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Abstract This article explores the application of hyperthermia
mediated by alpha human folate receptor (xHFR) targeted gold
nanoparticles (GNPs) for potentiating the cytotoxicity of cyclo-
phosphamide (CPA) in xHFR positive breast cancer cells. Folate
functionalized GNPs were delivered to highly «HFR positive
breast cancer cells MDA-MB-231 and to MCF-7 breast cancer
cells that does not express detectable levels of «HFR followed by
hyperthermia. We have shown that hyperthermia induced by
folate functionalized GNPs sensitized MDA-MB-231 cells by
ten-fold to CPA treatment, whereas MCF-7 cells exhibited only
onefold chemosensitization. Collectively, the study suggests the
feasibility of using «HFR targeted GNPs for facilitating increased
cellula ruptake of CPA in cancer cells expressing elevated xHFR,
allowing reduction in drug dosage.
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Introduction

Chemotherapy refers to the use of one or more cytotoxic drugs
that prevents the growth of cancerous cells and triggers cancer
cell death. However, such drugs may also cause damage to
other dividing cells which are normal and healthy, leading to
treatment-related serious adverse toxicities such as cerebral
dysfunction, liver failure, pulmonary fibrosis, cardiomyopathy,
and gonadal dysfunction due to the administration of large
doses of the chemotherapeutic agent [1]. Hence, there is a
necessity of an effective therapeutic approach that involves
relatively low doses of the chemotherapeutic agent, which
selectively targets and kills only the cancer cells thereby min-
imizing or eliminating the adverse side effects of chemotherapy.

Cyclophosphamide (CPA), among several others, is a com-
monly used drug for the treatment of several types of cancers
including lymphomas, leukemia and cancers of ovaries, breasts,
and lung. The main concern regarding heavy doses of long-term
CPA administration is the adverse and chronic side effects such as
bone marrow toxicity, hemorrhagic cystitis, infertility, nausea,
vomiting, and hair loss [2].

Nanotechnology based cancer therapy has emerged as one
of the promising fields of biomedicine that has been exten-
sively studied over the last few decades to provide effective
and targeted delivery of the chemotherapeutic agents rendering
reduction in drug dosage and minimizing nonspecific adverse
effects. Cancer nanomedicine overcomes the drawbacks of the
conventional drug delivery systems such as nonspecific
biodistribution and targeting, lack of water solubility, poor oral
bioavailability, and low therapeutic indices [3, 4].
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Recently, gold nanomaterials are of immense attention in
potential cancer therapy and diagnostics. The plasmonic gold
nanoparticles are stable, inert, well-tolerated clinically as they do
not result in any serious side effects of treatment, have longer
circulation half-life and can absorb low energy light source very
effectively in the near-infrared wavelength to convert the
absorbed light to heat, resulting in the death of the cancer cells.
Moreover, gold nanoparticles exhibit versatile physical and
chemical properties such as high surface-to-volume ratio, exten-
sive thermal stability, multiple receptor targeting, well controlled
size distribution, multifunctionality, ease of synthesis and highly
tunable optical properties [3, 5, 6]. Gold nanostructures such as
nanoparticles, nanorods, nanoshells, nanocages, and surface en-
hanced Raman scattering (SERS) particles have shown much
promise in fighting cancer and are emerging as drug carriers,
photothermal agents, optical detection agents, and
radiosensitizers in cancer treatment [3, 7—18]. However, numer-
ous types of other nanoparticles such as super paramagnetic iron
oxide nanoparticles (SPIONSs), cobalt-ferrite nanoparticles, and
carbon nanotubes are under investigation to identify the ideal
nanoparticles for tumor hyperthermia [19, 20].

Gold nanomaterial mediated hyperthermic chemosensitization
is one of the most exciting and novel approaches to selectively kill
the cancerous cells and is being studied extensively for the treat-
ment of various cancers [21, 22]. In this approach, the gold
nanostructures are specifically targeted to the cancerous cells
followed by the exposure to an energy source such as an intense
light source, which enables the optical absorbing gold nanostruc-
tures to transform the incident energy into heat to induce
photothermal ablation of the cancerous cells, killing them selec-
tively by disrupting the cell membrane [18, 23-25].

