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Abstract: This study synthesized gold nanoparticles (AuNPs)
using a facile microwave-assisted chemical route and evalu-
ated them as potential anticancer candidates against breast
and colon cancer cell lines. Numerous spectral characteriza-
tion tools were used to study the optical properties, structure,
and morphology of the prepared AuNPs. UV-Vis spectro-
scopy showed a characteristic peak at 517 nm, which con-
firms the formation of AuNPs. The crystalline structure of
NPs was studied by X-ray diffraction, and the NPs’ shape
and size were calculated with Field emission transmission
electron microscopy. The synthesized AuNPs were found to
be uniform in size in the range of 2—-6 nm. A variety of bio-
logical tests, including MTT, scratch, real time polymerase
chain reaction (RT-PCR), and comet assays were adopted to
assess the anticancer potential of these AuNPs in the studied
cancer cell models. The findings suggested a cell-dependent
cytotoxicity of AuNPs. Different cell viability of 40.3 and
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66.4% were obtained for MCF-7 and HCT-116, respectively,
at 5pg/mL of AuNPs. The scratch assay showed AuNPs
impede cell migration in a concentration-dependent manner
in the MCF-7 cell line. On the other hand, real-time poly-
merase chain reaction (RT-PCR) of apoptotic (p53, Bax,
and caspase-3) and anti-apoptotic (BCl-2) genes revealed
upregulation and downregulation of these genes, respec-
tively, probably leading to its cytotoxicity. At 5ug/mL
concentration of AuNPs, reactive oxygen species (ROS)
production was found to be increased by 26.4 and 42.7%,
respectively, in MCF-7 and HCT-116 cells. Similarly, comet
assay demonstrated AuNPs induced DNA damage in the
studied cancer cell lines. These findings suggest that the
observed anticancer efficacy of AuNPs was driven by ROS
generation. The synthesized AuNPs appeared to be a pro-
mising therapeutic against cancer cells. However, our in
vitro data need to be confirmed and validated in ex vivo
and in vivo models so that this NP can be further exploited
for human use.

Keywords: cytotoxicity, gold nanoparticles, ROS, RT-PCR,
scratch assay

1 Introduction

Cancer is one of the most clinically relevant pathologies
driven by highly heterogeneous processes and has remained
a major public health concern worldwide [1-3]. Among the
various types of cancer, breast and colorectal cancer have
significant occurrence, expression, and mortality. Breast
cancer is the most frequently diagnosed and the leading
cause of cancer death in women worldwide, with more
than 2 million new cases in 2020 [4,5]. Conversely, colorectal
cancer is the third most prevalent cancer in men and the
second most common cancer in women worldwide [6,7].
Despite the potential advances in anticancer research,
limited progress has been made toward the safe treatment
and prognosis of cancer [8]. The escalating complexity
of the cancer problem, combined with the inability of
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traditional chemotherapy to achieve significant reductions
in mortality rates, indicates the requirement of noble,
harmless, yet concrete chemotherapeutic approaches to
impede cancer progression. Nanotechnology can be pivotal
in cancer treatment and prevention [9,10]. The nanoparti-
cles (NPs) can be modulated to prolong circulation, improve
drug localization and efficacy, and reduce the chances of
multi-drug resistance [11,12].

Over the past few years, precision-engineered nanoma-
terials have risen as a standout among cancer therapeutics
with a tremendous anticancer therapeutic perspective
[13,14]. They can improve the delivery of therapeutics to
the specific sites of the body at particular times and at an
effective concentration. Several reports suggested different
therapeutic benefits of NP-based treatment that could act
as molecular probes, antiangiogenic, antitumor, anti-per-
meability, and antiproliferative [2,15-17].

