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Abstract

Silver compounds have been used for their medicinal properties for centuries. At
present, silver nanoparticles (AgNPs) are reemerging as a viable topical treatment
option for infections encountered in burns, open wounds and chronic ulcers. This study
evaluated the in vitro mechanisms of two different sizes of AgNPs (4⋅7 and 42 nm)
toxicity in normal human dermal fibroblasts. The toxicity was evaluated by observing
cell viability and oxidative stress parameters. In all toxicity endpoints studied (MTT
and lactate dehydrogenase assays), AgNPs of 4⋅7 nm were much more toxic than
the large AgNPs (42 nm). The cytotoxicity of both AgNPs was greatly decreased by
pre-treatment with the antioxidant N-acetyl-L-cysteine. The oxidative stress parameters
showed significant increase in reactive oxygen species levels, depletion of glutathione
level and slight, but not statistically significant inactivation of superoxide dismutase,
suggesting generation of oxidative stress. Thus, AgNPs should be used with caution for
the topical treatment of burns and wounds, medical devices etc, because their toxicity
depends on the size, the smaller NPs being much more cytotoxic than the large.

Introduction

The prefix ‘nano’ is derived from the Greek word ‘nanos’ mean-
ing ‘dwarf’. Nanotechnology involves the manipulation and
application of engineered particles or systems that have at least
one dimension less than 100 nanometres (nm) (1). On 18 Octo-
ber 2011, the European Commission defined ‘nanomaterial’ as
‘a natural, incidental or manufactured material containing parti-
cles, in an unbound state or as an aggregate or as an agglomerate
and where, for 50% or more of the particles in the number
size distribution, one or more external dimensions is in the size
range 1 nm–100 nm’. Application of this novel technology is
now widely spread throughout all areas of life and still expand-
ing. With the reduction in their size and concomitant increase in
their specific surface area per unit mass, the nanoparticles (NPs)
possess unique physico-chemical properties, which have led to
these small objects becoming attractive and useful research and
production units (2).

However, the same characteristic making NPs so attractive to
be used in new products have led to concerns that NPs may pose
a risk for humans and the environment (3). So, an improved
understanding of the potential risks comprising exposure and
hazard assessments, associated with exposure to nanomaterials

is necessary (4) to check their toxicity or safety. Toxicolog-
ical investigations of NPs imply that size, shape, chemical
composition, surface charge, solubility, their ability to bind
and affect biological sites as well as their metabolism and excre-
tion influence the toxicity of NPs (5,6). For example, NPs of
smaller size can enter the mitochondria of cells through various
pathways, subsequently inducing oxidative stress and cell death
via apoptosis (7). This is also reflected in a scientific opinion by
the European Food Safety Authority (EFSA) Scientific Com-
mittee who concluded from the existing studies that NPs might

Key Messages

• silver nanoparticles (AgNPs) are used for the treatment of
wounds and burns, and little is known about their toxicity

• in this study, the cytotoxic effect of AgNPs of different
sizes (4⋅7 and 42 nm) on normal human dermal fibrob-
lasts was evaluated

• the results showed a size-dependent toxicity. This toxicity
may be due to oxidative stress, as the cellular antioxidant
status was disturbed
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Table 1 Characteristics of silver nanoparticles (AgNPs) obtained from Nanogap

Code Particles Average*±SD (nm) Dispersion solution
Density
(g/ml)

Density of
particle (part/l) Colour pH

2106-W AgNP 4⋅7 4⋅7±1 Aqueous solution
with PEI and PVP

1⋅024 1⋅75× 1019 Black, yellow
(when diluted)

9⋅3

2103-W AgNP 42 42±9 Aqueous solution 1⋅01 Nd Brown Nd

Nd, no information provided; PEI, polyetherimide; PVP, polyvinylpyrrolidone.
*As provided by company.

have different toxicological properties than the bulk substance,
but their risks should be assessed on a case-by-case basis (8).

