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Abstract Use of cysteamine hydrochloride (Cys-HCI) pro-
tected gold nanorods (GNRs) as efficient carrier of widely
used anti-cancer drug doxorubicin using folic acid as navi-
gational molecule is presented in this work. GNRs were
found to have excellent drug loading capacity of >97 %. A
detailed comprehension of in vitro drug release profile under
ideal physiological condition was found to obey 1st order
kinetics at pH 6.8, 5.3 and 7.2, an ideal milieu for drug
delivery to solid tumours.

1 Introduction

Nano-particulate drug delivery systems containing anti-
cancer agents have received much attention due to their
unique accumulation behaviour at the tumor site [1-3].
Enhanced permeation and retention effect is now consid-
ered as a major mechanism for their unique biodistribution
profile in the tumour tissue [4, 5]. The environmental
acidity significantly influences response of cancer cells to
various treatments [6—10]. The intracellular and extracel-
lular pH gradient in tumor cells is maintained by compli-
cated biophysical mechanisms [6, 7, 11]. Various targeting
moieties or ligands against tumor-cell-specific receptors
have been immobilized on the surface of nano-particulate
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carriers to deliver them within cells via receptor-mediated
endocytosis. Among them, vitamin M also known as folic
acid (FA) or folate has been widely employed as a tar-
geting moiety for various anti-cancer drugs [12—16]. Folate
binding protein, a glycosyl phosphatidyl inositol (GPI)
anchored cell surface receptor for folate, has been known
to be over expressed in several human tumors including
ovarian and breast cancers, while it is highly restricted in
normal tissues [17]. For this reason, FA has been cova-
lently conjugated to anti-cancer drugs and liposomes for
the purpose of selective targeting against tumors [15, 16].
A folate group covalently attached to phospholipids or
cholesterol was used to form doxorubicin (DOX) encap-
sulated liposomes. These liposomes conjugated with FA
showed selective targeting effect on human carcinoma with
reducing cardiac toxicity of DOX [17]. An attempt has
been made by the authors to comprehend the different
variable parameters involved in GNRs synthesis and
impact of each parameter on the overall reaction during the
formation of GNRs [18]. The authors have also optimized
fabrication of GNR of desired aspect ratios [19].
Exploiting metal nanoparticles for ferrying drug to the
target is a key technology for the realization of nano-med-
icine. It has potential to enhance drug bioavailability and
improve the timed release of drug molecules, and enable
precision drug targeting [20-22]. Nano scale drug delivery
systems can be implemented within pulmonary therapies
[23], as gene delivery vectors [24], and in stabilization of
drug molecules that would otherwise degrade too rapidly
[25, 26]. GNRs with suitable aspect ratios can absorb and
scatter strongly in the NIR region, which can be used for
enhanced optical imaging and photo-thermal cancer ther-
apy. Due to its tunable optical properties (dependent upon
the aspect ratio) and chemical versatility, GNRs have been
explored for a broad spectrum of biomedical applications
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including drug/gene delivery and photo-thermal therapy, as
well as computed tomography and/or optical imaging [27].
Reports on Functionalization of GNRs are available where
stabilization of GNR was successfully done using Poly-
ethylene glycol (PEG). A detailed study on drug release
using GNRs was reported previously using PEG modified
DOX [27]. Additional benefits of using targeted nanoscale
drug carriers are reduced drug toxicity and more efficient
drug distribution [28].

An ideal kinetic profile of drug release from a prolonged
release carrier is a zero order curve. The constant amount of
an active substance dosed within time unit provides the drug
presence at a therapeutic level in human body during the
long time period. In the literature, plenty of theoretical or
empirical release models are described [29-31]. Korsmeyer—
Peppas, first order kinetics and Gallagher and Corrigan [32]
models have been chosen to describe the ibuprofen (IBU)
release from polylactide microspheres in-corporated in
chitosan films.