Among nanotherapeutics, gold nanoparticles (AuNPs)
have attracted extensive scientific attention in recent dec-
ades because of their convenience of synthesis. AuNPs are
increasingly used in medicine because of their excellent
biocompatibility due to their chemical and physical stabi-
lity and ease of functionalization with biologically active
molecules [18]. AuNPs can directly conjugate and interact
with a wide range of molecules on their surface, including
proteins, medicines, antibodies, enzymes, nucleic acids
(DNA or RNA), and fluorescent dyes [19]. AuNPs are qua-
lified as efficient nanomedicine with potent anticancer
activity due to their unique physicochemical and bio-reac-
tive properties [20]. Distinctive properties of AuNPs, viz.,
high X-ray absorption coefficient, localized surface plasmon
resonance, and radioactivity, enable its prominent clinical
applications [21]. AuNPs can serve as molecular sensors,
therapeutics, and delivery systems for imaging agents and
medications [22]. Functionalized AuNPs have made signifi-
cant strides as they have the potential for effective cellular
uptake. However, other factors, such as the nature of the
ligand, molecular weight, and grafting density, also affect
the cellular uptake [23]. Along with other factors like size,
cell type, tissue distribution, tissue absorption, and pene-
trating ability, AuNPs-induced cytotoxicity is also influ-
enced by these [24]. Due to the impact of surface energy
transfer, AuNPs are a potent quencher for fluorescence
donors, making them an ideal building block for fluorescent
nanoprobes [22]. Although no pharmaceutical approval of
AuNPs has been achieved, several studies suggested their
usage in cancer therapy and tumor-targeting [25-27].

Our earlier study reported the anti-metastasis poten-
tial of biogenic synthesized AgNPs against breast and color-
ectal cancer cells and suggested it as a promising anticancer
therapy [2]. In the current study, the anticancer potential of
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the synthesized AuNPs was assessed employing a battery of
in vitro tests, including cell viability, cell morphology, cell
migration, reactive oxygen species (ROS) production, DNA
damage, modulation in pro/anti-apoptotic gene expression,
and induction of apoptosis.

2 Materials and methods

2.1 Materials

Cell lines (MCF-7 and HCT-116) were obtained from ATCC
(Manassas, VA, USA). Chloroauric acid (HAuCl,), citric
acid, and cetyltrimethylammonium bromide (CTAB),
3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazoliumbromide
(MTT), 2,7 dichlorofluorescin diacetate (DCFH-DA), Dulbecco’s
modified Eagle’s medium (DMEM) high glucose, Fetal
bovine serum (FBS), and penicillin were obtained from
Sigma-Aldrich (St. Louis, MO, USA). All other chemicals
used for this study were of the highest purity grade and
procured from different commercial sources.

2.2 Preparation of AuNPs

To synthesize AuNPs, a solution containing 15mL of
10 mM HAucCl,-3H,0, 0.3 g citric acid, and 0.2g CTAB
were mixed under continuous stirring to obtain an aqu-
eous solution. This solution was then heated for 50 s at
100 W in a microwave oven (SAMSUNG; 750 W), resulting
in an immediate shift in color from light yellow to bright
orange, indicating the formation of gold NPs. The AuNPs
were extracted from the solution using the Whatman qua-
litative filter paper of grade 1.

2.3 Characterization of AuNPs

A UV-Vis Spectrophotometer (Perkin Elmer, USA) with a
1 cm quartz cell was used to characterize the synthesized
AuNPs. In a quartz cell, colloidal AuNPs were mixed with
5mL of distilled water, and the blank was filled with
a distilled water solution. The crystalline structure of
the synthesized NPs was studied using X-ray diffraction
(Philips-PW 1729, Holland) with Cu radiation [30kV,
40 mA, Ka radiation (1.54430 A°)]. In addition, field emis-
sion transmission electron microscopy (FETEM; JEOL,
JEM-2100F) at 200 keV was used to examine the NPs’
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shape and size. A small drop of NP solution was dropped
onto a carbon-coated copper grid, which was then dried
in the air before being transferred to the microscope.
“Image J” program was used to determine the NP’s
average particle size and distribution.

