Figure 6.6 A shows the
absorption spectra of AgNP solution in the presence of 0-33 ppm of CdCl, solution.
We noted no significant change in absorption spectral profiles. Thus, the observed
plasmon disappearance and hence the colour fading can solely be attributable to Hg*"
ions. This was further reinstated by the observation of plasmon dampening by
mercury salt having other counter ions. Figure 6.6 B shows the change in the

absorption spectra of AgNP in the presence and absence of mercury acetate. The

dampening of plasmon absorption observed was similar to the results obtained by the
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addition of HgCl, salt (Figure 6.5 A). This confirms that the observed colour fading,

as shown in Figure 6.4, is due to the influence of Hg*" ions.
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Figure 6.6. Absorption spectra of AgNP solution in the presence of (A) 0-33 ppm
cadmium(Il) chloride (B) 9 ppm mercury(ll) acetate.
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Figure 6.7. (A) DLS curve, and (B) TEM image, showing the size distribution of
AgNPs in the presence of Hg”* ions.

Presented in Figure 6.7 are the results of TEM and DLS investigations. The
comparison of TEM data with pristine nanoparticles (Figure 6.2 B) revealed no
considerable change to the nanoparticle’s size (Figure 6.7 B). On the other hand, DLS
data showed a slight enlargement of ~ 20 nm in the average particle size with 0 ppm
to 3.3 ppm of Hg2+, and no more growth in particle size was observed with further
increasing the concentration. The adsorption of Hg atoms on the surface of AgNP may
have caused a small increase in particle size at first. Therefore, we argue that the Hg

atoms are adsorbed on the surface of the AgNP through amalgam formation.
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Amalgam formation was confirmed from the EDX measurements, Figure 6.8

primarily showed the characteristic ‘Lo’ and ‘Ma’ lines of Hg, along with the ‘Ma’

lines of Ag.
S 30
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Figure 6.8. Energy dispersive spectrum(EDS) showing the presence of Hg atoms on
the surface of AgNPs.
In the electrochemical series, Hg*" occupies slightly lower position compared
to Ag+ ion (Eagiag = 0.8 V and Epgome = 0.85 V). Thus, when added to the
nanoparticle solution, Hg*" ions can easily displace the Ag from nanoparticles

(equation 6.1), and this process is thermodynamically feasible.

24g) + HZ g > 248wy + Hgpy) (6.1)

AgNPs  Plasmon dampening

Hg2+ ‘
e

-~ A

O .
o OO <Hg

+
Amalgamation Hg + 2Ag

Figure 6.9. Schematic representation of electrochemical displacement of Ag atoms by
Hg?" ions and its adsorption onto the nanoparticle surface.
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6.4.3. Interaction of Silver Nanoparticles with Pb2+ ions

Figure 6.10 is a representative example of the colour photograph of the nanoparticles
solution after the addition of varying amounts of Pb>" ions. In contrast to the Hg*"
ions, the addition of Pb*" ions induced a drastic colour change to the AgNPs. The
colour of the solution got gradually changed to orange and red upon increasing the
Pb*" ion concentration to 8.7 ppm.

Pb2*

v

0 1.45 2.9 4.35 5.8 8.7

Figure 6.10. Photographs illustrating the colour changes induced to AgNPs by the
presence of Pb?* ions (from left to right [Hg**] = 0 ppm, 1.45 ppm, 2.9 ppm, 4.35
ppm, 5.8 ppm, and 8.7 ppm).

(i). Absorption spectral studies

Figure 6.11 A shows the absorption spectra of AgNP solution after the addition of
varying amounts of Pb>" ions. It could be noticed that, with an increase in Pb>" ions

concentration, the optical density of the native plasmon absorption continuously
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Figure 6.11. (A) Changes in absorption spectra of AgNPs by the presence of varying
concentrations of Pb®* ions, and (B) plot of the area under the absorption curve in the
range 500-700 nm as a function of Pb®* concentration.
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decreased from 0.8 to 0.5. Besides, a new red-shifted peak started forming in the range
500-700 nm. Both the intensity and wavelength of this new band got amplified with
increasing concentrations of Pb>" ions. A plot of the integrated intensity of this new
band as a function of the metal ion concentration exhibited an excellent linear
relationship with an R? value of 0.994 within the investigated concentration range

(Figure 6.11 B).
(ii) Mechanism of interaction

Several previous studies have established that the absorption maximum of metal
nanoparticles undergo a bathochromic shift when nanoparticles are brought too close
to each other. In such cases, the individual plasmons undergo interparticle coupling,
resulting in new low energy plasmon oscillation. We argue that the possible reason for
the appearance of the red-shifted absorption band could be due to the interplasmon
coupling facilitated by Pb®* ions through aggregation.

Figure 6.12 shows the results of TEM and DLS investigations. Cluster
formation of AgNPs was evident in TEM images. DLS data also supports this, i.e. the
size of particles changed from ~ 60 nm to ~ 180 nm with increasing the Pb* ion
concentration from O ppm to 8.7 ppm (Figure 6.12). The enlargement in

hydrodynamic diameter in the presence of Pb®" ions is a clear indication of aggregate
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Figure 6.12. (A ) TEM image, and (B) DLS data showing the size distribution of
AgNPs in the presence of Pb®* ions.
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formation.

This suggests that Pb?* jons cause the aggregate formation of AgNPs and is
possible through the binding of Pb®* ion with multiple ligands residing on different
nanoparticles, thereby bringing them close to each other. The zeta potential
measurement of metal nanoparticles indicated a very high surface charge of -40 mV
(at around pH 5). This acts as a repulsive force against the agglomeration of
nanoparticles imparting high colloidal stability. Thus, only those nanoparticle: analyte
interactions capable of overcoming this strong Coulumbic repulsion can induce
aggregation. Lead is unique in having flexible bond lengths and coordination number.
It can simultaneously bond with ligands on the surface of different nanoparticles,

thereby bringing AgNPs close to each other thus promoting agglomeration.

AgNPs Red shift

Pb2*
- —>

|

’ - [ % @(
Aggregation

Figure 6.13. Schematic representation of the aggregate formation of AgNP induced
by Pb®* ions.

6.4.4. Interaction of Silver Nanoparticles with Other Metal Ions
To establish the selectivity of sensing, we investigated the possible interference by a
few other metal ions, including the toxic Cd?*ions. Varying concentrations of the

metal ions (Ca®*, Ni**, Zn**, Mg®* and Cd*") in the range ~ 0-30 ppm were added to

the AgNP solution. As shown in Figure 6.14 F, only minor changes in optical density
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Figure 6.14. Absorption spectra of AgNP solution in presence of (A) 0-12 ppm
calcium(ll) perchlorate, (B) 0-17 ppm nickel(ll) acetate, (C) 0-19 ppm zinc(ll)
sulphate, (D) 0-33 ppm Cadmium(ll) chloride and (E) 0-7 ppm magnesium(ll)
sulphate and (F) selectivity plot showing the absorbance difference at 400 nm between
AgNPs in the absence and presence of different metal ions.

(<0.01) at the plasmon absorption maxima were observed in the presence of these
metal ions. Hence we did not observe any characteristic colour change in the AgNP
solution. This reveals their inability to induce AgNP agglomeration or any

amalgamation under similar experimental conditions.

6.4.5. Colourimetric Analysis Through Photographs

Though the observed distinct and characteristic colour change serves the purpose of
naked eye distinction of the metal ions, it has the inherent drawback of quantification
since the colour perception is individual dependent. To overcome this, we thought of
developing a simple photometric method for distinction and quantification. Presently,
smartphones are an inevitable part of everyday life and are commonly equipped with
cameras, though of varying capabilities. The camera, in general, consists of a 2D array
of photosensory elements called pixels. Each pixel is equipped with a combination of

blue (B), green (G), and red (R) filters, which selectively pass a band of wavelengths
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Figure 6.15. Schematic representation illustrating the basic principle of colour
photographing using a mobile phone camera. The Graphical user interface (GUI) of
the developed application for metal ion sensing is also shown.

in the range 400-500 nm, 500-600 nm, and 600-700 nm respectively. The intensities
of each of these primary colours are represented on an absolute scale of 0-255. While
photographing, the reflected light from the object falls on the sensory elements
through these colour filters, generating a photocurrent in the respective pixels and
whose magnitude is proportional to the light intensity (Figure 6.15). Then, the actual
colour of the materials is identified through their relative values. Another crucial
parameter that can be extracted from colour photographs is HSV, a linear colour
code.> In this, H is the angular representation of colour on a scale of 0°-360°. The H
values for the three primary colours, red, green, and blue, are respectively 0°, 120°
and 240°. The S ranges from 0-100%, which represents the colour content or the
saturation value. V varies from 0-100% with the lighting conditions. Pure AgNPs,
owing to their bright yellow colour, possess an H value close to 60°. The
corresponding R, G, and B values are around 200, 200, and 36 respectively. Herein,

the low value of B is attributed to the strong absorption in the 400 nm.
(i). Variation in colour values for the sample containing Hgz* ions

The extracted R, G, B, and HSV values of photographs of the nanoparticle solutions

containing different Hg** metal ion concentrations are provided in Table 6.2.
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It is clear from the absorption spectra that with the increase in Hg®* ions
concentration, the plasmon peak intensity in the 320-500 nm range decreases linearly
(Figure 6.5 B). The sample becomes colourless and transparent at ~ 7.6 ppm of Hg?*
ions. Consequently, the percentage of blue component in the reflected light steadily
increases and reaches a value of 190, close to the R and G value of pure AgNPs. At
the same time, R and G values remain almost unaltered due to the negligible spectral

changes above 500 nm (Figure 6.16).

