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PREFACE

The precise detection, diagnosis and the proper treatments for various diseases
requires immediate attention. The search for new techniques in lieu of theranostic
applications gains immense attention in recent times. Among various techniques,
optical methods accomplish increased interest due to its high accuracy and sensitivity.
Fluorescence and surface enhanced Raman scattering (SERS) are the two extensively
employed optical methods for the in-depth analysis of the complex biological systems.
In this regard, a variety of molecular probes and nanocarrier systems have been
explored for biomedical applications. The first chapter deals with the versatile attempts
to develop the probes, mainly based on fluorescence and SERS techniques, and also
describes the variety of applications of such probes in biology and medicine.

In the second chapter, the design, synthesis and characterization of
tetraphenylethylene (TPE) based SERS nanoprobe has been demonstrated for the
detection of prostate cancer cells. All the derivatives exhibited predominantly
aggregation induced emission (AIE) and aggregation caused quenching (ACQ)
phenomenon and as a new insight all showed excellent SERS fingerprint with multiplex
spectral pattern. The unique SERS nanoprobe TPE-In-PSA@Au has been developed in
conjugation with target-specific PSA peptide (Cys-SerLys-Leu-GIn-OH) substrate aiming
for the detection of PSA protein. TPE-In-PSA@Au possesses excellent SERS
fingerprinting with solid multiplex signal pattern. The nanoprobe successfully
recognizes PSA enzyme in SERS-based detection platform with a LOD of 0.5 ng which
unfold a new avenue in prostate cancer diagnosis. Furthermore, TPE-In-PSA@Au
nanoprobe was nicely recognized by PSA overexpressed LNCaP cells, which was

visualized through SERS spectral analysis and SERS mapping.

XVii



In the third chapter, a novel molecular probe comprised of TPE core as a
fluorescent molecular framework has been elucidated for the detection of endogenous
H2S and synergistic delivery of H2S in lieu of progressive therapy on Alzheimer’s
dementia. In this regard, two AIE active orthogonally substituted TPE based molecular
probes TPE-NBD-D and TPE-NBD-2 were synthesized and characterized. Both the
probes showed sensitivity and selectivity towards HzS. In TPE-NBD-D, disulfide donor
was used to generate HzS in presence of bio thiols. Efficient H2S sensing was reflected in
both neuroblastoma cell lines and in mice models. The newly evolved molecular probe
TPE-NBD-D enabled to act as H2S donor and subsequently utilized for amyloid beta de-
agglomeration (Af31-42 protein) to reduce the progression of AD. The toxic agglomerated
AB1-42turns to non-toxic de-agglomerated Af1-42in presence of TPE-NBD-D.

Design and fabrication of a gold mesoporous silica hybrid nano envelop system
for therapeutic applications stands the subject matter of Chapter 4. Silica coated gold
nanoparticles were synthesized followed by chitosan-folic acid conjugate surface
functionalization for precise loading of doxorubicin (Dox), resembled as Au@SiO2-Dox-
CS-FA. In diagnostic modality, the core Au@SiOz2 to be an effective SERS nanoprobe for
Raman imaging to monitor the cellular uptake, release of the impregnated Dox, and
dynamic visualization of biochemical changes at molecular level during apoptosis. Also,
the probe demonstrated excellent in vitro FR-targeted cytotoxicity and also presented
to be an appalling biocompatible targeted nanocarrier delivery construct. Finally, the
TNEDS was explored in mouse models that clearly showed greater therapeutic

efficiency superior to the clinically used Dox and Lipodox.
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Chapter 1

Molecular and Nanocarrier Probes for Sensing, Imaging

and Therapeutic Applications in Cellular Biology

1.1. Abstract:

An ultrafast, sensitive and quantitative detection technique for diagnosis and
therapy of prevalent disorders is desirable to achieve for improved therapeutic outcomes
in biomedicine. In this scenario, the development of molecular probes and functional
nanomaterials with improved sensing capabilities together with high therapeutic
potential is a hot topic for researchers in current scientific community. Among the
numerous detection techniques, optical methods based on fluorescence and surface
enhanced Raman spectroscopy (SERS) enable inclusive and detailed understanding of
cellular processes in biological systems due to their excellent sensitivity and specificity.
So, design and synthesis of small molecular probes and nanomaterials with precise
detection and therapeutic ability has emerged as a significant approach in recent times,

in order to meet these requirements. The present chapter gives an insight in to the



Chapter 1

current progresses in fluorescent probes and SERS nanotags for diagnostic and

therapeutic applications in biomedical research.

1.2. Introduction

The advancement of novel optical techniques has introduced new
opportunities for monitoring various biological targets and the associated events in
intracellular milieu. Among the various diagnostic tools, optical techniques attain
increased interest due to their non-invasiveness, sensitivity and accuracyl.
Fluorescence imaging is one of the commonly used optical imaging technique for the
diagnosis of various diseases, due to its high spatial and temporal resolution. The
development of novel organic dye molecules as fluorescent agents has significant
advantage in the field of disease diagnosis and therapy?. Apart from the fluorescence
techniques, SERS has evolved recently, with great potential in diagnostic
applications34 mainly identifying infected cells, tissues, and many bio-analytes, which
ensures the accurate investigation by analysing the spectral fingerprinting pattern.
SERS technique is considered as an active competitor for fluorescence-based
detection due to the advantages including high sensitivity, multiplexing capability and
the ability to capture minute chemical modification in many biological species at
molecular level. Design and synthesis of SERS active metal substrate based nano
system and novel Raman reporter molecules enabled the immense consumption of

this technique in biomedical applications>.

In addition to diagnostics, nanotechnology has been extensively studied and
exploited for cancer treatment as nanoparticles based nano carrier systems for drug
delivery applications®. The term “Theranostics” coined in biomedicine, which

combine diagnosis and therapy in a single architecture. Theranostic agents in the form

2



Molecular and Nanocarrier probes for theranostics

of molecular or nanoconstructs precisely identify and enable to exert therapy such as
cancers in a targeted fashion. Apart from cancer, Alzheimer’s disease (AD)72 is
likewise another cause of death in word wide, which is a type of dementia that affects
thinking, memory and behaviour. Since the accurate detection, diagnosis and the
proper treatments for various diseases requires immediate attention. The search for
new agents for theranostic applications gains immense attention in recent times. The
present chapter deals with the versatile attempts to develops the probes, mainly
based on fluorescence and SERS techniques. This section also describes the variety of

applications of such probes in biology and medicine.

1.3. Optical imaging

Early stage recognition and precise diagnosis are crucial for the real treatment
and prevention of cancer, dementia and other non-communicable diseases.
Biomedical imaging methods are extensively useful in each stages of disease
management. In the past decades, a number of techniques have been emerged for
diagnosis includes X-ray computed tomography (CT), magnetic resonance imaging
(MRI) and positron emission tomography (PET). All these techniques provide good
performance in understanding the pathological dysfunction, due to its good
penetration depth. Still, most of these methods suffered from good imaging
sensitivity, low spatial resolution and whole area analysis etc. So, compared with
these imaging techniques, optical imaging plays a major role in biomedical and clinical

diagnosis, owing to its extensive spatial resolution, high sensitivity etc.

Optical imaging can provide a new and versatile platform for non-invasive and

in-vivo molecular imaging of cells, tissues, organs and molecules which gives the
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information to quick and precise diagnosis. It involves the application of light as an
imaging source to generate molecular images for biomedical application. Moreover,
molecular fingerprints derived from the optical images gives favourable contributions
to reveal the extent of diagnosis. Cells or organs absorb and scatter light, therefore,
optical imaging can quantify metabolic changes that are early markers of abnormal
functioning of organs and tissues. Different types of optical imaging techniques
available for the use in medicinal purposes are Photoacoustic Imaging (PI),
endoscopy, Optical Coherence Tomography (OCT), Diffuse Optical Tomography
(DOT), Raman spectroscopy, Fluorescence imaging etc. Among these modalities
fluorescence imaging and Raman imaging stands as two efficient techniques that
enable real-time visualization of molecular events in the cellular environment with

high sensitivity and resolution.

1.3.1. Fluorescence imaging

Fluorescence imaging is a non-invasive imaging method to describe the spatial
scattering of substances that emit fluorescence which can help to visualize biological

processes in a living organism. Fluorescence is a physical phenomenon related to
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Scheme 1.1. Representation of the fluorescence phenomenon by Jablonski diagram.
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luminescent processes in which a molecule or material absorbs light and excited in to
higher electronic level. The molecule then relaxes by reemitting the photon from
electronically excited state after a given time (Scheme 1.1.). By exploiting the
features of fluorescence, various techniques have been developed for the analysis and

visualization of biological processes in organelles, sub-organelles and cells.

1.3.1.1. Fluorescent probes

Molecules that display fluorescent properties are generally called fluorescent
probes or fluorophores or dyes. Due to their versatility, sensitivity and quantitative
capabilities, it has many applications in biomedical field. Fluorescent probes can be

conjugated to certain targeting ligand and act as a marker for cellular diagnosis.

Mainly, the fluorophores can be classified in to three categories such as small
molecule fluorophores, genetically encoded fluorophores and fluorescent
nanocrystals. Small molecule fluorophores having low molecular weight are more
attracted towards modern science due to smaller in size, bright, hydrophilic nature
etc. Most commonly available core structure for small molecular fluorophores are
BODIPY, rhodamine, cyanine, tetraphenylethylene (TPE), fluorescein etc. (Figure
1.1A). Among various small molecular probes, TPE is the most commonly used
chromophore showing aggregation properties and there for it has many applications
in sensing and detection of different bio-analytes. Due to its free intramolecular
rotation, it is non-emissive in solutions, but emits extensively in aggregated or in the
solid state. Owing to its aggregation properties, it has been utilized for the
development of chemo-sensors, biological sensors, solar cell light emitting materials

etc910,
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Genetically encoded fluorescent proteins are found in animals. Endogenous
proteins include GFP (Figure 1.1B), yellow fluorescent protein (YFP), and red
fluorescent protein (RFP) are some of the examples for genetically encoded
fluorescent proteins. Fabrication of nanocrystals is currently a developing field in
nanotechnology and cellular diagnosis. Different nanocrystals have been reported
(Figure 1.1C) with unique optical properties, in which quantum dots (QDs) and up
conversion nanoparticles (UPCNs) are having more advantages over other nano
systems. QDs in particular, having broad absorption and distinct emission with high

brightness, so target specific quantum dots are important in biomedical field.
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Figure 1.1. A) Small molecule probes with representative cores, B) structure of the green
fluorescent protein, C) schematic illustration and emission profiles of nanocrystals. Figures

adapted from ref.9&10.
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Another category of nanocrystals are up conversion nanocrystals, which can absorb
shorter wavelength and emit light at a longer wavelength. These types of nanocrystals
are important because of low auto fluorescence and high tissue penetration. Main
concern of this type of nanomaterial systems are their inherent toxicity. Size of
nanocrystals larger than the renal excretion limit (<6 nm in diameter) showing
delayed clearance and are mostly excreted through kidney and liver without any
proper metabolism. Targeted nano-systems are developed by conjugating with
targeting moieties, which is powerful tool for the treatment of cancer because of the
site specific delivery. So major challenge in nanoparticle based targeted systems are

to make it as a non-toxic targeted delivery nano-system.
1.3.1.2. Role of fluorescent probes in biomedical applications

Applications of fluorescent probes in biomedical imaging are promising for
analysing molecular events from single live cells to whole animals with high
sensitivity and specificity. Targeted molecular probes containing three parts, a
signaling part, targeting moiety and a carrier. When the signalling molecules are small
in comparison with larger nanocrystals, are more important because of its easy
clearance, brightness and easy internalization. So, these types of molecular probe
containing optical imaging techniques possessed practical importance in medical
diagnosis than other techniques like MRI, CT, radioscope imaging etc. In general, two
approaches are available for improving the sensitivity and specificity of the molecular
probes are: 1) maximising the target-specific signal, and 2) minimizing the
background signal. So the molecular probes having these properties used in optical

imaging having more attention towards cellular diagnosis.
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1.3.1.3. Fluorescent probes for the sensing of multiple biological analytes

In recent decades, there has been a notable evaluation persisted in the use of
small molecular fluorescent probes for the detection of multiple analytes in cellular
biology. They hold an attractive potential in the optical imaging field because of their
high chemical stability, low molecular weight and excellent penetration capability.
Fluorescent probe design has focused on the basis of different rationale named as
internal charge transfer (ICT), aggregation induced emission (AIE), aggregation
caused quenching (ACQ), Forster resonance energy transfer (FRET),
excimer/exciplex formation, excited state intramolecular proton transfer (ESIPT) etc.
Depending on the mode of fluorescent change during the signaling process, florescent

probes can be classified in to turn-on, turn-off and ratio-metric probes.
1.3.1.3.1. Turn-on fluorescent probes

Development of turn-on fluorescent probes working through chemical
reactions activated by analytes has been emerged as a wide area in optical sensing
owing to their high sensitivity and selectivity. General schematic representation of
turn-on fluorescent probe using an environment sensitive responsel! is depicted in
scheme 1.2.
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Scheme 1.2. Turn-on fluorescence occurred by binding a hydrophobic ligand with target

protein. Figure is adapted from ref. 11.
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Nitric oxide (NO), one of the major signalling molecule plays important role in
various biological processes. Lippard et.al. synthesized a number metal based small
molecular turn-on sensors for the direct and specific detection of NO. They have
utilized Co(II), Fe(II), Ru(Il), Rh(II), and Cu(Il) complexes as turn-on fluorescent
probes. Metal based sensors are a promising candidate for the visualization of NO

inside the bio organism12.

In another report, the authors utilized a turn-on fluorescent probe based on
coumarin core, FP-NO for the detection of NO in biological systems!3. This probe was
synthesized by re-structuring the core part coumarin with a recognition unit,

thiosemicarbazide moiety (Figure 1.2A).
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Figure 1.2. A) Structural illustration of the sensing mechanism of FP-NO in presence of NO,
B) schematic representation of “OFF” “ON” strategy in coumarin probe based on rotation, C)
emission spectra of FP-NO with varying concentration of NO (0-20 uM), D) fluorescence

images of MCF-7 cells after treatment with probe and NO. Figure is adapted from ref. 13.
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Initially, FP-NO was non-emissive due to the free rotation (Figure 1.2B) but in the
presence of NO, probe become fluorescent by restricting the free rotation (Figure
1.2C). Arapid enhancement in fluorescence is evident from figure 1.2D, when human

breast cancer (MCF-7) cells after treatment with probe and NO.

A dual emission NO detection probe based on pyrene, PyDA-NP was reported
by Ali and co-workers in 2018. The probe exhibited aggregation induced enhanced
emission (AIEE) in presence of water, which further reacts with trinitrophenol leads
to the fluorescence quenching. Furthermore, the probe selectively detect NO by ICT
mechanism!4 (Figure 1.3.). In another report, the authors develop a simple turn-on
fluorescent probe based on 1,2,3,4-oxatriazole ring for the detection of NO based on
PET. Initially, the probe was non-fluorescent due to PET and in presence of NO in

aerated water, PET was blocked and showed enhanced emission?s.
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Figure 1.3. Schematic representation showing the NO sensing using the pyrene probe, PyDA-

NP. Figure is adapted from ref.15.
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Hydrogen sulphide (H2S) is another signalling molecule along with NO and
carbon monoxide (CO), which plays significant role in patho-physiological functions
in living systems. Small molecular fluorescent probes-based detection methods have
recently emerged for the sensing of H2S in biological systems. Yi and co-workers
reported a near infra-red (NIR) fluorescence-based cyanine probe for the detection
and visualization of H2S level in colorectal cancer (Figure 1.4A). The probe showed
high selectivity, fast response, good water solubility and low toxicity towards
biological systems. So, this probe could serve as an efficient tool for the non-invasive

in vivo imaging of Hz2S in living mice® (Figure 1.4B).
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Figure 1.4. A) Fluorescence spectra of cyanine probe (10 pM) with different concentration of
H>S, B) Endogenous visualization of H,S in living mice after incubation with probe and D-Cys
as H;S donor, C) structures of coumarin based probes 1 & 2, D) Emission spectra of highly
sensitive probe 2 (1 uM) with different concertation of HsS, E) fluorescent images of zebrafish,

pretreated with probe 2 and D-Cys. Figure A is adapted from ref.16 & B is from ref.17.
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In another report, a set of dual fluorescent probes (Figure 1.4C) were synthesized for
the detection and visualization of HzS in cells and zebrafish. Reaction mechanism of
the probes include both FRET and ICT. The detection limit for both the probes were
less than 30 nM, reveals the excellent sensitivity of the probes towards H2S (Figure
1.4D). So, the authors have successfully utilized probe 2 for the detection and imaging

of H2S in zebrafish modell” (Figure 1.4E).

Chun et al. reported a dual response probe for detecting the imbalance of H2S
and viscosity in mitochondria. Probe consist of a dimethylaniline and pyridine moiety,
so the initial fluorescence has been quenched due to the free intramolecular rotation.
By increasing the viscosity, the rotation is restricted and fluorescence is turn-on in the
red region. On the other hand, in presence of HzS, a fluorescence turn-on is occurring

due to the presence of ICT!8 (Figure 1.5A).
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Figure 1.5. A) Sensing mechanism of the probe Mito-VS, B) structure and fluorescence images
of HeLa cells before and after incubation with H-S, C) emission spectra of the probe with

varying concentration of H,S. Figure A is adapted from ref.18 and B& is adapted from ref.19.
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In another study, a selective, rapid and biocompatible two photon turn-on
fluorescent probe has been developed for the detection of H2S in living cells (Figure
1.5B). The probe was non-fluorescent because of the conjugated aromatic aldehyde
system, but in presence of Hz2S, formyl group and enone carbon would generate a

acedan moiety which is higlhly fluorescent!® (Figure 1.5C).

In addition to the sensing of NO and HzS, a number of molecular turn-on probes
are available for different sensing applications in cellular biology. Li et al. described a
series of three small molecular turn-on fluorescent probes (Figure 1.6A) for the
detection of PDES§ protein in living cells and tissues. PDES is the § subunit of rod-
specific Guanosine 3',5'-cyclic monophosphate (GMP) phosphodiesterase. All the
three probes showed good fluorescence turn-on in the presence of PDES, so they
utilized the probes for the imaging of PDES protein in the living cell lines: Capan-1 cell
line and KRAS dependent MIA PaCa-2 cell line (Figure 1.6B). In comparison with
other immuno-fluorescent assays or protein based techniques, these probes are more
specific towards the detection of PDES protein due to its rapid and convenient turn-

on mechanism?20,

In another study, a thiazole- coumarin based fluorescent probe has been
developed for the imaging of cellular DNA. The non-fluorescent probe become
emissive after the intercalation of DNA with the probe?l. Li and co-workers
demonstrated a series of small molecular turn-on fluorescent probes for the detection
of B-cell-lymphoma-2-gene (Bcl-2) family proteins. Proteins in the Bcl-2 family plays
a major role in regulating apoptosis22. The overexpression of estrogen receptor (ER)
a is an important biomarker for diagnosis and therapy of breast cancer. In one of the

literature study the authors reported a turn-on fluorescent probe for the specific
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detection of ER in breast cancer. Their probe contains three parts: emissive
fluorophore, fluorescein isothiocyanate (FITC), ER a targeting ligand and a
nitroaromatic group for hypoxic response. Due to the presence of nitroaromatic
group, the probe was non-fluorescent in normoxic condition but shows high

fluorescence after reaching a hypoxic condition?3.
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Figure 1.6. A) Synthetic route for small molecular fluorescent probes, B) Fluorescence
images of MIA PaCa-2 and HEK 293 cell lines incubated with probe 1 (5 uM). Figure adapted

from ref.20.

Apart from the above mentioned examples, a number of turn-on fluorescent

probes has been developed for different sensing applications such as detection of
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nitramine and nitro aromatic explosives, detection of Fe3* in water, imaging hERG

potassium channel etc2425.26,

1.3.1.3.2. Turn-off fluorescent probes

These are the probes, which shows maximum intensity in the free state but
exhibit a decline in fluorescence upon recognition with target analytes. A large
number of turn-off fluorescent probes are available till now for different biological
and molecular recognition applications. Kim and co-workers reported a turn-off
fluorescent probe based on N-methyl-4-pyridiniumvinylcarbazole for the detection of
CO in solution. Initially, the probe was highly fluorescent but in presence of CO the
fluorescence gets quenched thereby enable the on-site detection of CO. This probe

could also determine the CO level in animal blood?? (Figure 1.7A).
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Figure 1.7. A) Pictorial representation of fluorescent off on mechanism towards CO, B)
Schematic representation showing the turn-off fluorescent probe for before and after

incubation with Cu?*. Figure A is adapted from ref.27 and B from ref.28.
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In another work, the authors demonstrated a terpyridyl appended
poly(metaphenylene-alt-fluorene) m-conjugated fluorescent polymers for the
detection of Cu?+. The probe has blue emission and showed remarkable selectivity and
sensitivity towards Cu?* as evident from the turn-off fluorescence (Figure 1.7B) in
comparison with other metal ions. Probe showed a low limit of detection (LOD)
towards Cu2+and found to be 8.4-9.2 ppb. This work reveals that, simple, selective and
highly sensitive fluorescent platform for further application in metal ion sensing and
other biological analytes detection?8. Aliaga et.al. described a set of coumarin based
turn-off fluorescent probes (Figure 1.8A) for the detection of both copper (II) and

iron (III) ions and its application in bio imaging.
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Figure 1.8. A) Synthetic route adopted for the synthesis of probes BS1 & BS2, where, (a)
POCI;, DMF, acetonitrile, 0-5 °C, 2 h; (b) acetylglycine, acetic anhydride, anhydrous sodium
acetate, reflux 4 h; (c) 2:1 HCI/Hz0 reflux, 2 h; (d) 3,4-dihydroxybenzaldehyde; (e) 2,4-
dihydroxybenzaldehyde, EtOH, reflux, 4 h B) fluorescent images of SHSY5SY cells treated with
probe BS2 and Cu-His as copper generator. Figure adapted from ref.29.
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In this study, they have synthesized two coumarin probes and studied their
fluorescent sensitivity towards copper (II) and iron (III) ions. Results revealed that
both the probes showed excellent sensitivity and selectivity towards these two ions
in comparison with other ions. They have checked the applicability of both the probes

in living system for the visualization of copper (II) and iron (III) ions?° (Figure 1.8B).

In another report, copper (I1I) was detected using a turn-off fluorescent sensor
based on gold nanoclusters. In this study, the fluorescent sensor was synthesized
using a lysosome stabilized gold nanocluster, whereas lysosome act as both reducing
agent and stabilizing agent (Figure 1.9A). This probe showed a particle size of 2.5 +
0.3 nm and exhibited strong fluorescence in the NIR region. After reacting with
different concentration of Cu?+, the fluorescence intensity of the sensor decreased
linearly with a correlation coefficient of 0.9976 (Figure 1.9B). The probe showed a
LOD of 9.00 x 102 mol dm-3 and displayed excellent selectivity towards copper (II)

ions in comparison with other metal ions 3°.
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Figure 1.9. A) Schematic representation illustrating the formation of sensor, B) emission
intensity of the sensor after reacting with different concentration of Cu?+. Figure is adapted

from ref.30.
In another study, a N-doped carbon dot-based turn-off fluorescent sensor was

constructed for the detection of ferric ions in water. They have used Prunus avium

17



Chapter 1

fruit extract for the green synthesis of sensor and displayed with a size of 7 nm. The
sensor showed a bright blue fluorescence at 411 nm upon excitation at 310 nm with
a quantum yield of 13% against quinine sulfate as a reference fluorophore. The
synthesized probe was used for the selective detection of Fe3* in water through
fluorescence spectroscopy. Sensor showed low toxicity and good biocompatibility
towards MDA-MB-231 cells and therefore used as a staining probe for bio imaging of

the cells31,

Manoj and co-workers reported a BODIPY based dual functional turn-off
fluorescent probe for the detection of H2S as well as the visualization of H2S induced
apoptosis (Figure 1.10A). The probe exhibited a turn-off fluorescence behaviour
towards HzS, is due to PET from the nitrogen atom to the BODIPY moiety (Figure
1.10B). Sensor showed selectivity to H2S and used for monitoring the H2S induced

cellular apoptosis32.
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Figure 1.10. A) Design strategy adopted for the synthesis of BODIPY probe, B) fluorescence

response of probe towards different concentration of H,S. Figure adapted from ref.32.

1.3.1.3.3. Ratiometric fluorescent probes

In ratiometric fluorescence, intensities of two or more emission spectra are

measured to detect the analytes by monitoring the ratiometric changes in
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fluorescence. A ratiometric fluorescent probe is specifically sensitive towards
environmental factors like ion concentration, polarity, pH, viscosity etc. Number of
strategies like ICT, FRET, ESIPT etc. have been studied in the perspective of

ratiometric fluorescence sensing33.

Qian and co-workers demonstrated a ratiometric fluorescent probe based on
coumarin for the detection of endogenous protein vicinal dithiols in cells. Protein
vicinal dithiols plays an important role in cellular homeostasis and signaling of cells.
Their target probe containing a coumarin and naphthalimide moiety (Figure 1.11A)
for ratiometric fluorescence response and an arsenic part for the effective binding
with vicinal dithiols34 (Figure 1.11B).
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Figure 1.11. A) Chemical structure and ratiometric response of probe towards protein vicinal
dithiols, B) naphthalimide probe and its response to CYP1A, C) schematic representation for
the detection of NADPH using naphthalimide based probe. Figure A&B is adapted from ref. 34
and C is adapted from ref. 35.
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In another report, a ratiometric two photon fluorescent probe was established
for the detection and imaging of cytochrome P450 1A (CYP1A). CYP1A is a phase I
drug metabolizing enzyme plays a significant role in metabolic activation. They have
chosen 1,8 naphthalimide as the fluorophore because of its two-photon absorption
properties (Figure 1.11C). Their probe displayed significant selectivity, sensitivity
and ratiometric response towards CYP1A. Also, they have successfully utilized this

probe for two photon imaging of CYP1A in living systems3>.

Iyer et.al. reported a series of polarity sensitive imidazole based ratiometric
probes for the detection of methanol in biodiesel. All dyes exhibited a ratiometric
fluorescent behaviour towards methanol is because of the intermolecular hydrogen
bonding between methanol and aldehyde. For further application they have utilized
these probes to check the methanol content in biodiesel using paper strips3¢. In
another work, a peroxynitrile (ONOO-) detection has been carried out using a
mitochondrion targetable ratiometric fluorescent probe. ONOO- is a kind of reactive
oxygen species and overproduction may lead to pathogenesis of many diseases. In the
present study, the ratiometric response of the probe towards ONOO- is based on FRET
phenomenon. The probe applied for the detection of ONOO- in cellular level and in
mouse model (Figure 1.12A)37. Tan and co-workers described a two-photon
fluorescent sensor for the ratiometric imaging of cells and tissues. The sensor used
for this study is based on a naphthalimide moiety directly connected through a
rhodamine derivative (Figure 1.12B). Ratiometric mechanism of the probe (Figure
1.12C) was explained by a newly emerged strategy called through-bond energy

transfer (TBET). This novel probe was then applied for the imaging of cells and
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tissues. So, their ratiometric sensor provide an effective tool for analysing the

biological processes38.
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Figure 1.12. A) Structure and working mechanism of the probe in presence of ONOO-, B) Np-
Rh probe for the ratiometric imaging of cells and tissues, C) ratiometric response of the probe

in presence of Cu?+. Figure A is adapted from ref. 37 and B&C adapted from ref.38.
1.3.2. Raman imaging

Outcomes from each imaging modality has its own distinctive advantages and
inherent disadvantages in terms of spatial resolution, selectivity, accuracy and
specificity. Since last decade, advanced techniques of Raman scattering extensively
practiced in the area of molecular diagnostics, due to its high signal to noise ratio,
excellent sensitivity and respectable multiplexing capability which enable to detect
ultra-low analytes concentration3?3. Raman imaging is a potent method to generate
in depth chemical images based on sample’s Raman spectrum. Thus, in cancer

diagnosis, it is used to determine the alteration of molecular fingerprints in a cellular
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system which underwent disease transformation. So, it is well explored that Raman
imaging is an appropriate tool for cancer diagnosis with higher sensitivity and

specificity compared with other imaging techniques*0.

In accordance with the recent studies, Raman spectroscopy is well explored as
a highly sensitive analytical and imaging technique in biomedical research, mainly for
various disease diagnosis including cancer. In comparison with other imaging
modalities, Raman spectroscopy facilitate numerous assistances owing to its low
background signal, immense spatial resolution, high chemical specificity, multiplexing
capability, excellent photo stability and non-invasive detection capability. There are a
number of Raman scattering techniques (Scheme 1.3.) are available for theranostic
applications: which includes spontaneous Raman scattering (SRS), coherent Raman

scattering (CRS), SERS, tip enhanced Raman scattering (TERS), surface enhanced
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Scheme 1.3. Schematic representation illustrating different techniques in Raman

spectroscopy for imaging.
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resonance Raman scattering (SERRS), wild field Raman imaging (WRI), surface
enhanced hyper Raman scattering (SEHRS). However, spontaneous Raman is very
weak due to small Raman cross section*! which requires long acquisition time for
imaging and diagnosis. So, in recent years, Raman spectroscopy has evolved as a
promising technique in biological and medical field, out of which SERS emerged as a
new avenue in imaging and cancer diagnosis due to its excellent specificity, selectivity,
multiplexing capability etc.
1.3.2.1. Evaluation of SERS and recent developments

SERS is an advanced form of conventional Raman spectroscopy in which
incremental enhancement of signal intensity reflected by several orders in the vicinity
of nano roughened metal surface. Fleischmann#? and co-workers observed the first
SERS enhancement of pyridine molecules adsorbed over coarsened silver electrode.
This surface enhancement phenomenon was later explained partially by Duyne#3 and
Creighton*4. The enormous enhancement was generated by strong light-induced
electric field at specific positions in metallic nanostructure called hot spots.
Exponential growth of nanotechnology together with emergence of various SERS
active substrates improved the sensitivity of the technique assuring to detect single
molecular level. The enhanced specificity, high sensitivity and ease of sample
preparation makes SERS prior over other technique in biomedical application. Apart
from other biomedical technique SERS is capable of producing images using specific
mapping of Raman spectral data without any photo bleaching3.
1.3.2.2. Enhancement factor and Hotspot generation

Enhancement factor (EF), is one of the significant term used for explaining the
efficiency of SERS effect. There are many documented methods for calculating SERS-

EF based on varying degree of complexity, such as with modest calculations of the
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Raman intensity change with nanoparticles (NPs) to several complex procedures
calculating minute details such as surface area of NPs, number of analytes per NPs,
and much more. Inaccurate measurement of EF will not present information
regarding the reproducibility of the substrate, molecule-metal interaction, analytes
specificity etc. Hence, a properly co-ordinated approach considering precise and
minute details with accuracy is highly appreciated. In general, SERS-EF is a
culmination of the increased Raman intensity due to electromagnetic (EM) and
chemical enhancement mechanism. On an average, the observed maximum EFs in
SERS are in the order of 107 - 1019 in most cases and can go up to 102 in rare
conditions wherein the EM enhancements may contribute up to ~1019 and the rest
will be filled by chemical enhancement*>. A simple and honest approach for the

averaged SERS-EF calculation may be illustrated as follows:

EF = (ISERS/Nsurface) /{IRFM;’Nhulk)

where, Isers and Irrm — Raman signal intensities from SERS and free molecule,
Nsurface and Nbulk - The number of molecules on the NP surface and bulk

The creation of localized plasmonic fields on the photoactive molecule present
on the surface of metal structures by excitation with laser is referred to as hotspots.
The incremental increase in the Raman signal is directly related to field intensity and
molecular binding on close proximity of hot spot, which allows the fabrication of
molecular probes with promising properties. Hotspots can be generated by the
assembly of NPs such as spheres, rods, cubes, bars etc. and also by creating inter and

intra nano-gap*647 (Scheme 1.4) by purposefully tuning NPs.
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Scheme 1.4. Schematic representation of hot spot in between two NPs and corresponding

SERS intensity.

1.3.2.3. SERS substrates

SERS substrates are molecules which enhances the weak Raman signal to
several orders of magnitude. Commercially available SERS substrates are based on
silver, gold and copper surfaces. The localized surface plasmon resonance (LSPRs) of
these entire metal NPs span visible to NIR wavelength range, making them convenient
for Raman measurements. Typically, SERS substrates are mainly classified in to three
categories: 1) colloidal metal nanoparticle solution, 2) colloidal solution immobilized
in solid substrates and 3) nanolithography and template-based substrates*s. Gold
nanoparticles (AuNPs) are mostly exploited as SERS substrates to amplify the Raman
signatures of the analytes which would otherwise remain undetectable owing to their
lower Raman cross-sections. Researchers are striving to design new plasmonic

materials and also to optimize the structure and configuration of existing SERS
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substrates to maximize the enhancement efficiency. Concurrently, a wide array of

SERS substrates were fabricated like gold and silver nanospheres (Scheme 1.5.).