2.4 Cytotoxicity/MTT assay

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT)
bromide dye reduction test was used to determine the cyto-
toxicity of AuNPs, as described previously [2,28]. Briefly,
MCF-7 and HCT-116 cells (10,000 cells/well) were seeded
on 96-well culture plates and treated with variable concen-
trations of AuNPs (0.5-100 pg/mL) for 24 h and kept in CO,
incubator. Following the incubation period, 10 pL of MTT
(5mg/mL stock in PBS) was added to each well, and the
plates were further incubated at 37°C for 4 h. The formazan
product was then dissolved in 100 pL of dimethyl sulfoxide
(DMSO) with moderate shaking at 37°C. and the absorbance
was recorded at 570 nm on a microplate reader (Chame-
leon-Multilabel microplate reader, Hidex, Turku, Finland).

2.5 Cell migration (scratch assay)

To assess the anti-metastasis ability of AuNPs, we per-
formed an in vitro scratch assay following the protocol
described by Khan et al. [2]. Briefly, MCF-7 cells were
seeded in a 24-well cell culture plate and incubated for
24 h. Once monolayers of MCF-7 cells were grown to con-
fluency, a thin scratch was introduced with a sterile tip,
and cells were briefly washed with DMEM to decant any
detached cells. After the scratch was introduced, cells
monolayer was incubated with control and varying con-
centrations of AuNPs (1-4pg/mL). Pictures of scratch
were taken every 24 h up to 48 h at 10x magnification of
Leica DFC 450 microscope equipped with a camera. The
pictures were processed using Image ] software and
aligned with control.

2.6 Comet assay

The assay was carried out according to method adopted
and modified by Hassan et al. [29]. The full-grown cells
were treated with AuNPs (5 pg/mL) for 3 h in Petri-dishes.
The cells were then trypsinized to prepare the cell sus-
pension and homogenized in 1 mL of media. The cells
were then centrifuged for 5 min at 500 g. An equal volume
of cell suspension (100 pL) was mixed with 1% low melting
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agarose (100 pL). This solution was placed on conventional
melting agarose base-coated slides. For 10 min, the slides
were immersed in lysis buffer (0.045M TBE, pH 8.4, con-
taining 2.5% SDS). After that, the slides were exposed to the
same TBE buffer without SDS in a comet assay tank for
10 min at 2 V/cm and 80 mA, respectively. Finally, the cells
were stained with ethidium bromide (20 g/mL, Sigma-Aldrich,
USA). After proper washing, the slides were covered with
coverslips and preserved in a humidified environment.
100 cells from each group were examined using an upright
fluorescence microscope (Leica DM2500, Germany) equipped
with a digital CCD camera to measure the tail length of
nuclear DNA (Andor Zyla 5.5, UK). Komet 5.5 image analysis
software was used to measure and picture the tail length
(Andor, UK).

2.7 ROS measurement

DCFH-DA was used to detect the intracellular generation
of ROS [17,30]. The extremely fluorescent chemical DCF is
formed when the DCFH-DA reacts with ROS after pas-
sively entering the cell. In 24-well plates, cancer cells
(5 x 10* cells/well) were seeded and left to adhere to
the flask for 24 h. It was then exposed to various concen-
trations of AuNPs (1-10 ug/mL) and incubated for an
additional 24 h. After exposure, the cells underwent two
PBS washes before being incubated for 30 min at 37°C in
1 mL of the working solution of DCFH-DA (100 pM). After
10 min of centrifugation, 200 pL of the cell supernatant
was transferred to a 96-well plate. The fluorescence inten-
sity was measured at wavelengths of 485 nm for excitation
and 525 nm for emission.

