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ABSTRACT
In recent years, Gold nanoparticles (AuNps) have been widely used in diverse biomedical
applications because of their efficient optical and electronic properties. Gold
nanoparticles also posses a strong surface chemistry which renders them suitable for
attachment with biomolecules. Researchers are considering the use of gold nanoparticles,
as potential contrast enhancement agents in X-ray Computed Tomography and Photo
Acoustic Tomography imaging techniques, useful in the early detection of specific
tumors. Fundamental to any further clinical developments in gold nanoparticulate based
imaging or drug design is the ability to synthesize gold nanoparticles conjugated with
proteins/biomolecules that impart high affinity to target various disease pathologies. This
research focuses on conjugation of two major bio-molecules i.e., Bombesin and Annexin
V, to gold nanoparticles and studying their target specificity. The target specificity of
gold nanoparticles coated with Bombesin, a GRP (Gastrin releasing peptide) receptor
specific protein was tested using two cancer cell lines (MCF-7, breast cancer cells; and
PC-3, prostate cancer cell line) that over-express GRP receptors. Both cell types exhibit
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significant uptake of Bombesin gold nanoparticles, internalizing them through a highly
specific receptor mediated endocytosis pathway.
Binding of AuNps coated with a phospholipid-binding protein Annexin V with
high affinity towards apoptotic cells was tested in Jurkat-T- lymphocytes. Annexin Vgold nanoparticles showed excellent affinity towards the apoptotic Jurkat-T lymphocytes
binding to the cells in a manner similar to the biomolecule annexin V.
We further used environmentally benign so called green chemicals i.e.,
polyphenols, flavonoids, catechins, and various phytochemicals present in tea, soybean,
and cinnamon and their synergistic reduction potentials to reduce the gold salts into
AuNps. Such nanoparticles also showed excellent affinity toward epidermal growth
factor receptors (EGFR) on prostate and breast cancer cells and proved to be noncytotoxic at as high as 150µM. These studies showed that gold nanoparticles can be
coated not only to exert specific molecular interactions in specific cell types but also to
be devoid of adverse effects.
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CHAPTER 1

Introduction:
Nanotechnology is a tremendously powerful technology, which holds a huge
promise for the design and development of many types of novel products with its
potential medical applications on early disease detection, treatment, and prevention. Gold
nanoparticles represent a new class of biocompatible vectors capable of fulfilling this
promise by selective cell and nuclear targeting of which will provide new means for the
site- specific diagnosis and treatment of medical conditions. This work outlines the
methodology for conjugation of AuNps with target specific biomolecules (Bombesin,
Annexin V) and details the results of studies assessing the target specificity and
Cytotoxicity effects of thus conjugated gold nanoparticles.

1.1

Gold Nanoparticles and their properties:
Gold nanoparticles are defined as stable colloid solutions of clusters of gold atoms

with sizes ranging from 1-100 nm (Figure 1.1).

Gold Nanoparticles
Gold Nanoparticles are a cluster of gold atoms with
sizes in nanometer range.

Gold nanoparticle
1 nm – 100 nm

Cluster of Gold atoms

Example: 0.65 nm Colloidal Gold-nanoparticle solution contains
approximately 9 gold atoms

Figure 1.1: Gold Nanoparticles and their electronic properties
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At this nanoscale, AuNps possess different physicochemical characteristics when
compared to the bulk gold [1, 2], most obvious example being the color change from
yellow to ruby red when bulk gold is converted into nanoparticulate gold. This ruby red
color of AuNps is explained by a theory called “surface plasmonics”.
According to this theory, when the clusters of gold atoms are hit by the
electromagnetic field of the incoming light, the surface free electrons (6 electrons in case
of AuNps) present in the conduction band of AuNps oscillate back and forth thus,
creating a plasmon band which has an absorption peak in the visible region at 530-540
nm (Figure 1.2) [3]. The surface plasmon band (SPB) of AuNps is used as an indicator for
formation during the synthesis of AuNps from their precursor salts. The sensitivity of
plasmon band absorptivity is the basic detection mechanism involved in the AuNps based
bio-sensors [4, 5].

Figure 1.2: Theory of Surface Plasmonics.
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Physical properties of AuNps in turn depend on the size, shape, particle-particle distance
and the nature of the stabilizer used to prevent the agglomeration of nanoparticles [1].
According to Mie theory, Surface Plasmon Band (SPB) is absent for AuNps less than
2nm and greater than 500nm [2]. Gold nanorods have two SPB’s, one longitudinalwavelength band at 550-600nm and one transverse-wavelength band at 520nm [6, 7].The
longitudinal-wavelength band is very sensitive and changing the aspect ratio of Gold
nanorods changes the absorption region from visible to Near-infra red (NIR) [8]. This
unique optical property of Gold nanorods is used in Near-infra red ray therapy [9]; and
enhanced Raman scattering of adsorbed biomolecules [10]. Therefore, by changing the
size and shape of AuNps, the SPB and scattering may be tuned for application in cellular
imaging, drug delivery and therapy.
The six free electrons present in the conduction band of nanoparticulate gold
makes them potential candidates to bind with thiols and amines [11]. Therefore, AuNps
may be easily tagged with various proteins and bio-molecules rich in amino acids leading
to important biomedical applications including targeted drug delivery [12, 13], cellular
imaging [14], and biosensing [15]. Further, the free electrons also render AuNps useful as
contrast enhancement agents [16]. Imaging studies are based on comparisons of contrast
produced by the variations in the electron densities in different tissues. With their high
electron densities, AuNps serve as excellent contrast enhancement agents in the detection
of tumors.
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1.2