A major advance over the approach of gold nanostructure
mediated hyperthermia for cancer therapy is the ligand-targeted
therapeutics that provides selective delivery of large quantities of
the nanostructures to only the cancer cells. This is achieved by
conjugating the gold nanostructures to targeting ligands that can
selectively bind to the surface of the cancerous cells and penetrate
through receptor-mediated endocytosis. Folic acid is a water sol-
uble B-complex vitamin that is widely used a targeting agent for
selectively delivering the anticancer drugs and diagnostic aids to
o«HFR positive cancer cells. The «HFRs are highly expressed in a
variety of cancers like kidney, endometrium, lung, breast, bladder,
pancreas, and ovarian carcinoma [26, 27]. Thus, folic acid is
preferred over the other targeting ligands in drug delivery.

With this prospect, herein, we report the use of «HFR
targeted GNPs for potentiating the cytotoxicity of the drug
CPA in highly folate positive cancers. For demonstration, we
have used highly «HFR positive MDA-MB-231 breast cancer
cell lines and MCF-7 cell line that does not express detectable
levels of «HFR as models [28—34]. Our results illustrated that
the combined approach of hyperthermia of cHFR targeted
GNPs followed by CPA treatment tremendously increased the
sensitivity of highly «HFR positive MDA-MB-231 cells to
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chemotherapy relative to the MCF-7 cells that does not ex-
press detectable levels of «HFR.

Experimental Methods
Materials

Positively charged GNPs (uniformly spherical in shape; 1.4-nm
diameter) were purchased from Nanoprobes Inc., USA (Positively
Charged Nanogold®j catalog number 2022). Anhydrous dimethyl
sulfoxide (DMSO), folic acid, triethylamine, N,N’-
dicyclohexylcarbodiimide (DCC), CPA, dichloromethane
(DCM), Dulbecco’s modified Eagle’s media (DMEM), fetal bo-
vine serum, L-glutamine, penicillin, streptomycin, trypsin-EDTA,
trypan blue, phosphate buffered saline, and 3-[4,5-dimethyl-
thiazol-2-y1]-2,5-diphenyltetrazolium bromide (MTT) were pur-
chased from Sigma-Aldrich Corporation, USA. All other
chemicals and reagents used in the experiments were of analytical
reagent grade and used without further purification.

Cell Lines and Cell Culture

The human breast cancer cell lines MCF-7 and MDA-MB-
231 were used in this study. Both the cell lines were grown in
DMEM supplemented with 10 % fetal bovine serum, 2 mM L-
glutamine, 100 U/ml penicillin, and 100 pg/ml streptomycin
at 37 °C in a humidified atmosphere containing 5 % CO,. The
cell lines were subcultured twice a week upon reaching ap-
proximately 80 % confluency. About 70-80 % confluent cells
were used for the experiments.

Synthesis and Characterization of Folate Functionalized
GNPs

The positively charged GNPs (30 nmol) were reconstituted in
anhydrous DMSO. Triethylamine (360 nmol) in DMSO was
added to the GNP solution and stirred for 5—10 min. Folic acid
(1 mg) in DMSO was then added to the GNP-triethylamine
solution and stirred for 20 min. To this mixture, N,N’-
dicyclohexylcarbodiimide solution was added and stirred
overnight at room temperature to give a brown colored aggre-
gate of folic acid conjugated GNPs, which were then purified
and collected by repeated centrifugation and stored at —20 °C.
The folate functionalized GNP was characterized using UV-
visible spectrophotometry and Fourier transform Infrared
spectrometry. The conjugation of the folic acid to the posi-
tively charged GNPs through the formation of amide bond
was examined using UV-visible absorption spectroscopy
(Shimadzu, PharmaSpec UV-1700) by comparing the absorp-
tion spectra of folate functionalized GNPs with folic acid and
positively charged GNPs. Also, the functional group
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responsible for folate conjugation was analyzed using a
Bruker Fourier transform infrared (FTIR) IFS 66 V
spectrometer.

Photoexcitation of the GNPs with Intense Pulse Light

The intense pulse light (IPL) source used for the experimen-
tation is Philips Lumea®. IPL is a continuous noncoherent
broad spectrum light emitted from a flash lamp with a wave-
length range of 5751200 nm. The instrument was operated
with a light fluence of 6.5 J/em® for a pulse duration of 3—
100 ms at a wavelength of about 570-600 nm.