2.8 Gene expression analysis (Real
time-PCR)

MCF-7 and HCT-116 cells were grown to confluency in
6-well plates and treated with AuNPs (5 pg/mL) for 24 h.
Appropriate control cells were also treated with PBS.
These cells were further subjected to RNA extraction
using the RNeasy mini kit (Qiagen, Germany). The con-
centration and purity of total RNA were confirmed by a
Nanodrop spectrophotometer (Thermo Scientific, USA). A
total of 1pug of RNA was used to synthesize the cDNA
using 100 ng of oligo dTs and 2 units of reverse transcrip-
tase. The following sets of specific primers were employed
for amplification of each cDNA: p53 (5’F-CCCAGCCAAAGA
AGAAACCA-3, 5R-TTCCAAGGCCTCATTCAGCT-3'), caspase3
(5’F-ACATGGCGTGTCATAAAATACC-3’, 5’R-CACAAAGCGA
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CTGGATGAAC-3"), Bax (5’F-TGCTTCAGGGTTTCATCCAG-3,
5’R-GGCGGCAATCATCCTCTG-3’), Bcl2 (5’F-AGGAAGTGAAC
ATTTCGGTGAC-3’, 5R-GCTCAGTTCCAGGACCAGGC-3"), and
GAPDH (5'F-CCACTCCTCCACCTTTGAC-3’, 5R-ACCCTGTTGC
TGTAGCCA-3'). Real-time quantification was performed in
the light of Cycler® 480 instrument with 96-well plate
(Roche Diagnostics, Rotkreuz, Switzerland) using Light
Cycler® 480 SYBR Green I Master (Roche Diagnostics,
Switzerland). The RT-PCR cycle conditions were 10 min
of initial denaturation at 95°C, followed by 40 cycles of
denaturation at 95°C for 15s, annealing at 60°C for 20s,
and elongation at 72°C for 20s. Gene expression levels
were normalized to GAPDH gene expression, which was
used as an internal housekeeping control.

2.9 Flow cytometry

The induction of apoptosis as a result of AuNPs treatment
was measured using a Flow cytometer (BD FACSCalibur®,
USA) following the method demonstrated by Hailan et al.
[31]. A commercially available FITC-Annexin V apoptosis
detection kit supplied by BD Pharmingen™, (CA, USA)
was employed. Briefly, the cancer cells (MCF-7 and HCT-
116) were grown to confluency and further exposed to the
different concentrations of AuNPs (2 and 5 pg/mL) for 24 h.
After that, cells were resuspended in 1x binding buffer and
treated for 20 min in the dark with annexin V-FITC and
propidium iodide (5 pL each). A flow cytometer was used
to quickly analyze each sample, and Cell Quest® Pro soft-
ware was used to analyze the results (BD).

2.10 Statistical analysis

The results of each experiment were provided as the
average of three independent replicates + standard error.
Unless otherwise specified in the legends, the student’s
t-test was used to analyze the difference between the
control and test groups.

3 Results

3.1 Synthesis and characterization of AuNPs

Citric acid was used as a reducing agent and CTAB as a
binding agent during microwave irradiation. After 50 s of
irradiation, the produced AuNPs were discovered to be
stable and to have a size range of 2-6 nm. The UV-Vis
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absorption spectra of AuNPs showed the surface plasmon
resonance peak at ~517 nm, confirming the AuNP synth-
esis (Figure 1a). The size of the NPs can be determined
with accuracy by the peak’s width. The peak narrows
with the decrease in bandwidth and increase in the
band strength as the particle size increases [32]. The
size, shape, and dielectric constant of the surrounding
media all affect the form and location of surface plasmon
absorption. The optical absorption spectra of metal NPs are
mostly determined by the surface plasmon resonance, which
moves to a longer wavelength as particle size increases.