Synthesis of Gold Nanoparticles:
Gold Nanoparticles are traditionally synthesized by reducing metallic gold in +3

state to nanoparticulate gold in +1 state. There are a number of reducing agents reported
in the literature for the synthesis of AuNps. Two most important ones are: Tri sodium
citrate (Citrate synthesis) discovered by Turkevitch in 1973 [17] and Sodium borate
(Borate synthesis) introduced by Brust-Schiffrin in 1994 [18]. These two synthesis
protocols pose potential problems in case of size control, stability and most importantly
toxicity [19]. Therefore, we followed a novel protocol reported by Katti et. al. in 2003
that uses a phosphino-amino acid based reducing agent, tris hydroxyl phosphine alanine
(THPAL) to synthesize AuNps (Figure 1.3).
THPAL is a water-soluble non-toxic reducing agent. It is reported that swine models can
withstand up to 100 mg/kg of body weight of THPAL with out showing toxicity, the most
important of criteria in the use of nanoparticles for bio medical applications.
Due to the strong surface reactivity of free electrons present on AuNps, they
easily tend to agglomerate posing stability problems. Naturally occurring, FDA approved
non-toxic compounds such as starch; gum arabic and gelatin were used to stabilize
AuNps immediately after they are formed [20]. These stabilizers form weak covalent
bonds with AuNps so that they easily shed off in the presence of biomolecules with
strong electronegative groups with which the AuNps can then react.
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The Reaction:
Au+3(aq) + Reducing Agent (aq) + Stabilizer -----Æ Au0 (solid)/Au+1
[HAuCl4; NaAuCl4]

THPAL

COOH
N
H

[Starch; Gum Arabic; Gelatin]

COOH
N
H

P

Novel nontoxic phosphino- amino
acid based reducing agent

NH
THPAL

COOH

(Katti et. al., J. Am. Chem. Soc. 2003, 125, 6955.)

5 minutes
Heat at 90-100C

STARCH + NaAuCl4 +THPAL

Gold nano particles

Figure 1.3: General Synthesis protocol of Gold Nanoparticles.

1.3

Gold nanoparticle - based targeted delivery systems:
Gold nanoparticles; due to their ease of synthesis, uniform size distribution, rich

surface chemistry and a lack of toxicity; have been proven to be excellent candidates for
conjugation with numerous biomolecules for site-specific delivery. Selective cell and
receptor targeting of AuNps are likely to provide new pathways for the targeted delivery
of diagnostic/ therapeutic agents [21, 22]. Tkachenko et al. showed specific nuclear
targeting of AuNps by conjugating them with bovine serum albumin (BSA) using
differential contrast microscopy [23, 24]. Gold nanoparticles are used as targeted contrast
5

agents in detecting cervical cancer by tagging them with monoclonal antibodies and
oncoproteins associated with human papilomavirus [25]. Mercaptoalkyl-oligonucleotideconjugated AuNps have been used in the detection of polynucleotides by plasmon band
interactions with the surrounding environment [26]. In particular, Gold nanoshells, when
coated with breast tumor marker Her-2, effectively localized in the microscopic tumors
present in the breast tissue [27]. Most of the work in the area of nanoimaging is also
focusing on fabricating detectors that can detect efficiently cells undergoing apoptosis, an
effect common to many chemotherapeutic regimens. These examples of the use of
AuNPs in medical diagnosis although demonstrate the potential of AuNPs even in drug
delivery, their target specificity by conjugation with biomolecules has yet to attain the
desired refinement.
The overall goal of this research is to conjugate non-toxic AuNps with
biomolecules like Bombesin and Annexin V which posses’ high affinity towards specific
receptors over-expressed on cancer cells and phosphatidylserine (PS), a phospholipid
exposed on apoptotic cells respectively and studying their target specificity.
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CHAPTER 2

Bombesin Conjugated Gold Nanoparticles for Targeted Delivery

2.1 Introduction:
Thirty years ago, Erspamer and Anastasi isolated Bombesin (BBN) from the skin of
amphibians Bombina variegata and Bombina bombina [29]. Bombesin is a
tetradecapeptide neurohormone with exocrine and endocrine effects. Its C-terminal amino
acid sequence is very similar to that of Gastrin releasing peptide (GRP) which has high
affinity towards G-protein coupled receptors (GPCRs) (Figure 2.1).

Gastrin-releasing peptide –Pro-Arg-Gly-Asn-His-Trp-Ala-Val-Gly-His-Leu-Met-NH2
Bombesin

–Arg-Leu-Gly-Asn-Gln-Trp-Ala-Val-Gly-His-Leu-Met-NH2

Figure 2.1: Comparison of Amino acid sequences in Gastrin releasing peptide and Bombesin

Bombesin is proved to have numerous pharmacological effects, such as control of
gastrin release, modulation of gastrointestinal secretions, smooth muscle motility and the
amount of food intake [30-34]. Recently, it has been shown to play a major role in cell
proliferation, tumor growth and inflammation [35, 36]. There is substantial evidence
indicating increased BBN/GRP (Gastric releasing peptide) receptor expression in
prostate, small-cell lung, ovarian, breast, pancreatic, gastric, renal cell, and thyroid
7

cancers, suggesting their use as specific markers for targeting [37-45]. Since BBN and
GRP have high affinity towards GRP receptors, conjugating AuNps with these peptides
should allow for greater binding of these particles to the tumor sites, thus making them
suitable for early detection of tumors by imaging techniques.
By modifying the structure of BBN several derivatives of BBN with high affinity
towards GRP receptors (agonists) and some with low affinity towards receptors
(antagonists) have been synthesized [46, 47, 48]. In this research, 7-amino acid truncated
BBN (Figure 2.2) derivative was conjugated to AuNps that has been proven to have high
agonistic action towards prostate, small-cell lung and breast cancer cell lines. A Disulfide
bond (-S-S) present in thioctic acid (TA), an antioxidant, was used as a Linker to bind
truncated BBN with AuNps. Starch was used as a stabilizer.

