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Introduction: Increased use of silver nanoparticles (AgNPs) has raised concerns that
AgNPs may induce toxic effects. In vitro studies of cell monolayers and in vivo studies
have produced conflicting results. The inconsistency of these results has been mainly due to
limitations of two-dimensional (2D) monolayer cell systems.

Methods: A three-dimensional (3D) epidermal model called EpiKutis®, which exhibits good
tissue viability and barrier function was developed. The cytotoxicity of AgNPs against EpiKutis
was compared to that against 2D keratinocytes at equivalent AgNPs doses (0.035, 0.07, 0.14,
0.28, and 0.56 ng per cell). The amount and distribution of AgNPs in the 3D EpiKutis and 2D
keratinocytes after exposure were determined. The toxic mechanisms of AgNPs, such as
oxidative stress and production of pro-inflammatory cytokines, were investigated.

Results: The results demonstrated that cell viability was greater than 80% and lactate dehy-
drogenase (LDH) release did not increase even at the highest dose of AgNPs in EpiKutis. In
contrast, treatment of 2D keratinocytes with AgNPs resulted in dose-dependent decrease in cell
viability from 63% to 11%, and a dose-dependent increase in LDH release from 8% to 16%.
Cytotoxicity of AgNPs in 2D keratinocytes was related to oxidative damage and inflammation,
as evidenced by increased levels of reactive oxygen species (ROS), malondialdehyde (MDA),
IL-1a, IL-6, and IL-8. In addition, levels of superoxide dismutase (SOD) were decreased.
EpiKutis treated with AgNPs did not exhibit increased oxidative damage or inflammation,
which may have been due to the barrier properties of the 3D structure, resulting in reduced
penetration of AgNPs. At equivalent per cell doses, total silver penetration into EpiKutis was 0.9
+ 0.1%, and total silver penetration into 2D keratinocytes was 8.8 + 0.6% detected by ICP-MS.
The penetration and distribution of AgNPs in 2D keratinocytes were confirmed by the TEM-EDS
analysis, which was not found in the 3D EpiKutis. These results showed that AgNPs penetrated
EpiKutis to a lesser degree than they penetrated 2D keratinocytes, which suggested that EpiKutis
exhibited significant barrier function.

Discussion: The results of this study showed that AgNP toxicity should be evaluated using
3D epidermal models, which may provide better estimates of in vivo conditions than 2D
models. The EpiKutis model may be an ideal model for assessment of nanotoxicity.
Keywords: silver nanoparticles, AgNPs, cytotoxicity, keratinocytes, 3D epidermal model,

. . ® . . .
EleutlsB, oxidative stress, inflammatory response

Introduction

Increased use of nanotechnology for manufacture of consumer products has led to
concerns regarding safety risks associated with exposure to nanomaterials. Silver
nanoparticles (AgNPs) are one of the most widely used nanomaterials due to their
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excellent broad-spectrum antibacterial properties. Silver
nanoparticles are present in many industrial and medical
products including textiles, food packing, water disinfec-
tants, implant coatings, catheter coatings, and wound
dressings.l*3 Silver nanoparticles have been reported as
ingredients in 30% of products that contain nanomaterials.”*
However, AgNPs may be toxic. Therefore, it is imperative to
accurately assess potential hazards associated with adminis-
tration of AgNPs.

Toxicity of AgNPs has been studied extensively over
recent decades. Most studies used two-dimensional (2D)
cell culture models or animal models to evaluate toxicity.
However, few studies have used three-dimensional (3D)
tissue models.”>® Use of 2D monolayer cultures comprised
of immortalized cell lines, stem cells, or primary cells is
the most common method for evaluation of toxicity
in vitro. Cell type depends on the proposed application
of the nanomaterials and the expected in vivo target
organs.” Two-dimensional cell culture is easy to use for
biochemical assays.'® However, 2D cultures lack cell—cell
and cell-matrix interactions and do not exhibit barrier
functions. Therefore, common 2D cell culture models gen-
erally fail to mimic the in vivo skin microenvironment,
and therefore provide limited information regarding phy-
siological responses of organisms to external stimuli, such
as nanoparticles.'""'