The detailed morphology of AuNPs was investigated
by high-resolution transmission electron microscopy (HRTEM)
and TEM at room temperature. The TEM images showed
stable, well-dispersed, spherical AuNPs with good morpholo-
gical characteristics (Figure 1b). In addition, TEM measure-
ments also indicated that the obtained material consists of
uniform populations of NPs. Particle size was calculated using
approximately 50 randomly selected individual NPs from TEM
micrographs, and found the particle size was in the 2-6 nm
diameter range (Figure 1c). TEM images also showed an essen-
tial role played by CTAB in stabilizing the AuNPs. Structural
information of AuNPs was further analyzed by HRTEM image.
The inset of Figure 1b shows the HRTEM image of a single
AuNP, where clear lattice fringes could be easily seen. The
distance between two adjacent planes was found to be
0.236 nm, which is linked with (111) plane of Au structure.

XRD pattern analysis was used to assess the crystal
structure and phase determinations of the produced NPs.
The XRD pattern of AuNPs, displaying the diffraction
peaks of AuNPs, is shown in Figure 1d. The (111), (2 0 0),
and (2 2 0) reflections of the face-centered cubic structure of
metallic gold, respectively, can be indexed to the peaks
located at 38.16, 44.47, and 64.63° [33]. The peak corre-
sponding to (1 1 1) was also found to be more intense than
the other peaks, indicating that this orientation is the most
common and that the produced AuNPs are naturally crystal-
line. Within the XRD’s detection range, no additional phase
was found. In addition, the average crystal size of AuNPs
was calculated using the Debye-Scherrer’s equation by
determining the width (111) of the Bragg’s reflection was
found to be 5.8 nm.

3.2 Anticancer activity of AuNPs: MTT,
scratch, and comet assay

After establishing the purity of the synthesized AuNPs, a
battery of in vitro experiments was performed to evaluate
the biological efficacy of AuNPs. The synthesized NPs



3296 —— Nouf Omar Alafaleq et al.

Absorbance (a.u.)

450 560 5.;)0 B(I)D 6.;)0 700
Wavelength (nm)

(a)

Average diameter = 3.8 nm

1 3 6 7
Particle diameter (nm)
(c)

DE GRUYTER

(111)

(220)

Intensity (a.u.)
(200)

T v v
35 40 45 50 55 60 65 70
20 (degree)

(d)

Figure 1: (a) UV-Vis spectrum of AuNPs synthesized at 50 s MWI. (b) TEM image and inset show HRTEM image of AuNPs synthesized at 50 s
MWI. (c) Size distribution histogram obtained from TEM images of AuNPs. (d) XRD pattern of AuNPs synthesized at 50 s MWI.
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Figure 2: MTT-based cell viability assay. For 24 h, cells were treated with varying concentrations of AuNPs (0.5-100 pg/mL). For both MCF-7
(a) and HCT-116 (b) cell lines, results are reported as column graph with normalized percent cell viability with standard deviation. Data are
the mean value + SD of three independent experiments. Student t-test was performed to determine the significance. P-values < 0.05
(compared to control) were considered a significant criterion and indicated with * mark over the column.

were found to be cytotoxic in a concentration-dependent
manner to MCF-7 and HCT-116 cell lines. Different cell
viability of 40.3 and 66.4% were obtained for MCF-7
and HCT-116, respectively, at 5 pg/mL of AuNPs (Figure 2a

and b). The percentage of cell viability was found to be
declined even at a very low concentration (0.5 ug/mL) of
AuNPs, suggesting its high toxicity toward cancer cells.
On the other hand, the morphology of the cancer cells
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was also found to be notably distorted in both cell lines with
increase in the concentration of AuNPs treatment for 24 h
(Figure 3). Scratch assays examined the cancer cell migration
and invasion in the presence of AuNPs. The data showed a
significant suppression in wound healing and cell migration
following the treatment with 2 pg/mL of AuNPs in MCF-7 cells
after 48 h of incubation compared to control (Figure 4). Less
migration was observed at higher concentrations of AuNPs,
which was also found to be variable with time. Because HCT-
116 cells develop in bunches, we were unable to measure
their migration pattern (data not shown).