2.2

Materials and Methods:
Sodium tetrachloroaurate (NaAuCl4) was obtained from Alfa-Aesar (Ward Hill,

MA). Tris hydroxyl phosphino alanine (THPAL) was synthesized according to the
standard protocols described in the literature [49, 50]. Sephadex G -100 gel was obtained
from Pharmcia (Newyork). 7-amino acid Bombesin (BBN) was obtained from Anaspec
(San

Jose, CA). De-ionised water was used as a solvent to synthesize gold nanoparticles.
Minimum essential medium (MEM with nonessential amino acids, powdered),

HEPES, insulin, streptomycin sulfate, penicillin-G, were obtained from Sigma Chemical
Company (St. Louis, MO). Bovine calf serum, phenol red (sodium salt), and lyophilized
trypsin were obtained from Gibco BRL (Grand Island, NY).

8

Cell Culture:
MCF-7 breast cancer cells and PC-3 prostate cancer cells were obtained from V.
Craig Jordan (University of Wisconsin-Madison) and ATCC

(Manassas,

VA)

respectively. MCF-7 cells were maintained in MEM with nonessential amino acids, 10
pgml-1 phenol red, 10 mM HEPES, 6 ngml-1 insulin, 100 units ml-1 penicillin, 100 pgml-1
streptomycin, and 5% charcoal-stripped calf serum (maintenance medium) [51,52,53].
PC-3 cells were maintained in RPMI medium supplemented with 4.5 gL-1 D-glucose, 25
mM HEPES, 0.11 gL-1 sodium pyruvate, 1.5 gL-1 sodium bicarbonate, 2 mM L-glutamine
and 10 % FBS and100 units ml-1 penicillin and 100 pgml-1 streptomycin.

2.3

Synthesis of Bombesin conjugated Gold nanoparticles

(BBN-AuNps):
2.3.1. Step-1:

Synthesis of Starch stabilized Gold Nanoparticles (S-AuNPs):

To a 10 ml vial, 0.0225 g of starch was added and dissolved in 6 ml of doubledistilled and deionized water. This starch solution was heated up to 900C -1000C and
stirred continuously until dissolved. To the dissolved starch solution, 100 μl of 0.1 M
NaAuCl4 solution was added resulting in a pale yellow color solution. To this solution, 20
μl of 0.1 M THPAL solution was added with continuous stirring. The resulting solution
slowly turned into purplish-wine color representing the formation AuNps. The mixture
was cooled to room temperature and S-AuNPs were characterized by UV-Vis absorption
Spectroscopy and Transmission Electron Microscopy (TEM) measurements [54].
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2.3.2

STEP: 2 – Filtration:
Thus synthesized S-AuNps were filtered using Sephadex columns to remove any

unreacted starch from the mixture [54]. The absorbance peak of filtered S-AuNps was
adjusted to 0.7 by diluting the resulting solution to suit further conjugation with thioctic
acid-BBN conjugate.

2.3.3 STEP: 3-Conjugation of Thioctic acid-BBN (TA-BBN) conjugate to S-AuNps:
Based on the studies done by Kattumuri et. al [54] 0.885 μM of Thioctic acidBBN conjugate (1 mg in 1 ml of methanol) was added to 1 ml of filtered S-AuNps and
stirred for 60 hrs. The product, thus formed was further filtered and purified by washing
several times with mixture a of methanol and water to remove all traces of unconjugated
reactants. The purified Bombesin-conjugated gold nanoparticles (BBN-AuNPs) solution
was vacuum dried and re-dissolved in PBS (without Ca2+ and Mg2+). This conjugate was
used to study its target specificity towards GRP receptors present on PC-3 and MCF-7
cell lines.

2.4.

Cell internalization procedure:
About 16,000 cells (PC-3/MCF-7) were plated into each well in a 6 well plate

were incubated at 370C for 20.0 hrs to allow the cells to recover. The medium from each
well was aspirated and 4 ml of fresh growth medium was added per each well. Cells were
allowed to grow until they reached confluence by changing the medium every alternate
day. To the confluent cell layer, 150 μl of BBN-AuNps solution made up in PBS was
added and further incubated for 4 hrs at 370C. The medium was then aspirated from each
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well and the cell layer was rinsed 3 times with complete growth medium to remove any
traces of uninternalized BBN-AuNps. Then the cell layer was washed with CMFH-EDTA
(Calcium-Magnesium-Free-Hank’s +HEPES - EDTA) solution to remove all traces of
serum, a trypsin inhibitor. About 0.5 ml of 0.1 M Trypsin-EDTA solution was added to
each well to detach the cell layer from the plastic. Detached cells were dispersed in 4 ml
of complete growth medium and gently pipetted out of the well. The cell suspension was
transferred into a centrifuge tube and centrifuged at approximately 125 x g for 5 minutes.
Supernatant was discarded and cell pellet was fixed with 0.1 M Na-Cacodylate buffer
containing 2% glutaraldehyde and 2% paraformaldehyde. The pellets were post-fixed
with 1 % osmium tetraoxide, dehydrated and embedded in Epon/ Spurr’s resin and 80 nm
sections were collected and placed on TEM grids followed by sequential counterstaining
with uranyl acetate and lead citrate. TEM grids were observed under TEM (Joel 1400)
and images were recorded at different magnifications. As a control, similar incubations
were performed with either 25 μM unconjugated AuNps and/or with the same
concentration BBN-AuNps in the presence of 0.035mg of BBN, (since this is the amount
of BBN used to conjugate S-AuNps).
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2.5

Results and Discussion:

2.5.1. Synthesis of Bombesin conjugated Gold nanoparticles (BBN-AuNps):
7-amino acid truncated BBN, a derivative of BBN, has been proven to have high
agonistic action towards GRP receptors [55, 56]. According to literature, AuNps show
high affinity towards sulfur [11]. Indeed, sulfur bonds present in various biomolecules
could be used as linkers to conjugate them with AuNps. In fact, disulfide bond (S-S)
present in thioctic acid serves as a linker to conjugate AuNps selectively with BBN even
in the presence of thiol groups in other biomolecules. Thioctic acid is conjugated to BBN
by first activating its carboxyl group using “2-(1H-benzotriazol-1-yl)-1, 1, 3, 3,tetramethyluronium hexafluorophosphate” (HBTU) followed by an addition reaction with
BBN (Figure 2.2). The product thus formed TA-BBN, was then conjugated with AuNps.
Gold Nanoparticles were synthesized using NaAuCl4 as a gold precursor, THPAL
as a reducing agent and starch solution as a stabilizer. Starch stabilizes AuNps by
forming weak coordination bonds between its –OH groups and gold atoms. These weak
coordination bonds are broken down in the presence of powerful -S-S- bond present in
Thioctic acid-BBN conjugates to remove starch coating on AuNps. Filtered S-AuNps
showed a uniform size distribution of 15±5 nm and an absorption peak at 530 nm.
Absorption studies and TEM analysis of the S-AuNps shows excellent uniformity and
desired size distribution of S-AuNps necessary for further conjugation with TA-BBN
(Figure 2.3).
For the synthesis of BBN-AuNps 1 ml of stable S-AuNps were stirred with 0.855
μM of TA-BBN for 60 hrs. The purified BBN-TA-AuNps when analyzed by UV-visible
spectroscopy and TEM showed a uniform size distribution of 20nm and has an absorption

12

peak at 530 nm (Figure 2.4). These values are similar to the values reported indicated by
Petersen.et.al for AuNps conjugated to CTAB and by Katti.et.al for AuNps conjugated to
cysteine [57].

13

Reaction steps in the synthesis of BBN-AuNps

Figure 2.2: Synthesis protocol of BBN-AuNps
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Figure 2.3: a) TEM Image, b) UV-Visible absorption spectrum, and c) size distribution of Starch Gold
Nanoparticles.
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Figure 2.4: a) TEM Image, b) UV-Visible absorption spectrum, and c) size distribution of Bombesin-Gold
Nanoparticles (BBN-AuNps).
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a)

b)

c)

d)

Figure 2.5a, b, c, d: Different stages of the cellular uptake process of BBN-AuNps. TEM images of PC-3
depicting the arrival of a BBN-AuNps at the cell membrane, binding of the nanoparticles to surface
receptors, membrane wrapping of the Nps, and finally internalization into the cell nucleus, respectively.
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a)

b)

Figure 2.6: TEM images of MCF-7 cells showing the internalization of BBN-AuNps into the nucleus.
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a)

b)
Figure 2.7 a, b: TEM images of PC-3 cells showing no uptake of BBN-AuNps when the GRP-receptors are
blocked by excess free BBN (0.035 mg).
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Figure 2.8: TEM images of MCF-7 cells showing no uptake of BBN-AuNps when the GRP-receptors are
blocked by excess free BBN (0.035 mg).
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a)

b)

c)
Figure 2.9 a, b, c: TEM Images of three different PC-3 cells showing uptake of Unconjugated-AuNps in to
the lysosomes.
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a)

b)

c)
Figure 2.10 a, b, c: TEM Images of three different MCF-7 cells showing uptake of Unconjugated-AuNps in
to the lysosomes.
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2.5.2.

Cellular interactions of Bombesin conjugated Gold nanoparticles:
To determine whether BBN-AuNps can be used to label BBN/GRP receptors over

expressed in prostate and breast cancer cells, cultures of confluent PC-3 and MCF-7 were
exposed for 4 hrs to BBN-AuNps. These incubated samples are analyzed under TEM to
verify whether the BBN-AuNps are bound to the GRP receptors present in PC-3 and
MCF-7 cells. Figures 2.5a,b,c,d clearly show binding of BBN-AuNps to the plasma
membrane of PC-3 cells by forming clathrin pits and then those pits delivering the
nanoparticles into the nucleus via endosomes. Figures 2.6 show a similar uptake of BBNAuNps into the nucleus of MCF-7 cells. A control experiment, in which cells were
exposed to the same concentration of BBN-AuNps in the presence of 0.035 mg of BBN,
showed no uptake of BBN-AuNps Figures 2.7 a, b and 2.8. These results suggest that the
uptake of BBN-AuNps occurs likely by the same mechanism as that of Bombesin. These
results are also in agreement with the results of similar studies showing the uptake of
Bombesin coated Qdots in Swiss 3T3 cells, which over-express GRP receptors [58].
To further substantiate the results, we also incubated unconjugated gold
nanoparticles with PC-3 and MCF-7 cells. TEM analysis (Figures 2.9 a, b, c and 2.10 a,
b, c) demonstrated that unconjugated gold nanoparticles were packed inside intact single
membrane vesicles, similar to lysosomes or phagosomes, and showed no specific uptake
process. Therefore, it may be concluded that unconjugated AuNps were taken up by the
cells via non-specific phagocytosis pathway since they contained no targeting peptide and
BBN-AuNps likely being taken up by a GRP-receptor mediated endocytosis. Based on
these results, it appears feasible that Bombesin conjugated AuNps could be used to

23

specifically target and bind to the endogenously expressed GRP receptors on PC-3 and
MCF-7 cells and could be effectively used for targeted delivery and/or early detection of
tumors by various imaging techniques.

