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The aim of this work was to compare the effects of three commercially available
gold nanoparticles (AuNPs) of different sizes (30, 50 and 90 nm) on the viability
of normal human dermal fibroblasts (NHDF). In addition, we evaluated
protective effect of N-Acetyl-L-cysteine (NAC), total glutathione content (GSH/
GSSG), superoxide dismutase (SOD) activity and reactive oxygen species (ROS)
production to investigate if oxidative stress was involved in the cytotoxic response
of these AuNPs. Although AuNP-induced cytotoxicity was dose and time
dependent, nanoparticle size slightly influenced the cytotoxic response of AuNPs
assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide and
lactate dehydrogenase. Regarding oxidative parameters, NAC produced no
significant protection of NHDF cells against treatment with any of the three
AuNPs. Independently on nanoparticle size, GSH/GSSG content was drastically
depleted after 24 h of incubation with the three AuNPs (less than 15% in all
cases), while no statistically significant changes on SOD activity were reported
(~90% of activity). The three AuNPs also caused a notable increase in the ROS
production of NHDF cells. In conclusion, our data suggest that AuNP-induced
cytotoxicity in NHDF is mediated by oxidative stress and it is independent of
nanoparticle size.

Keywords: gold nanoparticles; dermal fibroblasts; cytotoxicity; oxidative stress

1. Introduction

Nanoparticles (NPs), defined as particles with at least one dimension in the size range of
1—100 nm, are being applied in production of exceptional devices at the nanoscale level due
to their unique physical and chemical functional properties.[1] Their applications include
multiple areas like medicine, engineering, manufacture and food industry, but also many
consumer products such as food storage devices, health care products and cosmetics.[2—4]
The great increase in the human exposure to nanosized particles over the last years has
awaken the interest in the potential environmental and health impact of nanomaterials.[5]
NPs are believed to be more biologically reactive than their bulk counter-parts due to their
small size and larger surface area to volume ratio.[6] As a consequence of this considerable
biological activity, NPs may produce oxidative effects at the cellular level.[1] Moreover,
NPs easily travel through the body, deposit in target organs, penetrate cell membranes and
may trigger harmful responses such as alterations of calcium homeostasis and gene
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expression, inflammation and DNA damage.[7—9] Despite this, to date there is a lack of
regulated methods and safety guidelines to evaluate the risk associated with the exposure
to nanomaterials.[10]

Current applications of metallic NPs cover a wide range of industrial and consumer
sectors including cosmetics, medicine and material science.[11] Concretely, as a result of
their optical, chemical and electronic properties, gold nanoparticles (AuNPs) are expected
to be successfully employed in many biomedical applications such as drug/gene delivery,
imaging and diagnostics.[12,13] Although gold has been traditionally considered inert and
biocompatible, higher reactivity than that observed in the bulk material can arise at
nanoscale.[14] Some studies have reported the potential cytotoxicity of AuNPs, which has
been demonstrated to depend on their size, surface charge and shape.[15,16] The
production of reactive oxygen species (ROS) leading to oxidative stress is considered as
one of the responsible factor for nanomaterials toxicity, as several studies with AuNPs
have demonstrated in Hela, HepG2 (human hepatoma) and PMBC cells.[17—19]
Therefore, the assessment of the health risks arising from the exposure to AuNPs has
become a crucial issue.[20]

Dermal exposure is considered one of the most important uptake routes of NPs and it
occurs regularly during the use of coated products or due to topical application of
chemicals or drugs.[21,22] Some papers have suggested that NPs can be the promising
candidates for transdermal drug delivery owing to their biocompatibility, low toxicity and
small size.[23,24] In particular, the effect of AuNPs combined with anti-oxidants has
shown a notable acceleration in diabetic wound healing.[25,26] AuNPs have also been
extensively incorporated to many consumer products such as cosmetics, soaps and
dressings as a result of their surprisingly strong anti-oxidant, anti-microbial and anti-
inflammatory properties, which make them useful agents in the treatment against
rheumatoid arthritis and topical wounds.[27—29] Furthermore, it has previously shown
that AuNPs may be used in the future for the treatment of cutaneous infectious diseases or
skin cancers.[30,31] Taken together, all these findings evidence that skin is one of the main
potential portals of entry of AuNPs to human organism.