Screening Cytotoxicity of IPL on Cancer Cell Lines

The cytotoxic effect of [IPL on MCF-7 and MDA-MB-231 cell
lines were studied to determine the optimum number of pulses
for use in the experiment by subjecting the cell lines to increasing
number of IPL pulses, before the nanoparticle treatment. About
80 % confluent monolayer cell lines of both MCF-7 and MDA-
MB-231 were harvested and plated at densities of 300,000 cells
per ml and cultured for 24 h. The attached cell lines, after
decanting the media, were exposed to 0, 10, 20, 50, 75, and
100 single IPL pulses with a pulse duration of 3 ms and then
cultured with fresh media. After 48 h of incubation, the cell
survival was assessed by MTT assay by measuring the absor-
bance of formazan product formed by the reduction of MTT by
the mitochondrial dehydrogenase of viable cells at 570 nm using
a Microplate reader.

Drug Sensitivity Assay

Drug sensitivity assay was performed to determine the median
effective concentration (ECsg) of the drug CPA from a dose
response curve. The breast cancer cell lines were plated at densities
0f 300,000 cells per ml and were grown for 24 h. Both the MCF-7
and MDA-MB-231 cell culture plates were then incubated with a
fresh medium containing CPA at an increasing concentration of 0,
0.1, 10, 20, 50, and 100 uM. After 48 h of incubation, the cell
viability was determined by MTT assay.

Treatment of Cell Lines with Folate Functionalized GNPs
Followed by Hyperthermia and Chemotherapy

The cell lines MCF-7 and MDA-MB-231 were plated at densities
of 300,000 cells per ml and cultured for 24 h. Photoexcitation of
the nanoparticle can be accomplished by the exposure of cancer
cells incubated with the folate functionalized GNPs to IPL. This is
achieved by incubation of the cell lines with culture media con-
taining folate functionalized GNPs at a concentration of 5 pg/ml
for 4 h, irradiation of the wells with the predetermined number of
IPL pulses after the decantation of the culture media, incubation
with a fresh medium containing CPA at increasing concentrations

of 0, 0.1, 1, 10, 20, 50, and 100 uM for 48 h followed by analysis
of the cell survival by performing MTT assay.

Data Analysis

The ECso was determined from a sigmoidal dose response curve
with a variable slope, where the curve is fitted by nonlinear
regression analysis using GraphPad Prism version 6.0 (GraphPad
Software Inc., San Diego, CA, USA). Other data analysis and
graphs were made using the graphing software Origin version 8.0
and the commercial spreadsheet Microsoft Excel. All the experi-
ments were repeated at least three times with similar results.

Results and Discussion

Development of Folate Functionalized GNPs Targeted
to «cHFR

In an attempt to formulate the «HFR targeted GNPs, the positively
charged GNPs were conjugated to the folic acid through a
carbodiimide coupling reaction, in which an amine-reactive ester
is formed on the folate that facilitates the coupling of the positively
charged primary amine groups of GNPs to the activated folate
(Fig. 1). Each molecule of GNP used for the experiment bears
approximately six primary amine groups that are ionized to as-
sume positive charge and are therefore suitable to tag functional
groups like the carboxyl group of folic acid that has a net negative
charge. The primary amine groups of GNPs were covalently
conjugated to the carboxylate group of folic acid through amide
bond formation in the presence of triethyl amine and N,N’-
dicyclohexylcarbodiimide. In this coupling reaction, the
amine-reactive ester group formed on the folate favors
the binding of the positively charged primary amine
groups of the GNPs with the activated folate [35].

Characterization by UV-Visible Spectrophotometry

The absorbance peak of the gold nanoparticle around 260 nm
can be attributable to the fact that each of the positively
charged gold nanoparticle is surrounded with almost six pri-
mary amine groups [36, 37], and the shift in absorbance peak
to around 230 nm after folate conjugation of the gold nano-
particle is due to the amide carbonyl [CO-NH] group formed
between the carboxylic group of the folate and the
amine groups of the gold nanoparticle [38]. The UV
absorption spectrum of folic acid functionalized GNPs
when compared with pure folic acid and positively
charged gold nanoparticle showed a characteristic ab-
sorption peak at around 233 nm indicating the formed
amide bond between the positively charged GNPs and
folic acid (Fig. 2).