In this experimental work, seed mediated method was
used to fabricate GNRs of moderate aspect ratio for syn-
aphic delivery DOX is presented. FA, due to its abundance
at the surface of cancer cells, were used as molecular
compass for specific interactions of the drug-GNR conju-
gate with cancer cells. In a recent study [33], it was deci-
phered that rod shaped nanoparticles are much superior in
ferrying therapeutic payloads to cancer cells due to their
favourable cross-talks with immune cells.

Additionally, a detailed investigation of the drug-GNR
confrontation in terms of loading and release of the drug
under physiological as well as tumorous milieu (pH 5.3, 6.8
and 7.2) is done using ideal statistical models.

2 Materials and methods

For drug delivery studies GNRs were synthesized using
seed mediated method [19] with an aspect ratio of 4-5. To
synthesize seed solution, 2.5 ml of 1 mM of HAuCl, was
added to 5 ml of 0.2 M cetyl trimethyl ammonium bromide
(CTAB) (Sigma Aldrich, USA). To this solution, 600 pl of
pre-chilled 10 mM sodium borohydride (Merk, Germany)
was added under vigorous stirring condition forming pale
yellow coloured solution. The experiment was performed
at 20 °C using Nanopure water (18 MQ). Growth solution
for GNRs was prepared by 2.5 ml of 1 mM HAuCly
(Sigma Aldrich, USA) in 2.5 ml of 0.2 M CTAB. 113 pl of
4 mM AgNO; (Alfa Aesar, USA) and 35 pl of 78.8 mM
ascorbic acid (Merk, Germany) were added to this solution
followed by gentle agitation forming a transparent growth
solution. 4 pl of seed solution was transferred into un-
stirred growth solution and the reaction was allowed to take
place for 2 h till the solution turns reddish blue.
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The spectrophotometric analysis of the colloidal solu-
tions was carried out using UV—-Vis spectrophotometer
(Lambda 25, Perkin Elmer). Morphological details of the
synthesized GNR were studied using transmission electron
microscope (TEM) (Ziess Microimaging GmbH, Germany)
and field emission gun-scanning electron microscope
(FEG-SEM) (Zeiss Microimaging GmbH, Germany). The
samples were purified by centrifuging at 5,000 rpm and
then the pellet deposited at the side walls as well as bottom
of the test tube was separated and loaded on to formvar
coated copper grid and silicon substrate for TEM and
FEG-SEM analysis. Fourier transform infra-red (FTIR)
spectroscopy (Brucker) studies were performed within the
spectral window 500-4,000 cm ™. For Inductively coupled
plasma atomic emission spectroscopy (ICPAES) (ARCOS
Spectro, Germany), GNR solution was diluted with ultra-
pure D/W and injected into the nozzle at high temperature.

2.1 Functionalization of GNR using Cys-HCI

GNRs were functionalized using Cys-HCl as a linker. The
attachment of Cys-HCI linker was done by considering
ratios of GNR:Cys-HClI as 1:130 and 1:200. The solutions
were kept undisturbed for 2 h at 28 + 2 °C. The linker
attachment was verified by visual inspection in the form of
color change as well as using UV-Vis spectroscopy.
Deeper intricacies of the drug—-GNR interaction were
studied using FTIR.

