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Abstract

Multi-drug resistance (MDR) in addition to the damage to non-malignant normal cells are the most difficult in cancer
treatment. Drug delivery and Plasmonic photothermal therapy based on the use of resonant metallic nanoparticles
have developed as promising techniques to destroy cancer cells selectively. In the present work, gold nanoparticles
(AUNPs) were synthesized using trisodium citrate. The prepared AuNPs have a small size of 14 +4 nm and exhibit high
stability with Zeta potential — 18 mV, AuNPs showed higher photothermal heating efficiency compared to irradiation
with a 532 nm laser alone on the breast cancer cell line (MCF-7). Treatment of MCF-7 cells with 0.125 mM AuNPs cou-
pled with laser irradiation for 6 min was found to significantly reduce (34%) the cell viability compared to 5% obtained
with AuNPs in the same concentration and 26% with laser irradiation for 6 min without AuNPs. Moreover, the pre-
pared AuNPs were used as an anticancer drug carrier for Doxorubicin (Dox), upon loading Dox to AuNPs there was a
slight increase in the particle size to 16+ 2 nm, FT-IR spectroscopic results showing the binding of Dox to AuNPs was
through the -NH group. The potential cytotoxicity of the DOX@AUNPs nanocomposite was significantly increased
compared to free DOX on the MCF7 cell line with a decrease in ICs,. All these results suggested the potential use of

spectroscopy

AuNPs as therapeutic photothermal agents and drug carriers in cancer therapy.
Keywords: Gold Nanoparticles, Drug delivery, Doxorubicin, Photothermal therapy, Cancer, Breast cell line, FTIR

Introduction

Cancer remains one of the major causes of death despite
recent advancements in cancer treatment [1]. In 2020, 2.7
million people in the European Union were diagnosed
with the disease, and another 1.3 million people lost their
lives to it [2]. The world invests tens of billions of dollars
and huge human capital every year in the development
of new anti-tumor drugs. A major problem with con-
ventional anticancer drugs involves their toxicity, which
can lead to the death of healthy cells and cancer cells [3].
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Recently, the emergence of nanotechnology had a sig-
nificant impact on clinical treatment [4]. Photothermal
therapy has developed as an alternative approach to non-
invasive cancer therapy, which employs heat generated
from the conversion of photon energy, for the localized
destruction of cancer cells [5]. Heating sources such as
near-infrared (NIR) or visible lasers are commonly used
in conjunction with a photothermal agent to increase
the temperature at the targeted site for killing the cancer
cell [6]. Cancer cells are usually found to be more sensi-
tive to heat than normal cells due to the more hypoxic,
acidic, and nutrient-deficient microenvironment of the
tumour. [7]. In comparison with other metal nanoparti-
cles, noble metal (Cu, Hg, Ag, Pt, and Au) nanoparticles
have increasingly attracted the attention of researchers.
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Among these, gold nanoparticles (AuNPs) are known
to be the most stable and have been prepared with vari-
ous shapes and structures. AuNPs are widely employed
across the medical field owing to their excellent bio-
compatibility and high chemical and physical stabil-
ity [8]. Recently, using noble metal nanoparticles as a
photothermal agent and as a drug carrier has received
much attention because of their special characteristic,
especially the ultra-small size and the unique plasmonic
characteristics in addition to the enhanced permeability
and retention (EPR) effect of tumor tissues [9]. AuNPs
have been used as unique drug delivery carriers in clini-
cal applications due to their characteristics such as shape,
size, and surface dependence [10]. AuNPs have many
benefits that make them appropriate for photothermal
cancer treatment as they can be administered into the
local tumor area while minimizing non-specific distri-
bution, and can be activated via laser light, creating the
ability to penetrate into biological tissues, in addition,
they can be modulated to create multifaceted cancer
PTT and drug delivery systems [11]. Gold nanospheres
(AuNS) were popularized by their ease of fabrication,
small size, fast synthesis, and ease of ligand conjugation,
making them attractive for PTT applications.!!? Despite
having multiple benefits, AuNPs have some limitations,
which limit their applications in medicines. The first is
the toxicity of AuNPs without any capping or biocompat-
ible layer, which is a significant concern. The toxicity of
AuNPs depends on numerous parameters, such as com-
position, shape, size, coating, charge, hydrophobicity,
solubility, and reactivity. The different biological environ-
ment also influences the toxicity encounters AuNPs for
instance biofluids, intracellular media, and insertion in
biovesicles. The second is the evolution of their biological
medium properties. Studies indicate that AuNPs tend to
aggregate within the lysosome, which modifies their opti-
cal properties and alters their activation under radiation.
Thus, the AuNPs need an additional organic or biologic
surface coating to make them stable. All these constraints
limit the approval of AuNPs for clinical trials and com-
mercial use [12] Among various chemotherapy drugs,
doxorubicin (DOX) is a drug widely used as an anti-can-
cer drug. It kills cancer cells by inhibiting the synthesis
of nucleic acid in the cell, To overcome the non-speci-
ficity and high toxicity of doxorubicin many researchers
have proposed conjugation to nanoparticulate delivery
systems to reduce the toxicity level while sustaining the
therapeutic efficacy [13].

