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Gold nanoparticles (GNPs) were obtained by green synthesis with an extract from Cornus mas fruits (GNPs-CM), characterized
by several methods, and their biologic effects were evaluated on two cell lines: HaCaT, normal keratinocytes, and A431, epidermoid
carcinoma. GNPs were spherical with sizes between 2 and 24 nm. Their optical spectra had a dominant plasmonic band centered at
525 nm; zeta potential distribution was narrow, centered at —19.7 mV, and the mean hydrodynamic diameter was 58 nm. GNPs were
visualized in both cell types entering the cells by endocytosis. The amount of gold uptaken by the cells was dose and time dependent.
The intracellular concentration of Au ions was higher in HaCaT compared to A431 cells. The toxicity of GNPs-CM was dose
dependent being significant only when the highest concentrations were employed. A431 cells were less affected compared to HaCaT
cells, but the difference was not statistically significant. ROS production was not significant, except in HaCaT cells at the highest
concentration. The comet assay revealed no significant supplementary DNA lesions, while the secretion of inflammatory cytokines
was modulated by the presence of GNPs only when the cells were additionally irradiated with UVB. These results recommend
GNPs-CM for further testing and possible dermatological applications.

1. Introduction

There is a growing interest for the synthesis of nanomaterials
due to their wide applicability in many areas, including
medicine and biology. Gold nanoparticles (GNPs) have been
manufactured for drug delivery [1], imaging [2] (nanogold
reflects light very well, characteristic called plasmon reso-
nance), photothermal therapy [3], photodynamic therapy [4],
cancer diagnosis and therapy [5, 6], and so forth.

GNPs synthesis is usually achieved by expensive methods
having potential environmental and biological risks: chemical
reduction, thermal deposition in organic solvents [7], chem-
ical and photoreduction, electrochemical, sonochemical, and
microwave assisted methods [8], and so forth. There is a
need to develop environmental friendly processes such as the
biomimetic synthesis (bioreduction), green synthesis using
microorganisms, enzymes, fungi, or plants/plant extracts.
The use of a biological source offers an easy and affordable



approach and is becoming an important branch of nanotech-
nology. Plants represent an attractive solution for NPs synthe-
sis because they contain reducing agents such as citric acid,
ascorbic acid, flavonoids, reductases, and dehydrogenases,
being able to reduce metals in physiological conditions. The
biologically active molecules involved in the green synthesis
of NPs act as functionalizing ligands, making these NPs more
suitable for biomedical applications [9]. The main features
making green synthesis so remarkable are rapid synthesis,
low toxicity, and controlled size of the obtained nanoparticles,
being also an economical and ecofriendly approach.

The purpose of this study was to obtain GNPs by green
synthesis using an extract obtained from the fruits of Cor-
nelian cherry (Cornus mas, CM) and to evaluate their in vitro
biologic effect on normal and tumor skin cell lines.

Its abundance and low cost make Cornus mas plant
extract attractive for the synthesis of metallic nanomaterials.
So far, Cornelian cherry proved to have several beneficial bio-
logic effects, such as antimicrobial and antihistaminic, both in
vivo and in vitro [10], antioxidant in vitro [11], bactericide on
Bacillus and E. coli in vitro [12], and antitumoral effects [13].

2. Material and Methods

2.1. Reagents. All chemicals and reagents used for the extract
and nanoparticles preparation were of analytical grade, pur-
chased from Merck, Germany, and used without further
purification.

2.2. Synthesis of Gold Nanoparticles

2.2.1. Preparation of Cornus mas Extract. CM extract was
obtained from crushed frozen fruits, mixed with double
distilled water, and then filtered under vacuum. Total antho-
cyanin content (TAC) was 20 mg/L while total polyphenol
content (TPC) was 240 mg/L. The total anthocyanin content
was determined using the pH differential method [14] and
the total phenolic content was assessed by the Folin-Ciocalteu
method [15].

2.2.2. Preparation of Gold Nanoparticles. 12.5mL of CM
extract was added to a vigorously stirred boiling solution con-
taining 150 mL bidistilled water and 5 mL 1% chloroauric acid
(HAuCl,) solution. The mixture was continuously stirred for
10-minute interval in which the reduction of gold ions took
place and a red-purple color was obtained [16]. Before being
analyzed, the nanomaterials were centrifuged at 15,000 rpm
for 10 minutes and washed and resuspended in double
distilled water. The colloids were stable for three weeks in
solution (no aggregation was observed). Citrate-coated gold
nanoparticles were obtained by the trisodium citrate reduc-
tion [17].