@ Springer



1344

Plasmonics (2014) 9:1341-1349

Fig. 1 Biofunctionalization of
gold nanoparticle with folic acid.
Each of the positively charged
gold nanoparticle has six reactive
primary amine groups. The
primary amine groups of GNPs
were conjugated to the
carboxylate group of folic acid via
a CO-NH bond in the presence of
triethyl amine (TEA) and N,N’-
dicyclohexylcarbodiimide (DCC)

Characterization by Fourier Transform Infrared Spectroscopy

FTIR spectroscopic analysis of folate functionalized GNPs
were performed to verify the conjugation of folic acid to the
surface of positively charged GNPs via a CO-NH bond. The
approximate frequency of an amide group, in an infrared
spectral data, is expected to be at around 1600 to 1690 cm
[39]. The FTIR spectra detected over a frequency range of
4000-350 cm™' resulted in a peak at wave number 1666.67
and 1500 cm™ " as represented in Fig. 3, due to C=0 stretching
and N-H bending vibrations of the CO-NH bond formed
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Fig. 2 The UV-visible absorption spectra of positively charged gold
nanoparticles, pure folic acid, and the folate functionalized gold nanopar-
ticles were compared. The absorbance peak of the gold nanoparticle
around 260 nm is attributable to the fact that each of the positively
charged gold nanoparticle is surrounded with almost six primary amine
groups [36, 37], and the shift in absorbance peak to 233 nm after folate
conjugation of the gold nanoparticle is due to the amide carbonyl group
formed between the carboxylic group of the folate and the amine groups
of the gold nanoparticle [38]
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between the amino group of the positively charged GNP and
the carboxyl group of the folic acid [38, 40].

Cytotoxicity of IPL on Cancer Cell Lines

The cytotoxicity of IPL was tested on both the MCF-7 and
MDA-MB-231 breast cancer cell lines. The percentage of cell
survival at 10, 20, 50, 75, and 100 IPL pulses was 100, 98, 90,
80, and 60 for MDA-MB-231 cell lines and 100, 90, 88, 76,
and 50 for MCF-7 cell lines, respectively (Fig. 4). The expo-
sure of MCF-7 as well as MDA-MB-231 cell lines up to about
20 single IPL pulses, for a duration of 3 ms, did not show any
significant reduction in the cell survival. However, beyond 20
pulses, the percentage cell survival of both the cell lines was
found to decrease with the increase in the number of IPL
pulses, which can be attributed to localized hyperthermia
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Fig. 3 FTIR spectrum measured indicates a peak at wave number
1666.67 and 1500 cm™' representing the C=0 stretching and N-H bend-
ing vibrations of the CO-NH bond formed between the amino group of

the positively charged gold nanoparticle and the carboxyl group of the
folic acid
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Impact of IPL on breast cancer cells
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Fig. 4 Cytotoxic effect of IPL pulses on cancer cell lines was tested and
the exposure of MCF-7 as well as MDA-MB-231 cell lines up to about 20
single IPL pulses did not show any significant reduction in the cell
survival

resulting in membrane alterations, followed by necrosis and
programmed cell death [41]. Thus, 20 IPL pulses with a
duration of 3 ms were chosen to be almost harmless for both
the cell lines and were used for the experiments to mediate
hyperthermia.

Cytotoxicity of CPA on Breast Cancer Cell Lines

The half maximal effective concentration (ECsg) of the drug
CPA, calculated using sigmoidal dose response nonlinear
regression curve fit with variable slope, was 9.752 uM and
10.79 uM for MCF-7 and MDA-MB-231 cell lines, respec-
tively (Figs. 5 and 0).

Thermal Chemosensitization of Highly «xHFR Positive
Cancer Cells Compared to Cancer Cells Having Low «HFR

The combined treatment of hyperthermia by folate function-
alized GNPs followed by chemotherapy had a significant
cytotoxic effect on highly folate positive MDA-MB-231 cell
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Fig. 5 The half maximal effective concentration of cyclophosphamide
(CPA) on low folate receptor positive MCF-7 breast cancer cell lines
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Fig. 6 The half maximal effective concentration of cyclophosphamide
(CPA) on highly folate receptor positive MDA-MB-231 breast cancer cell
lines

line, whereas this approach did not have much influence on
MCEF-7 cell line that does not express detectable levels of
o«HFR. The ECs, of CPA with and without folate GNP medi-
ated hyperthermia were 9.219 and 9.752 uM, respectively, in
the MCF-7 breast cancer cells that does not express detectable
levels of «HFRs, whereas the ECsq of CPA with and without
folate GNP-mediated hyperthermia was 1.074 and 10.79 pM,
respectively, in the highly «HFR positive MDA-MB-231
breast cancer cells (Figs. 7, 8, and 9).