24

CHAPTER 3
Detection of Apoptosis using Annexin-Gold Nanoparticles
3.1

Introduction:
Apoptosis is an extremely organized, energy dependent form of programmed cell

death. It plays a crucial role in the maintenance of normal cellular homeostasis by
removing the damaged cells. Apoptosis is a fundamental feature reported in the
pathology of wide range of diseases including Alzheimer’s disease, various lung diseases,
in cardiac ischemia and in progressive heart failure [59, 60, 61]. The process of apoptosis
is characterized by distinct morphological features like loss of plasma membrane
integrity, nucleus and cytoplasm condensation, membrane blebbing, formation of
apoptotic bodies. Early apoptotic phase is marked by the exposure of a phospholipid
molecule, phosphatidylserine present on the cytoplasm side of the cell on to the outer cell
surface [62, 63]. This key feature may be effectively utilized in fabricating various
apoptosis detection probes. Therefore, Annexin V a 35 kDa phospholipid-binding protein
that has high affinity towards PS exposed on apoptotic cells has been chosen to
conjugated with gold nanoparticles to specifically target AuNps on to the apoptotic cells
[64, 65, 66]. Annexin V conjugated to various fluorescence and magnetic probes such as
FITC and Iron oxide are reported to show high affinity to apoptotic cells [67, 68, 69, 70].
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3.2

Materials and Methods:
Annexin-V and an Annexin V-FITC Apoptosis Detection Kit was procured from

BioVision Research Products, (CA, USA). Thioctic acid, N-hydroxy succinimide (NHS),
dicylcohexyl carbodiamide (DCC), phosphate buffer (pH 7) and methanol are obtained
from Sigma Aldrich Chemicals, (St. Louis, MO).
Cell Culture:
Jurkat T cells obtained from ATCC (ATCC TIB-152) were used to induce apoptosis.
The cells were grown in ATCC complete growth medium, which contains RPMI 1640
medium, adjusted with 2 mM L-glutamine, 1.5 g/L sodium bicarbonate, 4.5 g/L glucose,
10 mM HEPES, 1.0 mM sodium pyruvate, 90% and 10% FBS.

3.2.1 Synthesis of Annexin V-Gold Nanoparticles (Anx V-AuNps):
STEP: 1
3.2.1a Synthesis of Thioctic acid analogue of Annexin V:
Sixty micro grams of Annexin V was dissolved in 9 ml of 2:1 solution of
phosphate buffer (pH 7) and methanol by stirring continuously. To this solution, 400 µL
of Thioctic acid (26.89 mg of TA in 10 mL MeOH), 400 µL of H-hydroxy succinimide
(NHS) (15.1 mg of NHS in 10 mL MeOH) and 400 µL of dicyclohexyl carbodiamide
(DCC) (26.89 mg of DCC in 10 mL MeOH) were added. The reaction mixture was
stirred for 16 hrs and the small amount of urea (reaction by-product) that is formed at the
end of the reaction was filtered using 1.2 micron filter. The remaining Annexin VThioctic acid analogue solution was used insitu further in the conjugation reaction with
S-AuNps.
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Figure: 3.1 Synthesis of Thioctic acid analogue of Annexin-V

STEP: 2
3.2.1b Starch stabilized AuNps:
Starch stabilized AuNps are synthesized as described in the section 2.3.1.
STEP: 3
3.2.1c Conjugation reaction of Annexin V-TA with S-AuNps:
Annexin V-TA analogue and filtered S-AuNps obtained in steps 1 and 2 respectively are
used for further conjugation reactions. To 1 ml of Annexin V-TA in 2:1 mixture of
phosphate buffer/methanol 1 ml of S-AuNps solution was added drop-by-drop, stirring
continuously. This mixture was stirred for 16 hrs to obtain the gold conjugate of
Annexin-V. The Annexin V-AuNps conjugate thus obtained was purified to remove all
traces of unconjugated Annexin V-TA by repeated centrifugation and washing, with 2:1
phosphate buffer/ methanol solution. The pure Anx V-AuNps conjugate formed was
characterized using UV-Vis spectroscopy and TEM analysis.
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Figure 3.2: Conjugation reaction of Annexin-V-TA with S-AuNps

3.2.2 Interaction of Annexin-V-AuNps with Apoptotic Cells:
To induce apoptosis, 7 µL of Camptothecin (1 mM in DMSO) per ml of culture
medium was added to approximately 2 million Jurkat T cells, followed by incubation at
370C for 7hrs [71] . Apoptosis induced by camptothecin was verified by staining the
samples with FITC-Annexin V and Propidium iodide (PI). PI stains the necrotic cells
(more specifically a DNA stain) and FITC-Annexin V stains the apoptotic cells present in
the sample. Increasing concentrations of Anx V-AuNps were added to a series of tubes
containing similar amounts of apoptotic Jurkat T cells in a binding buffer (from apoptosis
detection kit) followed by incubation for 30 min at room temperature in dark. Five micro
liters of FITC-Annexin V (fluorescent probe) and 5 µL of PI were added simultaneously
to each and every tube and allowed to incubate for 30 min. Then all the samples were
analyzed by FACS. As a reference, a positive control with no apoptosis (live cells) and a
negative control with 100% apoptosis were used.
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3.2.3 Scanning Electron Microscopy:
Yuri/Jensen top-on SEM method:
Apoptotic Jurkat T cells were incubated for 3 hrs with 278.4 µM Anx V-AuNps, washed
3 times with chilled PBS buffer and fixed with 0.1 M Na-Cacodylate buffer containing
2% glutaraldehyde and 2% paraformaldehyde. A small amount of the fixed sample was
placed onto a 0.22 µM nucleopore membrane (shiny side up) sitting on top of a slightly
moistened piece of filter paper in a small petri dish. For each of the following steps listed
below enough buffer solution was added to the filter paper to keep the membrane
floating. As long as the whattman paper stays wet, it will pull ever-increasing amounts of
solution through the nucleopore filter.
After placing the fixed sample onto the membrane, series of five buffer rinses
with 0.1 M cacodylate buffer followed by ultra pure water were done. Samples were then
dehydrated with a series of 10%, 20%, 35%, & 50% ethanol dilutions. At this point
another 0.22 µM membrane was gently placed on top of the membrane with sample (topon). Dehydration was continued with 70%, 90%, 95% and 3x100% ethanol dilutions.
Following dehydration, samples were critical point dried immediately after which, the
sandwiched nucleopore membranes were separated and samples were mounted onto SEM
stubs coated with a thin carbon layer.
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3.3 Results and Discussion:
3.3.1 Synthesis of Annexin V-Gold Nanoparticles (Anx V-AuNps):
We have successfully generated Annexin V-Thioctic acid analogue and
conjugated it with S-AuNps via activated carboxyl group present in Thioctic acid (TA)
and the amino groups on Annexin-V. N-hydroxy succinimide (NHS) was used to activate
the C-terminal carboxyl group in thioctic acid and dicylcohexyl carbodiamide (DCC), a
dehydrating agent was used to facilitate the coupling reaction between annexin V and
thioctic acid.
Figures 3.3 a and b show the results of UV-Vis spectroscopy and TEM images of
Anx V-AuNps respectively. Anx V-AuNps show a sharp absorption peak at 530 nm and
a uniform size distribution of 12±5 nm, which agree with the earlier reported values of
CLIO-nanoparticles conjugated to annexin V [72].
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Figure 3.3: a) UV-Visible absorption spectrum, b) TEM image of Annexin V-Gold Nanoparticles.
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3.3.2. Indirect Binding Assay:
Since, Anx V-AuNps do not posses any fluorescent probe on them, it makes it
difficult to analyze their binding capacity towards apoptotic cells using flowcytometry
(detects the fluorescence marker attached to apoptotic cells only). Therefore, an indirect
binding assay was designed to analyze the ability of Anx V-AuNps to detect the apoptotic
cells. According to this assay, increasing concentrations of Anx V-AuNps were added to
a series of tubes containing similar amounts of apoptotic Jurkat T cells in a binding buffer
followed by addition of equal amounts of FITC-Annexin V (fluorescent probe) and PI to
each and every tube. The strength of Anx V-Gold Nanoparticles to detect apoptotic Jurkat
–T cells was examined by using a dual wavelength FACS. As shown in Figures 3.4 a, b,
c, d, e, f as the concentration of Anx V –AuNps was increased from 58 µM to 278.4 µM;
signal given by FITC-Annexin V (fluorescent dye) was decreased from 99.13 to 5.55%
(Table 3.1). These results indicate that at higher concentrations Anx V-AuNps saturate all
the available apoptotic cells and are not competitively displaced by FITC–Annexin V.
Therefore, it may be concluded that Anx V-AuNps show high specificity to bind with
phosphatidylserine exposed on surface of the apoptotic Jurkat T cells.
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3.4 a. Live Cells (No Apoptosis):