3.3 AuNPs-induced DNA damage in MCF-7
and HCT-116 cells

The present study used a comet assay to evaluate the
DNA damage induced by AuNPs, resulting in a combina-
tion of single-strand breaks, double-strand breaks, and
alkaline-labile sites. In this experiment, negatively charged
DNA fragments move towards the positive electrode, whereas
the broken DNA fragments move towards the positive elec-
trode by carrying a negative charge. At the same time, the
unbroken DNA stays intact without any movement. The
untreated control cells showed an intact round-shaped
nucleus without a noticeable tail comet-like structure.
However, the treatment with AuNPs (5 pg/mL) showed a
significant damage to the nuclear DNA of MCF-7 and HCT-
116 cells, reflected by a longer tail length (Figure 5). The
comet tail was found to be increased by 56% compared to
the untreated control in MCF-7 cells. Similarly, the comet
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tail in the HCT-116 cell was found to be increased by 62%
compared to the untreated control.

3.4 AuNPs-induced intracellular ROS
generation in MCF-7 and HCT-116 cell
lines

We evaluated the intracellular ROS level by measuring
DCF fluorescence. The DCF fluorescence was assessed
in AuNPs-treated cancer cells at 1-10 pg/mL doses for
24 h. A dose-dependent increase in ROS production was
observed after the treatment with AuNPs in both the studied
cell lines. We observed a considerable increase (26.4%)
in ROS generation in MCF-7 cells compared to control at
5pg/mL of AuNPs. Similarly, HCT-116 cells also showed
an increase (42.7%) in ROS generation after the treatment
with the same concentration of AuNPs (Figure 6). Our
results showed significant ROS-producing capabilities of
AuNPs in MCF-7 and HCT-116 cell lines (Figure 6).

3.5 Effect of AuNPs on mRNA expression of
pro/anti-apoptotic marker genes in
MCF-7 and HCT-116 cancer cells

The treatment with 5pg/mL AuNPs showed increased
expression of tumor suppressor gene p53 and elevated
expression of pro-apoptotic genes, Bax, and caspase-3.
On the other hand, the expression of the anti-apoptotic
gene BCL-2 was found to be downregulated in MCF-7 cells

AuNPs

Figure 3: MCF-7 and HCT-116 cells were treated with increasing concentrations of AuNPs for 24 h and showed morphological alterations. The
images were captured using a Leica microscope at 10x magnification.
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Figure 4: Scratch was applied to a monolayer of cells, which was then treated with 1-4 pg/mL AuNPs at various time intervals (0, 24, and
48 h). The number of cells that migrated to the scratch area, indicating metastatic inhibition, is visually displayed by outlining the scratch
with parallel lines and visually exhibiting the number of cells that migrated to the scratch area.

(Figure 7a). A similar trend was also recorded in HCT-116
cells at the same concentration of AuNPs (Figure 7b).

3.6 Induction of apoptosis by AuNPs in
MCF-7 and HCT-116 cells

The results of the apoptosis quantification in MCF-7 and
HCT-116 cells are presented in dot plots (Figures 8a and b;
9a and b). Both the cells experienced a significant increase
in apoptosis in a dose-dependent manner. At 2 ug/mL, the
rates of early apoptosis were 15.59 and 12.32%, respec-
tively, for MCF-7 and HCT-116 cells. At the same time,
the levels of late apoptosis were 10.69 and 13.19% at the

same concentration. Similarly, the highest concentration
of AuNPs (5pg/mL) treatment showed 18.78 and 18.92%
early apoptotic cells in MCF-7 and HCT-116 cell lines.
In addition, the treatment of AuNPs resulted in a slight
elevation in necrotic cells in a concentration-independent
manner. Conclusively, apoptosis analysis reaffirms the
cytotoxicity data of cancer cells towards AuNPs.