2.3. Characterization of the Synthesized NPs

2.3.1. The Morphology and Size. The morphology and size
of GNPs were examined on a JEOL-JEM 1010 transmission
electron microscope (TEM) (JEOL Ltd., Tokyo, Japan). The
diameters of GNPs (n = 924) were measured on the TEM
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images using CellD software (Olympus Soft Imaging Solu-
tions GMBH, Munster, Germany). The mean diameter value
and standard deviations were calculated, and the size dis-
tribution was graphically represented with Microsoft Excel
(Microsoft Corporation, Redmond, USA).

2.3.2. The Plasmon Absorption. The plasmon absorption of
the biosynthesized GNPs was assessed by ultraviolet-visible-
near infrared (UV-Vis-NIR) extinction spectroscopy and the
spectra were measured in a 2 mm quartz cell using a Jasco V-
670 spectrometer (Jasco UK Ltd., Great Dunmow, Essex, UK)
with 1 nm spectral resolution. We investigated the stability of
GNPs under physiological conditions by incubating 500 uL
of colloidal suspension with 100 uL of complete culture
medium.

2.3.3. The Zeta Potential. The zeta potential of GNPs was
determined by the laser Doppler microelectrophoresis tech-
nique using Malvern Zetasizer Nano ZS-90 (Malvern Instru-
ments Ltd., Malvern, UK) with a He-Ne laser operating at
633nm and an avalanche photodiode detector. The samples
were diluted 1: 5 with bidistilled water. The pH of the diluted
colloidal gold nanoparticle solution was 6.8.

2.3.4. The Hydrodynamic Size. 'The hydrodynamic size deter-
mines the size distribution of particles in liquid suspension by
measuring the effects in light scattering due to the Brownian
motion of the nanoparticles. It was measured using the same
solution as that for the zeta potential with a Malvern Zetasizer
based on dynamic light scattering (DLS) measurements at
90°. The particle size and zeta potential measurements were
performed at 25°C.

2.4. Cell Lines. The spontaneously immortalized human ker-
atinocyte cell line HaCaT was purchased from the Cell Line
Service of the German Cancer Research Centre in Heidelberg
and maintained in high glucose Dulbecco’s Modified Eagles’
Medium (DMEM) supplemented with 10% heat inactivated
fetal bovine serum (FBS), 2mM glutamine, 50 UI/mL peni-
cillin, and 50 mg/mL streptomycin (all from Sigma-Aldrich,
St. Louis, USA). A431 epidermoid carcinoma cell line was
purchased from the European Collection of Cell Cultures
(ECACC) and kept in Minimum Eagles’ Medium (MEM)
supplemented with 1% NEA, 10% FBS, 2mM glutamine,
50 UI/mL penicillin, and 50 mg/mL streptomycin (Sigma).

2.5. Cellular Uptake

2.5.1. Atomic Absorption Spectrometry. The cells were seeded
on 6-well culture plates (Nunc, Thermo Fisher Scientific
Waltham, USA) at a cellular density of 3 x 10° cells/well and
exposed to two concentrations of GNPs-CM: 15 yg/mL and
6 ug/mL, respectively. After 4, 8, and 24 h incubation, the cells
were harvested by trypsinization, washed, and centrifuged
twice. The cell pellets were weighed and kept frozen at
—-80°C. The incorporated Au atoms were quantified with an
atomic absorption spectrometer (AAS, Model AVANTA PM)
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equipped with a graphite oven (GF3000) and a pro-
grammable autosampler (PAL3000) (GBC Scientific Equip-
ment, Braeside, Australia). A cathodic Au lamp (P821 HCL)
and a Deuterium lamp (P701) were used for the correction
of the baseline and pyrolytic P301 graphite ovens (Photron
PTY Ltd., Victoria, Australia). The operating parameters were
as follows: intensity of 4.0 mA, wavelength of 328.1 nm, and
0.5nm slit. Au standard solutions (LGC Standards GmbH,
Wesel, Germany) of 50 pg/L in HCI 2 mol/L and the solubi-
lized biological samples were injected in the oven. After dry-
ing at 85°C for 55, at 95°C for 40's, and at 120°C for 10 s, calci-
nation at 400°C for 3 s, and atomization at 2000°C for 3 s, each
sample and standard were measured three times, the final
concentration representing their average. The results were
expressed in ng Au/mg sample.

