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Cuarter 1

Introduction and Literature Review

Nanotechnology has its impact on almost all areas of science like chemistry,
biology, physics, material science and engineering. Nanobiotechnology is related
to the use of nanotechnology in biotechnological applications. One of the
important applications of nanobiotechnology is the use of nanomaterials in cancer

therapy and imaging.[1-°]

1.1 Cancer - a Brief Introduction

Cancer is a disorder characterized by an abnormal mass of tissue (formed as a
result of mutations in a gene) that grow and divide in an uncontrolled and
uncoordinated manner as compared to normal tissue, invade and destroy adjacent
structures and spread to distant anatomic sites by metastasis.[1% It could be
caused by various chemical, physical or biological factors or it may be inherited in
the germ line.l'0] Chemical factors include the chemical substances like (i)
alkylating agents, (ii) acylating agents, (iii) polycyclic and heterocyclic aromatic
hydrocarbons, (iv) aromatic amines, amides and azo dyes and (v) natural plant
and microbial products.[?% Physical factors mainly include the radiations (both
ultraviolet light and ionizing radiations like X-rays, a-, B-, y-rays, radioactive
isotopes, protons and neutrons) and the biological factors involve the oncogenic
viruses and some other microbes.[1% There are various treatments for cancer like
surgery, chemotherapy, radiation therapy, immunotherapy, photothermal and
photodynamic therapy,[1112] of which chemotherapy is the most popular and
widely used. Chemotherapeutic drugs may be hydrophilic or hydrophobic in
nature. Although the hydrophilic drugs can be administered directly in to the
body, they have the disadvantage of side effects. For example, doxorubicin
hydrochloride (Dox) can cause congestive heart failure.l13] On the other hand,
hydrophobic drugs - being water insoluble - cannot be administered directly. They
are either given with emulsifying agents like cremophor EL or converted to their
water soluble forms.14151 Emulsifying agents like cremophor EL lead to

hypersensitive reactions in the body due to which premedication with histamine

1
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Chapter 1

blockers and steroids is required. In addition, the drug pharmacokinetics is also
affected due to micellar encapsulation of the drug formed by cremophor EL.['4 For
the latter case, where the drugs are converted to their water soluble forms,
sometimes the anticancer activity gets reduced. For example, the anticancer
activity of water soluble forms of 20(S)-camptothecin (CPT), i.e. irinotecan and

topotecan is lower than that of CPT.[15]

1.2 Nanocarriers for Cancer Drug Delivery

As a result of various problems associated with direct administration of
chemotherapeutic drugs into the body, nanocarriers are developed to encapsulate
and carry them to the desired tumor site.[!] Several nanocarriers which are
approved by Food and Drug Administration (FDA) for cancer therapeutics and are

available in market are listed below:

Table 1.1 Representative examples of nanocarrier-based drugs for cancer therapeutics.

Commercial Nanocarrier Drug Indications Company
name
Albumin . Metastatic breast Abraxis
Abraxanel!l . Paclitaxel Ny
Nanoparticles cancer Biosciences
Refractory
Kaposi’s
. PEGylated . sarcoma,
Doxil/CaelyxI!] . y Doxorubicin Janssen
liposomes recurrent breast
cancer, ovarian
cancer
. Acute .
Polymer-protein Peg-L- ) Sigma-Tau
Oncasparlll i ] lymphoblastic ,
conjugate asparaginase i Pharmaceuticals
leukemia
Pol . Breast cancer
olymeric . .
Nanoxell16] y Paclitaxel and ovarian Dabur Pharma
micelle
cancer

1.2.1 Advantages of nanocarriers

There are various advantages of nanocarriers over free drugs and these are

mentioned below:

2
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1.2 Nanocarriers for Cancer Drug Delivery

» Increase the aqueous solubility of the drugs, especially the hydrophobic drugs

like paclitaxel, CPT, actinomycin D, curcumin etc.[1.16]

» Protect the drug from premature degradation, hydrolysis or loss during
circulation.[»16] For example, the active lactone form of CPT gets hydrolyzed to
inactive carboxylate form at physiological pH (7.4), as shown in Figure 1.1,
when administered directly and this in turn binds irreversibly with human

serum albumin (HSA).[17]

» Minimize the side-effects of the drugs by facilitating preferential uptake of the

nanocarriers by the tumor cells through active or passive targeting.[1.16]
» Improve the pharmacokinetics of the drugs.[.16]
» Facilitate the slow and prolong release of the drugs.[¢!

» Offer appropriate form for different routes of administration.[1¢]

Active lactone form Inactive carboxylate form

Figure 1.1 Hydrolysis of camptothecin at physiological pH.

1.2.2 Aspects of an ideal nanocarrier

» All the components of a nanocarrier must be biocompatible, well characterized

and easily functionalized.]
» The nanocarrier must be soluble or dispersible under aqueous conditions.1!
» The nanocarrier itself must be non-cytotoxic.[1]

» It should have the ability to efficiently encapsulate and release the drugs inside

the cancerous cells.[]

» The nanocarrier must be stable in blood,[181% which is a mixture of plasma and

several kinds of cells. Plasma, on the other hand, contains different components

3
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such as growth factors, proteins, vitamins, hormones, trace elements, and other
essential and non-essential elements.!1% Adsorption of these components on the
nanocarrier surface may often results in further aggregation or disruption of
the nanocarrier leading to premature unloading of the drug in the systemic

circulation before reaching the targeted site.[18!

» It should also be resistant to protease degradation in the presystemic

circulation.[20,21]

» The nanocarrier must have extended circulation half-life and this is mainly
governed by the surface charge of the nanocarrier. Although the positively
charged nanocarriers are easily internalized by tumor cells (due to negatively
charged cell membrane), they are quickly adsorbed by serum proteins and are
removed by the mononuclear phagocyte system (MPS) to the liver and spleen.
They may also lead to significant immune reactions. Thus, neutral and

negatively charged nanocarriers are preferred for in vivo applications.[22 23]

» The nanocarrier must have the ability to be preferentially internalized by the
tumor cells, either through active targeting or passive targeting.[l! Active
targeting can be achieved by functionalization of the carrier surface with
targeting ligands. These targeting ligands can bind to tumor-specific surface
markers and mediate the internalization of the nanocarriers.[!] On the other
hand, the size of the nanocarrier is the major factor for passive targeting of
tumor cells.[? 241 As the pores of normal blood vessels are around 10 nm, any
nanoformulation greater than 10 nm will preferentially pass through the leaky
blood vessels of the tumor vasculature and accumulate in the tumor site
because of enhanced permeation and retention (EPR) effect (Figure 1.2).[24
Literature reports also suggest that the nanocarriers of less than 200 nm in size

are more effective for the EPR effect.[!]

» It should also be amenable to external stimulation of light,[25-27]

radiofrequeny,[28! or magnetic field.[29 30]

4
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1.2 Nanocarriers for Cancer Drug Delivery
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Figure 1.2 Contrary to normal vessels (right), tumor vessels (left) might have an abnormal
endothelial cell (EC) lining, an abnormally thick or thin basement membrane (BM), and detached
or absent pericytes (PC). As a result, nanocarriers above 10 nm can easily pass through the tumor

vessel wall. Reproduced with permission from reference 24.

1.2.3 Types of nanocarriers

There are various types of nanocarriers like liposomes,[31] micelles,[32!
dendrimers,[3334 inorganic,[35-401 protein[41-43] or polymer[#+47] nanoparticles
(NPs), carbon nanotubes!*® 491 and quantum dots[®%! which are used as drug

delivery vehicles (Figure 1.3).

Dendrimers

Micelles

Dots
Nanocarriers

For
Drug Delivery

Protein i’lu}or{ic é68

Nanoparticles ’

g P 4 ~
3/ o
_,3’;'.. 1 & I
-‘Sr .' T3 '5 + E
Gold 7 Gz Polymeric
Nanoparticles AR A% Nanoparticles
Ty
(L5

Figure 1.3 Examples of nanocarriers used for cancer drug delivery.
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Proteins

Among the above mentioned carriers, proteins are used extensively because of
having several advantages like biocompatibility, biodegradability, non-
cytotoxicity, high solubility and robust stability in biological environment and
most importantly the ability to bind both covalently and non-covalently with wide
variety of molecules (like drugs, dyes or targeting ligands), owing to high content
of hydrophilic, hydrophobic and charged sites in them.[#1. 51 52] [n some cases, the
drugs are covalently conjugated to protein molecules>3! and in some, several
protein molecules are agglomerated by desolvation to form NPs to which drug
molecules are encapsulated.[>¥ Most commonly used proteins in drug delivery are
albumin, transferrin and lysozyme (Lyz).l41-43. 52-571 Albumin is the most abundant
protein in plasma (35-50 g L' human serum) and is known to be a natural
transporter of hydrophobic molecules (like vitamins and hormones), endogenous
ligands (like fatty acids and prostaglandins) as well as different exogenous
molecules (like drugs, antibiotics, anticoagulants and heavy metal ions) in the
body.[55 561 Moreover, the albumin based carriers are known to accumulate
preferentially in some tumors like breast, lung and prostate cancer because of the
over-expression of the albumin receptor SPARC (secreted protein acid rich in
cysteine) on their surfaces.[>¢! As a result of these specific advantages, paclitaxel
loaded albumin nanoparticle has been marketed as Abraxane™, following
approval of US FDA and European Medicine Agency (EMA), and is in use against a
host of cancers.[*l 561 Transferrin is another example which is being used in
targeted drug delivery as its receptors are over-expressed in some tumors.[43! Lyz
is a low molecular weight protein (M.\W. 14.7 kDa) known for uptake and
catabolization in the proximal tubules of the kidney - serving as renal specific drug
carriers.[57] Moreover, as the isoelectric point (pI) of Lyz is ~10.7,[58! it remains
positively charged at physiological pH (7.4) and thus interacts with negatively
charged citrate-stabilized gold NPs (Cit-Au NPs) to form nanoscale

agglomerates,[>°l which will be discussed in details in the later section.

However, protein carriers undergo protease degradation in the presystemic
circulation when administered orally.[20. 211 To improve the stability of protein

based nanocarriers, these are conjugated covalently or non-covalently with lipids

6
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1.2 Nanocarriers for Cancer Drug Delivery

or polymers.[20] The use of lipids is limited because of their low stability in the
gastrointestinal tract and weak interaction with proteins.[20] Whereas, synthetic
polymers, have generated considerable interest due to their ability to protect
proteins from enzymatic and hydrolytic degradation in vivo, maintain their
activity and integrity and improve their bioavailability.[20] For example,
polyethylene glycol-b-polylactic acid (PEG-PLA) nanocarrier served as a
protective cage for the enzyme catalasel®® and isobutyl-2-cyanoacrylate
nanocapsule retained the activity of the loaded insulin.[2] Among all the polymers
available, poly(lactic-co-glycolic acid) (PLGA) is of special interest due to its
unique attractive properties like - biocompatibility, bioavailability and
biodegradability.[*> 46] PLGA undergoes biodegradation leading to the formation of
lactic acid and glycolic acid, which are easily metabolized in the body.[*5!
Moreover, PLGA-based nanocarriers can be used safely for oral, nasal, pulmonary,
parenteral, transdermal and intra-ocular routes of administration.[*¢] PLGA is also
known for controlled and sustained release of the drug and has gained approval

from US FDA and EMA in drug delivery systems.[45 46l
Gold Nanoparticles

Another important candidate in cancer drug delivery is gold nanoparticle (Au
NP).[35-40,61,62] Ay NPs are stable, biocompatible, non-cytotoxic and are suitable for
easy and versatile functionalization and depending on their shapes and sizes have
high extinction coefficient of light from visible to near infrared (NIR) regions.[25 63]
Au nanorods (NRs) could be used for laser-induced hyperthermia treatment of
cancer cells, taking advantage of their NIR absorption characteristics.[> ¢4 Further,
it has been demonstrated that antibody-conjugated Au NPs could be thermally
activated by radiofrequency and the resulting dissipated heat could be used for
killing cancer cells.[28] On the other hand, Au NPs functionalized with proteins have
been found to be effective for targeting cancer cells.[%5] Moreover, cyclic peptide
capped Au NPs have been reported to be efficient drug delivery vehicles.[6]
Interestingly, protein coronas around Au NRs have shown the promise of storing
cancer drug, which could be released by light or heat, although the use of cytotoxic

stabilizer prevents their application as such in reality.[26]

TH-1397_09612209
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1.3 Gold Nanoparticle-Protein Agglomerates

Au NP interacts with almost all proteins but forms agglomerates with some
specific proteins.[5% 67. 68] The agglomeration of Au NPs with proteins was first
observed by Nidhi et al.l®] They have observed that when the solution
temperature - containing Au NPs onto which elastin-like polypeptides were
absorbed - was raised from 10 °C to 40 °C, the polypeptides undergo hydrophilic
to hydrophobic phase transition, resulting in the agglomeration of Au NPs due to
interparticle hydrophobic interaction.[®°] Lyz was also demonstrated to form Au
NP-protein agglomerates.[°! Lyz being positively charged at physiological pH
interacted with negatively charged Au NPs to form Au NP-Lyz agglomerates. Lyz at
the Au NP surface were found to be partially unfolded and these partially unfolded
proteins were responsible for the formation and growth of agglomerates.[>° In
another report, it was demonstrated that the extent of agglomeration for thiol
containing proteins (a-amylase and green fluorescent protein) was higher in their
native state than denatured state; whereas, for proteins that either did not contain
thiol at all (amyloglucosidase, AMG) or contain thiol that was not exposed to the
solution (bovine serum albumin, BSA), the agglomeration was higher in the
denatured state.l67] In all the above cases, agglomeration of Au NPs was

accompanied by broadening of the extinction spectrum of Au NPs.[67]

The physical origin of the extinction of metal NPs is localized surface plasmon
resonance (LSPR). According to Mie theory,[’ the electric field of an incoming
light wave induces a coherent oscillation of the conduction band electrons at the
NP surface, known as LSPR (Figure 1.4), if its size is much smaller than the
wavelength of the incident light. The extinction results when the oscillation
frequency of the conduction band electrons is resonant with the frequency of the

incident light wave.

8
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1.3 Gold Nanoparticle-Protein Agglomerates

Electron cloud

Metal Sphere
Figure 1.4 A schematic representation of plasmon oscillation on a metal sphere in the presence of
an electromagnetic radiation.

It has been observed that a protein at its lower concentrations gets attached to
Cit-Au NP accompanied by minimum changes in the extinction spectrum of the NP.
However, when the concentration of the protein is increased, the protein-NP
composites agglomerate, forming larger structures with red-shifting and
broadening of the extinction spectrum of the NP (Figure 1.5).1671 With increase in
the protein concentration, there was increase in broadening and when the area
under the extinction curve was plotted against the concentration of the protein, it
varied linearly and the slope of the curve was dependent on the nature and
conformational state of the protein.[67] The method allowed estimation of protein
with the ability to distinguish conformation (native or denatured) and its

fractional content.[67, 68]

Absorbance

400 500 600 700 800
400 500 600 700 800 400 550 550 700 300

Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 1.5 A schematic representation of the process of agglomeration of Cit-Au NPs in presence of

proteins. Reproduced with permission from reference 68.
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1.4 Fluorescent Probes

Fluorescent probes are the imaging agents incorporated in nanocarriers that
noninvasively enables a better understanding of the pharmacokinetics of the drug
loaded nanocarriers - including their active or passive tumor targeting capability

and renal clearance.[71]
1.4.1 Fluorescent probes for clinical utilization

A fluorescent probe - in order to find use in clinical applications - must have
characteristics such as both its excitation!’2l and emission wavelengths!73-76] must
lie in the near-infrared (NIR) region i.e. around 650-900 nm and this is best
achieved by multiphoton excitation, with the excitation wavelength longer than
the emission peak.[”7l NIR window of 650-900 nm is required to reduce the optical
absorption by the haemoglobin and water so that the light can easily penetrate in
and out of the body tissues, resulting in non-invasive in vivo imaging.[73! This also
minimizes the photodamage of the cellsl’2] and the interferences of light scattering
and autofluorescence from biomolecules in the living system.[72 74-76] Secondly, the
fluorescent probe must have high photostability and longer emissive lifetime to
allow a real-time whole body imaging and must have large Stokes-shifted emission
for higher detection sensitivity.[74-7¢] Large Stokes-shifted emission decreases the
interference between excitation and emission and also shifts the emission
spectrum away from the sample autofluorescence.l’¢! Thirdly, the probe must be
non-toxic, chemically inert, biocompatible, soluble and stable at various aqueous
conditions such as different pHs, high salt concentrations and various buffers.[78l

Till date, organic fluorophores!’® 80 and quantum dots[8 821 are used as
fluorescent probes for labelling various nanocarriers. However, they have their
own limitations - like most of the organic dyes are prone to fast photodegradation,
aggregation-induced fluorescence quenching and have small Stokes-shifted
emission and small two-photon absorption and excitation cross-section.[”8] While
some dyes though are photostable, aggregation-induced emission (AIE) active and
have large Stokes-shifted emission, however, their syntheses involve multiple
steps and are thus cumbersome.[7> 761 Most quantum dots are also not suitable
because of the toxicity caused by release of heavy metal ions in an oxidative
environment.[78]

10
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1.4 Fluorescent Probes

1.4.2 Luminescent metal nanoclusters

Luminescent noble metal nanoclusters, with core sizes smaller than 2 nm, are
another category of fluorescent probes used for both in vitro(83-88! (Figure 1.6 a)

and in vivo[82-91] (Figure 1.6 b) imaging. Among these, bovine serum albumin

Figure 1.6 Evidences for the use of luminescent metal nanoclusters for in vitro and in vivo
imaging. (a) Confocal images of the differentiated C2C12 mouse myoblasts treated with insulin-Au
nanoclusters for 2 h. i) Cell nucleus stained with 4’, 6-diamidino-2-phenylindole (DAPI, blue), ii)
actin fiber stained with Alexa Fluor 488 phalloidin to confirm the cell boundary (green), iii)
Insulin-Au nanoclusters exhibit red luminescence and iv) fluorescence image overlay of the three
images. (b) Fluorescence images of MDA-MB-45 tumor bearing mice at multiple time points after
intravenous injection with BSA-stabilized Au nanoclusters. Strong signal from Au nanoclusters was
observed in the tumor (marked by the red circle). The arrowheads indicated the tumor.

Reproduced with permission from references 86 and 89.

(BSA)-stabilized Auzs nanoclusters are used extensively because their emission is
in the window of 650-900 nm, which is an essential requirement for in vivo
imaging.[84 85 89, 92] Moreover, their unique optical, physicochemical and biological
properties like high photostability,[8°! longer emissive lifetime,[°3] large Stokes-
shifted emission,[°4! large two-photon absorption and two-photon excitation cross
sections,[®¥  strong X-ray absorption,[°? facile synthesis,[°2 good water
solubility,[®ll high colloidal and chemical stability in biological system,[®]
amenability to post-functionalization for active targeting,[84-85 biocompatibility, 8]
low toxicityl® and efficient urinary clearancel®! make them appropriate
candidates for bio-imaging. Auzs nanoclusters are also known to be used for X-
ray-computed tomography (CT) imagingl®® and cancer radiotherapy,[®% thus
providing additional option in combination therapy.

11
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1.5 The Present Work

1.5.1 Objectives of this thesis

The objectives of the thesis are as follows:

» As interaction of single protein with Au NPs leading to agglomeration has
already been studied, my aim was to study the interaction of some of the
important binary protein mixtures with Au NPs and to understand the factors
that govern the interaction of an individual protein or the binary mixtures with
Cit-Au NPs. The binary protein mixtures selected were a-amylase and bovine
serum albumin (BSA), a-amylase and amyloglucosidase (AMG) or glucose
oxidase (GOD) and peroxidase (POD). The mixture of a-amylase and BSA was
selected because these are easily available proteins and the interaction of
individual a-amylase or BSA with Cit-Au NPs is known. The binary mixture of
a-amylase and AMG is important in the sense that it helps to convert starch to
glucose via dextrins. GOD and POD binary mixture is also important as it is used

for the estimation of glucose level in blood and other serums.

» As among all the proteins which are known to interact with Au NPs, Lyz forms
stable nanostructures (agglomerates) with Au NPs, my next aim was to form
the Au NP-Lyz agglomerates such that they meet the size criterion for possible
passive targeting of tumor cells through the EPR effect and to use these
agglomerates as a cancer drug delivery vehicle. My aim was also to demonstrate
the utility of these agglomerates for the encapsulation of both the hydrophilic

and hydrophobic anticancer drugs.

» As for oral administration of protein based nanocarriers, the protease
resistivity is a must, my third aim was to make the Au NP-Lyz agglomerates
stable against protease degradation by coating with a biodegradable and FDA

approved polymer.

» As the usefulness of the Au NP-protein agglomerates for therapeutic application
has been established, my fourth aim was to replace the Au NPs of the
agglomerates with luminescent Au nanoclusters in order to have a

nanotheranostic system (i.e. a nanocarrier having both the fluorescent probe

12
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1.5 The Present Work

and the therapeutic drug) that could find clinical utilization. The fluorescent
probe would help in better understanding the pharmacokinetics of the drug
loaded nanocarrier and the therapeutic drug would help in killing the cancer

cells.
1.5.2 Outline of this thesis

The present thesis describes the fabrication of Au NP-protein agglomerates and
Au nanocluster-protein agglomerates and their potential applications in cancer

therapeutics or imaging. The thesis is organized as follows:

1. Chapter 1 includes the introduction and the literature review (as above). It
gives a general idea about the nanocarriers used for cancer drug delivery with
special reference to proteins and Au NPs. It also describes the interaction of Au
NPs with proteins leading to inorganic-biomolecule hybrid nanostructures. A

basic idea of the fluorescent probes is also given.

2. Chapter 2 describes the interaction of binary protein mixtures such as - a-
amylase-BSA, a-amylase-AMG and GOD-POD with Cit-Au NPs, probed by
monitoring the changes in the optical properties of the NPs. It was observed
that there was specificity in the interaction and the changes in optical
properties of Cit-Au NPs depended on the nature, concentration and order of
addition of proteins. Preferential binding of one protein compared to the other,
with Cit- Au NPs was decided by the overall charge of the protein in the
medium. Estimation of a protein in a binary mixture was possible only if the
ratio of the areas under the extinction curve of Cit-Au NPs in the presence of
binary mixture to that of Au NPs only varied linearly with concentration of
either of the proteins. Interestingly, sensitivity of assay of GOD was increased in

presence of POD (i.e. from 1.091 ug mL™" to 45 ng mL™).

3. Chapter 3 reports the fabrication of a versatile nanocarrier, based on the
agglomerated structures of Au NP and lysozyme (Lyz), for cancer drug delivery.
These agglomerates were found to be efficient in loading of both hydrophilic
(doxorubicin hydrochloride, Dox) and hydrophobic (pyrene, Pyr) molecules.
The interaction between the loaded molecules and the agglomerates were non-

covalent. The coating of the loaded agglomerates with albumin not only
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provided stability to the nanocarriers but also helped in uptake by the human
cervical cancer HeLa cells. Transmission electron microscopy (TEM) and
fluorescence microscopy along with flow cytometry analysis confirmed the
uptake of the Dox loaded nanocarriers by the cells. XTT based cell viability
assay demonstrated that the unloaded nanocarriers were not toxic to the cells
whereas the Dox loaded nanocarriers killed the cells very effectively (even
more than that of Dox only). Field emission scanning electron microscopy
(FESEM) showed the formation of apoptotic bodies on the surface of the cells,
thus confirming the release of Dox from the nanocarriers inside the cells. The
nanocarriers were biocompatible and meet the size criterion (average
hydrodynamic diameter was 183 nm) for enhanced permeability through the
leaky vessels of the tumor vasculature. Moreover, the agglomerated Au NPs in
the nanocarriers, with extinction extending to the NIR region, can possibly be

used for the laser induced hyperthermia treatment of cancer.

4. Chapter 4 describes the method acquired for increasing the stability of the
drug loaded agglomerates against protease degradation in the presystemic
circulation. This was done by coating of the drug loaded agglomerates with a
biodegradable polymer poly(lactic-co-glycolic acid) (PLGA) via oil in water
single emulsion process. The nanocarrier was also found stable in human blood
serum and meets the size criterion for possible passive targeting of tumor cells
through the EPR effect. Here, CPT was chosen as a model hydrophobic drug
because it cannot be administered directly as it is unstable at physiological pH.
The active lactone form gets hydrolyzed to inactive carboxylate form, which
binds irreversibly with human serum albumin at physiological pH. The
polymer coated nanocarriers were internalized by the HeLa cells, where they

released their payloads, causing apoptotic cell death.

5. Chapter 5 describes the fabrication of a nanotheranostic BSA NP having Au
nanoclusters as a fluorescent probe and an anticancer drug Dox as a
therapeutic agent. The Au nanoclusters (incorporated in BSA NPs) were non-
toxic, highly photostable and had suitable quantum yield and large Stokes-
shifted emission. Moreover, their (two-photon) excitation and emission lied in

the NIR 650-900 nm window, which is an essential criterion for their use in
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imaging in vivo. These NPs were proved to efficiently load and release the
anticancer drug Dox to the cancer cells, leading to apoptotic cell death. The
luminescence of both Au nanoclusters and Dox were found to be useful - Au
nanoclusters helped in tracking the uptake of the NPs by the cancer cells;
whereas, the luminescence of Dox helped in probing the release of the drug
from the NPs. Thus, it can be mentioned that as the NP and the therapeutic drug
were luminescent, it was easy to follow them. Interestingly, the properties of
the drug loaded NPs like - retention of luminescence in human blood serum
over time, suitability of size for possible passive targeting of tumor cells
utilizing the EPR effect and ability to be imaged by two-photon laser make them
amenable for in vivo imaging. The incorporation of Au nanoclusters in BSA NPs
would help in better understanding the pharmacokinetics of the entire albumin

NP based delivery vehicles.

6. Chapter 6 includes the overview of the thesis and future prospects. In brief, I
have studied the interaction of binary mixture proteins with Cit-Au NPs
resulting in the formation of agglomerates, used modified forms of these
agglomerates for the hydrophilic and hydrophobic drug delivery and at last
fabricated a nanotheranostic BSA NP having both the fluorescent probe and the

therapeutic drug.