4 Discussion

The growing body of evidence indicates that NPs are up-
and-coming candidates for drug delivery as an adjuvant
to existing treatment or a possible therapeutic agent for
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Figure 5: Comet assay was used to evaluate the DNA damage caused by AuNPs (5 pg/mL) in the studied cancer cells. The results showed a
significant DNA damage caused by AuNPs treatment, as observed by increase in the tail length of DNA in cancer cells.

various disorders, including cancer [34-36]. The current
study exploited the microwave irradiation technique with
citric acid as a reducing agent to synthesize AuNPs, while
multi-technique approaches were adopted for the char-
acterization purpose. The synthesized AuNPs were stable
and ranged between 2 and 6 nm for 50 s irradiation time.
In recent years, the microwave irradiation (MWT) approach
has emerged as a new strategy to synthesize smaller size
AuNPs rapidly [37,38]. The method allows the regulation
of AuNP properties and structure, while avoiding contam-
ination by altering experimental conditions in the pre-
sence of a reducing agent [19]. Recently, Adnan et al
[25] reported a microwave-assisted synchronous nanogold
synthesis with superior characteristics in terms of high-
quality crystal, spherical shape, amorphous, enhanced
colloidal stability, and no agglomeration with feasible bio-
compatibility, biosafety, and anticancer therapeutic value.
The specific size and configuration of AuNPs greatly affect
the anticancer potential, including cytotoxicity [39]. Despite

favorable results with smaller size AuNPs, the very low size
could result in rapid excretion through the renal filtration
system [40,41]. In one study, Zhang et al. [24] reported that
smaller AuNPs (4-5 nm) have a higher cytotoxicity potential
compared to larger particles (18—-20 nm). Hence, our synthe-
sized AuNPs (2—-6 nm) are expected to provide an optimum
anticancer therapeutic effect.

The cytotoxicity of AuNPs has been reported in many
cancer cell lines, such as Hep2, MDA-MB-231, Caco-2, and
MCEF-7 cancer cells [27,42,43]. The cytotoxicity of AuNPs
is associated with NP size, surface charge, and functional
groups [44]. The smaller size of AuNPs results in exten-
sive tissue distribution, deep penetration inside specific
tissues, better cellular uptake, and increased toxic effects
[45]. Considering the abovementioned facts, we observed
significant cytotoxicity of the synthesized AuNPs at very
low concentrations in both the cell lines. The smaller size
and varied surface characteristics of AuNPs could be the
reason behind the observed significant cytotoxicity.
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Figure 6: ROS production in MCF-7 and HCT-116 cells treated with AuNPs. A spectrofluorometer was used to detect the relative fluorescence
of DCF, with excitation and emission spectra of 485 and 530 nm, respectively. Student t-test was performed to determine the significance.
Values <0.05 were considered significant and indicated with * mark above the column. A Leica microscope (20x magnification) was used to

take the image of the fluorescing cells.
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Figure 7: Effect of AuNPs on pro/anti-apoptotic marker mRNA expression levels. Changes in mRNA expression levels caused by nanos-
tructures are expressed as a fold change in relative quantity compared to control cells. Other genes’ cycle threshold values were computed

using GAPDH as a control.

The migration of cells is crucial for the progression of
cancer. In this study, we used an in vitro scratch assay
since it is a reliable tool for probing cell migration [46].
The potential of AuNPs to interfere with the cytoskeleton
of MCF-7 cells may explain the suppression of migration
observed in our study. Cell division and migration neces-
sitate cytoskeleton rearrangement and disrupting one or

both processes significantly impacts cell proliferation
and migration [47]. Our findings are consistent with ear-
lier studies that reported NPs limit cancer cell migra-
tion [26,48].