2.2 Activation and attachment of FA to GNR—Cys
conjugate

FA was activated by dissolving 0.25 g of FA into 20 ml of
DMSO (dimethylsulfoxide) and the mixture was subjected
to sonication for 45 min. The carboxylate group of FA was
activated by addition of 0.225 gm of NHS (n-hydroxy-
succinimide) and 0.125 gm of DCC (dicarboxy aminocar-
bodiimide). The reaction was allowed to take place in inert
environment created by nitrogen gas at 28 4+ 2 °C for 12 h
(FA/NHS/DCC molar ratio 2:2:1). The resultant mixture
was filtered through Whatman filter paper and was used for
further characterization. Attachment of FA is facilitated by
adding 9 ml of GNR with Cys-HCI linker (1:160) and 1 ml
of activated FA. The color of the solution became pale
violet. The solution was later subjected to purging under N,
atmosphere for 4 h and stirred continuously using a mag-
netic stirrer. After 4 h, both inlet and outlet valves were
closed. The reaction was allowed to take place for 24 h.
After completing the reaction for 24 h, the mixture was
filtered using Whatman paper and stored at 20 °C. Free FA
was removed using 3,000 kDa Dialysis bag against Phos-
phate buffer saline (PBS), pH 7.2. The post-dialysed
samples were centrifuged at 6,000 rpm for 15 min at
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20 ‘C. The pellet was re-dialysed against deionized water
for 24 h under continuous stirring. The samples were
subjected to UV-Vis spectroscopy at regular intervals to
study the attachment.

2.3 Attachment of DOX

10 ml of DOX (0.125 mM) was added to GNR-FA com-
plex along with TEA (triethylamine). The volume was
adjusted to 25-30 ml using DMSO. The solution was
purged using argon till the color of the solution becomes
orange. Purging was continued for 4 h under stirring. After
4 h, both inlet and outlet valves were closed. This setup
was stirred continuously for 24 h. UV-Vis spectroscopy
was performed at regular intervals. The resultant GNR-—
CYS-FA-DOX conjugate was purified using extensive
dialysis against nanopure water for 3 days using a dialysis
tubing (MW cut-off of 3,000 Da to remove the excess
amount of unbounded DOX molecules and DMSO. The
water was exchanged at 6 h intervals. The whole complex
was characterized using UV-Vis spectrophotometer and
FTIR.

2.4 Drug loading efficiency (DLE)

From the total concentration of DOX used for attachment
onto folate conjugated GNR, some of it remains unat-
tached. Hence, it becomes necessary to carry out an
experiment for understanding the exact amount of drug that
has actually got attached to GNR. 5-6 ml of drug attached
complex was centrifuged at 6,000 rpm for 15 min at 20 °C
and dialyzed against water to remove the unbound drug.
Concentration of DOX was calculated using UV-Vis
spectroscopy at 485 nm. Drug loading efficiency (DLE)
was calculated using the formula given below.

Theoretical amount of drug loaded — Free drug
DLE =

Theoretical amount of drug loaded
x 100

(1)
2.5 In vitro release of DOX

GNR-CYS-FA-DOX conjugate was placed in three dif-
ferent dialysis bags (MW cutoff 12-14 kDa, pore size
2.4 nm) to comprehend drug release at pH 5.3, 6.8 and 7.2
using PBS. Former pH values (5.3 and 6.8) correspond to
cancerous cells of different origin and physiology. Each
sample was initially dialysed against nanopure water in
order to remove unbound moieties. After this step, samples
were dialysed using PBS at above mentioned pH values. In
order to find out the concentration of DOX with respect to
time, 3 ml of the buffer medium was taken out at an

interval of 30 min and its absorbance at 485 nm was
recorded. This experiment was repeated three times in
order use the values for finding out kinetic profile of drug
release under physiological conditions.

2.6 Drug release kinetics

A Precise control of the drug carrier architecture, the release
of the drug can be tuned to achieve a desired kinetic profile.
Three of the most common kinetic profiles are zero order,
first order, Higuchi and Hixson—Crowel; these are depicted
below and expressed mathematically in Egs. (2)—(5).

Zeroorder: Qy = Qg + Kot (2)
First order: In Q, = In Qg + kit (3)
Higuchi: Q, = Qp = kt'/? (4)
Hixson crowel: v/Qy — v/Q, = kuct (5)

where Qq is the amount of drug released at time t, Qg is the
initial amount of drug loaded, kj is the zero order release
constant, k; is the first order release constant, and ky; is the
Higuchi release constant.