3.4 b. Anx-AuNps (0 µM) + FITC- Annexin V (5 µl) + PI (5 µl)

3.4 c. Anx-AuNps (58 µM) + FITC- Annexin V (5 µl) + PI (5ul)
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3.4 d. Anx-AuNps (116 µM) + FITC- Annexin V (5 µl) + PI(5 µl)

3.4 e. Anx-AuNps (232 µM) + FITC- Annexin V (5 µl) + PI (5 µl)

3.4 f. Anx-AuNps (278.4 µM) + FITC- Annexin V (5 µl) + PI (5 µl)

Figures 3.4: a, b, c, d, e, f: Effect of increasing concentrations of Anx V-AuNps on FITC-Anx fluorescence
signal in apoptotic Jurkat T-cells.
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Indirect Binding Assay:

In-direct Binding Assay
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Figure 3.5: Dose response curve for Anx V- AuNps in displacement of FITC-Anx from apoptotic
Jurkat-T cells.

Treatment

% of Apoptotic cells
detected in FACS

Live Cells (No Apoptosis)

0

Anx-AuNps (0 µM) + FITC-Annexin V (5 µl) + PI (5 µl)

75.89

Anx-AuNps (58 µM) + FITC- Annexin V (5 µl) + PI (5ul)

50.9

Anx-AuNps (116 µM) + FITC- Annexin V (5 µl) + PI(5 µl)

39.14

Anx-AuNps (232 µM) + FITC- Annexin V (5 µl) + PI (5 µl)

15.99

Anx-AuNps (278.4 µM) + FITC- Annexin V (5 µl) + PI (5 µl)

5.55

Figure 3.6: Table showing the effect of increasing concentrations of Anx V-AuNps on FITC-Anx
fluorescence signal in apoptotic Jurkat T-cells.
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3.3.3 Detection of Binding of Anx V-Gold Nanoparticles to Apoptotic Cells through
scanning electron microscopy:
To further validate our results we examined the ability of Anx V-AuNps to bind
with apoptotic cells via Scanning electron microscopy. Confluent cultures of Jurkat-T
cells are apoptocized using 7 µl of Camptothecin and then incubated with 278.4 µM Anx
V-AuNps, washed 3 times with chilled PBS buffer and fixed with 0.1 M Na-cacodylate
buffer containing 2% glutaraldehyde and 2% paraformaldehyde. Analysis of these
samples under dark field back scattering mode in SEM clearly show the Anx V-AuNps
attached on the rough surfaces of apoptotic Jurkat T cells as shinning little spots (Figures
3.8 a, b, c, d). As a control similar incubations are made with unconjugated AuNps
.These controls show absolutely no binding of unconjugated AuNps with the apoptotic
cells. Figure 3.7 shows an Apoptotic cell with rough, disrupted cell surface when viewed
under normal SEM mode (no back scattering applied).