Studies have shown that in vitro and in vivo data often
correlate poorly.’* As such, care should be taken when
generalizing in vitro outcomes to in vivo effects. In recent
years, some new drugs have been withdrawn during pre-
clinical studies because in vitro toxicity testing failed to
identify hazards associated with these drugs.'* In vivo
studies are typically performed using a range of doses
based on results of in vitro experiments or at actual expo-
sure doses,'> which may produce more reliable results.
However, use of animals can be a limiting factor in deter-
mination of toxicity due to cost, biological safety, and
animal ethics. To narrow the in vitro—in vivo gap, there
is a strong demand for novel in vitro model systems that
can be used to accurately predict in vivo toxicity.'®'” An
ideal model would allow for in vitro evaluation of the
adverse effects of actual doses on, for example, inflamma-
tion, reactive oxygen species (ROS) generation, and acti-
vation of the immune system, to accurately assess
potential hazards associated with nanoparticles.

Cells in 3D tissue models, unlike cells in 2D models, can
differentiate and develop cell subsets with different functional
states and can form tissue structures. Three-dimensional tissue

models can also simulate barrier function to mimic absorption
and distribution of materials in vivo.'® Therefore, 3D models
may be able to bridge the gap between in vitro and in vivo
models.'*?° In vitro studies of the biological effects of nano-
particles using 3D model systems may be more appropriate
than using 2D model systems because toxicity can be
influenced by the cellular microenvironment.”'** Lee et al
evaluated the toxicity of nanoparticles using a 3D spheroid
culture-based testing system for the first time in 2009.>* They
found that the toxic effects of CdTe and Au nanoparticles were
significantly reduced in spheroid cell culture compared to
those in 2D cell culture. In addition, several different in vitro
3D models have been established and used to assess biological
effects of nanoparticles. These systems include 3D cell spher-

oid culture systems”*2° 1.2

and the EpiDerm™ tissue mode

Rapid development of wearable textiles and medical
devices that contain AgNPs has raised concern that con-
sumers may be exposed to increased risk of adverse health
effects through dermal exposure to AgNPs.?®*° Previous
studies showed that AgNPs induced severe cytotoxicity in
cultured keratinocytes, but in vivo studies showed rela-
tively weak toxicity.*® A previous report showed that no
significant toxicological changes occurred during a 28-day
AgNP inhalation study in rats.*" In the present study, a 3D
epidermal model called EpiKutis®, comprised of human
keratinocytes (KC), was developed to mimic the human
epidermis and used to evaluate AgNP toxicity. Two-
dimensional keratinocyte cultures were used as controls.
Oxidative damage and inflammation were assessed in each
model.

Materials

Keratinocytes derived from human foreskin. The collec-
tion of human foreskin was approved by the local ethics
committee (the fourth people’s hospital of Shanxi pro-
vince, China). The tissue culture media, including tissue
under-liquid (TU), tissue air-liquid 1 (TAl), and tissue
air-liquid 2 (TA2) were purchased from Guangdong
Biocell Biotechnology Co. Ltd (Dongguan Guangdong).
3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT) and Triton X-100 were purchased from
Sigma (Beijing, China). N-Acetylcysteine (NAC) was pur-
chased from Vetec (Shanghai, China). Lactate dehydrogen-
ase (LDH) cytotoxicity assay kit and enhanced BCA
protein assay kit were purchased from Beyotime
(Shanghai, China). Acetaminophen was purchased from
Solarbio (Beijing, China). ELISA kits for interleukin-1
alpha (IL-1a), interleukin-6 (IL-6), interleukin-8 (IL-8),
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and tumor necrosis factor-alpha (TNF-a) were purchased
from R&D (Shanghai, China). Reactive oxygen species
(ROS) detection reagents were purchased from
Invitrogen (Paisley PA4 9RF, UK). Total superoxide dis-
mutase (T-SOD) assay kit (hydroxylamine method) and
microscale malondialdehyde (MDA) assay kit (TBA
method) were purchased from Jiancheng Bioengineering
Institute (Nanjing, China). Silver nanoparticles (AgNPs)
were purchased from Nanux Inc. (Seoul, Korea).