As we have mentioned before, NPs cytotoxicity has been evidenced to depend not only
on their shape, surface chemistry or size, but also on the cell line studied. Former
investigations from our group described AuNP-induced cytotoxicity on two tumour cell
lines, HL-60 (human peripheral blood promyelocytic leukaemia cells) and HepG2.[32] The
in vitro assessment of human fibroblast toxicity has been traditionally considered as an
appropriate tool to describe cytotoxicity of topically applied substances.[33] Skin tissue,
which represents the first barrier against exposure to environmental factors containing
NPs, is mostly constituted by dermal fibroblasts.[34] In addition, in the wound healing
process, dermal fibroblasts are the main cell types implicated in the extracellular matrix
production.[35] Furthermore, current literature regarding cytotoxic responses of dermal
fibroblast exposed to AuNPs is very limited. For these reasons, we chose normal human
dermal fibroblast (NHDF) cells as a model in our study. Thus, the main objective of this
paper was to compare the effects of commercially available AuNPs of similar shape but
different sizes (30, 50 and 90 nm) on NHDF cells. Cytotoxicity was assessed by metabolic
inhibition and loss of cellular membrane integrity. Moreover, we evaluated protective
effect of N-Acetyl-L-cysteine (NAC), total glutathione content (GSH/GSSG), superoxide
dismutase (SOD) activity and intracellular ROS production to characterise the potential
of AuNPs to induce oxidative stress.
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2. Methods

2.1. Chemicals

All chemicals were reagent grade or higher and were obtained from Sigma-Aldrich
(St. Louis, MO, USA), unless otherwise specified. Water-based solutions of AuNPs of 30
(Cat. no. 08-79-6040), 50 (Cat. no. 08-79-6045) and 90 nm (Cat. no. 08-79-6055) in
diameter were purchased from CymitQuimica (Barcelona, Spain). Stock solutions of
AuNPs were diluted to the required concentrations using the respective cell culture
medium. NAC was purchased from Sigma-Aldrich (St. Louis, MO, USA). 2'-7'-
dichlorodihydrofluorescein diacetate (H,DCFDA) was obtained from Molecular Probes
(Eugene, OR, USA). Culture medium and supplements required for the growth of the
NHDF cell line were purchased from PromoCell Gmbh (Heidelberg, Germany).

2.2. Cell culture

NHDF were obtained from PromoCell GmbH (Heidelberg, Germany). Only cells of
passage 10-17 were used in the experiments. NHDF cells were cultured as monolayer in
fibroblast basal medium supplemented with 2% v/v heat-inactivated fetal bovine serum
(FBS), 1% v/v penicillin-streptomycin, 5 pwg/mL insulin and 1 ng/mL basic fibroblast
growth factor. All human cell cultures were incubated at 37 °C and 100% humidity in a 5%
CO, atmosphere.

2.3 Characterisation of nanoparticles

Morphology and size distribution of AuNPs aqueous solutions were estimated by
transmission electron microscopy (TEM) in a previous work.[32] In addition, AuNPs were
observed after incubation in cell-free culture media (70% v/v) for 24 h at 37 °C to reach a
representative number of AuNPs. Image J software was used to measure the size of NPs.
The mean and standard deviation (SD) of particle sizes were calculated from measuring
over 100 NPs in random fields of view in addition to the images showing the general
morphology of the NPs, as previously described by Murdock et al.[36]

Furthermore, dynamic light scattering (DLS) was used for the characterisation of
hydrodynamic size of AuNPs suspended for 24 h in cell-free culture medium
performed on a Malvern Instruments Zetasizer Nano-ZS from National Institute of
Agricultural and Food Research and Technology (INTA), Madrid, Spain as described
by Murdock et al.[36] The method yields a hydrodynamic diameter, which is a
calculated particle diameter of a sphere that has the same measured motion in the
solute as the actual particle.