Table 6.2. Variation in RGB and HSV values of photographs of AgNP solutions
containing different Hg** ion concentrations

HSV RGB
[Hg™1 ppm  H()  S(%) V(%) R G B

0 60 82.0 78.4 200 200 36
0.8 57 63.5 78.4 200 193 73
1.6 56 55.7 78.8 201 194 89
2.2 55 51.0 79.2 202 194 99
33 55 40.3 78.8 201 194 120
6.1 54 16.1 78.0 199 196 167
7.6 45 2.1 76.1 194 193 190
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Figure 6.16. Variation in R, G, and B values in nanoparticle’s photograph in the
presence of varying concentrations of Hg**.

Also, as the yellow colour fades with increasing Hg** ion concentration, the
corresponding S value decreases (Table 6.2). Thus, the fading of the colour can also

be quantified using the S value as it linearly decreases (Figure 6.17 A). Therefore, B
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and S are the only parameters varying linearly with Hg?* ion concentration. A plot of
this B value against Hg®" ion concentration established a linear relation with an R
value of 0.987 (Figure 6.17 A). Thus, the B value at any given concentration of Hg**
ions can be represented by linear equation 6.2. Herein, the Y intercept C; is the B
value of pure AgNPs. The slope m; represents the rate of change of B versus Hg?* ion

concentration and is estimated to be ~ 20.13 from Figure 6.17.

B=(m; X [Hg"]) + C, (6.2)
200
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Figure 6.17. Plots showing variation in (A) S value and (B) B value of
nanoparticle’s photograph in the presence of varying concentrations of Hg2+ ions.

(ii). Variation in colour values for sample containing Pb2+ ions

The extracted R, G, B, and HSV values of photographs of the nanoparticle’s solutions
containing Pb?* metal ions at different concentrations are provided in Table 6.3. It is
clear that the presence of Pb?* ions altered all the R, G, B colour parameters.
Graphical representation of the variation in colour value with increasing Pb®* ion
concentration is given in Figure 6.18.

Alteration in all the three colour values are due to the following reasons: (i) A
recession in optical density at 400 nm results in a correspondingly intensified value of
the blue component in the reflected light and hence the B value. The growth of a new

absorption band in the range 500-700 nm diminishes the percentage of both green and
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Table 6.3. Variation in RGB and HSV values of photographs of AgNP solutions
containing different amounts of Pb?* ions.

HSV RGB
[Pb*](ppm)  H()  S(%) V(%) R G B
0 60 70.8 83.1 212 212 62
15 45 47.9 85.1 217 191 113
2.9 34 40.5 84.3 215 178 128
4.4 24 33.7 80.4 205 164 136
5.8 22 33.3 80 204 161 136
8.7 15 30.8 77.6 198 152 137
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Figure 6.18. Variation in R, G, and B values in nanoparticle’s photograph in the
presence of varying concentrations of Pb?*.
red components in the reflected light and hence R and G values. Thus, the sum of their
values (R+G) will accommodate both these effects. Therefore, plot Pb®* ion
concentration vs R+G yielded a linear correlation with R? value 0.97 (Figure 6.19 B)
and can be represented by equation 6.3. Similarly, the colour variation can also be

represented by the H value since its value indicates colour.
R+G=(m, X Pb’']) + C, (6.3)

Herein, the Y intercept C, is the R+G value of the pure AgNPs. Also, the slope m; is
the rate of change of R+G as a function of Pb?* ion concentration. From Figure 6.16
C, its value is extracted to be -8.4. Thus, knowing these parameters and R, G, and B

values of the solution containing an analyte of interest, one will be able to quantify
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their concentration.
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Figure 6.19. (A) Linear variation in H value, and (B) linear variation of R+G value,
in nanoparticle’s photograph in the presence of varying concentrations of PbH**.

6.4.6. Android Smart Phone Application Development

To enable smartphone for automatic detection and distinction, these changes in
parameters are considered and incorporated into a mobile application using an android
development platform. The data flow involved in this process is represented in Figure
6.20 and can be described as follows; (i) the first step involves recording the colour
photograph of the pure nanoparticle solution. Subsequently, the user can select the
region of interest (ROI), the portion of the picture containing nanoparticles, and the
software will automatically estimate its characteristic Ry, Grer, Brer Values using

equations 6.4, 6.5 and 6.6.

_xir

R = ~ (6.4)
_2ig

G = m (6.5)
__xib

=%l (6.6)

where r, g, b are the red, green and blue intensities of the i™ pixel, N is the total
number of pixels in the selected region. RGB to HSV conversion is done using an

inbuilt function in android, as given below.*

Colour.RGBToHSV(R, G,B, hsv)  (6.7)
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val H=hsv[0]

Primarily, the value of H close to 60° is used to identify the solution as
AgNPs, and the extracted values of R, G, B, and HSV will be recorded as the
reference. They will also be used to calculate the Y intercepts, C; and C,. In the next
step, the photograph of the solution containing the analyte of the interest can be
recorded and define the ROI. The characteristic values of R, G, B, and HSV will be
extracted from the ROI in the same way as described above using equations 6.4-6.7.
These data are further used for automatic distinction and quantification. As stated
before, Hg®* ion induces alteration to only B value while R & G remain negligibly

affected. Thus, the condition B > B..rand R = R,r and G = G,¢ Will help to recognize

‘ Photograph pure silver NP ‘ ‘ Photograph unknown sample |
y
[ selectROl | i Seleit ROl |
Estimate RGB and HSV Estimate RGB and HSV
values from ROI values from ROI

v

if H is between 55-65, save
RGB, H values as reference,

[

v

Compare RGB, H values of
sample and reference

Hg” ions present

g Pb* ions present ‘

!

Estimate the Pb  ion Estimate the ng'
concentration using concentration using
calibration equation-3 calibration equation-2

Figure 6.20. Schematic representation of the algorithm developed for metal ion
distinction and quantification.
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the analyte as Hg®* ions. The android application will report the concentration of the
Hg?* ions in the sample by substituting the obtained value of B and C; in equation 6.2.
On the other hand, the presence of Pb?* ions induces changes to the entire spectral
window, a decrease in the band intensity at 400 nm with the concomitant rise of
absorption above 500 nm whose intensity as well as wavelength maximum undergoes
a steady rise. This resulted in an alteration to all the three R, G, and B values. Thus,
the argument B > By along with G < Gres and R < Ryes can be used to identify the
presence of Pb?* ions. From the obtained R+G and C, values, the mobile application
will automatically quantify Pb®*" using equation 6.3. The developed android
application was used for determining and quantifying the metal ions from samples.
Figure 6.21 shows the GUI of the developed application explaining the user controls.

Different steps in operating the android application are illustrated in Figure 6.22.

Color Detector

4

Selected Sample:

Select Nano Particle Type

‘ JoPPM
O e 1 <1.5PPM
I =1
! Hg i <3 PPM
1 1
i i <6 PPM -
! Pb | 5
] | Il <20 PPM
"""""""" Il >20 PPM
I A
—

a__,,

Figure 6.21. Snapshot of the developed android application’s GUI showing the user
controls marked as 1. colour of the reference sample i.e. pure AgNP already in the
database, 2. button for updating the reference, 3.button for loading a new data for
analysis 4. colour of the recently selected ROI, 5. panel showing the colour chart
based on the concentration for easy interpretation of the results, and 6. panel showing
the predicted results.
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Figure 6.22. Developed android application screen (i) step 1: loading the reference
sample (pure AgNP) data, (ii) step 2: select the ROI from the reference sample’s
photograph, (iii) step 3: saving the reference sample image into the database, (iv) step
4: updated the reference sample details and load a new sample, (v) step 5: select the
ROI, and (vi) step 6: determined and quantified the metal ion present in the sample as
lead and quantified as < 3 ppm.