-
1 (@) ot (ii) (b).- =
: o M Ry
1] | '
|
! ‘ o4l 1 =I'sy X Sas |
: ; 3 ; v |
; %00 ~ % |" ‘
' 502{ i A
H - S lRE Y\
! N S
] al 0
i 200 40 i T -~ Y
1 \\IN'" {rem) Wavedarggt (3
L Tt R —— S ——
"'.ll' '

.

Scheme 1.5. Common types of SERS substrates used in Raman spectroscopy

1.3.2.4. SERS nanoparticle tags

SERS nanotags, a nano construct widely used for the precise detection of bio-
molecules. Typically, SERS nanotag contains a substrate to enhance the Raman signal,
Raman reporter molecule for identification and a targeting motif for specific
biomolecular detection*® (Figure 1.13.). Molecular fluorophores and dyes are
commonly used Raman reporter molecules. These SERS nanotags provide unique
optical properties in SERS analysis in comparison with other fluorescent techniques
due to multiplexing analysis for target specific detection, single laser excitation

wavelength, high photostability and quantification using the SERS fingerprint.
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Figure 1.13. Schematic representation of SERS nanotags: consists of a Reporter molecule

attached Au substrate, a PEG layer for stabilization and a target. Figure adapted from ref.49.
1.3.2.5. SERS nanotags for diagnosis and imaging

The high specificity, minimal sample volume and integration of advanced
technologies improved the enormous applications of SERS in the qualitative and
quantitative detection of a wide array of diseases. Most biomolecules are Raman
active to provide distinctive fingerprint signals according to their occurrence and
abundance. The minute changes due to a disease condition will be reflected in its
characteristic Raman peak from biomolecules, organelles, cells or tissues and can be
analysed and distinguished. An ultrafast, sensitive and quantitative diagnosis for the
early detection of serious disorders is desirable for achieving improved therapeutic
outcomes. Tracing of molecular events demands detection of very low quantities of

biomolecules which makes diagnosis a challenging process#.
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SERS imaging, which combines Raman scattering with optical imaging
techniques, is a promising method which can unravel the spatial distribution of a
particular type of analyte in a heterogeneous environment. The basic principle of
SERS imaging is the separation of the Raman scattered photons corresponding to the
characteristic signal from the SERS spectrum of a particular analyte to obtain the

spatial distribution of the analyte.

A potentially valid methodology for the selective and sensitive monitoring of
intracellular H2S was developed®® by functionalization of AuNPs with 4-
acetamidobenzenesulfonyl azide (4-AA) (Figure 1.14A). In the presence of HzS, the

azide groups present in 4-AA gets converted into amino groups which cause spectral
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Figure 1.14. A) Schematic representation of SERS nanotag for the detection of H,S, B) sensing

of H,S inside the living cells using the nano sensor. Figure is adapted from ref. 50.
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changes in the SERS spectrum, thereby facilitating the rapid and accurate sensing of
H2S (Figure 1.14B). The authors further demonstrated the suitability of their
nanoprobe in the real-time detection of H2S generated under S-adenosyl methionine
(SAM) stimulation in glioma cells which supported the activating effect of SAM on the
production of H2S by the cystathionine b-synthase dependent pathway.

Li and co-workers reported a SERS nano sensor for the detection of NO and
ONOO:- in living cells. Their nanotag contains AuNPs as SERS substrate and a novel

Raman reporter molecule 3,4-diaminophenylboronic acid pinacol ester for sensing.
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Figure 1.15. A) Pictorial illustration of SERS nano sensor for the detection of NO and ONOO-
in cellular level using SERS technique, B) schematic representation of SERS nanoprobe for the
endogenous sensing of NO through SERS. Figure A is adapted from ref. 51 and B is adapted

from ref. 52.
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The simultaneous detection of both the analytes was achieved by the nano sensor
using 785 nm laser. Results showed a shift in fingerprints of the Raman reporter after
detection with NO and ONOO-. Nano sensor displayed excellent specificity, SERS
sensitivity and selectivity towards these analytes and further used for the
intracellular detection (Figure 1.15A)>L In another report, authors established a
SERS nanoprobe for the endogenous detection of NO in living cells. In this study they
have utilized a o-phenylenediamine (OPD)-modified AuNPs for achieving the low-
level detection. In presence of NO, the diamine part in OPD molecule become
transferred to triazole moiety, resulting a SERS change in the SERS nanoprobe

(Figure 1.15B)52.

A palladacycle based SERS probe was reported for carbon monoxide detection
in HeLa and human liver cells>3. The sensing strategy involves the carbonylation of
AuNPs bound palladacycle reporters which in turn causes the removal of the
palladium constituent thereby resulting in a carboxylic acid group producing distinct
SERS spectral signatures (Figure 1.16.). The presence of carbon monoxide-releasing

molecules under in vitro conditions was effectively detected using this approach.

In single plex detection of biologically relevant analytes, Raman reporter
molecule is used to label the reference biomolecule and there by allows the sensing of
molecule from SERS fingerprint of Raman reporter molecule. Chang et al. reported
triphenylmethine dyes as novel candidates for SERS analysis and imaging.
Triphenylmethine were recognized for sensitive biological detection as the signal
intensities were superior to commercially available crystal violet dye>% The same
group has developed another two SERS-tags by using triphenylmethane and lipoic

acid derivatives of cyanine dyes for multiplexed detection of cancerous cells.
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Figure 1.16. SERS based CO sensing using palladacycle based nanotag. Figure is adapted from

ref. 53.

These tags were coated with PEG for enhancing the biocompatibility and further were
conjugated with anti- Epidermal growth factor receptor (EGFR) and anti- Human
epidermal growth factor receptor-2 (HER2Z) antibodies which selectively detected
cellosaurus cell line (OSCC) and human breast cancer cell line (SK-BR-3) cells

respectively using SERS imaging>>.

The systematic use of two Raman reporters, 5,5'-dithiobis-(2-nitrobenzoic
acid (DTNB) and 4-mercaptobenzoic acid (4-MBA), Wu et al. demonstrated the
simultaneous detection of p21 (cyclin-dependent kinase inhibitor) and p53 (tumor
suppressor) proteins>¢ (Figure 1.17.). The NR functionalized with reporter
molecules and target specific antibodies were utilized for the quantification and
identification of p53 and p21 which could be useful in early cancer predictions. Later,

the same work was extended with a SERS based immunoassay constructed using a 3D
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barcode chip for the high-throughput multiplex analysis of protein biomarkers>’. In
this approach, multiple proteins from diverse specimens were segregated by a
microfluidic device which is built with specific antibody patterns, so that it may
facilitate the composition of a 2D hybridization array in the presence of target
analytes. This novel strategy was exploited for the multiplex analysis of human IggG,
mouse IgG, and rabbit IgG by utilizing the distinct Raman signals of 4-MBA, DTNB, and

2-naphthalenethiol (2-NAT) respectively.
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Figure 1.17. Scheme describing the fabrication of SERS probes constructed using Au@AgNRs
functionalized with 4MBA and DTNB. Figure is adapted from ref. 56.
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1.4. Recent development of nano-theranostic systems for

nanomedicine

Nano-theranostic is emerging as a promising therapeutic paradigm in the
development of nanomedicine which combines specific targeted therapy based on
distinct diagnostic monitoring. Many direct and indirect methods were developed to
study the molecular changes taking place inside the cells during therapy.
Chemotherapy, photodynamic therapy (PDT), photo thermal therapy (PTT) and
radiation therapy, surgery are among the most widely employed cancer treatment
options®8. All these therapies cause damages to normal cells or tissues during the time
of drug administration or light eradication. So, nanotechnology offers to target
chemotherapies towards specific cancer cells, thereby reduce the damage near
normal cells. Nanotechnology has been well explored for the therapy of diseases due

to its excellent sensitivity, selectivity and specificity.

The term chemotherapy in a broad sense is used to refer the treatment using
a drug or combination of drugs. Chemotherapeutic drugs can be synthetic or natural
and are a powerful weapon to stop or decelerate the growth of cancer cells. Commonly
used anticancer drugs Kkill cancer cells mainly by interacting with DNA and in general,
they can be classified as either reactive or interactive. In the former case,
pharmacological activity relies on the reaction between the drug and a target
molecule, so the hybrid adducts hinder the cellular progression which leads to cell
death. However, the interactive drugs interfere with cellular pathway which relies on
lock and key recognition process. Cancer cell-drug interactions leads to a significant

number of possible cellular responses like apoptosis and acquired drug immunity>°.

33



Chapter 1

The limitations of conventional chemotherapy were overcome using the introduction

of targeted drug delivery systems.
1.4.1. Nano carriers for targeted drug delivery

In order to overcome the adverse side effects of chemotherapeutic agents used,
targeted delivery of drugs with the aid of NPs based drug carrier systems was
employed. These types of systems offer localized, efficient, targeted drug
transportation and drastically reducing the potential side effects. Drugs can be placed
either on the surface or interior of NPs via either non-covalent or covalent bonds,

depending on the assess ability of functional groups of the drugs and the nanocarrier.
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Scheme 1.6. Different types of nano carriers in targeted drug delivery system.

NPs are taken up at the tumor site by endocytosis, and the release of the drug inside
the cancer cell can follow by different mechanisms, including pH change, heat, redox
reaction, and enzymatic or protein actions®. Particles with size between 1-100 nm is
called nanoparticles. Most commonly used eight nano carriers are carbon nanotubes

(CNTs), dendrimers, micelles, liposomes, QDs, super paramagnetic iron oxide
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nanoparticles (SPIONs), AuNPs and meso-porous silica nanoparticles (MSNs)

(Scheme 1.6).

1.4.2. SERS based nano-carrier system for theranostic application

The fingerprint information in Raman spectra could be utilized for the better
understanding of the time-resolved biochemical changes in cells towards different
treatments. Raman spectroscopy was purposefully explored to detect molecular
changes in response to different treatments on the cells, causing specific time
dependent biochemical changes associated with the process of cell death as well as
cellular changes at different time points in the cell cycle. So due to the unique
characteristics of high sensitivity, accurate Raman fingerprinting, and rapid detection
capability without complicated sample preparation, SERS was employed as effective

tools to detect DNA, small biomolecules, and proteins®l.

In SERS, the drug molecule is adsorbed to NPs and these structures support
SPRs, which may cause an enormous increase of the near-field excitation intensity at
the vicinity of the adsorbed molecule. In addition, NP-drug interaction leads to the
quenching of fluorescence through non-radiative relaxation via the NPs surface, so
the Raman fingerprint intensity of the molecule is increased by chemical
enhancement. In this section, SERS aided nano-carriers has been described for
effective delivery of chemotherapeutic agents. Most commonly used nano carrier

systems is based on AuNPs, AgNPs and MSNs.
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1.4.2.1. Gold nanoparticle based nanocarrier systems

The wide spread use of AuNPs in drug delivery systems is due to its unique

physical, chemical and mechanical properties ideal to make it right vehicle for drug

delivery. In 2010, El-Said et al. reported a procedure with gold nanoflower (AuNF)

array on an indium tin oxide (ITO) substrate to study the fate of cancer cells upon

administration of chemotherapeutic drugs by SERS analysis (Figure 1.18A). This

approach was effective enough for the ultra-low level

detection of the

chemotherapeutics like hydroxyurea, 5- fluorouracil, and cyclophosphamide on

hepatocellular carcinoma cells (HepG2) due to the high sensitivity of AuNF

substrates®?(Figure 1.18B).
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Figure 1.18. A) SERS spectra obtained from HepG2 cells after treatment with hydroxyurea,

5- fluorouracil, and cyclophosphamide, B) changes obtained by Raman peak of cells after

treatment with drug molecules. Figure is adapted from ref.62.

Later on, the same group developed an excellent approach, plasmonic-tuneable

Raman/fluorescence imaging spectroscopy for tracking the intracellular release of

doxorubicin (Dox) from AuNPs in real-time manner (Figure 1.19A). They illustrated

the ability of AuNPs in tuning Raman and fluorescence intensities of Dox molecules in

order to enable a selective switch ON and OFF mechanism. This technique could be

36




Molecular and Nanocarrier probes for theranostics

A)

SERS IION"
Fluorescence “OFF"

)1)
8L&a

SERS "“OFF"”
Fluorescence “ON"

1: drug loaded 2: drug released

B) SERS Fluorescence
e
&
2
@ =
c J
L 3
[S—

£ 3 1

1) 1 L] L) L)
3 3
S o
5 Fluorescence
“orF £ 3
2 s 3

2. AuDOX pH7.4 £ ' 2

“drug loaded"
s 31 N
SERS Fluorescence . 1
3| “oFFr "¢ “ON" b
.. $ 3
€ 3
4 . 1 4
L) L) L] L L) L) L] L] L) L] L) AJ A 3. Au—oox p" 5~o L) I L L) L)
500 700 900 1100 1300 1500 1700 “drug released” 500 600 700 800
Raman Shift (cm-') Wavelength (nm)

Figure 1.19. A) Pictorial representation of Dox release from the carrier system by SERS and
fluorescence, B) SERS spectra and fluorescence spectra of released Dox from the construct
and the chemical structure and representation of the delivery system. Figure is adapted from

ref. 61.

more engineered as a practical tool for illustrating the cellular response to drug
action®! (Figure 1.19B). In a recent report, non-invasive monitoring of drug release
from the nanocages was demonstrated using SERS. Here, the authors demonstrated a
gold nanocage based nanocarrier system for the release of Dox with external trigger

such as light or ultrasound. The usage of biocompatible phase change material, called
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1-tetradecanol, act as a gate keeper to manage the release of Dox in response to an
external stimulus. This simple yet powerful technique endeavoured with the ability

for the real-time noninvasive monitoring of drug release kinetics®3.
1.4.2.2. Silver nanoparticle based nano carrier systems

Among different plasmonic NPs, silver nanoparticles (AgNPs) are attaining
substantial interest due to their good physicochemical qualities such as optical and
magnetic polarizability, antimicrobial behaviour, catalysis, electrical conductivity,

and are revealed to be a good SERS substrate. Srinivasan and co-workers reported a
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Figure 1.20. Schematic representation showing the synthesis of janus-mesoporous silica
nanocomposite and their therapy monitored by SERS and fluorescence. Figure is adapted

from ref. 65.

multifunctional anti-cancer prodrug system based on AgNPs wherein the NPs were
conjugated with folic acid (FA) as a targeting moiety and Dox as the drug candidate.
The multifunctional NPs internalised and released the drug which was monitored
through SERS and fluorescence bi-modal spectroscopy®*. In another report, Janus

silver-mesoporous Si02 NPs with excellent SPR and mesoporous properties were
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synthesized for simultaneous SERS imaging and pH-responsive drug release. Ag-MSN
nanocarriers were found to be an efficient drug delivery system, which was
favourable for endocytosis, pH-responsive drug release, and simultaneous SERS
imaging (Figure 1.20). More importantly, Dox-loaded Ag-MSNs selectively inhibited

cancer cell growth, rather than normal cells®5.

1.4.2.3. Mesoporous silica nanoparticle based nanocarrier systems

Mesoporous SiO2 nanoparticle based drug carrier systems attracted greater
attention in the recent decade. A pH-controllable drug carrier based on MSNs and
chitosan/poly (methacrylic acid) was fabricated, which can be used as SERS guided
drug carriers®. Similarly, Au nanocage-SiO2 nano rattle, assembled with galvanic
replacement and surface-protected etching, served as an efficient carrier of Dox
(Figure 1.21A) in which the cellular internalization and drug release in MCF-7 cells
was synergistically monitored using SERS mapping and spectral analysis®’. In an
interesting study, telomerase was used as a trigger for stimuli-responsive drug
release in an MSNs wherein the metal core serves as SERS substrate. The above
mentioned SERS active nanocarrier not only improved the therapeutic efficacy, but
also facilitated the investigation of Raman enabled drug metabolism>°. Zong et al.
reported an efficient NP system containing Raman molecule tagged Au@Ag nanorod
as the core which serves as SERS substrate and mesoporous SiO: layer which
promotes the loading of DOX (Figure 1.21B). The authors examined the cellular
uptake and drug release with both fluorescence and SERS. Moreover, the SERS based
Dox mapping was found to be more effective than the fluorescence-based

investigations®8.
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Figure 1.21. A) Representation of double-walled Au/SiO; nanorattles for therapeutic
applications, B) schematic representation of disulphide based nanocarrier for therapy. Figure

A is adapted from ref. 67 and B is adapted from ref. 68.

1.5. Objectives and methodologies for the present investigation

The development of molecular probes and functional nanomaterials with
improved sensing capabilities together with high therapeutic effects is a hot topic for
biomedical scientific community. In this regard, the present thesis describes the
design, synthesis and fabrication of small molecule based optical probes and
nanoparticle-based nano-carrier systems for diagnostic and therapeutic applications
in cancer and Alzheimer’s diseases. Small molecular fluorescent probes have been
synthesized and investigated their optical properties and applied for various sensing,
imaging and therapeutic applications. In addition, SERS guided nanoparticle based
targeted drug delivery system has been developed for therapeutic applications of
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various cancers. Cross discipline co-operation will be essential in the design,
synthesis, fabrication and implementation of future small molecular probes and nano
technological analytical platforms capable for the direct analysis, observation and

manipulation of molecular signatures of disease.

In the present thesis, first objective was the design, synthesis and
characterization of TPE based SERS nanoprobe for the detection of prostate cancer
cells. The unique SERS nanoprobe TPE-InPSA@Au has been developed in conjugation
with target-specific PSA peptide (Cys-SerLys-LeuGln-OH) substrate aiming for the
detection of PSA protein. TPE-In-PSA@Au possess excellent SERS fingerprinting with
solid multiplex signal pattern. The nanoprobe successfully recognizes PSA enzyme in
SERS-based detection platform with a LOD of 0.5 ng which unfold a new avenue in
prostate cancer diagnosis. Moreover, the nanoprobe was nicely documented by PSA
overexpressed human prostate cancer (LNCaP) cells, which was imaged through SERS

spectral analysis and mapping.

The next objective was to design a novel molecular probe comprised of TPE
core as a fluorescent molecular framework for the detection of endogenous H2S and
synergistic delivery of HzS in lieu of progressive therapy on Alzheimer’s dementia. In
this regard, two AIE active orthogonally substituted TPE based molecular probes
TPE-NBD-D and TPE-NBD-2 were synthesized and characterized. Preliminary
studies revealed that both the probes exhibit sensitivity and selectivity towards H2S.
In TPE-NBD-D, disulfide donor was used to generate H2S in presence of cellular bio
thiols. Efficient H2S sensing was reflected in both neuroblastoma cell lines and in mice
models. Molecular probe TPE-NBD-D was further utilized for amyloid beta (AB) de-

agglomeration (Af1-42 protein).
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Design and fabrication of a gold core mesoporous silica hybrid nano envelop
system for therapeutic applications was the objective of last chapter. A silica coated
gold nanoparticles (Au@SiOz2) were synthesized followed by the surface
functionalization with chitosan-folic acid (CS-FA) conjugate for precise loading of
Dox, resembled as Au@SiO2-Dox-CS-FA. In diagnostic modality, the core Au@SiO: to
be an effective SERS nanoprobe for Raman imaging to monitor the cellular uptake,
release of the impregnated Dox, and dynamic visualization of biochemical changes at
molecular level during apoptosis. Also, the probe demonstrated excellent in vitro
folate receptor (FR)-targeted cytotoxicity and also presented to be an appalling
biocompatible targeted nanocarrier delivery construct. Finally, the targeted nano-
envelop drug delivery system (TNEDS) was explored in mouse models that clearly

showed greater therapeutic efficiency superior to the clinically used Dox and Lipodox.
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Chapter 2

SERS Nanoprobe Based on Tetraphenylethylene Raman

Signatures for the Detection of Prostate Cancer Biomarker
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2.1. Abstract:

A new class of Raman signatures has been designed and synthesized based on
TPE appended organic fluorogens and unfold their unique Raman fingerprints by SERS
upon adsorption on nanoroughened gold surface. Five TPE analogues were synthesized
with a series of electron donors such as (1) indoline with propyl (TPE-In), (2) indoline
with lipoic acid (TPE-In-L), (3) indoline with Boc-protected propyl amine (TPE-In-Boc),
(4) benzothaizole (TPE-B), and (5) quinaldine (TPE-Q). All the derivatives of TPE
showed their prevalent AIE and ACQ phenomena. Interestingly, all the TPE derivatives
displayed good multiplexing Raman peaks, out of which TPE-In-Boc showed a
substantial enhancement in signal intensity in the fingerprint region. An efficient SERS
nanoprobe has been fabricated with AuNPs as SERS substrate where TPE-In integrated
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as the Raman reporter, which was further conjugated with a specific peptide substrate,
cysteine-serine-lysine-leucine-glutamine (Cys-Ser-Lys-Leu-GIn-OH), well-known for the
detection of PSA. The chosen nanoprobe TPE-In-PSA@Au represented as SERS
“ON/OFF” probe in the surface of PSA protease, which clearly recognizes PSA
appearance with a LOD of 0.5 ng in SERS platform. Furthermore, TPE-In-PSA@Au
nanoprobe was efficiently recognized the overexpressed PSA in LNCaP cells, which can

be imagined through SERS spectral analysis and mapping.

2.2. Introduction

The diversified chemical structure of organic fluorescent molecules
modulating fundamental photophysical properties have continuously evolved over
the past several years, imparting a huge impact on biomedical research with special
emphasis on bioimaging.2 One such unique photophysical phenomenon of organic
fluorogen is known as AIE, which was first reported in 2001 for silole molecules.345
On the contrary, an opposite mechanism called ACQ, occurred due to the formation of
excimers and exciplexes upon collision between the aromatic molecules in the excited
and ground states, which is mainly through FRET, ICT, or both. A well-known example
for an AlE fluorogen is TPE, in which the olefin stator is surrounded by phenyl rotors
that are non-emissive in a molecularly dissolved state and are emissive by aggregate
formation® and also exhibit ACQ effect by modifying the molecular structure. Due to
AIE and ACQ effects, TPE analogues found surplus applications in sensing and
detection of various metal cations’8° (Figure 2.1A) and anions!?, biological
applications such as cell imaging,11.12 detection of mitochondrial H202 in living cells13,
and targeted intracellular thiol imaging.14 In one such report, Ramaiah et.al described

a TPE nanoparticles which exhibit AIE property for therapeutic applications?2. Their
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nanoparticle showed excellent singlet oxygen generation ability, rapid cellular uptake

and high localization in the cytoplasmic area. So this TPE self-assembly demonstrated

good photodynamic effect on human prostate animal model (Figure 2.1B).

A)

B)

Restriction

Turn-off Turn-on

0% 50% 99% 8"
H,0 H,0 H;0

S G
." g- S
o5t l
R -]
,,,-O
"»

Imaging of cancer cells|
Therapeutic AIE
Nanoparticles
P
2,
-~ p
Y i f
2 N
A, /%
3 Q:. >
“ t\ K
A i
& |
Cell death

Figure 2.1. A) Schematic illustration of fluorescent enhancement of TPE in presence of water:

acetonitrile solvent system, B) Representation showing the turn on fluorescence after

restricting the rotation of TPE. Figure is adapted from ref.12.

In the present decade, SERS has evolved with great potential in diagnostic

applications!>16, mainly diagnosing infected cells, tissues, and many bioanalytes,

which assures the accurate investigation by fingerprinting of spectral cytopathology

and spectral histopathology. SERS is an advanced form of conventional Raman

spectroscopy in which incremental enhancement of signal intensity reflected by

several orders in the vicinity of nano-roughened metal surface. Exponential growth of
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nanotechnology together with emergence of various SERS active substrates improved
the sensitivity of this technique assuring to detect single molecular level. The
enhanced specificity, high sensitivity and ease of sample preparation makes SERS
prior over other technique in biomedical application. Apart from other modalities,
SERS is capable of producing images using specific mapping of Raman spectral data
without any photo bleaching. In this context, the recent advances of SERS in cancer
diagnosis and imaging has been explored.l” SERS technique aroused as an active
future competitor against fluorescence-based detection and imaging which has
several advantages including extremely high sensitivity, multiplexing ability and
captured minute chemical modification in many biological species at molecular
level.1819 In recent studies SERS technique successfully utilize on cancer diagnosis as
an alternative detection tool emphasizing a great potential over conventional
cytopathology.2021 In this regard, early stage diagnosis of prostate cancer has a huge
impactas itis the second most leading cancer-related death among male population.22
PSA, belonging to the human kallikrein family, has been recognized as a tumor marker
for the detection of early stage prostate cancer. In general, PSA concentration for a
normal man ranges from 0 to 4 ng/mlL, but it rises significantly in patients with
prostate cancer.23 Generally, most of the PSA biomarker detection strategies are
carried out using an enzyme-linked immunosorbent assay (ELISA), HPLC and
electrochemical immunosensors using single-wall carbon nanotubes (SWCN). In a
recent report, Chen and co-workers reported a gold nanoparticle-based probe for
sensing ultra-low level of PSA through fluorescence spectroscopy.24 Their newly
described fluorescent probe accounts a low limit of detection of 0.032 pg/mL level in
PSA in patient serum (Figure 2.2A). Recently, SERS also emerged as an important
investigative tool for the sensitive detection of prostate cancer. In a report authors
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demonstrated a label free SERS analysis to discriminate prostate cancer patients from
normal persons by measuring SERS spectra (Figure 2.2B) of serum from patients and
normal persons using silver colloids.2> So SERS technique associating with support
vector machine (SVM) algorithms have great potential to screen prostate cancer blood
samples from normal samples. In another report SERS technique has been used for
the diagnosis of prostate cancer by measuring the urine samples using AuNPs as the

substrate.2¢6
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Figure 2.2. A) Representation of fluorescence-activatable probe for PSA detection, B) SERS
spectra measured from serum of prostate cancer and normal persons. Figure A is adapted

from ref. 24 and B is adapted from ref. 25.

Herein, a series of TPE-appended fluorogens has been synthesized,
investigated their AIE and ACQ properties in dimethyl sulfoxide (DMSO)-water (H20)
solvent mixture and consequently revealed their SERS activity as a new insight when
adsorbed on colloidal AuNPs. Though TPE derivatives are well exploited for their
unique fluorescence properties, no pertinent literature reports demonstrating their
use as Raman signatures are available. Because the TPE derivatives are well-known
for their aggregation due to restricted molecular rotation, it may enhance the Raman

signal intensity due to molecular orientation on nanoparticle surface by generating
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good number of hotspots and produce enhanced electromagnetic field.2” Moreover,
TPE derivatives show excellent shelf life, high photo stability, and synthetic ease when
compared to the reported Raman signature molecules. So, we attempted to utilize TPE
as Raman reporter to construct SERS nanotags for the sensitive detection of PSA. TPE-
derivatives transformed as a potential Raman reporter which enable to produce
multiplexing signal pattern. Further the promising SERS nanoprobe, TPE-InPSA@Au
utilized successfully to diagnosis PSA expression on cancer cells after coupling with

PSA specific peptide substrate, Cys-Ser-Lys-Leu-GIn-OH (Scheme 2.1).

m SERS “ON”
~~  SERS “OFF"
¥ ﬂ '
%
»

(@) 7
4 (o]
‘____“.}‘l y HINW-C - tata
SERS “ON" 0=5 OH i LNCaP
SERS “OFF” { ,‘
AcOHN * TPE-In-NH,

. psa sequence
Gold

PSA cleavage

Scheme 2.1: Thematic Representation of PSA Recognition by TPE-In-PSA@Au Nanoprobe
through SERS, (a) & (b) represents the LNCaP cells without and with probes, (c) & (d)

represents HelLa cells without and with probes.
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2.3 Results and discussion

2.3.1. Synthesis and characterization of TPE analogues

The key synthetic intermediate, aldehyde functionalized tetraphenylethylene
(TPE-CHO) was synthesized by palladium catalyzed Suzuki reaction between
bromotriphenylethylene and 4- formylphenylboronic acid in a mixture of toluene,
tetrabutylammonium bromide (TBAB), and 2 M aqueous potassium carbonate
(K2C03). A series of five novel TPE analogues were synthesized via aldol type
condensation between TPE-CHO and different aromatic moieties like indoline with
lipoic acid, indoline with Boc protected propylamine, indoline with propyl,
benzothiazole and quinaldine, represented as TPE-In-L, TPE-In-Boc, TPE-In, TPE-B
and TPE-Q, respectively (Scheme 2.2.). The products and intermediates formed were
isolated, purified through column chromatography and were characterized on the

basis of spectral and analytical evidence.
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¢

2
c
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1

TPE-B

Scheme 2.2. Synthetic route to TPE derivatives.
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2.3.2. Photophysical properties of TPE analogues

To evaluate the photophysical properties of newly synthesized TPE analogues,
recorded the absorption spectra in DMSO as solvent where TPE-Q and TPE-B showed
absorption maxima at 376 and 371 nm (Figure 2.3 A&C) and were yellow in color.
whereas TPE-In, TPE-In-L, and TPE-In-Boc showed absorption at 445, 449, and 446
nm (Figure 2.4 A, C&E) and were red in color. Because TPE molecules are well-
known for aggregation studies we have evaluated their aggregation properties in
DMSO-H:20 system. Upon increasing the water (fw) proportion, TPE-B and TPE-Q
showed AIE effect (Figure 2.3 B&D), whereas the fluorescent quenching, ACQ was
observed in TPE-In, TPE-In-L, and TPE-In-Boc (Figure 2.4 B, D&F) under similar

conditions, which is probably due to the intermolecular FRET.28
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Figure 2.3. Representative A) absorption and B) fluorescence spectra of the TPE-Q

derivative, C) absorption and D) fluorescence spectra of the TPE-B derivative respectively.
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Figure 2.4. Representative A) absorption and B) fluorescence spectra of the TPE-In
derivative, C) absorption and D) fluorescence spectra of the TPE-In-L derivative, E)

absorption and F) fluorescence spectra of the TPE-In-Boc derivative respectively.

2.3.3. SERS analysis of the TPE derivative

Further, the SERS fingerprint pattern were investigated for all the five TPE
derivatives under a particular solvent concentration other than their AIE and ACQ
properties. SERS experiments have been carried out by incubating the TPE analogues
as Raman reporter with citrate stabilized spherical Au NPs (40 nm) as a SERS
substrate and SERS spectra was measured under a WI-Tec Raman microscope with a
wavelength of 633 nm laser excitation and 20 X objective. Initially, the AuNPs was

characterized using UV-Vis absorption spectroscopy and Transmission Electron
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Microscopy (TEM). Figure 2.5A shows the absorption spectrum of AuNPs and the

corresponding TEM image is shown in figure 2.5B.
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Figure 2.5. Representative A) absorption spectrum and B) TEM images of AuNPs.

SERS experiments were carried out after incubating TPE derivatives with
citrate stabilized AuNPs as SERS substrates by 1: 9 ratios. All the TPE derivatives
exhibit signature Raman peaks at 687, 800-930, and 1000-2000 cm~1 corresponding
to C-C in plane bending, aliphatic chain vibrations and aromatic ring vibrations,
respectively (Figure 2.6.).2° Significant Raman fingerprints are obtained for the
derivative, TPE-In-L. This noticeable enhancement of Raman signal in SERS platform
depends on variable factors, for example, particular molecular orientation on
nanoparticle surface, which can generate a good number of hotspots and produce
enhanced electromagnetic field, leading to signal enhancement.2” The tentative SERS

peak assignments from the spectra is shown in table 2.1.
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Figure 2.6. A) SERS spectral analysis, SERS spectra of TPE derivatives after incubating with

citrate stabilized gold nanoparticles as substrate by 9:1 ratio; (B) TPE-Q, (C) TPE-B, (D) TPE-
In, (E) TPE-In-Boc, and (F) TPE-In-L.

Table 2.1: SERS peak assignments from TPE-In-L.

Peak (cm)

Assignment

In plane and out of plane ring deformations

562 o o
(ring in benzene derivatives)
600-930 C-C aliphatic chain vibrations
1000-2000

Aromatic ring vibrations

2.3.4. Construction of TPE-In-PSA SERS nanoprobe

The best Raman signature TPE-In-Boc has been chosen for further
construction of SERS nanoprobe aiming to detect PSA, cancer protein by SERS spectral
analysis. For the construction of designated synthetic counterpart TPE-In-PSA, the
corresponding Boc protected analogue (TPE-In-Boc) was conjugated to PSA

recognizing peptide substrate, Cys-SerLys-Leu-GIn-OH. The peptide sequence was
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synthesized by adopting the well-known solid phase peptide synthesis (SPPS)

(Figure 2.7.).

iv T H :
Fmoc-Lys;(Boc)-Leu-Gln-<)<#Fmoc-Leu-GIn-O<L Fmoc-GIn-O <L Fmoc-:

(ii) GIn-OH}
v)
Fmoc-Ser(OTr)-Lys(Boc)-Leu-Gin- OL> Cys(OTr)-Ser(OTr)-Lys(Boc)-Leu-GIn- O

Reagents and conditions: (i) DIC, Dry DCM ; (ii) HMPBMBHA resin, DIPEA, DMF ;

(iii) 20% piperidine in DMF, Fmoc-Leu-OH, HBTU, DIPEA ;

(iv)20% piperidine in DMF, Fmoc-Lys (Boc) -OH, HBTU, DIPEA ;

(v) 20% piperidine in DMF, Fmoc-Ser (OTr) -OH, HBTU, DIPEA ;

(vi) 20% piperidine in DMF, Fmoc-Cys (OTr) -OH, (10% Ac,0* 10% pyridine in DMF), HBTU, DIPEA

Figure 2.7. A) SPPS adopted for the synthesis of PSA peptide sequence, Cys-SerLys-Leu-Gln-
OH.