2.4. Cytotoxicity endpoints

2.4.1. MTT assay

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) reduction and lactate
dehydrogenase (LDH) leakage were used as parameters for cytotoxicity assessment. MTT

is based on the mitochondrial reduction of tetrazolium salt (MTT) into an insoluble
formazan product by succinate dehydrogenase. The assay was assessed according to the
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manufacturer’s instructions (Cell Proliferation Kit I, Roche, IN, USA). Briefly, NHDF
cells (5 x 10° cells/mL) were plated onto 96-multiwell systems and incubated in complete
culture medium for 24 h to grow cells as monolayer, prior to the treatment with AulNPs.
Subsequently, 100 wL of different concentrations of AuNPs (1-25 wg/mL) or negative
controls (without AuNPs) were added to each well. Plates were then incubated for 24, 48
and 72 h at 37 °C and 100% humidity in a 5% CO, atmosphere. The optical density of each
well was read at 620 nm (test wavelength) and 690 nm (reference wavelength) by an UV-
Visible absorbance microplate reader with a built-in software package for data analysis
(iIEMS Reader MF, Labsystems, Helsinki, Finland).

Values presented in this paper are mean + standard error of the mean (SEM). Results
were expressed as the percentage of survival (%SDH) with respect to the control cells
according to the following equation: % SDH activity = (A/Ag) x 100, where A; is the
absorbance of the cells exposed to the AuNPs, and A, is the absorbance of the negative
control (cells without AuNPs). All NPs concentrations were tested in 16 replicates and the
experiments were repeated three independent times.

2.4.2. LDH assay

Membrane integrity was assessed by measuring extracellular LDH using a commercially
available kit [cytotoxicity detection kit (LDH), Roche Diagnostic, IN, USA]. Cytosolic
LDH is released into the culture medium if the integrity of the cell membrane deteriorates
in cells suffering from irreversible cell death. Briefly, NHDF cells were seeded in 96-well
plates at a density of 5 x 10° cells/mL culture medium. After 24 h of seeding, 100 wL of
different concentrations of AulNPs (1—-25 wg/mL) or negative and positive controls were
added to the wells. Plates were then incubated for different times 24, 48 and 72 h at 37 °C
and 100% humidity in a 5% CO, atmosphere. Cell-free culture media was collected and
incubated with the same volume of reaction mixture for 30 min. LDH activity was
measured at 490 nm by an UV-Visible absorbance microplate reader with a built-in
software package for data analysis iEMS Reader MF, Labsystems, Helsinki, Finland).
Background and negative controls were obtained by LDH measurement of assay medium
and untreated cell medium, respectively. Total cellular LDH activity (positive control) was
measured in cell lysates obtained by treatment with TritonX-100 solution.

The percentage of LDH leakage was calculated as follows: LDH leakage (%) =
(experimental value — untreated control) / (positive control — untreated control) x 100
and represents the mean of three independent experiments, each using 12 wells per
concentration.

Using data from MTT and LDH, the half inhibitory concentration (ICsg), which
quantifies the concentration of each nanoparticle to inhibit cell growth by half after 24 h,
was obtained.

2.5. Effect of NAC in AuNPs-derived cytotoxicity

The protective effect of NAC, an important anti-oxidant precursor for the synthesis of
glutathione, against AuNPs-induced cytotoxicity was evaluated using the MTT assay.[37]
NAC (20 mM) was added to NHDF cells 1 h before the addition of AuNPs at ICs,
concentrations.[32] Then, the procedure was same as the MTT assay described above.
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2.6. Total glutathione content