2.5.2. Transmission Electron Microscopy. HaCaT and A431
cells, both the control group and cells exposed to GNPs, were
processed for TEM. They were fixed for 1.5h with 2.7% glu-
taraldehyde (Electron Microscopy Sciences, Hatfield, USA),
washed four times with 0.1 M phosphate bufter (pH 7.4), post-
fixed for 1.5h with 1.5% osmium tetroxide (Sigma-Aldrich,
St. Louis, USA), dehydrated in acetone series, and embedded
in Epon 812 resin (Fluka, Buchs, Switzerland). The ultrathin
sections obtained with glass knives using a Bromma 8800
ULTRATOME III (LKB, Stockholm, Sweden) were collected
on 300-mesh copper grids (Agar Scientific Ltd., Stansted,
UK). For better visualization of the localization of NPs within
the cells, the sections were contrasted for only 5min with
uranyl acetate (Merck, Billerica, USA). The samples were
examined on a JEOL-JEM 1010 transmission electron micro-
scope at 80 kV acceleration voltage and photographed with
a Mega VIEW III camera (Olympus, Soft Imaging System,
Miinster, Germany).

2.6. Cytotoxicity Assays. The cells were plated in 96-well
plates (Nunc), at a density of 2 x 10* cells/well. The cultures
were observed daily to document changes in cell morphology
as a result of the treatment with NPs. Treatments were done
with serial dilutions of NPs solutions, three wells for each
concentration. For each experiment, cells from at least three
wells were left untreated (control). Dilutions were made
from the initial nanoparticle solution (0.19 mg/mL). The
concentrations used in the experiments were 30, 22, 15, 6, 3,
2.2, 1.5, and 0.6 ug/mL. In order to compare the cytotoxicity
of GNP-CM with that of citrate-coated gold nanoparticles
(GNPs-C) synthesized by trisodium citrate reduction, the
same concentrations (as specified above) of GNP-C were
used on HaCaT cells. For both kinds of nanoparticles, after
24 h incubation, cell viability was assessed by Cell Titer Blue
assay (Promega Corporation, Madison, USA), a fluorometric
method using the indicator dye resazurin to measure the
metabolic capacity of the cells. Viable cells retain the ability to
reduce resazurin (dark blue) into resorufin, which is pink and
highly fluorescent. Fluorescence was read on a Biotek Synergy
2 microplate reader (BioTek Instruments Inc., Winooski,
USA), at 579 nm excitation and 584 nm emission. At each
concentration, the surviving fraction was calculated as

fluorescence of the sample/fluorescence of control (non-
treated cells) x 100. Each experiment was repeated 3 times.

2.7. Detection of Reactive Oxygen Species (ROS). The levels
of ROS produced in the treated cells after treatment with
GNPs-CM were assessed using the 5-(and-6)-chloromethyl-
2',7'-dichlordihydrofluorescein diacetate, acetyl ester-CM-
H,DCFDA assay. CM-H,DCFDA is a lipophilic compound
which is deacetylated in the cytoplasm to DCF by the
cellular esterases and subsequently oxidized by free radicals
(hydroxyl, peroxyl, alkoxyl, nitrate, carbonate, etc.) to a
fluorescent molecule (excitation 485 nm, emission 530 nm).
HaCaT and A431 cells were seeded in 96-well plates (Nunc)
at a cellular density of 2 x 10* cells/well and incubated with
GNPs-CM: 15, 6, and 3 ug/mL for 4, 8, and 24 h, respectively.
After these intervals, the cells were washed and loaded
with 20 uM DCFH-DA in HBSS for 30 min. After washing,
fluorescence was recorded with a Biotek Synergy 2 microplate
reader.

2.8. Comet Assay. Comet assay (single-cell gel-electrophore-
sis assay) assessing the DNA lesions caused by GNPs-CM was
performed using Tice’s protocol with minor modifications
(18, 19]. The cells were plated on 6-well culture plates (Nunc).
At 24 and 48h after treatment with 15 yg/mL and 6 pug/mL
GNPs-CM, the cells were trypsinized, mixed with 1% solution
of low-melting-point agarose (LMA), and layered on micro-
scope slides previously covered with normal-melting-point
agarose (NMPA). The slides were kept in lysis solution at 4°C
in the dark for 24 h. After lysis, the slides were exposed to
the alkaline buffer (pH > 13) for 20 min for DNA unwinding.
A uniform electric field of 1 V/cm was then applied for 20
minutes. After neutralization and fixation, slides were stained
with ethidium bromide. Comet scoring was performed visu-
ally, using a fluorescent Nikon E600 microscope (excitation
filter 510-560 nm, detection filter 590 nm, 400x magnifica-
tion). The comets were classified into five categories: class
0 (undamaged cells, “comets” with no or barely detectable
tails) and classes 1-4 (“comets” with increasing tail lengths).
A minimum of 200 cells per sample were evaluated and
grouped in 5 categories according to the amount of DNA in
the tail: group A (no damage) <5%, group B (low damage)
5-20%, group C (medium damage) 20-40%, group D (high
damage) 40-95%, and group E (total damage) >95%. For
each sample, the tail factor (TF) was calculated using Collins’
formula and expressed in percents:

A-Fu,+B-Fg+C-Fc+D -Fy+E-Fy

TE %] = 200

)

where A---E are number of cells in a certain group and
F, -+ Fy are the relative percent of DNA in the tail.