3 Results and discussion

Synthesis of the GNRs using seed mediated method lead to
formation of stable and monodisperse GNRs with an aspect
ratio 4-5 [19]. Appearance of purple colour signifies the
formation of GNRs with longitudinal and transverse peaks
at 527 and 809 nm respectively (Fig. 1a). Purple color
becomes more intense when the De-Broglie wavelength of
the valence electrons becomes equal to or less than the size
of the particle [34]. Due to this phenomenon, freely mobile
electrons are caged in GNRs and exhibit a characteristic
collective coherent oscillation of plasmon resonance giving
rise to surface plasmon resonance (SPR). The plasmon
absorption splits into two bands corresponding to the
oscillation of the free electrons along and perpendicular to
the long axis of the rods [35, 36]. The transverse mode
(transverse surface plasmon peak: TSP) shows a resonance
at around 520 nm, while the resonance of the longitudinal
mode (longitudinal surface plasmon peak: LSP) occurs at
higher wavelength and strongly depends on the aspect ratio
of nanorods. As aspect ratio is increased, the longitudinal
peak is red shifted. To account for the optical properties of
GNRs, it has been common to treat them as ellipsoids,
which allows the Gans formula (extension of Mie theory)
to be applied [35, 37]. Also, the selective area electron
dispersion pattern in Fig. Ic depicts that GNRs formed is
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crystalline in nature. Figure 1c, d shows TEM image of
purified GNRs synthesised using seed mediated method.

3.1 Detection of gold using ICPAES

Conversion of Au** from HAuCl, into the growth solution
of GNRs was calculated using inductive coupled plasma
atomic emission spectroscopy (ICPAES). The conversion
rate of gold was calculated to be 17 %, with a concentra-
tion of 0.17 mM (35.064 ppm) which was present in the
growth solution of GNRs against the original concentration
of gold which was 1 mM.

3.2 Surface functionalization of GNRs using Cys-HCI

The surface affinity of the GNRs towards thiols and amines
can be exploited to attach Cys-HCI in various ratios. The
studies revealed that the ratio 1:160 (GNR:Cys-HCI) was
more promising.

There was significant red shift (from 837 to 845 nm) in
LSPR peak as seen in Fig. 2. The red shift is observed due to
the chemical reaction between the surface of the GNR i.e.
CTA™" and the linker [38—41]. This can also be credited to
change in the refractive indices of both, the solution as well
as GNRs. Moreover, another reason may be that Cys-HCl has

a strong affinity towards Au due to the presence of thiol
groups (—=SH). The inherent reactivity of gold nanorod is due
to caging of its electrons in a box of infinite work function.
This inspires these electrons to react with tremendous effi-
ciency to form stable bonds.

Figure 3 illustrates a comparative study of FTIR spectra
of purified GNRs, thiol based linker Cys-HC] and GNR-
Cys-HCI conjugate. Appearance of peaks at 2,853 and
2,921 cm™ " in Fig. 3a corresponds to SH stretch. The bond
must have formed due to asymmetric interaction between
CTA™ of GNRs and thiol (-SH) of cysteamine hydro-
chloride. Thiol bond has a higher affinity towards gold
followed by amine group [38—41]. Here the interaction
between SH and GNR is prominent as the pH of the col-
loidal solution of GNR is acidic [18, 19, 35]. Hence, the
amine end of the linker i.e. Cys-HCI remains free for FA
attachment.