In this work, we employed the preparation and char-
acterization of citrate capped AuNPs and their use as a
photothermal agent in photothermal therapy on breast
cancer (MCEF-7) cells. subsequently preparation of
DOX@AuNPs nanocomposite by modification of AuNPs
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surface with DOX as direct interaction of DOX with
AuNPs. The progress in the formation of the new com-
posite has been studied via UV-visible spectroscopy,
TEM, and FTIRs. The obtained results indicate that the
DOX@AuNPs produced a highly toxic effect on MCF7
compared to the effects of equal doses of free DOX so
reducing the side effects and increasing the therapeutic
efficiency.

Materials and methods

Chemicals
Tetrachlorauric acid (HAuCl,.3H,0), Trisodium Cit-
rate salt, Dimethylsulphoxide (DMSO),RPMI-1640

medium,Sodium bicarbonate,Irypan blue, Fetal Bovine
Serum, Penicillin/Streptomycin,Trypsin,Acetic acid, Sul-
phorhodamine-B (SRB),Trichloroacetic acid (TCA), Tris
base 10 mM (PH 10.5) are obtained from Sigma Aldrich
Chemical Co., St.Louis, Mo, U.S.A.

Preparation of AUNPs

AuNPs were synthesized according to the standard wet
chemical method [14, 15]. Trisodium citrate (38.8 mM,
10 mL) was added to a boiling HAuCl4 solution (1 mM,
100 mL). In addition, the yellow-colored solution of gold
chloride turned the wine red in color. The formed par-
ticle size and shape were investigated using a TEM and
UV-Visible spectrophotometer. In order to make sure
that the cytotoxic effect is due to a laser-induced modi-
fication to AuNPs rather than other influences from the
surrounding medium, absorption spectra were measured
on AuNPs in culture media RPMI containing fetal bovine
serum. The photostability of ImMAuNPs has been stud-
ied by irradiation with DPSS (Diod Pumped Solid State)
laser 532 nm and 250mW. The absorption spectra of the
solution have been measured before exposure, and then
it is irradiated with a laser source for 2 min, 4 min, 6 min,
8 min and10min. The absorption spectra have been
measured after irradiation to monitor any change in the
absorption spectra.

Preparation of Dox@AuNPs nanocomposite

Dox-AuNPs nanocomposite was made according to
Vaithilingam method [16]. 1 ml of different concentra-
tions of Dox (10, 20, 30, 40 pM) were mixed drop-wise
with 1 ml of 0.125 mM of AuNPs with continues stirring
and sonicate for 10 min until deep red becomes blue.