The total glutathione content (GSH/GSSG) was measured using a commercial colorimetric
assay kit, OxiSelect Total Glutathione (Cell Biolabs, Inc., San Diego, USA). Glutathione
reductase reduces oxidised glutathione (GSSG) to reduced glutathione (GSH/GSSG) in the
presence of NADPH. Subsequently, the chromogen reacts with the thiol group of GSH/
GSSG to produce a coloured compound. The assay was assessed according to the
manufacturer’s instructions. Briefly, NHDF cells were treated for 24, 48 and 72 h with
AuNPs (each one at its MTT ICs). After treatment with AuNPs, cells were centrifuged and
washed with cold 1X phosphate-buffered saline (PBS). Subsequently, the pellet was
resuspended with 200—500 wL ice-cold 0.5% metaphosphoric acid, centrifuged again at
1200 rpm for 5 min at 4 °C and the supernatant was collected. Then, 25 pL 1X glutathione
reductase and 25 wL 1X NADPH were added to each well to be tested. Finally, 100 nL of
the sample and 50 pL 1X chromogen were added. After a brief mixture, the absorbance
was measured immediately at 405 nm by an UV-Visible absorbance microplate reader with
a built-in software package for data analysis GEMS Reader MF, Labsystems, Helsinki,
Finland), with two-minute reading intervals for 10 min. The total glutathione content was
determined by comparison with the predetermined glutathione standard curve. Results were
expressed as percentage of total glutathione content (GSH/GSSG).

2.7. Superoxide dismutase activity

SOD activity was measured according to the method OxiSelect Superoxide Dismutase
Activity (Cell Biolabs, Inc., San Diego, USA). Superoxide anions (O, ) are generated by
xanthine/xanthine oxidase (XOD) system and detected with a chromogen solution.
However, in presence of SOD the superoxide anion concentration is reduced. Briefly,
NHDF cells were treated for 24, 48 and 72 h with AulNPs (each one at its MTT ICs).
After treatment, cells were washed with cold 1X PBS and incubated on ice with 1X lysis
Buffer (10 mM Tris, pH 7.5, 150 mM NaCl, 0.1 mM EDTA, 0.5% Triton X-100) for
10 min. Following, cells were centrifuged at 12.000 x g for 10 min, and the cell lysate
supernatant was collected. 10 pL of supernatant was added to each well to be tested.
Finally, 80 wL of master mixture (containing xanthine solution, chromogen, lysis buffer
and water) and 10 pL of prediluted 1X XOD solution were added and the absorbance was
read immediately at 492 nm by an UV-Visible absorbance microplate reader with a built-
in software package for data analysis GEMS Reader MF, Labsystems, Helsinki, Finland).

The results were expressed as percentage of SOD activity (% activity) and were
calculated as follows: SOD activity = [(Ag — A1)/Ap] x 100, where Ay is the absorbance of
the negative control, and A is the absorbance of the cells exposed to the AuNPs.

2.8. Measurement of intracellular ROS production

ROS production was determined using H,DCFDA. The principle of this assay is that
H,DCFDA diffuses through the cell membrane and is enzymatically hydrolysed by
intracellular esterases to non-fluorescent dichlorohydrofluorescein (DCFH). In the
presence of ROS, this compound is rapidly oxidised to highly fluorescent
dichlorofluorescein (DCF). NHDF cells were treated with AuNPs (each one with its MTT
ICso) for different time intervals (15 min—48 h). Then, 3 x 10° cells were washed with PBS
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loaded for 30 min with H,DCFDA (10 uM) and incubated in a water bath (37 °C). The
cells were kept on ice and the fluorescence intensity was read immediately with a FACS
Calibur flow cytometer (Becton and Dickinson, Franklin Lakes, NJ, USA) and the
CellQuest software from Cytometry and Fluorescence Microscopy Centre, Complutense
University, Madrid, Spain. For each experiment, 10* cells were analysed.

2.9. Statistical analysis

Each experiment was performed at least three times. Results are expressed as mean +
SEM. Data were subjected to statistical analyses by the Student’s z-test to determine
significance (p < 0.05) relative to the unexposed control. All tests were performed with the
software package StatgraphicsPlus 5.0.