Figure 3.7: Apoptotic Jurkat-T cell showing rough surface.
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Figures 3.8: a, b, c, d: Back scatter SEM images showing surface binding of Anx V-AuNps to apoptotic Jurkat-T cells incubated with 278.4 µM Anx V-AuNps.
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CHAPTER 4
Green Gold Nanoparticles
4.1 Introduction:
The use of phytochemicals in the synthesis of nanoparticles is an important
symbiosis between nanotechnology and green Chemistry [73, 74, 75]. As the
nanorevolution unfolds, it is imperative to develop ‘nano-naturo’ connections between
nanotechnology and green domains of the nature. Production of nanoparticles under
nontoxic green conditions is of vital importance to address growing concerns on the
overall toxicity of nanoparticles for medical and technological applications [76, 77, 78].
The power of phytochemicals, which initiate varieties of chemical transformations within
biological systems, is well known [77, 79, 80, 81]. For example, a high level of genistein
found in Soybeans is both a phytoestrogen and antioxidant, and has been extensively used
to treat conditions affected by estrogen levels in the body [82, 83]. Polyphenolic
flavonoids in tea, of which epigallocatechin gallate (EGCG) is the major constituent, has
anticarcinogenic activity [84, 85]. Cinnamon a common household spice is known to
have potential properties to treat diabetes mellitus [86, 87]. While the tremendous health
benefits of chemical cocktails present within tea, soya, cinnamon is beyond doubt, the
actual applications of the chemical reduction power of the myriad of chemicals present in
herbs and spices is still in infancy. Therefore we investigated the synergistic potentials of
polyphenols, flavonoids, catechins, and various phytochemicals present tea, soya,
cinnamon for the reduction reactions of gold salts to produce AuNps which have
potential applications in the diagnosis and therapy of various deadly diseases including
cancer.
37

4.2 Materials and Methods:
4.2.1 Synthesis of Soybean Gold Nanoparticles (Soy-AuNps):
Step 1: Soybean Extract Preparation
Intact soybeans (8 g) were washed with DI water to remove any traces of contaminants.
Soybeans were then soaked in 50 ml of DI water at room temperature for 72 hrs.The
supernatant was decanted, and centrifuged at 8000 rpm for 10 min at room temperature
and was stored at 40C and for use within 3 days.
Step 2: Four ml of soybean supernatant were diluted to 8 ml in DI water and was heated
to simmer for 1 min.
Step 3: To this solution, 100 µl of NaAuCl4 (0.1 M) were added and further heated to
simmering with constant stirring. Within 20minutes, the color of the solution turned to
ruby red indicating the formation of gold nanoparticles (Soy-AuNP).

4.2.2 Synthesis of Tea Gold Nanoparticles (T-AuNps):
Step 1: 100mg of Tea leaves (Darjeeling Tea) were added to 6 ml of DI water and the
reaction mixture was stirred continuously at 25 °C for 15 min.
Step 3: To the stirring mixture, 100 μl of 0.1 M NaAuCl4 solution (in DI water) were
added. The color of the mixture slowly turned purple-red from pale yellow within 10
minutes, which indicates the formation of gold nanoparticles (T-AuNps).

Step 4: The reaction mixture was stirred for an additional 15 minutes and the gold
nanoparticles thus formed were separated from residual tea leaves immediately using a
5µ filter and analyzed using UV-Visible spectroscopy and TEM.
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4.2.3 Synthesis of Cinnamon gold nanoparticles (Cin-AuNps):
100 μl of 0.1 M NaAuCl4 was added to a stirring solution of 6ml DI water
containing 30 mg of cinnamon powder. Within 15 minutes, the color of the solution
turned to ruby red indicating the formation of gold nanoparticles (Cin-AuNps).

4.3 Cell Culture and Cellular Interactions:
MCF-7 breast cancer cells and PC-3 prostate cancer cells were cultured and the cellular
interactions were studied as described earlier for AuNps in Chapter 2.

4.4

Cytotoxicity Studies (MTT assay):
Cytotoxicity evaluation of soy-, tea- and Cin-AuNps was performed using MTT

assay as described by Mosman [88]. Approximately 1 × 105 ml-1 cells (MCF-7 and PC-3)
in their exponential growth phase were seeded in a flat-bottomed 96-well polystyrenecoated plate and were incubated for 24 hrs at 37 °C in a 5% CO2 incubator. Series of
dilutions (10, 30, 50, 70, 90, 110, and 150 µM) of AuNps in the medium was added to the
plate in hexaplets. After 24 hrs of incubation, 10 μl of MTT reagent was added to each
well and was further incubated for 4 hrs. Formazan crystals formed after 4 hrs in each
well were dissolved in 150 μl of detergent and the plates were read immediately in a
microplate reader (Spectramex, 190 Molecular Devices Inc., USA) at 570 nm. Wells with
complete medium, nanoparticles, and MTT reagent, without cells were used as blanks. A
control experiment with series of dilutions of NaAuCl4 was performed using the same
MTT kit to validate the assay.
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4.5 Results and Discussion:
4.5.1 Synthesis of Green gold Nanoparticles:
Our new green process for the production of gold nanoparticles uses direct
interaction of sodium tetrachlroaurate (NaAuCl4) with black Darjeeling tea, soyabean
supernatant and cinnamon powder in the absence of man-made chemicals and thus,
satisfies all the principles of a 100% green chemical process. Various phytochemicals
present in tea, soy and cinnamon are presumably responsible for making a robust coating
on gold nanoparticles and thus, rendering stability against agglomerations. Absorption
measurements indicated that the plasmon resonance wavelength, λmax of T-AuNPs, SoyaAuNps and Cin-AuNps are 535 nm, 540 nm and 540 nm respectively. The sizes of TAuNPs, Soya-AuNps and Cin-AuNps are in the range of 12±4 nm; 16±5 nm and 15±5
nm respectively as measured from TEM techniques (Figures 4.1, 4.2, 4.3).
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Figure 4.1: a) UV-Visible absorption spectrum, b) TEM Image c) size distribution of Tea Gold
Nanoparticles.