Figure 6.23 represents the comparison of the estimated concentrations of the
metal ions through three different modes; (i) absorbance, (ii) manual estimation of
RGB values with ImageJ software, and (iii) automatically reported by the mobile
application. In general, better concentration prediction accuracy is obtained from
absorbance measurement. The R? values for concentration estimation through
absorption spectral, ImageJ involving manual RGB assessment and mobile application

software are respectively 0.995, 0.971 and 0.967. Thus, reasonably good agreement

between these independent measurements has been noted.
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Figure 6.23. Predicted vs actual concentration of (a) Pb** ions and (b) Hg** ions
using colour values from ImageJ, using the mobile app and from absorbance curve.

6.4.7. Real Sample Analysis

Further, to evaluate the utility of the current methodology for real environmental

samples, we attempted to detect mercury from tap water. For that, we have freshly

prepared AgNP solution, and the absorption and the colourimetric calibration curve
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Figure 6.24. Details of calibration data used for quantifying Hg?* ions from tap water
(A) colour photograph of the AgNP solutions in the presence of varying
concentrations of Hg®* ions (from left to right [Hg®*] = 0, 2, 26, 35 and 42 ppm) and
corresponding variations in (B) area under the curve 320-500 nm, (C) B values, and
(D) absorption spectra of AgNP solutions in the absence and presence tap water
spiked with 15 ppm Hg?* ions. Inset shows the corresponding photographs of AgNP

solutions.
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was prepared as shown in Figure 6.24 B and C. Later, we spiked the tap water
available in the laboratory with mercuric chloride such that the final concentration of
[Hg?*] is ~ 15 ppm. The photograph of the real sample, along with the pure AgNP is
provided in Figure. 6.24 D. The estimated concentration of Hg®* by smartphone
colourimetry and spectral absorption measurements are respectively 14.02 ppm and

13.98 ppm.
6.5. Summary and Future Scope

In conclusion, we demonstrated the potential of the AgNPs synthesized using DHCA
for colourimetric detection and discrimination of toxic heavy metal ions in an aqueous
medium. The data presented herein evidence that Hg** and Pb*" ions interact
differently with AgNPs causing distinct colour changes. The observed linearity in the
absorbance spectral changes of nanoparticle solutions and the RGB values of their
photographs opened up possibilities for quantitative estimation of Hg®* and Pb®* ions.
We believe that this is possible only due to the ideal match between the spectral
regions of metal ion induced absorbance changes and transmissivities of colour filters
of the digital camera. Thus, we could diligently combine the specific properties of
AgNPs, the characteristic variations in spectral profiles and the technical capabilities
of the smartphones for developing an easy methodology for distinction and
quantification of toxic metal ions from the aqueous medium. This, together with the
wide availability of smartphones and user-friendly mobile applications, can enable the
dissemination of the results in terms of point of site analysis. Although, the achieved
limit of detection (LOD) with the proposed system is only ~ 0.8 ppm and ~ 1.5 ppm
for Hg®* and Pb* ions, respectively, there still lies further room to enhance the
sensitivity. Because parameters such as the concentration of nanoparticles, the surface

coverage of the ligand and pH of the medium greatly influence the extent of plasmon
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spectral variations. This critically affects the observed sensitivity of the proposed
system. However, on the positive side, this leaves further room for improving the
LOD through optimizations. Also, herein, the analysis was carried out on photographs
taken under normal room light conditions. Equipping the system with a more
controlled lighting environment for enhancing the colour contrast would help to
improve the sensitivity. It is to be cautioned that the perceived colour and hence the R,
G, B values can vary with lighting conditions. This necessitates the need for making
calibration curves under each lighting conditions. More studies need to be undertaken
to evolve a better strategy that can avoid the effect of room light variations. Thus there
exists room to improve the robustness of the proposed system through evolving

strategies that minimize the influences of sampling conditions.
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ABSTRACT: Raman spectroscopy has become a popular analytical Exctation s
tool because of its ability to probe nondestructively and provide
fingerprint information about materials. The advancements in the field
of Raman spectroscopy and the expanding scope of applications
warrant the introduction of the topic in the formal education
curriculum. The introduction of Raman spectroscopy analysis in the
educational curriculum helps the students learn the spectroscopy v
basics. Furthermore, component-wise familiarization and fabrication Qualitative
training will help the students to evolve their own methodologies to |zl |
fabricate and customize the instrument for specific applications. | e N
Though many Raman spectrometers are commercially available, the
high cost makes it unaffordable for most academic institutions. Herein, ] o 3o oo o o8 H B
we describe an easy and cost-effective method to make a fully e rem——e e
integrated portable Raman spectrometer and explain a few simple

experiments which can be conducted at the classroom level using the fabricated device.
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Scattered signal

Intensity [a.u]
Intensity [a.u.]

80 100

Bl INTRODUCTION of symmetry, polarizability, and selection rules.'®"” In the field
of practical analytical chemistry, Raman spectrometers are
introduced for material identification, mixture analysis,16 and
quantification.'” In biochemistry, RS helps to characterize cell
membranes'® and demonstrate the potential of multivariate
tools for estimating the biomolecular concentrations from
complex mixtures.'” In the emerging fields of nanoscience and
nanotechnology,zo’21 students can characterize and estimate
purity and the number of layers of laboratory prepared 2D
nanomaterials like graphenes.”” Laboratory experiments can be
conducted to teach the concept of surface enhanced Raman
spectroscopy (SERS), calculate the enhancement factors, study
influences of nanomaterial size and shape,”>** and demon-
strate the practical utility of SERS to trace level analyte
detection,”* colorants in precious artworks,”® etc. These
teaching experiments are augmented by the availability of
cost-effective Raman spectrometers at educational institutions
easily accessible to students. In addition, knowing the working
principles of the instrument and functionalities of each of the

Raman spectroscopy (RS), based on the concept of inelastic
scattering invented by C.V. Raman,' provides fingerprint
vibrational information and serves as a nondestructive
technique for the reliable identification of substances. In
contrast with absorption-based IR spectroscopy, RS relies on
scattering, offering considerable flexibility to both instrumental
designs and sample handling. With the advent of new
generation lasers and optical components, Raman spectra can
currently be acquired even with handheld and battery-operable
systems, which have elevated their potential for onsite and
point of care applications. Due to minimal interference from
water, RS is suitable for studying biological samples even in
their native state. RS has evolved as a preferable analytical tool
in numerous areas like medical diagnosis,”’ pharmaceutical
and food industries,”’ environmental quality testing,’
forensics,’ homeland security,8 anticounterfeiting,9 archeol-
ogy,10 geology,Il gemstone purity checking,lz’13 etc., surpass-
ing the limitations of other spectroscopic techniques. This has
necessitated introducing RS as an important spectroscopic
technique in the formal education curriculum. RS could be Received: ~August 5, 2020
introduced to undergraduate students for enhancing their Revised:  April 11, 2021
fundamental understanding of spectroscopic techniques

through representative examples with various objectives. For

example, combining computational chemistry with vibrational
spectroscopy experiments is useful for imparting the concepts
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Table 1. Synopsis of Significant Contributions in the Literature for Cost-Effective Solutions for Raman Spectrometers

literature source

Gallow et al.”

Sutherland et al.”

Fitzwater et al.”

Barllgyopadhyay et
al.

DeGraff et al.
Young et al:’

Johnson et al.#
Mohr et al.”
Somerville et al.’
Rossi et al/

present work
present work

present work
present work

present work

present work

laser used

nitrogen laser: 337.2 nm
He—Ne laser: 9 mW

He—Ne laser: 632.8 nm, 10 mW
argon laser: 514.5 nm, 4 W

532 nm, 10 mW

green laser pointer: 532 nm, ~20 mW

532 nm, 20 mW

laser pointer: 532 nm, 4 mW

laser pointer: 532 nm, S mW; He—Ne

laser: 633 nm, 30 mW
laser pointer: 532 nm, < 100 mW

laser pointer: 532 nm

Thorlabs DJ532—40: 532 nm, ~40 mW

laser pointer: 532 nm
laser pointer: 532 nm

laser pointer: 532 nm

laser pointer: 532 nm

probe optics used

detector used

approximate
cost, $U.S.