The schematic representation of the reaction between
GNR and Cys-HCI (Fig. 4) can be proposed as:

3.3 Orchestration of GNR—cysteamine conjugate
by activated FA

Orchestration of GNR—Cys-HCI conjugate with activated
folic acid was authenticated by their relative FTIR spectra

Fig. 1 a UV-Vis spectra of GNRs synthesized by seed mediated
method with an aspect ratio of 4.01 [TSPR =527 and
LSPR = 809 nm]. b The selective area energy dispersion (SAED)
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pattern showing that the GNRs are crystalline. ¢ TEM image of
synthesized GNRs. d Focused TEM image of GNRs with aspect ratio
in range of 4-5
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Fig. 2 UV-Vis spectra of GNRs and GNRs surface functionalized
with Cys-HCl

(Fig. 5a, b). Existence of weak bands at 1,653 and
1,713 em™"! in activated folic acid (Fig. 5a) is a signature
marker for asymmetric stretching vibrations of CH stretch
and —NH stretch respectively. Appearance of strong peak at
1,595 and 1,720 cm ™' corresponds to asymmetric bending
vibrations of —CO and stretching of 1° amines —NH visibly
signify the fact that Folic acid must have adhered to GNR—
Cys-HCI conjugate via an amide linkage. Nevertheless, an
added significant fact is that folate has o and y carboxylic
acids and can be activated by DCC/NHS in the presence of
DMSO. It’s a well known fact that y carboxylic acids
primarily get activated due to its higher reactivity [41].
Hence, we speculate conjugation of o carboxylic group of
folic acid with amino group of cysteamine.

The schematic representation of the reaction between
GNR-Cys-HCI and activated folated can be projected as
displayed in Fig. 6.

Fig. 3 FTIR spectra of 4
(a) GNR—cysteamine HCI 1.00
conjugate (b) GNR(c) Cys-HCl
—f o.e8 -
=
3
_E 0.96
e
E 0.94 —
0.9 -
o B;Q 10‘00 1 ﬂ‘l’ﬂ 20‘1'.\0 25‘00 30.00 au.oo 40‘00
[ VWavenumbear cm-1 h
b 1.00 ]
iy B B §
1 £ = g g
= 0.96 — = EE = =
-
0.94
é 0.92 - =
o P =
o.a8 —- §
o.s6 . o v o v v =1 )
(=] S00 1000 18500 2000 Z500 3000 3so00 <4000
[ VWavenumber cm-1 .
100
% E = g
F o~
£ _ g 8
§ ;
- % §
50

3800 3600 3400 3200 3000 2600 600 2400 2200 2000 1800 1600 1400 1200 1000 800

Wavenumber cm-1

@ Springer



1676

J Mater Sci: Mater Med (2013) 24:1671-1681

3.4 Synthesis of GNR-FA-DOX complex

A relative study of the Fig. 7a, b exemplify the interaction of
the GNR-Cys—FA-DOX complex is due to the manifesta-
tion of amide linkage. This may be due to appearance of the
peak at 1,595 cm ™' which corresponds to the stretching of
=CO and 1,439 cm™!' corresponding to =CO stretch of
anhydride. The peak shift from 2,350 cm™' (Fig. 6a) to
2,923 cm™! (Fig. 6b) corresponds to the bending of -NH,
(secondary amines) and 2,349-2,856 cm™' corresponds to
primary —-NH,. The most essential consideration is the
formation of amide linkage (—CONH) due to interaction
between —COOH of doxorubicin and —-NH, of surface

BriAu

GNR Cysteamine HC1

orchestrated GNRs. In Fig. 5b the emergence of peak at
1,595 and 1,720 cm”! symbolize asymmetric vibrations of
—CONH bends. This finding supports our speculation.
Above findings can be schematically gauged as shown in
Fig. 8.

3.5 Drug loading efficiency

Surface orchestrated GNRs with Cys-HCl and FA where
loaded with DOX and centrifuged at 5,000 rpm and then
purified further by dialysing it using 10 kDa membranes.
After taking into account the mean values and carrying out

+ @ HrCH:_-.\ ) — Bf;AU H;-CH;-XH:
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Fig. 4 Schematic representation of the reaction between GNR and cysteamine HCI. CTA™ of GNR interacts with SH of cysteamine HCI to Form

a CTA-SH bond i.e. thiol bond
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Fig. 8 Schematic illustration of
interaction between GNR—-Cys—
A conjugate and DOX, the free
amino end of FA reacts with
carboxylic acid group in
anaerobic environment to form
a amide linkage which is pH
sensitive