The Au NP-protein agglomerates in future can be used for photodynamic
release of drugs. It can even be used for encapsulation and delivery of both the
hydrophilic and hydrophobic drugs simultaneously, for increased efficacy and
reduced toxicity. A three component system (plasmonic + magnetic + imaging)
can also be fabricated by agglomerating Fez04@Au core-shell NPs with protein-

stabilized luminescent nanoclusters.
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CHAPTER 2

Signatures of Specificity of Interactions of Binary Protein
Mixtures with Citrate-Stabilized Gold Nanoparticles

In this chapter, the specificity of interactions of binary mixtures of proteins with
citrate-stabilized gold nanoparticles (Cit-Au NPs), by following the changes in the
optical properties of the NPs is reported. The protein mixtures consisted of a-
amylase and bovine serum albumin (BSA) or a-amylase and amyloglucosidase
(AMG) or glucose oxidase (GOD) and peroxidase (POD). The results observed
herein indicated that interaction between a binary protein mixture and Cit-Au NPs
depended on the nature and concentration of the component proteins. For
example, addition of increasing concentrations of proteins containing a-amylase
and BSA consistently broadened the extinction spectrum of Cit-Au NPs. The area
under the curves when plotted against the concentration of either of the proteins
increased linearly. The method allowed estimation of a protein in a binary
mixture, provided the concentration of the other protein is known. FTIR,
fluorescence, starch agar plate assay and gel electrophoresis results indicated that
both a-amylase and BSA were present in the agglomerated structures of proteins
and NPs, indicating role of both the proteins in the association of NPs. On the other
hand, when the mixture contained increasing concentration either of o.-amylase or
AMG, the broadening as well as the change in the area under the curve varied
randomly rather than following any linearity. Interestingly, when the mixtures of
GOD and POD were used, although broadening was observed but the change in the
area was linear only for low concentrations of GOD in the medium and was very
sensitive to its concentration. Transmission electron microscopy (TEM) results
indicated agglomeration of the NPs in the presence of the protein mixtures as the
primary reason behind the optical property change. Our observations indicated
that the preferential attachment of one protein to Cit-Au NPs - in presence of the
other - primarily depended on the overall charge of the protein in the medium.
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Chapter 2

2.1 Experimental Section

2.1.1 Materials

Proteins a-amylase from porcine pancreas (43.6 U/mg activity), amyloglucosidase
from aspergillus niger (AMG, 59.9 U/mg activity) and peroxidase from horse
radish (POD, 969.65 U/mg activity) were purchased from Fluka. Glucose oxidase
from aspergillus niger (GOD, 158900 U/g activity) and hydrogen
tetrachloroaurate trihydrate (HAuCl4.3H20) were purchased from Sigma-Aidrich
Co., USA. Bovine serum albumin (BSA), trisodium citrate dihydrate and all other
reagents required for experiments were obtained from Merck Specialities Pvt.
Ltd., India. Milli-Q grade water (>18 M cm, Millipore) was used in all of the

experiments.

2.1.2 Synthesis of citrate-stabilized Au NPs (Cit-Au NPs)

1.5 mL of 1.73 x 10 > M HAuCl, solution was added to 60.0 mL of Milli-Q grade
water and then heated to boiling under reflux condition. Then 1.0 mL of 0.857 M
trisodium citrate dihydrate solution was added to the above solution (that was
being stirred) all at once. The solution first turned blue and then deep red
indicating the formation of Cit-Au NP dispersion. The stirring was continued for
another 30 min to ensure complete reduction of Au (III) ions. The synthesis of Cit-
Au NPs was confirmed by UV-visible and TEM analysis. The dispersion of Cit-Au
NPs thus prepared was diluted 2x with sodium phosphate buffer (0.01 M, pH 7.0)
so that the maximum extinction was ~ 1.0 and the final pH of Cit-Au NP dispersion
was ~ 7.0. It may be mentioned here that treatment of phosphate buffer saline
(PBS) with Cit-Au NPs led to broadening of extinction spectrum, indicating
possible agglomeration. The same was not the case for using 0.01 M sodium
phosphate, which was thus used in all the experiments. This diluted Cit-Au NP
dispersion was used for all the experiments and Cit-Au NP dispersion refers to this
diluted form hereafter in the chapter. The NP dispersion was diluted just before

performing the experiments.
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2.1.3 Preparation of protein solution

1.0 mg mL ! solution of each protein, namely a-amylase, BSA, GOD and POD was
prepared by dissolving the respective protein in 0.01 M sodium phosphate buffer
of pH 7.0. For preparing 1.0 mg mL~' AMG solution, sodium acetate buffer of 0.05
M and pH 4.5 was used. a-amylase being sparingly soluble in phosphate buffer
was stirred for 15 min in a magnetic stirrer at room temperature and then
centrifuged at 5000 rpm. The supernatant was collected and used for the
experiments. Each solution was diluted 10x to obtain 0.1 mg mL™' protein
solution. POD and GOD solutions were further diluted 10x with phosphate buffer
to obtain 0.01 mg mL™' POD and GOD solutions respectively. The actual protein
content in the as-prepared solution for each protein was calculated based on the
Bradford test using BSA as the standard protein (refer to Figure 2A.1, Appendix).
The concentration of each protein expressed hereafter in the chapter is thus the

actual protein content present in the final NP-protein solution.

2.1.4 UV-visible measurements

For set I of the binary mixture of a-amylase and BSA, the following procedure was
followed. 3.0 mL of Cit-Au NP dispersion was taken in a disposable plastic cuvette
and its UV-visible spectrum was recorded (using a Hitachi U-2900 Double Beam
spectrophotometer). To this 160.0 uL (10.0 uL. BSA+10.0 uL a-amylase+140.0 uL
sodium phosphate buffer, mixed beforehand in an eppendorf) of binary protein
mixture was added drop by drop. The concentrations of BSA and a-amylase were
0.316 pg mL™" and 0.024 ug mL™' respectively in the final solution. The above
solution was mixed well and kept for 5 min. UV-visible spectrum was again
recorded. Similar additions of the binary protein mixture were made to Cit-Au NPs
in separate cuvettes, keeping the BSA volume constant and changing the volume of
a-amylase solution (and addition of buffer so as to maintain the final volume of

the protein mixture at 160.0 pL).

For sets II, III, IV and V the volumes of BSA were kept constant at 20.0, 40.0,
60.0 and 80.0 pL respectively and the volumes of a-amylase and buffer solutions
were changed accordingly (so that the final volume of the added binary protein

mixture was 160.0 pL). The final concentrations of BSA for sets [, I, III, IV and V
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were 0.316 pg mL™, 0.633 ug mL™', 1.266 ug mL ™', 1.899 pg mL™' and 2.532 pg
mL~" respectively and that of a-amylase varied from 0.024 pg mL™' to 0.212 pg
mL "' (for sets I, II, I1I, and IV) and from 0.024 ug mL™"' to 0.188 pg mL™" (for set V).

In a different set of experiment, the volume of a-amylase was kept constant at
20.0 pL (0.047 pg mL™') and that of BSA was varied from 10.0 pL to 130.0 pL
(0.316 ug mL™' - 4.114 pg mL™"). However, the final volume of the binary protein
mixture added to 3.0 mL of Cit-Au NP dispersion was 160.0 uL and this was
adjusted using phosphate buffer as mentioned above. The different amounts of
BSA and a-amylase solution present in the 160.0 pL binary protein mixture (used

in the UV-visible measurements) are mentioned in Table 2A.1, Appendix.

In case of a-amylase-AMG mixture, the volume of AMG was kept constant at
50.0 pL (0.157 pg mL™") and that of a-amylase was varied from 10.0 uL to 110.0
uL (0.024 pg mL ™" - 0.259 pug mL™"). The final volume of the binary protein mixture
(added to 3.0 mL of Cit-Au NP dispersion) was adjusted to 160.0 uL using
phosphate buffer. In a different set, the volume of a-amylase was kept constant at
50.0 pL (0.114 pg mL™") and that of AMG varied from 20.0 pL to 0.2 mL (0.046 pg
mL™" - 0.457 ug mL™"). Here the final volume of the binary protein mixture added
to 3.0 mL of Cit-Au NP dispersion was adjusted to 250.0 uL with phosphate buffer.

In case of GOD-POD mixture, three different sets of experiments were
performed. In set I, the volume of GOD was kept constant at 60.0 uL (0.903 pg
mL ") and that of POD was varied from 10.0 pL to 120.0 pL (0.017 ug mL™" - 0.206
ng mL ™). In set II, the volume of GOD was kept constant at 30.0 uL (0.045 pugmL™)
and that of POD varied from 10.0 pL to 140.0 pL (0.017 pg mL™" - 0.240 pg mL ™).
In set I1I, the volume of POD was kept constant at 20.0 uL (0.034 ug mL™") and that
of GOD varied from 5.0 pL to 160.0 uL (0.008 pg mL ™' - 0.241 ug mL™"). For all the
three sets, the final volume of the binary protein mixture added to 3.0 mL of Cit-Au
NP dispersion was 180.0 uL (volume was appropriately adjusted using phosphate
buffer).

For all the above sets, the UV-visible spectra of the Cit-Au NP dispersion before
and after addition of binary protein mixture were recorded for each addition and

all the experiments were performed in triplicate. Ratio of area under the
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extinction spectrum of Cit-Au NPs in presence of proteins to that of Cit-Au NPs
only was calculated and plotted against the concentration of a protein in the final
NP-protein solution. It may be mentioned here that all the UV-visible spectra were
recorded in disposable plastic cuvettes with each cuvette being used for only one

measurement.

2.1.5 Calculation of the average area under the UV-visible spectrum

The area under the UV-visible extinction curve was calculated using software
which is a part of the operating software of the equipment. The average area (i.e.
the area under the extinction curve in between the two wavelengths, divided by
the range of wavelength) was calculated by selecting two wavelengths in the
extinction spectrum. Further, the ratios of area in presence and absence of
proteins were calculated from these average values. For calculating average areas,
the extreme wavelengths were always set at 405 nm and 630 nm. A typical view of

the total area under the extinction curve is shown in the Figure 2A.2, Appendix.

2.1.6 Sample preparation for TEM analysis

For TEM analysis, sample was prepared by drop casting the Cit-Au NP dispersion
on a carbon-coated copper TEM grid and left overnight for drying. Similarly,
samples were prepared with Cit-Au NPs containing six different protein mixtures:
0.071 pg mL ™~ a-amylase and 0.316 ng mL ™' BSA, 0.071 ug mL™' a-amylase and
1.899 pug mL ™' BSA, 0.094 pug mL~' a-amylase and 1.266 ug mL ™' BSA, 0.118 pg
mL™" a-amylase and 0.157 pg mL~' AMG, 0.903 pug mL™' GOD and 0.051 pg mL™'
POD and 0.045 pg mL™' GOD and 0.043 pg mL™' POD. These samples were
analyzed by a JEOL JEM 2100 TEM operating at a maximum accelerating voltage of
200 kV.

2.1.7 Modes of addition of component proteins to Cit-Au NP dispersion

For combination I of proteins (30.0 pL a-amylase + 20.0 uL BSA + 110.0 pL
sodium phosphate buffer) the following three modes of addition of proteins to the
Cit-Au NPs were used: a-amylase and BSA as a mixture, a-amylase followed by
BSA, and BSA followed by a-amylase. For the first mode of addition, 3.0 mL of Cit-

Au NP dispersion was taken in a plastic cuvette and its UV-visible spectrum was
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recorded. To this 160.0 pL (30.0 pL a-amylase + 20.0 uL. BSA + 110.0 uL buffer,
mixed in an eppendorf) of binary protein mixture was added. The concentrations
of BSA and a-amylase in the final solution were 0.633 ug mL ™' and 0.071 ug mL™'
respectively. The above solution was mixed well and kept for 5 min. UV-visible
spectrum was again recorded and the ratio of area of the final solution to the area
of the Cit-Au NP dispersion was calculated. For second mode of addition, a mixture
of 30.0 uL of a-amylase and 110.0 uL of buffer was added to 3.0 mL of Cit-Au NP
dispersion in a plastic cuvette, mixed well, followed by the addition of 20.0 pL of
BSA, they were mixed again and kept for 5 min. The UV-visible spectrum of the Cit-
Au NP dispersion was recorded before and after addition of the proteins and the
ratio of area of the final solution to the area of the Cit-Au NP dispersion was noted.
For third mode, the order of addition of a-amylase and BSA was reversed, keeping
the other conditions same. For combination II, the volumes of a-amylase and BSA
were changed to 50.0 uL (0.118 png mL™) and 60.0 pL (1.899 pg mL™") respectively
in 160.0 uL binary protein mixture. All the three modes of protein addition as

discussed for combination I were followed.

For combination III, the mixture of 50.0 pL o-amylase (0.118 pg mL ™), 50.0 pL
AMG (0.157 pg mL™') and 60.0 uL phosphate buffer was used. Three modes of
addition of binary proteins to Cit-Au NPs were also applied here: a-amylase and

AMG as a mixture, a-amylase followed by AMG and AMG followed by a-amylase.

For combination IV, the mixture of 30.0 uL (0.045 pg mL™") GOD, 25.0 pL (0.043
ng mL ") POD and 125.0 pL phosphate buffer was used. Three modes of addition
of proteins applied were: GOD and POD as a mixture, GOD followed by POD and
POD followed by GOD. All the experiments were performed in triplicates.

2.1.8 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE) analysis

A mixture of 2.8 mL of 7.4 pg mL™' a-amylase, 1.6 mL of 0.1 mg mL ™' BSA, and 2.0
mL of sodium phosphate buffer was added to 120.0 mL of Cit-Au NP dispersion,
mixed well and kept for 5 min. The final concentrations of a-amylase and BSA
were 0.165 pg mL™' and 1.266 pg mL™' respectively. The above solution was
centrifuged at 22000 rpm and 4 °C for 30 min. The supernatant was discarded and
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the pellet was re-suspended in sodium phosphate buffer. The NP-protein
composite was recovered again by centrifugation under the same conditions. The
composite was re-suspended in 150.0 pL of phosphate buffer. Protein loading
buffer (final 1x concentration) was added to each of NP-protein solution, 0.074 mg
mL™! a-amylase solution, 0.1 mg mL ' BSA solution, Cit-Au NP dispersion, and
protein molecular weight marker (14.3 kDa - 97.4 kDa, Bangalore Genei). These
solutions were boiled for 5 min and an equal volume was loaded in 12 %
polyacrylamide gel. Gel electrophoresis was performed at 100V for about 2 hours,
until the dye front reached at the end of the gel. The gel was stained using silver

staining method and then photographed.

2.1.9 Enzymatic assay of a-amylase

Starch agar solution (3 %) was prepared in Milli-Q grade water, autoclaved, and
poured into a petri plate. After solidification of agar, five distinct wells were
punctured into the agar plate and filled with 200 uL of sodium phosphate buffer,
7.4 ug mL™" a-amylase solution, 0.1 mg mL ' BSA solution, Cit-Au NPs only, and
NP-protein composite (having the same concentration as in SDS-PAGE)
respectively. The plate was incubated at 37 °C overnight and a-amylase activity
was tested by flooding the plate with iodine solution and observing zone of
clearance around the wells. The same experiment was also repeated with three
different combinations of a-amylase and BSA. The concentrations of a-amylase
and BSA used were 1.266 ng mL~' BSA and 0.094 ug mL™" a-amylase, 1.266 ng
mL™' BSA and 0.165 pug mL™' a-amylase and 1.2666 pg mL™' BSA and 0.235 pg

mL ™' a-amylase.

2.1.10 Fluorescence measurements

3.0 mL of sodium phosphate buffer solution was taken in a fluorescence cuvette
and to it 160.0 uL (50.0 puL a-amylase + 50.0 uL. BSA + 60.0 uL buffer) of binary
protein mixture was added and its emission spectrum was recorded using a
Fluoromax 4 spectrofluorometer with a xenon lamp. The concentrations of BSA
and o-amylase in the final solution were 1.582 pug mL™' and 0.118 ug mL™
respectively. Excitation wavelength was set at 280 nm. The excitation and
emission slit widths were fixed at 5 nm. Similarly, the emission spectrum of 160.0
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pL of the above mentioned binary mixture of proteins in the presence of 3.0 mL of
Cit-Au NP dispersion was recorded, the protein mixture being added drop wise to
the Cit-Au NPs. Before recording the spectrum the sample was mixed well and left
for 5 min. The emission spectra of the above mentioned binary protein mixture
were also recorded in presence of 3.0 mL Cit-Au NPs following the addition of the
individual proteins one after the other (rather than mixing them together before
addition). In one case a-amylase was added before BSA and in another case the
order of addition was reversed. The emission spectrum of 0.118 pg mL™"' a-
amylase in presence of 3.0 mL Cit-Au NP dispersion was recorded and compared
with its emission spectrum in absence of Cit-Au NPs (i.e. in buffer only). Similarly
emission spectra of 1.582 ug mL™' BSA in presence and absence of 3.0 mL Cit-Au
NP dispersion were recorded. The above mentioned binary mixture of proteins
was added drop wise to 3.0 mL of Cit-Au NP dispersion and the time-dependent
fluorescence measurement was made. Spectra were recorded after 1, 3, 5, and 10
min from the time of addition of binary mixture of proteins to Cit-Au NP

dispersion.

2.1.11 Sample preparation for FTIR measurements

The dispersion of Cit-Au NPs containing 0.118 pg mL ™" a-amylase and 1.899 ng
mL ™' BSA was centrifuged at 22000 rpm and 4 °C for 30 min. The supernatant was
discarded and the pellet was lyophilized (using Christ Alpha 1-4 LD lyophilizer).
Dispersion of Cit-Au NP only was also lyophilized after centrifugation. The
lyophilized products were analyzed by FTIR. FTIR spectra of trisodium citrate
dihydrate, a-amylase, BSA, and the above lyophilized products were recorded, by
forming disc with KBr, using a Perkin Elmer Spectrum One Spectrometer. The scan

was performed in the range of 400-4000 cm ™' in transmittance mode.

2.1.12 Dynamic light scattering (DLS)-based particle size measurements

DLS measurements were carried out for GOD and POD mixture. Cit-Au NP
dispersion was taken in a quartz cuvette and its particle size distribution was
measured using a Zetasizer Nano ZS90 (Model No ZEN3690). To this mixture
0.045 ug mL™' GOD and 0.017 ug mL™' POD was added, mixed well and kept for 5
min. The particle size distribution of this solution was recorded again. Similar
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addition of GOD and POD binary mixture were made to fresh Cit-Au NPs keeping
the concentration of GOD constant and varying the concentration of POD from
0.017 ug mL™' to 0.240 pg mL™". In a different set the concentration of GOD was
fixed at 0.903 ug mL™' and POD was varied from 0.017 pg mL™' to 0.206 pg mL ™.
The particle size distribution was recorded after the addition of each binary
mixture to Cit-Au NP dispersion. Measurements were carried out at 25 °C using a
sample volume of 1.5 mL. Each sample was measured in duplicate and the

wavelength of the HeNe laser used for the DLS instrument was 633 nm.

2.2 Results and Discussion

It is known that addition of proteins like a-amylase or BSA to a dispersion of Cit-
Au NP leads to agglomeration of the NPs, which is accompanied by broadening of
the UV-visible extinction spectrum.[6’] Also, the area under the extinction curve
varies linearly with the concentration of the protein when the concentration is
sufficiently small. On the other hand, the slope of the curve varies depending on
the nature of the protein and its conformation (native versus denatured). A
natural extension of this idea would be to elucidate the effect of a binary mixture
of proteins on the NPs. The results reported here points out interesting
consequences depending on the nature of the proteins and their concentrations in
the mixture. For example, upon addition of a-amylase and BSA mixture to Cit-Au
NPs, the deep red color of the dispersion changed to pink at low total protein
concentration. The color changed to purple when the total concentration of
proteins was increased. There were observable changes in the surface plasmon
resonance (SPR) extinction spectrum of Cit-Au NPs in the presence of mixture of
a-amylase and BSA. UV-visible spectra of Cit-Au NPs in absence and presence of
binary mixture of proteins (having different fractional content of a-amylase and
BSA) are shown in Figure 2.1. Quantitatively, when a mixture of 0.316 pg mL™'
BSA and 0.024 pg mL™' a-amylase was added to 3.0 mL of Cit-Au NP dispersion,
the spectrum broadened with a slight red shift from 522 nm to 524 nm in the SPR
peak of Cit-Au NPs. The broadening increased further upon increasing the

concentration of a-amylase (up until 0.165 pug mL™" of protein), while keeping the
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Figure 2.1 SPR extinction spectra of Cit-Au NP dispersion before and after addition of binary
protein mixtures having different fractional content of a-amylase and BSA. Concentration of o-
amylase was varied in the range of 0.024 pg mL™" - 0.165 ug mL™" (for a-c) and from 0.024 pg mL™"
- 0.118 ug mL™' (for d), keeping the concentration of BSA constant at (a) 0.316 ug mL™", (b) 0.633
pug mL™, (c) 1.266 pg mL™" and (d) 1.899 ug mL ' The arrows in the figures show the increase in

broadening of the SPR spectrum of Cit-Au NPs with increasing concentration of a-amylase.

concentration of BSA constant at 0.316 pug mL~". At a concentration of o-amylase
higher than 0.165 ug mL™', no further broadening of the SPR peak was observed.
Also, when keeping the concentration of BSA constant at 0.633 pg mL™' and
changing the concentration of a-amylase, broadening of the SPR peak of Cit-Au NP
dispersion was observed to increase and further spectral broadening was no
longer observed beyond a concentration of 0.165 pg mL™' a-amylase. When the
concentration of BSA was kept constant at 1.266 ug mL~' and 1.899 pg mL™’,
saturation occurred after addition of 0.165 pg mL™' and 0.118 ug mL ™' a-amylase
respectively. However, when the concentration of BSA was kept constant at 2.532
pg mL™" and that of a-amylase was changed from 0.024 pug mL™' - 0.188 pg mL™',
broadening increased systematically up to a concentration of 0.071 ug mL™" o-

amylase only and beyond that the change in broadening was not systematic
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(Figure 2A.3, Appendix). On the other hand, when the concentration of a-amylase
was kept constant at 0.047 pg mL™"' and that of BSA was varied from 0.316 ug mL ™
to 4.114 pg mL™" in the Cit-Au NP dispersion, then also broadening of the SPR peak
of Cit-Au NPs increased (up to a BSA concentration of 2.215 pg mL™") (Figure 2.2).
At a concentration of BSA higher than 2.215 pug mL™, saturation occurred and no

further increase in broadening was observed.
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Figure 2.2 SPR spectra of Cit-Au NP dispersion before and after addition of binary protein
mixtures having different fractional content of a-amylase and BSA. Concentration of BSA was
varied from 0.316 pg mL ™' to 2.215 pg mL ', keeping the concentration of a-amylase constant at
0.047 pg mL ", The arrow in the figure shows the increase in broadening of the SPR spectrum of

Cit-Au NPs with increasing concentration of BSA.

Further, when the a-amylase-AMG mixtures having constant concentration of
AMG (0.157 pg mL™") and varying concentration of o-amylase (0.024 pg mL™' to
0.259 pg mL') were added to Cit-Au NP dispersion, broadening was also
observed. However with an increase in concentration of a-amylase, there was no
consistent change in broadening (Figure 2.3). For example, when 0.047 pug mL™'
of a-amylase was present in the mixture the spectrum was broadened; whereas
when the mixture contained 0.071 pug mL™' of a-amylase there was broadening but
less than that in presence of 0.047 ug mL™". On the other hand, when 0.094 pg
mL™' o-amylase containing protein mixture was added to the dispersion then
there was broadening again and that was higher than that in presence of 0.047 ng

mL ", Further, when the concentration of a-amylase was kept constant at 0.114 ug
27
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mL~" and that of AMG was varied from 0.046 pg mL ™" - 0.457 ug mL™' results were

similar.

—— Au NPs only
10 0.024 pg mL1
——0.047 pg mL!
0.8 - 0.071 pg mL!
. 0.094 pg mL-!
= —().118 pug mL‘1
2 n
5 0.6 0.141 pg mL
= -1
R ——0.165 g mL
ﬁ —0.188 pg mL!
= 0.4 0.212 pg mL-1
0.259 pg mL!
0.24
0.0 ' r .
400 500 600 700 800

Wavelength (nm)

Figure 2.3 SPR spectra of Cit-Au NP dispersion before and after addition of binary protein
mixtures having different fractional content of a-amylase and AMG. Concentration of a-amylase
was varied from 0.024 pg mL ™' to 0.259 ug mL™' (the legends refer to different concentrations),

keeping the concentration of AMG constant at 0.157 pug mL .

On the other hand, the results with respect to a mixture of GOD and POD were
dependent on the concentration of GOD. For example, when a mixture of 0.903 pug
mL ™' GOD and 0.017 pg mL™' POD was added to Cit-Au NP dispersion, broadening
of the SPR peak was observed. However, with increase in concentration of POD,
the broadening was observed not to change consistently (Figure 2.4 a). For
example, when 0.017 pg mL™" of POD was present in the mixture the spectrum
was broadened; whereas when the mixture contained 0.034 pug mL ™' of POD there
was broadening but less than that in presence of 0.017 pg mL™". On the other hand,
when 0.051 ug mL™' POD containing protein mixture was added to the dispersion
then there was broadening again, which was higher than that in presence of 0.017
pg mL~". Interestingly, when the concentration of GOD was fixed at 0.045 pg mL™'
(lower than the sensitivity range of individual GOD; see the discussion below) and
that of POD was varied, broadening was observed to increase consistently with an
increase in concentration (up to 0.146 ug mL™") of POD (shown in Figure 2.4 b).
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However, when the concentration of POD was kept constant at 0.034 pg mL ™' and
that of GOD was varied from 0.008 pg mL™' - 0.241 pg mL™', no systematic change

in broadening was observed.

1.0
only Cit-Au NPs
a 0.017 pg/ml:1 104 b
o054 0.034 pg/mlL:1
. ——0.051 pg/ml:1
0.069 pg/ml:1 0.8+
= ———0.086 pg/mL:1 o
g 0.6+ ——0.103 pg/mL:! )
51 1 £ 0.6
£ 0.120 ng/ml> g
5 ——0.137 ng/m:1 £
& 0.4+ ——0.172 pg/mL! =
o 0.4 4
0.206 ng/ml:
0.2 4 0.24
0.0 T T T 0.0 T T T
400 500 600 700 800 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 2.4 SPR spectra of Cit-Au NP dispersion before and after addition of binary protein
mixtures having different fractional content of GOD and POD. Concentration of POD was varied
from 0.017 pg mL™" - 0.206 pg mL™" (for a) and from 0.017 ug mL™" - 0.146 pg mL™" (for b), keeping
the concentration of GOD constant at (a) 0.903 pg mL "' and (b) 0.045 pg mL™".