Subsequently, the synthesized peptide sequence was coupled with Boc
deprotected free amino terminal of TPE-In in the presence of 1-Ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) using Hydroxybenzotriazole (HOBt) as
coupling agent and characterized by proton nuclear magnetic resonance (1H NMR)
and mass spectral analysis. Trityl group of Cys residue from TPE-In-PSA counterpart
underwent deprotection by 20% trifluoroacetic acid (TFA) in dichloromethane (DCM)
which resulted free thiol functionality. The free thiol moiety undergoes chemisorption
on AulNPs surface resulting in a formation of the targeted nanoprobe, TPE-In-
PSA@Au. Nanoprobe then characterized using UV-Vis absorption spectroscopy and
TEM analysis. A shift in the absorption maxima is observed from the absorption
spectrum is due to the incorporation of peptide bearing TPE on to the surface of

AuNPs (Figure 2.8).
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Figure 2.8. Representative absorption spectra of the TPE-In-PSA Nanoprobe showing the

changes before and after the incorporation of AuNPs.

The fluorescent property of TPE-In-PSA has been monitored upon incubation
with different percentage of colloidal AuNPs which exhibited ACQ effect similar to
TPE-In-Boc, but the strong quenching efficiency was observed because of internal
charge transfer between the AuNPs and the TPE moiety. These two reversal effects
i.e. fluorescence quenching and SERS signal enhancement envisaged at 90% of

colloidal AuNPs solution.
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Figure 2.9. A) TEM images of (top) gold nanoparticle alone and (bottom) TPE-In-PSA@Au
nanoprobe and corresponding visual color changes. B) SERS spectra of TPE-In-PSA@Au

nanoprobe by varying the percentage of gold concentration.
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The maximum SERS signal enhancement occurred at 90% of colloidal AuNPs which is
further reflected in a visible colour change from red to blue attributed to the
formation of TPE-In-PSA and AuNP aggregates (Figure 2.9A&B). Subsequently,

more hotspots are generated which significantly enhances the SERS intensity.

2.3.5. PSA Protease detection and LOD calculation through SERS

For the detection of PSA protein, the initial study was performed by incubating
PSA protease in PSA buffer within TPE-In-PSA@Au nanoprobe at 37 °C. 30 During
incubation with PSA protease the target specific peptide sequence from TPE-In-PSA
was cleaved and TPE-In detached from AuNPs, and subsequently, gradual decrease
in SERS signal intensity was observed. Interestingly, with time the SERS intensity of

the nanoprobe was minimized and completely lost after 210 min (Figure 2.10A).
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Figure 2.10. A) Time-dependent changes in SERS spectra of TPE-In-PSA@Au nanoprobe
after the incubation of 0.5 ng of the PSA protease in PSA buffer solution at 37 °C recorded at
each 30 min. B) SERS spectra showing the limit of detection by varying the concentration of

PSA protease.

LOD was evaluated of the probe through SERS spectra by changing the concentration
of the PSA protease (5, 1, 0.5, and 0.4 ng). Figure 2.10B represents the SERS spectra

showing the limit of detection by varying the concentration of PSA enzyme which is
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responsible for the effective cleavage of the peptide sequence at 210 min. The LOD of
our probe was found to be 0.5 ng of PSA protease, which could effectively cleave the

peptide sequence.

2.3.6. PSA expression and cytotoxicity study on cancer cell lines

PSA expression varies between cancer types and hence PSA expression was
investigated on LNCaP and cervical cancer (HeLa) cells by western blot analysis using
PSA antibodies. Quantitative evaluation of the bands was performed after normalizing
with that of - actin which indicated significantly high expression of PSA on LNCaP
than HeLa cells (Figure 2.11A). In this context, LNCaP could be used as positive and
HelLa as negative control for the PSA expression studies. The results obtained was
correlated with other similar studies reported in the literature.3! Evaluation of the
cytotoxicity of TPE-In-PSA@Au nanoprobe was performed on both the cell lines by
3-[4,5-dimethylthiazol-2yl]-2, 5 diphenyl tetrazolium (MTT) assay against a wide
dose range (0.005 mM to 1 mM) for 4, 8, and 12 hr including doxorubicin (1 uM) as
positive control. It was observed that the nanoprobe was largely nontoxic to both the
cell lines for all doses and time periods (Figure 2.11B&C), whereas the positive
control Dox demonstrated its cytotoxicity. The nontoxic behavior of nanoprobe will
enable detailed biological assays in all contexts. Further the SERS based assay was

carried out for the detection of PSA expression on LNCaP and HeLa cells.

A) B) Q)
1. =4 hr =38 hr =12 hr
= LNCaP HelLa 1 .
-,3 1 — — B - actin Sm
@ .. W— —— pga 2 =
a I ©
—_ — i &0
=" 2 2
4 B S
— o o
S @
c = 2
=} 2% =
2 s = s
7] § E
E.A 5520 e 2
- :
i o
0005  0o1  oes o1 05 1 Doxtum o005 a0t oos o1 05 1 Dox1uM
LNCaP HelLa Concentration in mM Concentration in mM

69



Chapter 2

Figure 2.11. A) Protein level expression analysis of PSA on LNCaP and HeLa cell lines by
Western blot, the bands normalized to (-actin and quantified using Image] software,

Cytotoxicity profiles of TPE-PSA@Au using MTT assay on (B) LNCaP and (C) HeLa cell line.

2.3.7. Recognition of human prostate cancer cells using SERS nanoprobe

LNCaP cells were cultured in four-well chamber slide and 200 pL (9:1,
Au/TPE-In-PSA) of TPE-In-PSA@Au nanoprobe were added to the wells separately
and was incubated at 37 °C. SERS spectra were recorded after 30 min onward and
continued up to 4 hr. Due to the overexpression of PSA on LNCaP cell surfaces, PSA
peptide bearing AuNPs was cleaved from TPE-In-PSA@Au and AuNPs was
internalized without TPE analogue, so that TPE-In part is remained in the culture
medium. Therefore, the SERS intensity of the TPE-In part in the culture medium was
decreased gradually with time and completely lost at around 4 hr which resembled to
the detection of PSA with concentration dependent manner. To confirm the above-
mentioned facts, the SERS spectra inside the cells after 4 hr was monitored but no
characteristic spectra were obtained (Figure 2.12). Complete absence of SERS
spectra inside the cell confirmed the fact that highly expressed PSA enzyme effectively
cleaved off the Raman reporter bearing PSA peptide sequence from the nanoprobe. A
similar study has been carried out using PSA negative HeLa cells and monitored the
SERS intensity from both culture medium and within the cells. In contrary to LNCaP
cells, a complete absence of SERS spectra in the culture medium even after 4 hr
accompanied by significant SERS intensity was observed inside the cells. The absence

of PSA enzyme in HeLa cell enabled the entry of the nanoprobe inside the cell.
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Figure 2.12. SERS spectra analysis of probe incubated on HeLa and LNCaP cells, the spectra

were collected after 4 hr washing with PBS solution.

2.3.8 SERS imaging in living cells

After checking the SERS spectra inside the cells, SERS mapping of two cells was
performed by confocal Raman microscopy using 0.5 as integration time, 150 x 150 as
points per line and 50 X 50 pum mapping area along X and Y directions. In figure 1.13,
panels A, B & C showed the bright field, Raman images and corresponding single
spectra of LNCaP cells respectively, and panels D, E & F showed the corresponding
bright field, Raman images, and single spectra of HeLa cells. The histogram images32.33
in Figure 1.13G,H shows the statistical representation of the most intense peak
coming from the Raman reporter (11600/11100) chemisorbed on AuNPs. From the
Raman images and histogram images it is clear that TPE-In-PSA@Au nanoprobe is
entered only into HeLa cells but not in to LNCaP cells, in which effective cleavage is

occurred from the cell surface and TPE-In-PSA part failed to enter in to the cells.
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Figure 2.13. Raman imaging of cells with nanoprobe. Bright field image (A) Raman image (B)
and single spectrum (C)of LNCaP and Bright field image (D) Raman image (E) and single
spectrum (F)of HeLa cells. Histogram representation of the most intense peak coming from
the Raman reporter (I11600/11100) with the gold nanoparticles in (G) LNCaP cells and (H)
HeLa cells.

2.4 Conclusions

In summary, a series of five diversified TPE analogues were synthesized and
evaluated their predominantly AIE and ACQ phenomenon with excellent SERS
fingerprint and multiplex signal pattern. The unique SERS nanoprobe TPE-In-
PSA@Au has been developed in conjugation with target-specific PSA peptide
substrate aiming for the detection of PSA protein. The nanoprobe successfully
recognizes PSA enzyme in SERS-based detection platform with a LOD of 0.5 ng which
unfold a new avenue in prostate cancer diagnosis. Moreover, TPE-In-PSA@Au was
nicely predictable by PSA overexpressed LNCaP cells, which was imagined through

SERS spectral analysis and SERS mapping. For the first time, a SERS nanoprobe has
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been explored that recognizes PSA overexpression on cancer cells using a novel TPE

analogue as Raman reporter.

2.5. Materials and methods

2.5.1. General techniques

Column chromatography was done on 100-200 mesh Merck 60 silica gel. NMR
spectra were noted on Bruker Advance 500 NMR spectrometer, and chemical shifts
are showed in parts per million (ppm). The mass spectra were noted on Thermo
Scientific Ex-Active Electrospray ionization mass spectrometry (ESI-MS)
spectrophotometer. Absorption spectrum of the TPE derivatives was measured on a
Shimadzu (UV-2450) UV-vis-NIR spectrophotometer. The emission and excitation
spectrum of TPE compounds was recorded on a Spex-Fluorolog FL22
spectrofluorimeter equipped with a double grating 0.22 m Spex 1680
monochromator and a 450 W Xenon (Xe) lamp as the excitation source and a
Hamamatsu R928P photomultiplier tube detector. SERS measurements were carried
out in a WI-Tec Raman microscope (WI-Tec, Inc., Germany, alpha 300R) with a laser
beam directed to the sample through 20X objective with 600 g/mm grating and a
Peltier cooled charge-coupled device (CCD) detector. Samples were excited with a 633
nm excitation wavelength laser with 7 mW powers and Stokes shifted Raman spectra
were collected in the range of 400-3000 cm-! with 1 cm-! resolution and an
integration time of 0.5 and 20 accumulations. Prior to every measurement, a
calibration with a silicon standard (Raman peak centered at 520 cm-1) was

performed. WI-Tec Project plus (v 2.1) software package was used for data evaluation.
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2.5.2. Materials and methods

All reagents were purchased from sigma Aldrich, Merck, and Specrochem. The
human cancer cell lines LNCaP and HeLa were obtained from American Type Culture
Collection (ATCC, Manassass, VA). Cells are maintained in Dulbecco's Modified Eagle's
medium (DMEM) with 10% fetal bovine serum (FBS) and under an atmosphere of 5%

carbon dioxide (CO2) at 37 °C in an incubator.
2.5.3 Synthesis of TPE derivatives

2.5.3.1. Synthesis of TPE-CHO

0

H
Q Q Toluene, K,COs, H,0 O O
I g )
Br

BOH), — = 37 i

TBAB, Pd(PPh,), O O

4-formylphenylboronic acid (2.25 g, 15 mmol) and Bromotriphenylethylene (3.35
g, 10 mmol) were dissolved in the mixture of TBAB (0.32 g, 1.0 mmol), toluene (60
mL), and 2 M K2CO03 aqueous solution (18 mL). The compositions was stirred at room
temperature (rt) for 0.5 hr under argon gas. Pd(PPhs)4 (0.010 g, 8.70x10-3 mmol) was
added in to it and heated to 90 °C for 24 hr. Then the mixture was extracted with H20
and ethyl acetate. After removing the solvent, the residue was chromatographed on a
silica gel column with n-hexane/ CH2Cl2. tHNMR (500 MHz, CDCl3) 6 ppm: 9.898 (s,
1H), 7.604-7.620(d, 2H, J=8Hz), 7.182-7.199 (d, 2H, ]J=8.5Hz), 7.110-7.130 (m, 9H),

6.996-7.034 (m, 6H). HRMS: m/z (C27H200) calcd: 360.45, found: 361.15 [M+H].
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2.5.3.2. Synthesis of indoline propylamine

Br\/\/NHzHBr ©\)§
| | />/— . ”
N Toluene Ng
N

H;

3-bromopoylamine hydrobromide was added in a seal tube containing 2, 3, 3-
trimethyl-3H-indolium under N2 atmosphere, and was gently heated up to 110 °C in
an oil bath. The mixture was kept at 120 °C for 10 hr with stirring. After the reaction
was completed, the mixture was cooled down to r.t to form a solid cake that was
washed with diethyl ether (Et20) and a chloroform (CHCI3)-Et20 solution. The
resulting solid was then dried under high vacuum to obtain it as a solid..HNMR (500
MHz, CDCI3) 6 7.99-7.66(m, 1H) ,7.26- 7.24(m, 1H), 7.18-7.14 (m, 2H), 3.71(s, 1H),
3.53-3.47(m, 2H), 3.23-3.20(m, 2H), 2.51-2.43(m, 2H), 1.54(s, 6H), 1.25(s, 3H); HRMS:

(FAB), m/z (C14H21N2*) calcd: 217.3299, found: 217.3222.

2.5.3.3. Synthesis of boc protected indoline propylamine

Di-Boc, CHCI3
/ —_— /,
+
N% DIPEA ”%
N N

1-(3-aminopropyl) - 2, 3, 3- tri-methyl indolium and di-tert-butyl dicarbonate

H, BocH
were added to a mixture of dry CHCl3z and diisopropylethylamine (DIPEA). The
reaction mixture was gently heated to reflux temperature and stirred for 4hr.
Afterwards, the organic layer was extracted with Et20, dried and purified by column
using DCM and methanol yielded the product as a brown liquid.'HNMR (500 MHz,

CDCls): § 7.12 -7.07(m, 2H), 6.76 (d, 1H, ]=7.5 Hz), 6.52(d, 1H), 4.62(s, 1H), 3.85(d, 2H,

75



Chapter 2

J=10 Hz), 3.27(d, 2H, J= 5 Hz),1.57(s, 9H), 1.42(s, 6H), 1.32(s,3H) ; HR-MS: (FAB), m/z

(C19H29N202* ) calcd: 317.4458, found:317.4410.
2.5.3.4. Synthesis of indoline propyl

Acetonitrile

To a solution of 2, 3, 3-trimethyl-3H-indole in acetonitrile, 1-iodopropane was
added, and refluxed with continuous stirring for 15 hr. The mixture was re-
crystallized in acetone to obtain the product as a white solid.1HNMR (500 MHz, CDCl3)
6 7.67(t, 1H, J=5Hz), 7.59(t, 3H,] = 5.5Hz), 4.70 (t, 2H, ] = 7.5Hz), 3.14(s,3H), 2.06-
2.01(m, 2H),1.67(s, 6H),1.62(s, 3H),1.10(t, 3H,J]=7.5Hz) HR-MS: (FAB), m/z (C14H20N*)

calcd: 202.3153, found: 202.3121.

2.5.3.5. Synthesis of lipoic acid succinimidyl ester

0 o ©
EDC, NHS
OH > o-N
CH,Cl,, DIPEA §_d
0

S-s

To a solution of EDC in DCM, DIPEA was added and stirred for 10 min. N-
Hydroxysuccinimide (NHS) was added followed by DL-Lipoic acid. The reaction
mixture was stirred in an ice bath for half an hr and then slowly continued in r. t for
12 hr. The reaction product was washed with hydrochloric acid (HCl) and H20, dried
and purified by silica gel column using ethyl acetate and hexane. THNMR (500 MHz,

CDCl3) & ppm: 3.557-3.612 (m, 2H), 3.178-3.212 (m, 1H), 3.097-3.133 (m, 2H), 2.617-
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2.647 (m, 2H), 2.442-2.5.0 (m, 2H), 1.897-1.964 (m, 2H), 1.750-1.824 (m, 2H), 1.665-

1.720 (m, 2H), 1.571-1.624 (m, 2H).

2.5.3.6. Synthesis of TPE-In

CHO
O O @6; NaOH, Ethanol
_—

+ Reflux, 70%

W
W,

A  mixture of TPE-CHO (0.20 g 0.66 mmol), Indoline-propyl (0.24
g, 0.66 mmol) and sodium hydroxide (NaOH) (0.01 g, 0.27 mmol) in ethanol (20 mL)
were refluxed for 6 hr under argon. After cooling to r.t, the residue was extracted
using DCM and H20. The residue was subjected to column chromatography with
CH2Clz2/CH3OH as eluent. Compound was obtained as red solid.lHNMR (500 MHz,
CDCl3)8 ppm: 8.033-8.066 (d, 1H, ]J=16.5), 7.861-7.878 (d, 2H, J=8.5Hz), 7.758-
7.791(d, 1H, J=16.5Hz), 7.584-7.628 (m, 6H), 7.542-7.576 (m, 3H), 7.215-7.232(d, 3H,
J=8.5Hz), 7.159-7.170 (t, 2H), 6.994-7.111 (m, 2H), 6.728-6.758 (t, 1H), 6.523-6.539
(d, 1H, 8Hz), 3.442-3.471 (t, 2H), 1.836 (s, 6H), 1.329 (s, 3H), 2.017-2.061 (m, 2H).13C
NMR (500 MHz, CDCl3)8 ppm: 188.49, 174.56, 143.69, 142.74, 140.56, 132.76, 131.34,
128.98, 128.01, 126.99, 100.00, 96.13, 70.29, 65.19, 63.39, 53.43, 51.81, 48.95, 45.38,
34.17, 31.51, 29.63, 28.40, 27.31, 24.92, 22.70, 14.13. HRMS:m/z (C41H3s N*) calcd:

544.75, found: 544.29.
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2.5.3.7. Synthesis of TPE-In-NHz-Boc

CHO
O O NaOH, Ethanol
+ / B
| N*
l l Reflux, 70%

BocHN

A  mixture of TPE-CHO (0.20 g 0.66 mmol), Indoline-Boc (0.24
g, 0.66 mmol) and NaOH (0.01 g, 0.27 mmol) in ethanol (20 mL) were refluxed for 6.0
hours under argon. The residue was purified by column chromatography with
CH2Clz2/CH30H as eluant. Compound was obtained as red solid.1HNMR (500 MHz,
CDCl3)8 ppm: 7.982-8.014 (d, 1H, J=16Hz), 7.831-7.863 (d, 1H, ]=16Hz), 7.735-7.751
(d, 1H, J=8Hz), 7.654-7.669 (d, 1H, ]=7.5Hz), 7.510-7.621 (m, 2H), 7.183-7.199 (d, 8H,
J=8Hz), 7.122-7.052 (m, 6H), 6.999-7.024 (m, 3H), 4.930-4.944 (t, 2H), 4.689 (s, 1H),
3.311-3.485 (t, 2H), 1.782 (s, 6H), 1.405-1.428 (t, 2H), 1.326 (s, 9H).13C NMR (500
MHz, CDCl3)6 ppm: 191.97, 181.40, 151.12, 143.06, 140.53, 132.71, 131.76, 131.29,
130.48, 129.91, 129.17, 128.00, 127.29, 122.44, 115.16, 111.87, 53.44, 45.04, 34.18,
31.64, 29.47, 28.36, 24.92, 14.13. HRMS: m/z (Cs6H47 N202*) calcd: 659.88, found:

659.36.

2.5.3.8. De-protection of Boc from TPE-In-NHz-Boc
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The Boc protected TPE-In-Boc compound is dissolved in dry DCM. Add around 5
ml of 20% TFA in DCM and stirred for 2 hr and checked the TLC to make sure that the
compound is deprotected. Also the deprotection was confirmed by Mass. HRMS: m/z

calcd: 559.88, found: 559.36.

2.5.3.9. Synthesis of TPE-In-L

o}

NH, S-s NH

)

g 4JY<eh
. (\’/\/\)j\op DRY DCM l
.
5-S o TEA O O

TPE-In-NH2z (0.063g, 1 mmol), Triethylamine (TEA) (0.2ml, 0.56 mmol) are stirred

N*
|

for 10 min, after that add lipoic acid succinimidyl ester (0.119 g, 0.39 mmol) in to it
and continue stirring overnight. The residue was subjected to column
chromatography with CH2Cl2/CH30H as eluant. Compound was obtained as red
solid. THNMR (500 MHz, CDCls) 6 ppm: 8.352 (s, 1H), 7.981-8.013 (d, 1H, J=16Hz),
7.794-7.821 (t, 1H), 7.593-7.621 (t, 1H), 7.540-7.569 (m, 6H), 7.501-7.516 (d, 8H,
J=7.5Hz), 7.109-7.206 (d, 1H, J=8Hz), 7.001-7.161 (m, 6H), 6.616-6.33 (d,1H, ]J=
8.5Hz), 3.644-3.669 (m, 2H), 3.545-3.482 (m, 2H), 3.372-3.346 (m, 3H), 3.153-3.131
(m, 2H), 2.647-2.276 (m, 2H), 1.783 (s, 6H), 0.676-1.569 (m, 2H). 13C-NMR (500MHz,
CDCl3) 6 ppm: 172.98, 150.83, 143.02, 139.30,132.57,131.33,129.87,127.93,127.70,
124.01, 114.07, 56.51, 52.34, 40.24, 38.4635.91, 34.51, 31.63, 29.62, 27.04, 25.42,

22.70,14.13. HRMS:m/z (C49Hs1 N20S2*) calcd: 748.08, found: 747.34 [M-1].
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2.5.3.10. Synthesis of TPE-Q

N= i
CHO
g | g S NaOH/ Ethanol g C

+

O O NZ Reflux 70% O O

A mixture of TPE-CHO (0.20 g, 0.66 mmol), Quinaldine (0.24 g, 0.66 mmol) and
NaOH (0.01 g, 0.27 mmol) in ethanol (20 mL) were refluxed for 6 hr under argon.
column chromatography was done with CH2Clz/CH30H as eluant. Compound was
obtained as yellow solid.lHNMR (500 MHz, CDCl3)é ppm: 8.022-8.039 (d, 1H,
J=8.5Hz), 7.750-7.766 (d, 2H, 8Hz), 7.655-7.688 (m, 2H), 7.455-7.484 (t, 6H), 7.264-
7.81 (d, 6H, J=8.5), 7.090-7.116 (m, 6H), 7.023-7.058 (m, 4H).13C NMR (500 MHz,
CDCl3)6 ppm: 188.81, 146.38, 145.02, 143.39, 142.61, 141.37, 140.28, 134.13, 132.84,
131.85, 131.35, 128.71, 127.80, 126.67, 125.09, 125.03. HRMS:m/z (C37H27N) calcd:

485.62, found: 486.22[M+1].

2.5.3.11. Synthesis of TPE-B

N\ ‘

CHO ~ S
O O C[ NaOHI Ethanol O O
O Reflux 70% O | O

A mixture of TPE-CHO (0.20 g, 0.66 mmol), Benzothiazole (0.24 g, 0.66 mmol) and
NaOH (0.01 g, 0.27 mmol) in ethanol (20 mL) were refluxed for 6 hr under argon. The
residue was subjected to column chromatography with CH2Cl2/CH30OH as eluant.
Compound was obtained as yellow solid.'HNMR (500 MHz, CDCl3)8 ppm: 7.585-7.617
(d, 1H, J=16Hz), 7.390-7.423 (d, 1H, J]=16.5), 7.317-7.333 (d, 2H, 8Hz), 7.267-7.283 (d,
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8H, ]=8Hz), 7.205-7.283 (m, 6H), 7.089-7.115 (5H, m), 6.923-6.955 (d, 1H, ]=16Hz),
6.601-6.634 (d, 1H, 16.5Hz).13C NMR (500 MHz, CDCl3)8 ppm: 198.40, 188.74, 146.45,
146.37, 143.50, 143.25, 142.88, 141.38, 140.13, 132.33, 127.83, 126.67, 122.36,

121.38. HRMS:m/z (C3sH2sNS) calcd: 491.64, found: 492.17[M+1].

2.5.3.12. Solid Phase Peptide Synthesis of PSA peptide sequence

First amino acid Glutamine was charged to HMPB-MBHA resin using N,N'-
Diisopropylcarbodiimide (DIC), Dry DCM, DIPEA and Dimethylformamide (DMF).
After that deprotection of Fmoc group with 20% piperidine in DMF yielded amine
functionalised glutamine bearing resin, which was coupled to the second amino acid
leucine in a condition of (2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HBTU) and DIPEA to afford the Leu-Gln bearing resin.
Following the same procedure, three different amino acids (Lys, Ser and Cys) were
subsequently incorporated on to the resin by simple coupling reactions. Deprotection
of the amine groups, followed with capping with acetic anhydride and cleaving from
resin gave the desired PSA peptide sequence. The peptide is characterized by Mass
and 'H NMR.IHNMR (500 MHz, CDCl3) § ppm: 8.918-8.928 (d, 1H, J=5Hz), 8.062 (s,
1H), 7.402 (s, 2H), 7.259-7.311 (m, 15H), 6.038 (s, 2H), 4.273-4.382 (m, 1H), 3.716-
3.925 (m, 3H), 2.667-2.651 (d, 2H, ]=8Hz), 1.910 (s, 1H), 1.667 (s, 6H), 1.414 (s, 3H),

0.830-1.251 (m, 21H).

2.5.3.13. Coupling reaction between TPE-In-Boc and PSA peptide sequence

A mixture of Boc deprotected TPE-In (25 mg, 0.044 mmol) and PSA peptide
sequence (43.14 mg, 0.05 mmol) was dissolved in dry DCM. To this EDC (17.14 mg,

0.09 mmol) and HOBT (12.08 mg, 0.09 mmol) was added and stirred for 24 hr under
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nitrogen atmosphere. The residue was subjected to column chromatography with

CH2Clz2/MeOH as eluent.

g
HN
0
.
HN
0
NH
O:S_/OH

HN

(0]

AcOHN

AcOHN

(THHS (THHS

1HNMR (500 MHz, CDCl3) § ppm: 11.001 (s, 6H), 7.817-7.827 (d, 11H, J=5Hz), 7.692
(s, 1H), 7.314-7.394 (m, 11H), 7.244-7.296 (m, 12H), 6.669-6.701 (d, 1H, J=16Hz),
6.097-6.113 (d, 1H, J=8Hz), 3.271 (s, 6H), 3.124-3.116 (m, 12H), 2.838 (s, 3H), 1.948

(s, 1H), 1.395 (s, 6H), 1.258 (s,6H), 1.045-1.073 (m, 10H), 0.835-0.891 (m, 12H).

2.5.4. Synthesis of gold nanoparticles

For the synthesis 40 nm AuNPs, water was first heated until boiling and adds
Chlroauric acid solution in to it and again boiled for 10 min. After 10 min sodium
citrate solution was added, resulting in the colour change from pale yellow to dark
purple to red. The colour change to red will take around 5 min and heating was
stopped to let the solution to cool for 90 min to r.t. The whole reaction was
accompanied with constant stirring by a Teflon coated magnetic stir bar at 400 rpm.

Formed nanoparticle was characterized by UV visible spectroscopy and TEM.
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2.5.5. Western blot analysis

Proteins were extracted from 2 x 10° cells/petridish using Pierce® RIPA buffer
(Thermo Scientific, Rockford, USA). Protein concentrations were determined using
Coomassie, plus protein assay reagent and bovine serum albumin (BSA) standards
(Pierce, Rockford, IL, USA). Approximately 50 pg of proteins were separated on 10%
sodium dodecyl sulphate PAGE (SDS-PAGE) and transferred to poly vinylidene- di
fluoride membrane (Millipore, Billerica, MA, USA). The membrane was blocked using
5% of BSA (Santa Cruz Biotechnology, Inc. TX, USA) and incubated with the specific
primary antibodies (Sigma-Aldrich, St. Louis, MO, USA). Alkaline phosphatase
conjugated secondary antibody (Sigma-Aldrich) was used for all the primary
antibodies and detected by the colorimetric substrate BCIP® /NBT (Sigma-Aldrich,).
The bands were then quantitated using Image ] software (NIH, USA) and normalized

with B-actin.

2.5.6. Cytotoxicity assay

The growth inhibitory capacity of various constructs was evaluated by MTT
assay as previously reported. The absorbance was measured at 570 nm using a micro
plate spectrophotometer (BioTek, Power Wave XS) after incubation for 12, 24 and 48
hours with respective compounds. The percentage proliferation and inhibition of the
cells were calculated with the following formulas:

Percentage Proliferation = [Abs sample / Abs control] x 100

Percentage Inhibition = 100 - percentage Proliferation
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Chapter 3

Tetraphenylethylene based Molecular Probe for

Endogenous H:s Detection and its Therapeutic Potential in

Alzheimer’s Disease
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3.1. Abstract:

Beside a gasotransmitter, H2S act as an important biological mediator for

regulating many patho-physiological processes and involved in brain function as a

neuromodulator. Lower levels of endogenously produced HzS may lead to AD, which is a

neurodegenerative disorder caused by the aggregation and deposition of amyloid-beta

(AP) protein in the brain tissue. Development of functional molecules capable of de-

agglomerating AP aggregates with high specificity has attracted remarkable research

attention. Now this challenge can be addressed by the design, synthesis and

characterization of an orthogonally substituted TPE dual functional turn on molecular

luminophore TPE-NBD-D. As-synthesized molecular probe is capable to detect
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endogenously produced H:zS in neuroblastoma cell line (SH-SY5Y), and which enable the
induction of Af1-42 de-agglomeration to reduce the progression of AD. Furthermore, the
AIE of the probe featured its good water solubility, cell membrane permeability, low
cytotoxicity and high selectivity towards H:zS. Additionally, the probe generated HzS in
cellular conditions with concomitant detection and imaging of endogenously generated
H:S. This probe was employed for in vivo imaging in mice and enabled to release HzS in
thiol abundant area, which opens up a new insight to understand the involvement of H2S
in the management of AD. Eventually, TPE-NBD-D support as a therapeutic entity by
sourcing HzS which experience to the de-agglomeration of AfB1-42 sheets and therefore,
as a futuristic outcome, this probe can be promoted for clinical utility in the diagnosis

and treatment of AD.

3.2. Introduction

H2S is an essential gaseous signaling molecule that displays diverse functions
different states of patho-physiological processes in mammals. Usually, H2S was
considered as a toxic gas with unpleasant smell but researchers found it as a third
member of the gasotransmitter family after NO and C0.123 Endogenously produced
sulfide plays critical roles in the cardiovascular, gastrointestinal, immune, and nervous
systems. HzS is generated endogenously from cysteine and homocysteine by several
enzymes, such as cystathionine [B-synthase (CBS), cystathionine y-lyase (CSE),
cysteine aminotransferase (CAT), and 3-mercaptopyruvate sulphur transferase (3-
MST), which are involved either independently or in combination.# Scheme 3.1.

summarized the detailed pathways involved for the formation of H2S.
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Scheme 3.1. H;S production through enzymatic pathways. Figure is adapted from ref. 4.

H2S has demonstrated as variety of biological applications in different fields
include neuromodulation, apoptosis, cardio protection, antioxidant and also helps in
mitochondrial function and energy metabolism (Scheme 3.2.). H2S appears to have
anti-apoptotic actions in cancer cells and is well known to be a neuroprotection agent
in AD. The powerful anti-inflammatory, cytoprotective, and mitochondrial functions

of HzS on the biological systems are well explored in modern research.
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Scheme 3.2. Significance of H,S in different fields

Low levels of endogenously produced H2S may lead to AD,> which is a
progressive neurodegenerative disorder characterized by extracellular amyloid
plaques and intracellular neurofibrillary tangles of tau protein in the brain
tissue.®’Misfolding of the soluble Af3 protein into larger aggregates acts as the reason
behind AD.8 Breakdown or preventing the formation of A aggregation is the key
challenge to overcome AD. In one of the recent reports, authors demonstrated the de-
agglomeration of beta sheet fibrils using H2S. They have utilized hen egg white
lysosome (HEWL) to make the typical beta sheet fibrils and Sodium hydrosulfide
(NaHS) for the source of H2S°. Their results revealed that in presence of Hz2S, complete
de-agglomeration of the beta fibrils occurring within a short time (Figure 3.1). Recent
reports indicated that Hz2S donor like sodium sulfide reduces the A3 generation, to

provide neuroprotection from A3 aggregates and decreases the progression of AD.10.11
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Figure 3.1. Atomic force microscopy (AFM) images of A) HEWL aggregates formed in the
presence of HS for 48 h, and (B) HEWL fibrils formed after incubation of the control solution

for 90 min; scale bars are 1 pm.