Methods
Construction and Histological
Characterization of the EpiKutis Model

Keratinocytes (5 x 10%) were seeded on the permeable mem-
branes of transwell chambers, which were then placed in 24-
well plates and cultured in TU medium at 37°C in a 5% CO,
atmosphere. After 24 hrs, the TU medium was discarded and
replaced with 200 pL of fresh medium. After an additional 24
hrs, the TU medium was exchanged for TA1 medium, and
keratinocytes were cultured at the air—liquid interface. The
TA1 medium was changed once per day. After culturing for 4
days, the TA1 medium was replaced with TA2 medium, and
the cells were cultured for additional 8 days, with daily
medium replacement. The result of this procedure was
a complete EpiKutis 3D model on the permeable membrane
of the transwell chamber.

Harvested EpiKutis was fixed in 4% paraformaldehyde.
The samples were then dehydrated, embedded in paraffin,
and cut into 5-pum sections. After hematoxylin and eosin
staining, the sections were histologically evaluated.

Assessment of Cell Viability and Barrier

Function of the EpiKutis Model
To assess the cell viability of the model, 300 pL of MTT
solution (1 mg/mL) was added to each well. After 3 hrs of
incubation at 37°C, the MTT solution was discarded and
each well was rinsed 3 times with PBS. Two milliliters of
isopropanol were added to each well, and the 24-well
plates were sealed and kept at 4°C overnight. After the
model systems were thoroughly dissolved, 200 pL of
lysate was collected and transferred to a 96-well plate (at
least two duplicate wells were prepared per sample), and
the absorbance at 570 nm was measured. In each batch of
models, cell viability was determined in triplicate at each
time point.

The normal human epidermis depends on the stratum
corneum as a barrier structure to resist the penetration of

foreign chemicals. The barrier function of the EpiKutis
model was characterized by evaluating the penetration of
1% (v/v) Triton X-100. In each batch of EpiKutis models,
cell viability was evaluated in triplicate using the MTT
assay prior to the addition of 1% Triton X-100. Then,
80 pL of Triton X-100 was added to the surfaces of
other model preparations in the same batch. After either
2 hrs or 4 hrs of exposure, the models were rinsed with
PBS, and cell viability was evaluated using the MTT assay.
The Triton X-100 exposure time (ET) required to reduce
cell viability by 50% (ETso) was used as an index of the
barrier function of the EpiKutis model. To verify the
stability of the model, barrier function was evaluated in
multiple EpiKutis batches.

Characterization of Silver Nanoparticles
Transmission electron microscopy (TEM, HT7700, Hitachi,
Japan) was used to image the morphology of AgNPs.
Samples were prepared by placing 6 pL. of AgNP suspension
on a copper grid and allowing the drops to air dry. The
AgNPs were then visualized using an accelerating voltage
of 80 kV. The UV/vis absorption spectra of the AgNPs were
recorded using a SpectraMax® i3 microplate reader
(Molecular Devices, Shanghai, China) from 200 nm to 800
nm. Zeta potential and hydrodynamic diameter of AgNPs
(20 pg/mL in deionization water) were measured using
a Zetasizer Nano ZS (Malvern, UK). The chemical composi-
tion of the nanoparticles was characterized by X-ray photo-
electron spectroscopy (XPS, ESCALAB250Xi, Thermo
Scientific, USA).

Determination of Equivalent Doses of
AgNP Exposure

The number of cells in 2D cell culture is much lower than
that in 3D cell culture when the cells are confined to the
same surface area. Therefore, we normalized the dose of
AgNPs to the number of cells to provide doses equivalent
to the 2D and 3D models.

The EpiKutis model contained about 3.6x10° cells per
well, as determined using a hemocytometer following
trypsinization. The number of cells in the 2D cultures
was approximately 1x10* cells per well. These results
suggested that the 3D model should be exposed to 36-
times more AgNPs than the 2D model to achieve equiva-
lent doses.