TEM investigations of the Cit-Au NPs in the presence of mixtures of proteins
indicated that the origin of the spectral broadening may be attributed to the
agglomerations of the NPs. It may be mentioned here that TEM of the as-
synthesized Cit-Au NPs (i.e. in absence of protein) indicated no such
agglomeration and the particle size distribution of Cit-Au NPs was found to be

10.0 + 1.0 nm (Figure 2.5). On the other hand, Cit-Au NPs in presence of mixtures

o & . » o’ ¢
» ’ L ®q
» e ’.3.. oe
- * o. ”..'. ]
f o o ° *0
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'...'... ..:.o .
) 4 * o o°
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Figure 2.5 TEM micrograph of Cit-Au NPs. Scale bar is 50 nm.
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Figure 2.6 TEM micrographs of (a-c) Cit-Au NPs in presence of 0.071 pg mL "' a-amylase and 0.316
pg mL~' BSA, (d-f) Cit-Au NPs in presence of 0.071 pg mL™' a-amylase and 1.899 ug mL™' BSA and
(g-i) Cit-Au NPs in presence of 0.094 ug mL ™' a-amylase and 1.266 pg mL ™' BSA. Scale bar is 50 nm

in all.

of mixtures of 0.071 ug mL™" a-amylase and 0.316 pg mL™' BSA (Figure 2.6 a-c),
0.071 pg mL™" a-amylase and 1.899 pg mL™' BSA (Figure 2.6 d-f), 0.094 ug mL"™
a-amylase and 1.266 pg mL™' BSA (Figure 2.6 g-i), 0.118 pg mL™' o-amylase and
0.157 ug mL™" AMG (Figure 2.7 a-c), and 0.045 pg mL™' GOD and 0.043 pug mL™
POD (Figure 2.7 d-f) exhibited significant agglomeration of the NPs. Interestingly,
when mixture of 0.903 pg mL™' GOD and 0.051 pg mL™' POD was added to Cit-Au
NP dispersion agglomeration was present but less significant (shown in Figure
2.7 g-i). This indicates that an increase in the concentration of GOD (in the

presence of POD) in the solution led to a lowering of the extent of NP
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agglomeration. Thus, the presence of the mixture of proteins in the dispersion of
Cit-Au NP led to agglomeration of the NPs which caused the broadening of the
extinction spectrum. Further, the extent of the broadening of the spectrum and
agglomeration of the NPs were dependent not only on the nature of the protein

but also on their content in the mixture.

i)

e oF

50 nm 50 nm

50 nm

&

Figure 2.7 TEM micrographs of (a-c) Cit-Au NPs in presence of mixture of 0.118 ug mL™ -
amylase and 0.157 pg mL™~' AMG, (d-f) Cit-Au NPs in presence of mixture of 0.045 pg mL™ GOD and
0.043 pg mL™' POD and (g-i) Cit-Au NPs in presence of mixture of 0.903 pg mL™' GOD and 0.051 ug
mL~' POD. Scale bar is 50 nm in all.

It has previously been observed that a more quantitative understanding of the
interaction between proteins and Cit-Au NPs could be achieved if the area under
the extinction curve (related to oscillator strength) was plotted against the
concentration of protein.l67] This turned out to be quite useful for assay of
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individual proteins with distinction of conformations. It can be expected that
similar analyses would throw new light on the interactions of proteins and NPs in
the presence of a second protein. The results of such analyses involving a binary
mixture of a-amylase and BSA are shown in Figure 2.8. The ratio of the area
under the curve in the presence of a particular mixture of proteins to that in their
absence was plotted against the concentration of a particular protein, while
keeping the other one constant. The concentration range of component proteins

was chosen preferably from the linear region of area under the extinction curve
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Figure 2.8 Ratio of area under the UV-visible spectrum of Cit-Au NPs in presence of different
fractional content of a-amylase and BSA to that of Cit-Au NPs only, plotted against o-amylase
concentration (ug mL™'). The areas were calculated based on the results in Figure 2.1.
Concentration of a-amylase was varied keeping the concentration of BSA constant in the final
solution. Concentrations of BSA were (A) 0.316 ug mL™", (B) 0.633 pg mL™, (C) 1.266 ug mL™" and
(D) 1.899 pg mL™'. The error bars were calculated from the results of three independent

experiments.
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versus concentration plot, obtained from the spectra when individual proteins
were added to Cit-Au NPs.[¢7] [t is interesting to observe that the ratio of the area
under the UV-visible spectrum of Cit-Au NPs (in the presence of a binary mixture
of a-amylase and BSA) to that of Cit-Au NPs only, increased linearly with the
increase in concentration of one of the component proteins (until a certain
concentration). For example, when the concentration of BSA was kept constant at
0.316 pg mL™', linearity was observed for the change in concentration of a-
amylase from 0.024 pg mL™' to 0.165 ug mL™' (Figure 2.8 a). Additionally, for
constant concentrations of BSA being 0.633 pg mL™', 1.266 ug mL ™" and 1.899 g
mL~", linearity was observed from 0.024 pug mL ™' up to 0.165 pg mL™', 0.165 pg
mL ™" and 0.118 ug mL ™" of a-amylase concentration respectively (Figure 2.8 b-d).
The plot of ratio of area versus o-amylase concentration (ug mL '), when the
concentration of BSA was kept constant at 2.532 pg mL™" is shown in Figure 2A.4,
Appendix. At this concentration of BSA, the linearity was observed up to an a-
amylase concentration of 0.071 pug mL™'. However at higher concentrations -
while broadening was significant - clear linearity with an increase in
concentration of a-amylase was not apparent (Figure 2A.4, Appendix). On the
other hand, when the a-amylase concentration was fixed at 0.047 ug mL™' and
that of BSA was varied, then linearity was also observed for changes in
concentration of BSA from 0.316 pg mL™' - 2.215 pg mL ™' (Figure 2.9). At several
other concentrations of a-amylase, the linearity was maintained with respect to
increases in the concentration of BSA. A three-dimensional representation of the
results of areas of the extinction spectra of Cit-Au NPs in the presence of binary
mixtures of a-amylase and BSA is depicted in Figure 2.10. Clearly the figure
indicates that the area ratio was linear in the concentration range of a-amylase
being 0.024 pg mL ™" to 0.165 pg mL ™', while that of BSA was from 0.316 ng mL ' to
1.899 pug mL™". A schematic representation of the process of agglomeration of the
NPs in the presence of a binary mixture of a-amylase and BSA is shown in Scheme
2.1 b (Case 1). An important point that needs to be noted here is the concentration
of individual protein at which agglomerates formed. It was observed that even in

the mixture the concentration of a-amylase required for agglomeration was less in
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comparison to that of BSA. Earlier works from our laboratory indicated that when

only a-amylase was used the concentration of the protein required for

1.08

y = 0.025x + 1.0124
R’ =0.9949

1.06 4

Ratio of area
{1
9

1.02 -

0.5 1.0 1.5 2.0 2.5
[BSA] pg mL!

Figure 2.9 Ratio of area under the UV-visible spectrum of Cit-Au NPs in presence of different

fractional content of a-amylase and BSA to that of Cit-Au NPs only plotted against BSA

concentration (ug mL™"). Concentration of BSA was varied from 0.316 ug mL™' to 2.215 ug mL™,

keeping the concentration of a-amylase constant at 0.047 ug mL™". The error bars were calculated

from the results of three independent experiments.

AR NS
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Ratio of area

Figure 2.10 Three-dimensional plot of ratio of area as a function of a-amylase concentration (ug

mL™") in x-axis and BSA concentration in y-axis (ug mL ™).

agglomeration was less in comparison to that when only BSA was used.[¢”] Thus
the trend in concentration-dependent agglomeration in the binary mixture was
commensurate with the behavior in the presence of individual proteins. Further,
the linear increase in area under the extinction curve with concentration of either
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of the proteins indicated that this could be a facile method for estimation of

proteins in a binary mixture at least when the concentration of one is known.

Further, the results from the study involving a-amylase and AMG mixtures did
not clearly exhibit linearity in the increase in area, under the extinction spectrum,
with concentration of either of the proteins. As an example, for a mixture of a-
amylase and AMG where the concentration of AMG was fixed at 0.157 ug mL™' and
that of a-amylase was varied from 0.024 pg mL™' to 0.259 pug mL™', the ratio of
area under the UV-visible spectrum of Cit-Au NPs and proteins solution to that of
Cit-Au NPs only did not change linearly with increase in concentration of a-
amylase (Figure 2.11). Additionally, when the concentration of a-amylase was
kept constant at 0.114 pg mL ™' and that of AMG varied from 0.046 ug mL ™" - 0.457

ug mL ™' results were similar.
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Figure 2.11 Ratio of area under the UV-visible spectrum of Cit-Au NPs in presence of different
fractional content of a-amylase and AMG to that of Cit-Au NPs only plotted against a-amylase
concentration (ug mL™). Concentration of a-amylase was varied from 0.024 pg mL™" to 0.259 pg
mL ', keeping the concentration of AMG constant at 0.157 pg mL™". The error bars were calculated

from the results of three independent experiments.

In case of GOD-POD mixture when the concentration of GOD was kept constant
at 0.903 pg mL™" and that of POD varied from 0.017 ug mL™" - 0.206 pg mL™, the
change in the ratio of area versus POD concentration was not linear (Figure 2.12
a). However, when changing the concentration of GOD to 0.045 pg mL™" (which is
lower than the sensitivity range of individual GOD; see the discussion below) and
then varying the concentration of POD, a linear increase in the ratio of area was
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observed in the concentration range 0.017 ug mL™" - 0.146 pg mL ™' of POD (Figure
2.12 b). Interestingly, when the concentration of POD was kept constant at 0.034
pug mL™" and that of GOD varied from 0.008 pg mL™' - 0.241 pg mL ™, again no
linearity was observed. The results indicated that linearity was maintained at a
low concentration of GOD in the solution. The processes of agglomeration in case
of a-amylase - AMG (Case 2) and GOD - POD (Case 1, at low GOD concentration

and Case 2, at high GOD concentration) mixtures are depicted in Scheme 2.1 b.
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Figure 2.12 Ratio of area under the UV-visible spectrum of Cit-Au NPs in presence of different
fractional content of GOD and POD to that of Cit-Au NPs only plotted against POD concentration (ug
mL ™). Concentration of POD was varied from 0.017 pg mL™"' - 0.206 pg mL™" (for a) and from 0.017
pg mL™' - 0.146 pg mL ™' (for b), keeping the concentration of GOD constant at (a) 0.903 pug mL™"
and (b) 0.045 pg mL". The error bars were calculated from the results of three independent

experiments.

Further, DLS-based particle size analysis indicated that for Cit-Au NPs, the
maximum of the particle size distribution curve was at 18 nm. In the presence of a
low concentration GOD (0.045 pg mL '), when POD was added increasingly from
0.045 pg mL™" to 0.240 pg mL ™', the maximum gradually shifted from 22 nm to 37
nm (Figure 2A.5 a, Appendix). A closer analysis of the distribution curves (shown
in Figure 2A.5 b, Appendix) revealed that upon addition of binary protein
mixtures (GOD and POD) to Cit-Au NPs, the number of particles in the region 9 nm
- 24 nm decreased whereas the number of particles in the region 24 nm - 72 nm
increased, indicating association of particles to form agglomerated structures.
Moreover, significant peaks at higher sizes (166 nm - 4936 nm) appeared on

addition of the proteins. On the other hand, at a higher concentration of GOD,
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when POD amount was increased from 0.017 pg mL™' to 0.206 pg mL™', the
number of smaller particles decreased and that of larger particles increased.
However, the maxima of the distribution curves did not vary consistently. For
example, in the presence of 0.903 ug mL~' of GOD when 0.017 pg mL™", 0.086 ug
mL ™" and 0.120 pg mL™" of POD were added the maxima of the distribution curves
were at 28 nm, 24 nm and 28 nm respectively. In general the maximum of the
particle size distribution curves varied between 28 nm and 24 nm; however, the
changes were not consistent with the protein concentrations (shown in Figure
2A.6 a, Appendix). Peaks corresponding to higher particle size distribution also
appeared (shown in Figure 2A.6 b, Appendix); and their behaviors were similar.
The results indicated that in the presence of higher concentration of GOD, addition
of POD changed the particle sizes but there was no simple correlation between
them. In other words, although there were agglomerations they did not follow any
simple behaviour. Moreover, in the presence of one protein the assay sensitivity of
the second protein in the mixture could be improved in the case where linearity is
observed. For example, as shown in Figure 2A.7 and Figure 2A.8, Appendix, the
sensitivity of detection of POD and GOD (in their individual protein solutions)
could be as low as 0.009 pg mL ™' and 1.091 pug mL™" respectively. On the other
hand, in the presence of a binary mixture of them the sensitivity of detection of
GOD could be even higher with a value as low as 0.045 pg mL™'. Thus, this
indicates an additional advantage of assay of binary protein mixture with
improved sensitivity which may otherwise be not feasible using a single protein in

the current method.

It has been demonstrated that proteins upon attachment with the NPs get
unfolded and interact with excess proteins in the solution leading to
agglomeration.>®! The interactions between colloidal particles in a medium have
traditionally been addressed by DLVO theory.[°¢] In this case the Coulombic forces
and van der Waals interactions play major roles in the stability as well as
agglomeration behaviors of the colloids. On the other hand, it has been reported
lately that in the presence of high salt concentrations, i.e. 0.1 M or higher, the
DLVO theory fails to explain the stability and agglomeration behaviors of colloidal

particles.[°7] In the present case, a clearer understanding of the phenomena based
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on DLVO theory may not be easy, as the concentration of citrate and other salts
are rather high (6.5 M). The agglomeration of the NPs in the presence of proteins
could be due to a combination of electrostatic and van der Waals interactions,
hydrogen bonding, steric, entropic and hydrophobic interactions (following
unfolding of proteins attached to the NPs). A clear and quantitative understanding
of these forces is out of bound of the present context as the focus here is on the
consequences of aggregation rather than its origin. Thus we shall restrict our

conclusions based on a more qualitative analysis of the effect of agglomeration.

Considering the observations described above it can be speculated that when a
binary mixture of proteins interacts with Cit-Au NPs, the composites of the NPs
and proteins could form structures with three different kinds of components
molecules (as depicted in Scheme 2.1 b) - Au NPs plus protein 1 (P1), Au NPs plus
protein 2 (PZ2) and Au NPs plus P1 and P2. Each of these aggregates would
contribute to the broadening of the spectrum. The contribution of each of the
aggregate to the overall broadening could be accounted for by invoking the
broadening (and accompanying shift in the peak position) of the spectral line for
each constituents. For a colloidal solution with N particles per unit volume the

extinction of light could be written as follows:[%8]

I NQ.I
% = 5303 (2.1)

Herel,and | are the intensities of incident and transmitted light, | is the path

length and Q,, is the extinction coefficient of a single particle.

Qext (/1) _ 87[2R3\/§ Im{ (‘92 _gm)(gl + 2‘92) + (1_ g)(gl —gz)(gm + 252) } (2_2)
A (52 +28m)(81+282)+(1_g)(81_82)(252 _ng)
Here R is the radius of the spherical NP, 1 is the wavelength of the light, ¢, is
the dielectric function of the medium, ¢ and ¢, are the complex dielectric
functions of the particle core and the surface coating and g is the volume fraction

occupied by the surface coating. The extinction of light integrated over

wavelengths (i.e. the area under the extinction curve) could be expressed as,

[ A (D2 = [ AL ()dA+ [ AL (D) A+ [ AL (DAA+ [ Ay, (A)dA (2:3)
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Here A, (1) is the wavelength-dependent extinction of light by Cit-Au NPs in
the presence of proteins, A, (1) is the wavelength-dependent extinction of light by
Cit-Au NPs which remain free and do not form agglomerate, A, (1) is the
wavelength-dependent extinction of light by P1 agglomerated Au NPs, A,(1) is

the wavelength-dependent extinction of light by P2 agglomerated Au NPs and
A.-,(4) is the wavelength-dependent extinction of light by Au NPs agglomerated

with both Pland P2. Further, the integrated extinction of light could be rewritten

as,

J. Aotal (ﬂ)dﬂ = ﬁ[] N NP ~extNP (Z)d//t +J NPlQextPl (/’i)dﬂ’ +J. NP2 extP2 (ﬂ)dﬂ‘ +I N PlPZQextPlPZ (/I)d ﬂ”j|
(2.4)

Here, N, =Ny +Ng +Ng, +N.,,, where N, is the total number of Au NPs

total

present in the medium, N, is the number of Cit-Au NPs which are free, N, is the
number of Au NPs agglomerated with P1, N, is the number of Au NPs
agglomerated with P2 and N,,, is the number of Au NPs agglomerated with both

P1 and P2, all measured at the same instant of time. It has been observed
earlier(®’l and also reported herein that interaction of a single protein with Cit-Au
NPs led to the formation of agglomerated structures for which the change in the
area of extinction was linear with the concentration of protein. Thus it can be
approximated that the number of particles associated with the composite
formation linearly depended on the concentration of protein. In other words,

N, =kC, where C, is the concentration of the protein involved and Kk is the

proportionality constant. So far as the composite with two proteins is concerned

one can write the number of NP involved as N, = f(PLP2). For the integrated

extinction of light to be linear with either of the protein concentrations (while the
second is kept constant), the following condition needs to be satisfied:

Noip, =k,Cpy +K,Cp, and the integrated extinction of light could be written as,

'[ Aotal (l)dﬂ' = m

|:Ntotal IQexINP (ﬂ)d/l + {kz ('[QextPZ (/I)dl - JQenNP (l)d’i)"’ka (J‘QexlplPZ(/l)dﬂ - '[QextNP (ﬂ)dl)}cpz

+{k1 (J.QextPl (ﬂ)dﬂ _IQextNP (l)d ﬂ>+k3 (erxtPlPZ (A)d A _ernNP (ﬂ)dﬂ)} CPl] (2'5)
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In different sets of preparations of Cit-Au NPs there are variations in the size
and distribution of Au NPs and this will be reflected in the extinction spectra. Thus
the total area under the curve would vary from sample to sample. If the variation

is sufficiently small then the associated changes could be accommodated by

dividing both sides of equation 5 by I A,(A)d4. The resultant equation could be

written as,

[AwDdz_ |
[Ae(A)da " 2.303[ A, (2)dA

|:{k2 (_[Qextpz (l)dl - J.QextNP (A)dﬂ)+k4 (J.QextPlPZ (A)d/1 - J-QextNP (ﬂ“)d ﬂ)} CPZ

ke ([ Qun (D82~ [ Quip (IA2) e ([ Qupres ()02~ [ Quae ()42 o | (26)

Therefore, the ratio of area under the extinction curve would vary linearly with
either of the protein concentration provided the concentration of second protein
is kept constant. The linear increase in the area under the curve with respect to
concentrations of one of the proteins while keeping the other constant may at first
indicate that interactions between the proteins and Cit-Au NPs could possibly be
independent events. In other words, each protein could interact independently
with the NPs and there is no secondary interaction between the two proteins
involved. However, it could also be possible that the interactions between these
two proteins and Cit-Au NPs were identical even when present as a mixture. In
other words, if agglomeration took place with increasing concentration of one
protein the behavior would be similar for the other protein. Thus the extent of
agglomeration in the presence of increasing concentration of either of the
proteins, while that of the other being kept constant, was similar. Essentially, a
mixture of proteins would behave like that of a single protein, with the protein
whose concentration is being increased leading the nature of the agglomerate.
This would mean increasing concentration of o-amylase (with keeping BSA
constant) would have a different slope than that of increasing concentration of
BSA (keeping a-amylase constant). That the slopes were different (Figures 2.8,
2.9 and 2.10) support the above. Also, the concentration ranges where the
linearity was maintained were similar to the results when individual proteins
were used instead of a mixture.[’] On the other hand, when the area is not linearly

dependent on any of the protein concentration then the expression could be
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written as,

[Awdz_ |
[Ap()da " 2303[ Ap(A)dA

|:k2 (J‘Qex!PZ (’Ddﬂ - J‘Qex!NP (}”)dﬂ)cpz + kl (J'QextPl(ﬂ’)dﬂ“ - IQextNP (l)dﬂ)cpl

([ Qupsra (D82~ [ Quup ()42) T (PLP2) | @7)

Thus, when one of the protein concentrations is sufficiently low and hence the
last term involving the concentrations of both the proteins is small, the
dependence is again linear with either of the protein concentration. It is important
to mention here that the extinction coefficients of agglomerated structures have
been assumed to be invariant with an increase in the extent of agglomeration
upon serial addition of proteins. In other words, with increase in protein
concentrations, although the number of agglomerated structures and extent of
agglomeration increased, the environment surrounding each NP might not have
changed further in the higher agglomerated structures. Thus any change in
extinction coefficient (i.e. complex dielectric function of the surface coating and
the volume fraction occupied by the surface coating) might be assumed to be

minimal.

The Scheme 2.1 a shows that in case of single protein the agglomeration
increases systematically and thus the area under the curve increases linearly with
concentration of the protein. In case of binary mixtures if the Au NPs
agglomerated systematically with both P1 and P2 (as depicted in Scheme 2.1 b
Case 1), the area under the curve would vary linearly. However, if the interaction
of Au NPs with both P1 and P2 changes agglomeration abruptly (as depicted in

Scheme 2.1 b, Case 2), the area under the curve would vary non-linearly.

A binary mixture of proteins may interact with the Cit-Au NPs present in the
medium leading to partial or complete replacement of the stabilizers (citrate). It is
likely that both the proteins would be attached simultaneously; however, their
population ratio in each particle may be decided by the properties of individual
protein especially its affinity toward the NP. Thus the equilibrium population of
the proteins attached to a particle would not only be decided by their

concentrations in the medium but also their three-dimensional structures with
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Scheme 2.1 A schematic representation of the process of agglomeration of the NPs in the presence

of (a) single protein and (b) binary mixtures of proteins.

constituent amino acids especially those exposed to the medium.[®°! This
specificity has been observed in the interaction between a protein and Cit-Au NP,
as reflected in the difference in changes of optical property of Cit-Au NPs in the
presence of different mixtures of proteins. However, the interaction between a
binary protein mixture and Cit-Au NP would not only depend on the specificity but
also on the relative affinity. For example, one may ask the question whether
change in the area under the extinction curve would depend on the method of
protein addition to the NPs. In other words, what would be possible differences if
proteins were added as a mixture versus in sequence? In this regard, when the
binary mixture of a-amylase and BSA was added to 3.0 mL of Cit-Au NPs, with the
final concentrations being 0.071 pg mL™' and 0.633 pg mL™' respectively,
broadening of the SPR peak of Cit-Au NPs was observed and the ratio of area
under the UV-visible spectrum of Cit-Au NP-protein solution to that of Cit-Au NPs
only was found to be 1.028 + 0.010. Peak broadening was also observed upon
addition of 0.633 pg mL™" BSA to 3.0 mL of Cit-Au NPs already containing 0.071 ng
mL ™! of a-amylase, and the ratio of area under the spectra was observed to be

1.025 + 0.003. On the other hand, addition of 0.071 pg mL™" of a-amylase to 3.0
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mL of Cit-Au NPs already containing 0.633 ug mL™"' of BSA not only broadened the
spectrum but also lead to a comparatively significant increase in the ratio of the
area under the spectra (to a value of 1.043 + 0.008). The above results are from
experiments performed in triplicates and the concentrations of the proteins refer
to concentrations of the final solution. It could be noted that the ratio of area
under the spectra for the first and second mode of addition of proteins to Cit-Au
NPs were similar suggesting that the mechanism of interaction of proteins with
Cit-Au NPs in these two cases were similar. However, the different value of the
ratio of area under the spectra for the third mode of addition indicated the
involvement of different kind of mechanism of interaction between the proteins
and Cit-Au NPs. Similar results were obtained for a dispersion of Cit-Au NPs
containing 0.118 pg mL™' a-amylase and 1.899 pg mL™' BSA. The ratios of area
corresponding to different sequences of addition of proteins to the NP dispersion
to reach the final mixture are shown in Tables 2A.2 and 2A.3, Appendix. The UV-
visible graphs are shown in Figure 2A.9, Appendix.

The above experiments were also carried out for a mixture of 0.157 pg mL™
AMG and 0.118 pg mL™' a-amylase as well as for a mixture of 0.045 pug mL™' GOD
and 0.043 pg mL™' POD. In case of a-amylase and AMG (Tables 2A.4, Appendix),
when mixture of 0.157 pg mL~' AMG and 0.118 ug mL ' a-amylase was added to
3.0 mL of Cit-Au NPs, the ratio of area under the curves was found to be 1.032 +
0.004. On addition of 0.157 pg mL™"' AMG to 3.0 mL of Cit-Au NPs already
containing 0.118 pug mL™' a-amylase, the ratio of area was found to be 1.037 +
0.006. On the other hand when 0.118 pg mL™' a-amylase was added to 3.0 mL of
Cit-Au NPs already containing 0.157 pg mL™' AMG, the ratio of area was observed
to be 1.087 * 0.014. For GOD and POD (Tables 2A.5, Appendix), when 0.045 ng
mL~' GOD and 0.043 pg mL™' POD was added as a mixture to Cit-Au NPs, the ratio
of area was noted to be 1.001 + 0.004. Additionally, when 0.045 pg mL~' GOD was
added to 3.0 mL of Cit-Au NPs already containing 0.043 ug mL™' POD, the ratio of
area was almost same (1.001 * 0.001). However, when 0.043 pg mL™' POD was
added to 3.0 mL of Cit-Au NPs already containing 0.045 pug mL™' GOD, the ratio of
area changed to 1.017 = 0.004.
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The dependence of ratio of area on the sequence of addition indicated different
affinities of proteins for their attachment to the NPs as well as their tendencies for
forming agglomerates. For example, between a-amylase and BSA, a-amylase may
not only have higher affinity for the NPs but also have higher tendency for
agglomeration. Thus when present as a mixture or a-amylase being added initially
the preferential attachment of the protein in combination with lower tendency of
BSA (for agglomeration) leads to the same final structure. Thus the changes upon
addition of BSA following a-amylase would be too feeble to lead to further
agglomeration. On the other hand, when BSA is added initially there is a lower
level of agglomeration occurring upon attachment of the protein to the NPs.
However, following subsequent addition of a-amylase while some of the BSA
molecules attached to the NPs may be replaced, further agglomeration would
occur without disrupting the initial agglomerates. In other words, in the presence
of BSA alone (at its low concentration) the level of agglomeration would be low
and there may be considerable presence of NPs without agglomeration even if
they contained the protein. Upon subsequent addition, a-amylase would not only
replace the BSA (at least partially) present in non-agglomerated structures but
would also enhance aggregation thus increasing the overall agglomeration. This
would lead to increased broadening of the spectrum as observed. An important
factor that would decide the attachment of the protein to Cit-Au NP as well as
higher tendency for agglomeration could be the overall charge of the protein
present in the medium. The net charge of a protein present in a medium is
dependent on the isoelectric point (pl) of the protein. For example, pl values of a-
amylase, BSA, AMG, GOD and POD are 6.5, 4.7, 4.35, 4.2, and 7.2 respectively.[100-
103] This means BSA, AMG and GOD would be present in the solution (at pH 7.0)
with overall negative charge. On the other hand, a-amylase and POD are expected
to be present close to their zwitter ionic form in the solution. When the proteins
are present close to their zwitter ionic form it might be that they would interact
with negatively charged Cit-Au NPs either with exposed thiol group or positively
charged functional groups present in the protein. On the other hand, the proteins
with overall negative charge might tend to be repelled from the negatively
charged Cit-Au NPs. However, if any of those proteins contain exposed thiol group,

in addition, the interaction could be due to the thiol moiety, as thiol groups are
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known to have higher affinity for Au NPs in comparison to other functional groups
in proteins.[194] Further, it could be possible that with time the negatively charged
protein molecules might replace the negatively charged citrate ions from the NP.
The electrostatic stabilization of NPs by citrate could involve dynamic exchanges
of citrate ions present in the solution in absence of proteins. Thus likewise
proteins with overall negative charge could also be exchanged. Once attached to
the NPs the proteins might partially unfold and lead to agglomeration with
additional proteins and NPs present in the medium. In case of binary mixture, thus
overall interaction would involve preferential attachment of one protein over the
other with subsequent agglomeration in the presence of both. This would depend
on the overall charge and amino acid residues of both the proteins. It may also be
dependent on the partially unfolded structure of the protein attached to the NP.
Thus, in case of a-amylase-BSA mixture, a-amylase being close to their zwitter
ionic form and having two exposed thiol groups1%3! would bind preferentially to
Cit-Au NPs over BSA, with the latter being present as a negatively charged moiety.
As a result when a-amylase and BSA were added as a mixture to Cit-Au NPs, the
ratio of area was similar to that when a-amylase was added followed by BSA to
Cit-Au NPs. Similar was the case for a-amylase and AMG mixture. Moreover, in
case of GOD-POD mixture, POD (having no thiol group(1%; pl 7.2) interacted with
Cit-Au NPs preferentially over GOD (although having exposed thiol groups(106l; pl
4.2). This might be due to the presence of its zwitter ionic form which leads to the
preferential attachment of the protein over GOD to the NPs. This indicated that
overall charge of the protein in the solution may play a pivotal role in interaction
with Cit-Au NPs. However, the role of exposed thiol groups cannot be ruled out

completely.