Due to the diverse roles played by H2S in various patho-physiological
processes, H2S donors like sodium sulfide (Na2S) and NaHS are widely applied for
immediate generation of Hz2S in aqueous medium.1213 Complementing these inorganic
compounds, small organic molecules can also act as H2S donors. Some of the simplest
sulfide donating motifs are organic polysulfide which are often found in natural
products, like diallyltrisulfide (DATS), isolated from garlic and other alliums.1415 Past
decades witnessed the development of many novel H2S releasing agents.1617 More
often, HzS donors based on polysulfide moieties are more likely to attack glutathione
(GSH) or other bio-thiols because of their electrophilic nature which in turn generate
the intermediate per-sulfide (Scheme 3.3.). Subsequently, after a second reaction
with GSH it releases H2S.18 In the way forward towards establishing the diverse roles
played by H:S in biological system, new chemical methods for H2S quantification, and

reaction-based tools for its imaging were emerged.
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Scheme 3.3. Commonly used small-molecule H,S donors. (a) polysulfides, (b) cysteine-
activated H.S donors, (c) cysteine-activated H,S donors with N-SH based donors, (d)
hydrolysis-based donors, and (e) anethole 1,2-dithiole-3-thione (ADT) type donors.

Quiet a large number of fluorescent probes have been constructed based on
different strategies for the detection and imaging of H2S19.202122 but most of these
suffered poor limit of detection. TPE, an organic AIE luminogen?324has been used for
the construction of various fluorescent sensors252627and successfully applied in the
field of biology.282930 Compared with conventional small organic molecular probes
AIE fluorogens have significant advantages due to its tunable emission, good
biocompatibility and excellent photo physical properties.

Herein, a novel molecular probe comprised of TPE core as a fluorescent
molecular framework has been synthesised for the detection of endogenous H2S and
synergistic delivery of H2S in lieu of progressive therapy on AD (Scheme 3.4.).
Disulfide compounds act as H2S donor, which produces H:S efficiently by thiol
cleavage mechanism. Therefore, a disulfide based molecular probe as effective H2S

donor for specific HzS therapy on AD has been evaluated in this chapter.
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Scheme 3.4. Designing strategy of TPE based molecular probe and their efficiency to generate

H,S in cellular medium.

The strategy is built upon the fact that, disulfide linked donor 4-(pyridin-2-
yldisulfaneyl) benzoate is cleaved off from the TPE anchored molecular probe by the
intracellular esterase. Subsequently, disulfide moiety triggered by the intracellular
Cys / GSH enabled the generation of H2S, which will in turn cleaved off the H2S
detection moiety 4-chloro-7-nitrobenzofurazan (NBD) from TPE-core to display a
turn-on fluorescence due to the AIE effect. Moreover, the produced H2S could cause
the de-agglomeration of A3 to reduce the progression of AD. The as-synthesized
molecular probe has been programmed (i) for selective detection and generation of
H:2S in a condition mimicking the cellular environment (ii) to detect the endogenously
produced H2S from the probe in intracellular milieu i.e. in neuronal cell line SH-SY5Y
followed by the cellular imaging (iii) to monitor the release profile of H2S inside the
living system by turn-on fluorescence and (iv) finally execute the de-agglomeration of
beta amyloid sheets using the released HzS from the probe considered as a novel

therapeutic strategy towards AD.
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3.3. Results and Discussion

3.3.1. Synthetic framework for molecular fluorogens

In the current study, AIE active orthogonally substituted TPE based molecular
probes TPE-NBD-D and TPE-NBD-2 were designed for endogenous H2S generation
and detection in a synergistic fashion with high sensitivity through “turn-on”
fluorescence modality. The molecular probe, TPE-NBD-D consists of three
components: (i) TPE acts as the core structure of the AIE gen; (ii) NBD plays a role as
a fluorescence “on-off” mediator; (iii) a cysteine activated disulfide donor to generate

H2S in presence of thiols.
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Scheme 3.5. Synthetic route adopted for the designing of two molecular probes.

On the other hand, molecular probe, TPE-NBD-2, contains symmetrically substituted
NBD moiety in the AIE core in order to assess the H2S generation efficiency with TPE-
NBD-D probe. Both the molecular probes were synthesized using an optimized

synthetic route shown in scheme 3.5. Initially, the TPE-OH-2 core was synthesized
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using Mc-Murry coupling of 4-Hydroxybenzophenone in presence of zinc (Zn) powder
and titanium tetrachloride (TiCl4) followed by the base mediated ether linked NBD
moiety resulted both two side and one side NBD adduct. Molecular probe, TPE-NBD-
D was obtained by the coupling between orthogonally joined one side NBD
intermediate and an in house synthesized disulfide based H2S donor 4-(pyridin-2-
yldisulfaneyl) benzoate. All the products and intermediates were purified by column
chromatographic separation and un-ambiguously characterized by HR-MS and NMR

analysis.
3.3.2. Photophysical evaluation and its molecular mechanism

Absorbance and fluorescence properties of both the molecular probes were
tested in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer /

tetrahydrofuran (THF) = 90:10 (v/v) with pH 7.4 (Figure 3.2.A&B).
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Figure 3.2. UV/Vis absorption and emission spectra of A) TPE-NBD-2 (30 uM, 9:1
HEPES/THF, 20 pM NaS), B) TPE-NBD-D (30 puM, 9:1 HEPES/THF, 20 uM NaS).

The probe is practically non-emissive in organic solvents like THF and
acetonitrile or in aqueous buffer aggregates. It is expected that the quenched
fluorescence of TPE-NBD is due to the electron transfer from the NBD moiety to the

TPE group. Since after nucleophilic displacement with HzS, the NBD part is cleaved off
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from the TPE core which resulted the recovery of fluorescence from TPE-OH-2 core

as it is known for AIE phenomenon.
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Figure 3.3. Fluorescence spectra of TPE-OH-2 in 90 % HEPES/THF mixture.

So, the experiments were carried out in HEPES buffer for initial assessment of both
the effect i.e buffer and pH on florigenic TPE core (TPE-OH-2). From the figure 3.3. it
is clear that the TPE core responded well under physiological pH (HEPES, pH 7.4), in
90% HEPES/THF mixture. So, fluorescence properties of synthesized molecular

probes were examined under the same condition.

Foremost, the response of TPE-NBD-2 towards H2S in HEPES/THF mixture
was measured using fluorescence spectroscopy. The free probe was basically non-
fluorescent in the buffer, as the NBD moiety quenched its inherent fluorescence.
However, remarkable fluorescence enhancement was observed in the presence of H2S
(12-fold change). As predicted, the response of probe towards Na2S triggered the
cleavage of NBD moiety, releasing the most emissive TPE-OH-2 luminogen. Further
investigations were carried out to determine the sensitivity of the probe towards H2S
(Figure 3.4A) i.e,, change in fluorescence properties with different concentrations of

NazS (0-50 pM). An enhancement in the fluorescence intensity centred at 480 nm was
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apparently observed with increase in concentration of HzS. A linear calibration curve
(Figure 3.4.B) (R= 0.9942) was acquired between the fluorescence signal at 480 nm

and the concentration of H2S up to 50 pM.
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Figure 3.4. A) Fluorescence spectra of TPE-NBD-2 (10 pM) upon titration with different
concentration of Na,S (0-50 uM, 9:1 HEPES/THF), B) corresponding linear plot obtained, C)

Relative fluorescence intensity at 480 nm of the probe with various analytes in HEPES/THF

mixture.

Next, the selectivity of the probe was assessed with various anions and other sulfur
containing species including cysteine, BSA, HSA, glutathione, sulfate, azide, nitrile, bi-
carbonate, carbonate, chloride, phosphate and thiosulphate (Figure 3.4.C).
Fluorescence intensity exhibited a significant increase upon reaction with H:S,

whereas the response towards other bio-analytes was found to be negligible.
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As TPE-NBD-2 displayed a very quick response to HzS, we re-structured the
TPE core by introducing a donor moiety as a dual functional motif for sensing as well
as production of H2S within the intracellular milieu. The mechanism behind the
generation of H2S from the donor partis given in scheme 3.6. The release mechanism
of Hz2S is well studied where intracellular bio thiols like cysteine or GSH easily reduce
the di-sulfide bond, resulting the formation of an intermediate per-thiol which
subsequently release HzS by a second reaction with another molecule of cysteine or

GSH.
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Scheme 3.6. Mechanism of generation of H,S from the donor.

R'SH = Cysteine or GSH

To test the potential of H2S donor, we first studied their ability to generate H2S
under physiological conditions. The release of H2S by the donor was monitored by
using our selective fluorescent probe TPE-NBD-2. The donor was dissolved in HEPES
buffer containing 10 % THF with the sensor TPE-NBD-2. Indeed, a strong
fluorescence of TPE-OH-2 was detected in presence of donor after incubation with
cysteine in HEPES buffer which revealed the donor efficiency for synergistic

generation and release of H2S within the TPE core (Figure 3.5.).
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Figure 3.5. Fluorescence spectra of TPE-NBD-2 in 90 % HEPES/THF mixture incubation with

donor [before (black line) and after (red line) donor activation with cysteine].

Next, the dual features of the probe, TPE-NBD-D has been evaluated i.e. H2S
releasing as well as detecting ability in solution state. The probe was incubated (10
uM, 90: 10 v/v HEPES/THF) with esterase enzyme (5 mg/ml, 2 pul,) at 37 °C for 10 min
which is responsible for the cleavage of ester bond bridged between the donor and
the probe (Figure 3.6A). The cleavage phenomenon of the donor from the TPE core
was confirmed from HR-MS analysis before and after the probe incubation with
esterase enzyme. From the mass analysis, m/z peak of TPE-NBD-D (Figure 3.6B) at
773.15 identified initially which is gradually decreased and a new peakatm/z 550.13
appeared after incubation with enzyme which proved the presence of fragment TPE-
NBD-OH (Figure 3.6C). Subsequently, cysteine (10 pM) was added with the reaction
mixture in order to generate H2S from disulfide linked donor part. In the sequential
mechanism the generated HaS is responsible for the cleavage of NBD from the TPE
core which was again confirmed by mass analysis. The mass spectrum was obtained
for the same solution after 15 min, a peak corresponding to TPE-OH-2 (m/z 364.14),
identified (Figure 3.6D) which was in agreement with the cleavage of NBD in the

presence of HzS.
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Figure 3.6. A) Fluorescence spectra of TPE-NBD-2 in 90 % HEPES/THF mixture incubation

with donor [before (black line) and after (red line) donor activation with cysteine].

Further, the same phenomenon was confirmed by measuring the fluorescence
(Figure 3.7A). Initially, the probe was non-fluorescent but after reaction with
esterase the donor part became free and was activated by cysteine so that the desired
product TPE-OH-2 was formed as reflected by the well refined fluorescence spectra
in aggregated state. Next, the sensitivity of molecular probe TPE-NBD-D has been
investigated after cleaving with esterase by using Na:S as the source of HaS.
Fluorescence titration of TPE-NBD-D (10 uM, 90: 10 v/v HEPES/THF mixtures) with
concentration dependent titration using Na2S (0 - 50 uM) confirmed its gradual
increase in emission intensity with a detection limit of 0.1 pM (Figure 3.7B). A linear
calibration curve (Figure 3.7C) (R= 0.9957) was acquired between the fluorescence
signal at 480 nm and the concentration of H2S up to 50 uM. The selectivity of the probe
was assessed with various anions and other sulphur containing species including
cysteine, BSA, human serum albumin (HSA), GSH, sulphate, azide, nitrile, bi-

carbonate, carbonate, chloride, phosphate and thiosulphate (Figure 3.7D).
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Figure 3.7. A) Fluorescence spectrum showing the intensity enhancement after the
generation of HsS, solid line corresponds to spectra after 10 min with esterase enzyme
incubation, dash dotted line represents the spectra after 15 min with cysteine incubation and
dotted line after 30 min cysteine incubation, B) fluorescence spectra of TPE-NBD-D upon
titration with different concentration of Na,S (0-50 puM), C) linier plot of fluorescence
intensity of the probe TPE-NBD-D, D) Relative fluorescence intensity at 480 nm of TPE-NBD-

D with various analytes in HEPES/THF mixture.

Fluorescence intensity exhibited a significant increase upon reaction with HzS,
whereas the response towards other bio-analytes were found to be negligible.
Moreover, the molecular probe TPE-NBD-D maintained a moderately good
fluorescence enhancement in presence of Cys and GSH. The increase in fluorescence
intensity is due to the generation of Hz2S in presence of these ions by the activation of

donor in the probe molecule.
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3.3.3. Investigation of TPE-NBD-D towards endogenous detection of H:S in

cellular and mice model level

On the basis of in vitro fluorescence studies, the endogenous detection and
release of H2S using both the products with SH-SY5Y has been evaluated. Initially, the
biocompatibility was examined by MTT assay (Figure 3.8.) which reflected the

absence of any noticeable toxicity for the molecular probe TPE-NBD-D up to 10 uM.
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Figure 3.8. A) MTT assay of the compounds TPE-OH, TPE-NBD-2 and TPE-NBD-D in SHSY5Y

cell lines with a concentration varying from 1 to 50 pM.

Next, the cellular uptake of the probe was investigated by utilizing the
fluorescence of the AIE core TPE-OH-2. A distinct intracellular fluorescence evenly in
the cytoplasmic area of SH-SY5Y cells (Figure 3.9A) revealed the effective
internalization of the probe. Next, the intracellular H2S sensing ability was estimated
in SH-SY5Y cells after incubating TPE-NBD-2 for different time intervals up to 30 min,
which reflected very feeble fluorescence turn-on (Figure 3.9B&C). In contrast,
incubation of the cells with Na2S for 30 min followed by addition of the probe resulted
in a strong fluorescence turn-on which is in good agreement for the visualization of

intracellular HzS levels (Figure 3.9D). When cells were treated with an HzS inhibitor
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aminooxyacetic acid (AOAA, 5 uM), there was a significant reduction in fluorescence.
Again, the specificity of TPE-NBD-2 towards cellular thiols was demonstrated in the
presence of a thiol scavenger N-Ethylmaleimide (NEM, 5 pM) and GSH (5 uM) (Figure
3.9D). The cells displayed no variation in the fluorescence intensity with NEM and

GSH, which signified the non-specific nature towards bio-thiols.

- Na,S + 30 min AOAA + 30 min

NEM + 30 min

A)

\S)

3

N
T

15 min

[
Fluorescenc
N

Fluorescence (a.u)

o

i a0

0 min 15 min 30 min Na2S AOAA NEM GSH

Figure 3.9. A) Evaluation of the intracellular uptake and distribution of TPE-OH-2 in SH-SY5Y
cells using fluorescence microscopy. In the first panel, initial image corresponds to cells
treated with TPE-OH-2, second image indicated Hoechst treatment, third image represents
the merged image and in second panel, second image indicated the treatment with
Lyosotracker red, third is the merged image of the probe with Lyostracker red, and R
represent Pearson’s correlation coefficient and Mander’s overlap coefficient, respectively, B)
Internalization studies with TPE-NBD-2 in SH-SY5Y cells and quantification C)&D)
Fluorescence images of SH-SY5Y cells pre-treated with Na,S, AOAA, NEM and GSH for 30 min
and then incubated with probe, E) represents the fluorescence intensity quantification data

of D.

Subsequently, the endogenous generation and visualization of H2S using TPE-

NBD-D were assessed. A detectable florescence was observed just after 15 min of
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incubation which increased after 30 min without the addition of any external H2S
donor (Figure 3.10A&B). In order to further validate this assumption, cells were pre-
treated with AOAA, which can prevent the production of endogenous HzS by inhibiting
the enzymes CBS and CSE. Here, the HzS level remained unaltered (Figure 3.10C&D)
suggesting that the probe is sufficiently sensitive to the production of Hz2S as well as

its detection in the intercellular milieu.
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Figure 3.10. A) Internalization studies with TPE-NBD-2 (10 uM) in SH-SY5Y cells and its B)
quantification, C) Fluorescence images of SH-SY5Y cells pre-treated with Na,S, AOAA, NEM
and GSH for 30 min and then incubated with probe, D) represents the fluorescence intensity

quantification data of C.

The expected mechanism behind the H2S production was explained earlier from in
vitro solution studies wherein it was only occurred by the activation of the probe in
presence of thiols in cells. To confirm the thiol specificity in cells, we pre-treated the
cells with thiol inhibitor NEM (Figure 3.10C&D), wherein the cells displayed a very
weak fluorescence after incubation with probe, suggesting the failure to produce

endogenous H2S in the absence of thiols. Enhanced fluorescence at a higher
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concentration of GSH clarified the production of H2S in the cells from the probe
(Figure 3.10C&D) using cellular thiols. Therefore, TPE-NBD-D could act as H2S donor
in the presence of GSH and could simultaneously detect the generated H2S, which has
not been observed in the case of probe TPE-NBD-2. Taken together, it is confirmed
that the probe TPE-NBD-D can be used for the study of endogenous H2S production

and its biological functions.

After establishing the endogenous detection as well as production of Hz2S by
TPE-NBD-D in living cells, the studies for in vivo visualization of H2S in mice was
extended. No detectable fluorescence was observed from immuno-deficient NCr Nude
female mice administered with TPE-NBD-2 (Figure 3.11A). [t is to be noted that TPE-
NBD-D treatment could generate sufficient fluorescence with an increased intensity
in a time-dependent fashion from 1 to 3 hr (Figure 3.11B) and then gradually

declined which suggested the clearance of the probe from the body.

A) 2h

4h

MIN

TPE-NBD-2 TPE-NBD-D

Figure 3.11. Time-dependent whole-body fluorescence imaging for the visualization of
endogenous H»S production as well as detection in living mice with A) TPE-NBD-2 and B)
TPE-NBD-D.
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Fluorescence was mainly detected from the liver and colorectal areas of the mice. The
fluorescence enhancement by TPE-NBD-D in the colorectal area is due to the
abundance of thiol in that region which could activate the donor part to produce more
H2S and detect simultaneously. Hence, TPE-NBD-D can be a potential tool for the in

vivo monitoring of endogenous hydrogen sulfide in animal models.

3.3.4. Assessment of TPE-NBD-D in AD: H2S mediated de-agglomeration of Af

protein

Since the probe is capable of generating H2S, it has been further utilized for
therapeutic application in Alzheimer’s disease. In general, H2S level in the brain of AD
patients is significantly reduced in comparison to healthy brain tissues. Also, the rapid
aggregation or misfolding of Af protein is known to be one of the reasons for AD
wherein H2S can cause the de-agglomeration of AB to induce a healing touch. It is well
accepted that HzS has a greater affinity to reduce disulfide bonds and this could be the
substantial outcome on the mechanism of protein de-agglomeration.3! So in the
current study we have investigated whether the produced Hz2S from TPE-NBD-D can
de-agglomerate the Af3 protein. Thus, human beta- amyloid (1 - 42)-HFIP, was chosen
as the peptide sequence for making agglomerated form of AB. There are a number of
isoforms of Af available, while 42 amino acid form is the focus because of its genetic

and pathological connection to AD.

An agglomerated form of A was made and the effect of H2S liberated from
TPE-NBD-D was monitored after incubation of AB1-42 under 37 2C for 12 hr. The
morphology was initially confirmed by AFM analysis. The presence of long rod like
agglomerated AB1-42 was evident from figure 3.12A. However, incubation of Af31-42 in
presence of probe resulted in the formation of spherical aggregates instead of
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agglomerated structures as marked from figure 3.12B. This suggested that H2S
prevented the formation of ABi-42 agglomerated sheet and resulted in a significant

transition of unaltered protein.
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Figure 3.12. AFM images of A) 3 sheet rich agglomerated form of ABi.42 B) de-agglomerated
smaller Af1.42 aggregates formed after incubation with TPE-NBD-D (10 uM) probe for 24 hr.
Depth histogram obtained from C) AFM image A and D) AFM image B. E) Bearing area plot
accumulated from AFM images A&B. F) SEM and H) TEM images of agglomerated AB42 and

corresponding de-agglomerated aggregates G) SEM and I) TEM after treatment with TPE-
NBD-D.

A histogram corresponding to depth values for AFM image (Figure 3.12A &B)
revealed the average depth maximum of agglomerated and de-agglomerated AfB1-42.
Figure 3.12C represents the depth histogram corresponding to Af1-42 agglomerated
sheet which have a depth maximum of around 680 nm and figure 3.12D

corresponding to that of de agglomerated Af1-42 showing a depth maximum around
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260 nm. This result is in agreement with the de agglomeration and disassembly of A3
proteins determined by AFM morphological study. Bearing area plot (Figure 3.12E)
showed that in the case of AP1-42 agglomerated sheet, ~ 100 % of surface area exists
within the height range of 600-750 nm. On contrary, after treating with probe, ~ 100
% of surface area exists within the height range of 200-285 nm which is much lower
than the height ranges of APi-42 agglomerated sheet. Thus, bearing area analysis
supports the proposed mechanism of preferential de-agglomeration of Afi-42
agglomerated sheet after treating with probe. The morphology of agglomerated form
of AB1-42 was further confirmed by scanning electron microscope (SEM) (Figure
3.12F) and TEM (Figure 3.12H) which showed a sheet like agglomerated form.
Moreover, after treatment the sheet become de-agglomerated in to spherical
aggregates which is clear from corresponding SEM (Figure 3.12G) and TEM (Figure
3.12I) analysis. These morphological results strongly supported that H2S produced

from the probe halted the formation of Af sheet.

Next, the feasibility of the probe has been assessed using SERS technique to
detect the two utmost prevalent stages of Af31-42 has been evaluated. SERS is a surface
sensitive technique used for the detection of protein folding and unfolding with high
precision and accuracy. It was believed that the cytotoxic species of AB1-42 are in 3
sheet structure which shows more intense aromatic vibrations, i.e. amide II and amide
[l of all the amino acids reflected in SERS.32 Raman bright field images were taken
from an agglomerated AB1-42 before and after addition of TPE-NBD-D (Figure 3.13A
&B), which revealed that the probe is capable of de-agglomerating the 3 sheet
structure. Then SERS spectral analysis were carried out to prove the de-agglomeration

of B sheet structure through protein degradation. Samples for SERS experiment were

112



TPE-NBD-D for AD therapy

prepared by mixing with 45 nm AuNPs (used as a SERS substrate) solutions (volume
ratio 1:9) in water. Spectra were collected using 633 nm laser over the range of 500-
2000 cm1. For AB1-42 agglomerated sheet, we observed Raman bands associated with
the aromatic side chains at 738, 1002 and 1313 cm! corresponding to tryptophan,
phenylalanine and tyrosine. Apart from this, a strong band at 1262 and 1538 cm-!
associated with amide III and amide II vibrations for 8 sheet structure has been

observed (Figure 3.13C).
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Figure 3.13. Bright field images obtained from Raman microscope, A) B sheet rich
agglomerated form of Af1.42, B) de-agglomerated A3 aggregates formed after incubation of

TPE-NBD-D for 24 hr. C) SERS spectra obtained for Beta amyloid before and after probe

treatment.

As expected, aromatic rings and amide chain vibrations were dominated in the SERS
spectrum of Af1-42 agglomerated sheets which confirms the {3 sheet structure. Most
importantly the decrease in intensity of the aromatic and amide chain vibrations after
treating with probe are most likely due to the unfolding transition of proteins. The
Raman spectra were assigned based on amino acids and proteins (Table 3.1). The
results suggest that TPE-NBD-D is a worthy candidate for the de-agglomeration of

amyloid beta by generating HzS.
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Table 3.1. SERS spectra obtained from Af1-42 agglomerated sheet and its peak assignments.

Peak (cm-1) Assignment
738 Aromatic ring chain vibrations in tryptophan
1002 Aromatic ring chain vibrations in phenyl alanine
1262 Amide III
1313 Aromatic ring chain vibrations in tyrosine
1538 Amide II

Biocompatibility studies with TPE-NBD-D to check the effect on A1-42 induced
toxicity was performed. To determine the protective effects of HzS, cells were pre-
treated with TPE-NBD-D (used as the H2S donor) for 30 min and then incubated with
agglomerated Af1-42 for 72 hr (Figure 3.14A). Samples of TPE-NBD-D and Afi-42
were prepared using the cell culture medium in order to avoid drastic changes in pH
of the cells and other solubility issues.
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Figure 3.14. A) Schematic representation of beta amyloid deagglomeration in presence of
H.S, B) Cytotoxicity of agglomerated ABi-42 (red) and probe treated agglomerated Ai-42 (sky-
blue).

TPE-NBD-D alone had no toxicity on the cells (Figure 3.14B) indicating the

biocompatibility. The agglomerated Af1-42 inhibited cell growth by 45 %. However,
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cells after pre-treatment with TPE-NBD-D showed no detectable cytotoxicity. As
expected, these results are also confirmed that the TPE-NBD-D was effective
candidate to produce H2S and capable of de-agglomerating Af1-42 in to smaller

spherical aggregates and subsequently to reduce the cytotoxicity induced by Af1-42.

3.4. Conclusions

In summary, an orthogonally substituted molecular probe TPE-NBD-D was
developed for endogenous detection of Hz2S and HzS induced ABi-42 de-agglomeration.
TPE-NBD part showed selectivity and sensitivity towards H2S. A disulfide donor was
used to generate H2S in presence of bio thiols. Efficient H2S sensing was reflected in
both neuroblastoma cells lines and in mice. Novel molecular probe enabled to act as
H2S donor and subsequently utilized for amyloid beta de-agglomeration (ABi-42
protein) to reduce the progression of AD. The toxic agglomerated Af31-42 turns to non-
toxic de-agglomerated Afi-42 in presence of TPE-NBD-D. Therefore, the newly
evolved molecular probe opens up an opportunity for simultaneous diagnosis and
therapy towards neurodegenerative diseases which requires further -clinical

interventions.

3.5. Materials and Methods

3.5.1. General techniques

NMR spectra were recorded on Bruker Advance 500 NMR spectrometer, and
chemical shifts are expressed in ppm. Mass spectra were recorded under ESI/HRMS
at 61800 resolution using Thermo scientific exactive, mass spectrometer. Absorption
spectrum of the probe and its derivatives was measured on a Shimadzu, UV-2450 UV-

vis-NIR spectrophotometer. The emission and excitation spectrum of TPE compounds

115



Chapter 3

was recorded on a Spex-Fluoromax FL22 spectrofluorimeter equipped with a double
grating 0.22 m Spex 1680 monochromator and a 450 W Xe lamp as the excitation
source and a Hamamatsu R928P photomultiplier tube detector. SERS analysis were
studied in a WI-Tec Raman microscope through 20xobjective with a grating of 600
g/mm with peltier cooled CCD detector. 633 nm laser with 7 mW power was used for
the sample excitation. Raman spectra were measured in the range of 400-3000 cm~-1
with a resolution of 1 cm~1 and 0.5 integration time for 20 accumulations. A
calibration was done using silicon standard. WI-Tec Project plus (v 2.1) software

package was used for further analysis.

3.5.2. Materials and methods

All reagents were purchased from Sigma Aldrich, Merck, and Specrochem.
Analytical TLC was achieved on a Merck 60 F254 silica gel plate and visualization was
done with UV light. Column chromatography was performed on Merck 60 silica gel
(60-120 or 100-200 mesh). Human beta- amyloid (1 - 42)-HFIP were purchased from
Ana Spec. company, India. SH-SY5Y cell lines has been obtained from National Centre
for Cell Science (NCCS) Pune, India. Cells are cultured on 25 cm? tissue culture flask
and were grown at 37 °C in DMEM medium supplemented with 10 % Fetal Bovine
Serum and Antibiotics (100 U mL-! penicillin/100 mg mL-! streptomycin mixture) in

a 5 % COz incubator.
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3.5.3. Synthesis of molecular probes

3.5.3.1. Synthesis of TPE-OH-2

o OH
“ TiCl,, Zn dust
OH O O THF, Reflux O O
HO

4-Hydroxybenzophenone and Zinc dust were dissolved in a 100 ml two necked round
bottom flask equipped with a condenser. The flask was evacuated under vacuum and
flushed with nitrogen three times. After addition of 50 ml anhydrous THF, the mixture
was cooled to 0° C and Titanium tetrachloride was slowly injected. The reaction
mixture was slowly warmed to room temperature, stirred for 30 min and then
refluxed overnight at 70 C. The reaction was quenched using 10 % K2COs3 solution.
The mixture was extracted with DCM and the organic layer was washed with brine
solution and dried over anhydrous NazSO4. After removing the solvent, the residue
was chromatographed on a silica gel column with n-hexane/ CH2Cl2. 1H NMR (500 Hz,
CDCl3, 6 ppm): 7.002-7.093 (m, 10 H), 6.820-6.872 (m, 4 H), 6.530-6.573 (m, 4H);
HRMS, m/z for C26H2002 calculated: 364.15, found: 364.14.
3.5.3.2. Synthesis of the sensor TPE-NBD-2

TPE-OH-2 and 4-chloro-7-nitrobenzofurazan were dissolved in anhydrous
DMF (3 ml). 10 pl DIPEA was added in to it and stirred at room temperature for 2 hr
under nitrogen atmosphere. The reaction mixture was then purified by column

chromatography using DCM/MeOH solvent mixture.
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OH ©
LT e AL ):l
| . é;[,N DIPEA, anhyd.DMF | N7 NO.

\

o — o-N
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2 hr
g0 I 0
OH

1H NMR (500 Hz, CDCls, § ppm): 8.37-8.38 (d, 1 H, J= 10 Hz), 7.10-7.19 (m, 9 H), 7.02-
7.06 (m, 6 H), 6.92-7.01 (m, 3 H), 6.50-6.51 (d, 1 H, J= 10 Hz); HRMS, m/z for

C3sH22Ne60s calculated: 690.15, found: 713.14 [M+Na].

3.5.3.3. Synthesis of the intermediate TPE-NBD-OH

OH ©
O UL j:l
. <>[/N DIPEA, anhyd.DMF | N7 NO

\ \

I Lo o-N
N 30 min O O
cl HO
OH

For the preparation of intermediate TPE-NBD-OH, we adopted the same procedure for
the synthesis explained earlier for TPE-NBD-2 sensor by monitoring the reaction time.
Each 15 minutes we monitor the reaction through TLC and a new spot was started
obtaining after first 15 and become more intense after 30 min with the presence of
another less intense spot. So, we stopped the reaction and carried out the mass
analysis. It showed a major peak corresponding to TPE-NBD-OH. The reaction mixture
was purified under column chromatography using DCM/MeOH solvent mixture.

HRMS, m/z for C32H21N30s calculated: 527.15, found: 550.15 [M+Na].
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3.5.3.4. Synthesis of donor

COOH
COOH
S
+ A _s_ N AcOH
N™ °s | XN —mm>
P MeOH, RT S<s

SH
Z "N
)

2,2’ dithiodipyridine and acetic acid were dissolved in methanol and stirred at r.t for
30 min. A solution of 4-Mercaptobenzoic acid in methanol was added drop wise to the
reaction mixture and continues stirring for 24 hr. The product was isolated by
precipitating the concentrated reaction mixture with diethylether. The washing
precipitation was repeated 5 times to lead to a white crystalline product. 1H NMR (500
Hz, CDCls, § ppm): 8.381-8.389 (d, 1 H), 7.605-7.734 (m, 3 H), 7.358-7.373 (d, 1 H),
7.139-7.229 (m, 3 H); HRMS, m/z for C12H9NO2S2 calculated: 263.01, found: 264.01
[M+1].

3.5.3.5. Synthesis of the molecular probe TPE-NBD-D

COOH O\
7~s’
) Q bcc, oap
N’/ o- ’:
-N +
o RS ”3@
o A N
~ |

Donor and 4-Dimethylaminopyridine (DMAP) were dissolved in DCM and stirred at
room temperature for 30 min. After that, a solution containing TPE-NBD-OH and N,
N'-Dicyclohexylcarbodiimide (DCC) was injected in to the reaction mixture and
continue stirring for 12 hr. The reaction mixture was then filtered and precipitated

with methanol. 1H NMR (500 Hz, CDCls, § ppm): 8.46-8.48 (d, 1 H,), 8.43-8.45 (d, 1 H),
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7.12-7.21 (m, 16 H), 6.64-6.93 (m, 4 H), 6.92-6.93 (d, 2H), 6.60-6.61 (d, 2H); HRMS,

m/z for C44H28N40sS2 calculated: 772.15, found: 773.15 [M+1].
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Gold-Mesoporous Silica Nanotheranostic Platform for
Targeted Chemotherapy with the Aid of Fluorescence and
SERS Dual Detection Modality
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4.1. Abstract:

A theranostic nano-carrier delivery system is an unmet need in personalized
medicine. Herein, a multipurpose folate receptor targeted nano-envelop delivery
system (TNEDS) has been fabricated with gold core silica shell followed by surface
functionalization with chitosan-folic acid (CS-FA) covalent conjugate for precise
loading of Dox, resembled as Au@SiOz-Dox-CS-FA. TNEDS possessed up to 90% Dox
loading efficiency and internalized through endocytosis pathway leading to pH and
redox sensitive release kinetics. The superior folate receptor (FR)-targeted cytotoxicity

has been evaluated by the nanocarrier in comparison with FDA approved liposomal
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Dox conjugate, Lipodox™. Moreover, TNEDS exhibited theranostic features through
caspase mediated apoptosis and envisaged high surface plasmon resonance enabling
the nano-construct as a promising SERS nanotag. Distinct changes in the biochemical
components inside cells exerted by the TNEDS along with the Dox release was
evaluated explicitly in a time-dependent fashion using bimodal SERS / Fluorescence
nanoprobe. In therapeutic senerio, TNEDS displayed superior anti-tumor response in
FR-positive ascites as well as solid tumor syngraft mouse models with specific tumor-
targeting biodistribution pattern. Therefore, this futuristic TNEDS is expected to be a
potential alternative as a clinically relevant theranostic nano-medicine to effectively

combat neoplasia.