The doses of AgNPs used for the 3D model were 200
pL of 62.5, 125, 250, 500, or 1000 pg/mL. The doses of
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AgNPs used for the 2D model were 200 pL of 1.75, 3.5, 7,
14, or 28 pg/mL. The equivalent AgNP doses were 0.035,
0.07, 0.14, 0.28, and 0.56 ng per cell.

Toxicity of AgNPs

The MTT and LDH assays were used to assess the cyto-
toxicity of AgNPs. Briefly, 200 uL of AgNPs were added
to the EpiKutis model surface (62.5-1000 pg/mL) or to the
surface of the 2D keratinocytes (1.75-28 pg/mL), each of
which had been cultured for 24 hrs after seeding.
One percent Triton X-100 and PBS were used as positive
and negative controls for the LDH assay, respectively.
After 24 hrs of incubation at 37°C, 50 pL of medium
from each model preparation was transferred to a 96-well
plate for quantitation of LDH at 490 nm. The formula for
determination of LDH release ratio was as follows:

LDH release ratio (%) = (T-N)/(P-N) x 100%

In this formula, P, N, and T represented absorption
values of the positive control, negative control, and AgNP-
treated groups, respectively.

The model systems were washed with PBS, and the
cell viability of the 3D model was assessed using the MTT
assay. For 2D keratinocytes, 250 pL of MTT (1 mg/mL)
diluted with fresh culture medium was added to each well.
After 4 hrs of incubation at 37°C, the supernatant was
discarded, 100 pL of DMSO was added to each well,
and the absorption was measured at 570 nm.

Determination of Silver Content in 2D

Keratinocytes and EpiKutis Model

Two hundred microliters of 500 pg/mL AgNPs were added
to the surface of the 3D model, and 200 pL of 14 pg/mL
AgNPs were added to the 2D keratinocyte culture. The
equivalent dose was 0.28 ng per cell. Both test groups
were cultured for 24 hrs at 37°C in 5% CO,. Then, the
3D model cells, the media above and below the model
cells, and the 2D keratinocytes, were collected and
digested with nitric acid for analysis of silver content
using ICP-MS as previously described.*?

Assessment of Oxidative Stress and

Inflammatory Mediators

After 24 hrs of exposure to AgNPs, the media from the 3D
model and 2D keratinocytes were collected for quantitation of
IL-1a, IL-6, IL-8, and TNF-o, using the corresponding ELISA
kits according to the manufacturer’s instructions. The 3D
model preparations were transferred to aseptic EP tubes with

300 pL of saline, and the cells were homogenized. After
centrifugation at 3,000 rpm for 10 mins, the supernatants
were collected for analysis of SOD and MDA according to
the kit manufacturer’s instructions. The 2D keratinocyte cul-
tures were placed on ice and rinsed twice with PBS. Three
hundred microliters of precooled cell lysis solution (1% Triton
X-100 and 1 mmol-L ™' PMSF in PBS) were added to the cells.
After incubation for 5 mins, the cells were scraped using
a cell scraper. The cell lysates were collected and transferred
to 1.5-mL EP tubes, then incubated on ice for 20
mins accompanied by intermittent three times vortex oscilla-
tion. After centrifugation at 12,000 rpm for 20 mins at 4°C, the
supernatants were collected for quantitation of SOD and MDA
according to the kit manufacturer’s instructions.

For ROS Detection, the 3D model preparations and 2D
keratinocytes were digested in 0.25% trypsin-EDTA to pre-
pare single-cell suspensions. Reactive oxygen species were
measured using flow cytometry (Bricyte E6, Mindray,
China) according to the kit manufacturer’s instructions.

Transmission Electron Microscopy
Analysis of AgNPs in 2D Keratinocytes
and EpiKutis Model

Transmission electron microscopy was performed as pre-
viously described.** Following exposure to AgNPs, the
EpiKutis model and 2D keratinocyte preparations were col-
lected and immediately fixed in 2.5% glutaraldehyde over-
night. After washing, the models were fixed using 1% OsO,4
for 1.5 hrs, dehydrated using a 50—-100% ethanol gradient, then
transferred to a gradient of embedding solutions to prepare
embedding blocks. Ultrathin sections from the embedding
block were collected onto a copper grid for visualization
using field-emission high-resolution TEM (JEM-2100F,
JEOL, Japan).