Since among the combinations of binary mixture of proteins mentioned above
the linearity of increase of area under the extinction curve of Cit-Au NPs versus
the protein concentration was clearly observed for a-amylase and BSA, the
interactions between the two proteins and Cit-Au NPs were investigated in more
detail. This was further pursued by SDS-PAGE, enzymatic activity assay of a-
amylase, photoluminescence, and FTIR studies. SDS-PAGE analysis (Figure 2.13

a) revealed the presence of a major band around 66 kDa, corresponding to BSA
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(Lane 2). In case of pure a-amylase, a band around 50 kDa was evident
corresponding to the expected size of porcine pancreatic a-amylase (Lane 3). It
could also be seen that other minor bands were visible in both Lanes 2 and 3 and
presumably were due to degradation products of pure proteins in the presence of
the denaturing gel. In case of composite of Cit-Au NPs (Lane 4), an upper band was
observed whose mobility coincided with that of pure BSA (indicated by line ‘@’ in
Lane 4). Likewise, a band of lesser intensity was observed corresponding to the
size of a-amylase (indicated by line ‘b’ in Lane 4). This confirmed the presence of
both a-amylase and BSA in the NP-protein composite. The fact that the bands
migrated separately in the gel indicates that the proteins dissociated from the
composite and migrated as individual proteins in denaturing gel conditions. The
bands were less intense due to a smaller amount of proteins present in the NP-
protein composite. The other minor bands in the composite (Lane 4) were likely
the degradation products of the original proteins as observed in Lanes 2 and 3. No

band was observed in Lane 5, which corresponded to Cit-Au NPs only.

For enzymatic activity of a-amylase, starch agar plate assay was performed
(Figure 2.13 b). Around wells i and iii (corresponding to pure a-amylase and
composite respectively), clear zones were observed which indicated the presence
of a-amylase with observable retention of activity. As seen from the figure, the
zone of clearance for the composite was smaller than for pure a-amylase. This
could be because of limited diffusion of Au NP-protein composite in the solid
medium compared to that of the free enzyme. Moreover, the amount of enzyme
associated with the composite was less compared to that of the added free
enzyme. On the other hand, no such clearing zone was observed around wells ij, iv,
and v (corresponding to phosphate buffer, BSA, and Cit-Au NPs respectively).
Further experiments were performed with three different concentrations of the
protein mixtures (1.266 ug mL™' BSA and 0.094 ug mL™' a-amylase, 1.266 ug mL™'
BSA and 0.165 pug mL™' a-amylase and 1.266 ug mL™' BSA and 0.235 ug mL ™' -
amylase). All of them exhibited enzyme activity. Thus not only the a-amylase was
present in the mixture its activity was also considerably retained (Figure 2A.10,

Appendix).
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It is known that when protein is mixed with Cit-Au NPs the fluorescence due to
tryptophan residue occurring at 360 nm gets quenched, indicating the attachment
of the protein to the NP.[197] In the present set of experiments the emission peak at
360 nm, for a-amylase, BSA, and the mixture of the two, disappeared in the
presence of Cit-Au NPs. The fluorescence spectroscopic results are shown in
Figure 2.13 c. The loss of fluorescence of the mixture of proteins in the presence
of Cit-Au NPs indicated that both of them possibly were attached to the NPs at the
total protein concentration. Interestingly, when BSA (1.582 pug mL™') was added to
a-amylase (0.118 pg mL™") treated Cit-Au NPs, its fluorescence was also quenched.
This indicates that even in the presence of a-amylase, at its sufficiently low

concentration, BSA interacted with Cit-Au NPs. Similar observation was made
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Figure 2.13 (a) SDS-PAGE analysis of Au NP-protein composite. Wells correspond to (1) Protein
Marker, (2) BSA, (3) a-amylase, (4) a-amylase-BSA-Au NP composite and (5) Cit-Au NPs only. (b)
Starch agar plate assay for enzymatic activity of (i) pure a-amylase, (ii) phosphate buffer, (iii) a-
amylase-BSA-Au NP composite, (iv) BSA and (v) Cit-Au NPs only. (c) Fluorescence spectra of a-
amylase and BSA in the presence and absence of Cit-Au NPs and (d) FTIR spectra of (i) BSA, (ii) a-
amylase, (iii) Cit-Au NPs only and (iv) Cit-Au NPs in presence of a mixture of 0.118 ug mL™" a-
amylase and 1.899 g mL™' BSA.
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when a-amylase (0.118 pg mL ™) was added to Cit-Au NPs containing BSA (1.582
pg mL™'). The time-dependent study of Cit-Au NPs in the presence of 0.118 ug
mL~' a-amylase and 1.582 pg mL ' BSA (Figure 2A.11, Appendix) indicated that
within 1 min of mixing the proteins with the NPs the fluorescence was quenched.
This indicated that the proteins were attached to the NPs immediately upon

addition.

FTIR spectroscopy is also an important tool to study the interaction between a
biomolecule and NP.[105] For example, it has been used to study the conformational
changes in the secondary structure of proteins upon interacting with Au NPs.[108]
There are three types of amide linkages in proteins — amide I, amide II, and amide
111 - of which amide I absorbs between 1600-1700 cm".[1% For BSA as well as o-
amylase (Figure 2.13 d i and ii), the FTIR band observed in the region 1625-1700
cm ' is due to amide I linkage whereas for Cit-Au NPs (Figure 2.13 d iii), the band
around 1589 cm™' is due to the presence of acidic C=0 group of citrate (Figure
2A.12 i, Appendix) on its surface. In the NP-protein composite containing 0.118 pug
mL™" a-amylase and 1.899 ug mL™' BSA (Figure 2.13 d iv), a broad band in the
region 1500-1750 cm' was observed and it appears to be a combination of three bands.
The band around 1589 cm ' matched with that of Cit-Au NPs and the appearance of a
shoulder at around 1663 cm ' indicated the presence of proteins on the surface of Au
NPs, in addition to citrate. This also supports the partial replacement of trisodium
citrate by proteins.” Further, the occurrence of an additional peak at 1615 cm '
indicated interaction between the protein and Au NP. The proteins on interacting with
Au NP possibly adopt a more incompact conformational state as such changes at both
the secondary and tertiary structure levels are known to occur.!"®® The appearance of
this band can also be due to H-bonding of the amide C=O with water molecules.!"'” As
the protein structure becomes more flexible on interacting with Cit-Au NPs, the amide
linkages become more prone to H-bonding with water molecules, possibly as a result
the band downshifts. The above experiment along with SDS-PAGE, enzymatic activity
assay of a-amylase, and fluorescence results indicated that both a-amylase and BSA
interacted with Cit-Au NPs. Thus when binary mixtures of a-amylase and BSA were
added to Cit-Au NPs not only both proteins were attached to the NPs but they were also
part of the composite of the proteins and NPs, which led to systematic spectral

broadening.
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2.3 Conclusions

In summary, we have been able to demonstrate that there is specificity in the
interaction of a binary mixture of proteins with Cit-Au NPs and the interactions
could be different from those with individual proteins or simple summation of
interactions of the component proteins. While a mixture of a-amylase and BSA
consistently changed the level of agglomeration with an increase of one in the
presence of other; the mixture of a-amylase and AMG behaved completely
differently. However for GOD-POD mixture, the consistent increase in
agglomeration of NPs depended on the concentration of GOD in the solution. High
concentrations of GOD led to lowering of agglomeration of Cit-Au NP-protein
mixture, while that at low concentrations gave rise to systematic agglomeration.
Thus it is not necessary that the presence of proteins will lead to significant
agglomeration of Cit-Au NP; however, that would be dependent on the nature of
proteins and their concentrations. In case of individual proteins, the area under
the SPR spectrum of Cit-Au NPs changed consistently with increase in
concentration of the protein.[67] In case of a-amylase-BSA and GOD-POD (at low
concentrations of GOD) mixture the trend was maintained but not in case of a-
amylase-AMG mixture as well as in case of high concentrations of GOD in the GOD-
POD mixture. Interestingly, the results also suggested that a particular protein
may preferentially bind with Cit-Au NPs over another one, depending on the
overall charges of the proteins in a solution. These behaviors were also reflected
in the optical properties of the Cit-Au NPs in the presence of the mixtures of the

proteins.

Finally, the present investigations indicated the possibility of a rich and diverse
nature of interactions between Cit-Au NPs and a mixture of proteins. Thus, when
Au NPs would be present inside a living cell, their interactions with the
biomolecules in the milieu would possibly be more than the sum of their
interactions with individual molecules of the cell. Further, the study also points
out that in order to understand and address the issue of the persistent presence of
nanomaterials in living beings and in the environment, it is imperative that efforts
may be made to probe the complexity of the interactions rather than assuming

them to be a simple summation of individual interactions.
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Gold Nanoparticle-Protein Agglomerates as Versatile

Nanocarriers for Drug Delivery

As Chapter 2 described the formation of NP-protein agglomerates, this chapter
demonstrates the use of agglomerates as a versatile nanocarrier for cancer drug
delivery. The carriers exhibited efficient loading capacities for both hydrophilic
(doxorubicin) and hydrophobic (pyrene) molecules. The nanocarriers were finally
coated with an albumin layer to render them stable and also facilitated their
uptake by cancer cells. The interaction between agglomerated structures and the
payloads was non-covalent. Cell viability assay in vitro showed that the
nanocarriers by themselves were non-cytotoxic, whereas the doxorubicin loaded
ones were cytotoxic, with efficiencies higher than that of the free drug.
Transmission electron microscopy (TEM) and fluorescence microscopy along with
flow cytometry analysis confirmed the uptake of the drug loaded nanocarriers by
a human cervical cancer HeLa cell line. Field emission scanning electron
microscopy (FESEM) revealed the formation of apoptotic bodies leading to cell
death, confirming the release of the payloads from the nanocarriers into the cell.
Overall, the findings suggested the fabrication of novel Au NP-protein
agglomerate-based nanocarriers having efficient drug loading and releasing

capabilities, enabling them to act as multimodal drug delivery vehicles.
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3.1 Experimental Section

3.1.1 Materials

Hydrogen tetrachloroaurate trihydrate (HAuCls.3H20), pyrene (Pyr) and 2,3-
Bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT)
were purchased from Sigma-Aidrich Co., USA. The hen egg white lysozyme (Lyz)
was purchased from Sisco Research Laboratories Pvt. Ltd. (SRL), India.
Doxorubicin hydrochloride (Dox) was manufactured by Parental Drugs (India) Ltd
and was purchased from commercial source. Bovine serum albumin (BSA),
trisodium citrate dihydrate and all other reagents required for experiments were
obtained from Merck Specialities Pvt. Ltd., India. Milli-Q grade water (>18 MQ cm,

Millipore) was used in all experiments.

3.1.2 Synthesis of citrate-stabilized Au NPs (Cit-Au NPs)

The dispersion of Au NPs was prepared using the well-known citrate reduction of
HAuCls, which was slightly modified.[111] Briefly, Milli Q grade water (100 mL)
containing trisodium citrate dihydrate (0.0034 M) was refluxed under stirring
condition. When the solution started boiling, HAuCls (1 mL of 1.73 x 107 M) was
added all at once. The color of the solution immediately changed to blue and then
to bright red, indicating the formation of dispersion of Cit-Au NPs. The reaction
was continued for another 30 min for complete reduction of the salt. The synthesis
of Cit-Au NPs was confirmed by recording the extinction spectrum and analyzing

the sample under a TEM.

3.1.3 Generation and characterization of Dox/Pyr loaded Au NP-Lyz

nanocarriers

The nanocarriers were generated based on agglomeration of Au NPs and Lyz. The
Cit-Au NP dispersion (15 mL) was incubated with Lyz solution (2.5 mL of 0.01 mg
mL ") for 30 min. After this, Dox solution (1 mL of 16.4 ug mL™", which is the actual
content of Dox in the as-prepared solution) or aqueous Pyr solution (600 pL of 2
ng mL™"), prepared from 0.2 mg mL™" Pyr solution in ethanol, was added to the
above solution and was incubated for another 30 min in the dark. Then, BSA

solution (2.1 mL of 1 %, w/v) along with sodium phosphate buffer (0.01 M, pH
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7.4) was added such that the final concentrations of Lyz, Dox, Pyr and BSA were
1.19 pug mL ™', 0.78 pg mL ™}, 0.057 pug mL ™" and 1 mg mL™' respectively. The above
solution was centrifuged at 20000 relative centrifugal force (rcf) and 4 °C for 15
min. The supernatant was discarded and the pellet was washed using BSA solution
(0.1 %, w/v). Finally, the pellet obtained was re-suspended in BSA solution (3 mL

of 0.1 %, w/v) by sonication in a water bath for 1 min.

UV-visible measurements were performed using a Hitachi U-2900 double beam
spectrophotometer. Particle size analysis was carried out by a dynamic light
scattering (DLS)-based technique using a Zetasizer Nano ZS90 instrument fitted
with a 633 nm red laser (Model No. ZEN3690, Malvern). The emission spectra
were recorded using a Fluoromax 4 spectrofluorometer having a xenon lamp.
Excitation wavelength was set at 480 nm for samples containing Dox and at 334
nm for samples containing Pyr. The excitation and emission slit widths were fixed
at 5 nm. TEM samples were prepared by drop-casting the sample on carbon-
coated copper TEM grids, which were left overnight for drying. Those samples
were then analyzed under a JEOL JEM 2100 transmission electron microscope,

operating at a maximum accelerating voltage of 200 kV.

3.1.4 Stability test of Dox or Pyr loaded Au NP-Lyz nanocarriers and sodium
dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) analysis

The stability of Dox or Pyr loaded nanocarriers was checked by following UV-
visible spectra of Au NPs. The Dox or Pyr loaded nanocarriers were prepared as
described earlier and were diluted with BSA solution (0.1 %, w/v) such that the
maximum extinction was ~1.0. The sample was then stored at 4 °C. Then the
extinction spectra of the respective nanocarriers were recorded at predetermined
time points (after the samples were brought to room temperature) for up to 48 h.
For SDS-PAGE analysis, the pellet of Dox loaded nanocarriers (after washing for
several times following centrifugation) was dissolved in sodium phosphate buffer
(15 pL) by sonication. The samples were mixed with protein loading buffer and
boiled for 5 min in water bath. Next, the samples were loaded in polyacrylamide
gel (12 %) and electrophoresis was carried out at 120 V for about 2 h. The gel was
stained in coomassie blue staining solution (45 % methanol, 10 % glacial acetic
acid and 0.25 % (w/v) coomassie brilliant blue R-250) for 1 h and then destained
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in methanol (15 %) and glacial acetic acid solution (10 %) overnight. The SDS-
PAGE experiment was repeated for which the gel was silver-stained instead. The

gels were observed under Gel Logic 212 PRO Imaging System (Carestream).

3.1.5 Loading efficiency of the Au NP-Lyz nanocarriers for Dox or Pyr and

their in vitro release

To quantitatively determine the amount of Dox or Pyr loaded in the nanocarriers,
the Cit-Au NP dispersion (15 mL) was incubated with Lyz solution (2.5 mL of 0.01
mg mL™") for 30 min. To this, Dox solution (1 mL of 16.4 ug mL ') or aqueous Pyr
solution (600 uL of 2 pg mL™') was added and incubated for another 30 min in the
dark. Then BSA solution (2.1 mL of 1 %, w/v) along with sodium phosphate buffer
was added and the dispersion was centrifuged at 20000 rcf and 4 °C for 15 min.
The supernatant was collected and its emission spectrum was recorded using a
spectrofluorometer at an excitation wavelength of 480 nm (for Dox loaded
nanocarriers) or 334 nm (for Pyr loaded nanocarriers). The emission intensity at
595 nm (for Dox loaded nanocarriers) or 396 nm (for Pyr loaded nanocarriers)
was noted and using the respective standard curves, the amount of free Dox or Pyr
in the supernatant was calculated. All the measurements were performed in

triplicates.

The loading efficiency (L.E) was then calculated as:

Dox - Dox
LE. % =——1 " 5X100 (3.1
Dox

where, [Dox]; is the concentration of Dox initially added and [Dox]s is the
concentration of Dox in the supernatant. The L.E. for Pyr was also calculated in the

same way.
Standard curves of Dox or Pyr for loading efficiency studies

Fluorescence intensity of Dox is a function of pH; it is reported that fluorescence
intensity decreases with increase in pH.['12] Therefore, for determining the
concentrations of free Dox or Pyr, the standard curves were made by dissolving
different amount of Dox or Pyr in the supernatant, obtained after centrifugation of

nanocarriers only (Dox free). The emission spectra of the samples were recorded
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and the intensities at 595 nm (for Dox samples) or 396 nm (for Pyr samples) were

used for the preparation of standard curves.

The in-vitro release of Dox or Pyr from the nanocarriers was studied in acetate
(0.02 M, pH 4.0) and phosphate (0.02 M, pH 7.4) buffers for 24 h. For this, Dox or
Pyr loaded nanocarriers (0.3 mL) were mixed with acetate or phosphate buffer
(1.2 mL) in different 2 mL vials and were incubated in a shaking water bath at 37
°C. At different time intervals (up to 24 h), the samples were collected and
centrifuged at 20000 rcf and 4 °C for 15 min. The supernatant was used for
spectral analysis. The emission intensity of supernatant at 595 nm (for Dox loaded
nanocarriers) or 396 nm (for Pyr loaded nanocarriers) was recorded. The amount
of Dox or Pyr released in the supernatant was calculated using the standard curves
of Dox or Pyr (the procedure of which is mentioned below) and the cumulative

release (C.R.) was calculated by the following formula:

Dox
CR. % = 3 s X100 3.2)

OXI

where, [Dox]s is the concentration of Dox released in the supernatant and [Dox]; is
the concentration of Dox loaded in the nanocarriers. The C.R. for Pyr was also

calculated using the same formula.
Standard curves of Dox or Pyr for in vitro release studies

For determining the concentrations of Dox or Pyr released, standard curves of Dox
or Pyr were generated by preparing Dox free nanocarriers (3 mL) and mixing with
acetate or phosphate buffer (12 mL), as applicable. The dispersion was
centrifuged and the supernatant was used for preparing the Dox or Pyr solutions
of different concentrations. The emission spectra of the samples were recorded
and the intensities at 595 nm (for Dox samples) or 396 nm (for Pyr samples) were
used for drawing the standard curves. It may be mentioned here that all of the

above experiments were performed in triplicates.

3.1.6 TEM and FESEM analysis of the untreated and treated cells

Human cervical cancer HeLa cell lines were maintained in the Dulbecco’s Modified

Eagle Medium supplemented with fetal bovine serum (10 %, v/v), penicillin (50
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units mL™') and streptomycin (50 mg mL™') in a humidified atmosphere
containing 5 % CO2 at 37 °C. For TEM and FESEM analysis, HeLa cells were seeded
in a 35 mm cell culture plate and grown for 24 h. After that the medium was
removed, the cells were washed with phosphate buffered saline (PBS; 0.01 M, pH
7.4) and the serum free medium containing Dox loaded nanocarriers was added to
the cells. For control sample, serum free medium without nanocarriers was added
to the cells. The cells were incubated for 4 h and then washed with PBS several
times. Next, the cells were trypsinized, centrifuged and fixed in glutaraldehyde
solution (2 %) for 4 h. The cells were dehydrated in graded ethanol solutions and
finally suspended in absolute ethanol. For TEM sample preparation, the cell
suspension (10 pL) was drop-cast on carbon-coated copper TEM grid and left for
air drying. The grid was then analyzed under transmission electron microscope.
For FESEM analysis, the cell suspension (15 pL) was deposited on a glass slide
(wrapped with an aluminium foil), dried and then coated with a gold film (using
SC7620 “Mini”, Polaron Sputter Coater, Quorum Technologies, Newhaven,
England). The sample was analyzed under XIGMA, Carl Zeiss field emission
scanning electron microscope. It is to be mentioned here that the serum free
medium was used throughout the cell experiments in order to avoid the
interaction of serum proteins with nanocarriers, which can influence the cellular
uptake as well as toxicity.[113] However, BSA (0.1 %, w/v) was added to the serum
free medium (before the addition of nanocarriers) to avoid further agglomeration

in the cell medium.[114]

3.1.7 Flow cytometry analysis

HeLa cells were seeded in a 6 well plate (2 x 105 cells well ') and grown for 24 h.
The serum medium was then removed and the serum free medium containing Dox
loaded nanocarriers (0.15 mg mL™") was added to the cells. After 4 h of incubation,
the medium was removed and the cells were washed with PBS for several times.
The cells were trypsinized, centrifuged and the cell pellet was re-suspended in 1
mL of PBS. The same treatment was also done to HeLa cells incubated with
nanocarriers (0.15 mg mL™") and Dox (0.64 ug mL™") respectively. The cells were
finally analyzed using a FACS Calibur flow cytometer. For each of the samples, the
analysis was done in triplicates. The uptake of the Dox loaded nanocarriers and
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Dox only by the HeLa cells with time was also monitored for 6 h using the same

technique.

3.1.8 Fluorescence microscopy

HeLa cells were seeded in a 6 well plate (2 x 105 cells well ') and grown for 24 h.
The serum medium was then removed and the serum free medium containing Dox
loaded nanocarriers (0.15 mg mL "), nanocarriers (0.15 mg mL ') and Dox (0.64
ng mL™') were added separately to the different sets of cells. After 4 h of
incubation, the medium was removed and the cells were washed with PBS for
several times. Then the cells were observed under fluorescence microscope

(Nikon eclipse Ti) and the images were recorded using a Qdot 655 filter.
3.1.9 Cell viability assay

For cell viability assay, cells (104 cells well ') were seeded in a 96 well microplate
and grown overnight. Then the serum medium was removed and serum free
medium containing varying concentrations of Dox loaded nanocarriers (0.05 mg
mL ' -0.2 mg mLfl) was added to the cells. After 24 h of incubation, the cells were
washed with PBS and finally XTT based cell viability assay was carried out
according to the manufacturer’s protocol. As a control the same experiment was
carried out with varying concentrations of Dox (0.22 pg mL™' - 0.84 pg mL™") and
with varying concentrations (0.05 mg mL™' - 0.2 mg mL™') of nanocarriers. For

each of the samples, the assay was carried out in triplicates.

3.2 Results and Discussion

3.2.1 Generation and characterization of Dox or Pyr loaded Au NP-Lyz

nanocarriers

The colloidal Cit-Au NPs have overall negative charge due to the presence of
citrate ions over the surfaces of NPs stabilizing them. On the other hand, Lyz is
cationic at pH 7.4 (in a buffer medium). The opposite charges could account for
the observed agglomeration of an aqueous mixture containing the NPs and the
proteins. Experimentally, when Lyz was added to Cit-Au NP dispersion and

incubated for 30 min, the color of the medium changed from bright red to purple.
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UV-visible extinction spectrum of the Cit-Au NP dispersion consisted of a surface
plasmon resonance (SPR) peak in the visible region with a maximum extinction
(0.83) at 521 nm (Figure 3.1 a and b). On the other hand, in the presence of 1.43
ug mL~' Lyz, the maximum extinction (with a value of 0.59) was observed at 598
nm (Figure 3.1 a and b). The changes in color and the extinction maximum (Amax)
are typical signatures of formation of agglomerates consisting of Au NPs and the

protein, the details of which are available elsewhere.[59 67-69]

Further, these agglomerated structures were treated with either Dox
(hydrophilic) or Pyr (hydrophobic) molecules and then incubated in dark for 30
min. Addition of Dox further shifted the Amax of SPR by 19 nm, while addition of
Pyr led to a change of Amax by 12 nm. The changes in the extinction wavelengths
are indicative of interaction of the agglomerates with the added molecules (Figure
3.1 a and b). Additionally, the smallness of the change in the SPR spectra also
indicated that there were no major alterations of the agglomerated structures
present in the medium and these structures may be robust. However, their long
term stability needs to be achieved in order for their use in therapy. In order to
address the issue of stability of the loaded agglomerates, albumin (BSA) was
added and the dispersion was pelleted and redispersed in 0.1 % (w/v) BSA
solution after wash. On the addition of albumin to Dox loaded agglomerates or Pyr
loaded agglomerates, the extinction spectra changed by 1 nm or 2 nm respectively
(Figure 3.1 a and b). This could be due to change in extinction coefficient (i.e.
dielectric function of the medium, complex dielectric function of the surface
coating and the volume fraction occupied by the surface coating) of the
agglomerated Au NPs.[98l Further, it is important to note that addition of BSA and
centrifugation and then redispersion did not seem to change the basic structure of
the agglomerates. This is quite important not only for their robustness but also for

their utility.