Combination therapy is a potential breakthrough in cancer
treatment, which involves the concurrent use of two or more
cancer fighting strategies, which targets diverse cellular path-
ways, to provide safe and effective treatment of cancers. The
effective combination of the standard chemotherapy with
nanoparticle mediated hyperthermia can bring about im-
proved clearance of the cancers by simultaneous apoptosis
and necrosis of the cancer cells, thereby improving the overall
efficacy of the anticancer drugs that can be used at an optimal

Cytotoxicity due to folate-GNP mediated hyperthermia
followed by chemotherapy on MCF-7 cell line
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Fig. 7 Comparison of half maximal effective concentrations of cyclo-
phosphamide (CPA) on MCEF-7 cell lines, which doesn’t express detect-
able levels of folate receptors, with and without folate GNP-mediated
hyperthermia shows no significant difference in the drug dosage
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Cytotoxicity due to folate-GNP mediated hyperthermia
followed by chemotherapy on MDA-MB-231 cell line
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Fig. 8 Comparison of half maximal effective concentrations of cyclo-
phosphamide (CPA) on highly folate positive MDA-MB-231 cell lines
with and without folate GNP-mediated hyperthermia shows about ten-
fold sensitization of the cancer cells to cyclophosphamide treatment

dose avoiding the adverse side effects [41-46]. The combina-
tion therapy also reduces the probability of developing drug
resistant cancer cells as the cancer fighting strategies mediate
cell death in cancer cells by different mechanisms and also
minimizes individual drug-related toxicity [42].

Targeted photothermal therapy mediated by plasmon reso-
nant gold nanoparticle and chemotherapy is becoming in-
creasingly accepted for the treatment of cancers due to the
selective destruction of tumor cells with minimum side effects
on normal cells. Combination therapy of cisplatin and

hyperthermia produced by the optically excited gold nanorods
kills 78 % more cells than cisplatin alone [47]. Doxorubicin
loaded dual functional gold nanospheres were reported to be
capable of mediating photothermal ablation of MDA-MB-231
cancer cells and drug release upon excitation by near-infrared
light radiation [48]. Folate conjugated gold nanoparticles sta-
bilized with a monolayer of doxorubicin conjugated amphi-
philic copolymer exhibited higher cytotoxicity against the
mouse mammary carcinoma cell line [49].

We have shown in our study that folate targeted gold
nanoparticles after heat treatment had resulted in improved
chemosensitization of cyclophosphamide in folate positive
breast cancer cells when compared to breast cancer cells
that does not express detectable levels of «HFRs. Previous
researches have shown that the MDA-MB-231 breast can-
cer cell line is highly «HFR positive and MCF-7 cell line
does not express detectable levels of o«HFR [30-34], and
therefore, we have chosen MDA-MB-231 and MCEF-7
breast cancer cell lines as cancer cell models that ex-
presses high and low «HFRs on their surfaces. Folic acid
is essential for the cellular survival and proliferation of
cancerous cells in which it serves as cofactor of enzymes
associated with the biosynthesis of nucleic acids and ami-
no acids [50, 51]. The agents conjugated to the folic acid
is internalized and absorbed by the cancer cells through
oHFR-mediated endocytosis [52, 53].

Fig. 9 Schematic representation 100+
of comparison of dosage of
cyclophosphamide that causes 80+ \
50 % cell death in highly folate -
positive MDA-MB-231 cell lines ° 60+ -
with and without folate GNP- g .g ® °
mediated hyperthermia S5 ® 404
3 0O o
nay
T2 o 204
£88
c — 1] T T T T 1
gze¢ 2 -1 0 1 2 3
K g’g Log [Cyclophosphamide] uM 50% Cell death

Percent cancer cell death

High dose cyclophosphamide

Low dose cyclophosphamide
| Cycophosphamide

L x **: * treatment
* * N *I * | Hyperthermia
* &k X ** * % X Cell internalization
* * * *; x* |_through receptor

mediated endocytosis

Folic acid conjugated
gold nanoparticle
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/

Hyperthermia mediated by folate receptor targeted gold nanoparticle facilitates increased
cellular uptake of cyclophosphamide by increasing fluidity of cell membrane and sensitizes
highly folate positive breast cancer cells to cyclophosphamide
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The half maximal effective concentration of CPA that caused
fifty percentage of cell death in MDA-MB-231 cell line was
only 1.074 uM after the hyperthermia, whereas only CPA could
produce the same 50 % cytotoxicity at a concentration of
10.79 uM, which leads to greater than ten-fold reduction in
the ECs of the drug. Under similar circumstances, the ECs of
CPA with and without the folate GNP-mediated hyperthermia
was 9.219 and 9.752 uM, respectively on MCF-7 cell line,
which is about only about onefold reduction in the median
effective concentration. It can be clearly seen that, the «HFR
targeted GNPs sensitized highly folate positive MDA-MB-231
cell line by 10-fold to treatment with cyclophosphamide.