Fig. 9 Comparative drug
release kinetics model of DOX
released from GNR-Cys-FA—
DOX Complex at pH 5.3, 6.8
and 7.2 (a) zero order (b) first
order (c¢) Higuchi and

(d) Hixson—Crowel model

significant statistical analysis.The calculated amount of

M.aam.m.m\,_.fi’r:\«(ﬁ(a A

IGNR-C}'S-FoIic acid conjngatel

Doxorubicin HCI

drug loaded onto GNRs is 0.123 mM. Using Eq. (1)

mentioned in “Materials and methods”; that drug loading
efficiency was calculated to be 97.73 %.
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3.6 Drug release kinetics

In vitro release profile at 37 °C of GNR-Cys—FA-DOX
was studied using various statistical tools at pH 6.3, 6.8 and
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7.2 respectively for duration of 24 h with an interval of 1 h.
The kinetics of the drug release was decoded using Egs.
(2)—(5) which correspond to zero order, 1st order, Higuchi
and Hixson—Crowel’s model respectively.

In order to scrutinise zero order drug release kinetics,
the relation between time and cumulative percent of drug
release was studied (Fig. 9a). It was speculated that the R?
value at pH 6.8 was maximum followed by 7.2 and 5.3 as
displayed in Table 1. Moreover, percent drug release at pH
6.8 followed a slow and gradual pattern of drug release
with 52 % of drug released in 4 h and 99 % of drug was
released after 24 h. The release studies at pH 7.2 exhibited
comparatively faster and irregular rate of drug release with
59 % of drug release in 2 h which was followed by a drop
in the rate of release at 3 h with 40 % and a rise is spec-
ulated in the 4th hour with 62 %. Moreover, pH 5.3 showed
a dramatically high rate of drug release with a drug release
percentage of 62 % in 4 h. On basis of these speculations
we assume that the release kinetics is pH dependent [42] in
case of zero order kinetics.

On studying the kinetics using the Eq. (3) for 1st order, a
graph of time versus cumulative % log of drug remaining
to be released was plotted. It was speculated that the R?
value was consistent with the previous result i.e. at pH 6.8
(Table 1) followed by pH 5.3 and 7.2. Also, the relative

Table 1 A summary of R? values and percent drug release at pH 5.3,
6.8 and 7.2 in all the models

Models pH value

pH 53 pH 6.8 pH 7.2
Zero order 0.771 0.8526 0.7035
First order 0.9539 0.9762 0.9261
Higuchi 0.8603 0.9261 0.779
Hixson—Crowel 0.9142 0.9475 0.8391

All the values are based on the Fig. 9. The values listed above are
values of coefficient correlation (RZ) obtained from release data from
various mechanism of drug release

amount of drug remaining to be released was controlled in
case of pH 6.8 and then in 5.3 as observed in Fig. 9b. The
release pattern in 7.2 is comparatively faster. This sug-
gested that the amide linkage between GNR-CYS-FA-
DOX and GNR-CYS-FA is pH sensitive and fits the best
in Ist order of kinetics. As, Cancerous cells exhibit a
microenvironment which is acidic (pH 5.3-6.8) in nature
when compared to that of inherent physiological pH i.e. 7.2
[6-11]. The bond formed between folate conjugated GNR
and DOX is expected to be pH dependent. Hence, amount
of DOX released in and around cancerous environment
should be spectacularly high. Also, during folate-mediated
endocytosis, the pH of the formed endosome is ~ 6.8. This
adds to the specificity and thus increasing the therapeutic
index of DOX.