90° PMT-based not available
monochromator
direct mode APD-based not available
monochromator
90° PMT-based 20,000
monochromator
backscattering configuration with small-sized mirror as the PMT-based not available
beam splitter and notch filter monochromator

90° probe with notch filter Ocean Optics S2000 5000
backscattering 200 ym core reflection fiber-optic probe ~ Ocean Optics 3700
and notch filter SD2000
~45° probe optics, notch filter Ocean Optics 6500
HR2000
backscattering with a small mirror beam splitter, notch CCD array detector 5000
filter
90° and backscattering, edge filter Ocean Optics 3000
HR4000
transmission mode with Raman edge filter digital camera 3D 3000
printed case
backscattering probe, colored glass long-pass filter Science Surplus 700~
backscattering probe, colored glass long-pass filter Science-Surplus 970"
backscattering probe, colored glass long-pass filter home-built 940~
spectrometer
backscattering probe, colored glass long pass filter Ocean Optics 4000"
USB4000
backscattering probe, colored glass long-pass filter Thunder Optics 700~
backscattering probe, colored glass long-pass filter Thorlabs CCS100 2700%

“See ref 26. USee ref 27. “See ref 28. “See ref 29. “See ref 30./See ref 31. £See ref 32. "See ref 33. ‘See ref 34. /See ref 35. *See the Supporting

Information for more detail on costs.
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Figure 1. Schematic layout of the portable Raman spectrometer.

components will help the students evolve their own method-
ologies to fabricate and customize for specific applications.
Commercially available Raman spectrometers cost a
minimum of $12,000 U.S. and are thus unaffordable by most
schools and colleges. There have been several efforts to provide
cost-effective solutions for RS, and significant contributions are
listed in Table 1. Most of these demonstrated configurations
provide flexibility in connecting collection optics via optical
fiber with any commercial detectors available in the educa-
tional institutes. On the other hand, the free-space coupling of
the output of the collection optics to the detector may avoid
fiber coupling and transmission losses, allowing the detection
of less intense signals yielding improved sensitivity. A fully
integrated and battery-operable system will also be handier and
easy to carry to the point of requirement. Primarily, the
availability of such systems will help teaching theory along with

the parallel demonstration of analytical concepts. Herein, we
outline a detailed method of constructing a fully integrated and
cost-effective portable Raman spectrometer. Furthermore, we
describe the functions of different components and how their
technical specification can influence the acquired data.

B EXPERIMENTAL SECTION

Optical Configuration

Figure 1 displays the adopted optical layout of the device.
Herein, we used a JD-851 green laser pointer as the excitation
source, probe optics with backscattering configuration, and a
Science-Surplus spectrometer as the detector. A power bank
(portable mobile charger) is used to supply power for both the
laser diode and the spectrograph. The spectral acquisition and
display are made on an 8-in. tablet with Windows OS. A

https://doi.org/10.1021/acs.jchemed.0c01028
J. Chem. Educ. XXXX, XXX, XXX—XXX
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Figure 2. Photographs showing (a) internal components: (1) laser diode, (2) focusing lens, (3) beam splitter, (4) plate to block ambient light and
reflected laser entering detector unit, (S) long-pass filter, (6) focusing lens, (7) spectrometer, and (8) RS232 to USB converter to communicate
with a Windows tablet. (b) External view of the device showing the 3D printed sample holder and the Windows tablet for spectral acquisition and
display, (c) 3D design of the spectrometer, and (d) in-house fabricated spectrometer along with STM32 Nucleo board.

detailed component-wise description and fabrication proce-
dure are explained in the following sections.

Excitation Source

The excitation source’s technical specifications, such as
wavelength, line width (monochromaticity), optical power,
etc, are crucial for obtaining good quality Raman spectra.
Typically, the Raman spectrum appears ~10—200 nm above
(Stokes) and below (anti-Stokes) the excitation wavelength.
The Raman scattering efficiency varies inversely to the fourth
power of the excitation wavelength.’® Thus, lasers with lower
excitation wavelength (UV and visible) produce a better
Raman signal than the IR light sources. We have used a low-
cost and readily available green (~532 nm) laser pointer JD-
851, a diode pumped solid state laser (DPSS), as the excitation
source. The inbuilt Nd:YAG and KTP crystals convert the laser
diode’s primary emission wavelength, 808 nm, first to 1064 nm
and then to 532 nm. Favorably, the laser pointers come with
the necessary electronic driver circuit, passive heat dissipater,
and collimator lens assembly (see Supporting Information),
eliminating the need for additional components. The laser
beam diameter is ~2.5 mm, and optical output power is ~70
mW, which is sufficient to produce an easily detectable amount
of Raman scattered photons. The measured spectral profile
indicated that the central wavelength and FWHM are 531.8
nm and ~0.78 nm, respectively (see Supporting Information).
From this, the minimum achievable Raman spectral resolution
is estimated to be in the range of 20—28 cm™". Corresponding
to a 300—3000 cm™! Raman shift, the Stokes lines will fall in
the range of 540—630 nm, and typical silicon detectors exhibit
the highest efficiency in this range.”” All these factors
contribute to the easy detection of Raman scattered photons
with a low-cost CCD detector. Alternatively, one can use
commercially available laser diodes like Thorlabs DJ532-40,
which also works based on the same principle.

The presence of additional diminished intensity 808 nm
lines in the emission profile, generated from the diode within
the laser, does not influence the measurement due to the
following reasons:

(i) Its intensity is almost 25 times weaker than the 532 nm.

(ii) Compared to 532 nm, the 808 nm emission is red-
shifted by 276 nm and thus 100 times weaker scattering
cross-section.

(iii) Its Stokes lines appear beyond the sensitive region of the
spectrometer.

(iv) Its anti-Stokes lines appear in the wavelength range
650—795 nm, beyond the region of interest.

Probe Optics

The major preferred configurations for probe optics are
transmission, 90°, backscattered, and spatially offset. The third
is the simplest as it is easy to set up with minimum
components and alignment. The primary considerations are
to (i) maximize the collection efficiency of the weak Raman
radiation and (ii) block the intense Rayleigh radiation from
entering into the detection unit. These goals are achieved
through focusing lenses, a beam splitter, and a long-pass filter.
The collimated light from the laser diode is directed to the
sample through a beam splitter and a focusing lens (L1). The
purpose of the beam splitter is to separate the excitation light
path from the collection path. Instead of specifically designed
beam splitters, we used a square cut piece of a microscopic
slide (25 mm X 25 mm X 1 mm), which, when kept at 45° to
the excitation light path, yielded a reflection/transmission ratio
of 30:70 (see Supporting Information). The backscattered
radiation is collected by the same lens (L1), and a portion of
this beam directly passes through the beam splitter and is
focused on the entrance slit of the spectrophotometer by the
second focusing lens (L2). Rayleigh scattered light was blocked
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using a long-pass filter with a cutoff wavelength at 550 nm kept
in between the beam splitter and L2 lens (see Supporting
Information)

Detector

The detector used is a Science-Surplus make having a spectral
range of ~450—700 nm. However, the present design does not
restrict readers from using any other commercially available
(e.g, Ocean Optics, Research India, Thunder Optics, etc.) or
in-house fabricated spectrometers. The Science-Surplus
spectrometer essentially consists of a 50 pm entrance slit,
concave mirrors as focusing elements, an 1800 lines/mm
diffraction grating, and a Sony ILXS511 linear silicon CCD
detector. The spectrometer has a resolution of ~1 nm,
restricting the maximum achievable Raman spectral resolution
to ~35 cm™' at 100 cm™! and ~25 cm™! at 3000 cm™! for a
532 nm excitation. The spectrometer was precalibrated in the
factory, and the software module has an inbuilt function for
recording the spectra in Raman shift mode. Alternatively, the
spectrometer can be calibrated individually, and the detailed
procedure is provided in the Supporting Information; however,
there was hardly any difference.

As an alternative to the commercial spectrometer, we also
attempted the feasibility of building a home-built spectrometer
for detecting the Raman signal. Kovarik et al. provides a
detailed review of different student-built spectrophotometers.*®
Herein, we designed and implemented a dispersive spectrom-
eter in Czerny- Turner configuration using the following
components:

(i) 50 pm entrance slit
(ii) 1200 lines/mm plane-ruled diffraction grating
(ili) Two concave mirrors, each with S0 mm focal length
(iv) Toshiba TCD1304 linear CCD
(v) home-built CCD driver
(vi) ST Microelectronics Nucleo-F401RE microcontroller

Firmware and the GUI for data acquisition were adopted
from Esben Rossel’s work.” The optical configuration was first
optimized on an optical breadboard and then translated into a
3D printed enclosure (Figure 2C and D; see Supporting
Information for more details).