3. Results

3.1 Characterisation of AuNPs

Commercially produced 30, 50 and 90 nm AuNPs were examined by TEM and DLS to
determine the particle shape and size distribution. According to the results obtained by
TEM and DLS analysis in aqueous solution, the characterisation of the three AuNPs
corresponded with the data reported by the manufacturer (Table 1). After 24 h of
incubation in cell-free medium, AuNPs found to show larger size measurements (Figure 1:
1A, 2A and 3A). In this study, we obtained an increase of 8 nm in the size of 30 nm
AuNPs, while 50 and 90 nm AuNPs augmented approximately 20 nm their size (Table 1).
The DLS analysis of the AuNPs subsequent to the addition of cell-free medium with 2%
FBS (Figure 1: 1B, 2B and 3B) indicated the presence of aggregates and consequently
reported larger size distributions than those obtained in aqueous solution (Table 1).

3.2. Effect of AuNPs on cell viability

The cytotoxicity of 30, 50 and 90 nm AuNPs was firstly investigated by measuring the
cellular metabolic activity. The results of the MTT viability assay (Figure 2.1) showed that
the three AuNPs were slightly cytotoxic toward the NHDF cells that were exposed at
concentrations from 1 to 15 pg/mL and all incubation times (more than 65% of cell

Table 1. Size distribution of AuNPs measured by TEM and DLS.

Particle size (nm)

Measuring method 30 50 90
TEM (aqueous solution)® 38.6 £ 6.1 56.1 £3.7 92.0+6.2
TEM in fibroblast medium 2% FBS 46.3+6.9 804+£59 115.5+£8.5
DLS (aqueous solution)* 46.7+ 1.0 53.3+0.5 90.6 £ 0.3
DLS in fibroblast medium 2% FBS 70.4 +0.5 963+ 1.4 125.1 £ 1.0

% From Mateo et al.[32]
Data are reported as mean + standard deviation (SD).
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Figure 1. Analysis of 30 (1), 50 (2) and 90 (3) nm gold nanoparticles size by TEM and DLS.
Representative TEM images (A) and size distribution by DLS (B) after 24 h incubation in cell-free
culture medium. Scale bars represent 100 nm (1A and 3A) and 200 nm (2A).
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Figure 2. Effect of 30 nm (A), 50 nm (B) and 90 nm (C) AuNPs on NHDF cell viability by MTT
(2.1) and LDH (2.2) assays. Cells were cultured with different concentrations of AuNPs for 24 (H),
48 ([J) and 72 h (IW). Control, untreated cells. Asterisks indicate significant difference from control
*p <0.001,™ p <0.01 and * p <0.05.
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Table 2. Calculated ICs, values in NHDF cell line determined by MTT and LDH.

ICs gold nanoparticles (pg/mL)

Cell line AuNP 30 nm AuNP 50 nm AuNP 90 nm
MTT LDH MTT LDH MTT LDH
NHDF 17.9 13.9 18.0 15.4 19.3 17.5

survival in all cases). However, cellular metabolic activity was almost completely reduced
at the highest AuNPs dose assayed (25 pg/mL) and 72 h of treatment (5.1%, 7.1% and
13.0% of cell survival for 30, 50 and 90 nm AuNPs, respectively).

In addition to mitochondrial function, LDH leakage was measured as another
indicator of AuNP-induced cytotoxicity (Figure 2.2). A significant LDH leakage, due
to membrane damage, was determined after cells were treated with 30 nm AuNPs at
10 wg/mL for 72 h (55.8% of LDH leakage) (Figure 2(A)). In contrast, the treatment with
50 and 90 nm AuNPs (Figure 2.2(B) and 2.2(C)) under these same conditions did not
reach a 50% of LDH leakage (47.7% and 41.4%, respectively). As it was observed in MTT
assay, there was a significant LDH leakage after 72 h of treatment with the AuNPs at the
highest concentration of 25 wg/mL studied (96.0%, 90.3% and 85.1% of LDH leakage for
30, 50 and 90 nm AuNPs, respectively).

The ICs, values calculated from a regression curve are shown in Table 2. These values
represent the effective concentration of AulNPs that decreases the amount of viable cells to
50% after 24 h. Values of ICsy obtained by MTT assay resulted to be slightly higher than
those obtained by LDH. Furthermore, comparison of the three different NPs in size
showed that in NHDF cells 30 nm AuNPs resulted more cytotoxic in terms of metabolic
activity and membrane integrity than 50 and 90 nm AuNPs.