Higuchi’s model is another statistical tool studied using
Eqn. (4). A graph using square root of time versus cumula-
tive % drug release is plotted (Fig. 9c). As observed in
previous results, a similar high R* value at pH 6.8 is observed
in this model with steady increase in drug release for 1st4 h.
Further speculations indicate that the release kinetics is faster
as the time passesi.e.at 24 h (~4.8 hinFig. 9¢). Also, at pH
7.2 and 5.3 a drastic irregularity in the rate of drug release is
noticed. The last tool used to study the release kinetics of
DOX is Hixson—Crowel’s model using Eq. (5). Figure 9d
explains clearly the amount of drug released at pH 6.8 is slow
and steady with highest R? value as seen in Table 1. Addi-
tionally, pH 5.3 also shows gradual drug release rate with a
lower R? value. On the other hand, pH 7.2 does not show a
promising drug release profile (Fig. 9d).

Table 1 explains that the amount of drug released at pH
6.8 is high as it fits the best in the 1st order kinetics fol-
lowed by pH 5.3. A relative study of Tables 1 and 2 reveals
the fact that the release kinetics obeyed by DOX from
GNR-Cys-FA Complex is 1st order kinetics at pH 6.8
which is the pH of endosomal environment has the maxi-
mum drug release rate with highest R* value followed by
pH 5.3 which is the pH of perinuclear environment.

Table 2 A summary of percent drug release at pH 5.3, 6.8 and 7.2 in all the models

Time (h) Models

Zero order (% drug release)

Ist order (% drug remaining to release)

Higuchi (% drug release) Hixson-Crowel v/Q, — v/Q,

53 6.8 7.2 53 6.8 72 53 6.8 72 53 6.8 72
1 20 8 10 1.92 1.98 1.92 22 18 12 0.02 0.03 0.03
2 40 20 59 1.87 1.88 1.85 62 70 60 0.03 0.05 0.04
3 58 30 40 1.75 1.78 1.74 70 80 76 0.04 0.07 0.05
4 62 52 62 1.67 1.68 1.65 84 92 83 0.05 0.10 0.08
24 78 99 98 1.12 1 1.3 92 99 95 0.23 0.25 0.16
R? 0.77 0.85 0.70 0.95 0.97 0.92 0.86 0.92 0.77 0.91 0.94 0.83

All the values are based on the Fig. 6
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pH dependent firing of drugs is a cardinal attribute ideal
drug delivery machines particularly in cancer thermother-
apy [22, 43]. DOX was found to be enhanced at pH 6.8.
However, the extent of drug release (following st order)
was faster at pH 6.8 than other two pH. After the injection
of the GNR-FA-DOX conjugate, the first contact occurs
with blood components at physiological pH (7.2). Here,
DOX remains attached at the surface of GNRs for longer
time, reducing the non-specific hostile effects of DOX.
Upon entry into the cancer cells via endocytic pathway
major amount of drug is released at pH 6.8. Most of the
tumour environments were found to be acidic (pH 4.5-6.5
depending on the type of tumours).

4 Conclusions

DOX conjugated to FA orchestrated thiol-stabilized GNRs
were synthesized and characterized using UV-Vis spec-
troscopy and FTIR. GNRs were successfully synthesized
with an aspect ratio 4-5 and were surface functionalized
using Cys-HCI. The attachment of Cys-HCI to GNR is via
thiol bond as verified by FTIR. Whereas, amide linkage is
involved in anchoring FA to GNR-Cys conjugate and
DOX to GNR-Cys—FA conjugate which was confirmed
using FTIR. These DOX conjugated GNR-Cys-FA
exhibited remarkably higher pH dependent in vitro drug
release kinetics at pH 6.8 in all the four statistical tools
followed by pH 5.3 and 7.2. The most suitable environment
for drug release was found to be pH 6.8 (endosomal
environment) followed by pH 5.3 (perinuclear environ-
ment) and finally pH 7.2. A comparative computation of
coefficient of correlation gave a clear idea that the release
pattern of DOX followed the Ist order kinetics. These
multifunctional DOX conjugated GNR—Cys—FA may also
be used to improve imaging contrast or for synergistic
photo-thermal cancer therapy.
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