This difference in response, between the cell lines, can be
attributed to the fact that the elevated levels of «HFR expres-
sion in MDA-MB-231 had facilitated the cellular uptake of
increased quantities of folate functionalized GNPs via
receptor-mediated endocytosis thereby resulting in the intracel-
lular accumulation of GNPs. Subsequently, these accumulated
GNPs when subjected to photoexcitation by IPL had resulted in
localized heat (hyperthermia) through absorption of light that
had produced heat-induced alterations in the tumor microenvi-
ronment leading to changes in the cytoskeletal organization [41,
43]. The hyperthermia treatment had increased the fluidity of
cell membrane that in turn had been the reason for increased
sensitization of cancer cells to the drug CPA. Thus, the folate
functionalized GNPs after heat treatment had enabled CPA
to enter the highly folate cancer cells at a higher concen-
tration in comparison with the MCF-7 cell line that does
not express detectable levels of ocHFR.

Moreover, this approach of conjugation of nanoparticles to
folic acid as the targeting ligand will also help the noncancerous
cells to escape the hyperthermia treatment, by preventing entry
of the gold nanoparticle into the normal healthy tissue. The
increased intracellular accumulation of GNPs through folate
receptor-mediated endocytosis and subsequent hyperthermia
is expected to occur only in the xHFR overexpressing cancer-
ous cells when compared to normal healthy cells because the
«HFRs are overexpressed on the surface of cancerous cells
because they grow and divide uncontrollably, whereas the
«HFR distribution in the normal healthy cells is restricted
[26, 27]. On account of the poor blood supply of the cancerous
tissue when compared to the healthy tissue, the gold
nanostructure-mediated hyperthermia produces overheating of
the cancerous cell that causes fatal damage to the cancerous
cell, without causing much damage to the normal healthy cells
[23, 28, 29]. Also, the low pH and hypoxic state of the cancer
cells makes them more vulnerable to hyperthermia when com-
pared to the normal healthy cells [54]. Therefore, we speculate
that approach of using «HFR targeted GNPs and subsequent
photothermal therapy, specifically targets and selectively kills
only the cancer cells, as the folate GNP-mediated hyperthermia
provides increased localized heating in the cancer cells
when compared to the surrounding healthy tissue.

Based on the data presented, it is understood that the
cytotoxic effects obtained with higher doses of CPA could
be achieved when much lower doses of CPA is administered
after the thermal chemosensitization of highly folate positive
cancer cells using folate conjugated GNPs. Our results are in
well agreement with the previous researches based on the
approach of thermal chemosensitization of highly folate pos-
itive cancer cells using folate receptor targeted gold
nanoconjugates. The folate conjugated gold nanorods when
delivered to malignant human oral cancer KB cells that
overexpresses high affinity folate receptors and NIH/3T3
mouse embryonic fibroblast cell line that has low folate re-
ceptor expression followed by photothermal lysis using near
infrared radiation produced severe membrane damage in KB
cells when compared to NIH/3T3 cells [25]. The MCF-7
breast cancer and human adenocarcinoma HelLa cell lines,
when subjected to photothermal treatment using folate conju-
gated gold nanoparticles had resulted in approximately 9 %
cytotoxicity in MCF-7 cell line that has low levels of folate
receptor expression, and approximately 98 % cell lethality in
HeLa cell lines that has overexpressed folate receptors [28,
29]. Folate receptor overexpressing human ovarian carcinoma
cell line (SKOV3) and human lung adenocarcinoma epithelial
cell line (A549) when treated with folic acid conjugated and
radioactive-iodine-labeled gold nanorods resulted in an in-
creased cellular uptake of about 2.7-fold in SKOV3 cells
when compared to the A549 cells and upon consequent
photothermal treatment had better thermal ablation in the
folate overexpressing ovarian cancer cell line SKOV3 [55].