DLS-based particle size analysis indicated that addition of Lyz to Cit-Au NPs led
to shifting of the particle size distribution curve significantly, representing higher
average size of the resultant particles (Figure 3.1 ¢ and d). For example, the
average hydrodynamic diameter of the as-synthesized Cit-Au NPs was measured

to be about 19 nm. Addition of Lyz resulted in an average size of about 116 nm. On
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addition of Dox the curve shifted further, indicating additional increase in the
particle size. The average hydrodynamic diameter after Dox loading was found to
be 195 nm. On the other hand, such change in particle size was not significant
when Pyr was added to the dispersion medium. The average hydrodynamic
diameter after Pyr loading was measured to be 110 nm. It is important to mention
here that Dox as well as Pyr was added prior to addition of albumin. The DLS
results indicated that the nanostructures consisting of agglomerates of Cit-Au NPs
and Lyz behaved differently in the presence of hydrophilic and hydrophobic
molecules. In other words, in the presence of hydrophilic molecules, the overall
particle size of the Au NP-Lyz agglomerates increased significantly; however, in
the presence of hydrophobic molecules changes in the sizes were minimal. That
their resultant sizes were different possibly indicated different way of

incorporation of hydrophilic and hydrophobic molecules.

A closer analysis of the distribution curves (Figure 3.1 c and d) revealed that
upon addition of Dox to Au NP-Lyz agglomerates, the particle sizes representing
the distribution increased by a constant factor of 1.62. In other words, the
individual particle sizes representing the Dox loaded Au NP-Lyz agglomerates
were simple multiple of individual particle sizes representing the Au NP-Lyz
agglomerates. This indicated that the increase in the particle sizes, upon addition
of Dox, was not due to the formation of larger agglomerates from smaller ones;
however, this was due to changes in the volumes of the Au NP-Lyz agglomerated
particles in the presence of Dox. Interestingly, constant and proportionate change
in the volume also indicated that uptake of Dox by the Au NP-Lyz agglomerates
was proportional to its volume. On the other hand, Pyr possibly entered the
hydrophobic pockets which did not alter the size of the Au NP-Lyz agglomerates.
However, the observed shift in the Amax of SPR could be due to closer packing of
the Au NPs within the same agglomerated structure, following interaction of Au
NP-Lyz agglomerates with Dox or Pyr. Upon addition of albumin, no significant
shift in the particle size distribution was observed (Figure 3.1 ¢ and d) and the
average hydrodynamic diameters were found to be 214 nm (for Dox loaded

nanocarriers) and 125 nm (for Pyr loaded nanocarriers). However, after
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Figure 3.1 Characterization of Dox/Pyr loaded Au NP-Lyz nanocarriers. (a) UV-visible extinction
spectra of (i) Cit-Au NPs, (ii) Cit-Au NPs + Lyz, (iii) Cit-Au NPs + Lyz + Dox and (iv) Cit-Au NPs + Lyz
+ Dox + BSA. (b) UV-visible extinction spectra of (i) Cit-Au NPs, (ii) Cit-Au NPs + Lyz, (iii) Cit-Au
NPs + Lyz + Pyr and (iv) Cit-Au NPs + Lyz + Pyr + BSA. (c) DLS-based particle size distribution
curves of (i) Cit-Au NPs, (ii) Cit-Au NPs + Lyz, (iii) Cit-Au NPs + Lyz + Dox, (iv) Cit-Au NPs + Lyz +
Dox + BSA (before centrifugation) and (v) Cit-Au NPs + Lyz + Dox + BSA (after centrifugation). (d)
DLS-based particle size distribution curves of (i) Cit-Au NPs, (ii) Cit-Au NPs + Lyz, (iii) Cit-Au NPs +
Lyz + Pyr, (iv) Cit-Au NPs + Lyz + Pyr + BSA (before centrifugation) and (v) Cit-Au NPs + Lyz + Pyr
+ BSA (after centrifugation). (e) Emission (Aex = 480 nm) spectra of (i) Dox, (ii) Dox + Cit-Au NPs +
Lyz and (iii) Dox + Cit-Au NPs. (f) Emission (Aex = 334 nm) spectra of (i) Pyr, (ii) Pyr + Cit-Au NPs +
Lyz and (iii) Pyr + Cit-Au NPs.

centrifugation, the average hydrodynamic diameters of the Dox loaded
nanocarriers and Pyr loaded nanocarriers, both stabilized by BSA, shifted to 183
nm and 128 nm respectively. Thus, we have a nanocarrier where the

agglomeration of Cit-Au NPs and Lyz formed the basis of the structures, which
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could incorporate hydrophilic and hydrophobic molecules. The attachment of
hydrophilic molecules to the nanostructures led to their volume changes, while
the incorporation of hydrophobic molecules did not change the volume. The
albumin present in the medium provided stability to the structures without
changing their diameters. Importantly, it has been reported that nanocarriers
(such as liposomes) of less than 400 nm can easily extravasate through the leaky
regions of the tumor vasculature,115] although there are reports of higher
extravasation efficiency for particles of less than 200 nm in diameters.[!] In the
present system, DLS-based particle size measurements showed that ~98 % of the
drug loaded nanocarriers were below 400 nm in sizes (Figure 3.1 c), with average
hydrodynamic diameter being 183 nm, as mentioned before. Hence, our reported
nanocarriers also meet the size criterion of efficient extravasation for favorable

delivery of drugs to tumor cells.

Fluorescence spectroscopic investigations indicated specificity of interactions
between the Au NP-Lyz agglomerated structures and the hydrophilic and
hydrophobic molecules. For example, when excited by 480 nm light Dox emits at
560, 595 and 650 nm (Figure 3.1 e). In the presence of Au NP-Lyz agglomerates
(containing 1.29 nM Cit-Au NPs and 1.43 pg mL™' Lyz) the intensity of all the
emissions decreased by about 66 % (Figure 3.1 e). The Dox concentration used
was 0.89 pg mL™". On the other hand, Pyr has prominent emission peaks at 375,
396, 416 and 444 nm, when excited by 334 nm light (Figure 3.1 f). The intensity
of all the peaks was reduced by nearly 92 % in the presence of the agglomerates
(Figure 3.1 f). The relatively more significant decrease in the presence of Pyr in
comparison to that in the presence of Dox indicated specificity of interactions. Dox
is hydrophilic and highly soluble in water and Pyr being hydrophobic is lowly
soluble. Dox, having both the hydrophilic and hydrophobic (aromatic
hydroxyanthraquinone ring) groups, may interact with both the hydrophilic and
hydrophobic sites of the proteins in the agglomerated structures.l'16. 1171 As a
result, some of the Dox molecules may interact with the exposed hydrophilic sites
and some may be buried inside the hydrophobic site. However, Pyr - having only
hydrophobic interactions - may be buried deep inside the hydrophobic

regions.[118] This means Dox molecules would primarily be further away from Au
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NPs, which would be buried inside, while Pyr would be closer to the NPs. Since, Au
NPs are efficient in quenching fluorescence of both the species (Figure 3.1 e and
f) the difference in extent of quenching by the same amount of Au NPs in the
agglomerates clearly evidenced different interactions owing possibly to

differences in the distance between Au NPs and the fluorophore.

TEM measurements further supported the formation of agglomerated
nanostructures as the basis of the nanocarriers. First of all, that the individual
well-separated NPs of Au (Figure 3.2 a) were agglomerated in the presence of
protein (Lyz) was evident from the TEM image shown in Figure 3.2 b. While the
average individual particle sizes were 15.4 + 1.4 nm, the agglomerated structures
consisting of several particles appeared to be more than 200 nm. However, since
the observed structures were obtained after evaporation of the dispersion, it is
plausible that in the liquid medium the sizes were much less in diameters. On the

other hand, TEM images of Dox and Pyr loaded agglomerates, followed by
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Figure 3.2 TEM micrographs of (a) as-synthesized Cit-Au NPs, (b) Cit-Au NPs in presence of Lyz (c)

Dox loaded Au NP-Lyz nanocarriers and (d) Pyr loaded Au NP-Lyz nanocarriers.
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albumin treatment also retained the basic structures, indicating the presence of
nanostructures in the medium (Figure 3.2 c and d). Overall, TEM studies revealed
the presence of agglomerated structures at various steps of nanocarrier
fabrication. The presence of nanoscale agglomerates of Au NPs in the final
structures evidenced the basis of the nanocarrier development consisting of

various components.

UV-visible and fluorescence spectroscopy along with DLS - as detailed above -
clearly indicated that the loaded nanocarriers contained Au NPs and Dox or Pyr,
whichever was introduced into the medium. In order to have a clearer picture of
the structure of the nanocarrier it was deemed important to probe the presence of
proteins which were used in their fabrication. The presence of Lyz and albumin in
the nanocarriers was confirmed by SDS-PAGE. The results are shown in Figure
3.3. Lane 3 in the picture corresponds to the nanocarrier sample. As is clear from
the figure, there are two prominent bands in Lane 3; one is due to 14.3 kDa
protein (when compared with that in Lane 2), while the other one is due to 66.4
kDa protein (when compared with that in Lane 4). The sample in Lane 2
corresponded to Lyz and that in Lane 4 was BSA. Further, the appearance of
additional bands in Lane 3, below the legitimate protein bands, could be due to
fragments owing to proteolytic cleavage in the presence of Au NPs in the
nanocarriers. The nanocarrier sample (containing Au NPs and proteins) was
treated with different denaturing agents and was boiled before running the gel;
this could result in degradation of proteins to smaller fragments especially in the
presence of Au NPs. The bands corresponding to lower molecular weights were
observed with better clarity in the silver-stained gel (Figure 3A.1, Appendix).
Further, no band was observed in Lanes 5 and 6, corresponding to that of Cit-Au
NPs and Dox respectively. Overall, spectroscopic, light scattering, TEM and
electrophoretic analysis indicated that the fabricated nanocarriers consisted of Au
NP-Lyz agglomerates, BSA and the payload (Dox or Pyr) which was incorporated
in them. The results also match with an idealized picture of the loaded nanocarrier
as depicted in Scheme 3.1 a i.e. firstly the agglomerated nanostructures of Au NPs
and Lyz were formed in the medium; which was followed by incorporation of the
payload and then finally capped with a stabilizer albumin. The presence of excess
albumin in the medium also added to the stability of the nanocarriers.
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Scheme 3.1 A schematic representation of the generation of Dox/Pyr loaded nanocarriers, their
uptake followed by release of the payload inside the cancerous cell leading to apoptosis. (a)
Dox/Pyr loaded nanocarriers were generated following three steps - formation of Au NP-Lyz
agglomerates, loading of hydrophilic Dox or hydrophobic Pyr molecules and finally coating with an
albumin layer to stabilize the nanostructures. The structure of Lyz (PDB ID: 1HEL) was imported
from RCSB Protein Data Bank and the hydrophilic and hydrophobic sites were marked using
Chimera 1.5.3 software and (b) Representation of internalization of Dox loaded nanocarriers by
the HeLa cell and the release of payload subsequently triggering apoptosis by DNA damage leading
to cell blebbing.
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Figure 3.3 SDS-PAGE analysis of nanocarrier. Lanes corresponding to 1: New England Biolabs
Protein marker; 2: Lyz; 3: Nanocarrier; 4: BSA; 5: Cit-Au NPs and 6: Dox. The molecular weights of

the proteins in the marker used are reported on the left for reference.

Although DLS studies clearly substantiated the formation of nanocarrier in the
presence of its payload, its stability is also of paramount importance for practical
usage. The temporal stability of the Dox or Pyr loaded Au NP-Lyz nanocarrriers
was investigated by UV-visible spectroscopy. The UV-visible spectra of the
nanocarriers in 0.1 % (w/v) BSA solution were recorded at several time intervals
for a period of 48 h and the results are shown in Figure 3.4 a and b for Dox and
Pyr loaded carriers respectively. As shown in the figures there were no significant
changes in the extinction spectra of the loaded carriers with time (for 48 h) for
both the samples. Plots (insets of Figure 3.4 a and b) of extinction at 598 nm (for
Dox loaded sample) and 586 nm (for Pyr loaded sample) indicated virtually
constant extinction at values 1.0 for Dox-containing carriers and 1.1 for Pyr loaded
carriers respectively. The results clearly indicated stability of the nanocarriers in
the presence of both the hydrophilic and hydrophobic molecules and no further
agglomeration, as would have been indicated by changes in the extinction spectra,
was observed. Also, there was no observable precipitation from the medium,

further supporting stability of the nanocarrier.
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Figure 3.4 UV-visible extinction spectra of (a) Dox loaded nanocarriers and (b) Pyr loaded
nanocarriers recorded at different intervals of time, as mentioned in the legends. The insets show
the time dependence of extinction at 598 nm for Dox loaded nanocarriers and at 586 nm for Pyr

loaded nanocarriers.

3.2.2 Loading efficiency and in vitro release of Dox/Pyr from loaded Au NP-

Lyz nanocarriers

An important criterion of an efficient nanocarrier is its ability to incorporate drug
molecules with high efficiency. The results described above indicated that the
nanocarriers were able to incorporate both hydrophilic and hydrophobic
molecules. In order to estimate the loading efficiency, fluorescence spectroscopy
was used, where the emissions from Dox and Pyr were used as the probe. The
results indicated that the nanocarriers loaded Dox with as much as 76.9 % and Pyr
with 68.8 % efficiencies, at the Dox and Pyr concentrations in the media being 0.78
ng mL ™ and 0.057 pg mL ™', respectively. The typically high loading efficiency for
both the hydrophilic and hydrophobic molecules indicated high potential of the
nanocarriers for both kinds of drugs. Proteins have both the hydrophilic and
hydrophobic sites which are expected to be retained in the agglomerated
structures even if there was partial unfolding of them in the presence of the NPs.
Moreover, a collection of proteins in the associated structures would provide
larger volumes of ‘containers’ for hydrophilic and hydrophobic sites, thus
augmenting drug loading capacity. The ability of the nanocarriers to incorporate
both types of molecules also indicated their potential to be used for combinatorial
therapy, which would be of great advantage in practical applications.[119] It is

noteworthy that earlier reported nanocarriers showed higher loading efficiency
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for either hydrophilic or hydrophobic molecules,[35-40. 62, 119] whereas, the current
nanocarriers could be loaded with both kinds with considerable capacity, pointing

towards their significance in drug delivery.

The important parameter other than loading efficiency for an efficient
nanocarrier would be the ability to release the drug efficiently at the target. The in
vitro release studies of Dox and Pyr from the nanocarriers was pursued using the
fluorescence spectroscopy. Dox as well as Pyr release was followed in acetate
buffer (pH 4.0) and phosphate buffer (pH 7.4) for 24 h at 37 °C. The results of
time-dependent cumulative release from Dox loaded nanocarriers are shown in
Figure 3.5 a and b. The results indicated that cumulative release of Dox from the
carriers in 24 h was 35 % at pH 4.0, while that at pH 7.4 was 27 %. The drug

doxorubicin is sold as a hydrochloride salt, which is highly soluble in water. Thus
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Figure 3.5 Quantitative analyses of the in vitro release of Dox at 37 °C from Dox loaded Au NP-Lyz

nanocarriers over 24 h. Plots of the cumulative release (in percentage) of Dox against time (a) at
pH 4.0 in acetate buffer and (b) at pH 7.4 in phosphate buffer. Data are represented as mean *

standard deviation (S.D.) of three individual experiments.

67
TH-1397_09612209



Chapter 3

it is possible that non-covalent nature of binding between the drug and protein
makes it possible for release in the medium. At lower pH the increased solubility
may lead to higher release of the drug. The extent of release also indicated strong
binding between the drug and the nanostructures containing Au NPs and Lyz. This
would facilitate in the internalization of more amount of drug inside the cancer
cells along with the nanocarriers. Interestingly, no release of Pyr was observed
from the Pyr loaded nanocarriers in both the buffers (data not shown). This could
be due to strong binding of Pyr in the hydrophobic regions of Au NP-Lyz
agglomerates. Further, Pyr itself being hydrophobic in nature has low solubility in
water. Thus the release would be low in aqueous medium when encapsulated in

the nanocarrier. This is consistent with the observed results.

3.2.3 Uptake of Dox loaded nanocarriers by cancer cells

In passive as well as targeted drug delivery the uptake of drug by cells and its
release from the cargo in vivo constitute the primary success of the carrier. In the
present case, the uptake of the drug loaded nanocarriers was studied in vitro by
incubating the HeLa cells with Dox loaded carriers for 4 h and then following the
cells by TEM, flow cytometry and fluorescence microscopy. The TEM image of a

treated HeLa cell (Figure 3.6 a) demonstrated the internalization of the

Figure 3.6 TEM micrographs showing the uptake of the Au NP-Lyz nanocarriers by the HeLa cells.
(a) TEM image of a HeLa cell (treated with Dox loaded Au NP-Lyz nanocarriers for 4 h) confirming
the internalization of the nanocarriers at several sites (indicated by black arrows) of the cell and
(b) Magnified view of the internalized nanocarriers. The insets 1 and 2 show the further magnified
view of the nanocarriers, indicating clearly the presence of NPs in the agglomerates inside the cell

and inset 3 shows the SAED pattern of the nanocarriers.
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nanocarriers by the cells.[#0. 621 A magnified view of the carriers inside the cell
(marked with a oval) is shown in Figure 3.6 b. On further magnification,
agglomerated structures of NPs could be seen clearly (Figure 3.6 b, insets 1 and
2). The selected area electron diffraction (SAED) pattern (Figure 3.6 b, inset 3)
confirmed the presence of Au NPs in the agglomerated structures present within
the cells. It may be mentioned here that no such agglomerated structures or NPs
were seen in the TEM image of an untreated HeLa cell (Figure 3A.2, Appendix).
Interestingly, a closer analysis of Figure 3.6 a indicated that more than one
agglomerated structures were internalized by the same cell. The results point to

efficient internalization of the nanocarriers inside the cancer cells.

Flow cytometric analysis further confirmed the uptake of the Dox loaded
nanocarriers by the cells. This was pursued by incubating the cells with
nanocarriers and Dox loaded nanocarriers for 4 h. As Dox emits at 595 nm, the FL2
(occurring at 585 * 21 nm) fluorescence intensity in the cytometer was
monitored. For the cells incubated with 0.15 mg mL ' of nanocarriers, there was
no shift in the fluorescence intensity in comparison to the cells only (Figure 3.7).
Whereas, for cells incubated with 0.15 mg mL™' of Dox loaded nanocarriers
(containing 0.64 pg mL™' of Dox), there was a significant shift in the fluorescence
intensity (Figure 3.7), indicating the presence of Dox inside the cells and

confirming the uptake of the Dox loaded nanocarriers by the cells. Quantitative
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Figure 3.7 Flow cytometry results showing the FL2 fluorescence intensity of HeLa cells after

incubation with nanocarriers and Dox loaded nanocarriers for 4 h.
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Figure 3.8 FACS results. Dot plots of (a) HeLa cells only, (b) HeLa cells incubated with
nanocarriers for 4 h and (c) HeLa cells incubated with Dox loaded nanocarriers for 4 h, with
percentage of gated cell population in each quadrant. All data were gated on a population of live

cells determined by side scatter vs forward scatter.

cellular uptake studies using FACS are shown in Figure 3.8. In the second
quadrant (which is FL2Z positive), the percentage of gated cell population
increased from 2.2 to 4.4 when the HelLa cells were treated with nanocarriers
(Figure 3.8 a and b). Whereas, for HelLa cells treated with Dox loaded
nanocarriers, the percentage of gated cell population in the second quadrant
increased to 16.9 (Figure 3.8 c). This demonstrates that almost 14.7 % of cells
were Dox positive as compared to HeLa cells only. That the nanocarriers were
internalized by the cells and the drug Dox was present in those carriers were

evident from the cytometry studies.

Further, fluorescence microscopic studies revealed the presence of Dox in the
HeLa cells after treatment with Dox loaded nanocarriers for 4 h. Red fluorescence,
corresponding to emission from Dox, was observed in the whole cell
encompassing cytoplasm and nucleus (Figure 3.9 a-c). However, understanding
of detailed mechanism of uptake of the carriers by the cells and release of the drug
from the nanocarriers needs further investigations, which is beyond the scope of
the present study. It is plausible that Dox was released from the nanocarriers into
the cytoplasm and subsequently was localized in the nucleus. Indentations,
indicative of early apoptotis, were observed in the Dox loaded nanocarrier treated
HeLa cells. This was further corroborated by FESEM results as discussed
subsequently. Thus the microscopy studies indicated possible internalization of
the Dox in the nucleus in 4 h. Similarly, red fluorescence was also observed for the

HeLa cells treated with Dox only (Figure 3.9 d-f), indicating its possible
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Figure 3.9 Microscopic images of (a, b, c) HeLa cells treated with Dox loaded nanocarriers for 4 h,
(d, e, f) HeLa cells treated with Dox only for 4 h, (g, h, i) untreated HeLa cells and (j, k, 1) HeLa cells

treated with nanocarriers for 4 h. Scale bar: 50 um.

internalization. However, no such emission was observed for the untreated HeLa
cells (Figure 3.9 g-i) and HeLa cells treated with nanocarriers (Figure 3.9 j-1).
The results confirmed the uptake of the Dox loaded nanocarriers by the HeLa cells

and the release of the drug into the cells.

3.2.4 Consequence of the drug release from the drug loaded nanocarriers

The consequence of the drug release from the drug loaded nanocarriers inside the
cells was investigated by cell viability assay and FESEM. For cell viability assay,

HeLa cells were incubated with nanocarriers, Dox only and Dox loaded
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Figure 3.10 XTT based cell viability assay of HeLa cells after 24 h treatment with (a) Au NP-Lyz
nanocarriers and Dox loaded Au NP-Lyz nanocarriers at varying concentrations of the nanocarriers
and (b) free Dox and Dox loaded nanocarriers at varying doxorubicin concentrations. Data are

represented as mean # S.D. of three individual experiments.

nanocarriers for 24 h. Figure 3.10 a shows the cell viability assay at varying
concentration of nanocarriers and Dox loaded nanocarriers. It was observed that,
when the cells were incubated with 0.2 mg mL ' of the nanocarriers, more than 90
% of the cells were viable, indicating that the nanocarrier itself was non-toxic in
nature. Whereas, after treating the HeLa cells with Dox loaded nanocarriers, the
cell viability decreased to 63 % even at 0.05 mg mL ™' nanocarriers. At the highest
concentration of 0.2 mg mL ™" of loaded nanocarriers, the cell viability drastically
decreased to 35 %. These results proved that the non-toxic nanocarriers, when
loaded with the drug Dox, were able to Kkill cancer cells efficiently. In order to
compare the effect of free Dox and the Dox loaded nanocarriers, cell viability assay
at varying concentration of Dox was performed. Figure 3.10 b shows the
comparative account of the effect of free Dox and the Dox loaded nanocarriers on
the cancer cells. At the 0.64 pg mL™' concentration of free Dox, the cell viability
reduced only to 80 %, whereas, at the same concentration of Dox loaded in the
nanocarriers, were able to reduce the viability to 57 %. Additionally, at the highest
concentration of Dox (0.84 pg mL™") used in the present case, free Dox was able to
reduce the viability to ~74 %, whereas, the loaded nanocarriers (with equivalent
concentration of Dox i.e. 0.84 pug mL™") showed efficient killing of cells with
viability of 35 %. This drastic decrease in the cell viability compared to Dox only

indicated the enhanced killing of cancer cells by the Dox loaded nanocarriers and
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confirming the release of Dox from the nanocarriers in the cellular environment.
The above results also suggested that the nanocarrier itself was non-cytotoxic and
the Dox loaded nanocarrier was more cytotoxic as compared to equivalent
concentration of Dox (only) as loaded in the nanocarrier. This could be due to
effective concentration of Dox, carried to the cells upon loading in the nanocarrier;
in comparison to Dox (only) added to the cell culture medium. Moreover, as
reported previously by Zhang et al.,, the synergy of Au NPs and the drug, could
contribute to the overall increase in cell death efficiency when delivered through
the carrier.[*01 The internalization of loaded nanocarriers probably helped in

releasing more amount of Dox inside the cells.

The morphological changes, as a result of drug release into the cells, were
observed by FESEM measurements. Dox is known to interact with DNA by
intercalation between base pairs and it inhibits macromolecular biosynthesis
causing cell death.[1201 The FESEM image of a HeLa cell treated with Dox loaded
nanocarriers for 4 h (Figure 3.11 a) showed the formation of apoptotic bodies,
which is indicative of apoptotic cell death caused by Dox.[*21] No such apoptotic
bodies were seen in the FESEM image of an untreated HeLa cell (Figure 3.11 b). It
is to be mentioned here that all the cell experiments were performed using Dox
loaded nanocarriers unless otherwise mentioned. The observations with respect

to uptake of the drug loaded nanocarriers by the HeLa cell and consequent release

of Dox into the cells match well with the scheme as shown in Scheme 3.1 b.

Figure 3.11 FESEM images of (a) untreated HeLa cell and (b) Dox loaded Au NP-Lyz nanocarriers
treated (for 4 h) HeLa cell.
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3.3 Conclusions

In summary, we have been able to develop a novel nanocarrier for efficient drug
delivery to cancer cells, based on Au NP-Lyz agglomerated structures - which were
coated with albumin. The nanocarrier was biocompatible and non-toxic to the
cells. The carrier was able to load both hydrophilic and hydrophobic molecules
with high efficiency. Experiments in vitro revealed that the nanocarriers were
internalized by the cancer cells and at the same time they released their payloads
within the cells leading to cell death, which was more efficient than by using drug
molecule only. The incorporation of albumin points to its potential utility in
facilitating intratumor accumulation of albumin bound nanocarriers. The presence
of agglomerated Au NPs, in the nanocarriers, with extinction extending to NIR, can
further be exploited for the photodynamic release of the payloads from the
carriers. Also, their versatility in encapsulating both hydrophilic and hydrophobic

molecules can potentially be applicable for combinatorial therapy.
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Polymer coated Gold Nanoparticle-Protein Agglomerates

as Nanocarriers for Hydrophobic Drug Delivery

While Chapter 3 described the use of gold nanoparticle (Au NP)-lysozyme (Lyz)
agglomerates for hydrophilic drug delivery, this chapter focuses on the utilization
of the agglomerates for hydrophobic drug delivery along with increasing the
stability of the drug loaded Au NP-Lyz agglomerates against protease degradation
in the presystemic circulation. This was done by coating of the drug loaded
agglomerates with a biodegradable polymer poly(lactic-co-glycolic acid) (PLGA)
via oil in water single emulsion process. The nanocarrier was also found stable in
human blood serum and meets the size criterion for the enhanced permeability
and retention (EPR) effect even after having a coating of polymer around the
agglomerates. Here, the encapsulation and delivery of the hydrophobic drug
camptothecin (CPT) - which is otherwise difficult to deliver as a stable species -
using the Au NP-protein agglomerates is demonstrated. The internalization of
these nanocarriers was proved using transmission electron microscopy (TEM)
and confocal microscopy. MTT based cell viability assay confirmed that the
nanocarriers (non-loaded) themselves were not significantly toxic to the HelLa
cells, but when loaded with the drug CPT, killed the cancer cells efficiently through
apoptosis. These nanocarriers have the potentiality to find use in clinical

applications.