Elimination of Noises

The prominent noises that interfere with the Raman spectrum
are (i) high-frequency noises contributed by electronic
circuitry and dark current from the detector and (ii) low-
frequency noises from fluorescence and stray light. The effect
of the former is minimizable by subtracting a blank spectrum
(taken with laser off) from the sample spectrum and of the
latter through baseline correction using the moving point
average algorithm proposed by Krishna et al.*’

B HAZARDS

The laser is a potential hazard if not properly handled;
especially, the 70 mW laser is deeply in the class 3B category. It
can cause immediate and irreversible eye damage and skin
burning due to the localized heat produced.*"** Directly
looking into the laser or from reflected surfaces is to be
avoided. It is advisible to remove ornaments such as rings,
bangles, watches, etc., which may cause unexpected light
reflections. Proper safety procedures such as wearing laser
goggles (example LOTG-DYE2/CM Newport, OD ~4 at
450—585 nm) need to be followed while operating the device.
For the alignment, one of the following strategies are

recommended: (i) place a neutral density filter (optical
density 2) in front of the laser source, (ii) wear safety goggles
having an optical density of 2—3 at 532 nm (e.g, Thorlabs
LG14), or (iii) use safety goggles having an optical density of 4
(e.g, LOTG-DYE2/CM, Newport) and follow the beam path
using a paper coated with fluorescent material such as
rhodamine. Do not allow other personnel to enter the room
during the rough stages of alignment. Keep proper beam
blocks in place around the instrument, which would protect
persons from stray reflections. Gloves and splash goggles
should be worn while working with chemicals. Volatile
chemicals should be analyzed in capped glass containers.
When demonstrating in classrooms, specifically designed
sample holders (preferably black colored) should always be
used, which confines radiation inside and minimizes
reflections. While connecting the electrical cables, always
wear gloves. Care must be taken to avoid short-circuiting,
overheating, etc.

B RESULTS AND DISCUSSION

Figure 2 represents the photographs of the fabricated Raman
spectrometer and the home-built detector. The designed
mechanical layout, procedures for component integration, and
optimization of alignment are detailed in the Supporting
Information.

Sample Analysis

Validation of the fabricated device was carried out by analyzing
various standard samples and comparing the data with those
recorded using a commercial confocal Raman microscope
(Model: WITec Alpha300R, M/s WITec Inc. Germany, see
Supporting Information for detailed specifications). As an
example, Figure 3 represents the Raman spectrum of various
chemicals such as benzonitrile, cyclohexane, polydimethylsilox-
ane (PDMS), and toluene taken using the fabricated system
(see Supporting Information for data taken using the
commercial system). The observed peak positions are

Benzonitrile

Cyclohexane

Intensity [a.u.]

750 1500 2250 ) 3000
Wavenumber [cm |

Figure 3. Raman spectra of benzonitrile, cyclohexane, PDMS, and
toluene obtained using the fabricated portable system with 10 mW
laser power and S s integration time. All the spectra are normalized
along the y axis. The vertical dotted lines represent the lower cutoff
region (700 cm™") for the fabricated system imposed by the 550 nm
long-pass filter.
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Figure 4. (a) Raman spectra in the range 2700—3700 cm™" of ethanol—water mixtures of varying compositions collected using the device with 10
mW laser power and S s integration time. The spectra were averaged over three accumulations and baseline corrected using a moving point average
method.* (b) Variation in integrated peak intensity in the range 2800—3000 cm™" vs ethanol concentration and (c) variation in integrated peak
intensity in the range 2830—2880 cm™' vs cyclohexane concentration for cyclohexane—toluene mixtures.

tabulated in the Supporting Information and were assigned to
specific bond vibrations from literature references.**~*°

In general, for all the compounds investigated, we found
good agreements between data obtained from the fabricated
device and commercial system in terms of spectral band
position and relative intensities. For example, the dominant
peaks observed with the fabricated spectrometer system for
benzonitrile were 1014 cm™, 1612 cm™!, 2243 cm™, and 3075
cm ™! arising from the C—C stretch/ring breath, C=C stretch,
C—N stretch, and C—H stretch vibrations, respectively. Our
spectrometer’s lower spectral acquisition limit is ~ 700 cm™
because we have employed a 550 nm long-pass filter. The other
apparent difference was with the spectral resolution. Very close
peaks (751.3 cm™" and 767.1 cm™', 1007 cm™' and 1026.6
cm™, and 1177.7 cm™" and 1192.6 cm™') whose separation
was less than 30 cm™ appeared as single peaks in the Raman
spectrum acquired with the currently fabricated system. This is
mainly limited by the FWHM of the laser and the resolution of
the spectrometer, which resulted in minor variation in the
spectral band position with respect to the reported values, see
Supporting Information. The other factors contributing to this
could be inaccuracies in determining the exact wavelength of
the excitation source.

Chemical Mixture Analysis

As the obtained Raman spectral intensities are functions of
excitation power, scattering cross-section of the sample, and
the material’s concentration in the sample, the technique can
be used for quantitative analysis. In effect, the observed Raman
spectrum will be the algebraic sum of the individual
components’ contributions. To illustrate the current system’s
potential for mixture analysis, we studied two model systems:
(i) ethanol blended with water and (ii) a cyclohexane—toluene
mixture. For the ethanol—water combination, 16 mixtures were
created in the concentration range 0—100 volume percentage,
and the acquired spectra after baseline correction are presented
in Figure 4a. The characteristic Raman peaks for water due to
OH stretching appeared in the range 3100—3600 cm™’, while
CH;—CH, stretching of ethanol peaked in the range ~2800—
3000 cm™.*" The analysis of the data revealed a linear
variation in the integrated peak intensities against ethanol
concentration. Figure 4b shows the plot of integrated peak
intensity (area under the peak) in the range 2800—3000 cm ™'
against the ethanol volume percentage. The linear fit (y = mx +
c) of this graph yielded a correlation coefficient R value of
0.97. Instead of peak area, one could also employ the peak

intensity for generating a calibration graph; however, there will
be a diminished correlation with concentration, as shown in
the Supporting Information. In 2001, Sanford et al. attempted
to quantify ethanol from alcoholic beverages using a modular
Raman system composed of an argon ion laser as the excitation
source and Ocean Optics $-2000 CCD detector.'” Their
design also involves using two additional parabolic mirrors, the
first one to reflect the transmitted laser light to the sample,
thereby increasing the Raman scattering efficiency, and the
second to reflect any backscattered signal to the collection
optics. As a result, they have obtained a very good R* value of
0.9978 for the calibration graph, and the estimated detection
limit was 1%.

Similar results obtained for cyclohexane—toluene mixtures
are shown in the Supporting Information. The integrated peak
intensity in the range 2830—2880 cm™' (CH, stretching of
cyclohexane) varied linearly with changes in the composition
of mixtures. The R* value of the linear fit was estimated to be
0.99.

Effect of Laser Power

We studied the effect of excitation power to identify the
minimum required laser intensity for producing a detectable
signal with the current Raman spectrometer. Raman spectra of
benzonitrile recorded by varying laser power from S mW to 55
mW are presented in the Supporting Information. It could be
noticed that with the present configuration, the Raman signals
were clear and distinguishable at excitation powers as small as
S mW. Thus, these results indicate adaptability of the current
design with lower power laser pointers (<10 mW), as
illustrated in some of the prior arts (see Table 1 and refs 31,
33, and 34), which help to improve the safety substantially for
classroom demonstration.

Student Learning Outcome

The student learning outcome was assessed on undergraduate
and graduate students who visited our laboratory as part of
summer programs and those at the early stages of their
research program. The students were first introduced to the
basic concepts of light-matter interaction, RS, and the
spectrometer’s operating principles by familiarizing compo-
nents and their functions. Students were given different sets of
samples such as benzonitrile, ethanol, cyclohexane, jewelry
containing diamonds, and medicinal paracetamol tablets
(contains acetaminophen as the single API) along with a
library of reference spectra (Supporting Information). More
than 98% of the students could accurately establish the
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unknown samples’ identity, and 70% could successfully assign
the observed peaks to specific bond vibrations. Research
students were provided with the task of configuring the device
with collection optics of different numerical apertures (NA)
and identifying the effect of NA on the observed Raman
spectrum. The students reported almost 4 times higher signal
intensity while using an objective lens (Holmarc HO-PA-
MO20X) with an NA of 0.4 than with a standard convex lens
of focal length 30 mm and aperture 25 mm (see Supporting
Information).

Additionally, we conducted a live demonstration of the
spectrometer and lectures of 1 h duration in a few selected
colleges. Each of these sessions was attended by more than 40
students.