2.9. Inflammation Assay. HaCaT cells were seeded on 24-
well plates (Nunc). Two plates were used, both being treated
with 6 pug/mL gold nanoparticles. One plate was kept in dark,
while the other one was exposed to UVB for the induction
of inflammation in the keratinocytes. Irradiation was per-
formed in the culture plates, without lids, using a broadband



UVB source-Waldmann UV 181 (Waldmann GmbH, Ger-
many). The emitted dose was measured with a Variocontrol
radiometer (Waldmann GmbH, Germany). The exposure
dose was calculated using the formula, dose (m]/ cm?) = expo-
sure time (sec) x intensity (mW/ cm?), and was 100 mJ/cm?.
At 24 and 48h after irradiation the supernatants were
collected and the inflammatory cytokines IL-1«, TNF-«, and
IL-6 were assessed by ELISA, using Quantikine kits from
R&D (R&D Systems Inc. Minneapolis, USA), following the
manufacturers’ protocol. Absorbance was read on a Tecan
Sunrise reader (Tecan Group, Mannedorf, Switzerland). The
corresponding concentrations were obtained based on the
standard absorption curve using the Magellan 3 data analysis
software (Tecan).

2.10. Statistical Analysis. The obtained data were analyzed
using GraphPad Prism Software, version 5.0 (GraphPad
Software, Inc., La Jolla, USA). Comparisons among multiple
groups were done using two-way ANOVA with Bonferroni
posttest. All values in text and in figures are expressed as
mean + standard deviation, with a limit of statistical signif-
icance of p < 0.05.

3. Results

3.1. Characterization of GNPs-CM

3.1.1. Morphology and Size. In the TEM, the gold nanoparti-
cles synthesized with Cornus mas extract were round/oval in
shape and had a heterogeneous size distribution (Figure 1(a)).
The calculated mean diameter of GNPs-CM was 12.079 +
3.588 nm, ranging from 2 to 24 nm as shown in the histogram
in Figure 1(b).

3.1.2. Plasmon Absorption. Figure 2 shows the normalized
UV-Vis-NIR extinction spectra of the resulted colloidal solu-
tion collected at the end of the reaction. For comparison, the
normalized absorption spectrum of the aqueous solution of
CM extract is also shown (Figure 2(a)). The optical spectra
of the final product exhibited a dominant plasmonic band
centered at 525 nm for GNPs-CM. The absorption spectrum
of gold nanoparticles in the presence of cellular medium
revealed no aggregation after 4 h of incubation (Figure 2(b)).
However, a 3nm red shift of the dipolar plasmon band
occurred after the addition of cellular medium, indicating an
increase in the local refractive index due to the adsorption of
serum proteins onto the nanoparticles surface.

3.1.3. Zeta Potential. As seen in Figure 3(a), the zeta potential
distribution of GNPs-CM was relatively narrow and centered
at —19.7mV for, indicating a good stability in colloidal
suspension.

3.1.4. Mean Hydrodynamic Diameter of GNPs-CM by DLS.
As DLS gave the mean hydrodynamic diameter of the
nanoparticles, these values were somewhat larger than those
measured by TEM images since the surface capping agents
were also included. The DLS measurements (Figure 3(b))
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FIGURE I: Characterization of GNPs-CM: (a) TEM image of GNPs-
CM. (b) Histogram showing the distribution of GNPs diameters
(N = number of particles).

revealed a mean hydrodynamic diameter of 58 nm for GNPs-
CM confirming the presence of a stabilizing layer around the
particles.

3.2. Cellular Uptake

3.2.1. Atomic Absorption Spectrometry. Au ions could be
detected in all the samples treated with GNPs-CM as soon
as 4h after the treatment. Their concentrations increased
proportionally with the NPs concentrations and incubation
time, reaching the maximum at the 24h time point. The
intracellular concentration of Au ions after 24 h incubation
with 15 yg/mL NPs was higher in the HaCaT cells compared
to A431 cells, the difference being statistically significant (p <
0.001, two-way ANOVA, Bonferroni posttest) (Figure 4).