IaLIBOOUBN

Hela Cell ° Agglomerated Au NP

© Hydrophobic Drug (Camptothecin)

*[Rumi et al. J. Mater. Chem. B 2014, 2, 6472-6477] - Reproduced by permission of The Royal Society of
Chemistry
http://pubs.rsc.org/en/Content/ArticleLanding/2014/TB/c4tb00800f#!divAbstract
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4.1 Experimental Section

4.1.1 Materials

Hydrogen tetrachloroaurate trihydrate, HAuCl4+.3H20 (Sigma-Aidrich Co., USA),
(S)-(+)-camptothecin (CPT; Sigma-Aidrich Co., China), poly(D,L-lactide-co-
glycolide), acid terminated, 50:50, MW: 7000-17000 Da (PLGA; Sigma-Aidrich Co.,
Germany), hen egg white lysozyme (Lyz; SRL, India), 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT; Himedia, India), Proteinase K (Bioline,
UK), calcein AM (Fluka, USA) and trisodium citrate dihydrate (Merck, India) were
purchased and used as received without any further purification. Milli-Q ultrapure

water (>18 MQ cm, Millipore) was used in all the experiments.

4.1.2 Synthesis of citrate-stabilized Au NPs (Cit-Au NPs)

The dispersion of Cit-Au NPs was obtained via citrate reduction of HAuCl4.[111]
Briefly, Milli Q grade water (100 mL) containing trisodium citrate dihydrate
(0.0034 M) was refluxed under stirring condition. When the solution started
boiling highly, HAuCls (1 mL of 1.73 x 1072 M) was added and the reaction was
allowed to continue for another 30 min. This resulted in the formation of
dispersion of Cit-Au NPs. The concentration of Cit-Au NPs formed at this stage was
calculated to be 1.51 nM, assuming that complete reduction of HAuCls has
occurred. In order to separate out the larger particles, the above dispersion was
centrifuged at 2000 rcf and 10 °C for 15 min. The supernatant (referred as Cit-Au
NPs hereafter in this chapter) was collected and used in all the experiments, as

applicable.

4.1.3 Development and characterization of PLGA coated nanocarriers

The dispersion of Cit-Au NPs (15 mL) was mixed with Lyz (1.2 mL of 0.01 mg
mL™") and incubated for 30 min. The Lyz solution was prepared in sodium
phosphate buffer (0.01 M) of pH 7.4. The pH of the resulting Au NP-Lyz dispersion
was found to be ~6.9. To this, the solution of CPT in DMSO (0.04 mL of 0.5 mg
mL_l) was added and incubated in dark for another 1 h. After this, the above
solution was emulsified with PLGA (pKa 3.85) in DCM (1 mL of 5 mg mL™"), using
the microtip probe sonicator (UP200S ultrasonic processor, hielscher), set at cycle

0.5 and amplitude 40 % for 2 min, to form oil in water single emulsion. The
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emulsified solution was allowed to mix gently in a rocker for 4 h and then the DCM
was evaporated using the water bath maintained at 40 °C for 2 h. Finally, the
dispersion was centrifuged (20000 rcf, 4 °C for 15 min) and the pellet was washed

twice. The resulting pellet was redispersed in water using an ultrasonic bath.

The characterization of the nanocarriers was done using the double beam UV-
visible spectrophotometer (Hitachi U-2900), DLS-based particle size analyzer
(Zetasizer Nano ZS90, Model No. ZEN3690, Malvern) and transmission electron

microscope (JEOL JEM 2100, maximum accelerating voltage 200 kV).

4.1.4 Stability tests against proteases

The stability of the nanocarriers against protease degradation was tested via SDS-
PAGE and TEM analysis. PLGA coated nanocarriers were prepared in duplicate,
centrifuged, washed and both the pellets were redispersed together in 60 pL of
water. As a control, Au NP-Lyz agglomerates (without PLGA coating) and albumin
coated nanocarriers (as mentioned in Chapter 3) were also prepared and the
pellet after centrifugation and several washings were redispersed in 30 pL of
water separately. The solutions of PLGA coated nanocarriers, albumin coated
nanocarriers, Lyz and albumin were mixed individually with Proteinase K and
incubated at 37 °C in a shaking water bath for 1 h. After this, the solutions were
immediately boiled for 10 min to stop the reaction. The above solutions along with
the solutions which were not subjected to protease treatment were boiled again
with loading buffer for 5 min and then loaded in polyacrylamide gel (16 %). After
the completion of electrophoresis, the gel was stained (using coomassie brilliant
blue R-250), destained and then photographed (using Gel Logic 212 PRO Imaging
System, Carestream). The details of the samples used in different lanes of Figure
4.4 a, Figure 4.4 b and Figure 4.4 c are given in Table 4A.1, 4A.2 and 4A.3
(Appendix) respectively. The PLGA coated nanocarriers or albumin coated
nanocarriers with (500 ng) and without protease treatment were also observed

under transmission electron microscope.

4.1.5 Stability of the PLGA coated nanocarriers in human blood serum and in

water

The concentrated dispersion of PLGA coated nanocarriers were equally diluted
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with human blood serum as well as with water and their extinction spectra were
recorded at different time intervals. It is important to mention here that the
nanocarriers diluted with serum were stored at 37 °C and nanocarriers diluted

with water were stored at 4 °C.

4.1.6 Encapsulation efficiency (E.E.) and in-vitro cumulative release (C.R.)

study

The PLGA coated nanocarriers were prepared, centrifuged (at 20000 rcf and 4 °C
for 15 min) and the pellet was washed twice. The supernatant of the initial step
was mixed with the supernatants of the washing steps and its emission spectrum
was recorded in a HORIBA Jobin Yvon FluoroMax-4 spectrofluorimeter by exciting
at 370 nm. The emission at 434 nm was noted and the concentration of the CPT in
the supernatant was calculated using the standard curve of CPT. Then the E.E. was

calculated using the formula:

CPT .- CPT
CPT

EE % =

s x100 (4.1)

where, [CPT]; is the initial concentration of CPT and [CPT]s is the concentration of

CPT in the supernatant.

Generation of standard curve of CPT for E.E. study

Considering that the supernatant may contain moieties which may have influence
on the fluorescence profile of CPT, the standard curve for calculating [CPT]s (the
concentration of CPT in the supernatant) was made by dissolving different
concentrations of CPT in the supernatant (obtained after the centrifugation and
washing of non-loaded nanocarriers) and recording their emission spectrum by
excitation at 370 nm. The intensity at 434 nm was noted and the standard curve of

emission intensity vs concentration was obtained.

For in vitro cumulative release study, the PLGA coated nanocarriers were
prepared, centrifuged and washed. Finally the pellet was redispersed in acetate
buffer (0.02 M, pH 4.0), phosphate buffer (0.02 M, pH 7.4) and DMSO, separately
respectively. Then the respective dispersion of nanocarriers were equally
distributed in different centrifuge tubes and incubated in a shaking water bath

80
TH-1397_09612209



4.1 Experimental Section

maintained at 37 °C for 24 h. At different intervals of time, the centrifuge tubes
were taken out, centrifuged and the supernatants were collected whose emission
intensities were measured at 434 nm, by exciting the samples at 370 nm in a
fluorimeter. By knowing the emission intensities, the concentrations of CPT
released in the supernatants were calculated using the standard plot of CPT. Then,

the cumulative release were obtained using the formula:

CPT
CR % :FTSX].OO (42)

where, [CPT]s is the concentration of CPT released in the supernatant and [CPT]; is
the concentration of CPT encapsulated in the nanocarriers. Similarly the

cumulative releases in phosphate buffer and in DMSO were calculated.
Generation of standard curve of CPT for C.R. study

The non-loaded nanocarriers were centrifuged and washed, similar to CPT loaded
nanocarriers. The pellet was resuspended in acetate buffer (0.02 M, pH 4.0) and
again centrifuged. The supernatant obtained was used for preparing CPT solutions
of different concentrations. The emission spectra of the respective solutions were
recorded and the intensities at 434 nm were noted. These intensities were plotted
against CPT concentrations to have a CPT standard curve in acetate buffer. The
standard curve of CPT in phosphate buffer and DMSO were made by dissolving the
non-loaded nanocarrier pellet in phosphate buffer (0.02 M, pH 7.4) and DMSO

respectively and then following the same procedure as above.

4.1.7 TEM and FESEM analysis of the treated HeLa cells

For TEM and FESEM analysis, the HeLa cells were seeded in a 35 mm cell culture
plate and were then allowed to grow overnight. Then the serum medium was
removed, washed with phosphate buffer saline (PBS) and the fresh serum medium
containing CPT loaded nanocarriers was added to the cells. The cells were
incubated in a humidified atmosphere containing 5 % CO at 37 °C for 5 h. Then
the medium was removed, washed with PBS for two times, trypsinized and
centrifuged. The cell pellet obtained was resuspended in 2 % glutaraldehyde and

incubated at room temperature for 3 h. The fixed cells were then dehydrated with
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graded ethanol solutions and finally resuspended in absolute ethanol. Similarly
the suspension of HeLa cells without treatment was also prepared. These cell
suspensions were used for TEM and FESEM analysis. The cell suspension was
drop-cast on a carbon-coated copper TEM grid for TEM analysis and on a glass

slide (wrapped with an aluminium foil) for FESEM analysis.

4.1.8 Confocal laser scanning microscopic analysis

For confocal analysis, 200000 cells well " were seeded onto coverslips in a 6 well
plate and allowed to grow overnight. Then the medium was removed, washed
with PBS and fresh media containing CPT loaded nanocarriers (0.45 mg mL™"),
CPT (1.3 ug mL™") or non-loaded nanocarriers (0.45 mg mL ') were added to
separate wells. The cells were incubated for 5 h and then following washing with
PBS, the cells were counterstained with calcein AM at 37 °C for 15 min. The cells
were again washed with PBS and fixed using freshly prepared 4 %
paraformaldehyde solution at room temperature for 15 min. Finally the cells were
washed and the cover slips were mounted on glass microscopic slide with a drop
of mounting agent. The coverslips were sealed and then analysed under Leica TCS-
SP8 confocal microscope. The calcein and CPT were excited by 488 nm and 404

nm lasers respectively.

4.1.9 Cell viability assay

10000 cells well ' were seeded in a 96 well microplate and grown overnight. Then
the medium was removed and fresh media containing varying concentrations of
non-loaded nanocarriers (0.05 mg mL™' - 0.45 mg mL™') or CPT loaded
nanocarriers (0.05 mg mL™' - 0.45 mg mL™') or CPT (0.15 pg mL™' - 1.3 pg mL ™)
were added to the cells. After 24 h incubation, MTT based cell viability assay was
carried out and the absorbance of the formed formazan in DMSO was recorded at

550 nm using a Bio-Rad 680 microplate reader.
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4.2 Results and Discussion

4.2.1 Development and characterization of PLGA coated nanocarriers

The principle of synthesis of the PLGA coated nanocarriers and their delivery to
human cervical cancer HeLa cells resulting into apoptosis are shown in Scheme
4.1. There are three steps, all of which involve non-covalent interactions between
the participating entities: (i) formation of Au NP-Lyz agglomerates induced by
electrostatic interaction between the negatively charged Cit-Au NPs and the
positively charged Lyz (pI 10.7) at pH ~6.9 (as mentioned in Chapter 3); (ii)
loading of the CPT in the agglomerates using primarily hydrophobic interactions
of CPT with Lyz[22] and (iii) formation of PLGA shell surrounding the
agglomerates via oil in water single emulsion process, driven by the electrostatic
interaction between the positively charged Lyz (pI 10.7) of the agglomerates and

the negatively charged carboxylic acid end-groups in PLGA (pKa3.85).[123]

“Au NP-Lyz Agglomerate

Uptake of
PLGA coated Nanocarriers

L ,A‘\, v
CPT loaded
Au NP-Lyz Agglomerate

PLGA coatedl‘Na;ocarrier e So
Scheme 4.1 A schematic illustration of the development of PLGA coated nanocarriers and their
uptake by the HeLa cells followed by release of the blue fluorescent hydrophobic drug CPT, leading
to apoptotic cell death. The key steps involved in the development of the nanocarriers are (i) the
formation of Au NP-Lyz agglomerates, (ii) loading of CPT in the agglomerates and (iii) formation of

PLGA shell surrounding the agglomerates.
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Figure 4.1 The characterization of PLGA coated nanocarriers. (a) UV-visible extinction spectra of
(i) Cit-Au NPs, (ii) Cit-Au NPs + Lyz, (iii) Cit-Au NPs + Lyz + CPT and (iv) Cit-Au NPs + Lyz + CPT +
PLGA. (b) Particle size distribution curves of (i) Cit-Au NPs, (ii) Cit-Au NPs + Lyz, (iii) Cit-Au NPs +
Lyz + CPT and (iv) Cit-Au NPs + Lyz + CPT + PLGA as determined by DLS. (c) Representative TEM

micrograph of a PLGA coated nanocarrier.

During the preparation of the nanocarriers, the change in the extinction
spectrum of the Au NPs, occurring at each step, was monitored using UV-visible
spectroscopy. Upon addition of 0.74 ug mL™" of Lyz to Cit-Au NPs, the color of the
colloidal gold changed from ruby red to pinkish purple, accompanied by
broadening of the peak and shifting of extinction maximum (Amax) from 516 nm to
519 nm (Figure 4.1 a). These indicated the formation of Au NP-Lyz agglomerates.
When 1.2 ng mL™' of CPT was added to these agglomerates and incubated for 1 h
in the dark, the color changed to bluish purple and the extinction spectrum further
broadened and the peak shifted to 524 nm (Figure 4.1 a), suggesting additional
agglomeration. Emulsification of these CPT loaded agglomerates (in water) with
PLGA (in DCM), followed by evaporation of the organic solvent and then
centrifugation resulted in the formation of PLGA coated nanocarriers having a
broad extinction spectrum with Amax at 533 nm (Figure 4.1 a). Further, dynamic
light scattering (DLS)-based particle size analysis indicated that addition of Lyz to
Cit-Au NPs significantly shifted the particle size distribution with the Za.yg from
17.4 £ 0.3 nm to 109.6 * 2.6 nm, indicating the formation of larger particles in the
dispersion (Figure 4.1 b). Addition of CPT further shifted the distribution curve
and the Zayz was found to be 151.2 + 3.2 nm (Figure 4.1 b), representing
formation of even larger particles. Importantly, PLGA coating resulted in
additional shifting of the particle size distribution curve with Z.y; of 215.5 + 3.8
nm (Figure 4.1 b). Literature report suggests that the size of the coated
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Figure 4.2 TEM micrographs of (a-c) Cit-Au NPs, (d-f) Au NP-Lyz agglomerates and (g-i) CPT
loaded Au NP-Lyz agglomerates. Scale bar is 100 nm.

nanocarriers would allow their extravasation through the leaky vessels of the
tumor vasculature.[?- 115 TEM micrograph of the PLGA coated nanocarrier (Figure
4.1 c) evidenced the presence of organic coating surrounding a large number of
assembled Au NPs; the appearance of these particles are distinctly different from
Cit-Au NPs (Figure 4.2 a-c), Au NP-Lyz agglomerates (Figure 4.2 d-f) or CTP
loaded Au NP-Lyz agglomerates (Figure 4.2 g-i). The average particle size of these
PLGA coated nanocarriers, calculated from a few TEM images, was found to be 157
+ 15 nm. This is close to the measured value obtained from DLS-based particle size
measurement. The difference could be due to evaporation induced shrinkage of
the nanocarriers. The zeta potential of the nanocarriers at 25 °C in water was
found to be -53.55 + 1.66 mV, which prevented the nanocarriers from

flocculating.[124] Overall, the process led to the generation of stable nanocarriers
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consisting of polymer coated agglomerates of Au NP and Lyz with incorporation of
CPT. That the average size of the carriers conforms to the requirements for

extravasation through leaky vesicles improves their chance of practical usage.

4.2.2 Stability of the PLGA coated nanocarriers in human blood serum and

against proteases

For the application of the nanocarriers (especially the protein based) in vivo, they
ought to be stable in human blood serum!!8] and be resistant to degradation by
protease enzymes in the presystemic circulation.[20. 211 Their stability in human
blood serum was tested by adding the PLGA coated nanocarriers in serum (being
kept at 37 °C) and recording the extinction spectrum of the medium at different
time intervals, which was pursued for 48 h. Figure 4.3 a shows the extinction
spectra of the serum, nanocarriers in water and nanocarriers after being added to

the serum. A closer analysis revealed that the extinction spectrum of nanocarriers

a \ ----only serum b 1.0 —0h
1.6 \ -- !\Ianoicarriers ' —; E
In water
Oh 0.8 _é R
§121 3% —an S 12 h
= 5 0.6 24h
c [+ £ —48 h
= 0.8~ = —72h
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Figure 4.3 Evidences for the stability of PLGA coated nanocarriers in human blood serum and in
water. UV-visible extinction spectra of PLGA coated nanocarriers (a) in human blood serum and (b)
in water at different intervals of time as mentioned in the legends.

in serum is a simple summation of the extinction due to the nanocarriers and the
serum, indicating that presence of serum did not lead to significant changes in the
nanocarriers. Moreover, there was no change in the extinction spectrum of the
nanocarriers in serum with time indicating that no further agglomeration,
disruption or precipitation occurred. This ensured the stability of the nanocarriers
in human blood serum, which could possibly enable their in vivo applications.
Furthermore, the stability of the nanocarriers was tested similarly in water, where
they also proved to be stable (Figure 4.3 b). The stability of the nanocarriers in
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human blood serum and in water might be due to the presence of PLGA coating

surrounding the agglomerates.

In order to investigate the stability of the carriers - especially the Lyz protein -
against enzymatic digestion, the PLGA coated nanocarriers were incubated with a
broad spectrum serine protease, Proteinase K, for 1 h at 37 °C, which was analyzed
using sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)
and TEM. The SDS-PAGE analysis depicted that Lyz treated with the protease (250
ng) was degraded nearly completely, as is shown in Lane 3 of Figure 4.4 a. On the
other hand, as are evident in Lane 5 and Lane 6 (Figure 4.4 a), distinct bands due
to Lyz present in the PLGA coated carrier appeared, even following treatment with
250 ng and 500 ng of protease, respectively. The results indicated stability of the
protein in the PLGA coated nanocarrier even in the presence of protease. The

appearance of lower molecular weight bands in both Lane 5 and Lane 6 was
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Figure 4.4 (a) SDS-PAGE analysis of PLGA coated nanocarriers with and without protease
treatment. The lanes correspond to 1: New England Biolabs Protein marker; 2: Lyz without
protease treatment; 3: Lyz with protease treatment; 4: PLGA coated nanocarriers without protease
treatment; 5: PLGA coated nanocarriers with 250 ng protease treatment; 6: PLGA coated
nanocarriers with 500 ng protease treatment and 7: Proteinase K. (b) SDS-PAGE analysis of Au NP-
Lyz agglomerates with and without protease treatment. Lane 1: New England Biolabs Protein
marker; 2: Au NP-Lyz agglomerates without protease treatment and 3: Au NP-Lyz agglomerates
with protease treatment. (c) SDS-PAGE analysis of albumin coated nanocarriers with and without
protease treatment. Lane 1: New England Biolabs Protein marker; 2: Lyz without protease
treatment; 3: Lyz with protease treatment; 4: Proteinase K; 5: albumin without protease treatment;
6: albumin with protease treatment; 7: albumin coated nanocarriers without protease treatment
and 8: albumin coated nanocarriers with protease treatment. The molecular weights of the

proteins in the marker are reported on the left of each image for reference.
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possibly due to the degradation of Lyz that remained adhered to the outer surface
of the PLGA shell during fabrication of the nanocarriers. It is to be mentioned here
that the 28.9 kDa band in Lanes 3, 5, 6 and 7 is due to Proteinase K. Importantly, in
order to probe the stability due to PLGA coating, the SDS-PAGE analysis was
carried out with Au NP-Lyz agglomerates. Lyz in agglomerates, without polymer
shell, was completely degraded after protease treatment (Lane 3; Figure 4.4 b).
Further, in albumin coated nanocarriers (mentioned in Chapter 3, Figure 4.4 c),
both the proteins - albumin and Lyz - were found to have been either completely

or nearly completely degraded after protease treatment (Lane 8; Figure 4.4 c).

The above results were also supported by the TEM analysis, which indicated
that the agglomerated structures along with polymer coating were intact in case of
PLGA coated nanocarriers (Figure 4.5 ), whereas, in albumin coated nanocarriers
(Figure 4.6 a-c), the albumin layer as well as the agglomerated structures were
disrupted following protease treatment (Figure 4.6 d-f). In other words, when the
agglomerates were coated with albumin, the nanocarriers were susceptible to
protease degradation. On the other hand, when the agglomerates were coated

with PLGA instead they were stable in the presence of proteases.

PLGA
coating

!

50 nm

Figure 4.5 TEM micrograph of PLGA coated nanocarrier after protease treatment.
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BSA
coating

Figure 4.6 TEM micrographs of albumin coated nanocarriers (a-c) without and (d-f) with protease

treatment. Scale bar is 50 nm.

4.2.3 Encapsulation efficiency and in vitro release of CPT from loaded PLGA

coated nanocarriers

The encapsulation efficiency (E.E.) of the nanocarriers for CPT was calculated
using a fluorescence spectroscopic technique and it was found to be 38.6 %, when
0.04 mL of 0.5 mg mL"' CPT was added to NP-protein agglomerates. The
agglomerates were formed from 15 mL of Cit-Au NPs, with a maximum extinction
0.72 at 516 nm (Figure 4.1 a) and 1.2 mL of 0.01 mg mL ™' Lyz. This means, when
20 pg of CPT was present in the dispersion containing 15 mL of Au NPs and 12 pg
of Lyz, 7.72 pg of CPT was encapsulated due to hydrophobic interaction of CPT
with the tryptophan residue of Lyz.[1221 CPT was chosen particularly for
encapsulation because its free form is unstable - the active lactone form gets
hydrolyzed to inactive carboxylate form, which binds irreversibly with human
serum albumin at physiological pH.[171 Therefore, the delivery of the drug CPT can
be possible by encapsulating the drug in a suitable nanocarrier. The in vitro
cumulative release (C.R.) of CPT from the PLGA coated nanocarriers was also
studied for 24 h and it was about ~5 % in acetate buffer (pH 4.0), ~7 % in
phosphate buffer (pH 7.4) and ~12 % in DMSO (data not shown). The relatively
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higher release of CPT in DMSO could be due to its greater solubility in the non-

polar solvent.

4.2.4 Uptake of PLGA coated nanocarriers by cancer cells

An important criterion for the success of nanocarriers is the ease of their
internalization by the cancer cells. The in vitro internalization study was pursued
by incubating the HeLa cells with PLGA coated nanocarriers for 5 h, followed by
analysis using TEM and confocal microscopy. Figure 4.7 a represents the TEM
micrograph of a HeLa cell treated with PLGA coated nanocarriers and Figure 4.7 b
is the magnified image of a part of the cell, marked with red dotted circle. Figure
4.7 b demonstrates the internalization of a significant number of nanocarriers by
the single cell. Selected area electron diffraction (SAED) pattern of the darker
spots represented (110) and (200) planes of fcc Au NP crystals, thus confirming
the presence of Au NPs in the cell. The details of nanocarrier internalization by the

cell at various positions are shown in Figure 4.8 a-f.

Figure 4.7 Evidence for the uptake of PLGA coated nanocarriers by the HeLa cells. (a) TEM
micrograph of the HelLa cell treated with PLGA coated nanocarriers for 5 h and (b) High
magnification image of a region of the HeLa cell (marked with red dotted circle) having the
nanocarriers internalized, inset: SAED from the internalized nanocarriers.