B SUMMARY AND FURTHER WORK

In summary, the design and fabrication of a cost-effective
portable Raman spectrometer are presented here. The
simplicity of the fabrication procedures detailed herein and
the nominal cost of materials make it easily achievable at any
educational institution. The design strategy provided in the
manuscript offers the flexibility of configuring Raman systems
with a different excitation wavelength, and the only
modification to be implemented will be the choice of the
long-pass filter with the right cutoff wavelength. This helps to
explore other capabilities of RS. For example, configuring the
system with 405 nm allows study of the well-known resonance
Raman effect, which provides a 10° signal enhancement with
biologically important molecules such as heme and chlor-
ophyll. On the other hand, configuring it with a longer
wavelength laser diode (e.g, 650 nm) will help record the
Raman spectrum with reduced fluorescence. Yet, another
possibility is to explore the demonstration of the concept of
SERS with easily preparable metal nanoparticle solutions,"*~>°
which yield enhancement factors as high as 10"°.
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Abstract—Pollution of aquatic bodies with Lead and
Mercury is a serious environmental issue, and there exists
an unmet need to develop easy and portable detection tech-
niques. Herein, we report a silver nanoparticle (AgNP) based
system exhibiting high selectivity and distinct spectrophoto-
metric behaviour towards these metal ions in the aqueous
medium. Though many of the metal ions did not influence
the characteristic plasmon spectral profile of AGNPs, Mercury
caused the disappearance of absorbance at ~400 nm. Con-
sequently, the yellow solution became colourless at around
7.6 ppm of Hg?* ions. While the presence of Pb%* ions
induced a decrease in the initial plasmon intensity with the
concomitant emergence of a new red-shifted band above
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500 nm. As a result, the colour of the solution turned from yellow to red. These colour changes are found to fall well within
the spectral responses of R, G and B filters of the digital camera. By making use of this, an android mobile application

was developed for digitizing the colour values and for doing

further quantitative analysis. The estimated concentration

value by this method was found to be in good match with those obtained from absorbance measurement. The achieved

lower detection limits were ~ 0.8 ppm for Hg?* and ~ 1.5 ppm
combination of smartphone enabled system with AgNPs for
ions from the aqueous medium.

for Pb2* ions. This illustrates the potential of the proposed
easy discrimination and quantification of these two metal

Index Terms— Water pollution, colourimetric detection and distinction, heavy metal ion sensors, mercury, lead, silver
nanoparticles, smartphone based sensing, onsite field analysis.

|. INTRODUCTION
NSURING water quality is essential for sustaining the
good health of humans as well as the environment.
Mercury and lead are the two heavy metals considered to
be the most toxic that pollute aquatic systems and pose a
life-threatening danger to living beings[1]-[6]. The sources
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of water contamination are both from humans as well as
from natural interventions. Essentially, Lead is one of the
components in many consumer products like batteries, paints,
pigments, electronics, plastics, cable sheathing, ceramics, etc.
which figure in our daily life. Through their unwise disposal
and consequent leaching, it reaches water bodies [7]. Due to
its wide global abundance and distribution, natural forces like
volcanoes and forest fires also accelerate its flow into water
bodies [8]. Similarly, apart from the innate degassing of the
earth’s surface, human activities like gold mining, solid waste
incineration, coal-burning power plants, etc., are the major
sources of Mercury pollution. The complications arising from
the intake of polluted water include malfunctioning of various
organs like kidneys, reproductive systems, central nervous
system and gastrointestinal tract [9, 10]. It also contributes
to physiological stress, hypertension [11], [12] and affects the
biological processes like haemoglobin synthesis. Exposure to
heavy metals at higher doses by pregnant women may even
damage the fetus.

Presently, the estimation of heavy metal ions from water
relies on specialized and sophisticated analytical instru-
ments such as mass, atomic absorption and emission
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spectroscopies [13]-[17]. They are either bulky, expensive,
or laborious and require trained professionals for operation
and thus are unsuitable for onsite field analysis. Therefore,
there exists an unmet global need for developing portable
and cost-effective devices. Further, the methodologies should
be easy to perform, have fast response, high sensitivity and
selectivity. In principle, this can be fulfilled by utilizing mobile
phone based technologies, as they have become an inevitable
part of human life. Moreover, new generation smartphones are
equipped with even advanced technologies like artificial intel-
ligence and machine learning [18]. Consequently, recent years
have witnessed huge drive for using their technical capabilities
for many innovative ideas impacting the fields of chemical
and biological sensing, healthcare and diagnostics [19]-[21].
Especially, the wide availability of smartphone cameras and
image processing techniques would permit the development of
low-cost photometric and colourimetric measurement systems
for a broad range of chemical analysis [22]-[24]. However,
the ease of detection and feasibility of translating mobile
devices for onsite quality test are determined by the degree
of contrast that an analyte can impart.

Metal nanoparticles of gold and silver exhibit intense colour
due to the presence of surface plasmon resonance [25]. They
uniquely possess light absorption coefficients a few orders of
magnitude higher than the conventional organic chromophores
or inorganic materials. Thus, any analyte induced changes
in plasmon spectral profiles result in visual colour changes
serving as the backbone for many naked-eye detection sys-
tems [26]-[42]. By enabling smartphones with algorithms for
digitizing the colour variations and analysis, it is possible to
derive solutions for easy quantification. Yet, another advan-
tage of metal nanoparticles is the simplicity of production.
Presently, the field has grown to a stage where they can be
synthesized by simple room temperature mixing of metal salts
with a reductant and a suitable capping ligand. All of these
factors together have elevated their potential as cost-effective
transducers. Some specific examples are the colourimetric
Cr’t sensor using vitamin B6 cofactor functionalized gold
nanoparticles, [43] and the microfluidic kit for the simulta-
neous colourimetric detection of arsenic and mercury [44].
Herein, we report a simple silver nanoparticle (AgNP) based
system that exhibits distinctly different spectrophotometric
behaviour towards Pb?>* and Hg?t ions from the aqueous
medium. However, negligible spectral changes were noted
for other interfering metal ions. Interestingly, the spectral
variations induced by Pb?t and Hg?* ions are found to fall
well within the individual transmissivity range of R, G and
B colour filters of the digital camera. By taking advantage of
these, we were able to use a smartphone and develop a mobile
application that can automatically distinguish Pb>* and Hg?*+
ions from the aqueous medium as well as quantify them with
a detection limit of ~1.5 ppm and ~0.8 ppm respectively.

Il. MATERIALS AND METHODS
A. Chemicals and Instruments Used

Nickel(Il) acetate, Magnesium(Il) sulphate, Zinc(II)
sulphate, Calcium(I) perchlorate, Cadmium(Il) chloride,

Mercury(Il) acetate and Sodium hydroxide, were obtained
from M/s Sd fine chemicals. Silver nitrate (AgNO3) and
Mercury(II) chloride (HgCl,) was purchased from M/s
Merck. 3,4-dihydroxyhydrocinnamic acid (DHCA) was
obtained from M/s Sigma Aldrich Corporation, Lead(Il)
perchlorate trihydrate (Pb(ClO4)2-3H>0) was purchased from
M/s Alfa Aesar. All chemicals were used as received. Stock
solutions of all the reagents were prepared in doubly distilled
water. All the chemicals used herein were of analytical
grade. The electronic absorption spectra were recorded on
UV-Vis-NIR spectrometer Lambda 950 (M/s PerkinElmer,
Inc.). For transmission electron microscopic (TEM) studies,
samples were prepared by casting a few drops of their
aqueous dispersions on carbon-coated copper grids followed
by drying at room temperature and analysed with FEI 300 kV
high-resolution transmission electron microscope (FEI-Tecnai
G2-30 with EDAX). The hydrodynamic diameter and zeta
potential of the nanoparticles were measured by dynamic light
scattering (DLS), using a Zetasizer Nano ZS (M/s Malvern
Instruments). For FT-IR studies, DHCA capped AgNPs was
precipitated by centrifugation, dried, mixed with KBr and
spectra were acquired in diffused reflectance mode using
IRPrestige-21 (M/s Shimadzu corporation).

B. Synthesis of Silver Nanoparticles

The synthesis of silver nanoparticles (AgNPs) was car-
ried out as follows: 0.74 mM (10 mL) of silver nitrate
solution was first mixed with 30 mL of deionized water
under stirring. To this, solutions of 60 uL of 10 mM
3,4-dihydroxyhydrocinnamic acid and NaOH (20 xL, 0.15 M)
were added together and stirred at room temperature until it
turned yellow.

C. Interaction of AQNPs With Metal lons

To study the sensing capabilities, initially, stock solutions
of metal ions were prepared by dissolving their corresponding
salts in 10 mL doubly distilled water each. Titration experi-
ments were conducted by adding an aliquot amount of these
stock solutions into 3 mL of the AgNPs. Absorption spectral
measurements of these solutions were carried out in quartz
cuvette (1 cm path length). For smartphone enabled colouri-
metric sensing, 2 mL of the AgNP solutions containing vary-
ing concentrations of metal ions were transferred into glass
vials and photographed using a mobile camera. To minimize
the effect of room light, all the samples were kept in a similar
white background and photographed under the same lighting
conditions. The R, G and B values of these photographs
were first extracted using ImageJ software. By comparing
the variations in their values with the absorbance changes,
a correlation is drawn based on which we developed an
algorithm for distinction and quantification of the metal ions.