3.2.2. TEM. Control HaCaT cells (Figure 5(a)) showed
euchromatic nuclei with prominent nucleoli, many cell
organelles (numerous mitochondria and several profiles of
endoplasmic reticulum), and important amounts of glycogen;
few lipid droplets were also found in the cells. All these indi-
cated a sustained metabolic activity. The cells also displayed
high number of short and thin extensions on their surface.
TEM examination of cells after 24 h incubation with 15 yg/mL
GNPs-CM showed that the GNPs entered the cells by endocy-
tosis. They could be seen packed in small vesicles, sometimes
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FIGURE 2: (a) Normalized extinction spectra of biosynthesized nanoparticles: (A) gold nanoparticles; (B) normalized UV-Vis absorption
spectrum of the aqueous solution of Cornus mas (CM) extract. (b) Normalized UV-Vis absorption spectra of colloidal gold nanoparticles:
before (black curve) and after the addition of cellular medium without phenol red (red curve). The spectra were recorded after 4h of

incubation.
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even in the proximity of the nucleus (Figure 5(b)), but the
majority were observed free in the cytosol, still aggregated
in clusters, in different regions of the cells (Figure 5(c)). The
A431 control cells had thinner and fewer extensions, large and
euchromatic nuclei with prominent nucleoli, altogether indi-
cating a high metabolic activity. The cytoplasm had reduced
number of cell organelles and a low amount of glycogen
(Figure 5(d)), as a result of shorter cell cycles in this line
which is a tumor cell line. In these cells, we could not find on
the examined sections the GNPs packed in vesicles inside the
cytoplasm (as in the case of HaCaT cells) (Figure 5(e)). These
GNP clusters were also observed deep inside the cytoplasm,
even next to the nucleus (Figure 5(f)). In both cases we

measured inside the cells GNPs of various sizes (data not
shown), including large particles, of around 20 nm, sug-
gesting that there was no size limitation in the endocytosis
process.

3.3. Cytotoxicity Assay. When GNPs-CM were added in the
culture medium, the viability of both cell lines decreased
dose-dependently (Figure 6(a)). The cytotoxic effect was
significant at doses higher than 20 yg/mL. The cytotoxic effect
was higher in HaCaT cells compared to the other cell line,
in accordance with the higher uptake in these cells after 24 h
incubation. The concentrations which reduced the cell pop-
ulation by 50% (IC50) were 23.9 ug/mL for HaCaT cells and
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FIGURE 4: The concentration of Au ions in the keratinocytes as function of dose and time in HaCaT and A431 cells. ¥: GNPs-CM 15 pug/mL.

@®: GNPs-CM 6 pug/mL.

28.19 pg/mL for A431 cells. The differences in the cytotoxicity
of GNPs towards the two cell lines were significant only
at concentrations above 15 yg/mL (two-way ANOVA). The
cytotoxicity of GNPs-CM obtained by us using an ecofriendly
method was compared to that of citrate-coated GNPs (GNPs-
C) synthesized by trisodium citrate reduction. The toxicity of
the NPs synthesized with CM extract on HaCaT keratinocytes
was significantly lower than that of GNPs-C, at concentra-
tions higher than 1.5 yg/mL (p < 0.001) (Figure 6(b)).

3.4. ROS Production. We assessed the production of ROS in
both cell lines following the treatment with 3 concentrations
of GNPs-CM at 3 different time points: 4, 8, and 24 h, respec-
tively. In HaCaT cells after 8 h incubation with the highest
concentration of NPs there was a significant increase in ROS
(p < 0.001, two-way ANOVA), but this difference could
not be observed after 24 h (Figure 7(a)). GNPs-CM did not
induce significant ROS production in the A431 cells com-
pared to control cells (Figure 7(b)).

3.5. Comet Assay. Asshown in Figure 8(a), GNPs-CM added
to the culture medium of HaCaT cells in two concentrations,
15 pg/mL and 6 ug/mL, did not induce significant supplemen-
tary DNA lesions compared to the nontreated cells, at neither
of concentrations and time points (24 and 48 h). In the A431
cells, DNA lesions were slightly but not significantly increased
after 24 h, at both concentrations; these lesions were repaired
at 48 h, showing no differences compared to the control cells
(Figure 8(b)).