The internalization of the CPT loaded nanocarriers by the HeLa cells was also
confirmed by the confocal microscopic analysis. In order to have clearer view of
the cells, the cytoplasm was counterstained with calcein AM after treatment with
CPT loaded nanocarriers for 5 h. Calcein AM is the acetomethoxy derivative of
calcein which can readily enter the cell membrane and gets converted to green

fluorescent calcein by intracellular esterases.[125] Figure 4.9 a-d demonstrated the
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29 1) 29 1)
e » —

Figure 4.8 TEM micrographs of the various regions of the HeLa cell having the PLGA coated

nanocarriers internalized. Scale bar is 20 nm.
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Calcein (Green) CPT (Blue) Merged

Figure 4.9 Representative confocal laser scanning microscopic images of HeLa cells treated with

CPT loaded
Nanocarriers

non-loaded
CPT

Nanocarriers

Control

(a-d) CPT loaded nanocarriers, (e-h) CPT only and (i-1) non-loaded nanocarriers for 5 h. (m-p)
Representative confocal laser scanning microscopic images of control HeLa cells. The cytoplasm
was counterstained with calcein AM (Scale bar: 20 pum, Magnification: 60x oil immersion

objective).

presence of blue fluorescence - corresponding to CPT - at various positions inside
the cell. This, similar to TEM analysis, also indicated the internalization of several
nanocarriers by the single cell after 5 h. The observed blue fluorescence (Figure
4.9 c and d) - for the CPT loaded nanocarrier treated HeLa cell - could be either
due to CPT loaded in the nanocarriers or CPT released from the nanocarriers
inside the cell or both. However, it is difficult to quantitatively measure the
amount of CPT released after 5 h treatment inside the cells. Blue fluorescence was

also observed for HeLa cells treated with CPT only (Figure 4.9 e-h). However, no
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such blue fluorescence could be observed for non-loaded nanocarriers treated
(Figure 4.9 i-1) and control HeLa cells (Figure 4.9 m-p). Thus, although the PLGA
coated nanocarriers are negatively charged, they are efficiently internalized by the
cancerous cells.[126. 127] This internalization of negatively charged nanocarriers

could be either due to facultative diffusion or via endocytotic processes.[128]

4.2.5 Consequence of the drug release from the loaded PLGA coated

nanocarriers

The real test for successful delivery of CPT using nanocarriers is in their release
within the cell, which would eventually lead to the drug-induced accumulation of
topoisomerase [-DNA complexes, causing apoptotic cell death.[129] In order to
confirm this, the HeLa cells were incubated with various concentrations of CPT
loaded nanocarriers for 24 h and MTT based in vitro cell viability assay was
performed on those cells. The results, as shown in Figure 4.10 a, demonstrated
that CPT loaded nanocarriers killed the HeLa cells efficiently. With increase in the
concentration of CPT loaded nanocarriers from 0.05 mg mL ™' (containing 0.15 pg
mL~' of CPT) to 0.45 mg mL™' (containing 1.3 ug mL™" of CPT), the cell viability
decreased consistently from 77 % to 46 %. In order to ensure that the cytotoxic

effect was for CPT and not for nanocarriers themselves, cell viability assay, by

a’o = CPT loaded Nanocarriers b 100 = CPT loaded Nanocarriers
100 Nanocarriers CPT
R R &
=~ 80 = 2 LN
= ==
= = 60
g 60 E —
2 40 2 40
3 3
20 20
0 0
0.05 01 0175025 03 04 05 015 03 05 07 1 13
Concentration / mg mL" Concentration / pug mL'1

Figure 4.10 MTT based cell viability assay of HeLa cells after 24 h treatment with (a) CPT loaded
nanocarriers or non-loaded nanocarriers at varying nanocarrier concentration and (b) CPT loaded
nanocarriers or CPT only at varying CPT concentrations. Data are represented as mean #* S.D. of

three individual experiments.
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incubating the HeLa cells with non-loaded nanocarriers was also performed. The
results (Figure 4.10 a) indicated that the nanocarriers themselves were not
significantly toxic to the cells. Further, the half maximal inhibitory concentration
(ICso) value for CPT loaded in the nanocarriers was found and compared with that
of free CPT. For CPT loaded in the nanocarriers it was found to be ~0.9 ug mL™
(CPT concentration), which was higher than that of free CPT (~0.3 pg mL™")
(Figure 4.10 b). This could be due to incomplete release of CPT from the

nanocarriers during the investigation period.[130]

Another evidence for the programmed cell death is the formation of apoptotic
bodies. The field emission scanning electron microscopy (FESEM) image of the
CPT loaded nanocarriers treated HeLa cell showed the presence of such apoptotic
bodies (Figure 4.11 a), thus confirming the binding of CPT with DNA, leading to
programmed cell death. As a control, the FESEM image of the untreated HeLa cell
is shown in Figure 4.11 b, which evidenced the absence of apoptotic body. Thus,
from MTT based cell viability assay and FESEM analysis, it is clear that CPT must
have been released inside the cells and interacted with DNA, resulting in
programmed cell death. The complete mechanism of intracellular drug release is
beyond the reach of the current experiments; however, it could be due to the
degradation of PLGA coating either by hydrolysis or by intracellular esterases,[*>]

which resulted in the diffusion/release of CPT from the Au NP-Lyz agglomerates.

Figure 4.11 FESEM images of (a) CPT loaded nanocarriers treated (for 5 h) HeLa cell and (b)

untreated HeLa cell.
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4.3 Conclusions

In summary, we have been able to fabricate a highly stable nanocarrier based on
non-covalent interactions between Au NPs, protein and finally PLGA. The
nanocarriers were biocompatible; they could be loaded with the hydrophobic drug
CPT and delivered to cancer cells, whereupon apoptotic cell death occurred
following the release of the molecule. Importantly, the nanocarriers were resistant
against protease degradation; they were stable in human blood serum and are of
sizes suitable for cancer tissue passive targeting based on the EPR effect. Their
ease of formation, ability for encapsulation of hydrophobic drug and facile release
of the potent molecules in cancer cells make the nanocarriers an ideal choice for
practical drug delivery especially for cancer treatment. Moreover, incorporation of
the targeting ligands like monoclonal antibody, arginine-glycine-aspartate (RGD)
peptide on the PLGA coating would enhance the efficacy through active targeting

of cancer tissues.[131, 132]
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Gold Nanocluster embedded Albumin Nanoparticles for

Two-photon Imaging of Cancer Cells accompanying Drug

Delivery

As chapters 3 and 4 were based on the fabrication of nanocarriers for only drug
delivery application, this chapter reports the fabrication of biocompatible gold
nanocluster embedded albumin nanoparticles for both diagnosis and therapy i.e
theranostic. The gold nanoclusters embedded in albumin nanoparticles were non-toxic,
highly photostable and have the capability to be imaged both by one- and two- photon
excitations with the two-photon excitation/emission lying in the biological window of
650-900 nm. The composite nanoparticles loaded the anticancer drug doxorubicin with
high efficiency and were then used to deliver to cancer cells, leading to apoptotic cell
death. The drug loaded composite nanoparticles retained their luminescence in human
blood serum and met the size criterion for possible passive targeting of cancer cells,
through the enhanced permeation and retention (EPR) effect. The luminescent

nanoparticles may serve as model platforms for nanotheranostics.

U nanocluster embedded BSA nanoparticle

g
3
je
g
8
=
8
Q
3
>
3
g
(2]
b

BSA ¥ Aunanocluster + Dox

* Submitted to Small (Wiley-VCH)

97
TH-1397_09612209


Rumi
Highlight


Chapter 5

5.1 Experimental Section

5.1.1 Materials

Hydrogen tetrachloroaurate trihydrate (HAuCl4+.3H20, Sigma-Aidrich Co., USA),
bovine serum albumin (BSA, Sisco Research Laboratories Pvt. Ltd., India), sodium
hydroxide (NaOH, Merck, India), acetone (Merck, India), doxorubicin
hydrochloride (Dox, Parental Drugs Ltd., India), 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT, Himedia, India), quinine sulfate (Fluka, USA)
and rhodamine 6G (Sigma-Aldrich Co., Germany) were purchased and used as
received without any further purification. Milli-Q ultrapure water (>18 M(Q cm,

Millipore) was used in all the experiments.

5.1.2 Synthesis of BSA-stabilized Au nanoclusters

BSA-stabilized Au nanoclusters were prepared following a method reported by Xie
et al.[133] Briefly, aqueous HAuCl4 solution (5 mL of 10 mM) was added to aqueous
BSA solution (5 mL of 50 mg mL ') and stirred vigorously for 2 min at 37 °C. After
this, NaOH solution (1.1 mL, 1 M) was added to adjust the pH of the reaction
mixture to 12.0. The above solution was allowed to stir vigorously for 12 h at 37
°C, resulting in the formation of deep brown solution, which is characteristic of

BSA-stabilized Au nanocluster formation.[133]

5.1.3 Synthesis of Au nanocluster embedded BSA nanoparticles

The Au nanocluster embedded BSA nanoparticles were prepared by modifying the
known methods for the preparation of BSA nanoparticles.[134 1351 Typically, the as-
synthesized BSA-stabilized Au nanoclusters (3.3 mL) were diluted (to 10 mL) with
water and the pH was adjusted to 8.8. To the above stirring (750 rpm) solution at
30 °C, acetone was added (using the peristaltic pump) drop by drop at a rate of 1
mL min~' until the solution became just turbid. The turbidity indicated the
formation of nanoparticles. After this, the temperature was raised to 50 °C and the
dispersion was stirred (at 750 rpm) continuously for 12 h to stabilize the
nanoparticles. Then, the organic solvent acetone was removed using a rota-vapor
and finally the nanoparticles were centrifuged twice at 25000 rcf, for 20 mins and

4 °C to remove the untreated BSA-stabilized Au nanoclusters. The pellet so
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obtained was redispersed in water (4.2 mL) and used for further experiments. The
pH of the Au nanocluster embedded BSA nanoparticle dispersion was measured to

be ~8.2.

5.1.4 Characterization of BSA-stabilized Au nanoclusters and Au nanocluster

embedded BSA nanoparticles

The BSA-stabilized Au nanoclusters and Au nanocluster embedded BSA
nanoparticles were characterized using UV-visible spectrophotometer (Perkin
Elmer, Lambda 750), HORIBA Jobin Yvon FluoroMax-4 spectrofluorimeter and
TEM (JEOL JEM 2100, maximum accelerating voltage 200 kV). Quantum yields of
the samples were measured using rhodamine 6G (in ethanol) as the reference.
Photostability experiments were performed, using rhodamine 6G as the standard,
in a Perkin Elmer LS 55 instrument for 1800 sec (with 0.1 sec data interval). The
solid powder of the BSA-stabilized Au nanoclusters and Au nanocluster embedded
BSA nanoparticles were obtained after lyophilization (using Christ Alpha 1-4 LD
lyophilizer) of their respective aqueous dispersions. As a control, the pH of the as-
synthesized BSA-stabilized Au nanocluster solution was adjusted ~8.2 (similar to

the dispersion of Au nanocluster embedded BSA nanoparticles).

5.1.5 Loading of Dox in Au nanocluster embedded BSA nanoparticles and

calculating the encapsulation efficiency (E.E.)

To the above dispersion of Au nanocluster embedded BSA nanoparticles (1 mL),
an aqueous solution of Dox (2 mL of 16.39 pg mL™" - actual content of Dox in the
as-prepared solution) was added and stirred (750 rpm) for 2 h at 30 °C in the
dark. After this, the Dox loaded Au nanocluster embedded BSA nanoparticles were
led through three cycles of centrifugation (25000 rcf, 20 mins and 4 °C), washing
with water and redispersion to remove the unloaded Dox. Finally, the pellet

obtained was redispersed in water.

For calculating the E.E., the supernatants obtained from all the washing cycles
were mixed together and its emission (Aex = 480) spectrum was recorded using
the spectrofluorimeter. The emission intensity at 591 nm was noted and the
concentration of Dox in the supernatant was calculated using the standard curve
(intensity vs concentration) of Dox. The E.E. was measured in triplicates.
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Then the E.E. was calculated using the formula

Dox - Dox

EE % = £ X100 (5.1)

Dox
where, [Dox]i is the concentration of Dox initially added and [Dox]s is the
concentration of Dox in the supernatant. The E.E. for Pyr was also calculated in the

same way.
Generation of standard curve of Dox for E.E. study

As the emission intensity of Dox is a function of the pH of the medium and the
supernatant may contain several moieties which can effect the emission intensity
of Dox,112] the standard curve of Dox was obtained by dissolving different
concentrations of Dox in the supernatant, obtained after washing of Au
nanocluster embedded BSA nanoparticles (non-loaded) only (similar to Dox
loaded Au nanocluster embedded BSA nanoparticles). The emission (Aex = 480)
spectra of all the Dox containing solutions were recorded using the
spectrofluorimeter and the emission intensities at 591 nm were noted. Using these
emission intensities and the respective Dox concentrations, a standard curve for

E.E was obtained.

5.1.6 Characterization of Dox loaded Au nanocluster embedded BSA

nanoparticles

The particle size and the zeta potential were measured using a DLS-based particle
size analyzer (Zetasizer Nano ZS90, Model No. ZEN3690, Malvern). The emission
spectrum was recorded wusing a HORIBA Jobin Yvon FluoroMax-4
spectrofluorimeter. In addition to DLS-based particle size analysis, the size
characterization was also done using TEM, FESEM and AFM. For TEM, dispersion
of Dox loaded Au nanocluster embedded BSA nanoparticles was drop-casted on
carbon-coated copper TEM grid and left overnight for drying. This was then
analyzed under a JEOL JEM 2100 transmission electron microscope, operating at a
maximum accelerating voltage of 200 kV. For FESEM, 10 pL of the dispersion was
deposited on a glass slide (which was wrapped with an aluminium foil), dried and
then coated with a gold film (using SC7620 “Mini”, Polaron Sputter Coater,
Quorum Technologies, Newhaven, England). The sample was analyzed under
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>IGMA, Carl Zeiss field emission scanning electron microscope. For AFM, the
dispersion of Dox loaded Au nanocluster embedded BSA nanoparticles was spin
coated (2000 rpm) onto a glass slide and dried at 50 °C for 2 h and then the

sample was analyzed under Agilent (Model 5500-SPM) atomic force microscopy.

5.1.7 Stability of the luminescence intensity of Dox loaded Au nanocluster

embedded BSA nanoparticles in human blood serum

The concentrated dispersion of Dox loaded Au nanocluster embedded BSA
nanoparticles were diluted with human blood serum and its emission spectra with
two different excitations (365 and 505 nm) were recorded immediately. After this,
the nanoparticle dispersion in human blood serum was incubated at 37 °C and at
regular time intervals, its emission spectra were recorded. As a control, similarly,
the emission spectra of the human blood serum only were also recorded at

excitations 365 and 505 nm.

5.1.8 Confocal laser scanning microscopic analyses

For confocal analyses, 150000 HeLa cells well”' were seeded onto coverslips
placed inside 6 well plate and allowed to grow overnight. Then the medium was
removed and fresh medium containing Au nanocluster embedded BSA
nanoparticles (0.62 mg mL '), Dox loaded Au nanocluster embedded BSA
nanoparticles (0.62 mg mL~' of the loaded composite, which effectively meant 7.8
ng mL™' of Dox was present in the medium) or Dox (7.8 ug mL™') were added to
the cells and incubated for 4 h in a humidified atmosphere containing 5 % CO? at
37 °C. After this, the cells were washed twice with PBS and were fixed with freshly
prepared 4 % formaldehyde solution for 15 min at room temperature. The cells
were washed again and finally mounted on a glass microscopic slide with a drop of
mounting agent. The cover slips were sealed and then the samples were visualized
under Leica TCS SP8 STED (using 405 nm diode laser and 515 nm multiline argon
laser) and TCS SP5 Multi-Photon (using multi-photon laser and white light laser,

WLL) confocal microscope.

5.1.9 Cell viability assay

For cell viability assay, HeLa cells (8500 cells well ') were seeded in a 96 well
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microplate and grown overnight. Then the medium was removed and fresh
medium containing varying concentrations of Au nanocluster embedded BSA
nanoparticles (0.16 - 1.1 mg mL™') or Dox loaded Au nanocluster embedded BSA
nanoparticles (0.16 - 1.1 mg mL ") or Dox (0.28 - 1.94 ug mL™') were added to the
cells. After 36 h incubation, MTT based cell viability assay was carried out and the
absorbance of the formed formazan in DMSO was recorded at 550 nm, using a Bio-
Rad 680 microplate reader. For each of the samples, the assay was carried out in

triplicates.

5.1.10 FESEM analyses of the untreated and treated HeLa cells

For FESEM analyses, the HeLa cells were seeded in a 35 mm cell culture plate and
were then allowed to grow overnight. Then the medium was removed and fresh
medium containing Dox loaded Au nanocluster embedded BSA nanoparticles (0.62
mg mL ') was added to the cells. After 4 h incubation, the cells were washed twice
with PBS and then trypsinized. The trypsinized cells were centrifuged and
redispersed in 2 % glutaraldehyde solution for fixation. Following 3 h of
incubation at room temperature, the cells were washed with graded ethanol
solutions and finally resuspended in absolute ethanol. Similarly the suspension of
HeLa cells without treatment was also prepared. The cell suspension of both
treated and untreated cells were deposited on separate glass slides (which were

wrapped with aluminium foils) and then were observed under FESEM.

5.2 Results and Discussion

5.2.1 Generation and characterization of Au nanocluster embedded BSA

nanoparticles

The nanocluster embedded BSA nanoparticles were prepared by first synthesizing
Au nanoclusters in BSA using an established procedure.[*331 This was followed by
the preparation of BSA nanoparticles using a modified procedure based on the
preparation of only albumin nanoparticle.[!34 1351 This was necessary as it was
observed that the established procedure for the generation of stable albumin
nanoparticle led to loss of luminescence of the nanoclusters. The use of chemical
reagents like glyoxal and glutaraldehydel'3¢l or the high temperaturel37] was

102
TH-1397_09612209



5.2 Results and Discussion

avoided for cross linking the protein during stabilization as this led to quenching
of the luminescence of the nanoclusters. Briefly, BSA-stabilized Au nanoclusters
were treated with acetone - at an addition rate of 1 mL min~' at 30 °C - till
turbidity was observed in the medium. This was followed by stirring the mixture
at 50 °C for 12 h. The medium was centrifuged and the pellet so obtained was
redispersed in water, which was then used for further experiments. The detailed

procedure is described in the Experimental Section.

The clear brown dispersion of BSA-stabilized Au nanoclusters (Figure 5.1 a i)
turned turbid brown following formation of composite nanoparticles (Figure 5.1
a iii). On the other hand, excitation by UV light (365 nm) led to intense red
coloration of both the as-synthesized BSA-stabilized Au nanoclusters and the
nanoparticles, in liquid dispersions (Figure 5.1 a v and vii) as well as in solid
powder forms (Figure 5.1 a vi and viii). Importantly, the extinction (with no
prominent bands;[133.138] Figure 5.1 b) and excitation (with a broad band centered
at 505 nm, in addition to a shoulder at 365 nm;[13° Figure 5.1 c) spectra remained
unaltered following formation of nanoparticles. However, there was a blue shift of
the emission maximum by 4 nm (i.e. from 659 nm to 655 nm), at both the 365 nm
(Figure 5.1 d) and 505 nm (Figure 5.1 e) excitations. The quantum yield (Table
5A.1, Appendix) of the clusters embedded in BSA nanoparticles was found to have
been reduced in comparison to those of as-synthesized BSA-stabilized Au
nanoclusters. For example, the quantum yield (QY) of the as-prepared Au
nanoclusters embedded in BSA nanoparticle was found to be 1.9 % at pH 8.2
(which is quite suitable for bio-imaging),[83] while as-prepared BSA-stabilized Au
nanoclusters showed the yield of 5.8 % at pH 12.0(133] (Table 5A.1, Appendix).
Additionally, when the pH of the as-synthesized BSA-stabilized nanoclusters was
adjusted to ~pH 8.2 (similar to aqueous dispersion of the nanoparticles), similar 4
nm blue shift in the emission spectra was observed (Figure 5A.1 a and b,
Appendix);[1371 while no significant change was observed in the excitation

spectrum
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Figure 5.1 Retention of optical properties of Au nanocluster in the composite nanoparticles. (a)
Digital photographs of (i, v) aqueous dispersion and (ii, vi) solid powder of BSA-stabilized Au
nanoclusters, (iii, vii) aqueous dispersion and (iv, viii) solid powder of Au nanocluster embedded
BSA nanoparticles in presence of white light and UV light (365 nm). (b) Extinction spectra of (i)
BSA-stabilized Au nanoclusters and (ii) Au nanocluster embedded BSA nanoparticles. (c) Excitation
spectra of (i) BSA-stabilized Au nanoclusters (Aem = 659 nm) and (ii) Au nanocluster embedded
BSA nanoparticles (Aem = 655 nm). (d) Emission (Aex = 365 nm) spectra of (i) BSA-stabilized Au
nanoclusters and (ii) Au nanocluster embedded BSA nanoparticles. (e¢) Emission (Aex = 505 nm)
spectra of (i) BSA-stabilized Au nanoclusters and (ii) Au nanocluster embedded BSA nanoparticles.
(f) Photostability of (i) BSA-stabilized Au nanoclusters (Aem = 659 nm), (ii) Au nanocluster
embedded BSA nanoparticles (Aem = 655 nm) and (iii) Rhodamine 6G (Aem = 560 nm) monitored
with Aex = 505 nm.

of the pH adjusted BSA-stabilized Au nanoclusters (Figure 5A.1 ¢, Appendix). This
clearly indicates that the emission behavior of BSA-stabilized Au clusters is pH
dependentl137l and also supports that the observed blue shift in emission maxima
and decreased QY were primarily due to change in pH of the aqueous dispersion of
BSA-stabilized Au nanoclusters as well as that of the composite nanoparticles. The
photostability of the Au nanoclusters in the composite nanoparticles was found to
be comparable to that of BSA-stabilized clusters and the values were five and
three times higher than that of an organic dye (rhodamine 6G) at 365 nm (Figure
5A.2, Appendix) and 505 nm (Figure 5.1 f) excitations (Table 5A.2, Appendix)
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respectively. The Stokes shifts of the emissions, due to Au clusters embedded in
BSA nanoparticles, were also found to be large i.e 290 nm (at Aex = 365 nm) and
150 nm (at Aex = 505 nm). Finally, it can be stated that the Au nanoclusters were
successfully embedded in BSA nanoparticles, without significant loss of their
photoluminescence properties and these nanoparticles were endowed with all the

characteristics for use in real applications i.e. in vivo imaging.

5.2.2 Encapsulation of Dox by Au nanocluster embedded BSA nanoparticles

The efficiency of the Au nanocluster embedded BSA nanoparticles to encapsulate
the therapeutic drug Dox was investigated, using the fluorescence spectroscopic
technique and it was found to be 83.05 %. Thus, when 32.78 ug of Dox was added
to as-prepared 1 mL of the nanoparticle dispersion, 27.22 pg of the drug was
encapsulated. The emission spectrum of the Dox loaded Au nanocluster embedded
BSA nanoparticles evidenced an additional peak at ~591 nm, when excitation was
fixed at 505 nm (Figure 5.2). This peak at ~591 nm is the characteristic of Dox
(Figure 5.2). The encapsulation of Dox was further confirmed by measuring the
zeta potential of the Dox loaded composite nanoparticles. The zeta potential of the

Au clusters embedded BSA nanoparticles changed from -39.6 + 0.9 mV to -26.1 +

PL Intensity / a.u.

600 700 800 900
Wavelength / nm

Figure 5.2 Emission (Aex = 505 nm) spectra of (a) Dox loaded Au nanocluster embedded BSA

nanoparticles and (b) Dox only.

0.2 mV after loading of Dox. This reduction in zeta potential may be due to
electrostatic interaction of positively charged Dox (pka 8.4) with the negatively

charged composite nanoparticles.l541 However, the interactions of Dox with the
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hydrophilic and hydrophobic sites of BSA cannot be ruled out.[1#0] Thus, the
excellent luminescent properties of the Au nanocluster embedded in BSA
nanoparticles as well as the high efficiency of them to encapsulate the therapeutic

drug molecules made them suitable for nanotheranostics.

5.2.3 Luminescence stability of Dox loaded Au nanocluster embedded BSA

nanoparticles in human blood serum

Ideally, in order to monitor the pharmacokinetics of these Dox loaded composite
nanoparticles in vivo, their photoluminescence must be present at least in the
blood serum. For this, the emission spectra of the nanoparticles redispersed in
human blood serum were recorded at regular intervals of time (upto 24 h) and it
was observed that there were no significant changes, thus confirming their

stability (Figure 5.3 a and b).
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Figure 5.3 Evidences for the luminescence stability of Dox loaded Au nanocluster embedded BSA
nanoparticles in human blood serum. (a) Emission (Aex = 365 nm) spectra of Dox loaded Au
nanocluster embedded BSA nanoparticles in human blood serum at different intervals of time as
mentioned in the legends. Inset: Emission (Aex = 365 nm) spectrum of human blood serum only. (b)
Emission (Aex = 505 nm) spectra of Dox loaded Au nanocluster embedded BSA nanoparticles in
human blood serum at different intervals of time as mentioned in the legends. Inset: Emission (Aex
= 505 nm) spectra of (i) human blood serum only and (ii) Dox loaded Au nanocluster embedded
BSA nanoparticles (in human blood serum). (iii) Emission spectrum as plotted following
subtraction of emission intenties of human blood serum only from the emission intensities of Dox
loaded Au nanocluster embedded BSA nanoparticles (in human blood serum). As the emission
spectrum iii (inset of Figure 5.3 b) matches with that of emission spectrum i (in Figure 5.2), it
indicates that the serum components did not led to any significant change in the emission

spectrum of Dox loaded Au nanocluster embedded BSA nanoparticles.
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5.2.4 Size suitability of Dox loaded Au nanocluster embedded BSA

nanoparticles for enhanced permeation and retention (EPR) effect

The size suitability of these nanoparticles for possible application through passive
targeting of tumor cells via the EPR effect was examined. For this, the Dox loaded
composite nanoparticles were characterized using transmission electron
microscopy (TEM), field emission scanning electron microscopy (FESEM), atomic
force microscopy (AFM) and dynamic light scattering (DLS)-based particle size
analysis. From TEM (Figure 5.4 a) and FESEM (Figure 5.4 b), the average particle
size was found to be 112 + 20 nm and 112 + 14 nm respectively, whereas from
AFM (Figure 5.4 c) it was calculated to be 200 * 33 nm. DLS-based particle size
analysis showed a single narrow particle size distribution curve (Figure 5.4 d)
with average hydrodynamic diameter (Zavg) of 186 + 2 nm and polydispersity
index (PDI) of 0.06 * 0.01. The relatively higher sizes observed in AFM and DLS
measurements could be due to the presence of water surrounding the particle,
which was absent in the vacuum environment of electron microscopic
measurements. Overall, it can be mentioned that the nanoparticles meet the size
criterion for extravasation through the leaky vessels of the tumor vasculature.[233]

TEM (Figure 5.4 a), FESEM (Figure 5.4 b) and AFM (Figure 5.4 c) micrographs
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Figure 5.4 (a) TEM image, (b) FESEM image, (c) AFM image and (d) DLS-based particle size
distribution curve of Dox loaded Au nanocluster embedded BSA nanoparticles showing the size

suitability for passive targeting of tumor cells through the EPR effect.
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also indicated that the nanoparticles were nearly spherical and homogeneous in
sizes and they remained non-agglomerated even under different sample
preparation conditions. Additionally, the TEM micrographs (Figure 5.5 a and b)
indicated the presence of nanoclusters in the composite nanoparticles. The TEM
micrographs of as-synthesized BSA-stabilized Au nanoclusters are shown in

Figure 5.6 a and b, which indicated the presence of small particles.

50 nm z 3 3 20 nm
L e

Figure 5.5 (a, b) Magnified TEM images of Dox loaded Au nanocluster embedded BSA nanoparticle

showing the presence of nanoclusters in BSA nanoparticle.

Figure 5.6 (a, b) TEM images of as-synthesized BSA-stabilized Au nanoclusters, scale bar: 10 nm

(Inset: Magnified TEM image at scale bar: 2 nm).