4.2. Introduction

Advancement in nano-drug delivery system have scrutinized for the
controlled delivery of therapeutic payloads against cancerl. Systemic delivery of
anticancer agents often results in the damage of healthy organs which significantly
impedes the survival rates. Ongoing research on nanomedicine aims to enhance the
therapeutic index of anti-neoplastic drugs by adjusting their pharmacokinetics and
bio-distribution. The idea that nanomedicine aims to enhance the therapeutic index
of anti-neoplastic drugs by adjusting their pharmacokinetics and bio-distribution to
enhance conveyance to the site of action is clinically demonstrated. The enhanced
permeation and retention (EPR) effect of the tumor microenvironment provides
easier access of chemotherapeutic drugs to tumor tissues. Dox is a widely used anti-
neoplastic agent, but its severe side effects? especially noticeable cardiotoxicity
limits clinical efficacy. Designed to exploit the advantages of NPs, liposomal Dox

formulations were approved by FDA3 but has a whimsical disadvantage of being
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non-targeted towards cancer cells*. Among different nanocarriers, AuNPs and MSNs
based carriers are widely employed towards cancer diagnosis and imaging, either

alone or in conjugation with therapeutic motifs.
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Figure 4.1. A) A graphical representation of the pH responsive MSN nanovalve, and its
protonation caused release of beta-cyclodextrin and corresponding TEM image of capped
MSN, B) schematic representation of DNA-AuNPs self-assembly, Figure A is adapted from

ref. 5 and B is adapted from ref. 6.

Andre and co-workers reported MSNs based carrier system for the effective delivery
of anticancer agent Dox in the nuclei of KB-31 cells®. In this study, they have used a
B-cyclodextrin modified Dox loaded MSNs for pH-triggered drug release (Figure
4.1A). In another report, the authors utilized a DNA-AuNPs self-assembly for

multiple synergistic applications in cellular environment (Figure 4.1B). This carrier

129



Chapter 4

is responsible for the delivery of two anticancer drugs like Dox and mitoxantrone in
living cells and displayed therapeutic advantages®.

High localized surface plasmon resonance (LSPR) of AuNPs facilitates in diagnostic
modality as a SERS substrate to provide structural information of many bio-
molecules based on their unique vibrational Raman fingerprints. The LSPR spectral
shifts induced by interparticle plasmonic coupling have attracted considerable
interest in the fabrication of assembled plasmonic nanoparticles’. Duan and co-
workers demonstrated a SERS encoded gold nanoparticle vesicle for targeted cancer
diagnosis and therapy. SERS nanotags contains a 14 nm AuNPs, Raman reporter
molecule and a pH sensitive polymer brushes contains poly ethylene glycol (PEG)
and hydrophobic copolymer, PMMAVP of methyl methacrylate (MMA) and 4-
vinylpyridine (Figure 4.2.). This multifunctional drug carrier system allows efficient
loading and releasing of cargo in to cancer cells and the process was monitored

with the aid of SERS technique8.
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Figure 4.2. Schematic illustration of the SERS nanotags for diagnosis and therapy. Figure is

adapted from ref. 8.
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In SERS, hot spots created in the gaps between NPs or at the edges and tips of
anisotropic NPs provide sufficiently intense electromagnetic fields to promote a
tremendous increase in the Raman intensity of molecules located in these regions,
making it possible to detect even molecular level changes. AuNPs with tunable size
and shape acts as excellent SERS substrates was used in label-free immunoassays,
bio-sensing, imaging of living cells and microbes in ultralow level of LOD.
Engineering plasmonic nanostructures confined within a defined architecture and
surface caged with bio-materials with defined optical and structural properties have
captivated biological applications. Moreover, SERS-encoded plasmonic NPs capable
of generating stable and reproducible Raman signals have made Raman imaging and
spectral analysis into clinical milieu®. Construction of nano-carrier’s based on MSNs
have attracted biomedical applications owing to their many unique features such as
high surface area, tunable pore morphologies, large pore volume, facile
functionalization of exterior surfaces and bio-compatibility. MSNs provided a high
drug loading capability, therefore encapsulation of AuNPs with silica layer
(Au@Si02) not only enable facile surface modification and stimuli responsive release
but also enhances the LSPR of the construct to be an effective SERS substratel0. Even
though the clinically used NPs formulations of Dox demonstrated effectiveness, the
lack of cancer cell targeting moieties makes them amiable to normal cells. Capping of
drug loaded Au@SiO2 NPs with bio-degradable natural polymer chitosan will avert
premature drug release and promotes the bio-compatibility. FR is known to be over-
expressed in several human malignancies and the exploration of FR-mediated drug
delivery has been referred to a molecular “Trojan horse” approach!l. Non-targeted
chemotherapeutic strategies often caused greater side effects whereas targeted

nano-carrier system prevents random drug exposure to normal tissues. Again,

131



Chapter 4

targeted nano-carrier system often allows the delivery of drugs at lesser quantities,
due to a combination of molecular targeting and increased circulation time
preventing random exposure to normal tissues1213,

Considering all this in mind, a clinically viable smart TNEDS has been aimed
to build Au@SiO2 NPs loaded with Dox which is enveloped by a layer of CS-FA
covalent conjugate Au@SiO2-Dox-CS-FA (Scheme 4.1). The major emphasize on
theranostic efficiency of TNEDS has been exploited by (i) impressing bio-
compatibility with efficient Dox loading and tumor niche-specific release enabled
targeted cytotoxicity by FR-mediated endocytosis; (ii) the significant Raman spectral
enhancement of the TNEDS utilized as a SERS nanotag for quantifying Dox loading
and tracing of intracellular Dox release by Raman imaging; (iii) evaluation of
apoptotic cell death by TNEDS using SERS/Fluorescence bimodality; (iv) detailed
investigation with tumor challenged mouse models deciphered excellent targeted
bio-distribution pattern with a highlighted therapeutic potential of Au@SiOz-Dox-
CS-FA than clinically used Dox and Lipodox. Although further investigations are
warranted to establish the current TNEDS in clinical milieu, the contemporary
studies presented here emphasized the superiority of Au@SiO2-Dox-CS-FA as a
futuristic multi-model theranostic nanomedicine towards efficient cancer

management.
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Scheme 4.1. Schematic illustration (a) of various steps involved in the fabrication of
Au@Si02-Dox-CS-FA starting from AuNPs. (b) Chemical structure of CS-FA and Dox. (c)
Biological evaluation after Intraperitoneal (ip) administration of TNEDS on tumor-bearing

mice.

4.3. Results and Discussion
4.3.1. Preparation and Characterization of TNEDS

The targeted nano envelop system was synthesised using gold nanoparticle
as core which upon coating with a layer of silica by tetraethylorthosilicate (TEOS).
Anti-cancer drug Dox was incorporated on to the pores of silica layer to get
therapeutic effect. A layer of CS-FA further encapsulated over the silica layer to
target the system towards folate receptor specific cancer cells. The successful

preparation of Au@SiOz-Dox-CS-FA in a stepwise manner was effectively
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monitored by UV-Vis spectroscopy, TEM, DLS and confocal Raman spectroscopy. The
presence of silica layer on AuNPs core was indicated by the red shifted (531 to 534
nm) plasmon maxima of the nano-construct. Presence of drug loading was
confirmed by the blue shift of the absorption maxima of 521 nm as a broad peak.
Dox loaded on Au@SiO: further shielded by CS-FA has been well studied by UV-Vis
spectroscopy in which absorbance maxima showed a slight blue shift with peak
broadening (Figure 4.3A). TEM analysis further confirmed the step wise formation
of the nano-construct where average size of AuNPs (40-45 nm) increased to 105 nm
upon silica coating (Figure 4.3B). Additional surface functionalization with CS-FA
increased the size to 125 nm of the final nano-construct. Morphological analysis
revealed the presence of AuNPs as core confined within the silica shell along with
single AuNPs. The average hydrodynamic size (Figure 4.3C) around 125 nm was in
agreement with TEM analysis. A non-targeted construct, Au@SiOz-Dox-CS was also
constructed by the same method by using CS instead of CS-FA. Dox impregnation
into the SiO2 pores was evaluated by the drug loading efficiency (DLE), drug loading
content (DLC) and actual amount of drug within the nano envelop. Au@SiO2-Dox-
CS-FA showed a high DLE of 90% with around 93.75 mg Dox per gram of the
construct and 9.3 % DLC whereas Au@SiOz-Dox-CS demonstrated 81 % DLE, 8.5 %

DLC and 85 mg Dox per gram of the construct respectively.
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Figure 4.3. A) UV-Visible spectra obtained from each step for the construction of TNEDS B)
corresponding TEM images C) Hydrodynamic size distribution of Au@SiO;-Dox-CS-FA
determined by DLS D) Zeta potential changes from each step.

The successful functionalization of CS-FA with Dox loaded silica nanoparticle
was initially confirmed by UV-Vis spectroscopy and later with Fourier-transform
infrared spectroscopy (FT-IR) analysis. FT-IR spectrum of CS (Figure 4.4A) was
characterized with the bands around 3396 cm-!, 1655 cm'!, 1378 cm™, 1075 cm!
and at 611 cm! whereas CS-FA spectrum (Figure 4.4B&C) showed the appearance
of -CONH amide band at 1645 cm! and the N-H bending in the second amine at
1590 cm! which indicated the amide coupling between FA and CS. Further, the peak
at 3300 cm! of CS-FA becomes wider; indicating the extended hydrogen bonding

between the FA and CS14.
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Figure 4.4. A) Synthetic scheme for the conjugation of CS-FA, FT-IR spectrum of B) chitosan

and C) chitosan-folic acid derivative.

Due to the existence of silica coating on the exterior surface of AuNPs, a zeta
potential value of -26.2 was observed but it has been changed to +25.6 upon CS-FA
coating indicating the presence of amino group on the surface of NPs15 (Figure
4.3D). Finally, loading of Dox was confirmed by SERS spectral analysis, where
signature Raman peaks of Dox appeared from the nano-construct (Figure 4.5). The
presence of silica envelop and surface modifications will not affect the robust SERS
intensity of the analytel6. More precisely, the presence of Dox within Au@SiO2-Dox-
CS-FA was established by SERS single spectral analysis which was in agreement with
the SERS spectra of bare Dox incubated with AuNPs. Dox showed characteristic
Raman signature peaks at 455 cm-! assigned to the C=0 in plane deformation, peaks
between 1247 - 1318 cm'! corresponds to the in-plane bending motions from C-0, C-
O-H and C-H, respectively and peak at 1438 cm! attributed to the presence of

skeletal ring vibrations of Dox17. The SERS signal of Dox is originated from the hot
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spot generated by the cluster of NPs surrounding the silica shell. The silica layer in
the close vicinity of AuNPs leads to excellent interparticle plasmonic coupling, as

demonstrated by the significant red-shift of plasmon resonance of AuNPs.
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Figure 4.5. SERS spectral pattern analysis of Au@SiO2-Dox-CS-FA compared with pure Dox
spectra (Au@Dox).

4.3.2. Stimuli Responsive Drug Releases

Initially, the release kinetics of Dox from Au@SiOz-Dox-CS-FA was evaluated
under parameters of pH and reducing atmosphere at ambient temperature by UV-
Vis spectroscopy. It was found that Au@SiO2-Dox-CS-FA exhibited an optimal Dox
release kinetics (Figure 4.6A) which is largely dependent on pH and to a lesser
extent towards redox balance. A cumulative Dox release kinetics was observed with
a pH of 5 wherein almost 96% and 89% was released within 9 hr in the presence
and absence of reducing agents. The Dox release was further evaluated in SERS
modality (Figure 4.6B) where the appearance of characteristic peak of Dox at 455
cm'l demonstrated the release under varying pH. The signal intensity of Dox
signature showed a steep decline from pH 7.4 to 5 indicating pH dependent release

from Au@SiO2-Dox-CS-FA. The released Dox from the nano-construct in acidic pH
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exits through the dialysis membrane and was monitored by gradual decrease in

SERS spectra.
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Figure 4.6. Evaluation of Dox release kinetics from Au@SiO2-Dox-CS-FA with A) UV and B)

confocal Raman microscopy.

Normally, tumor tissue is accompanied with acidosis by high metabolic
activity and the microenvironment has a lower pH with high redox potential than
the surrounding normal tissue. The cumulative redox and pH dual responsive Dox
release from Au@SiO2-Dox-CS-FA enforce targeted cytotoxicity specifically at the
tumor area, sparing the normal tissue, which has a pH of 7.4 and less redox
environment!8. The precise entrapment of Dox within the SiO2 layer and further
caged with chitosan could be the potential factor regulating the controlled release.
At higher pH, the primary amino groups of chitosan undergo a sort of shrinking
mode leading to a slow drug release whereas lower pH promotes protonation of
primary amines, leading to swelling of polymeric matrix to allow drug molecules to
move more freely through normal diffusion. Furthermore, chitosan acts as
gatekeeper to retain Dox in the pores and prevent undesired leaching from the pores

in the absence of acidic environment?!°.
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4.3.3. Western blot analysis and Hemolysis Assay

Next, the FR expression status of human, murine cancer cells and normal
fibroblast cells were assessed by Western blot analysis using antibodies directed
against the FR. Quantitative evaluation of the resulting bands was performed after
normalizing with those of 3-actin. Out of the eight cell lines examined, HeLa and
ovarian cancer (SKOV3) cells showed significantly higher FR expression, whereas

A549 and 3T3L1 exhibited minimum FR expression (Figure 4.7A).
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Figure 4.7. A) Western blot showing the expression levels of FR in cells and quantification
of protein bands normalized to b-actin using Image ] software, B&C) Hemolysis experiment
performed under various pH conditions; data are the mean * SD of three independent

experiments.

Again, hemolysis assay was performed to determine the toxicity towards red blood
cells (RBCs) under three different pH conditions. The highest hemolytic activity was
observed for free Dox, which demonstrates concentration-dependent pH-

independent lysis wherein as high as 26% hemolysis was observed for 100 uM Dox
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at pH 5.5, and even at 0.01 pM causes 7% hemolysis at pH 7.4. Lipodox
demonstrated reasonably reduced toxicity towards RBCs in comparison with Dox.
Au@Si02-Dox-CS-FA displayed concentration and pH dependent hemolytic
behavior; even at the highest concentration of 100 uM, 10% lysis was observed at
pH 5.5, whereas only 5% was recorded at pH 7.4 under same conditions. Lower
concentrations are largely safer to RBCs especially at physiological pH (Figure
4.7B). The uncoated Au@SiO2 displayed severe hemolytic behavior independent of a
change in pH. However, coating with CS-FA makes Au@SiO2-CS-FA more
biocompatible and safer towards RBCs (Figure 4.7C). Among the different strategies
for receptor mediated drug delivery, FRs are used as a promising target because of
their over-expression in many human cancer cells. FR expression varies significantly
between cancer cell lines which urges to evaluate the receptor status prior to cell-
based experiments 20, The results obtained correlated well with similar studies and
enabled us to select HeLa and SKOV3 as FR-positive and A549 as FR-negative cells
for in vitro assays. Again, Ehrlich ascites carcinoma (EAC) and Daltons lymphoma
ascites (DLA) cells showed moderate levels of FR expression which has been chosen
for in vivo assays with FR-targeting systems. Even though silica-based NPs are
reported to execute hemolytic features, it is significantly reduced by surface coating
with any bio-polymers or proteins. Moreover MSNs based NPs of size in between
100-200 nm are reported to execute bio-compatibility to RBCs2! in comparison with
smaller particles. The moderate hemolytic nature of naked Au@SiO2 NPs and the
major reduction upon coating with CS-FA could be well explained with the above-
mentioned facts. Again, the isoelectric pH of blood prevents the Dox release from
Au@Si02-Dox-CS-FA making it as an efficient delivery system having bio-

compatibility to RBCs.
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4.3.4. SERS imaging of live cells using Au@Si02-CS-FA

As a new insight, the efficiency of Au@SiO2-CS-FA as SERS-nanotag was
explored on HeLa cells with the aid of a confocal Raman microscope. HeLa cells upon
treatment with Au@Si02-CS-FA for 1lhr revealed a well-defined Raman image
(Figure 4.8A&B) with a proper clustering pattern (Figure 4.8C). Figure 4.8D

represents the condor image which clears the internalization.
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Figure 4.8. A) Bright field, B) Raman, C) cluster and corresponding D) condor images of
Au@Si0,-CS-FA treated Hel.a cells, three dimensional Raman intensities of E) images B and
F) image C, G) Histogram of the two most intense peaks from HeLa cells, H) Raman spectra

abstracted from various regions of the Raman image.

Three dimensional representations of the images clearly indicated the enhanced
cellular information in contrast with the surroundings (Figure 4.8E&F). Condor
images and histogram of the relative intensity of the two most intense peaks from

the NP-treated cells deciphered the significant signal enhancement (Figure 2.8G).

141



Chapter 4

Raman spectra (Figure 4.8H) abstracted at various regions of the Raman image
exhibited characteristic fingerprint SERS peaks from sub-cellular locations such as
cell membrane, cytoplasm, nucleus and other cellular organelles (Table 4.1).

Table 4.1. Tentative peak assignment of SERS spectra abstracted from various regions of

the Raman image of HeLa cells treated with Au@SiO:-CS-FA. Legends a-g represents the

corresponding spectra of Figure 4.8.

Raman Shift (cm1) Tentative Assignment

Spectra- [a]

658 cm1 C-C twist Phe

923 cm1 C-C str. a-helix

1118 cm'! C-N str. of proteins

1476 cm'! C-H def

1647 cm'! Amide I a-helix

1552 cm! nucleic acid (adenine, guanine)
Spectra- [b]

918 cm C-C str. a-helix

1189 cm! C-H bend Tyr

1249 cm'! Amide III

1357 cm! C-H def

1476 cm'! C-H def

1650 cm'! Amide I a-helix
Spectra- [c]

602 cm1 C-C twist Phe

759 cm'! Ring breath Trp

1217 cm'! Amide III

1357 cm! CH def of protein

1487 cm'! nucleic acid (adenine, guanine)
Spectra- [d]

903 cm! C-0-C ring of carbohydrate

1062 cm! Chain C-C str of lipids

1325-1375 cm'!

C-H str. of proteins

1405-1492 cm'!

G, A, CH def of nucleic acids

1534 cm'! nucleic acid (adenine, guanine)
1614 cm! C=C Tyr, Trp of proteins
Spectra- [e]
1000 cm'! Sym. Ring brPhe
1123 cm! C-N str. of protein
1244 cm'! Amide III of proteins
1384-1568 cm1 CH def of proteins
1619 cm! C=CTyr, Trp
Spectra- [f]
1189 cm1 C-H bend Tyr
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1260 cm1 Amide III of proteins
1510 cm'! nucleic acid (adenine, guanine)
1610 cm! C=C Phe, Tyr

Spectra- [g]

550 cm-l Tryptophan; cytosine; nucleic acid

(guanine
646 cm! C-C twist Tyr
903 cm C-0-C ring of carbohydrate
1051 cm'! C-H in-plane Phe
1170 cm?! C-H bend Tyr
1222 cm! Amide III of protein
1484 cm'! CH def
1039 cm! CH2 twist
1660 cm! C=C Phe, Tyr
1779 cm'! C=0 ester of lipids

SERS imaging is a new arena involving intensive study utilizing the high SPR of NPs
and among which silica coated AuNPs are reported to be excellent SERS substrates
with uniform hot spot generation?2. The hyper cluster analysis (HCA) from the
strongest Raman bands of the HelLa cells clearly provided label-free methods for the
visualization of intracellular components and processes based on strong Raman
signals?3. SERS spectra obtained from the nuclear regions are mainly characterized
with sharp peaks at 1487 cm-, 1510 cm! and 1534 cm-lwhich corresponds to
nucleic acids whereas the spectra obtained from the cytoplasmic region bears
signatures from ribose vibration of ribo nucleic acid (RNA) (917 cm-1), carotenoids
(1006 cm-1), C-C stretching of lipids and carbohydrates (1060 cm-1), C=C stretching
of proteins (1615 cm'1) and many more24 The distinct three-dimensional spectra
and cluster analysis obtained using Au@SiOz-CS-FA could be a promising step to
understand the physicochemical processes in the local cellular environment in real

time, in order to benefit for specific intracellular targeting.
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4.3.5. Evaluation of cytotoxicity
Cytotoxicity of the prepared nano-envelop along with free Dox and Lipodox

was evaluated on FR-positive and negative cell lines.
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Figure 4.9. Evaluation of cytotoxicity of Dox, Lipodox, Au@SiO,-CS-FA and Au@SiO2-Dox-
CS-FA after 24 h by MTT assays on A) HeLa, B) SKOV3, C) A549 and D) 3T3-L1 cells.

Au@Si02-Dox-CS-FA displayed cytotoxicity selectively toward HeLa (Figure 4.9A)
and SKOV3 (Figure 4.9B) cell that over-express FR, but was less toxic towards
Adenocarcinomic human alveolar basal epithelial cells (A549) (Figure 4.9C) and
murine fibroblasts (3T3L1) (Figure 4.9D) with minimal FR expression. Cytotoxicity
of Au@Si0O2-Dox-CS-FA towards FR positive cells were less pronounced than Dox

and Lipodox but was efficient than Au@SiO2-Dox-CS.
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4.3.6. Investigation of cellular uptake pathways and intracellular dox release

by fluorescence modality

Cellular uptake and intracellular release of Dox from Au@SiO2-Dox-CS-FA
was compared with naked Dox, Lipodox and Au@Si0Oz-Dox-CS on HeLa and A549
cells by fluorescence measurements. Among them Dox uptake was maximum in
Au@Si02-Dox-CS-FA and minimum in Au@SiO2-Dox-CS on HeLa cells (Figure
4.10A&B). However, in case of FR-negative A549 cells TNEDS displayed minimal
Dox uptake wherein naked Dox displayed the maximal effect (Figure 4.10B). Since
positively charged nano-constructs are reported to follow receptor mediated uptake
pathways, the cellular uptake mechanism of Au@SiO2-Dox-CS-FA was investigated
fluorometrically after pre-incubation of cells with specific inhibitors and folic acid
(Figure 4.10C). Cellular endocytosis is used to uptake nutrients, growth factors and
plays as a master regulator of the signaling pathway. In order to examine the mode
of cellular uptake mechanism of TNEDS, dox concentration was estimated in FR over
expressed cells after pre-incubated with specific endocytosis inhibitors. Estimation
of Dox uptake displayed a significant (p< 0.001) reduction upon treatment with
genistein (100 pg/mL), chlorpromazine (20pg/ mL) and folic acid (2 mM) but was
not affected by 5-(N-ethyl-N-isopropyi)-amiloride (10 pg/ mL) upon comparison

with the respective controls.
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Figure 4.10. Evaluation of the intracellular uptake and distribution of Dox in HeLa cells
after 4 h administration (1 pM) using A) fluorescence microscopy, the legends [1]
represents Au@SiO2-Dox-CS-FA; [2] Au@SiO2-Dox-CS; [3] Dox and [4] Lipodox. B)
Quantitation of Dox uptake fluorometrically. C) Estimation of the effect of inhibitors on the

uptake of Au@Si02-Dox-CS-FA on HeLa cells by fluorimetry.

Moreover, cellular uptake was visualized using fluorescent microscope which again
confirmed the highly FR-selective and efficient cellular Dox uptake by Au@SiO2-
Dox-CS-FA (Figure 4.11.). The released Dox was localized in the nuclear region for
effective therapeutic utility within 4 h of administration. Functional biomolecules on
the surface, size and morphology of nano-construct play a predominant role in
determining the probable mechanism of internalization which are namely, clathrin,
caveolae, macropinocytosis and phagocytosis2®. Endocytosis pathway determination
using specific inhibitors revealed that FR mediated caveolae and clathrin dependent

pathway plays a prominent role in the cellular uptake of Au@SiO2-Dox-CS-FA
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whereas micropinocytosis has little effect. Cationic AuNPs around 100 nm are
reported to follow receptor-mediated endocytosis mainly through caveolae, which
are flask-shaped invaginations of the plasma membrane coated by caveolin-1 and to

a lesser extent by clathrin dependent pathways?2°.

1] 2] & [ I -

Figure 4.11. Fluorescence images of Au@SiOz-Dox-CS-FA uptake on HeLa cells with
inhibitors represented by the legends [1] vehicle control; [2] folic acid; [3] genistein; [4]
chlorpromazine and [5] amiloride. The first panel represents bright field; second panel Dapi;
third panel PI and fourth panel indicates the merged images. Scale bar: 50 pm. Data are the
mean *= SD of three independent experiments; ***p<0.001, ns: not significant relative to

control.

4.3.7. Cellular internalization and dox release by SERS imaging

Again, the cellular internalization and Dox release kinetics from TNEDS were
explored by Raman spectral and imaging analysis. Bright field (Figure 4.12A) and
Raman mapping for Dox localization was observed within 1 hr (Figure 4.12B) and 3
hr (Figure 4.12C) of incubation of Au@SiO2-Dox-CS-FA in HeLa cells. Condor
images and histogram from HeLa cells showed the enhanced Raman signal. Raman

spectra (Figure 4.12D) abstracted from nucleus and cytoplasmic regions after 1 hr
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of treatment clearly demonstrated the signature Dox peak around 455 cm- only

from the cytoplasmic area.
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Figure 4.12. A) Bright field and Raman images after B) 1 and C) 3 h incubation of Au@Si0»-
Dox-CS-FA on Hel.a cells, D) Raman spectra abstracted from the Raman images (b) and (c)
wherein the legends represent the labelled area of the corresponding images according to

the color code. E) Raman spectra abstracted from the nuclear area.

However, after 3 hr the integrated Dox peak from the nucleus and an absence from
the cytoplasmic region were noticed. The ability of TNEDS to retain and enhance
Dox signature enabled real-time monitoring for intracellular Dox release kinetics.
SERS technique has recently been used for label-free in situ monitoring of drug
release from a variety of carrier constructs. The Dox Raman peaks from the cells
enabled tracking the intracellular drug distribution pathway?? in a non-invasive
manner. Raman imaging and corresponding spectral analysis of Dox demonstrated a

time-dependent localization with an early distribution in the cytoplasm and later
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migration towards the nucleus. Disappearance of Dox peak at 455 cm-! from the
cytoplasm and appearance of the same in the nuclear region over time clearly

defined Dox distribution (Figure 4.12E).

4.3.8. Evaluation of apoptotic events by SERS fingerprinting

Raman spectral analysis from HeLa cells in a time resolved manner after
treatment of Au@SiO2-Dox-CS-FA revealed characteristic biochemical changes
(Figure 4.12E). The sub-cellular SERS spectral patterns are well characterized with
the dominant Dox signatures with unique Raman peaks corresponding to the
nuclear damage due to apoptosis (Table 4.2).

Table 4.2. Tentative peak assignment of SERS spectra abstracted from nuclear regions of

HelLa cells treated with Au@SiOz-Dox-CS-FA.

Raman Shift (cm-1) Tentative Assignment

450 cm'! C=0 in-plane deformation

817 cm1 0-P-0 str. RNA

938 cm-1 C-C str. a-helix

1260 cm! Amide III

1384 cm'! nucleic acid (adenine, guanine, tyrosine)
1562 cm1 nucleic acid (adenine, guanine)

Further, monitoring of SERS spectra from the cytoplasmic region over a time period
of 1-4 hr displayed the disappearance of Dox peak over time highlighting the nuclear
migration of Dox and subsequent initiation of apoptosis through the induction of
nuclear damage. Interestingly Dox was distributed in cytoplasmic area within 2 h
and slowly migrated into nucleus after 3 hr. Accumulation in the nucleus was

observed after 4 h with no cytoplasmic fluorescence which rationalizes the SERS
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studies. In addition to the monitoring of drug release, time-resolved SERS spectra
has been well explored to monitor cellular changes in response to chemotherapeutic
agents demonstrating a more sensitive and faster detection modality than
conventional assays?8. The disappearance of cellular peaks at 846 cm-! and decrease
in the intensity of peaks at 1250-1350 cm! and 1450-1650 cm! were assigned to
the nucleic acids, O-P-O backbone of DNA, and protein degradation?? upon
treatment of Au@SiO2-Dox-CS-FA which are consistent with the expected Dox
induced biochemical changes in nucleus. Thus, it is evident that apoptotic DNA
fragmentation induced by Au@SiOz-Dox-CS-FA can be monitored through SERS
which enabled label-free monitoring and could further potentiates the therapeutic

utility.

4.3.9. Investigation of cell death mechanism

To validate the apoptosis mediated growth inhibition by TNEDS reflected by
molecular changes in SERS fingerprinting, various apoptosis assays were conducted
in HeLa and A549 cells. Morphological observation revealed salient features of
apoptosis such as distorted shape, membrane blebbing and decreased cell number
relative to control groups for HeLa (Figure 4.13A upper panel). Acridine orange-
ethidium bromide dual staining in FR-positive cells revealed a change in color from
green to yellow/red, which is associated with other apoptotic features (Figure
4.13A middle panel). Cells undergoing apoptosis demonstrated nuclear
condensation and DNA fragmentation, which was clearly detected by Hoechst 33342
nuclear staining. The percentage of chromatin condensation after Au@SiO2-Dox-CS-
FA treatment was significantly higher in HeLa (Figure 4.13A lower panel). The

mechanism of cell death induced by Au@SiO2-Dox-CS-FA was further confirmed by
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Figure 4.13. Induction of apoptosis in A) HeLa and B) A549 cells by Au@Si0,-Dox-CS-FA (1
uM) for 24 h and were evaluated using phase contrast microscopy (upper panel), acridine
orange-ethidium bromide (middle panel) and Hoechst staining (lower panel). Left panel
represents the control and right panel indicates the treatment groups, evaluation of
apoptosis by TUNEL staining assay in C) HeLa and A) A549 cells; left row represents the
control and right row indicates the treatment groups. Scale bar: 50 um, A) Caspase profiling
of cell lines treated with Au@Si0;-Dox-CS-FA. Data are the mean + SD of three independent

experiments; ***p<0.001, **p<0.01, ns: not significant relative to control.
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terminal deoxynucleotidyltransferase (TdT) dUTP nick-end labeling (TUNEL) assay
which provides simple, accurate and rapid detection of apoptotic cells in situ at the
single-cell level. However, morphological evaluation for apoptosis with Au@SiO2-
Dox-CS-FA treatment revealed no significant changes in FR-negative cell A549
(Figure 4.13B). FR-positive cells displayed a green color, indicating TUNEL
positivity (Figure 4.13C), whereas FR-negative cells were found to be largely
TUNEL negative (Figure 4.13D). Many chemotherapeutic drugs including Dox,
triggered apoptosis through the activation of caspases dependent pathways> and
hence the expression of caspases 3, 8, 9, and 2 has been gauged by fluorimetry to
thoroughly substantiate the mechanism of cell death. Upon treatment of Au@SiO2-
Dox-CS-FA, HeLa and SKOV3 cells presented a significant (p<0.001) increase in the
expression of caspases 9, 8, 3 and 2, (Figure 4.13E) but the change was insignificant

for A549 cells except for caspase 3 (p<0.05).

4.3.10. Therapeutic efficacy in murine models

The excellent in vitro targeted cytotoxicity urged us to investigate the in vivo
antitumor therapeutic potential of the TNEDS. Evaluation of various parameters on
DLA ascites tumor-bearing mice on the 16t and 23rd day of administration revealed
a significant reduction in the tumor volume (P < 0.001) in both groups administered
with Au@Si02-Dox-CS-FA, Au@Si02-Dox-CS, Dox and Lipodox (Figure 4.14A),
except Au@SiO2-CS-FA which did not elicit any response. Among the various
treatment options Au@SiOz2-Dox-CS-FA generated the best overall response.
Detailed investigation with tumor cell count, percentage of viable cells, body weight
change and mean survival at the end of the experimental period revealed the

superior therapeutic efficacy of Au@SiO2-Dox-CS-FA over other treatment options.
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Figure 4.14. DLA ascites tumor volume measurements (A) and Kaplan-Meier survival curve
of (B) group 2 and group 3 (C). EAC-induced solid-tumor measurements were taken after
i.p.(D) or it. (E) administration and its corresponding Kaplan-Meier survival curves (F, G);
Log rank p value <0.0001. Representative images of resected tumours after it.
administration (H). The legends (1) represent vehicle control, (2) Au@SiO,-CS-FA, (3) Dox,
(4) Au@SiO2-Dox-CS, (5) Lipodox and (6) Au@SiOz-Dox-CS-FA treated animals. Statistically
significant differences at *** P < 0.001 and ns, non-significant, compared with the control

group.