Future work may focus on the standardization of the com-
bination therapy to make it a more effective treatment, further
enhancement of the folate conjugated GNPs by co-
functionalization with polymers like polyethylene glycol to
make it more suitable for in vivo studies so that the nanocom-
posite escapes the nonspecific phagocytosis of the reticulo-
endothelial system of liver and spleen, and investigation of the
molecular mechanisms behind the in vitro cellular response
after hyperthermia, particularly study of genes associated with
apoptosis including the expression of p53 and Bcl-2 genes.
This approach also could also be extended to the treatment of
multidrug resistant cancers as the nanoparticles may be able to
surpass the drug efflux transporters like P-glycoprotein, which
are overexpressed in the multidrug resistant cancers.

In summary, the current study demonstrates that cancer
cells expressing high levels of «’HFRs can be sensitized to
the chemotherapy when used in combination with hyperther-
mia using aHFR targeted GNPs. Under similar circum-
stances, folate-conjugated surface plasmon resonant GNPs
were delivered to MDA-MB-231 and MCF-7 breast cancer
cell lines that expresses high and low oHFRs on their sur-
faces, respectively, followed by exposure to intense pulse light
for hyperthermia. Hyperthermia mediated by folate function-
alized GNPs sensitized MDA-MB-231 cells by ten-fold to
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cyclophosphamide treatment, whereas MCF-7 cells exhibited
only one-fold chemosensitization. We speculate that the ele-
vated levels of xHFR expression in MDA-MB-231 had facil-
itated the accumulation of GNPs in cancer cells, and the
subsequent application of localized heat apparently had result-
ed in increase in the fluidity of cell membrane enabling
sensitization of cancer cells to CPA treatment. Thus, sensiti-
zation of cancer cells to cyclophosphamide is directly propor-
tional to the levels of expression of the folate receptor on the
breast cancer cell surface, which had directly influenced the
internalization of folate-conjugated gold nanoparticles
through folate receptor-mediated endocytosis. These accumu-
lated large population of gold nanoparticles in highly folate
positive cancer cells, due to their surface plasmon resonance,
had exhibited intense hyperthermia due to absorption of light,
which had resulted in increased fluidity of cell membrane
enabling sensitization of cancer cells to cyclophosphamide
treatment.

With this approach, cytotoxicity levels achieved by using
higher doses of cyclophosphamide can be replaced with hy-
perthermia mediated by folate functionalized GNPs followed
by the administration of much lower doses of cyclophospha-
mide, allowing reduction in drug dosage and overcoming the
adverse side effects of the drug; and GNPs can be selectively
delivered to cancer cells by conjugation with folic acid that
enables selective binding to the surface of the cancerous cells
and penetrate through folate receptor mediated endocytosis.
Photothermal ablation of cancer cells resulting in sensitization
to cyclophosphamide occurs selectively in cancer cells due to
the «HFR receptor targeting, minimizing the effects on the
surrounding healthy tissue. In vivo studies using folate-
conjugated GNPs coated with a biocompatible polymer that
helps the nanocomposite to escape immune reactions, inves-
tigation of the expression of apoptotic genes after hyperther-
mia, and extension of this approach to the multidrug resistant
cancers are the future prospects of this research.

Conclusions

GNPs are considered as efficient and unique agents in terms of
their toxicity and biocompatibility in an array of applications.
They have already made their way effectively into cancer
diagnosis and treatment. The ease of production of GNPs
and increased drug efficacy in combination treatment makes
them attractive drug delivery vehicles in chemotherapy. We
summarize that the folate conjugated gold nanoparticles were
synthesized, characterized by UV-visible spectrophotometry
and FTIR techniques and studied on two different breast
cancer cell lines, MDA-MB-231 that is rich in «HFRs on its
surface and the MCF-7 cells that doesn’t express detectable
levels of «’HFRs. The folate targeted GNPs, which had

@ Springer

accumulated in highly xHFR positive MDA-MB-231 cell line
via folate receptor-mediated endocytosis, had resulted in the
hyperthermia-mediated cell membrane permeability to CPA
due to cellular membrane damage upon photoexcitation of
gold nanoparticles, whereas no such accumulation of folate-
targeted GNP occurred in MCF-7 cell line that doesn’t express
detectable levels of «’HFRs. The «HFR-targeted GNPs upon
photothermal therapy were able to sensitize the highly «HFR
positive breast cancer cells to cyclophosphamide treatment
making this a promising approach for the treatment of folate
positive cancers.
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