3.6. Inflammation Assay. The assessment of inflammatory
cytokines in the culture medium of HaCaT cell line treated
with GNPs-CM came with the following results: when the
nanoparticles were added in the culture medium of HaCaT
cells, they caused no significant modification of the IL-1a,
TNF-«, and IL-6 levels, at neither incubation interval: 6, 12,
and 24 h (Figures 9(a), 9(b), and 9(c), dark). The irradiation

of HaCaT cells with 100 mJ/cm? UVB led to a reduction of IL-
la levels in the supernatants after 6 h, followed by a gradual
increase at 12 h, reaching the same level as in control cells
at 24 h. TNF-« levels increased significantly 12h after UVB
exposure, while at 6 and 24 h the concentrations were similar
to the control cells. IL-6 levels increased also at the 12 h time
point and were still slightly higher compared to the nonirra-
diated cells at 24 h. When the cells were treated with GMPs-
CM before UVB irradiation, for IL-1«, the presence of GNPs-
CM had no impact on the IL-1« release: the concentration of
the cytokine was similar in control cells and cells treated with
NP, in both the unexposed and irradiated cells (Figure 9(a),
UVB). For TNF-a, GNPs-CM inhibited the release of higher
amounts at 12 h after irradiation (Figure 9(b), UVB). On the
contrary, GNPs-CM led to a higher amount of IL-6 in the
supernatants after UVB at all the tested intervals compared
to the cells irradiated only (no NPs) (Figure 9(c), UVB).

4. Discussions

Noble metal nanoparticles attract much interest because of
their special optical and photothermal properties resulting
from the resonant oscillation of their free electrons in the
presence of light, known as localized surface plasmon reso-
nance. Thus they can either radiate light (scattering) or absorb
light converting it to heat [20]. Due to the fact that a large
number of gold nanoparticles are directed to the skin, evalu-
ating the consequences of dermal exposure is crucial. Despite
their demonstrated positive qualities, the potential detrimen-
tal effects on the treated subjects’ health require caution and
further assessment to ensure their safe use.

NPs have multiple applications in dermatology being
used as photoprotectors, delivery systems for several active
ingredients in both cosmetics and inflammatory diseases,
photothermal therapy, photodynamic therapy, and so forth
[21]. This is why it is important to study the effects of such
nanoparticles on skin cells. In order to evaluate if a newly
synthesized nanoparticle could have certain toxicities in
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FIGURE 5: TEM images of keratinocytes from two lines: normal cells, HaCaT (a-c), and malignant cells, A431 (d-f). (a) Control HaCaT cell
with normal ultrastructure. (b) Cytoplasmic localization of gold nanoparticles (GNPs) in small vesicles (v). (c) Cytoplasmic localization of
GNPs as clusters in cytosol. (d) Epidermoid carcinoma cell with modified ultrastructure. (e) Cytoplasmic localization of GNPs in the proximity
of plasma membrane. (f) Cytoplasmic localization of GNPs as clusters deeper inside the cell. n: nucleus; nu: nucleolus; m: mitochondria; er:
endoplasmic reticulum; g: glycogen granules; : lipid droplets; ne: nuclear envelope.

biological settings, it is important to investigate the NPs
physicochemical characteristics. NPs differ from other small
molecules or chemicals in size, shape, surface charge, aggre-
gation/agglomeration, solubility, interactions with media,
and so forth [22]. The recent literature contains conflicting
data concerning the cytotoxicity of gold nanoparticles. It
is generally accepted that the cellular response after the
administration of nanoparticles is size and shape dependent,
as well as cell type dependent [23].

We synthesized GNPs using a green synthesis method
with a natural extract from Cornus mas fruits. The obtained
GNPs had a mean diameter of 12.079+3.588 nm, were mostly

round in shape, and had optical spectra with a dominant
plasmonic band centered at 525nm which represents the
typical signature of the dipolar plasmon resonance of indi-
vidual spherical GNPs [24]. An important condition for
the use of metal nanoparticles in biomedical applications is
their stability in physiological conditions. Herein, we investi-
gated the stability of gold nanoparticles under physiological
conditions in vitro by incubating the NPs suspension with
complete cellular medium with and without phenol red. The
reason was that the medium composition might affect parti-
cle aggregation which in turn would influence the endocytic
pathway and thus the cellular fate of the NPs [25]. As seen on
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their absorption spectrum, GNPs-CM were stable in solution,
as well as in the culture media of the cells, showing no aggre-
gation. The stability of nanoparticles in a colloidal solution is
defined in terms of the charge on their surface. The measured
zeta potential and hydrodynamic diameter were additional
proofs of GNPs-CM stability. DLS measurements giving a
mean hydrodynamic diameter of 58 nm for GNPs-CM con-
firmed the presence of a stabilizing layer around the particles.
GNPs are hydrophobic and the serum proteins present in the
media are adsorbed on their surface, preventing aggregation
which could impair the uptake mechanism of the NPs in

the cells [25]. Media composition influences the formation of
protein-NP complexes that may affect the cellular response
[26]. Cellular uptake of GNPs-CM was dose and time depen-
dent as assessed by atomic absorption spectrometry, showing
a higher concentration in the HaCaT cells compared to A431
cells. This is an additional proof in favor of the hypothesis
that uptake is cell type dependent as was the conclusion of
Patra et al. who found that toxicity of gold nanoparticles was
relative to the cell lines they were applied to [27]. This fact
could be also explained by the different culture media used
for the in vitro growth of the two cell lines. HaCaT cells are
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(control) and after treatment with 15 yg/mL and 6 ug/mL of GNPs-CM.