The Kaplan-Meier survival analysis (Figure 4.14B&C) revealed that Au@SiO2-Dox-
CS-FA treatment prolonged the survival probability. There was a significant
reduction in the tumor burden by both ip. and intratumoral (i.t.) administration of
Au@Si02-Dox-CS-FA in EAC-induced solid-tumor mice syngraft where i.p. (Figure
4.14D) mode was observed to be less effective than it. mode (Figure 4.14E).
Although Lipodox was observed to be more effective than naked Dox, the non-
targeted construct Au@SiO2-Dox-CS produced better therapeutic efficacy than Dox
with it. administration. The nano-constructs demonstrated maximum reduction in
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tumor volume and a significant (P < 0.001) increase in life span. Furthermore, the
Kaplan-Meier analysis (Figure 4.14F&G) exposed the prolonged survival of tumor
bearing mice with Au@SiO2-Dox-CS-FA administration up to a level for making it a
therapeutically viable construct. Representative images of expunged tumors with
different treatments (Figure 4.14H) revealed the greater tumor volume reduction
upon Au@Si02-Dox-CS-FA treatment. This superior therapeutic effect could be due
to the optimal drug loading and targeting efficiency of the TNEDS for more intensive
localized applications without causing any non-specific toxicity, especially in the
case of easily accessible solid malignancies and potentiates the future pre-clinical
investigations. The efficiency of tumor targeting by Au@SiO2-FL-CS-FA was notable,
particularly considering that the mice used in this study were fed a regular diet
rather than a folate-free diet, which is usually necessary to increase the detection

sensitivity of the FR-targeted delivery systems3°.

4.4. Conclusions

In summary, TNEDS not only demonstrated the excellent in vitro FR- targeted
cytotoxicity but also presented to be an appalling biocompatible cancer targeted
nano-carrier. High Dox loading with tumor niche specific release kinetics enabled
the TNEDS to execute superior salutary therapeutic effects. In diagnostic modality,
Au@Si0:2 core transformed TNEDS to be an effective SERS nanoprobe for Raman
imaging to monitor the cellular uptake, release of the impregnated Dox and dynamic
visualization of biochemical changes at molecular level during apoptosis. Finally,
TNEDS was experimented in murine models which explicitly presented therapeutic

efficiency superior to the clinically used Dox and Lipodox. Albeit further
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investigations are envisaged, the outcome exhibited by the TNEDS definitely holds

an aspiration for future pre-clinical and clinical applications in oncology.

3.5. Experimental Section

3.5.1. Materials

Gold (III) chloride hydrate, trisodium citrate dehydrate, TEOS, aqueous ammonia
(NH40H, 25-28%), HClI (36-38%), fluorescein isothiocyanate (FITC), (3-
Aminopropyl) triethoxysilane (APTES), MTT and Dox hydrochloride were purchased
from Sigma Aldrich. Acetic acid (99.5% purity) and chitosan, 85% deacylated power
was purchased from Alfa aesar. Ethyl alcohol (99.9% purity), was purchased from
Changshu Yangyuan Chemical, China. Lipodox™ was generously gifted by Sun

Pharma Advanced Research Company Ltd., India.
3.5.2. Culture and maintenance of cell lines

HeLa, MCF-7 (breast cancer), and A549 were obtained from ATCC (Manassas,
USA). SKOV3 cells was generously provided by the Rajiv Gandhi Centre for
Biotechnology (Thiruvananthapuram, India). The fibroblast-like murine pre-
adipocyte cell line 3T3L1 was gifted from the Inter-University Centre for Genomics
and Gene Technology, University of Kerala (Thiruvananthapuram, India). A375
(malignant melanoma) cells were obtained from NCCS (Pune, India). Cells were

maintained in DMEM with 10% FBS and 5% COz at 37°C.
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3.5.3. TEOS mediated synthesis of Au@SiO2z nanoparticles

Synthesis of spherical citrate stabilized gold nanoparticles of 40 nm was done
using citrate reduction method3!. Mono-dispersed Au@SiO2 nanoparticles with 40
nm gold cores and uniform thicknesses of silica shell was synthesized via modified
stober method3?2 using vigorous shaking in alcohol solutions. Briefly, 50 ml of citrate
stabilized AuNPs was centrifuged using 8000 rpm for 30 min and the pellets were
dissolved in 5 ml milli-Q water. The solution was diluted with 15 ml of ethanol
solution and adjusted the pH ~ 10 using ammonia solutions. To this solution, 48 pl
of 1: 45 NCO-TEOS: TEOS was added and shake for 24 hr. After 24 hr the solution
was centrifuged two or three times with 10000 rpm for 30 min to remove uncoated

silica on AuNPs.

3.5.4. Conjugation of folic acid with chitosan

A solution of folic acid and EDC in 20 ml anhydrous DMSO was prepared and
stirred at room temperature until EDC and folic acid were well-dissolved33. The
mixture was then added slowly to 0.5% (w/v) chitosan in acetic acid aqueous
solution and stirred at room temperature in the dark for 16 h to let folic acid
conjugate onto chitosan molecules. The solution adjusted to pH 9.0 by adding NaOH
aqueous solution (1.0 M) and centrifuged at 2500 rpm. The precipitate was dialyzed
first against PBS (pH 7.4) for 3 days and then against water for 4 days. NMR spectra
were recorded on Bruker Advance 500 NMR spectrometer, and chemical shifts are

expressed in ppm.
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3.5.5. Synthesis of CS-FA coated Au@SiO:z nanoparticle

CS-FA conjugate (25 mg) was dissolved in 5 ml 3% acetic acid and the
suspension was stirred at 600 rpm for 24 hr to form CS-FA solution (0.5% w/v). 5
ml of Au@SiO2 NPs were centrifuged and made a solution in 5 ml ethyl alcohol and
the dispersion was adjusted to pH 3.5 - 4.5 by adding acetic acid. Subsequently, 200
ul APTES was added to modify Au@SiO2 nanoparticle and was reacted with silanol
groups on the SiO2z surface to form Si-O-Si bonds. Then CS-FA solution was added to
accomplish cross-linking of nanoparticle and allowed to stir at room temperature for
24 hr. The CS-FA coated Au@SiO2 (Au@Si02-CS-FA) was collected by centrifugation
at 10,000 rpm, following washing with excessive distilled water and ethyl alcohol

solution.

3.5.6. Dox loading and redox and pH-responsive dox release Kinetics of

Au@SiO2-Dox-CS-FA NPs

Dox was loaded into the pores of the silica coated gold nanoparticles. 5 ml of
Au@SiO2 nanoparticle in milli - Q water was sonicated for 10 min; afterward 500 pL
of 2 mM Dox solution in water was added in to it and was stirred at 600 rpm for 24
hr. The Dox-loaded Au@SiOz nanoparticles were collected by centrifugation at
10,000 rpm. The DLE, DLC and actual amount of drug in nanoparticle was calculated
using the following formula3+.

Drug loading efficiency = (Total Dox-Free Dox/ Total Dox) x 100%
Drug loading content = (Weight of drug in NPs/Weight of prepared NPs) x 100%

Actual amount of drug in NPs = Dox per gram of NPs
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3.5.7. Cytotoxicity assays

The growth inhibitory capacity was initially evaluated on cancer and normal
cell lines by MTT assay as previously reported!8. The absorbance was recorded at
570 nm after incubation for 12, 24 and 48 hr with test compounds. The cytotoxicity
was further confirmed with BrdU assay kit (colorimetric - 11647229001, Roche
Diagnostics, IN, USA) and the experiments were carried out with the instructions
given in the kit and the measurements were made at 450/690 nm. Evaluation of the
effect of folic acid on the growth inhibitory capacity of the constructs was also
carried out by MTT assay after the addition of 2 mM folic acid to the medium for 2 h
as reported39,
3.5.8. Western blot analysis and Hemolysis assay

Proteins were extracted from 2 x10¢ cells per petridish using RIPA buffer
(Thermo Scientific, Rockford, IL, USA). Protein concentrations were determined
using Coomassie Plus protein assay reagent and BSA standards (Pierce, Rockford, IL,
USA). Proteins (~50 mg) were separated by 10% SDS-PAGE and transferred to
polyvinylidenedifluoride membranes (Millipore, Billerica, MA, USA). Membranes
were blocked with 5% BSA (Santa Cruz Biotechnology Inc., TX, USA) and incubated
with the specific primary antibodies. The primary antibodies FOLR2 (folate receptor
b) and B -actin were purchased from Sigma-Aldrich (St. Louis, MO, USA). Alkaline
phosphatase conjugated secondary antibody (Sigma-Aldrich) was used for all
primary antibodies and detected by the colorimetric substrate BCIP® /NBT (Sigma-
Aldrich). The resulting bands were then quantitated using Image | software (version
1.48, NIH, USA) and normalized with -actin.

EDTA-stabilized human blood samples were centrifuged at 700 g for 5 min,

and blood plasma and the surface layer were diluted in 25 mL PBS. Test compounds
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at various concentrations in PBS (0.8 mL) were then added to RBC suspension (0.2
mL). Positive and negative control samples were also prepared by adding 0.8 mL 2%
Triton X-100 and PBS, respectively, to 0.2 mL RBC solution. Samples were then
incubated at room temperature for 2 hr, centrifuged at 700 g, and supernatants (100
ul) were transferred to a 96-well plate and absorbance was measured with a
microplate reader at 570 nm. Percent RBC lysis was calculated with the following
formula
Hemolysis [%] = [(A sample - A Negative control) / (A positive control - A Negative control)] X 100
3.5.9. Apoptotic assays

Morphological assessment of apoptosis was conducted in HeLa, SKOV3 and
A549 cells treated with Au@Si0z2-Dox-CS-FA (1 mM) for 24 h. Initially cells were
observed for any visible gross morphological changes under phase contrast
objective (Olympus 1X51, Singapore) to view the apoptotic or non-apoptotic cells.
Acridine orange-ethidium bromide dual staining was performed as described
earlier3s and the cells were observed under a FITC filter (Olympus 1X51, Singapore).
Observation of nuclei for any apoptosis related changes was done with Hoechst
33342 staining using a DAPI filter (Olympus 1X51, Singapore) as described before.
TUNEL assay (DeadEnd™ fluorometric TUNEL system, Promega, Madison, USA) was
used to detect the incorporation of the fluorescein-12-DUTP in the fragmented DNA
of apoptotic cells, using the terminal-deoxynucleotidyl-transferase recombinant
(rTdT) enzyme as per the manufacturer’s instructions using propidium iodide as
counter-stain. Caspase profiling was determined by using Apo Alert™ Caspase
Profiling kit (Clontech, CA, USA) as per the manufacturer’s protocol. Cells were

treated with Au@SiO2z-Dox-CS-FA (1 mM) for 24 h, and samples were transferred to
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96-well plates for fluorimetric reading (Aex 380 nm, Aem 460 nm), and signals were

recorded by spectro fluorimetry (FLx800, BioTek).

3.5.10. Live cell Raman imaging

Evaluating the efficacy of Au@SiO2-CS-FA as a Raman substrate was done
with confocal Raman microscope with a laser beam of 633 nm directed to the
sample through 20 X objective. For cellular imaging 20 ul (1mM) of Au@SiO2-CS-FA
was added to HeLa cells and was incubated at 37°C for 1 hr. SERS mapping was
recorded by focusing the laser beam on the cell surface selected at a position z = 0
um using 0.5 as integration time, 150 x 150 as points per line and 50 x 50 pm
mapping area along X and Y directions. The Raman and SERS cell maps were
acquired over a motorized scan stage. The chemical images were computed from the
two dimensional collection of Raman/SERS spectra by integrating the intensity of a
specific band over a defined wave number range after baseline subtraction. Raman
images were subsequently subjected to cluster mapping and later three dimensional
plots were made out of it. A minimum of three independent measurements were

made for each sample.

3.5.11. Cellular internalization study

Cellular uptake and release of Dox or FITC was tested with various constructs
with fluorescent microscopy, Raman microscopy, fluorimeter, and flow cytometer.
HeLa and A549 cells were treated with (1 uM) Dox, Lipodox, Au@SiO2-Dox-CS and
Au@Si02-Dox-CS-FA for 4 hr. Cells were then washed with PBS and stained with
Hoechst 33342 for nuclei and incubated for 5-10 min and the cellular Dox uptake

was visualized under a PI filter and Hoechst under Dapi filter (Olympus 1X51,
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Singapore). Evaluation of the internalization of Au@SiO2-FL-CS-FA (1 mM) by HeLa
cells after 2 h incubation was also performed in the FITC filter using fluorescent
microscopy. Time dependent cellular Dox release from Au@SiOz-Dox-CS-FA was
also evaluated on HeLa cells from 1-4 hr over PI filter of a fluorescent microscope
(Olympus 1X51, Singapore) after counter staining with Hoechst 33342.
Quantification cellular uptake of Dox was performed as described previously3> with
slight modifications. Briefly, cells were plated onto 12-well plates at 105 cells/well
and were treated with the agents for 4 hr, trypsinized and washed with ice-cold
phosphate buffered saline (PBS, pH 7.4). Pellets were lysed again with PBS
containing 1% Triton-X accompanied with vigorous vortexing and Dox in the
supernatant was measured in a fluorometer (FLx800, BioTek) at an excitation
wavelength of 485 nm and an emission wavelength of 590 nm. Results are expressed
as micrograms of Dox per milligrams of cellular protein. Protein concentration of the
cell lysates was determined using Coomassie plus protein assay reagent and BSA as
standards (Pierce, Rockford, IL, USA).
3.3.12. Evaluation of dox uptake and apoptosis using SERS

Since Au@SiOz-Dox-CS-FA could generate sufficiently higher intensity Dox
finger prints and enabled cellular imaging in SERS platform, it was used for tracing
Dox release using a confocal Raman microscope and the cellular imaging was
performed as explained above. The specific Raman band area of Dox was selected to
create an SERS maps after 1 hr and 3 hr of Au@SiO2-Dox-CS-FA treatment. The
intensity of the SERS spectra was measured at different spots belonging to the
nuclear and cytoplasmic region and the spectra were averaged to create every single

curve3é. The cells were maintained for up to 6 hr and SERS spectra were extracted
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from the nuclear area for every 30 min for identification of change in spectral
pattern over time with Dox exposure.
3.5.13. Tumor reduction studies on ascites and solid tumor mice
3.5.13.1. Tumor reduction on ascites tumor mice

For the inoculation of ascites tumors in the mice, DLA cells collected from the
donor mouse were suspended briefly in sterile isotonic saline. Viable cells were
counted (Trypan blue assay) and adjusted to a concentration ensuring that each
animal receives an i.p. injection of 1x10¢ cells/100pL. Briefly; animals were divided
into two groups. All groups had mice inoculated with DLA on Day 1. In group 2,
compounds were administered on days 2 to 15. Group 3 had compounds
administered on days 9 to 22. After the administration of agents in the respective
groups, six animals from each group were sacrificed by cervical dislocation to
determine the tumor volume37,38, Briefly, mice were euthanized and then the
abdomen of each mouse was incised over a clean vessel and the volume of the
ascites fluid obtained (V1) was calculated. The peritoneal cavity was washed
thoroughly with isotonic saline until the return was clear, and the volume of the
added saline (V2) was then noted. The volume of ascites tumor (V3) was calculated
using the formula: V3 = (V1 + V2) - V2. The mean survival time (MST) and percent-
age of increase in life span (% ILS) was calculated as previously reported3? . MST =
(A + B)/2, where A is the day of the first death and B is the day of last death. The
percentage of increase in life span was calculated using the following formula: % ILS
= (T - C)/C x 100, where T and C are the MST of treated and control animals,

respectively.
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3.5.13.2. Tumor reduction on solid tumor mice syngraft

Viable EAC cells (1 x 10¢6cells) were injected sub-cutaneously into the hind limb of

mice with a very fine needle (31G). Experimental agents were administered via two

different routes, intraperitoneal (i.p.) and i.t. injections, daily for 14 consecutive

days, starting on day 9 after tumor inoculation. Tumor volume was calculated every

3rd day starting on the 8t day up to the 32nd day. Unlikein the previous set of

experiments, all the mice were used to determinetumor volume and overall survival.

Tumor volume was calculated as previously described and the mean survival time

and percent-age of increase in life span (%ILS) was calculated as described above.
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Development of molecular probes and functional nanomaterials with improved sensing capabilities
together with high therapeutic potential is one among the thrust areas of current science. In the First Chapter,
we summarize the recent developments in the field of fluorescent probes and SERS nanotags for diagnostic and
therapeutic applications in biomedical research.

Surface enhanced Raman scattering (SERS) modality has been successfully utilized on cancer diagnosis
as an alternative early detection tool which has great potential over conventional cytopathology. In the Second
chapter, a series of novel tetraphenylethylene appended fluorogens has been developed and unfold their
aggregation induced emission and aggregation caused quenching properties and consequently revealed their
SERS fingerprint. An efficient SERS nanoprobe has been constructed using gold nanoparticles as SERS substrate
where TPE-In incorporated as the Raman reporter, which was further conjugated with a specific peptide
substrate, Cys-Ser-Lys-Leu-GIn-OH, well-known for the recognition motif of prostate specific antigen (PSA). This
nanoprobe distinctly recognizes PSA expression with a limit of detection of 0.5 ng in SERS platform.

Hydrogen sulfide, is evolved as a biological mediator for regulating many patho-physiological processes
and involved in brain function as a neuromodulator along with neuroprotectant. In fact, lower levels of
endogenously produced HzS may lead to Alzheimer’s disease, which is a progressive neurodegenerative
disorder characterized by the deposition of amyloid-beta in the brain tissue. In the Third Chapter, design and
synthesis of an orthogonally substituted tetraphenylethylene based dual functional turn on molecular
luminophore has been demonstrated for selective detection of endogenously produced H:S in neuroblastoma
cell line, SH-SY5Y and its induction on A de-agglomeration to reduce the progression of AD. Further, the probe
generated HzS in cellular conditions with concomitant detection and imaging of endogenously generated H2S
and the probe was employed for in vivo imaging in mice and enabled to release HzS in thiol abundant area.
Finally, the probe acted as a H2S donor and enabled de-agglomeration of A agglomerated sheets.

Chapter 4 deals with the exploration of theranostic nano-envelop, Au@SiO2-Dox-CS-FA, which
possesses an excellent Dox loading efficiency and proved to be biocompatible targeted nano-envelop delivery
system, internalized through folate receptor-mediated endocytosis with a dual pH and redox sensitive Dox
release kinetics. The carrier, Au@SiO2 NPs provided high surface plasmon resonance thereby enabling the
nanosystem to be a promising SERS nanotag for the label-free Raman imaging in order to monitor the intra-
cellular Dox release. Minute changes in the biochemical components of organelles inside cells during Dox
mediated apoptosis by the nanosystem has been effectively evaluated in a time-dependent fashion using dual
responsive SERS /Fluorescence modality. Finally, the nanoenvelop displayed superior anti-tumor response than

clinically used Dox and Lipodox in FR-positive tumor syngraft mouse models.
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Emergence of Gold-Mesoporous Silica Hybrid
Nanotheranostics: Dox-Encoded, Folate Targeted
Chemotherapy with Modulation of SERS Fingerprinting
for Apoptosis Toward Tumor Eradication

Adukkadan N. Ramya, Manu M. Joseph,* Santhi Maniganda, Varsha Karunakaran,
Sreelekha T. T.,* and Kaustabh Kumar Maiti*

Strategically fabricated theranostic nanocarrier delivery system is an unmet need
in personalized medicine. Herein, this study reports a versatile folate receptor (FR)
targeted nanoenvelope delivery system (TNEDS) fabricated with gold core silica
shell followed by chitosan—folic acid conjugate surface functionalization by for
precise loading of doxorubicin (Dox), resembled as Au@SiO,-Dox-CS-FA. TNEDS
possesses up to 90% Dox loading efficiency and internalized through endocytosis
pathway leading to pH and redox-sensitive release kinetics. The superior FR-targeted
cytotoxicity is evaluated by the nanocarrier in comparison with US Food and Drug
Administration (FDA)-approved liposomal Dox conjugate, Lipodox. Moreover,
TNEDS exhibits theranostic features through caspase-mediated apoptosis and
envisages high surface plasmon resonance enabling the nanoconstruct as a promising
surface enhanced Raman scattering (SERS) nanotag. Minuscule changes in the
biochemical components inside cells exerted by the TNEDS along with the Dox
release are evaluated explicitly in a time-dependent fashion using bimodal SERS/
fluorescence nanoprobe. Finally, TNEDS displays superior antitumor response in
FR-positive ascites as well as solid tumor syngraft mouse models. Therefore, this
futuristic TNEDS is expected to be a potential alternative as a clinically relevant

theranostic nanomedicine to effectively combat neoplasia.
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1. Introduction

Advances in nanotechnology have scrutinized an assortment
of carriers for controlled delivery of therapeutic payloads
against cancer(!! which still holds the second leading cause of
modality worldwide. Nonspecific delivery of anticancer agents
often results in damage of healthy organs, which significantly
impedes cancer survival rates. Ongoing research on nanomedi-
cine aims to enhance the therapeutic index of antineoplastic
drugs by adjusting their pharmacokinetics and biodistribution.
The idea that nanomedicine aims to enhance the therapeutic
index of antineoplastic drugs by adjusting their pharmacoki-
netics and biodistribution to enhance conveyance to the site
of action is clinically demonstrated. The enhanced permeation
and retention effect of the tumor microenvironment provides
easier access of chemotherapeutic drugs to tumor tissues.
Doxorubicin (Dox) is a widely used antineoplastic agent, but
its severe side effects! limit its clinical efficacy. Designed to
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exploit the advantages of nanoparticles (NPs), liposomal Dox
formulations were approved by the FDAD! but has a whim-
sical disadvantage of being nontargeted toward cancer cells.
Among different nanocarriers, gold nanoparticle (AuNP)-
based carriers are widely employed for cancer diagnosis
and imaging, either alone or in conjugation with therapeutic
motifs.’] Moreover, high localized surface plasmon reso-
nance (LSPR) of AuNPs facilitates in diagnostic modality as
a surface enhanced Raman scattering (SERS) substrate to
provide structural information of many biomolecules within
subcellular components without altering the biology of cells
based on their unique vibrational Raman fingerprint. The
LSPR spectral shifts induced by interparticle plasmonic cou-
pling have attracted considerable interest in the fabrication of
assembled plasmonic nanoparticles.[®7]

In SERS, hot spots created in the gaps between NPs or
at the edges and tips of anisotropic NPs provide sufficiently
intense electromagnetic fields to promote a tremendous
increase in the Raman intensity of molecules located in these
regions, making it possible to detect even minute changes.
AuNPs with tunable size and shape act as excellent SERS
substrates and were used in label-free immunoassays, bio-
sensing, imaging of living cells, and microbes in ultralow level
of limit of detection. Engineering plasmonic nanostructures
confined within a defined architecture and surface caged
with biomaterials often execute optical and structural prop-
erties enabling them for captivated biological applications.
Moreover, SERS-encoded plasmonic NPs are capable of
generating a stable and reproducible Raman spectral pattern
and imaging in a particular clinical milieu.[¥! In the construc-
tion of nanocarriers, mesoporous silica nanoparticles (MSNs)
have attracted much attention owing to their many unique
features such as tunable pore morphologies, high surface
area, large pore volume, facile functionalization of exterior
surfaces, and biocompatibility. MSNs provided a high drug
loading capability; therefore, encapsulation of AuNPs with
silica layer (Au@SiO,) not only enables facile surface modi-
fication and stimuli responsive release but also enhances the
LSPR of the construct to be an effective SERS substrate.[”]
Even though the clinically used NP formulations of Dox
demonstrated effectiveness, the lack of cancer cell targeting
moieties makes them amiable to normal cells. Capping of
drug-loaded Au@SiO, NPs with biodegradable natural
polymer chitosan will avert premature drug release and pro-
mote the biocompatibility. Folate receptor (FR) is known to
be overexpressed in several human tumors, and the explo-
ration of FR-mediated drug delivery has been referred
to a molecular “Trojan horse” approach.l'”) Nontargeted
chemotherapeutic strategies often caused greater side
effects. On the other hand, a targeted nanocarrier system
often allows the delivery of drugs at much lower doses,
due to a combination of molecular targeting and increased
circulation time preventing random exposure to normal
tissues.'112]

Considering the present necessity for the development of a
clinically viable smart targeted nanoenvelope delivery system
(TNEDS), we aimed to build Au@SiO, NPs loaded with
Dox that is enveloped by a layer of chitosan—folic acid cova-
lent conjugate (CS-FA) Au@SiO,-Dox-CS-FA (Scheme 1).
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The major emphasis on theranostic efficiency of TNEDS has
been exploited by (i) impressing biocompatibility with effi-
cient Dox loading and tumor niche-specific release enabled
targeted cytotoxicity by FR-mediated endocytosis; (i) the
significant Raman spectral enhancement of the TNEDS uti-
lized as an SERS nanotag for quantifying Dox loading and
tracing of intracellular Dox release by Raman imaging; (iii)
evaluation of apoptotic cell death by TNEDS using SERS/
fluorescence bimodality; (iv) detailed investigation with tumor
challenged mouse models has been highlighted in terms of
therapeutic potential of Au@SiO,-Dox-CS-FA and com-
pared clinically used Dox and Lipodox. Even though further
investigations are warranted to establish the current TNEDS
in clinical milieu, the contemporary studies presented here
emphasized the superiority of Au@SiO,-Dox-CS-FA as a
futuristic multimodel theranostic nanoprobe toward efficient
cancer management.

2. Results and Discussion

2.1. Preparation and Characterization of TNEDS

The successful preparation of Au@SiO,-Dox-CS-FA in a
stepwise manner (Scheme 1; Figure S1, Supporting Infor-
mation) was effectively monitored by the evaluation of
physicochemical parameters by UV-vis spectrophotometry,
high-resolution transmission electron microscopy (HRTEM),
dynamic light scattering, and confocal Raman spectroscopy.
The presence of a silica layer on the AuNP core was indi-
cated by the redshifted (531-534 nm) plasmon maxima of the
nanoconstruct. Dox loaded on Au@SiO,, further shielded by
CS-FA, has been well studied by UV-vis in which absorb-
ance maxima showed a slight blueshift with peak broadening
(Figure 1a; Figure S2a, Supporting Information). HR-TEM
analysis further confirmed the stepwise formation of the
nanoconstruct where the average size of AuNPs (40-45 nm)
increased to 105 nm upon silica coating. Additional surface
functionalization with CS-FA increased the size to 125 nm of
the nanoconstruct (Figure 1b; Figure S2b, Supporting Infor-
mation). Morphological analysis revealed the presence of
clusters of AuNPs confined within the silica shell along with
single AuNPs. A nontargeted construct, Au@SiO,-Dox-CS,
was also prepared by using CS instead of CS-FA (Section SI-1,
Supporting Information). Dox impregnation into the SiO,
pores was evaluated by the drug-loading efficiency (DLE),
drug-loading content (DLC), and actual amount of drug in
NPs. Au@SiO,-Dox-CS-FA showed a high DLE of 90% with
around 93.75 mg Dox per gram of the construct and 9.3%
DLC whereas Au@SiO,-Dox-CS demonstrated 81% DLE,
8.5% DLC, and 85 mg Dox per gram of the construct, respec-
tively. The successful functionalization of CS-FA with Dox-
loaded silica nanoparticle was initially confirmed by UV-vis
and later with Fourier transform infrared (FTIR) analysis
(Section SI-2 and Figure S3 of the Supporting Information).
The FT-IR spectrum of CS was characterized with the bands
around 3396, 1655, 1378, 1075, and at 611 cm™' whereas the
CS-FA spectrum shows the appearance of —CONH amide
band at 1645 cm™" and the N—H bending in the second amine
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Scheme 1. a) Various steps involved in the fabrication of Au@SiO,-Dox-CS-FA starting from AuNPs. b) Chemical structure of chitosan—folic acid
(CS-FA) and Dox. c) Biological evaluation after i.p. administration of TNEDS on tumor-bearing mice.

at 1590 cm,™' which indicated the amide coupling between
FA and CS. Furthermore, the peak at 3300 cm™' of CS-FA
becomes wider, indicating the extended hydrogen bonding
between the FA and CS.I'*! Elemental characterization with
Au@SiO, revealed the presence of Au and Si (Figure 1c), and
the average hydrodynamic size (Figure 1d) of around 125 nm
was in agreement with TEM analysis. Due to the existence
of silica coating on the exterior surface of AuNPs, a { poten-
tial value of —26.2 was observed, but it has been changed
to +25.6 upon CS-FA coating indicating the presence of an
amino group on the surface of NPs!'¥l (Figure le; Table Sla,
Supporting Information). Finally, Dox loading was confirmed
by SERS spectral analysis, where signature Raman peaks of
Dox appeared from the nanoconstruct (Figure 1f; Table S1b,
Supporting Information). The presence of silica envelope

small 2017, 13, 1700819

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

and surface modifications will not affect the robust SERS
intensity of the analyte.'”] In UV-vis, the presence of drug
loading was confirmed by the blueshift of the absorption
maxima of 521 nm as a broad peak. More precisely, the pres-
ence of Dox within Au@SiO,-Dox-CS-FA was established by
SERS single spectral analysis, which was in agreement with
the SERS spectra of bare Dox incubated with AuNPs. Dox
showed characteristic Raman signature peaks at 455 cm™
assigned to the C=0 in plane deformation, peaks between
1247 and 1318 cm™' correspond to the in-plane bending
motions from C—O, C—O—H, and C—H, respectively, and
peak at 1438 cm™! attributed to the presence of skeletal ring
vibrations of Dox.['l The SERS signal of Dox is originated
from the hot spot generated by the cluster of AuNPs capped
with the silica shell. The close attachment of AuNPs within
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Figure 1. a) UV-vis spectra, b) TEM images and c) Energy dispersive
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X-ray spectroscopy (EDAX) spectrum of TNEDS from different stages.

d) Hydrodynamic size distribution of Au@Si02-Dox-CS-FA determined by dynamic light scattering (DLS), €) ¢ potential changes, and f) SERS spectral
pattern analysis of Au@SiO,-Dox-CS-FA compared with pure Dox spectra (Au@Dox). Results are plotted as the mean + standard deviation (SD), n = 4.

the silica layer leads to strong interparticle plasmonic cou-
pling, as evidenced by the noticeable redshift of plasmon
resonance of the nanoparticles.