3.3. Protective effect of N-Acetyl-L-cysteine (NAC)

We measured the effect of pretreatment of NHDF cells with 20 mM NAC for 1 h prior to
24 h of incubation with the ICs, of the three AuNPs (17.9, 18.0 and 19.3 pg/mL for 30, 50
and 90 nm AuNPs, respectively) (Figure 3). The pretreatment of NHDF cells with NAC

120

40
20
0

Control 30am +NAC 50 am +NAC 90 am +NAC

(%% SDH)

Percentage aof Survival
o
Z

Gold nanoparticles (AuNPs)

Figure 3. Effect of NAC on NHDF cell viability after the treatment with AuNPs. Cells were treated
with ICs, for 24 h. Control, untreated cells.
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exhibited no significant protective effect towards any of the three different AuNPs in size,
so the percentage of cell viability increased about 3.5%, 5.5% and 2.7% against the
treatment with 30, 50 and 90 nm AuNPs, respectively.

3.4. Effect of AuNPs on total glutathione (GSHIGSSG) content

A significant reduction of total glutathione content (GSH/GSSG) was reported after the
treatment of NHDF cells with the three AuNPs at the ICs, (17.9, 18.0 and 19.3 pg/mL for
30, 50 and 90 nm AuNPs, respectively) for 24, 48 and 72 h (Figure 4). GSH/GSSG levels
relative to control were depleted to 7.8%, 13.1% and 11.8% after 24 h of treatment with 30,
50 and 90 nm AuNPs, respectively. Total gluthatione content decreased almost completely
after 48—72 h of incubation with the three AuNPs (less than 2% of GSH/GSSG), noticing
no difference among the three different sizes.

3.5. Effect of AuNPs on SOD activity

The effect of AuNPs treatment on SOD activity in NHDF cells is shown in Figure 5.
NHDF cells treated with the three AuNPs at the ICsq (17.9, 18.0 and 19.3 pg/mL for 30,
50 and 90 nm, respectively) exhibited statistically insignificant changes in the SOD activity
with respect to control group, independently on the incubation time and nanoparticle size.

3.6. Effect of AuNPs on ROS production

The production of ROS in NHDF cell line after 0.25—48 h of treatment with the ICsq of
30, 50 and 90 nm AuNPs (17.9, 18.0 and 19.3 pg/mL, respectively) is shown in Figure 6.
DCF fluorescence was measured by flow cytometry and expressed as a percentage of

control. The maximum production of ROS was determined after the treatment with 50 nm
AuNPs.

120
100
80
60

40

Total glutathione content (%GSH)

Control 30 nm 50 nm 90 nm
Figure 4. Effect of AuNPs on the total glutathione content in NHDF cells. Cells were treated with

the ICsq for 24 (M), 48 ((J) and 72 h (MM). Control, untreated cells. Asterisks indicate significant
difference from control ™ p < 0.001.



1410 D. Mateo et al.

120

il

Control 30 am

o
=1

[
(=}

£
(=4

(=]
=1

Percentage of SOD activity (%SOD)

Il

Figure 5. Effect of AuNPs on the SOD activity in NHDF cells. Cells were treated with the ICsq for
24 (M), 48 ((J) and 72 h (IW). Control, untreated cells.
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Figure 6. Time course of ROS production in NHDF cells, untreated (O) and treated with the ICs
AuNPs of 30 nm (@), 50 nm (M) and 90 nm (A). Asterisks indicate significant difference from
control ** p < 0.001.

ROS production began immediately after exposure of NHDF cells to the AuNPs, with a
significant production after 1 h of incubation. However, it reached its maximum level after
3 h of treatment with AuNPs of 30 nm (2.73-fold), 50 nm (2.95-fold) and 90 nm (1.93-fold)
at the ICso. The production of ROS decreased gradually and it was reduced to nearly the
basal level after 48 h.