grown in DMEM which is a protein rich culture medium
as compared to MEM, the medium used for A431 cells.
High protein concentration can result in higher adsorption of
proteins on the NPs surface, preventing their aggregation and
facilitating the endocytosis process. In another study compar-
ing NPs behaviors in DMEM and RPMI, two intensely used
culture media, DMEM induced a more abundant and stable
protein corona on different sizes of gold NPs as compared
to RPMI [28]. When the concentration of GNPs is high,
the receptors will be able to receive NPs faster and easier,
leading to shorter wrapping times and higher uptake into the
cell. The conclusion would be that in order to obtain better
uptake of GNPs into cells one should use the appropriate
NPs size in combination with optimum incubation time and
concentration as was demonstrated by Trono et al. [25].
TEM examinations revealed that GNPs-CM entered both
types of cells by endocytosis, but displaying different behav-
ior. On one hand, in the HaCaT cells the GNPs were found
packed in vesicles in various regions of the cytoplasm and as
membrane-free clusters, respectively. This double presence of
the GNPs indicated an endocytosis process, followed in short
time by disruption of the vesicles membranes. The GNPs
were thus released into the cytosol, but they still remained
closely packed. On the other hand, in the malignant cells
the GNPs-CM were observed only grouped in clusters within
the cytosol. But, despite the fact that we could not observe
endocytic vesicles with GNPs, one may assume that their
internalization occurred by a similar import mechanism of
endocytosis as in the HaCaT cells. This assumption is sus-
tained by the aggregation of GNPs indicating the recent dis-
ruption of the vesicles membrane. Moreover, the absence of
the endocytic vesicles, corroborated with the presence of the
GNPs grouped in clusters in the vicinity of the plasma mem-
brane, indicated a more sensitive and labile membrane of
the carcinoma cells, releasing the GNPs-CM into the cytosol

immediately after their uptake. In both cases GNPs of various
sizes were visualized inside the cells, suggesting that there was
no size limitation in the endocytosis process. The adsorption
of serum proteins facilitates the cellular uptake of these NPs
by a mechanism called receptor mediated endocytosis, which
has been proposed as the primary mechanism of cellular
entry [29]. NPs size was found to play a critical role in both
the rate and extent of cellular uptake: 50 nm transferrin-
coated GNPs were taken up by mammalian cells at higher
rates and extents compared to smaller and larger sizes (in the
range of 10-100 nm) [30]. The explanation of this optimal size
was based on the so-called “wrapping effect,” which describes
how a cellular membrane encloses NPs [31].

GNPs-CM induced toxicity in both cell lines only at
high concentrations, above 20 ug/mL. HaCaT cells were more
affected, probably as a result of a higher uptake in this cell line.
The NPs synthesized with CM extract were significantly less
toxic than GNPs synthesized with citrate, probably as a result
of their different synthesis methods. The mean diameter of
GNPs-CM was 12.079 + 3.588 nm, which was in the range
of sizes that were not cytotoxic in several experiments made
by other research groups [32, 33]. However, other studies
found that GNPs were cytotoxic: citrate gold nanospheres
of 13.1nm decreased cell proliferation rate, adhesion, and
motility of human dermal fibroblasts [34]. The controversial
results obtained in different studies can be attributed to
differences in the study design involving dosages, surface
chemistry, cell types, and so forth.

The most important factors involved in NP-induced
oxidative stress are the oxidative properties of the NPs them-
selves and the generation of ROS upon interaction of NPs
with the cellular material. The direct prooxidant effects of NPs
are due to their physicochemical properties including surface
reactivity, particle size, and surface charge [35]. GNPs-CM
did not induce significant ROS production in the treated