Statistical Analyses

Differences between groups were determined using one-way
analysis of variance (ANOVA). P<0.05 was considered sta-
tistically significant. All datasets are presented as the mean +
SD from at least three independent experiments.

Results and Discussion

Construction and Characterization of the
EpiKutis Model

The 3D epidermis model, EpiKutis, was developed in this

study through the reconstruction of keratinocytes. Histological
analysis showed that this model consisted of multiple layers of
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viable epithelial cells, including a basal layer, a stratum spi-
nous layer, a stratum granular layer, and a stratum corneum
layer (Figure 1A). This structure was very similar to that of the
normal human epidermis. To identify the quality control cri-
teria of EpiKutis™ for batch release, cell viability and barrier
function were evaluated according to OECD Guidelines for
the Testing of Chemicals — In vitro Skin Irritation:
Reconstructed Human Epidermis Test Method.*® Cell viabi-
lity of the EpiKutis® model was assessed using the MTT
assay. The range of optical density (OD) values between
which the number of living cells could be calculated was
1.0-2.5. The results from 60 batches fell within this range,
as shown in Figure 1B. The stratum corneum and its lipid
composition are essential to the skin barrier function of recon-
structed epidermis models. An appropriate model should be
able to resist rapid penetration by cytotoxic chemicals, such as
Triton X-100, as estimated by ETs, values.>* The ETs, range
of EpiKutis for resistance to penetration by 1% Triton X-100
was 1-3 hrs. The results from 60 batches were within this

range, as shown in Figure 1C. The quality control criteria for
EpiKutis are summarized in Table 1.

Multiple human epidermal models have been established
in recent years. EpiDerm ™, EpiSkin™', and SkinEthic are the
most widely used commercial epidermal models.*® They are
generated by culturing differentiated keratinocytes on acellu-
lar or fibroblast-populated dermal substrates.>>*' Each of
these epidermal models exhibit a multilayered epithelium
and display characteristic epidermal ultrastructures.*****
However, there are several differences among these epidermal
models related to the number of living cell layers, the expres-
sion, and localization of cutinized envelope proteins,** and
differential cell viability and barrier function. Many different
skin models have been successfully used to evaluate chemi-
cal-induced skin corrosion and irritation.*>*® However, few
of these models have been used to evaluate the toxicity of
AgNPs. To accurately evaluate toxicity of AgNPs, we devel-
oped the 3D EpiKutis model to provide a better simulation of
in vivo conditions. Our approach was similar to that used to

:
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Figure | Characterization of 3D EpiKutis® model. Histological examination (A), viability (B) and ET50 (C) analysis of EpiKutis model.
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Table | The Quality Control Criteria of EpiKutis® Model

Items Criteria

Apparent evaluation Dry, flat, and no shrink.

Intact epidermis construction

I. Stratum basal layer;

Histological examination 2. Stratum spinosum layer;

(Hematoxylin and eosin stain) 3. Stratum granulosum layer;

4. Multilayered stratum corneum.

Cell viability 1.0 < ODsy0 < 2.5

Barrier function® | hrs < ET50 < 3 hrs

Note: “Estimated by ETsp, the exposure time required to reduce cell viability of
EpiKutis® by 50% when added 0.1% Triton-X |00.

produce Episkin®.*® EpiKutis was comprised of approxi-
mately 10 living cell layers. The protocols used to evaluate
cell viability and barrier function in EpiKutis in response to
AgNP exposure were similar to those used for evaluation of
the EpiDerm™, EpiSkin™, and SkinEthic models.**~' Our
results showed that the EpiKutis model exhibited a normal
epidermal-laminated structure and good barrier function,
which suggested that the EpiKutis model was an appropriate
3D-reconstructed epidermal model, and was suitable for the
assessment of AgNP toxicity.