4. Discussion

Despite the advantages of nanotechnology and the widespread use of products containing
nanomaterials, studies indicate that NPs may cause hazardous effects due to their unique
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physicochemical properties. The inherent beneficial effects of AuNPs have awaken notable
interest in the treatment of topical wounds and skin pathologies such as rheumatoid
arthritis, but potential cytotoxic responses of AuNPs should be considered when these
products come into direct contact with skin, as it is the largest organ of the body and an
important route of entry for NPs into the human organism.[22,29,38] Furthermore, since
particle size is considered as a crucial factor when describing AuNP-induced cytotoxicity,
in this study we evaluated the cytotoxic effects produced by three different AuNPs in size
on NHDF cells and the role of oxidative stress in the observed cytotoxicity.

The size measurements of AuNPs in aqueous solution obtained by TEM and DLS were
reported in a previous work of our group and validated the characteristics provided by the
manufacturer (Table 1). In this study, data from TEM and DLS suggested that the cell
culture medium containing 2% FBS affected the NPs dispersion (Figure 1). The high ionic
strength of the medium reduces repulsive forces among the NPs, inducing aggregation, as
other authors have observed.[39] These results can also be explained by the possible
interaction of AuNPs with the cell culture media, which has been widely reported with
different NPs that leads to the formation of ‘protein corona’.[40] DLS measurements
reported higher diameter profiles than those obtained by TEM (Table 1), but this
differences are attributable to the different experimental conditions of both techniques.[41]
Taken together, our results indicate that the fibroblast basal culture medium
supplemented with 2% FBS caused nanoparticle aggregation. RPMI 1640 and Dulbecco’s
modified Eagle’s culture media containing FBS have also proved to induce the aggregation
of AuNPs.[32]

Currently there is a great controversy about AuNPs cytotoxicity, and it comes from the
variability of parameters including cell lines used in toxicity assays, concentrations and
coatings. According to MTT and LDH assays, the exposure of NHDF cells to the three
different AuNPs in size produced a reduction in cell mitochondrial activity and a LDH
leakage in a dose- and time-dependent manner (Figure 2.1 and 2.2). A study by Mironava
et al. [42] also showed that AuNPs could penetrate the plasma membrane and cause cell
damage to human dermal fibroblast. However, data are still so far inconclusive, as several
studies have demonstrated that the treatment of human dermal fibroblasts with AuNPs
affects cell morphology but not cell viability.[43,44] Thus, further studies would be needed
to clarify this point.

In addition, results from this work showed that AuNP-induced cytotoxicity was
slightly dependent on nanoparticle size, as we described in a preceding study with HL-60
and HepG2 tumour cells.[32] The cytotoxic effects were somewhat stronger after the
treatment of cells with 30 nm AuNPs than those obtained with the 50 and 90 nm NPs-
treated cells (Table 2). Thus, we reported very short differences between the cytotoxic
response of three NPs studied, despite the size is considered as a decisive factor when
describing cytotoxicity, tissue distribution and cell absorption of silver and AuNPs.[5] The
cytotoxic response of several cell lines exposed to AuNPs of 1 and 15 nm in diameter was
studied by Pan et al. [15] and it was demonstrated that after 48 h of treatment, smaller
AuNPs had a wider distribution and a higher toxic potential than larger ones.
Coradeghini et al. [45] described the interactions of 5 and 15 nm AuNPs with mouse
fibroblasts and found that 5 nm AuNPs were responsible of major cell damage. Other
metallic NPs have shown similar size-dependent cytotoxicity behaviour. A comparative
study with silver NPs of 4.7 and 42 nm determined that small NPs were much more
cytotoxic to cells than large ones.[46] Accordingly, Xiong et al. [47] observed a major
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cytotoxic response in cells treated with 10 nm TiO, NPs than those treated with larger NPs
of 20 and 100 nm in size.