For the quantitative measurement of DNA damage,
the comet assay assessing a mixture of single-strand
breaks, double-strand breaks, and alkaline-labile sites
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Figure 8: (a) Flow cytometry profile of annexin V-FITC/PI staining of MCF-7 cells showing percentage of viable cells, early apoptosis, late
apoptosis, and necrotic cells. (I) Control, (II) 5 pg/mL of AuNPs, (lll) 10 pg/mL of AuNPs. (b) Representative images of AuNPs-treated MCF-7
cells captured under fluorescence microscope after staining with nuclear dye Hoechst 33324. (1) Control, (Il) 5 ug/mL, (Ill) 10 pg/mL.
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Figure 9: (a) Flow cytometry profile of annexin V-FITC/PI staining of HCT-116 cells showing percentage of viable cells, early apoptosis, late
apoptosis and necrotic cells. () Control, (1) 5 pg/mL of AuNPs, (111) 10 pg/mL of AuNPs. (b) Representative images of AuNPs-treated HCT-116
cells captured under fluorescence microscope after staining with nuclear dye Hoechst 33324. (l) Control, (II) 5 ug/mL, (lll) 10 pg/mL.

Magnification 200x.
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is frequently performed [49]. Exposure time, particle size,
cell types, and NP surface coating significantly impact
DNA damage [50]. A recent study reported that a positive
surface charge increases the cellular absorption and cyto-
toxicity of AuNP. Neither functionalization nor size can
result in genotoxicity [51]. However, one study reported a
dose-dependent increase in DNA damage in HepG2 cells
and suggested that the particle size of AuNPs affects their
genotoxicity [39]. An earlier study reported that HepG2
cells are more susceptible to DNA damage by AuNPs
than peripheral blood mononuclear cells, implying that
specific cells are more sensitive to AuNPs cytotoxicity
than others [52]. This could be explained because AuNPs
affect physiological processes in different cell types through
multiple signaling pathways [50]. We also observed geno-
toxicity/DNA damage in both the studied cancer cell lines
due to AuNPs treatment.

A physiological system’s redox state balance is required
for proper biochemical functioning, and an imbalance
creates oxidative stress, leading to pathogenic processes
[53,54]. AuNPs’ response to cellular ROS production is
one of the primary factors of NP-induced cytotoxicity.
The interaction of AuNPs and mammalian cells might
cause oxidative stress by promoting ROS production
over the cellular antioxidant defenses [55]. ROS produc-
tion could also play a significant role in the apoptosis
induced by AuNPs treatment [53]. AuNPs have also been
shown to stimulate ROS generation in different cancer
cell lines [53-55]. Our findings revealed a molecular
basis of AuNPs-induced ROS production, leading to
apoptosis. These findings also suggest that the cell
death observed in our study could be due to ROS gen-
eration, which may have disturbed the cellular redox
balance.

p53 encourages cell arrest in the presence of DNA
damage or cellular stress so that the damage can be
repaired, or self-mediated apoptosis can take place [17,56].
The activated caspases-3 are capable of autocatalysis,
cleaving, and activating other caspase family members,
culminating in irreversible apoptosis [57]. Our study also
observed DNA fragmentation and increased caspase-3
activity in MCF-7 and HCT-116 cancer cells treated with
AuNPs. Apoptosis is crucial for many biological pro-
cesses and systems, including the immune system, the
normal cell cycle, anticancer defenses, embryonic devel-
opment, morphological changes, and chemically induced
cell death [58]. Our findings are in accordance with the
previous reports by Kim et al. [59] and Ahmadian et al.
[60]. Given the specific apoptotic response in cancer cells,
the RT-PCR results also revealed a modulation in expres-
sion levels of the studied pro/anti-apoptotic proteins in

DE GRUYTER

both cancer cell lines, confirming the anticancer potential
of our synthesized AuNPs.

5 Conclusion

In summary, the current study observed the diverse
impacts of synthesized AuNPs on human cancer cell
(HCT-116 and MCF-7) viability. The considerable differ-
ence in AuNP-induced cytotoxicity in cancer cells high-
lights that it could be a viable alternative to more harmful
traditional cancer therapies. The AuNPs trigger apoptosis
in cancer cells via the ROS-regulated p53, Bax/Bcl-2,
and caspase pathways. However, more in-depth research
is needed to understand the exact mechanism resulting
from AuNPs’ cancer cell-specific toxicity, which is still
mostly unknown.
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