Characterization of AuNPs and Dox@AuNPs
nanocomposite

The prepared AuNPs and Dox@AuNPs nanocom-
posite were characterized by UV-visible absorbance
spectra using a double beam spectrophotometer (PG
instrument, T80T, UK.). 200 pl from AuNPs and Dox@
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AuNPs nanocomposite were diluted to 2 ml with distilled
water then placed in 1 cm UV-quartz and the absorption
was recorded within the appropriate scan range (200 to
800 nm). The spectra were taken against distilled water as
a pure solvent reference for each sample. The morphology
of the prepared AuNPs and Dox@AuNPs nanocomposite
carried out using TEM—Nanotechnology& Advanced
Material Central Lab. (NAMCL), Agriculture Research
Center (ARC). Company name: FEI, Netherland. Model:
Tecnai G20, Super twin, double tilt, and Applied volt-
age: 200 kV, Magnification Range: up to 1,000,000 X and
Gun type: LaB6 Gun. A drop from very dilute solutions
were deposited on an amorphous carbon-coated copper
grid and left to evaporate at room temperature forming a
monolayer then detected by TEM.IR measurements were
carried out using FT-IR spectrometer (Shimadzu FT-IR
8400) in the range (500-4500 cm™?!). Prepared samples
(free DOX and DOX-AuNPs) were dried using a lyophi-
lizer IR spectra of powdered samples were diluted with
a potassium bromide (KBr) pellet. Where 4-8 mg from
the dried AuNPs were added to 200 mg KBr then careful
grinding of the sample was of great importance for the
elimination of errors caused by scattering. then the parti-
cle size and surface charges of the prepared AuNPs were
analyzed through DLS with Zeta sizer 300 HAS (Malvern
Instruments, Malvern, UK) based on photon correlation
spectroscopy. Analysis time was 60 s and the average zeta
potential was determined. The zeta potential of nano-
particulate dispersion was determined as such without
dilution.

Photothermal therapy on breast cell line

This method was carried out according to that of Skehan
et al. (1990) [17, 18]. Cells were incubated with different
concentrations of AuNPs (0.125, 0.25, 0.375, 0.5 mM) and
then completed to a total of 200 pl volume/well using a
fresh medium, and incubation was continued for 24 h.
Cells was were obtained from the American Type Cul-
ture Collection (ATCC, Minnesota, USA). The tumor
cell line maintained at National Cancer Institute (NCI),
Cairo, Egypt. For each drug concentration, three wells
were used. For the laser irradiation experiment, the
DPSS (Diod Pumped Solid State laser) with wavelengths
532 nm and 250 mW was chosen (due to wavelength
overlapping with the absorption band of the AuNPs). The
microplate was divided as follows: Cells were seeded in
96-well microtiter plates at a concentration of 5 x 10° cell
/well in a fresh medium and left to attach to the plates for
24 h. The prepared 0.125 mM AuNPs were added leav-
ing definite numbers of wells as control. The cells were
left to grow overnight in the presence of AuNPs. In this
way, the nanoparticles are incorporated inside cells by
the endocytosis process. Cells were incubated with 1 mM
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AuNPs and then exposed to laser light at 250 mW for dif-
ferent times: 2, 4, 6, 8, and 10 min. Cells without nano-
particles have been exposed to laser light at 250 mW for
the same different times to test the photothermal stabil-
ity of the cell themselves. Following 24 h treatments, the
cells were fixed with 50 pl cold 50% trichloroacetic acid
for 1 h at 4 °C. Wells were washed 5 times with distilled
water and stained for 30 min at room temperature with
50 pl 0.4% SRB dissolved in 1% acetic acid. The wells were
then washed 4 times with 1% acetic acid. The plates were
air-dried and the dye was solubilized with 100 pl/well of
10 mM tris base (ph 10.5) for 5 min on a shaker (Orbital
shaker OS 20, Boeco, Germany) at 1600 rpm. To test
for the potential cytotoxicity of Dox and Dox@AuNPs
on the MCF7 cell line, cells were incubated with differ-
ent concentrations of free DOX ((10, 20, 30, and 40 uM))
and Dox@AuNPs nanocomposite with the same concen-
trations then completed to a total of 200 ul volume/well
using fresh medium and incubation was continued for
48 h. For each drug concentration, three wells were used.
Following 48 h treatment, the cells were treated as previ-
ously described. The optical density (O.D.) of each well
was measured spectrophotometrically at 564 nm with
an ELIZA microplate reader (Meter tech. ¥ 960, U.S.A.).
The mean background absorbance was automatically
subtracted and means values of each nano concentration
were calculated. The percentage of cell survival was cal-
culated as follows:

Survival fraction
= O.D. (treated cells)/ O.D. (control cells).

The IC50 values (the concentrations of thymoquinone
required to produce 50% inhibition of cell growth) “the
experiment was repeated 3 times for each cell line”.

Statistical analysis

Data are expressed as the arithmetic mean = SD. Statis-
tical analysis was carried out using GraphPad Software
Prism v5 (San Diego, USA). The statistical analysis of
the transfection assay data was done using Tukey mul-
tiple comparison test with a single pooled variance. Dif-
ferences were considered statistically significant when
p <0.05.

Results and discussion

AuNPs were synthesized by the chemical reduction of
HAuCl, using trisodium citrate as a reducing and cap-
ping agent. The formation of ruby-colored dispersion was
an indicator of nanoparticles formation of gold nano-
particles [19]. As shown in Fig. 1a, the prepared AuNPs
show absorption in the visible range due to Surface Plas-
mon Resonance (SPR) at 520 nm which indicates the
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stable state of the AuNPs clearly. The narrow band of the
curve corresponds mostly to the monodisperse nature
of AuNPs, without any aggregation and agglomeration.
TEM image was employed to clarify the morphology of
formed AuNPs, the particles are spherical with approxi-
mate size (14+4 nm) with uniform size distribution
Fig. 1c. As shown in Fig. 1a, there is no obvious change in
AuNPs absorption peak upon addition AuNPs to the cul-
ture media which indicate the stability of AuNPs in cul-
ture media this may be due to the presence of serum in
the medium, particles, in this case, were suggested to be
coated with serum where the surface of AuNPs was mod-
ified by non-specific adsorption of serum proteins [20].
The UV-visible absorption of Dox shows one band in
the visible range extends from 400 nm to about 560 nm.
This band is characterized by anthracyclines. Dox
absorbs also in the ultraviolet range as it has absorption
peaks from 200 to 300 nm [21]. Adding colloidal AuNPs

to Dox, the band intensity decreased. This decrease is
accompanied by the appearance of a new band at 630 nm
Fig. 1b. The appearance of this new band is a conse-
quence of aggregation which is due to interparticle inter-
action between the adjacent AuNPs upon the addition of
drugs. The aggregation can be verified by a slight increase
in the AuNPs size as shown in TEM image Fig. 1d. The
aggregation of AuNPs might be caused by the replace-
ment of citrate molecules with Dox leading to the for-
mation of the Dox@AuNPs complex. In addition, the
greater electrostatic attraction of active groups in Dox
with AuNPs than citrate groups might be responsible for
the additional band at higher wavelengths. It has been
shown theoretically and experimentally that aggrega-
tion of AuNPs leads to another plasmon absorption at
longer wavelengths when the individual nanoparticles are
electronically coupled to each other [22]. TEM images
of Dox@AuNPs nanocomposite Fig. 1d; reveal that the
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nanocomposite possessed a regularly spherical shape
and smooth surface with slight increases in the particle
size to 16 =2 nm. Here the phenomenon of the plasmon
coupling appeared clearly with linearly arranged coupled
particles.