D. Mobile Application Development

A mobile application was developed using Android Stu-
dio 3.1.4 with Software Development Kit (SDK) Android
Nougat, installed on a Laptop with 64 bit Windows
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Fig. 1. Photographs illustrating the colour changes induced to AgNPs by the presence of varying concentrations of (a) ng+ ions and (b) Pb2+
ions. (c) & (d) represents the corresponding absorption spectral changes. (e) Selectivity plot showing the absorbance difference at 400 nm between
AgNPs in the absence and presence of different metal ions; [Ca2t] = 12 ppm, [Zn2F] = 19 ppm, [Mg2+] = 7 ppm, [Ni2+] = 17 ppm, [Cd?*] =

33 ppm, [Hg2*] = 7.6 ppm, [Pb2+] = 8.7 ppm.

10 operating system. The application was developed in such
a way that it can take photographs using mobile phone’s
camera, extract R, G and B values from the selected region of
interest (ROI) and with the help of algorithm can distinguish
toxic metal ions and predict their concentrations using a
linear equation model. The developed android application was
tested on a Motorolo android smartphone with model No:
MotoG5SPlus.

[1l. RESULTS AND DISCUSSION

The chromophore selected for the present studies, AgNPs,
was synthesized through one-step room temperature reduction
of AgNO3 with 3,4-dihydroxyhydrocinnamic acid (commonly
called as dihydrocaffeic acid or DHCA) in the presence of
sodium hydroxide. Similar to the metal nanoparticle forma-
tion by other ligands such as gallic acid, L-DOPA and oth-
ers [45], [46], herein DHCA plays the roles of both reducing
and capping agents. Mainly, the dihydroxy group acts as the
reducing part, and the anchoring of the acid moiety or the
carbonyl groups imparts colloidal stability to the nanoparti-
cles. The AgNP solution thus obtained exhibited an intense
bright yellow colour, and the corresponding absorption spectral
measurements revealed the existence of characteristic plasmon
absorption at around 400 nm (Fig. S1§) [25]. The average
size of these nanoparticles was determined to be ~20 nm by
using TEM analysis (Fig. S1t). FT-IR spectrum (Fig. S2fand
Table SIt) evidenced the presence of H-bonded DHCA on
the surface of the AgNPs synthesized herein. To study the
interaction and hence to probe the possibility of colourimetric
sensing, aliquot amounts of each metal ion stock solution
were added to a fixed quantity (3 mL) of AgNPs. It has
been noted that most of the metal ions did not bring any
characteristic colour variations. Contrarily, addition of Pb2t

and Hg?" ions resulted in distinctly different colour changes
to the AgNP solutions, as illustrated in Fig. 1. In the presence
of Hg?* ions, the original yellow colour gradually faded and
finally became transparent at ~7.6 ppm. Whereas, Pb>t ions
induced a drastic colour change to red. Thus, this observation
served as a method for the preliminary naked-eye detection
and distinction of these toxic metal ions from the aqueous
medium.

For the quantification of pollutants, first, we investigated the
scientific reason behind this through absorption spectroscopic
measurements. It was noted that most of the ions did not
bring any considerable alterations to the plasmon absorption
(Fig. le and S3-S67) and is in accordance with their inability
to induce any colour changes, whereas markedly different
modifications were evident in the presence of Pb>t and Hg**+
ions. Precisely, Hg* ions triggered a slight blue shift to the
plasmon absorption with a continuous decline in its optical
density (Fig. Ic) and are the primary reason for the colour
fading. On the contrary, the addition of Pb?T ions was always
accompanied by a continuous decrease of the initial plasmon
absorbance with the concomitant rise of a new red-shifted
band (Fig. 1d) and hence the colour drastically turned to
red. Both the intensity and wavelength of this new band got
augmented with increasing concentrations of Pb>* ions. A plot
of the integrated intensity as a function of the metal ion
concentration exhibited a very good linear relationship within
the investigated range, 0-7.6 ppm for Hg?T and 0-8.7 ppm
for Pb?T ions (Fig. S7). This illustrates the potential of the
current system for quantitative estimation of these metal ions
from the aqueous medium.

The difference in optical properties suggests independent
mechanisms of interaction for the two metal ions with AgNPs
(Fig. 2). The blue shift and dampening of plasmonic features is
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Fig. 2. Pictorial representation of the two different interaction mecha-
nisms of the Hg2™ and Pb2t metal ions with AgNPs.

a sign of the disintegration of AgNPs by Hg>* ions. From the
literature reports, it can be found that the chloride, the counter
ion employed in the current studies, may influence the plasmon
spectral profile of AgNPs in either way [47], [48]. In certain
instances, chloride ion causes aggregation of AgNPs through
surface modifications as well as an increase in ionic strengths,
thereby reducing electrostatic repulsive interactions. Studies
also have brought the disintegration and shape modification
through oxidation mediated silver ion dissolution. However,
these observations are made at chloride ion concentrations
above mM range, which is ~ 100 times higher than present
studies. Notably, in the present work, experiments conducted
under similar conditions with other metal chloride salts did
not bring any of these changes (Fig. S67). Thus, the observed
plasmon disappearance and hence the colour fading can solely
be attributable to Hg?t ions. This was further reinstated by
the observation of plasmon dampening by mercury salt having
other counter ions (e.g. acetate, Fig. S8%). In the electrochem-
ical series, Hg?t occupies slightly lower position compared to
Ag" ion (Eag4/Ag = 0.8 V and Eng4/Hg = 0.85 V) [26]
Thus, when added to the nanoparticle solution, Hg2+ ions can
easily displace the Ag from nanoparticles (eq. 1), and this
process is thermodynamically feasible. Both the TEM and
DLS investigations did not reveal much change in the nanopar-
ticle’s size (Fig. S9t). Therefore, we argue that the formed
Hg atoms are adsorbed on the surface of AgNPs through the
well known process of amalgam formation. This contributes
to the continuous dampening of plasmon absorption [49], [50]
In fact, Hg ‘Lo’ and ‘Ma’ lines were observed on the EDS
spectra [51] of AgNPs recorded in the presence of Hg>™ ions
(Fig. S10bf). On the other hand, the appearance of a red-
shifted absorption band implies interparticle plasmon coupling
through agglomeration induced by Pb%* ions. Visualization of
clusters of nanoparticles in TEM images and the enlargement
of the average particle size in the DLS data support this
argument (Fig. S117). This is possible through the binding of
Pb2* ion with multiple ligands residing on different nanopar-
ticles, thereby bringing them close to each other (Fig. 2).
In such instances, it is commonly expected that other metal
ions could also bring similar changes often yielding misleading
results. To check this, we investigated the potential interference
from other metal ions (Ca’t, Zn?*t, Mg+, Ni?t, Cd*T) in
influencing plasmon absorption. However, they remained spec-
troscopically silent at the concentrations evaluated, reassuring

MNpo b
hen
Jen

Fig. 3. Schematic representation illustrating the basic principle of
colour photographing using a mobile phone camera. The Graphical user
interface (GUI) of the developed application for metal ion sensing is also
shown.

the selectivity in detection. Herein, the metal nanoparticles
possess a very high surface charge of -40 mV (at around
pH 5). This acts as a repulsive force against agglomeration
of nanoparticles imparting high colloidal stability. Thus, only
those nanoparticle:analyte interactions capable of overcoming
this strong Coulumbic repulsion can induce agglomeration.
Compared to other metal ions, Lead is unique in having flexi-
ble bond lengths and coordination number. Due to this, it can
simultaneously bond with ligands on the surface of different
nanoparticles, thereby bringing them close to each other and
hence promoting agglomeration [27], [28], [52]. Whereas other
metal cations are limited by their less coordination number
and rigid geometry. Furthermore, the studies conducted with
other acetate salts did not produce any spectroscopic variations
which nullified contribution from counter ions (Fig. S57).

24 +
2A8(s) T Hg () = 2A8(q) T HE(s) (1)

A. Colourimetric Detection

Though the observed distinct and characteristic colour
change serves the purpose of naked-eye distinction of the metal
ions, it has the inherent drawback of quantification since the
colour perception is individual dependent. To overcome this,
we thought of developing a simple photometric method for
distinction and quantification. Presently, smartphones are an
inevitable part of everyday life and are commonly equipped
with cameras, though of varying capabilities. Camera in gen-
eral consists of a 2D array of photosensory elements called
pixels [53]. Each pixel is equipped with a combination of
blue (B), green (G) and red (R) filters, which selectively pass
a band of wavelengths in the range 400-500 nm, 500-600 nm
and 600-700 nm respectively. The intensities of each of these
primary colours are represented in an absolute scale of 0-255.
While photographing, the reflected light from the object falls
on the sensory elements through these colour filters, generating
a photocurrent in the respective pixels and whose magnitude
is proportional to the light intensity (Fig. 3). Then, the actual
colour of the materials is identified through their relative
values. Yet, another important parameter that can be extracted
from colour photographs is HSV, which is a linear colour
code [54]. In this, H is the angular representation of colour
on a scale of 0°-360°. The H values for the three primary
colours red, green and blue are respectively 0°, 120° and 240°.
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Fig. 4. Plots showing the variations in (a) B and (b) R+G values of RGB, H values as reference,

nanoparticle’s photographs in the presence of varying concentrations of
Hg?" and Pb2™ ions, respectively.