Former investigations have found different cell responses to metallic NPs cytotoxicity
depending on the cell line studied. In a study by Choi et al. [48] AuNPs of 17 nm in
diameter exhibited different cytotoxic effects on human lung carcinoma cells (A549 and
NCI-H1975) and human epidermoid cells (A431), resulting in ICs, values of 48.9, 52.3 and
65.2 wg/mL, respectively. Uboldi et al. [49] reported different cell responses to AuNPs
when they observed no effect on the viability of human alveolar type-II cell line NCI441
while A549 cells exhibited a moderate cytotoxicity under the exposure with AuNPs.
Moreover, other study reported ICs values of 838 and 1028 pwg/mL on prostate and breast
cancer cells treated with spherical AuNPs of 1.9 nm, respectively.[50]

To clarify if oxidative stress was involved in AuNP-induced cytotoxicity, we studied the
protective effect of anti-oxidant NAC. Under our experimental conditions, NHDF cells
pretreated with NAC did not report any significant protection against 30, 50 and 90 nm
AuNPs cytotoxicity (Figure 3). In contrast to our results, Zhao et al. [51] suggested that
the detoxification mechanism of NAC could consist on its effective binding through thiol
groups to AuNPs, which would avoid the generation of ROS. Surprisingly, a previous
work from our group described this protective effect of NAC against 30, 50 and 90 nm
cytotoxic effect on HL-60 and HepG2, so these discoveries suggest a possible cell-type
dependent protective response of NAC.[32]

Glutathione is considered the most abundant thiol in cells and determines the
intracellular redox potential.[52] Total GSH/GSSG content was significantly depleted
after treatment of human dermal fibroblasts with the three AuNPs of different sizes
(Figure 4). In the literature, many studies have reported a comparable behaviour on cells
exposed to metallic nanomaterials such as copper, titanium, silver and gold.[53—56] These
findings, together with our results, demonstrate that the interaction between GSH/GSSG
and AuNPs represents an important detoxification mechanism towards cytotoxicity
induced by AuNPs, as other authors have formerly suggested.[57]

In contrast to the results of total GSH/GSSG content, human dermal fibroblasts
exposed to the three AuNPs of 30, 50 and 90 nm exhibited no statistically significant
changes in the activity of SOD (Figure 5). Previous works have reported different responses
of cellular defence mechanisms to oxidative stress induced by silver NPs.[58] Taken
together, results from protective effect of NAC, total GSH/GSSG content and SOD activity
suggest that these protection mechanisms could be determined by the cell line studied.

Metallic NPs are considered as a primary source of ROS, which represent an important
mechanism of oxidative stress in cells.[59,60] Here we observed a significant ROS
production, which indicates that one of the primary mechanisms of AuNP-induced
cytotoxicity in NHDF cells might be oxidative stress (Figure 6). Data from literature
regarding ROS production of AuNPs are somehow conflicting. Aueviriyavit et al. [55]
reported no change in the ROS intracellular levels of Caco-2 cells treated with AuNPs. On
the other hand, some authors have demonstrated the involvement of ROS production and
oxidative stress in AuNP-induced toxicity in vitro and in vivo.[61—63] Furthermore, in this
study maximum ROS levels were obtained after the treatment with 50 nm AuNPs. These
findings demonstrate that nanoparticle size could play an important role in the ROS
production by AuNPs. Thus, ROS production induced by AuNPs might be cell-type
specific or might be determined by the different parameters of each study, including
particle size or coating.



Journal of Experimental Nanoscience 1413

In conclusion, our results indicate that the exposure of NHDF cells to AuNPs affected
negatively cellular metabolic activity and membrane stability, independently on
nanoparticle size. Depletion of total glutathione content and ROS production suggests
that oxidative stress contributes to AuNPs-induced cytotoxicity, which appears to be
somehow determined by cell line. Thus, in comparison with our previous study with HL-
60 and HepG2 tumour cells, human dermal fibroblasts have proved to be more sensible to
total glutathione depletion and ROS production after exposure with AuNPs. In view of
these findings, AuNPs should be used carefully for the topical treatment of wounds or
other skin pathologies owing to their potential hazardous behaviour. In addition,
regulatory agencies should develop safety guidelines and take into account risk assessment
of these AuNPs to avoid negative effects on consumers. Further studies in our group are
encouraged to clarify if exposure to these AuNPs could induce apoptosis or genotoxic
events, as it has been previously described.[61—64].
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