The significance of the need for the photostability of
AuNPs comes from the utilization of AuNPs in the treat-
ment of cancer. When these particles are decided to be
used as hyperthermic agents in photothermal therapy,
the target tissue or cells will be exposed to laser light.
We have to test the stability of AuNPs by exposure to the
same laser light for the same exposure time. As shown
in Fig. 2, the irradiation of AuNPs using DPSS (Diod
Pumped Solid State) laser for different times has no effect
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Fig. 2 Effect of DPSS laser irradiation on AuNPs
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on the Surface Plasmon Resonance (SPR) of the particles
which indicates the photothermal stability of AuNPs.

The prepared AuNPs were further character-
ized via FTIRs Fig. 3a, the recorded spectra of cit-
rate capped AuNPs showed two main peaks at 3400
and 1630 cm™! and a medium peak at 1265 cm™!. The
broad peak at 3400 cm™! correlates with O—H stretch-
ing vibrations due to intermolecular hydrogen bonding.
Moreover, the peak at 609 cm™! corresponded to C=0
stretching. While peaks at 1630 and 1265 cm ™' corre-
spond to —C=0 stretching and C-O stretching respec-
tively. FTIRs analysis confirmed that the surface of the
colloidal AuNPs was covered with citrate groups, which
are important for the stability of the prepared nanopar-
ticles [23]. The binding interaction of Dox@AuNPs was
further investigated using FT-IR studies. The IR spectra
of free Dox and Dox@AuNPs are shown in Fig. 3b. Dox
shows bands at 3415 cm™’, 1217 cm™! and 1618 cm™!
corresponding to—NH stretching frequency, C-N stretch-
ing and NH, bending respectively. In the case of Dox@
AuNPs, there were a decrease in intensity of all bands
and NH which is now broadened and slightly shifted to
higher wavelengths at 3424 cm™'. And there is a red-
shift for C-N stretching to 1258 cm™! and blue shifts for
NH, bending t01592 cm™" respectively Fig. 5B. It could
be understood that it is the free -NH group that is likely
to be involved in the binding of Dox on AuNPs surface
as it is well known that gold has a strong affinity towards
amino groups [24]. The results given here were accorded
well with Hua Qin Yin et al. [25].

DLS and zeta potential measurements were carried
out to study the hydrodynamic diameter and surface
charge of the synthesized colloidal AuNPs. Typically, gold
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nanoparticles with zeta potential greater than +20 mV or
less than — 20 mV have sufficient electrostatic repulsion
between neighboring correspondingly charged particles
to remain stable. The results particle size and zeta poten-
tial of AuNPs were 105 nm and — 18 mV respectively as
shown in Fig. 4a, b. the hydrodynamic size is larger than
that characterized by TEM, which can be attributed to a
certain amount of hydrated molecules around the core of
the water-soluble AuNPs. after loading Dox on AuNPs
the particle size and zeta potential were shifted to Size
54 nm,44.4 mV as shown in Fig. 4c, d. Zeta potential is
considered as an indicator of the stability of nanoparti-
cles. This negative value of zeta potential is due to the
presence of three deprotonated anionic carboxyl groups
of citrate ions which verify the repulsive interaction
between nanoparticles and aim to prevent the agglom-
eration of AuNPs [26, 27].