It is estimated that of all the nanomaterials used in con-
sumer products, silver nanoparticles (AgNPs) currently have
the highest degree of commercialisation (9). Owing to their
strong antibacterial property, AgNPs are largely used as a com-
ponent of various commercially available products such as tex-
tiles, medical devices, contraceptives, water disinfectants and
room spray (10–12). Moreover, AgNPs are used for the treat-
ment of wounds and burns, as well as for coating on implants
(13). Despite the increasing use of AgNPs in commercial prod-
ucts, little is known about the toxicity and cellular responses to
AgNPs, and therefore the potential impacts of AgNPs on human
and environmental health.

Because of the extensive presence of AgNPs in textiles,
wound dressing, sport clothing and other products that come
in direct contact with the skin, dermal exposure must be care-
fully evaluated. Some authors suggested an increased dermal
penetration of AgNPs associated with damaged skin during in
vitro experiments (14) or following the use of AgNPs-coated
dressings in case of extensive burns (15). Keratinocytes in
culture were used to assess the cytotoxic effects of AgNPs
released from several types of silver-containing dressings, and
the result of these studies showed that keratinocyte prolif-
eration was significantly inhibited after exposure to extracts
of nanocrystalline-coated dressings (16,17). The toxicity of
AgNPs has also been investigated in others cell types, including
BRL3A rat liver cells (18), PC-12 neuroendocrine cells (19),
human alveolar epithelial cells (20) and germline stem cells
(21). The toxicity of AgNPs is mainly due to oxidative stress
(22). AgNPs were reported to act via reactive oxygen species
(ROS) generation and glutathione depletion (18). The deple-
tion of antioxidants including glutathione and protein-bound
sulphydryl groups and the increase in activity of various antiox-
idant enzymes indicative of lipid peroxidation have been impli-
cated in oxidative damage of cell molecules (23).

For in vitro studies with AgNPs, the selection of cell types
representing the target tissue is very important. Assessment of
human fibroblast cytotoxicity in vitro has been a useful tool for
characterising cell toxicity of topically applied antiseptics (24).
In this study, normal human dermal fibroblasts (NHDF) have
been used because it is relevant to consider the implications of
dermal exposure to AgNPs, due to exploitation of these NPs
within wound dressings (25).

The main goal of the present work was to study how AgNPs
of different sizes (4⋅7 and 42 nm) interact with normal human
dermal fibroblast in order to understand the impact of such
nanomaterials on cellular biological functions. In addition, total

glutathione content, activity of superoxide dismutase (SOD)
and ROS generation were used to evaluate feasible mechanisms
by which AgNPs exerted their toxicity.

Material and methods

Chemicals

All chemicals were reagent-grade or higher and were obtained
from Sigma–Aldrich (St Louis, MO), unless otherwise
specified. Water-based solutions of AgNPs of 4⋅7 and 42 nm
in diameter were purchased from Nanogap Subparticles (A
Coruña, Spain). A summary of the characterisation according
to the manufacturer’s data is available in Table 1. Stock solu-
tions of AgNPs were diluted to the required concentrations
using the respective cell culture medium. N-acetyl-L-cysteine
(NAC) was purchased from Sigma–Aldrich.

Characterisation of nanoparticles

The characterisation of AgNPs to determine their primary sizes
and their morphology in aqueous solution by transmission elec-
tron microscopy (TEM) was conducted in previous studies (26).
Dynamic light scattering (DLS) was used for characterisation
of hydrodynamic size of AgNPs after incubation in cell-free
culture media (0⋅02% v/v) for 24 hours at 37∘C, performed
on a Malvern Instruments Zetasizer Nano-ZS from Instituto
Nacional de Investigación y Tecnología Agraria y Alimenta-
ria (INIA), Madrid, Spain, as described by Murdock et al. (27).
The method yields a hydrodynamic diameter, which is calcu-
lated particle diameter of a sphere that has the same measured
motion in the solute as the actual particle.