Physicochemical Properties of AgNPs
Transmission electron microscopy imaging indicated that
AgNPs were spherical and mono-dispersed (Figure 2A).
The average diameter of the AgNPs was 9.1 + 2.6 nm, as
determined using ImageJ software. Dynamic light scattering
(DLS) analysis showed that the hydrodynamic diameter of
AgNPs was 14.0 = 1.6 nm (Figure 2B) with a zeta potential
of —27.2 £ 1.0 mV. Analysis using UV-vis showed that
AgNPs had a relatively narrow size distribution, and the
Amax Was 420 nm (Figure 2C). X-ray photoelectron spectro-
scopy (XPS) analysis confirmed that silver was present in the
nanoparticles (Figure 2D).

Toxic Effects of AgNPs

To assess skin toxicity of AgNPs, the reconstructed human
epidermal model EpiKutis was used to mimic human skin.
Assessment of toxicity using this model was compared to
toxicity in 2D cell culture. Treatment of EpiKutis and kerati-
nocytes for 24 hrs resulted in less cytotoxicity in EpiKutis than
in 2D keratinocytes, as shown in Figure 3. The relative cell
viability following exposure to AgNPs was greater than 80%

in EpiKutis, even in response to the highest dose of AgNPs. In
addition, the barrier function (ETsg) of the EpiKutis model
was not significantly different than the value at the initial
timepoint. In contrast, AgNPs induced cytotoxicity in a dose-
dependent manner in 2D keratinocytes, as evidenced by
decreased cell viability from 63% to 11% with increasing
doses of AgNPs (Figure 3A). Furthermore, cell membrane
permeability, as determined by LDH release, increased from
8% to 16% with increasing doses of AgNPs (Figure 3B).

Our results showed that AgNPs induced significant
changes in cell viability and membrane permeability in 2D
keratinocytes. Reduced toxicity of AgNPs in the 3D model
indicated that the 3D structure and the morphology of the
model played a critical role in tissue viability and barrier
function. A previous study evaluated acute exposure of tissue
models and cells to silver nanowires (AgNW). The results of
this study showed that there was no decrease in viability of
human-reconstructed epidermis (RHE) after 20 mins or 42
hrs of contact with silver nanowires.”® These results indi-
cated that an epidermal model with a stratum corneum and an
extracellular matrix could protect keratinocytes from cyto-
toxicity resulting from direct exposure to silver ions or silver
nanoparticles. Therefore, 3D epidermal models may be more
suitable than 2D models for evaluation of skin exposure risk
associated with nanomaterials.

Assessment of AgNP Penetration

To further investigate penetration and cellular uptake of
AgNPs in the 3D EpiKutis model and in 2D keratinocytes,
silver (Ag) content was quantified using ICP-MS after 24 hrs
of exposure to AgNPs. The initial total AgNP doses were 100
pg in the EpiKutis model and 2.8 pg in 2D keratinocytes,
with an equivalent dose of 0.28 ng per cell. As shown in
Figure 4, the penetration percentages of Ag in the EpiKutis
model and in keratinocytes were 0.9 = 0.1% and 8.8 + 0.6%,
respectively. In the EpiKutis model, 76.7 + 7.4 pg of silver
was detected in the medium in the upper chamber, but only
0.9 £ 0.1 pg was detected within the tissue, which suggested
that the 3D EpiKutis model protected cells from invasion by
extrinsic nanoparticles. These results correlated well with the
toxicity differences observed between the 3D EpiKutis
model and 2D keratinocytes.

We then investigated the distribution of AgNPs in the 2D
keratinocytes and EpiKutis model. However, AgNPs were
not found in the 3D EpiKutis model (Figure 5SA-D). But the
penetration and distribution of AgNPs in 2D keratinocytes
were confirmed by the TEM-EDS analysis (Figure SE-G).
This result may have been due to poor penetration of intact
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Figure 2 Physicochemical characterization of AgNPs. (A) The representative TEM image. (B-D) DLS, UV and XPS analysis of AgNPs, respectively.

particles into the EpiKutis model, which further supported
that EpiKutis exhibited good barrier function.