2.2, Stimuli Responsive Drug Releases

The release kinetics of Dox from Au@SiO,-Dox-CS-FA,
Lipodox, and doxorubicin hydrochloride was evaluated
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under parameters of pH and reducing atmosphere at ambient
temperature initially by UV-vis spectroscopy. It was found
that doxorubicin hydrochloride showed a burst release
within 2-4 h regardless of the change in pH and reducing
agents (Figure S4a, Supporting Information). Lipodox dis-
played minimal response toward stimuli in which an acidic
pH with a reducing atmosphere caused a rapid Dox release
whereas at neutral pH the release was prolonged up to 7-8 h
(Figure S4b, Supporting Information). Au@SiO,-Dox-CS-FA
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[a]

% Dox release

exhibited an optimal Dox release kinetics (Figure 2a) which
is largely dependent on pH and, to a lesser extent, toward
reducing atmosphere. A cumulative Dox release kinetics was
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Figure 2. a) Evaluation of Dox release kinetics from Au@SiO,-Dox-CS-FA with UV and b) confocal Raman microscopy. c-f) Bright field, Raman,
cluster, and corresponding condor images of Au@SiO,-CS-FA treated Hela cells. g,h)3D Raman intensities. i) Histogram of the two most intense
peaks from Hela cells. j) The Raman spectra abstracted from various regions of the Raman image. Scale bar corresponds to 10 um unless and
otherwise indicated. Data are the mean * SD of four independent experiments.
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observed with a pH of 5 wherein almost 96% and 89% was
released within 9 h in the presence and absence of reducing
agents. The Dox release was further evaluated in the SERS
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platform (Figure 2b) wherein the appearance of the charac-
teristic peak of Dox at 455 cm™! demonstrated the release
under varying pH. The signal intensity of Dox signature
showed a steep decline of pH from 7.4 to 5 indicating pH-
dependent release from Au@SiO,-Dox-CS-FA. The released
Dox from the nanoconstruct in acidic pH exits through the
dialysis membrane and was monitored by gradual decrease
in SERS spectra. Normally, tumor tissue is accompanied with
acidosis by high metabolic activity, and the microenviron-
ment has a lower pH with high redox potential than the sur-
rounding normal tissue. The cumulative redox and pH dual
responsive Dox release from Au@SiO,-Dox-CS-FA enforce
targeted cytotoxicity, specifically, at the tumor area, sparing
the normal tissue, which has a pH of 7.4 and less redox envi-
ronment.'’”l The unique entrapment of Dox within the SiO,
layer and further caged with chitosan could be the potential
factor regulating the controlled release. At higher pH, the
primary amino groups of chitosan undergo a sort of shrinking
mode leading to a slow drug release whereas a lower pH
promotes protonation of primary amines, leading to swelling
of polymeric matrix that will allow drug molecules to move
more freely through normal diffusion. Furthermore, chitosan
acts as a gatekeeper to retain Dox in the pores and prevent
undesired leaching from the mesopores in the absence of
acidic environment.['®]

2.3. Western Blot Analysis and Hemolysis

Later, we evaluated the FR expression status of human,
murine cancer cells, and normal fibroblast cells by western
blot analysis using antibodies directed against the FR. Quan-
titative evaluation of the resulting bands was performed
after normalizing with those of B-actin. Out of the eight cell
lines examined, HeLLa and SKOV3 cells showed significantly
higher FR expression, whereas A549 and 3T3L1 exhibited
minimum FR expression (Figure S5a, Supporting Informa-
tion). Next, hemolysis assays were performed to determine
the toxicity toward red blood cells (RBCs) under three dif-
ferent pH conditions. The highest hemolytic activity was
observed for free Dox, which demonstrates concentration-
dependent pH-independent lysis wherein as high as 26%
hemolysis was observed for 100 x 10° M Dox at pH 5.5, and
even at 0.01 x 107 M causes 7% hemolysis at pH 7.4. Lipodox
demonstrated reasonably reduced toxicity toward RBC in
comparison with Dox. Au@SiO,-Dox-CS-FA displayed con-
centration and pH-dependent hemolytic behavior; even at the
highest concentration of 100 x 107% m, 10% lysis was observed
at pH 5.5, whereas only 5% was recorded at pH 7.4 under
the same conditions. Lower concentrations are largely safer
to RBCs especially at physiological pH (Figure S5b, Sup-
porting Information). The uncoated Au@SiO, displayed
severe hemolytic behavior independent of a change in pH.
However, coating with CS-FA makes Au@SiO,-CS-FA more
biocompatible and safer toward RBCs (Figure S5c, Sup-
porting Information). Among the different strategies for
receptor-mediated drug delivery, FRs are used as a promising
target because of their overexpression in many human cancer
cells. Folate receptor expression varies significantly between
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cancer cell lines, which urges to evaluate the receptor status
prior to cell-based experiments.'] The results so obtained
correlated well with similar studies and enabled us to select
HeLa and SKOV3 as FR-positive and A549 as FR-negative
cells for in vitro assays. Again, Ehrlich ascites carcinoma
(EAC) and Dalton lymphoma ascites (DLA) cells showed
moderate levels of FR expression that has been chosen for
in vivo assays with FR-targeting systems. Even though silica-
based NPs are reported to execute hemolytic features, it is
significantly reduced by surface coating with any biopolymers
or proteins. Moreover, MSN-based NPs of size in between
100 and 200 nm are reported to execute biocompatibility
to RBCs® in comparison with smaller particles. The mod-
erate hemolytic nature of naked Au@SiO, NPs and the major
reduction upon coating with CS-FA could be well explained
with the above-mentioned facts. Again the isoelectric pH of
blood prevents the Dox release from Au@SiO,-Dox-CS-FA
making it as an efficient delivery system having biocompat-
ibility to RBCs.

2.4. SERS Imaging of Live Cells Using Au@SiO,-CS-FA

As a new insight, we explored the efficiency of Au@SiO,-
CS-FA as an SERS nanotag on HelLa cells (Figure 2c-f)
with the aid of a confocal Raman microscope (WI-Tec, Inc.,
Germany). HeLa cells upon treatment with Au@SiO,-CS-
FA for 1 h revealed a well-defined Raman image (Figure 2d)
with a proper clustering pattern (Figure 2¢). 3D representa-
tions of the images clearly indicated the enhanced cellular
information in contrast with the surroundings (Figure 2f,g).
Condor images and histogram of the relative intensity of
the two most intense peaks from the NP-treated cells deci-
phered the significant signal enhancement (Figure 2 h,i).
Raman spectra (Figure 2j; Figure S6a-g, Supporting Infor-
mation) abstracted at various regions of the Raman image
exhibited characteristic fingerprint SERS peaks from sub-
cellular locations such as cell membrane, cytoplasm, nucleus,
and other cellular organelles (Table S2, Supporting Infor-
mation). SERS imaging of live cells is a new arena involving
intensive study utilizing the high SPR of NPs and among
which silica-coated AuNPs are reported to be excellent
SERS substrates with uniform hot spot generation.?!l The
hypercluster analysis from the strongest Raman bands of
the HeLa cells clearly provided label-free methods for the
visualization of intracellular components and processes
based on strong Raman signals.’2] SERS spectra obtained
from the nuclear regions are mainly characterized with
regions including 1487, 1510, and 1534 cm™! which corre-
sponds to nucleic acids whereas the spectra obtained from
the cytoplasmic region bears signatures from ribose vibra-
tion of RNA (917 cm™), carotenoids (1006 cm™'), C—C
stretching of lipids, and carbohydrates (1060 cm™), C=C
stretching of proteins (1615 cm™), and many more.[?’l The
distinct between 3D spectra and cluster analysis obtained
using Au@SiO,-CS-FA could be a promising step to under-
stand the physicochemical processes in the local cellular
environment in real time, in order to benefit for specific
intracellular targeting.
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2.5. Evaluation of Cytotoxicity and FR Inhibition

Cytotoxicity of the prepared nanoconstructs along with free
Dox and Lipodox was evaluated on FR-positive and negative
cell lines. Au@SiO,-Dox-CS-FA displayed preferential cyto-
toxicity toward human cervical (HeLa) and ovarian cancer
(SKOV3) cells that overexpress FR, but was less toxic toward
human lung adenocarcinoma (A549) and murine fibroblasts
(3T3L1) with minimal FR expression (Table S3, Supporting
Information). Cytotoxicity of Au@SiO,-Dox-CS-FA toward
HeLa cells was less pronounced than Dox and Lipodox but
was efficient than Au@SiO,-Dox-CS (Figures S7a and S8a,b
of the Supporting Information). In the case of SKOV3 cells,
Au@SiO,-Dox-CS-FA demonstrated an enhanced cytotoxic
potential than Lipodox and Au@SiO,-Dox-CS, but less effi-
cient than Dox (Figures S7b and S8c,d of the Supporting
Information). The TNEDS demonstrated least toxicity on
A549 (Figures S7c and S8e,(f of the Supporting Informa-
tion) and 3T3L1 (Figures S7d and S8gh of the Supporting
Information) cells. Furthermore, both the carriers Au@SiO,
(Table S4, Supporting Information) and Au@SiO,-CS-FA
(Table S5, Supporting Information) were observed to be
devoid of any significant toxicity toward either FR-positive
or FR-negative cells. The FR-targeted cytotoxicity demon-
strated by Au@SiO,-Dox-CS-FA was further confirmed after
preincubation with folic acid wherein a dramatic decrease in
the cytotoxicity toward HeLLa and SKOV3 cells (Figure S7e.f,
Supporting Information) and no significant alteration in FR-
negative cell lines A549 and 3T3L1 (Figure S7g,h, Supporting
Information) were observed, validating the FR-targeting
capacity of Au@SiO,-Dox-CS-FA. As an alternative, the tar-
geted cytotoxic behavior displayed by Au@SiO,-Dox-CS-FA
was confirmed by 5-bromo-2’-deoxyuridine (BrdU) assay,
wherein all the agents demonstrated a similar cytotoxicity
profile as observed with 4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazoliumbromide (MTT) assay (Figure S9a-d, Sup-
porting Information). The indiscriminate toxicity exhibited
by Dox toward normal cells is well documented whereas the
liposomal Dox-NP formulations such as Doxil and Lipodox
are relatively safer toward normal cells’®! and are more
effective than Dox for in vivo applications, yet they are still
not effective toward targeted delivery approaches.

2.6. Investigation of Cellular Uptake Pathways and
Intracellular Dox Release by Fluorescence Modality

Cellular uptake and intracellular release of Dox from Au@
Si0,-Dox-CS-FA were compared with naked Dox, Lipodox,
and Au@SiO,-Dox-CS on HeLa and A549 cells by fluo-
rescence measurements. Among them, Dox uptake was
maximum in Au@SiO,-Dox-CS-FA and minimum in Au@
SiO,-Dox-CS on HeLa cells (Figure 3a,b). However, in the
case of FR-negative A549 cells, TNEDS displayed minimal
Dox uptake wherein the naked Dox displayed the maximal
effect (Figure 3b; Figure S10, Supporting Information).
Dox was found co-localized with Hoechst indicating the
nuclear transport. The FR-mediated cellular uptake of Au@
Si0,-Dox-CS-FA was further confirmed by flow cytometry
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wherein HeLa cells displayed an enhanced Dox internali-
zation but A549 cells were minimally responsive. Further,
preincubation of cells with external supply of folic acid has
no effect on A549 cells whereas Hela cells were severely
affected (Figure Slla,b, Supporting Information) with sig-
nificantly (p < 0.01) reduced Dox uptake. Since positively
charged nanoconstructs are reported to follow receptor-
mediated uptake pathways, the cellular uptake mechanism of
Au@Si0,-Dox-CS-FA was investigated fluorimetrically after
preincubation of cells with specific inhibitors and folic acid
(Figure 3c). Cellular endocytosis is used for uptake nutrients
and growth factors, and plays as a master regulator of the
signaling circuitry. In order to examine the mode of cellular
uptake mechanism of our TNEDS, the Dox concentration
was estimated in FR over expressed cells preincubated with
specific endocytosis inhibitors. Estimation of Dox uptake dis-
played a significant (p < 0.001) reduction upon treatment with
genistein (100 pg mL™"), chlorpromazine (20 pg mL™"), and
folic acid (2 x 1073 M) but was not affected with 5-(N-ethyl-
N-isopropyl)-amiloride (10 ug mL™!) upon comparison with
the respective controls. Moreover, cellular uptake was visu-
alized using a fluorescent microscope which again confirmed
the highly FR-selective and efficient cellular Dox uptake by
Au@SiO,-Dox-CS-FA (Figure 3d). The released Dox was per-
fectly localized in the nuclear region for effective therapeutic
utility within 4 h of administration. Functional biomolecules
on the surface, size, and morphology of nanoconstruct play a
predominant role in determining the probable mechanism of
internalization, which are, namely, clathrin, caveolae, micro-
pinocytosis, and phagocytosis.*®) Endocytosis pathway deter-
mination using specific inhibitors revealed that FR-mediated
caveolae- and clathrin-dependent pathways play a prominent
role in the cellular uptake of Au@SiO,-Dox-CS-FA whereas
micropinocytosis has a little effect. Cationic AuNPs around
100 nm are reported to follow receptor-mediated endocytosis
mainly through caveolae, which are flask shaped invagina-
tions of the plasma membrane coated by caveolin-1 and, to a
lesser extent, by clathrin-dependent pathways.[2¢]

2.7. Cellular Internalization and Dox Release by SERS Imaging

Again, we have explored the cellular internalization and Dox
release kinetics from TNEDS by Raman spectral and imaging
analysis. Bright field (Figure 4a) and Raman mapping for
Dox localization were observed within 1 h (Figure 4b) and
3 h (Figure 4c) of incubation of Au@SiO,-Dox-CS-FA in HeLa
cells. Condor images and histogram (Figure S12a-c, Sup-
porting Information) from HeLa cells showed the enhanced
Raman signal. Raman spectra (Figure 4d; Figure S13a-d,
Supporting Information) abstracted from nucleus and
cytoplasmic regions after 1 h of treatment clearly demon-
strated the signature Dox peak around 455 cm™! only from
the cytoplasmic area. However, after 3 h, the integrated
Dox peak from the nucleus and the absence from the cyto-
plasmic region were detected (Table S6, Supporting Infor-
mation). The ability of TNEDS to retain and enhance Dox
signature enabled real-time monitoring for intracellular Dox
release kinetics. SERS technique has recently been used for
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Figure 3. a) Evaluation of the intracellular uptake and distribution of Dox in HeLa cells after 4 h of administration (1 x 107 m) using fluorescence
microscopy. The legend [1] represents Au@SiO,-Dox-CS-FA; [2] Au@SiO,-Dox-CS, [3] Dox, and [4] Lipodox. b) Quantitation of Dox uptake
fluorimetrically. ¢) Estimation of the effect of inhibitors on the uptake of Au@SiO,-Dox-CS-FA on Hela cells by fluorimetry. d) Fluorescence images
of Au@SiO,-Dox-CS-FA uptake on Hela cells with inhibitors represented by the following legends: [1], vehicle control; [2], folic acid; [3], genistein;
[4], chlorpromazine; and [5], amiloride. The first panel represents bright field; the second panel DAPI; the third panel propidium iodide (PI), and
the fourth panel indicates the merged images. Scale bar: 50 um. Data are the mean + SD of three independent experiments;***p < 0.001; ns: not
significant relative to control.
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Figure 4. a) Bright field and Raman images after b) 1 and ¢) 3 h incubation of Au@SiO,-Dox-CS-FA on Hela cells. d) The Raman spectra abstracted
from the Raman images (b) and (c) wherein the legends represent the labeled area of the corresponding images according to the color code.
e) Raman spectra abstracted from the nuclear area. f) Fluorescence microscopy images of Dox distribution form Au@SiO,-Dox-CS-FA. Starting from
left, the first lane represents the bright field; second, DAPI; third, Pl; fourth, the merged image of DAPI and PI; and fifth, the composite image. Scale
bar corresponds to 50 um unless and otherwise indicated. Data are the mean + SD of three independent experiments.

label-free in situ monitoring of drug release from a variety of ~pathway??’! in a noninvasive manner. Raman imaging and
carrier constructs. The Dox Raman peaks from the cells effec- corresponding spectral analysis of Dox demonstrated a
tively enabled tracking of the intracellular drug distribution time-dependent localization with an early distribution in the
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cytoplasm and later migration toward the nucleus. Disap-
pearance of the Dox peak at 455 cm™! from the cytoplasm
and appearance of the same in the nuclear region over time
clearly defined the Dox distribution (Figure 4e).

2.8. Evaluation of Apoptotic Events by SERS Fingerprinting

Raman spectral analysis from HeLa cells in a time-resolved
manner after the treatment of Au@SiO,-Dox-CS-FA revealed
characteristic biochemical changes (Figure 4e). The subcel-
lular SERS spectral patterns are well characterized with the
dominant Dox signatures with unique Raman peaks corre-
sponding to the nuclear damage due to apoptosis (Table S7,
Supporting Information). Furthermore, monitoring of SERS
spectra from the cytoplasmic region over a time period of
1-4 h showed the disappearance of Dox peak over time
(Figure S14, Supporting Information) highlighting the
nuclear migration of Dox and subsequent initiation of apop-
tosis through the induction of nuclear damage (Table S8, Sup-
porting Information). Although the initiation of apoptosis by
Dox from Au@SiO,-Dox-CS-FA has been established with
SERS spectral analysis, a time-dependent uptake study was
performed by fluorescence imaging (Figure 4f) in order to
confirm the apoptotic event by the TNEDS. Interestingly, Dox
was distributed in the cytoplasmic area within 2 h and slowly
migrated into nucleus after 3 h. Nuclear accumulation was
observed after 4 h with no cytoplasmic fluorescence that
rationalizes the SERS studies. In addition to the effective
monitoring of drug release, time-resolved SERS spectra have
been well explored to monitor cellular changes in response to
chemotherapeutic agents demonstrating a more sensitive and
faster detection modality than conventional assays.?! The
disappearance of cellular peaks at 846 cm™! and decrease in
the intensity of peaks at 1250-1350 and 1450-1650 cm™" were
assigned to the nucleic acids, O—P—O backbone of DNA, and
protein degradation™] upon treatment of Au@SiO,-Dox-
CS-FA which are consistent with the expected Dox-induced
biochemical changes in the nucleus. We have previously
reported the effective real-time monitoring of DNA back-
bone breakage and the corresponding nuclear degradation
upon treatment with a Dox-loaded nanoprobe using differ-
ential SERS spectral analysis.’] Thus, it is evident that apop-
totic DNA fragmentation induced by Au@SiO,-Dox-CS-FA
can be effectively monitored through SERS, which enabled
label-free monitoring and could further potentiates the ther-
apeutic utility.

2.9. Investigation of Cell Death Mechanism

In order to validate the apoptosis-mediated growth inhibition
by TNEDS reflected by molecular changes in SERS finger-
printing, various apoptosis assays were conducted with HeLa,
SKOV3, and A549 cells. Morphological observation revealed
salient features of apoptosis such as distorted shape, mem-
brane blebbing, and decreased cell number relative to con-
trol groups for HeLa (Figure 5a, upper panel) and SKOV3
cells (Figure S15a (upper panel), Supporting Information).
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Acridine orange—ethidium bromide dual staining in FR-posi-
tive cells revealed a change in color from green to yellow/red,
which is associated with other apoptotic features (Figure 5b
(middle panel); Figure S15a (middle panel), Supporting Infor-
mation). Cells undergoing apoptosis demonstrated nuclear
condensation and DNA fragmentation, which was clearly
detected by Hoechst 33342 nuclear staining. The percentage
of chromatin condensation after Au@SiO,-Dox-CS-FA treat-
ment was significantly higher in HeLa (Figure Sa, lower
panel) and SKOV3 cells (Figure S15a (lower panel), Sup-
porting Information) as compared with respective controls.
However, morphological evaluation of apoptosis with Au@
SiO,-Dox-CS-FA treatment revealed no significant changes
in FR-negative cell A549 (Figure 5b). The mechanism of cell
death induced by Au@SiO,-Dox-CS-FA was further con-
firmed by terminal deoxynucleotidyl transferase 2’-deoxyu-
ridine 5’-triphosphate (dUTP) nick-end labeling (TUNEL)
assay which provides simple, accurate, and rapid detection
of apoptotic cells in situ at the single-cell level. FR-positive
cells displayed a green color, indicating TUNEL positivity
(Figure 5c; Figure S15b, Supporting Information), whereas
FR-negative cells were found to be largely TUNEL nega-
tive (Figure 5d). Many chemotherapeutic drugs, including
Dox, triggered apoptosis through the activation of caspase-
dependent pathwaysP! and hence the expression of caspases
3,8,9, and 2 has been gauged by fluorimetry to thoroughly
substantiate the mechanism of cell death. Upon treatment
of Au@SiO,-Dox-CS-FA, both HeLLa and SKOV3 cells pre-
sented a significant (p < 0.001) increase in the expression of
caspases 9, 8, 3, and 2, (Figure 5¢) but the change was insig-
nificant for A549 cells except for caspase 3 (p < 0.05).

2.10. Therapeutic Efficacy on Murine Models

The excellent in vitro targeted cytotoxicity urged us to
investigate the in vivo antitumor therapeutic potential of
the TNEDS. Evaluation of various parameters on DLA
ascites tumor-bearing mice on days 16 and 23 of administra-
tion revealed a significant reduction in the tumor volume
(p <0.001) in both groups administered with Au@SiO,-Dox-
CS-FA, Au@SiO,-Dox-CS, Dox, and Lipodox (Figure 6a),
except Au@SiO,-CS-FA, which did not elicit any response.
Among the various treatment options, Au@SiO,-Dox-CS-FA
generated the best overall response (Figure S16a, Supporting
Information). Detailed investigation with tumor cell count,
percentage of viable cells, body weight change, and mean sur-
vival at the end of the experimental period (Tables S9 and
S10, Supporting Information) revealed the superior thera-
peutic efficacy of Au@SiO,-Dox-CS-FA over other treatment
options. The Kaplan—-Meier survival analysis (Figure 6b,c)
revealed that Au@SiO,-Dox-CS-FA treatment prolonged
the survival probability significantly (p < 0.001). There was
a significant reduction in the tumor burden by both intra-
peritoneal (i.p.) and intratumoral (i.t.) administration of
Au@SiO,-Dox-CS-FA in EAC-induced solid-tumor mice
syngraft where i.p. (Figure 6d; Table S11, Supporting Infor-
mation) mode was observed to be less effective than i.t. mode
(Figure 6e; Table S12, Supporting Information). Although
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Figure 5. Induction of apoptosis in a) HeLa and b) A549 cells by Au@Si0,-Dox-CS-FA (1 x 1076 m) for 24 h, and the cells were evaluated using phase
contrast microscopy (upper panel), acridine orange-ethidium bromide (middle panel), and Hoechst staining (lower panel). The left panel represents
the control and the right panel indicates the treatment groups. Evaluation of apoptosis by TUNEL staining assay in ¢) HeLa and d) A549 cells; the
left row represents the control and the right row indicates the treatment groups. Scale bar: 50 um. e) Caspase profiling of cell lines treated with
Au@SiO,-Dox-CS-FA. Data are the mean + SD of three independent experiments;***p < 0.001, **p < 0.01; ns: not significant relative to control.

Lipodox was observed to be more effective than naked Dox, nanoconstructs demonstrated a maximum reduction in tumor
the nontargeted construct Au@SiO,-Dox-CS produced better volume and a significant (p < 0.001) increase in life span
therapeutic efficacy than Dox with i.t. administration. The (Figure S16b, Supporting Information). Furthermore, the
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Figure 6. a) DLA ascites tumor volume measurements and Kaplan—Meier survival curve of b) group 2 and c) group 3. EAC-induced solid-tumor
measurements were taken after d) i.p. or e) i.t. administration, and f,g) their corresponding Kaplan—-Meier survival curves; log rank value
p < 0.0001. h) Representative images of resected tumors after i.t. administration. The legend (1) represents vehicle control, (2) Au@SiO,-CS-FA,
(3) Dox, (4) Au@Si0,-Dox-CS, (5) Lipodox, and (6) Au@SiO,-Dox-CS-FA-treated animals. Statistically significant differences at *** p < 0.001; ns,
not significant compared with the control group.

Kaplan—-Meier analysis (Figure 6f,g) exposed the prolonged viable construct. Representative images of expunged tumors
survival of tumor-bearing mice with Au@SiO,-Dox-CS-FA  with different treatments (Figure 6h) revealed the greater
administration up to a level for making it a therapeutically tumor volume reduction upon Au@SiO,-Dox-CS-FA
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treatment. This superior therapeutic effect could be due to the
optimal drug loading and targeting efficiency of the TNEDS
for more intensive localized applications without causing
any nonspecific toxicity, especially in the case of easily acces-
sible solid malignancies and potentiates the future preclinical
investigations. The efficiency of tumor targeting by Au@SiO,-
FL-CS-FA was notable, particularly considering that the mice
used in this study were fed with a regular diet rather than
a folate-free diet, which is usually necessary to increase the
detection sensitivity of the FR-targeted delivery systems.']

3. Conclusions

In summary, the novel TNEDS explored in this study not
only demonstrated excellent in vitro FR-targeted cytotoxicity
but also presented to be an appalling biocompatible targeted
nanocarrier delivery construct. High Dox loading with tumor
niche specific release kinetics enabled the TNEDS to execute
superior salutary therapeutic effects. In diagnostic modality
Au@Si0O,, core transformed TNEDS to be an effective
SERS nanoprobe for Raman imaging to monitor the cellular
uptake, release of the impregnated Dox, and dynamic visu-
alization of biochemical changes at molecular level during
apoptosis. Finally, the TNEDS was explored in mouse models
that explicitly showed greater therapeutic efficiency superior
to the clinically used Dox and Lipodox. Albeit further inves-
tigations are justified, the outcome exhibited by the TNEDS
definitely holds an aspiration for future preclinical and clin-
ical applications in oncology.

4. Experimental Section

Materials: Gold (lll) chloride hydrate, trisodium citrate dehy-
drate, tetraethyl orthosilicate (TEOS), aqueous ammonia (NH,OH,
25%-28%), hydrochloric acid (HCl, 36%-38%), fluorescein
isothiocyanate (FITC), (3-aminopropyl) triethoxysilane (APTES),
MTT, and doxorubicin hydrochloride were purchased from Sigma
Aldrich. Acetic acid (CH;COOH, 99.5% purity), chitosan, and 85%
deacylated power were purchased from Alfa aesar. Ethyl alcohol
(99.9% purity) was purchased from Changshu Yangyuan Chemical,
China. Lipodox was generously gifted by Sun Pharma Advanced
Research Company Ltd, India.

TEOS-Mediated Synthesis of Au@SiO, Nanoparticles: The
synthesis of spherical citrate-stabilized gold nanoparticles of
40 nm was done using the citrate reduction method.32 Mono-
dispersed Au@SiO, nanoparticles with 40 nm gold cores and
uniform thicknesses of silica shell were successfully synthe-
sized via the modified Stober method[®3! using vigorous shaking
in alcohol solutions. Briefly, 50 mL of citrate stabilized gold
nanoparticle was centrifuged using 8000 rpm for 30 min, and
the pellets were dissolved in 5 mL of Milli-Q water. The solu-
tion was diluted with 15 mL of ethanol solution and adjusted
the pH =10 using ammonia solutions. To this solution, 48 uL of
1:45 3-isocyanato propyl trimethoxy silane (NCO)-TEOS:TEOS was
added and shaked for 24 h. After 24 h, the solution was centri-
fuged two or three times with 10 000 rpm for 30 min to remove
uncoated silica on AuNPs.
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Conjugation of Folic Acid with Chitosan: A solution of folic
acid and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)
in 20 mL of anhydrous dimethzl sulfoxide (DMSO) was prepared
and stirred at room temperature until EDC and folic acid were well
dissolved.l3¥ The mixture was then added slowly to 0.5% (w/v)
chitosan in the aqueous solution of acetic acid and stirred at room
temperature in the dark for 16 h to let folic acid conjugate onto
chitosan molecules (Figure S1, Supporting Information). The solu-
tion was adjusted to pH 9.0 by adding NaOH aqueous solution
(1.0 m) and centrifuged at 2500 rpm. The precipitate was dialyzed
first against phosphate buffered saline (PBS, pH 7.4) for 3 d and
then against water for 4 d. NMR spectra were recorded on the
Bruker Advance 500 NMR spectrometer, and chemical shifts are
expressed in parts per million.

Synthesis of Chitosan—Folic Acid (CS-FA)-Coated Au@SiO, Nan-
oparticle: Chitosan—folic acid conjugate (25 mg) was dissolved in
5 mL of 3% acetic acid, and the suspension was stirred at 600 rpm
for 24 h to form CS-FA solution (0.5% w/v). About 5 mL of Au@
Si0, nanoparticles was centrifuged and made a solution in 5 mL
of ethyl alcohol, and the dispersion was adjusted to pH 3.5-4.5
by adding acetic acid. Subsequently, 200 pL of APTES was added
to modify Au@SiO, nanoparticle and was reacted with silanol
groups on the SiO, surface to form Si—0—Si bonds. Then CS-FA
solution was added to accomplish cross-linking of nanoparticle
and allowed to stir at room temperature for 24 h. The CS-FA-coated
Au@SiO, (Au@SiO,-CS-FA) was collected by centrifugation at
10 000 rpm, followed by washing with excessive distilled water
and ethyl alcohol solution.

Doxorubicin Loading and Redox and pH-Responsive Dox Release
Kinetics of Au@SiO,-Dox-CS-FA NPs: The detailed procedure and
the DLE, DLC,B% and actual amount of drug in nanoparticle calcu-
lated are shown in Section SI-2 of the Supporting Information). The
release of Dox from Au@SiO,-Dox-CS-FA, Lipodox, and doxorubicin
hydrochloride under various pH and redox conditions was evalu-
ated as reported elsewherel>¢! and detailed in Section SI-3 of the
Supporting Information.

Culture and Maintenance of Cell lines: Human cancer cell lines
Hela (cervical cancer), MCF-7 (breast cancer), and A549 (lung ade-
nocarcinoma) were obtained from American Type Culture Collection
(Manassas, USA). SKOV3 (ovarian cancer) cells were generously
provided by the Rajiv Gandhi Centre for Biotechnology (Thiruvanan-
thapuram, India). The fibroblast-like murine preadipocyte cell line
3T3L1 was gifted from the Inter-University Centre for Genomics
and Gene Technology, University of Kerala (Thiruvananthapuram,
India). A375 (malignant melanoma) cells were obtained from NCCS
(Pune, India). Cells were maintained in Dulbecco’s modified Eagle
medium (DMEM) with 10% fetal bovine serum (FBS) and 5% CO,
at 37 °C. Source and maintenance of murine cancer cell lines are
described in Section SlI-4 of the Supporting Information. Animal
experiments were performed according to the CPCSEA (Committee
for the Purpose of Control and Supervision of Experiments on
Animals) guidelines and was approved by the Institutional Animal
Ethics Committee (IAEC) of the Regional Cancer Centre (Accredita-
tion number: 657/Go/Re/02/CPCSEA), Trivandrum, India.

Cytotoxicity Assays: The growth inhibitory capacity was initially
evaluated on cancer and normal cell lines by MTT assay as previ-
ously reported.'”] The absorbance was measured at 570 nm using
a microplate spectrophotometer (BioTek, Power Wave XS) after incu-
bation for 12, 24, and 48 h with test compounds. The cytotoxicity
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was further confirmed with BrdU assay kit (colorimetric —
11647229001, Roche Diagnostics, IN, USA), and the experiments
were carried out with the instructions given in the kit and the
measurements were made at 450/690 nm. Evaluation of the effect
of folic acid on the growth inhibitory capacity of the constructs was
also carried out by MTT assay after the addition of 2 x 107> m folic
acid to the medium for 2 h as reported.B!

Western Blot Analysis and Hemolysis assay: The expression
status of folate receptors in the cell lines was evaluated using western
blot analysis using FOLR2 (folate receptor b) primary antibodies and
B-actin as the reference control. The resulting bands were then quan-
titated using Image | software (version 1.48, NIH, USA), normalized
with B-actin and the experimental procedure was detailed in Section
SI-5 of the Supporting Information). Furthermore, the biocompat-
ibility of the constructs against red blood cells was evaluated using
hemolysis assay using 2% Triton X-100 and PBS as positive and neg-
ative controls, respectively, and was detailed in Section SI-6 of the
Supporting Information.

Apoptotic Assays: Morphological assessment of apoptosis
was conducted in Hela, SKOV3, and A549 cells treated with Au@
Si0,-Dox-CS-FA (1 x 1073 m) for 24 h. Initially, cells were observed
for any visible gross morphological changes under phase con-
trast objective (Olympus 1 x 51, Singapore) to view the apoptotic
or nonapoptotic cells. Acridine orange—ethidium bromide dual
staining was performed as described earlier,37 and the cells were
observed under an FITC filter (Olympus 1 x 51, Singapore). Obser-
vation of nuclei for any apoptosis related changes was done with
Hoechst 33342 staining using a 4’,6-diaminido-2-phenylindole
(DAPI) filter (Olympus 1 x 51, Singapore) as described before.
TUNEL assay (DeadEnd Fluorometric TUNEL system, Promega, Mad-
ison, WI, USA) was used to detect the incorporation of the fluo-
rescein-12-dUTP in the fragmented DNA of apoptotic cells, using
the terminal-deoxynucleotidyl-transferase recombinant enzyme
as per the manufacturer’s instructions using propidium iodide as
counterstain. Caspase profiling was determined by using Apo Alert
Caspase Profiling kit (Clontech, CA, USA) as per the manufacturer’s
protocol. Cells were treated with Au@SiO,-Dox-CS-FA (1 x 107> m)
for 24 h, and samples were transferred to 96-well plates for fluor-
imetric reading (A, = 380 nm; A, = 460 nm), and signals were
recorded by spectrofluorimetry (FLx800, BioTek).

Live Cell Raman Imaging: Evaluating the efficacy of Au@SiO,-
CS-FA as a Raman substrate was done with the aid of a confocal
Raman microscope (WI-Tec, Inc., Germany) with a laser beam
directed to the sample through 20x objective with a Peltier cooled
CCD detector. For cellular imaging, 20 uL (1 x 10~3 m) of Au@SiO,-
CS-FA was added to Hela cells and was incubated at 37 °C for 1 h.
SERS mapping was recorded by focusing the laser beam on the cell
surface selected at a position z=0 um using 0.5 as the integra-
tion time, 150 x 150 as points per line, and 50 x 50 um mapping
area along the X and Y directions. The Raman and SERS cell maps
were acquired over a motorized scan stage. The chemical images
were computed from the 2D collection of Raman/SERS spectra by
integrating the intensity of a specific band over a defined wave
number range after baseline subtraction. Raman images were sub-
sequently subjected to cluster mapping and later 3D plots were
made out of it. A minimum of three independent measurements
were made for each sample.

Cellular Internalization Study: Cellular uptake and release of
Dox or FITC were tested with various constructs with fluorescent
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microscopy, Raman microscopy, fluorimeter, and flow cytometer.
Hela and A549 cells were treated with (1 x 107 m) Dox, Lipodox,
Au@SiO,-Dox-CS, and Au@SiO,-Dox-CS-FA for 4 h (Section SI-7,
Supporting Information).

Nanopatrticle Uptake Pathway Determination: Pharmacological
inhibitors were employed to determine the cellular uptake path-
ways responsible for cellular uptake and transport of positively
charged Au@SiO,-Dox-CS-FA nanoparticles, and the experiments
were performed as previously described.37! Hela cell monolayers
were incubated with previously optimized doses of endocytosis
inhibitors, and the detailed procedures are given in Section SI-8 of
the Supporting Information.