41

a)

b)

12

No. of Particles

10
8
6
4
2

e
or

22

M

20

18

16

14

8

12

c)

10

6

0

S iz e (n m )

Figure 4.2: a) UV-Visible absorption spectrum, b) TEM Image, c) size distribution of Soy Gold
Nanoparticles
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Figure 4.3: a) TEM Image, b) UV-Visible absorption spectrum, c) size distribution of Cinnamon Gold
Nanoparticles
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4.5.2 Cellular Internalization studies:
Results of cellular internalization studies of AuNps solutions are key to providing
insights into their use in biomedicine. Their selective cell and nuclear targeting will
provide new pathways for their site-specific delivery as diagnostic/ therapeutic agents. A
number of studies have demonstrated that phytochemicals in tea, soya and cinnamon
have the ability to penetrate the cell membrane and internalize within the cellular matrix
[89, 90]. Cancer cells are highly metabolic and porous in nature and are known to
internalize solutes rapidly compared to normal cells [90]. Therefore, we hypothesized
that tea, soya and cinnamon derived phytochemicals, if coated on AuNps, will show
internalization within cancer cells.
TEM images of prostate (PC-3) and breast tumor (MCF-7) cells treated with
AuNPs unequivocally validated our hypothesis.

Significant internalization of

nanoparticles via endocytosis within the MCF-7 and PC-3 cells was observed (Figures
4.4a, b, c; 4.5a, b, c; 4.6a, b, c). The internalization of nanoparticles within cells could
occur via processes including phagocytosis, fluid-phase endocytosis, and receptormediated endocytosis. The viability of both PC-3 and MCF-7 cells post-internalization
suggests that the phytochemical coating renders the nanoparticles non-toxic to cells. Such
a harmless internalization of AuNps will provide new opportunities for probing cellular
processes via nanoparticulate-mediated imaging.
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b)

a)

c)

Figures 4.4a, b, c: TEM Images of different MCF-7 cells showing uptake of Tea-AuNps in to the
lysosomes.
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a)

b)

Figures 4.5a, b: TEM Images of different MCF-7 cells showing uptake of Soya-AuNps in to the lysosomes.
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a)

b)

Figures 4.6 a, b: TEM images of MCF-7 cell showing uptake of Cin-AuNps in to the lysosomes.
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4.5.3 Cytotoxicity Studies:
Untreated PC-3 and MCF-7 cells as well as cells treated with 10, 30, 50, 70, 90,
110 and 150 μM concentrations of various AuNps for 24 hrs were subjected to the MTT
assay for cell-viability determination. In this assay, only cells that are viable after 24 h
exposure to the sample are capable of metabolizing a dye (3-(4,5-dimethylthiazol-2-yl)2,5-diphenyltetrazolium bromide) efficiently and produce a purple colored precipitate
which is dissolved in a detergent and analyzed sphectrophotometrically. After 24 hrs
post-treatment, PC-3, MCF-7 cells showed excellent viability even up to 150 μM
concentrations of tea, soy and cinnamon-AuNps (Figures 4.7 a, b; 4.8 a, b;4.9 a, b). These
results clearly demonstrate that the phytochemicals within these herbs provide a nontoxic coating on AuNps and corroborate the results of the internalization studies
discussed above. It is also important to recognize that a vast majority of Gold (I) and
Gold (III) compounds exhibit varying degrees of cytotoxicity to a variety of cells (Figure
4.10). The lack of any noticeable toxicity of tea, soy and cinnamon-AuNps provides new
opportunities for the safe application in molecular imaging and therapy.
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4.7 a, b: Dose dependent cytotoxicity of Tea-AuNPs in cultured PC-3 and MCF-cells after 24 hrs of
exposure using MTT assay.
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MTT Assay of Soy-AuNps in PC-3 cell line
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4.8 a, b: Dose dependent cytotoxicity of Soy-AuNPs in cultured PC-3 and MCF-cells after 24 hrs of
exposure using MTT assay.
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M TT Assay of Cin-AuNps in PC-3 ce lls
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4.9 a, b: Dose dependent cytotoxicity of Cin-AuNPs in cultured PC-3 and MCF-cells after 24 hrs of
exposure using MTT assay.
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MTT Assay of natural constructs in MCF-7and PC-3
cell lines.
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4.10: Dose dependent cytotoxicity of NaAuCl4 in cultured PC-3 and MCF-cells after 24 hrs of exposure
using MTT assay
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CHAPTER 5

SUMMARY:
Functionalized and biomolecule conjugated gold nanoparticles will play an
indispensable role in the overall design and development of AuNps-based nano
pharmaceuticals. For molecular imaging and therapy, it will be of pivotal importance to
generate nanoparticles in bio-friendly media including, in the presence of chemically
sensitive proteins, peptides and receptor specific bio vectors. This research resulted in the
synthesis of non-toxic, biologically friendly gold nanoparticles that are conjugated with
highly specific biomolecules such as Bombesin and Annexin V. In addition, the
conjugated AuNps were tested for their target specificity towards cancerous cells and
apoptotic cells.
Our results show that Bombesin conjugated gold nanoparticles can enter prostate
and breast cancer cells via BBN/GRP receptor-mediated mechanism. These results show
a proof of concept for the in vivo delivery of AuNps to the tumor regions. Their use as
contrast enhancement agents to visualize tumors in vivo, using Computer Tomography
(CT) imaging technique depends on whether their uptake is selective in such cells as
opposed to surrounding non-tumerous tissue at non-toxic doses.
Conjugates of AuNps with Annexin V to detect apoptosis may be of use: in the
detection of apoptosis by CT-imaging, for cell sorting, and for better appreciation of
interactions between various chemotherapeutic agents and cells. Therefore, the synthesis
of biomolecule/protein conjugated gold nanoparticles outlined opens the way for the
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fabrication of a wide range of biological probes, which can specifically target wide range
of cells.

Future Work
The present work may be continued by working towards the following directions
1. Evaluating the in vivo uptake profile of Bombesin gold nanoparticles and
Annexin V gold nanoparticles in tumors and apoptotic cells.
2. Determining the apt amount of conjugated AuNps to use them as contrast
enhancement agents.
3. Investigating the target specificity of Anx V-AuNps by inducing apoptosis via
different mechanisms.
4. Fabricating gold nanoparticles with more than one targeting agent such as
conjugating a receptor specific biomolecule and a florescent probe.
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