Intact epidermis exhibits an effective barrier function.
Larese et al suggested that increased dermal penetration of
25 nm AgNPs could occur in damaged human skin.>® The
barrier function of the epidermis has been reported for many
nanomaterials, including carbon-based nanoparticles, tita-
nium dioxide, zinc oxide, and gold nanoparticles.' A study
by Sylvia G. Lehmann showed that AgN'W did not penetrate
into a 3D RHE, but 2D primary keratinocytes extensively
internalized AgNW.>* These results were consistent with
our findings that 3D EpiKutis exhibited good barrier func-
tion, resulting in protection against AgNP-induced damage.

AgNP-Induced Oxidative Stress
The relative amounts of ROS, MDA, and SOD were
measured to evaluate AgNP-induced oxidative stress.

No significant changes in intracellular ROS, MDA, or
SOD were observed in the EpiKutis models in response
to treatment with 0.28 ng per cell AgNPs (Figure 6).
However, the levels of ROS and MDA were signifi-
cantly increased in 2D keratinocytes exposed to an
equivalent dose of AgNPs compared to those in the
control group (Figure 6A and B). In addition, levels of
the phase II antioxidant enzyme SOD were significantly
decreased in 2D keratinocytes (Figure 6C). Inclusion of
10 mM NAC, an antioxidant, in the 2D keratinocytes
cell culture medium blocked AgNP-induced increases in
ROS and MDA and prevented AgNP-induced decreases
in SOD, which indicated that oxidative damage may be
an effector of AgNP-related toxicity. These results
showed that AgNPs did not induce oxidative stress in
the 3D EpiKutis model, but did induce oxidative stress
in 2D keratinocytes.
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Oxidative stress reflects an imbalance between ROS
and reactive intermediates responsible for protection
against ROS.”* According to the hierarchical oxidative
stress model, lower levels of oxidative stress are asso-
ciated with increased expression of antioxidant and detox-
ification enzymes, such as SOD, a phase II antioxidant
enzyme. Disruption of this antioxidant response may result
in negative health effects in response to exposure to exter-
nal materials. Higher levels of oxidative stress result in
inflammation and cytotoxicity, which can lead to apoptosis
or necrosis.”> >’ Previous studies have shown that oxida-

tive stress may be an early event in toxicity induced by

nanoparticles.’> Data from in vitro and in vivo studies
indicated that oxidative stress may play an important role
AgNP-induced toxicity.”® ®* In the present study, AgNPs
were cytotoxic toward 2D keratinocytes. However, treat-
ment with up to 0.28 ng of AgNPs per cell did not induce
oxidative damage in the EpiKutis model, potentially due to
excellent barrier function, complex cell-cell interactions,
and the resulting gradient of oxygen and nanoparticle
concentrations in the 3D environment.”' It was reported
that oxidation of AgNPs in a complex microenvironment
was a slow process, and the balance of autonomous reg-

ulating on oxidative stress state in cells could maintain for

submit your manuscript

9714

Dove

International Journal of Nanomedicine 2019:14


http://www.dovepress.com
http://www.dovepress.com

Dove

Chen et al

B 1.0x10°

8.0x10°
6.0x10°

4.0x10°

CPS /eV

2.0x10°

D 3.0x10°

2.5x10°
2.0x10*

1.5x10°

CPS/eV

1.0x10°

5.0x10°

2.0x10°

@

1.5x10°

1.0x10°

CPS /eV

5.0x10°

Ag (At %) =0

= Ag Ag
10 12 14 16 18 20 22 24 26
Binding Energy (keV)

Ag (At %) =0

S — Y
10 12 14 16 18 20 22 24 26
Binding Energy (keV)

a8 Ag (At %) =21.56

u

C Os
(s Feco | | & Ag|

2 4 6 8 10 12 14 16 18 20 22 28 26
Binding Energy (keV)
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24 hrs in the experiment.®? According to previous studies,
chronic intracellular ROS accumulation could overwhelm
the cellular antioxidant defense system, resulting in
increased AgNP-induced oxidative stress over a 48 hrs
time period.>¢3%*

AgNP-Induced Release of

Pro-Inflammatory Cytokines

To evaluate AgNP-induced inflammation, we quantified the
pro-inflammatory cytokines IL-1a, IL-6, IL-8, and TNF-a.
As shown in Figure 7A, increased secretion of pro-
inflammatory cytokines (IL-1a, IL-6, and IL-8) was observed
in 2D keratinocyte cultures following exposure to 0.28 ng of
AgNPs per cell for 24 hrs. However, AgNPs did not induce
increased cytokine secretion in the 3D EpiKutis model

(Figure 7B). These results agreed with our findings that
AgNPs induced cytotoxicity in 2D cultures, but not in the
3D EpiKutis model.