10 Journal of Nanomaterials

25 _ IL-1 dark 25 - IL-1« UVB
—
— — —
g 2.0 — g 2.0+
c =
(=3 (=]
Z Z
— 1.5 — 1.5 4
= =
S 1.0 S 1.0 4
g g
& 05- & 05-
0.0 T T T 0.0 :
6 12 24 6
(h)
[ Control [ Control
% GNPs-CM % GNPs-CM
()
0.25 - TNF-« dark 0.25 - TNF-a UVB
E 020 - E 0204
< =
(=] (=]
& <
~ 0.15 4 — 0.15
= =
£ 0.10 4 £ 0.10
g g
= i a i
o ﬂ E ’_—‘ % ﬂ . %‘
0.00 R , e 0.00 el
6 12 24 6
(h)
[ Control [ Control
% AuNP CM % AuNP CM
(b)
0.25 - IL-6 dark 0.25 - IL-6 UVB
E 0.20 - E 0.20 -
< =
(=} (=)
& <
~ 0.15 — 0.15 4
2 2
é &
< 0.10 < 0.10
= =
2 2
£ 0.5 Z 0.05- ﬁ %
0.00 ; ﬁ : ﬁ . El 0.00 : . .
6 12 24 6 12 24
(h) (h)
[ Control [ Control
% AuNP CM S AuNP CM

(c)
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cells compared to control cells with one exception, when the
highest concentration (15 ug/mL) of NPs is used on HaCaT
cells after 8 h incubation. This could be the result of the higher
uptake of GNPs-CM in HaCaT cells compared to A431 cells,
leading to higher production of ROS and thus higher cyto-
toxicity.

GNPs-CM proved not to produce additional DNA lesions
after incubation with HaCaT and A431 cells. These results
are similar to those obtained by Schulz et al. [36] who
tested GNPs with different sizes, 2nm, 20 nm, and 200 nm,
administered by single dose intratracheal instillation in rats.
They performed alkaline comet assay and micronucleus test
and found no increase in relative tail intensity and no increase
in MN formation. Also Khan et al. found no cytotoxicity and
changes in gene expression patterns after the administration
of 18 nm spherical GNPs with citrate to HeLa cells [37].

Nanoparticles can also interact with the host’s immune
system, and this effect can be useful or harmful, depending on
the purpose of the NPs administration. This is why it is impor-
tant to establish if a newly synthesized nanomaterial has a
potential effect on the immune system and thus the levels of
cytokines, especially proinflammatory cytokines which could
be used as biomarkers of immunotoxicity [38, 39]. Immuno-
toxicity is usually associated with cytotoxicity, adverse reac-
tions, and thus low efficacy. Keratinocytes, the main epider-
mal cell, function as a major contributor to cytokine produc-
tion. Of the primary cytokines, IL-la predominates, being
constitutively synthesized as a biologically active precursor
protein (prolL-le). IL-la remains cell associated in ker-
atinocytes and its biological activity, which involves wound
healing and leukocyte recruitment, is regulated through its
cell-expressed surface receptors. In our study, after UVB
irradiation (100 mJ/cm?), IL-1x levels in the supernatants of
irradiated cells decreased after 6 h, increasing gradually at
12 and 24 h to the same levels as in control cells, which is
consistent with the results of Magcwebeba et al. [40]. GNPs-
CM incubated with HaCaT cells (in the dark) did not affect
the secretion of inflammatory cytokines IL-lx, IL-6, and
TNF-a. TNF-a, a cytokine which is inducible upon exposure
to stimuli, occurs at very low levels in cultured keratinocytes
and seems to play a lesser role regarding inflammation in vivo
when compared to IL-1 [41]. In HaCaT cells irradiated with
UVB the presence of GNPs-CM reduced the level of TNF-« as
compared to the cells exposed to irradiation only. This behav-
ior could be interpreted as an anti-inflammatory effect of the
NPs. IL-6 secretion after UVB was additionally augmented at
all intervals by the presence of NPs. IL-6 is a cytokine which
activates Jak-stat signaling pathway having both pro- (stim-
ulation of B and T lymphocytes, stimulation of chemokines,
and adhesion molecules expression on endothelial cells) and
anti-inflammatory (inhibition of macrophages and fibrob-
lasts, inhibition of IL-12, IFN-y, and proteases, etc.) actions
[42]. The specific role of IL-6 in a particular inflammatory
process could be determined by the balance between the pro-
and anti-inflammatory effects on different cell types. In our
case the additional increase of IL-6 after UVB irradiation in
the cells treated with GNPs-CM could also be regarded as an
anti-inflammatory effect of the GNPs.

1

5. Conclusion

Gold nanoparticles synthesized with a polyphenols-rich
extract from Cornus mas fruits were uptaken by HaCaT and
A43] cells, where they had low toxicity and minimal ROS
production and did not induce additional DNA lesions or
an increase of inflammatory cytokines production. When
added to the cells treated with UVB radiation, GNPs-CM had
anti-inflammatory effect, modulating the secretion of specific
cytokines. All these properties, along with an easy and afford-
able method of synthesis, make them suitable candidates for
future applications in cosmetics and dermatology.
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