Evaluation of Dox Uptake and Apoptosis Using SERS: Since
Au@SiO,-Dox-CS-FA could generate sufficiently higher intensity
Dox fingerprints and enabled cellular imaging in the SERS plat-
form, it was used for tracing Dox release using a confocal Raman
microscope, and the cellular imaging was performed as explained
above. The specific Raman band area of Dox was selected to create
an SERS maps after 1 and 3 h of Au@SiO,-Dox-CS-FA treatment.
The intensity of the SERS spectra was measured at different spots
belonging to the nuclear and cytoplasmic regions, and the spectra
were averaged to create every single curve.l3® The cells were main-
tained for up to 6 h, and SERS spectra were extracted from the
nuclear area for every 30 min for identification of change in spec-
tral pattern over time with Dox exposure.

Tumor Reduction Studies on Ascites and Solid-Tumor Mice:
Female BALB/c mice were maintained in well-ventilated cages
with free access to normal mouse food and water. Temperature
(25 £ 2 °C) and humidity (50% + 5%) were regulated and the illu-
mination cycle was set to 12 h light/dark. Experimental design with
DLA ascites tumor was illustrated (Figure S17, Supporting Informa-
tion). Tumor volume, mean survival time, and percentage of incre-
ment in life span were calculated as previously reported (Section
SI-9a, Supporting Information). Experiments with EAC—solid-tumor
mice syngraft were performed by two different routes: i.p. and i.t.
injections, daily for 14 consecutive days, starting on day 9 after
tumor inoculation (days 9-22 as shown in Figure S17 (Group 3),
Supporting Information). Animals were sacrificed on day 23 to
determine tumor volume and overall survival (n = 6 per subgroup).
The radii of the developing tumors were measured every third day
from day 7 to day 31 using Vernier calipers, and the tumor volume
was estimated using the following formula: V = 4/37r,r,, where
r, and r, represent the radii from twol373 and was described in
Section SI-9b of the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author.
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New Insight of Tetraphenylethylene-based Raman Signatures for
Targeted SERS Nanoprobe Construction Toward Prostate Cancer Cell
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ABSTRACT: We have designed and synthesized novel tetraphenylethylene (TPE) appended organic fluorogens and unfold
their unique Raman fingerprinting reflected by surface-enhanced Raman scattering (SERS) upon adsorption on nanoroughened
gold surface as a new insight in addition to their prevalent aggregation-induced emission (AIE) and aggregation-caused
quenching (ACQ) phenomena. A series of five TPE analogues has been synthesized consisting of different electron donors such
as (1) indoline with propyl (TPE-In), (2) indoline with lipoic acid (TPE-In-L), (3) indoline with Boc-protected propyl amine
(TPE-In-Boc), (4) benzothaizole (TPE-B), and (S) quinaldine (TPE-Q). Interestingly, all five TPE analogues produced
multiplexing Raman signal pattern, out of which TPE-In-Boc showed a significant increase in signal intensity in the fingerprint
region. An efficient SERS nanoprobe has been constructed using gold nanoparticles as SERS substrate, and the TPE-In as the

www.acsami.org

Raman reporter, which conjugated with a specific peptide substrate, Cys-Ser-Lys-Leu-Gln-OH, well-known for the recognition of
prostate-specific antigen (PSA). The designated nanoprobe TPE-In-PSA@Au acted as SERS “ON/OFEF” probe in peace with the
vicinity of PSA protease, which distinctly recognizes PSA expression with a limit of detection of 0.5 ng in SERS platform.
Furthermore, TPE-In-PSA@Au nanoprobe was eficiently recognized the overexpressed PSA in human LNCaP cells, which can
be visualized through SERS spectral analysis and SERS mapping.

KEYWORDS: tetraphenylethylene, PSA peptide sequence, gold nanoparticle, SERS, cancer detection

B INTRODUCTION

The diversified chemical structure of organic fluorescent
molecules modulating fundamental photophysical properties
have continuously evolved over the past several years, imparting
a huge impact on biomedical research with special emphasis on
bioimaging."”” One such unique photophysical phenomenon of
organic fluorogens is known as aggregation-induced emission
(AIE), which was first reported in 2001 by Su et al.” On the
contrary, an opposite mechanism called aggregation-caused
quenching, occurred due to the formation of excimers and
exciplexes upon collision between the aromatic molecules in the
excited and ground states, which is mainly through fluorescence
resonance energy transfer (FRET), internal charge transfer

-4 ACS Publications  © 2016 American Chemical Society

10220

(ICT), or both. A well-known example for an AIE fluorogen is
tetraphenylethylene (TPE), in which the olefin stator is
surrounded by phenyl rotors that are nonemissive in a
molecularly dissolved state and are emissive by aggregate
formation® and also exhibit ACQ effect by modifying the
molecular structure. Due to AIE and ACQ_effects, TPE
analogues found surplus applications in sensing and detection
of various metal cations”~” and anions,” biological applications
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such as cell imaging,g’10 detection of mitochondrial H,0, in
living cells,"" and targeted intracellular thiol ima.ging.12

In the present decade, surface-enhanced Raman scattering
(SERS) has evolved with great potential in diagnostic
applications,'”'* mainly diagnosing infected cells, tissues, and
many bioanalytes, which assures the accurate investigation by
fingerprinting of spectral cytopathology and spectral histo-
pathology. SERS technique aroused as an active future
competitor against fluorescence-based detection and imaging
which has several advantages including extremely high
sensitivity, multiplexing ability and captured minute chemical
modification in many biological species at molecular level.">"¢
In recent studies SERS technique successfully utilize on cancer
diagnosis as an alternative detection tool emphasizing a great
potential over conventional cytopathology.'”' In this context,
early stage diagnosis of prostate cancer has a huge impact as it is
the second most leading cancer-related death among male
population.'” Prostate specific antigen (PSA), belonging to the
human kallikrein family, has been recognized as a tumor marker
for the detection of early stage prostate cancer. In general, PSA
concentration for a normal man ranges from 0 to 4 ng/mL, but
it rises significantly in patients with prostate cancer.”’
Generally, most of the PSA biomarker detection strategies are
carried out using an enzyme-linked immunosorbent assay
(ELISA), HPLC and electrochemical immunosensors using
single-wall carbon nanotubes (SWCN). In a recent report,
Chen and co-workers reported a gold nanoparticle based probe
for sensing ultra low level of PSA through fluorescence
spectroscopy.”’ Recently, SERS also emerged as an important
tool for the sensitive detection of prostate cancer.””**

Herein, we have synthesized a series of TPE-appended
fluorogens and investigated their AIE and ACQ properties in
DMSO-water solvent mixture and consequently revealed their
SERS activity as a new insight when adsorbed on colloidal Au-
nanoparticle. Though TPE derivatives are well exploited for
their unique fluorescence properties, no pertinent literature
reports demonstrating their use as Raman signatures are
available. Because the TPE derivatives are well-known for their
aggregation due to restricted molecular rotation, it may
enhance the Raman signal intensity due to molecular
orientation on nanoparticle surface by generating good number
of hotspots and produce enhanced electromagnetic field.”*
Moreover, TPE derivatives show excellent shelf life, high photo
stability, and synthetic ease when compared to the reported
Raman signature molecules. So, we attempted to utilize TPE as
Raman reporter to construct SERS nanotag for the sensitive
detection of PSA. TPE-derivatives transformed as a potential
Raman reporters which enable to produce multiplexing signal
pattern. Further the promising SERS nanoprobe, TPE-In-
PSA@Au utilized successfully to diagnosis PSA expression on
cancer cells after coupling with PSA specific peptide substrate,
Cys-Ser-Lys-Leu-GIn-OH (Scheme 1).

B EXPERIMENTAL SECTION

All chemicals and solvents were purchased from sigma Aldrich, Merck,
and Specrochem, used without further purification. Analytical TLC
was performed on a Merck 60 F254 silica gel plate (0.25 mm
thickness) and visualization was done with UV light (254 and 36S
nm). Column chromatography was performed on Merck 60 silica gel
(60—120 or 100—200 mesh). NMR spectra were recorded on Bruker
Advance 500 NMR spectrometer, and chemical shifts are expressed in
parts per million (ppm). The mass spectra were recorded on Thermo
Scientific Exactive ESI-MS spectrophotometer. Absorption spectrum
of the TPE derivatives was measured on a Shimadzu (UV-2450) UV—

10221

Scheme 1. Thematic Representation of PSA Recognition by
TPE-In-PSA@Au Nanoprobe through SERS
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vis—NIR spectrophotometer. The emission and excitation spectrum of
TPE compounds was recorded on a Spex-Fluorolog FL22 spectro-
fluorimeter equipped with a double grating 022 m Spex 1680
monochromator and a 450 W Xe lamp as the excitation source and a
Hamamatsu R928P photomultiplier tube detector. Emission and
excitation spectra were corrected for source intensity (lamp and
grating) by standard correction curves. SERS measurements were
carried out in a WI-Tec Raman microscope (WI-Tec, Inc., Germany,
alpha 300R) with a laser beam directed to the sample through 20x
objective with 600 g/mm grating and a Peltier cooled CCD detector.
Samples were excited with a 633 nm excitation wavelength laser with 7
mW powers and Stokes shifted Raman spectra were collected in the
range of 400—3000 cm™" with 1 cm™" resolution and an integration
time of 0.5 and 20 accumulations. Prior to every measurement, a
calibration with a silicon standard (Raman peak centered at 520 cm™)
was performed. WI-Tec Project plus (v 2.1) software package was used
for data evaluation.

Cell Culture. The human cancer cell lines LNCaP (prostate
cancer) and HeLa (cervical cancer) were obtained from American
Type Culture Collection (ATCC, Manassass, VA). Cells are
maintained in DMEM with 10% FBS and under an atmosphere of
5% CO, at 37 °C in an incubator.

B RESULTS AND DISCUSSION

Synthesis and Characterization of TPE Analogues. The
key synthetic intermediate, aldehyde functionalized tetraphenyl-
ethylene (TPE-CHO) was synthesized by palladium catalyzed
Suzuki reaction between bromotriphenylethylene and 4-
formylphenylboronic acid in a mixture of toluene, tetrabuty-
lammonium bromide (TBAB), and 2 M aqueous potassium
carbonate solutions in good yields (Scheme S1). A series of five
novel TPE analogues were synthesized via aldol type
condensation between TPE-CHO and different aromatic
moieties like indoline with lipoic acid, indoline with Boc
protected propylamine, indoline with propyl, benzothiazole and
quinaldine, represented as TPE-In-L (Scheme S2), TPE-In-Boc
(Scheme S3), TPE-In (Scheme S4), TPE-B (Scheme SS), and
TPE-Q_(Scheme S6), respectively (Scheme 2). The structures
of TPE derivatives were analyzed and characterized unambig-
uously by 'H NMR, *C NMR, and ESI-MS spectroscopic
techniques (Figures S1—S19).

Photophysical Properties of TPE Analogues. To
evaluate the photophysical properties of newly synthesized
TPE analogues, we recorded the absorption spectra in DMSO
as solvent where TPE-Q and TPE-B showed absorption
maxima at 376 and 371 nm and were yellow in color, whereas
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Scheme 2. Synthetic Route to TPE Derivatives

TPE-B

a) NaOH, Ethanol, Reflux, b) 20% TFA in DCM, c) Dry DCM, TEA

ooy?
LG e OO e L v G

BocHN

TPE-In, TPE-In-L, and TPE-In-Boc showed absorption at 445,
449, and 446 nm and were red in color (Figure S20). Because
TPE molecules are well-known for aggregation studies we have
evaluated their aggregation properties in DMSO—water system.
Upon increasing the water (f,,) proportion, TPE-B and TPE-Q
showed AIE effect, whereas the fluorescent quenching (ACQ)
was observed in TPE-In, TPE-In-L, and TPE-In-Boc under
similar conditions, which is probably due to the intermolecular
FRET.” Figures 1 and 2 represent the fluorescence spectra of
TPE analogues showing the AIE and ACQ_effects in varying
percentages of DMSO/water system, respectively.
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Figure 1. Fluorescence spectra of (A) TPE-B (0.50 mM, A, = 371
nm) and (B) TPE-Q (0.50 mM, A, = 376 nm), in DMSO/water
mixture with different water percentages (f,,).

Surface-Enhanced Raman Scattering (SERS) Phenom-
enon. Further, we have investigated the SERS fingerprint
pattern of all five TPE derivatives under a particular solvent
concentration other than their AIE and ACQ properties. SERS
experiments have been carried out by incubating the TPE-
analogues as Raman reporter with citrate stabilized spherical
gold nanoparticle (Au NP; 40 nm) (Figure S21) as a SERS
substrate and SERS spectra was measured under a WI-Tec
Raman microscope with a wavelength of 633 nm laser
excitation and 20X objective. All the TPE derivatives exhibit
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Figure 2. Fluorescence spectra of (A) TPE-In (0.50 mM, 4, = 44S
nm), (B) TPE-In-L (0.50 mM, 4., = 449 nm), and (C) TPE-In-Boc
(0.50 mM, A, = 446 nm) in DMSO/water mixture with different
water percentages (f,). (D) Representation of FRET between the
donor and the acceptor.

signature Raman peaks at 687, 800—930, and 1000—2000 cm™!
corresponding to C—C in plane bending, aliphatic chain
vibrations and aromatic ring vibrations, respectively (Figure
3).*° Significant Raman fingerprints are obtained corresponding
to the derivative, TPE-In-Boc. This noticeable enhancement of
Raman signal in SERS platform depends on variable factors, for
example, particular molecular orientation on nanoparticle
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Figure 3. SERS spectral pattern of TPE derivatives after incubating
with citrate stabilized gold nanoparticles as substrate by 9:1 ratio; (A)
TPE-Q, (B) TPE-B, (C) TPE-In, (D) TPE-In-L, and (E) TPE-In-Boc.
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surface, which can generate a good number of hotspots and
produce enhanced electromagnetic field, leading to signal
enhancement.”*

Construction of TPE-In-PSA SERS Nanoprobe. We have
selected the best Raman signature TPE-In-Boc for further
construction of SERS nanoprobe aiming to detect prostate
specific antigen, cancer protein by SERS spectral analysis. For
the construction of designated synthetic counterpart TPE-In-
PSA, the corresponding Boc protected analogue (TPE-In-Boc)
was conjugated to PSA recognizing peptide substrate, Cys-Ser-
Lys-Leu-Gln-OH. The peptide sequence was synthesized by
adopting the well-known solid phase peptide synthesis (SPPS;
Scheme S7). Subsequently, the synthesized peptide sequence
was coupled with Boc deprotected free amino terminal of TPE-
In in the presence of EDC using HOBt as coupling agent
(Scheme S8) and characterized by "H NMR and mass spectral
analysis. Trityl group of Cys residue from TPE-In-PSA
counterpart underwent deprotection by 20% TFA in DCM
which resulted free thiol functionality. The free thiol moiety
undergoes chemisorption on AuNP surface resulted in the
formation of the targeted nanoprobe, TPE-In-PSA@Au.

The fluorescent property of TPE-In-PSA has been monitored
upon incubation with different percentage of colloidal AuNP
which exhibited ACQ_effect similar to TPE-In-Boc, but the
strong quenching efficiency was observed because of internal
charge transfer between the AuNP and the TPE moiety. We
have correlated these two reversal effects between fluorescence
quenching and SERS signal enhancement at 90% of colloidal
AuNP solution. The maximum SERS signal enhancement
occurred at 90% of colloidal AuNP which is further reflected in
a visible color change from red to blue attributed to the
formation of TPE-In-PSA and AuNP aggregates (Figure 4A).
Subsequently, more hotspots are generated which significantly
enhances the SERS intensity (Figure 4B).
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Figure 4. (A) TEM images of (top) gold nanoparticle alone and
(bottom) TPE-In-PSA@Au nanoprobe and corresponding visual color
changes. (B) SERS spectra of TPE-In-PSA@Au nanoprobe by varying
the percentage of gold concentration. (C) Time-dependent changes in
SERS spectra of TPE-In-PSA@Au nanoprobe after the incubation of
0.5 ng of the PSA protease in PSA buffer solution at 37 °C recorded at
each 30 min. (D) SERS spectra showing the limit of detection by
varying the concentration of PSA protease.

PSA Protease Detection and LOD Calculation through
SERS. For the detection of PSA protein, the initial study was
performed by incubating PSA protease in PSA buffer within
TPE-In-PSA@Au nanoprobe at 37 °C.”” During incubation
with PSA protease the target specific peptide sequence from
TPE-In-PSA was cleaved and TPE-In detached from AuNP,
and subsequently, gradual decrease in SERS signal intensity was
observed. Interestingly, with time the SERS intensity of the
nanoprobe was minimized and completely lost after 210 min
(Figure 4C). We have evaluated the limit of detection (LOD)
of the probe through SERS spectra by changing the
concentration of the PSA protease (5, 1, 0.5, and 0.4 ng).
Figure 4D represents the SERS spectra showing the limit of
detection by varying the concentration of PSA enzyme which is
responsible for the effective cleavage of the peptide sequence at
210 min. The LOD of our probe was found to be 0.5 ng of PSA
protease, which could effectively cleave the peptide sequence.

Recognition of Human Prostate Cancer Cells Using
SERS Nanoprobe. PSA expression varies between cancer
types and hence we evaluated PSA expression on a human
prostate cancer (LNCaP) and cervical cancer (HeLa) cells by
Western blot analysis using PSA antibodies. Quantitative
evaluation of the bands was performed after normalizing with
that of - actin which indicated significantly high expression of
PSA on LNCaP than HeLa cells (Figure SA). In this context,
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Figure S. (A) Protein level expression analysis of PSA on LNCaP and
HeLa cell lines by Western blot, the bands normalized to f-actin and
quantified using Image] software, (B) SERS spectra analysis of probes
on HeLa and LNCaP cells after washing with PBS solution.
Cytotoxicity profiles of TPE-PSA@Au using MTT assay on (C)
LNCaP and (D) HeLa cell line.

LNCaP could be used as positive and HeLa as negative control
for the PSA expression studies. The results obtained was
correlated with other similar studies reported in the literature.”®
Evaluation of the cytotoxicity of TPE-In-PSA@Au nanoprobe
was performed on both the cell lines by MTT assay against a
wide dose range (0.005 mM to 1 mM) for 4, 8, and 12 h
including doxorubicin (1 uM) as positive control. It was
observed that the nanoprobe was largely nontoxic to both the
cell lines for all doses and time periods (Figure SC,D), whereas
the positive control doxorubicin demonstrated its cytotoxicity.
The nontoxic behavior of nanoprobe will enable detailed
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biological assays in all contexts. Further we have carried out the
SERS based assay for the detection of PSA expression on
LNCaP and HelLa cells.

LNCaP cells were cultured in four-well chamber slide and
200 uL (9:1, Au/TPE-In-PSA) of TPE-In-PSA@Au nanoprobe
were added to the wells separately and was incubated at 37 °C.
SERS spectra were recorded after 30 min onward and
continued up to 4 h. Due to the overexpression of PSA on
LNCaP cell surfaces, PSA peptide bearing AuNP was cleaved
from TPE-In-PSA@Au and AuNP was internalized without
TPE analogue, so that TPE-In part is remained in the culture
medium. Therefore, the SERS intensity of the culture medium
was decreased with time and completely lost at around 4 h
which resembled to the screening study performed using PSA
protease. To confirm the above-mentioned facts, we monitored
the SERS spectra inside the cells after 4 h but no characteristic
spectra were obtained (Figure SB). Complete absence of SERS
spectra inside the cell confirmed the fact that highly expressed
PSA enzyme effectively cleaved off the Raman reporter bearing
PSA peptide sequence from the nanoprobe. A similar study has
been carried out using PSA negative HeLa cells and monitored
the SERS intensity from both culture medium and within the
cells. In contrary to LNCaP cells, a complete absence of SERS
spectra in the culture medium even after 4 h accompanied by
significant SERS intensity was observed inside the cells (Figure
SB). The absence of PSA enzyme in HeLa cell enabled the
entry of the nanoprobe inside the cell.

SERS Mapping. After checking the SERS spectra inside the
cells, we performed the SERS mapping of the two cells by
confocal Raman microscopy using 0.5 as integration time, 150
X 150 as points per line and 50 X 50 ym mapping area along X
and Y directions. In Figure 6, panels A and B show the bright
field images, panels C and D show the corresponding 2D
Raman images, and panels E and F show the 3D Raman images
of LNCaP and HeLa cells, respectively. The histogram
image529’3° in Figure 3G,H shows the statistical representation
of the most intense peak coming from the Raman reporter
(Iisoo/I1100) chemisorbed on AuNPs. From the Raman images
and histogram images it is clear that TPE-In-PSA@Au
nanoprobe is entered only into HeLa cells but not in to
LNCaP cells, in which effective cleavage is occurred from the
cell surface and TPE-In-PSA part failed to enter in to the cells.

B CONCLUSIONS

In conclusion, we have synthesized a series of five diversified
tetraphenylethylene (TPE) analogues, exhibiting predomi-
nantly AIE ACQ phenomenon with excellent SERS fingerprint
and multiplex signal pattern. The unique SERS nanoprobe
TPE-In-PSA@Au has been developed in conjugation with
target-specific PSA peptide substrate aiming for the detection of
PSA protein. The nanoprobe successfully recognizes PSA
enzyme in SERS-based detection platform with a LOD of 0.5
ng which unfold a new avenue in prostate cancer diagnosis.
Furthermore, TPE-In-PSA@Au nanoprobe was nicely recog-
nized by PSA overexpressed LNCaP cells, which was visualized
through SERS spectral analysis and SERS mapping. For the first
time, we explored a SERS nanoprobe that recognizes PSA
overexpression on cancer cells using a novel TPE analogue as
Raman reporter.
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Figure 6. Raman imaging of cells with nanoprobe. Bright field images
of (A) LNCaP and (B) HeLa cells and the corresponding (C, D) 2D
and (E, F) 3D images of LNCaP cells and HeLa cells. Histogram
representation of the most intense peak coming from the Raman
reporter (I;400/I1100) With the gold nanoparticles in (G) LNCaP cells
and (H) HeLa cells.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsami.6b01908.

Synthetic details, additional figures of photophysical
experiments, and characterization data such as 'H NMR,
BC NMR, and HRMS spectra. (PDF)

B AUTHOR INFORMATION

Corresponding Author
* Tel: +91-471-2515475. E-mail: kkmaiti@niist.res.in,
kkmaiti29@gmail.com.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

K.KM. thanks the Council of Scientific and Industrial Research
(CSIR), Govt. of India, BSC-0112, CSC-0134 (CSIR Network
project) and SERB (DST No. SR/S1/0C-67/2012) for
research funding. R.AN. acknowledges the CSIR network
project for the research fellowship. M.MJ. thanks Kerala
Biotechnology Commission, Govt. of Kerala (KBC-KSCSTE)
for the Post-Doctoral Research Fellowship. The authors also
thank CSIR-NIIST, for the instrumental facilities and Division

DOI: 10.1021/acsami.6b01908
ACS Appl. Mater. Interfaces 2016, 8, 10220—10225


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acsami.6b01908
http://pubs.acs.org/doi/suppl/10.1021/acsami.6b01908/suppl_file/am6b01908_si_001.pdf
mailto:kkmaiti@niist.res.in
mailto:kkmaiti29@gmail.com
http://dx.doi.org/10.1021/acsami.6b01908

ACS Applied Materials & Interfaces

Research Article

of Cancer Research, Regional Cancer Centre (RCC),
Thiruvananthapuram.

B REFERENCES

(1) Zhang, X.; Chi, Z.; Li, H.; Xu, B,; Li, X.; Zhou, W,; Liu, S.; Zhang,
Y.; Xu, J. Piezofluorochromism of an Aggregation-Induced Emission
Compound Derived from Tetraphenylethylene. Chem. - Asian J. 2011,
6, 808—811.

(2) Zhang, X.; Zhang, X; Tao, L.; Chi, Z.; Xu, J.; Wei, Y. Aggregation
Induced Emission-Based Fluorescent Nanoparticles: Fabrication
Methodologies and Biomedical Applications. . Mater. Chem. B 2014,
2, 4398—4414.

(3) Li, Y; Xu, L; Su, B. Aggregation Induced Emission for the
Recognition of Latent Fingerprints. Chem. Commun. 2012, 48, 4109—
4111.

(4) Shi, H; Kwok, R. T. K;; Liu, J.; Xing, B.; Tang, B. Z.; Liu, B. Real-
Time Monitoring of Cell Apoptosis and Drug Screening Using
Fluorescent Light-up Probe with Aggregation-Induced Emission
Characteristics. J. Am. Chem. Soc. 2012, 134, 17972—17981.

(5) Chen, X,; Shen, X. Y.; Guan, E,; Liu, Y.; Qin, A; Sun, J. Z.; Tang,
B. Z. A Pyridinyl-Functionalized Tetraphenylethylene Fluorogen for
Specific Sensing of Trivalent Cations. Chem. Commun. 2013, 49,
1503—1508S.

(6) Zhu, Z; Xu, L; Li, H; Zhou, X; Qin, J; Yang, C. A
Tetraphenylethene-Based Zinc Complex as a Sensitive DNA Probe by
Coordination Interaction. Chem. Commun. 2014, 50, 7060—7062.

(7) Zhang, L.; Hu, W.; Yu, L.; Wang, Y. Click Synthesis of a Novel
Triazole Bridged AIE Active Cyclodextrin Probe for Specific Detection
of Cd 2*. Chem. Commun. 2015, 51, 4298—4301.

(8) Huang, X; Gu, X;; Zhang, G.; Zhang, D. A Highly Selective
Fluorescence Turn-on Detection of Cyanide Based on the Aggregation
of Tetraphenylethylene Molecules Induced by Chemical Reaction.
Chem. Commun. 2012, 48, 12195—12197.

9) Liang, G.; Lam, J. W. Y,; Qin, W,; Li, J.; Xie, N; Tang, B. Z.
Molecular Luminogens Based on Restriction of Intramolecular
Motions through Host—guest Inclusion for Cell Imaging. Chem.
Commun. 2014, 50, 1725—1727.

(10) Jayaram, D. T.; Ramos-Romero, S.; Shankar, B. H.; Garrido, C.;
Rubio, N.; Sanchez-Cid, L.; Gomez, S. B; Blanco, J.; Ramaiah, D. In
Vitro and in Vivo Demonstration of Photodynamic Activity and
Cytoplasm Imaging through TPE Nanoparticles. ACS Chem. Biol.
2016, 11, 104—112.

(11) Qiao, J; Liu, Z.; Tian, Y.; Wu, M.; Niu, Z. Multifunctional Self-
Assembled Polymeric Nanoprobes for FRET-Based Ratiometric
Detection of Mitochondrial H , O , in Living Cells. Chem. Commun.
2015, S1, 3641—3644.

(12) Yuan, Y.,; Kwok, R. T. K; Feng, G; Liang, J.; Geng, J.; Tang, B.
Z.; Liu, B. Rational Design of Fluorescent Light-up Probes Based on
an AIE Luminogen for Targeted Intracellular Thiol Imaging. Chem.
Commun. 2014, S0, 295—-297.

(13) Samanta, A,; Maiti, K. K;; Soh, K. S; Liao, X.; Vendrell, M.;
Dinish, U. S;; Yun, S. W.; Bhuvaneswari, R.; Kim, H.; Rautela, S,;
Chung, J.; Olivo, M.; Chang, Y. T. Ultrasensitive near-Infrared Raman
Reporters for SERS-Based in Vivo Cancer Detection. Angew. Chem,,
Int. Ed. 2011, 50, 6089—6092.

(14) Maiti, K. K; Dinish, U. S.; Samanta, A.; Vendrell, M.; Soh, K. S.;
Park, S. J.; Olivo, M.; Chang, Y. T. Multiplex Targeted in Vivo Cancer
Detection Using Sensitive near-Infrared SERS Nanotags. Nano Today
2012, 7, 85—93.

(15) Mattley, Y.; Allen, M. W. Innovative Raman Sampling. Opt.
Photonik 2013, 8, 44—47.

(16) Narayanan, N.; Karunakaran, V.; Paul, W.; Venugopal, K;
Sujathan, K.; Kumar Maiti, K. Aggregation Induced Raman Scattering
of Squaraine Dye: Implementation in Diagnosis of Cervical Cancer
Dysplasia by SERS Imaging. Biosens. Bioelectron. 2015, 70, 145—152.

(17) Huh, Y. S.; Chung, A. J.; Erickson, D. Surface Enhanced Raman
Spectroscopy and Its Application to Molecular and Cellular Analysis.
Microfluid. Nanofluid. 2009, 6, 285—-297.

10225

(18) Ramya, A,; Samanta, A.; Nisha, N.; Chang, Y. T.; Maiti, K. K.
New Insight of Squaraine-Based Biocompatible Surface-Enhanced
Raman Scattering Nanotag for Cancer-Cell Imaging. Nanomedicine
(London, U. K.) 2015, 10, 561—571.

(19) Murelli R. P.; Zhang, A. X; Michel, J.; Jorgensen, W. L.;
Spiegel, D. A. Chemical Control over Immune Recognition: A Class of
Antibody-Recruiting Small Molecules that Target Prostate Cancer. J.
Am. Chem. Soc. 2009, 131, 17090—17092.

(20) Li, J; Ma, H; Wy, D,; Li, X; Zhao, Y,; Zhang, Y,; Du, B.,; Wei,
Q. Biosensors and Bioelectronics A Label-Free Electrochemilumines-
cence Immunosensor Based on KNbO 3 — Au Nanoparticles @ Bi2 S
3 for the Detection of Prostate Specific Antigen. Biosens. Bioelectron.
2015, 74, 104—112.

(21) Liu, D.; Huang, X.; Wang, Z,; Jin, A;; Sun, X,; Zhu, L.; Wang, F.;
Ma, Y,; Niu, G,; Hight Walker, A. R;; Chen, X. Gold Nanoparticle-
Based Activatable Probe for Sensing Ultralow Levels of Prostate-
Specific Antigen. ACS Nano 2013, 7, 5568—5576.

(22) Li, S; Zhang, Y.; Xu, J; Li, L,; Zeng, Q; Lin, L,; Guo, Z.; Liu,
Z.; Xiong, H.; Liu, S. Noninvasive Prostate Cancer Screening Based on
Serum Surface-Enhanced Raman Spectroscopy and Support Vector
Machine. Appl. Phys. Lett. 2014, 105, 091104.

(23) Del Mistro, G.; Cervo, S.; Mansutti, E.; Spizzo, R.; Colombatti,
A.; Belmonte, P.; Zucconelli, R.; Steffan, A.; Sergo, V.; Bonifacio, A.
Surface-Enhanced Raman Spectroscopy of Urine for Prostate Cancer
Detection: A Preliminary Study. Anal. Bioanal. Chem. 2015, 407,
3271-3275.

(24) Kneipp, K; Kneipp, H.; Itzkan, I; Dasari, R. R; Feld, M. S.
Surface-Enhanced Raman Scattering and Biophysics. J. Phys.: Condens.
Matter 2002, 14, 597—624.

(25) Beierlein, F. R;; Othersen, O. G.; Lanig, H.; Schneider, S.; Clark,
T. Simulating FRET from Tryptophan: Is the Rotamer Model
Correct? J. Am. Chem. Soc. 2006, 128, 5142—5152.

(26) Krishnakumar, V.; Balachandran, V. FTIR, FT-Raman Spectral
Analysis and Normal Coordinate Calculations of 2-Hydroxy-3-
Methoxybenzaldehyde Thiosemicarbozone. Indian J. Pure Appl. Phys.
2004, 42, 313—318.

(27) Goun, E. a; Shinde, R;; Dehnert, K. W.; Adams-Bond, A
Wender, P. a;; Contag, C. H.; Franc, B. L. Intracellular Cargo Delivery
by an Octaarginine Transporter Adapted to Target Prostate Cancer
Cells through Cell Surface Protease Activation. Bioconjugate Chem.
2006, 17, 787—796.

(28) Yu, X.; Munge, B.; Patel, V.; Jensen, G.; Bhirde, A.; Gong, J. D.;
Kim, S. N,; Gillespie, J; Gutkind, J. S.; Papadimitrakopoulos, F.;
Rusling, J. F. Carbon Nanotube Amplification Strategies for Highly
Sensitive Immunodetection of Cancer Biomarkers. J. Am. Chem. Soc.
2006, 128, 11199—1120S.

(29) Schwartzberg, A. M.; Oshiro, T. Y.; Zhang, J. Z.; Huser, T.;
Talley, C. E. Small Correspondence Improving Nanoprobes Using
Surface-Enhanced Raman Scattering from 30-Nm Hollow Gold
Particles Improving Nanoprobes Using Surface-Enhanced Raman
Scattering from 30-Nm Hollow Gold Particles. Anal. Chem. 2006, 78,
4732—4736.

(30) Vendrell, M.; Maiti, K. K; Dhaliwal, K;; Chang, Y.-T. Surface-
Enhanced Raman Scattering in Cancer Detection and Imaging. Trends
Biotechnol. 2013, 31, 249—-257.

DOI: 10.1021/acsami.6b01908
ACS Appl. Mater. Interfaces 2016, 8, 10220—10225


http://dx.doi.org/10.1021/acsami.6b01908