Inflammation is an early immunological response to
exogenous materials. Keratinocytes can produce pro-
inflammatory cytokines, such as IL-8, IL-6, TNF-a, and
IL-1B, which play crucial roles in the inflammatory and

immunologic reactions of skin tissue to irritants.®>® In

vitro exposure of immune cells®®!

63,72,73

and epithelial
cells, and in vivo exposure, to AgNPs can induce
the release of pro-inflammatory cytokines.”* For example,
AgNPs with diameters of 15 nm, 30 nm, and 55 nm
induced secretion of pro-inflammatory cytokines such as
TNF-0, IL-1B, and macrophage inflammatory protein-2

60

(MIP-2) from alveolar macrophages.” Meghan et al
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compared AgNP-induced skin toxicity in porcine skin viability, and dose-dependent increases in IL-1B, IL-6,
(in vivo) and keratinocytes (in vitro), and found that IL-8, and TNF-a levels after 24 hrs of exposure. In con-
AgNPs induced a dose-dependent decrease in keratinocyte  trast, AgNPs only induced focal inflammation in skin after
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14 days of administration.*® These findings agreed with
our results showing that AgNPs induced increased cyto-
kine secretion from 2D keratinocytes, but not from 3D
EpiKutis.

As shown in Figure 7B, levels of inflammatory cytokines,
particularly IL-1a and IL-8, were decreased following expo-
sure of 3D EpiKutis to AgNPs. These results indicated that
keratinocytes in the EpiKutis model were protected from
direct exposure to AgNPs, as evidenced by poor penetration
of Ag into the EpiKutis tissue (0.9 £ 0.1%), and by
unchanged tissue viability and LDH release. Therefore, the
cells in the EpiKutis model maintained a balance between
inflammatory and anti-inflammatory responses through self-
regulation, resulting in protection against mild AgNP-
induced oxidative stress. This balance resulted in reduced
inflammation in EpiKutis compared to that in 2D keratino-
cytes, as evidenced by reduced secretion of inflammatory
cytokines. However, more intense stimulation could disrupt
the balance between the cellular inflammatory response and
the cellular anti-inflammatory response, which was observed
in 2D keratinocyte cultures, as evidenced by increased levels
of pro-inflammatory cytokines and decreased cell viability.

Cells within the EpiKutis model were protected from
AgNPs due to good barrier function, which was consistent
with findings that only minimal silver penetrated the skin
in vivo.” The results of this study demonstrated that the
evaluation of nanoparticles should be performed using 3D
epidermal models to provide a better estimate of in vivo
effects.

Conclusion

In this study, the reconstructed 3D epidermal model
EpiKutis showed good tissue viability (OD values
between 1.0 and 2.5) and good barrier function (ETsq
between 1 and 3 h). Therefore, this model was used to
evaluate AgNP toxicity. In vitro evaluation of EpiKutis
and 2D keratinocytes showed that equivalent doses of
AgNPs resulted in significant oxidative damage- and
inflammation-related cytotoxicity in 2D keratinocyte cul-
tures, but not in 3D EpiKutis preparations. The barrier
function in the EpiKutis model was evidenced by reduced
silver permeation and penetration. Therefore, the present
study suggested that skin toxicity studies using the 3D
EpiKutis model might be more likely to reflect real phy-
siological responses to AgNPs than 2D monolayer models.
Our study showed that the EpiKutis model may be appro-
priate for the evaluation of nanotoxicity, particularly with
regard to AgNPs. Furthermore, use of this model should be

considered for the evaluation of medical products
embedded with nanomaterials.
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