Photothermal therapy and drug delivery of AuNPs

on MCF7

In order to investigate the cytotoxicity of AuNPs on
MCE-7 cells without irradiation, MCF-7 cells were
treated with different concentrations of AuNPs (0.125,
0.250, 0.375,0.5 mM) for 24 h as shown in Fig. 5a, about
95% cell viability was noticed upon treatment with
0.125 mM AuNPs which indicates the safety of this
concentration to be used in photothermal and drug
delivery. Figure 5b illustrates the percentage of MCEF-7
cell viability incubated with 0.125 mM of AuNPs and
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treatment with increasing times of irradiation (2 min,
4 min, 6 min, 8 min, and 10 min) with DPSS laser of
532 nm and 250 mW. Results showed a significant
decrease indicated by13%, 24%, 26%, 19%, and 20%
compared 26%, 30%, 34%, 31%, and 32% after laser irra-
diation in MCF7 cell and incubation with the AuNPs
respectively as shown in Additional file 1: Table SI.
As increasing the irradiation time led to a progressive
increase in the temperature of the medium, the results
showed a gradual decrease in cell survival by increasing
the time of laser exposure on MCE-7 cell viability in the
absence of AuNPs since cancer cells have been shown
to be more susceptible to high temperature compared
to normal cells [7]. The enhancement in the cytotox-
icity of AuNPs upon laser irradiation is due to induc-
ing localized hyperthermia resulting in the killing of
MCE-7 cells. Such an increase in the local temperature
might have resulted in the thermal denaturation of pro-
teins, which may be the main factor in cell injury and
cell death [28]. The reason can be attributed to being
due to the strong surface plasmon absorption of AuNPs
which offer great potential in photothermal therapeutic
applications. Our results were in accordance with Sunil
Kumar Surapaneni et al. [29]. It has been found that the
strong absorbed radiation is converted efficiently into
heat on a picosecond time domain due to electron—
phonon and phonon—phonon processes. Thus, upon
the laser irradiation at the surface plasmon absorp-
tion band, AuNPs absorb photon energy and then
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immediately transfer it into heat energy.Then the Nano-
particles lattice cools rapidly by exchanging energy with
the surrounding medium on the timescale of ~100 ps
[30]. The efficient photothermal killing of MCEF-7 cells
by AuNPs can be attributed to their smaller size. As
reported in a previous study, smaller AuNPs have been
shown to be more efficient in the photothermal killing
of cancer cells [31]. Such an increase in the local tem-
perature might have resulted in the thermal denatura-
tion of proteins, which may be the main factor in cell
injury and cell death [32].

Figure 5c, reveals the effect of different concentra-
tions of Dox and Dox@AuNPs nanocomposite (10,
20, 30, and 40 uM) on the percentage of survival of
MCEF?7 after 48 h. There was a concentration-dependent

decrease in cellular proliferation compared to its
respective control. Dox@AuNPs exhibited a lower /C50
than free Dox. The cytotoxicity of Dox@AuNPs nano-
composite may be improved due to better accumula-
tion of drug at its site of action due to targeted delivery.
A possible explanation for the activity enhancement of
Dox@AuNPs nanocomposite is the improvement due
to the internalization of Dox@AuNPs nanocomposite
by an endocytosis mechanism. which indicated that the
targeted nanocarriers greatly increased cellular uptake
of Dox by MCF7 cancer cells. Generally, nanoparticles
are nonspecifically internalized into cells via endocy-
tosis or phagocytosis compared to the passive diffu-
sion mechanism of free Dox into cells [33]. As shown in
Fig. 5a and c, free AuNPs showed almost non-cytotoxic
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at 0.125 mM, and the Dox@AuNPs caused a strong
decrease in cell viability. This result is the same as our
expectation, that the free gold nanocarrier has good
biocompatibility, and it showed a good cytotoxicity
effect after laser irradiation and loading with Dox [34].

Conclusions

The present work demonstrated the preparation of small
highly stable citrate-capped AuNPs with zeta potential
— 18 mV. AuNPs exhibited a photothermal therapeutic
effect on MCF-7 cells upon irradiation using laser inten-
sity of 250 mW for 6 min compared to laser alone. More-
over, a method for loading Dox on AuNPs forming Dox@
AuNPs nanocomposite for breast cancer treatment was
demonstrated. The prepared AuNPs and Dox@AuNPs
were spherically shaped with an average particle size of
14+4 nm and 16 £ 2 nm respectively. The results showed
that loading DOX on AuNPs significantly enhance the
anti-proliferation activity on the MCF7 cell line. The
cell viability reduced significantly compared to free Dox.
Overall, these nanoparticle complexes could be proposed
as potent drug delivery vehicles for cancer drugs such as
DOX, as well as other drugs in the prospective studies.
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