The value of S ranges from 0-100%, which represents the
colour content or the saturation value. V varies from 0-100%
with the lighting conditions.

The extracted R, G, B and HSV values of photographs
of the nanoparticle’s solutions containing different metal ion
concentrations are provided in Table I and Table SIIT. Pure
AgNPs, owing to their bright yellow colour possess an H
value close to 60°. The corresponding R, G and B values are
around 200, 200 and 36, respectively. Herein, the low value of
B is attributed to the strong absorption in the 400 nm region,
consequently reducing the percentage of blue component in
the reflected light. It is clear from the absorption spectra that
with the increase in Hg?T ions concentration, the plasmon
peak intensity in the 320-500 nm range decreases linearly
(Fig. S7at). The sample becomes completely colourless and
transparent at ~7.6 ppm of Hg>*t ions. Consequently, the per-
centage of blue component in the reflected light steadily
increases and reaches a value of 190, which is close to the
R and G value of pure AgNPs. At the same time, R and
G values remain almost unaltered (Fig. S12af) due to the
negligible spectral changes above 500 nm. The fading of the
colour can also be quantified using S value as it linearly
decreases (Fig. S13af). Thus, B and S are the only parameters
varying linearly with Hg?>* ion concentration. A plot of this
B value against Hg?" ion concentration established a straight
line (Fig. 4a). Thus, the B value at any given concentration
of Hg”* ions can be represented by the linear equation 2.
Herein, the Y intercept C; is the B value of pure AgNPs. The
slope m; represents the rate of change of B versus Hg?" ion
concentration and is estimated to be ~20.13 from Fig. 4a.

B = (m; x [Hg*"]) + C (@)

On the other hand, the presence of Pb2t ions altered all
the R, G, B colour parameters (Fig. S12bf}). This is due
to the following reasons: (i) Recession in optical density at
400 nm results in a correspondingly escalated percentage
of blue component in the reflected light and hence the B
value. (ii) The growth of new absorption band in the range
500-700 nm diminishes the percentage of both green and red
components in the reflected light and hence R and G values.
Thus, the sum of their values (R+G) will accommodate this
effect giving a linear relation (Fig. 4b) with the Pb?T ion
concentration as represented by equation 3. Herein, the Y
intercept C is the R+G value of the pure AgNPs. Also,
the slope my is the rate of change of R+G as a function of

[

v
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sample and reference

Hg"" ions present

[ Pb* ions present |

|

!

Estimate the Pb” ion
concentration using
calibration equation-3

Estimate the Hg'~
concentration using
calibration equation-2

Fig. 5. Schematic representation of the algorithm developed for metal
ion distinction and quantification.

Pb2t ion concentration. From Fig. 4b, its value is extracted
to be -8.4. Thus, knowing these parameters and R, G, and B
values of the solution containing an analyte of interest, one
will be able to quantify their concentration.

R+G = (m2 x [Pb“]) G 3)

In order to enable smartphone for automatic detection
and distinction, these changes in parameters are considered
and incorporated into a mobile application, using an android
development platform. The data flow involved in this process
is represented in Fig. 5 and can be described as follows;
(1) in the very first step, colour photograph of the pure
nanoparticle solution is recorded. Subsequently, user can select
ROI, the portion of the photograph containing nanoparticles,
and the software will automatically estimate its characteristic
Rref, Gref, Brer values using equations 4, 5 and 6.

Zr

R=-" @)
2.8

G=— (5)
2.b

B=— (6)

where r, g, b are the red, green and blue intensities of the ith
pixel, N is the total number of pixels in the selected region.
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app and from absorbance curve.

RGB to HSV conversion is done using an inbuilt function
in android as given below[55].

Color.RGBToHSV (R, G, B, hsv)
val H = hsv|[0] @)

Primarily, the value of H close to 60° is used to identify the
solution as AgNPs, and the extracted values of R, G, B and
HSV will be recorded as the reference and will also be used
to calculate the Y intercepts, C; and C;. In the next step,
the photograph of the solution containing the analyte of the
interest can be recorded and define ROI. The characteristic
values of R, G, B and HSV will be extracted from the ROI in
the same way as described above and using equations 4-7.
These data are further used for automatic distinction and
quantification. As stated before, Hg?" ion induces alteration
to only B value while R & G remain negligibly affected. Thus,
the condition, B > Bt and R = Ryer and G = Gyer will help
to recognize the analyte as Hg?* ions. The android application
will report the concentration of the Hg”>* ions in the sample
by substituting the obtained value of B and C; in equation (2).
On the other hand, the presence of Pb2T ions induces changes
to the entire spectral window, a decrease in the band intensity
at 400 nm with the concomitant rise of absorption above
500 nm whose intensity as well as wavelength maximum
undergo a steady increase. This resulted in an alteration to
all the three R, G and B values. Thus, the argument B > Byer
along with G < Grer and R < Ryer can be used to identify the
presence of Pb%* ions. From the obtained R+G and C, values,
the mobile application will automatically quantify Pb>+ using
equation (3). Fig. 6 represents the comparison of the estimated
concentrations of the metal ions through three different modes;
(i) absorbance, (ii) manual estimation of RGB values with
Image]J software and (iii) automatically reported by the mobile
application. In general, a reasonably good agreement between
these independent measurements has been noted.

Further, to evaluate the utility of the current methodology
for real environmental samples, we attempted the detection
of mercury from tap water. For this, we have spiked the
tap water available in the laboratory with mercuric chloride
such that the final concentration will be ~ 15 ppm. The
photograph and absorption spectra of the real sample, along
with the calibration curve used for analysis are provided
in Fig. S14fand S157. The estimated concentration of ngJr
by smartphone colourimetry and absorption spectral measure-
ments are respectively 14.02 ppm and 13.98 ppm.

TABLE |
VARIATION IN RGB AND HSV VALUES OF PHOTOGRAPHS OF AGNP
SOLUTIONS CONTAINING DIFFERENT HG2T ION CONCENTRATIONS

HSV RGB
[Hg™], H() S(%) V(%) R G B
ppm
0 60 82.0 78.4 200 200 36
0.8 57 63.5 78.4 200 193 73
1.6 56 55.7 78.8 201 194 89
2.2 55 51.0 79.2 202 194 99
33 55 40.3 78.8 201 194 120
6.1 54 16.1 78.0 199 196 167
76 45 2.1 76.1 194 193 190

Herein, the achieved limit of detection (LOD) with the pro-
posed system is only ~ 0.8 ppm and ~ 1.5 ppm for Hg?* and
Pb?* ions, respectively. The principle of detection is the colour
changes induced by the changes to the plasmon absorption by
the interaction of respective metal ions. However, parameters
such as the concentration of nanoparticles, the surface cover-
age of the ligand and pH of the medium greatly influence the
extent of plasmon spectral variations. This critically affects
the observed sensitivity of the proposed system. However,
on a positive side, this leaves further room for improving
the LOD through optimizations. Also herein, the analysis
was carried out on photographs taken under normal room
light conditions. Equipping the system with a more controlled
lighting environment for enhancing the colour contrast would
help to improve the sensitivity. It is to be cautioned that
the perceived colour and hence the R, G, B values can vary
with lighting conditions. This necessitates the need for making
calibration curves under each lighting conditions. More studies
need to be undertaken to evolve a better strategy that can avoid
the effect of room light variations.

IV. CONCLUSIONS

In conclusion, we demonstrated the potential of the AgNPs
synthesized using dihydrocaffeic acid for colourimetric detec-
tion and discrimination of toxic heavy metal ions in an
aqueous medium. The data presented herein evidence that
Hg?t and Pb?* ions interact differently with AgNPs caus-
ing distinct colour changes. The observed linearity in the
absorbance spectral changes of nanoparticle solutions and the
RGB values of their photographs opened up possibilities for
quantitative estimation of Hg?>* and Pb?T ions. We believe
that this is possible only due to the ideal match between
the spectral regions of metal ion induced absorbance changes
and transmissivities of colour filters of the digital camera.
Thus, we could diligently combine the specific properties of
AgNPs, the characteristic variations in spectral profiles and
technical capabilities of the smartphones, for developing an
easy methodology for distinction and quantification of toxic
metal ions from the aqueous medium. This, together with the
wide availability of smartphones and the user-friendly mobile
applications, can enable dissemination of the results in terms
of point of site analysis. However, there still lies further room
to improve the robustness of the proposed system through
evolving strategies that minimize the influences of sampling
conditions and enhance the sensitivity.
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