5.2.5 Uptake and intracelleular release of Dox from loaded nanoparticles

As the sizes of the nanoparticles were found to be suitable for the delivery through
EPR effect, our next aim was to study their internalization and then release of the
drug molecules inside the cancer cells. This was pursued by incubating the
cervical cancer HeLa cells with Dox loaded composite nanoparticles for 4 h and
then analyzing under confocal microscope by one-photon excitation (using 405

nm diode laser, 515 nm multiline argon laser and white light laser - WLL with 505
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Figure 5.7 CLSM images of HeLa cells after incubation with (a) Au nanocluster embedded BSA
nanoparticles, (b) Dox only and (c) Dox loaded Au nanocluster embedded BSA nanoparticles for 4 h
at 37 °C. (d) CLSM image of control HeLa cells. (Scale bar: 20 um, Excitation source: white light
laser with 505 nm excitation wavelength, Magnification: 60x oil immersion objective). The insets
show the high magnification images of the cells as indicated by white arrows. The periphery with
yellow serrated lines represents the nuclear membrane and that with the white serrated lines

represent the cell membrane.

nm excitation wavelength) as well as by two-photon excitation (using a multi-
photon laser with 730 nm excitation wavelength). For the HeLa cells separately
treated with Au nanocluster embedded BSA nanoparticles and Dox only, weak red
luminescence predominantly in the cytoplasm (Figure 5.7 a and Figure 5.8 a)
and bright red luminescence primarily in the nucleus (Figure 5.7 b and Figure
5.8 b), respectively, were observed when excited by one-photon WLL 505 nm and
two-photon 730 nm lasers. The faint red luminescence is due to the Au
nanoclusters embedded in BSA nanoparticles and the bright red luminescence
corresponds to Dox. However, both weaker (in the cytoplasm) and brighter red
luminescence (mainly in the nucleus) were observed for the HeLa cells incubated
with Dox loaded composite nanoparticles, under 505 nm (Figure 5.7 ¢) or 730 nm
(Figure 5.8 c) illumination. This indicated that the loaded nanoparticles have

109
TH-1397_09612209



Chapter 5

Figure 5.8 Two-photon fluorescence images of HeLa cells after incubation with (a) Au nanocluster
embedded BSA nanoparticles, (b) Dox only and (c) Dox loaded Au nanocluster embedded BSA
nanoparticles for 4 h at 37 °C. (d) CLSM image of control HeLa cells. (Scale bar: 20 pm, Excitation
source: multi-photon laser with 730 nm excitation wavelength, Magnification: 60x oil immersion
objective). The insets show the high magnification images of the cells as indicated by white arrows.
The periphery with yellow serrated lines represents the nuclear membrane and that with the

white serrated lines represent the cell membrane.

entered the cytoplasm of the cells giving weak red luminescence and releasing
Dox, which later entered the nucleus and led to bright red emission. In untreated
HeLa cells, no red luminescence was observed (Figure 5.7 d and Figure 5.8 d).
Thus, the red luminescence emerging out of the nanoclusters embedded in BSA
nanoparticles helped in studying the internalization of the nanoparticles by the
cancer cells and the intrinsic red luminescence of Dox helped in studying the
release of the drug molecules from the nanoparticles inside the cells. Similar
observations were made when the treated and untreated control cells were
imaged by exciting with 405 nm (Figure 5.9) and 515 nm (Figure 5.10) lasers.
Thus, it can be concluded that the Au nanoclusters embedded in the protein

nanoparticles are ideal candidates for imaging of cancer cells by both one- and
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two- photon excitations and with the two-photon excitation/emission

wavelengths lying in the 650-900 nm window.

Fluorescence DIC

Figure 5.9 CLSM images of HeLa cells after incubation with (a, b) Au nanocluster embedded BSA

nanoparticles, (c, d) Dox only and (e, f) Dox loaded Au nanocluster embedded BSA nanoparticles
for 4 h at 37 °C. (g, h) CLSM images of control HeLa cells. (Scale bar: 20 um, Excitation source:

diode laser with 405 nm excitation wavelength, Magnification: 60x with oil immersion objective).
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Fluorescence DIC

Figure 5.10 CLSM images of HeLa cells after incubation with (a, b) Au nanocluster embedded BSA
nanoparticles, (c, d) Dox only and (e, f) Dox loaded Au nanocluster embedded BSA nanoparticles
for 4 h at 37 °C. (g, h) CLSM images of control HeLa cells. (Scale bar: 20 pm; Excitation source:
multiline argon laser with 515 nm excitation wavelength; Magnification: 60x with oil immersion

objective).
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3.2.6 Consequence of the drug release from the Dox loaded nanoparticles

In order to probe the cytotoxicity - if any - of the Au nanocluster embedded BSA
nanoparticles, MTT based in vitro cell viability assay was carried out by incubating
the HeLa cells with the nanoparticles for 36 h. For all the concentrations used,

more than 90 % of the cells were viable (Figure 5.11 a). Thus the nanoparticles
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Figure 5.11 MTT based cell viability assay of HeLa cells after 36 h treatment with (a) Au
nanocluster embedded BSA nanoparticles (non-loaded) and Dox loaded Au nanocluster embedded
BSA nanoparticles at varying concentrations of the nanoparticles and (b) Dox only at varying Dox

concentrations. Data are represented as mean # S.D. of three individual experiments.

themselves were non-toxic to the cells and hence qualify for use in bio-imaging.
However, when these nanoparticles were loaded with Dox, they killed the cancer
cells efficiently (Figure 5.11 a). However, the measured ICso value of 0.47 mg
mL-1 Dox loaded nanoparticles, which is equivalent to 6.3 pg mL-1 of Dox, is
greater than that of free Dox (ICso 0.82 pg mL-1; Figure 5.11 b). The difference
could be due to incomplete release of Dox from the nanoparticles during the
investigation period.[1301 Further, the nanoparticle formulation has many
advantages over free drug; for example, it reduces the side effects through passive
targeting of the cancer cells as well as prevents the drug from degradation and
prematurely interacting with biological moieties.[l] Additionally, in order to probe
the ability of the luminescent nanoparticle containing Dox to cause programmed
cell death (apoptosis),[121] FESEM analysis of a HeLa cell incubated with the same
for 4 h was carried out. This evidenced the presence of apoptotic bodies on the

surface of treated HeLa cell (Figure 5.12 a), which was absent in a control HeLa
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cell (Figure 5.12 b). Thus, the luminescent nanoparticle not only helped in
probing the delivery but also released the drug leading to apoptotic cell death. A
schematic description in Scheme 5.1, of the use of Au nanocluster embedded and

Dox loaded BSA nanoparticle for in vitro drug delivery and observing its effect on

human cervical cancer HeLa cells, captures the essence of the work.

Figure 5.12 FESEM images of (a) Dox loaded Au nanocluster embedded BSA nanoparticles treated
(for 4 h) HeLa cell and (b) untreated HeLa cell.
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Scheme 5.1 A schematic illustration of the formation of Dox loaded Au nanocluster embedded BSA
nanoparticles, followed by uptake and release of Dox inside the HeLa cells, leading to apoptotic cell

death in addition to two-photon imaging.
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5.3 Conclusions

In conclusion, we were able to fabricate nanotheranostic BSA nanoparticles having
Au nanoclusters as the luminescent probe and which could incorporate anticancer
drug Dox with high efficiency. The nanoparticles were biocompatible, non-
cytotoxic, highly photostable and have suitable quantum yield and large Stokes
shifted emission. Moreover, their excitation (by two-photon) and emission fall in
the NIR 650-900 nm window, thus satisfying an essential criterion for in vivo
imaging. These nanoparticles released the anticancer drug Dox to the cancer cells,
leading to apoptotic cell death. The luminescence of both Au nanoclusters and Dox
were found to be useful - Au clusters helped in tracking the uptake of the
nanoparticles by the cancer cells; whereas, the luminescence of Dox helped in
probing the intracellular release of the drug. Interestingly, the Dox loaded and Au
cluster embedded BSA nanoparticles were of size, which is known to be suitable
for passive targeting of tumor cells through the EPR effect. They also retained
their luminescence in human blood serum. These nanoparticles have the potential
to find use in clinical applications especially for in vivo imaging and combination
therapy where the nanoclusters in conjunction with the conventional drug would

be used for therapy using radiation.
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Thesis Overview and Future Outlook

6.1 Overview of the Thesis

The present thesis described the generation of gold nanoparticle (Au NP)-
protein agglomerates via interaction with single protein as well as binary protein
mixtures. The interaction of Au NPs with proteins was depended mainly on the
charge on the surface of the NP as well as the protein. For example, the negatively
charged citrate-stabilized Au NPs (Cit-Au NPs) interacted with positively charged
protein lysozyme (Lyz) to form nanoagglomerates. On the other hand, the
interaction of Cit-Au NPs with binary protein mixture was not only depended on
the charges of the interacting moieties but also on the concentration and the mode

of addition of proteins in a binary mixture.

These agglomerates were demonstrated to encapsulate non-covalently both the
hydrophilic and hydrophobic anticancer drugs. Following drug encapsulation,
these agglomerates were coated either with protein bovine serum albumin (BSA)
or polymer poly(lactic-co-glycolic acid) (PLGA), which provided stability to the
agglomerates against further agglomeration and precipitation. In addition to this,
both types of coating have their own advantages - like the albumin coating
facilitates intratumor accumulation of the nanocarrier, whereas, the PLGA coating
provides stability to the agglomerates against protease degradation in the
presystemic circulation. The albumin coated nanocarrier has the possibility to be
used for intravenous delivery, whereas, the PLGA coated nanocarrier can be used
for both intravenous and oral deliveries. Both the nanocarriers were internalized
by the human cervical cancer HeLa cells, where they released their payloads
causing apoptotic cell death. The nanocarriers themselves were not toxic to the
cells, but when loaded either with hydrophilic or hydrophobic drug killed the
cancer cells efficiently. The nanocarriers were found to be stable in human blood
serum and met the size criterion for possible passive targeting of tumor cells

through the enhanced permeation and retention (EPR) effect.

We have also demonstrated the incorporation of luminescent gold nanoclusters
in the protein agglomerates, which could facilitate imaging guided drug delivery.
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These gold nanoclusters have the capability to be imaged both by one- and two-

photon excitations, with the two-photon excitation and emission wavelengths

lying in the biologically important 650-900 nm NIR window. Moreover, the

luminescence of the nanoclusters was retained after drug (doxorubicin)

encapsulation. The nanoclusters were highly photostable, have suitable quantum

yield and large Stokes-shifted emission. These nanoclusters are also known to be

used for X-ray computed tomography imaging and cancer radiotherapy. The

overview of the thesis is shown pictorially in Figure 6.1.
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Figure 6.1 A schematic representation of the overview of the thesis work.
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6.2 Future OQutlook

1. The agglomerated Au NPs in the nanocarriers (mentioned in Chapters 3 and 4),
with their optical extinction in the NIR region, could possibly be used for

photodynamic cancer therapy.

2. The NP-protein agglomerates could also be used for the simultaneous
encapsulation of more than one anticancer drug (all hydrophilic or all
hydrophobic or some hydrophilic and some hydrophobic) for combinatorial

therapy.

3. A three component (plasmonic + magnetic + imaging) nanoparticulate system
could also be fabricated by combining Au NPs, Fe304 NPs and luminescent

metal nanoclusters, all being incorporated in the proteins.

4. The gold nanoclusters embedded albumin nanoparticles (mentioned in Chapter
5) could also be used for encapsulation of more than one anticancer drug and

cancer radiotherapy.

5. All the nanocarriers fabricated in this thesis could be used for in vivo

applications.
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A2: Chapter 2
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Figure 2A.1 Graphs representing Bradford assay of proteins. (a) UV-visible extinction spectra of Serva
Blue G dye in the presence of various amounts of BSA as mentioned in the legends and (b) Standard

curve representing extinction at 595 nm versus amount of BSA (in pg).
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Table 2A.1 Combination of amount of a-amylase and BSA in their binary mixtures used for different
sets of experiments in UV-visible measurements (the respective concentrations being mentioned in

the Chapter 2). The concentrations of BSA and a-amylase stock solutions used were 0.1 mg mL? and

7.4 ug mL-1 respectively.
a-amylase Buffer (uL) a-amylase Buffer (nL)
(nL) (1L)
10 140 10 130
20 130 20 120
BSA=10pL 30 120 BSA =20 puL 30 110
40 110 40 100
50 100 50 90
60 90 60 80
70 80 70 70
80 70 80 60
90 60 90 50
a-amylase Buffer (uL) a-amylase Buffer (uL)
(nL) (1L)
10 110 10 90
20 100 20 80
BSA =40 puL 30 90 BSA =60 uL 30 70
40 80 40 60
50 70 50 50
60 60 60 40
70 50 70 30
80 40 80 20
90 30 90 10
a-amylase Buffer (uL) BSA (pL) Buffer (uL)
(uL)
10 70 10 130
20 60 a-amylase 30 110
BSA =80 uL 30 50 =20 uL 50 90
40 40 70 70
50 30 90 50
60 20 110 30
70 10 130 10
80 0 - -
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Figure 2A.2 A typical graph showing the area under the curve, after selecting the wavelength region,

using the software associated with

the UV-visible spectrophotometer.
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Figure 2A.3 SPR spectra of Cit-Au NP dispersion before and after addition of binary protein mixtures

having different fractional content of a-amylase and BSA. Concentration of a-amylase was varied from

0.024 pg mL?! to 0.188 pug mL?! (the legends refer to different concentrations), keeping the

concentration of BSA fixed at 2.532 pg mL-1.
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Figure 2A.4 Ratio of area under the UV-visible spectrum of Cit-Au NP dispersion in presence of
different fractional content of a-amylase and BSA to that of Cit-Au NPs only plotted against a-amylase
concentration (pug mL1). Concentration of a-amylase was varied from 0.024 pg mL! to 0.188 pg mL?,
keeping the concentration of BSA fixed at 2.532 pg mL-1. The error bars were calculated from the

results of three independent experiments.

40

35

|l
P

25 4 {/A

L T 1] Ll L) L} L] T
0.017  0.069 0.120  0.172 0.240 1 10 100 1000 10000
[POD] pg mL' Size (d.nm)

Size (nm)
Intensity (%)

20

Figure 2A.5 (a) DLS analysis of Cit-Au NPs in presence of binary mixtures of GOD and POD.
Concentration of POD was changed from 0.017 pg mL-! to 0.240 pg mL-1, keeping the concentration of
GOD constant at 0.045 pg mL-L The size referred here corresponds to the maximum of the particle size
distribution. The error bars were calculated from the results of two independent measurements
carried out for the same sample. (b) Particle size distribution curves of Cit-Au NPs in presence of GOD
and POD in the linear regime. The legends refer to (i) Cit-Au NPs only, (ii) Cit-Au NPs + 0.045 ug mL-!
GOD + 0.017 pg mL-1 POD, (iii) Cit-Au NPs + 0.045 pg mL-1 GOD + 0.069 pug mL-! POD, (iv) Cit-Au NPs +
0.045 pg mL-1 GOD + 0.120 pg mL! POD, (v) Cit-Au NPs + 0.045 pg mL-t GOD + 0.172 pg mL-! POD and
(vi) Cit-Au NPs + 0.045 ng mL-t GOD + 0.240 pg mL-1 POD.
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Figure 2A.6 (a) DLS analysis of Cit-Au NPs in presence of binary mixtures of GOD and POD.
Concentration of POD was changed from 0.017 pg mL-! to 0.206 pg mL-1, keeping the concentration of
GOD constant at 0.903 pg mL-1. The size referred here corresponds to the maximum of the particle size
distribution. The error bars were calculated from the results of two independent measurements
carried out for the same sample. (b) Particle size distribution curves of Cit-Au NPs in presence of GOD
and POD in the non-linear regime. The legends refer to (i) Cit-Au NPs only, (ii) Cit-Au NPs + 0.903 pg
mL1 GOD + 0.017 ug mL-! POD, (iii) Cit-Au NPs + 0.903 pg mL-1 GOD + 0.051 pg mL-! POD, (iv) Cit-Au
NPs + 0.903 ug mL* GOD + 0.086 pug mLt POD, (v) Cit-Au NPs + 0.903 pg mL* GOD + 0.120 pg mL-?
POD, (vi) Cit-Au NPs + 0.903 pg mL-1 GOD + 0.172 pug mL-1 POD and (vii) Cit-Au NPs + 0.903 pug mL-!
GOD +0.206 ug mL1 POD.
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Figure 2A.7 (a) SPR extinction spectra of Cit-Au NP in the presence of increasing POD concentration
and (b) Plot of the ratio of area under the extinction spectrum of Cit-Au NPs in presence of POD to that

of Cit-Au NPs only as a function of concentration. POD sensitivity: 0.009 ug mL-! to 0.124 ug mL-1.
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Figure 2A.8 (a) SPR extinction spectra of Cit-Au NP in the presence of increasing GOD concentration

and (b) Plot of the ratio of area under the extinction spectrum of Cit-Au NPs in presence of POD to that

of Cit-Au NPs only as a function of concentration. GOD sensitivity: 1.091 ug mL to 2.851 pug mL-1,

Table 2A.2 The sequence of addition of a-amylase and BSA to the Cit-Au NP dispersion to reach the

final constant composition of the mixture and corresponding ratio of area under the extinction curves.

Composition of the final NP-protein solution

3.0 mL Cit-Au NPs + (0.633 pg mL-! a-amylase +
0.071 pg mL-1 BSA)

(3.0 mL Cit-Au NPs + 0.633 pg mL-! a-amylase) +
0.071 pg mL-1 BSA

(3.0 mL Cit-Au NPs + 0.071 pg mL-1 BSA) + 0.633
pg mL! a-amylase

Ratio of area

1.028+0.010

1.025+0.003

1.043+0.008

Table 2A.3 The sequence of addition of a-amylase and BSA to the Cit-Au NP dispersion to reach the

final constant composition of the mixture and corresponding ratio of area under the extinction curves.

Composition of the final NP-protein solution

3.0 mL Cit-Au NPs + (0.118 pg mL-! a-amylase +
1.899 pg mL-1 BSA)

(3.0 mL Cit-Au NPs + 0.118 pg mL-! a-amylase) +
1.899 pg mL-1 BSA

(3.0 mL Cit-Au NPs + 1.899 ng mL-1 BSA) + 0.118
pg mLt a-amylase

Ratio of area

1.037 +0.007

1.039+£0.005

1.048+0.006
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Figure 2A.9 SPR extinction spectra of Cit-Au NPs in absence and presence of binary mixture of
proteins. (a) in presence of 0.633 pg mL! a-amylase and 0.071 pg mL1 BSA and (b) in presence of
0.118 pg mL! a-amylase and 1.899 ug mL-1 BSA. The two proteins a-amylase and BSA were added

following three different modes as mentioned in the Chapter 2.

Table 2A.4 The sequence of addition of a-amylase and AMG to the Cit-Au NP dispersion to reach the

final constant composition of the mixture and corresponding ratio of area under the extinction curves.

Composition of the final NP-protein solution Ratio of area

3.0 mL Cit-Au NPs + (0.118 pg mL-! a-amylase + '
0.157 ug mL* AMG) 1.032 +0.004

(3.0 mL Cit-Au NPs + 0.118 pg mL! a-amylase) + N
0.157 pg mL-1 AMG 1.037 £0.006

3.0 mL Cit-Au NPs + 0.157 pg mL-1 AMG) + 0.118
1.087 £0.014
ug mL! a-amylase e

Table 2A.5 The sequence of addition of GOD and POD to the Cit-Au NP dispersion to reach the final

constant composition of the mixture and corresponding ratio of area under the extinction curves.

Composition of the final NP-protein solution Ratio of areas
i -1
3.0 mL Cit-Au NPs + (0.045 pg mL-1 POD + 0.043 1.001+0.004
ug mL-1 GOD)
i -1
(3.0 mL Cit-Au NPs + 0.045 pg mL-1 POD) + 0.043 1.001+0.001
ug mL-1 GOD
(3.0 mL Cit-Au NPs + 0.043 pg mL-1 GOD) + 0.045 1.017 +0.004
ug mL1 POD
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Appendix 2

Figure 2A.10 Starch-agar plate assay for enzymatic activity of (i) pure a-amylase solution of 0.165 pg
mL-1, (ii) composite of Au NPs containing 1.266 pg mL* BSA and 0.235 pg mL! a-amylase, (iii)
composite of Au NPs containing 1.266 pg mL BSA and 0.094 ug mL-! a-amylase (iv) composite of Au
NPs containing 1.266 pg mL-! BSA and 0.165 pg mL-! a-amylase and (v) pure a-amylase solution of

0.235 pg mL-L.
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Figure 2A.11 Fluorescence spectra of binary mixture of a-amylase (0.118 pg mL-1) and BSA (1.582 pg

mL-1) in the presence and absence of Cit-Au NPs at different times following sample preparation.
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Figure 2A.12 FTIR spectra of (i) trisodium citrate dihydrate and (ii) Cit-Au NPs only.
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Appendix 3

A3: Chapter 3
Mw

(kDa)
158.0

66.4 > BSA

33.6—

27.0—

20.0

14.3 >|yz

Figure 3A.1 SDS-PAGE analysis of nanocarriers, using silver-staining of the gel. Lanes
corresponding to 1: New England Biolabs Protein marker; 2: BSA; 3: Lyz; 4: Nanocarriers; 5: Cit-Au
NPs and 6: Dox. The molecular weights of the proteins in the marker used are reported on the left

for reference.

Figure 3A.2 TEM image of an untreated HeLa cell.
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A4: Chapter 4

Table 4A.1 Compositions of the samples for SDS-PAGE analysis corresponding to Figure 4.4 a

Composition of SDS-PAGE Samples
Lane

2
[=]

5.0 pL of Protein Marker 11.0 uL = 5.0 pL 21.0 puL.
15.0 uL of 0.1 mg mL-1 Lyz 1.0 pL = 5.0 uL 21.0 uL
15.0 puL of 0.1 mg mL-1Lyz = 1.0 pL of 250.0 ug mL-1 5.0 uL 21.0 uL

15.0 pL of PLGA coated 1.0 ulL _ 5.0 L 21.0 L.
nanocarriers
15.0 uL of PLGA coated

- 1
nanocarriers 1.0 uL 0f 250.0 pg mL 50pl 21.0uL

RSO Ao & 1.0 L of 500.0 uygmL1  5.0pL  21.0 pl
nanocarriers

- 150l 1.0 uLof250.0 uygmLt  50pL  21.0 uL

Table 4A.2 Compositions of the samples for SDS-PAGE analysis corresponding to Figure 4.4 b

Composition of SDS-PAGE Samples

5.0 pL of Protein Marker 11.0 pL 5.0 uL 21.0 uL
15.0 uL of Au NP-Lyz

Lane

Z

agglomerates L - 50pl 21.0uL
15.0 pL of Au NP-Lyz : .
apelomerates 1.0 L of250.0 ygmL?  5.0puL  21.0 ul

Table 4A.3 Compositions of the samples for SDS-PAGE analysis corresponding to Figure 4.4 c

Composition of SDS-PAGE Samples
Lane

5.0 pL of Protein Marker 11.0 pL = 5.0 uL 21.0 uL
15.0 pL of 0.1 mg mL-1 Lyz 1.0 uL = 5.0 uL 21.0 uL
15.0 pL of 0.1 mg mL-1 Lyz = 1.0 puL of 500.0 pg mL-1 5.0 uL 21.0 uL

15.0 uL. 1.0 pL of 500.0 pug mL-t 5.0 uL 21.0 uL
15.0 pL of 0.1 mg mL-1 _
albumin 1.0 uL 5.0 uL 21.0 uL
15.0 pL of 0.1 mg mL-1 _ 4
albumin 1.0 pL of 500.0 pg mL 5.0 uL 21.0 L
15.0 pL of albumin coated

nanocarriers LOpL - 50uL  21.0puL

15.0 pL of albumin coated

- il
nanocarriers 1.0 uL of 500.0 pg mL 5.0ul 21.0uL
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A5: Chapter 5
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Figure 5A.1 Emission spectra (a) at Aex = 365 nm and (b) at Aex = 505 nm and (c) excitation
spectrum (Aem = 655 nm) of the aqueous dispersion of BSA-stabilized Au nanoclusters. The pH of

the medium was adjusted to 8.2 before recording the spectrum.
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Figure 5A.2 Photostability results (as measured through luminescence) of (i) BSA-stabilized Au

nanoclusters (Aem = 659 nm), (ii) Au nanocluster embedded BSA nanoparticles (Aem = 655 nm) and

(iii) rhodamine 6G (Aem = 560 nm) monitored with Aex = 365 nm.

Table 5A.1 Quantum yield (%) (with respect to rhodamine 6G in ethanol) of (i) BSA-stabilized Au
nanoclusters (Aem = 659 nm) and (ii) Au nanocluster embedded BSA nanoparticles (Aem = 655 nm).

The excitation wavelength was set at 505 nm.

(i) BSA-stabilized Au nanoclusters 5.8

(ii) Au nanocluster embedded BSA nanoparticles 1.9
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Quantum Yield (QY) Calculation: The quantum yields of the above samples were

calculated using the following equation,

2
Q; =Qg x :—S X A X 77—2
AT
Where Qs = QY of sample, Qr = QY of reference, Is = area under PL curve of sample,
Ir = area under PL curve of reference, Arx = absorbance of the reference, As =
absorbance of the sample, ns = refractive index of sample, nr = refractive index of
reference. QY of rhodamine 6G = 0.95 and refractive index of ethanol = 1.36 and
water = 1.33.

The concentrations of the samples and the reference were adjusted in such a
way that the optical densities were near to 0.1 at 505 nm excitation wavelength.
The corrected optical densities for BSA-stabilized Au nanoclusters and Au
nanocluster embedded BSA nanoparticles were obtained after subtracting the
scattering (Rayleigh scattering for BSA-stabilized Au nanoclusters and Tyndall
scattering for Au nanocluster embedded BSA nanoparticles) from the

extinction.[93, 141]

It is important to mention here that 365 nm is not the actual excitation
maximum of the Au nanoclusters. It is the Forster resonance energy transfer
(FRET) between the BSA and the Au nanoclusters (inside the BSA) through which
the nanoclusters get excited.l#2] Thus, the quantum yield study was done at Aex

505 nm only.

Table 5A.2 Photodegradation rate (expressed in % per sec) of (i) BSA-stabilized Au nanoclusters
(Aem = 659 nm), (ii) Au nanocluster embedded BSA nanoparticles (Aem = 655 nm) and (iii)
rhodamine 6G (Aem = 560 nm) as monitored with Aex = 365 and 505 nm.

Photodegradation Rate (% per sec)

Aex = 365 nm Aex =505 nm
(i) BSA-stabilized Au nanoclusters 0.005 0.005
(ii) Au nanocluster embedded BSA nanoparticles 0.003 0.003
(iii) Rhodamine 6G 0.015 0.01
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