Cell culture

NHDF were purchased from commercial PromoCell GmbH
(Heidelberg, Germany). NHDF were cultured as monolayer
in Fibroblast Basal medium supplemented with 2% v/v foetal
calf serum, 1 ng/ml basic fibroblast growth factor and 5 μg/ml
insulin. Culture medium and supplements were purchased from
PromoCell GmbH. The human cell culture was incubated at
37∘C and 100% humidity in a 5% CO2 atmosphere.

Cytotoxicity endpoints

MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] reduction and lactate dehydrogenase (LDH) leakage
were used as parameters for cytotoxicity assessment. The
MTT assay was assessed according to the manufacturer’s
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instructions (Cell Proliferation Kit I; Roche, Indianapolis, IN).
Briefly, NHDF (5× 105 cells/ml) were plated onto multiwell
systems and incubated for 24 hours. After seeding, 100 μl
of different concentrations of AgNPs (0⋅84–2000 μg/ml) or
negative (without AgNPs) and positive controls [20 mM of
N-nitrosodibutylamine, NDBA, 5% cell viability; (28)] were
added to the wells and the plates were incubated for 24, 48 and
72 hours at 37∘C and 100% humidity in a 5% CO2 atmosphere.
In order to reduce agglomeration, the AgNPs suspensions
were mixed using vortex for 20 seconds and sonicated for
30 minutes. The optical density (OD) of each well was read at
620 nm (test wavelength) and 690 nm (reference wavelength)
by an enzyme-linked immunosorbent assay (ELISA) with a
built-in software package for data analysis (iEMS Reader MF,
Labsystems; Helsinki, Finland).

The percentage of cell survival [% succinate dehydrogenase
(SDH)] is defined as the ratio of the number of cells in the pres-
ence of AgNPs to the number in the absence of AgNPs; that is,
%SDH activity= (A1/A0)× 100, where A1 is the absorbance of
the cells exposed to the AgNPs and A0 is the absorbance of the
negative control. All the concentrations were tested in 12 repli-
cates and values presented in this article are mean± standard
deviation of three independent experiments.

Membrane integrity was assessed by measuring extracellular
LDH according to the procedures described in manufacturer’s
instructions [Cytotoxicity Detection Kit (LDH)]. Briefly,
NHDF were seeded in 96-well plates at a density of 5× 105

cells/ml culture medium. After 24 hours of seeding, 100 μl of
different concentrations of AgNPs (0⋅84–2000 μg/ml) or nega-
tive and positive controls were added to the wells and the plates
were incubated for 24, 48 and 72 hours at 37∘C and 100%
humidity in a 5% CO2 atmosphere. In order to reduce agglom-
eration previously, the AgNPs suspensions were mixed using
vortex for 20 seconds and sonicated for 30 minutes. Cell-free
culture media was collected from each well and incubated with
a reaction mixture for 30 minutes. The plates were read with a
microplate reader at 490 nm. A solution of 2% Triton X-100,
which lead to 100% cytotoxicity through cell lysing and thus
to maximum LDH leakage, was used as a positive control.

The release of LDH leakage was calculated as follows:
LDH leakage (%)= (experimental value− untreated control)/
(positive control− untreated control)× 100. All the concen-
trations were tested in 12 replicates and values presented in
this article are mean± standard deviation of three independent
experiments.

Results obtained by the MTT and LDH assays were also
expressed as EC50 values. The EC50 values represent the effec-
tive concentration of AgNPs that decreases the amount of viable
cells to 50% of the maximum.

Protective effect of NAC against AgNPs-induced

cytotoxicity

NAC is an important antioxidant and serves as a precursor for
the synthesis of glutathione (29). The protective effect of NAC
against AgNPs-induced cytotoxicity was evaluated using the
MTT assay. Briefly, NHDF were pre-treated for 2 hours with
NAC at different concentrations (1, 5, 10 and 20 mM) prior to
a 24-hour treatment with the EC50 (concentration of AgNPs

yielding 50% growth inhibition) of the corresponding AgNPs
calculated by MTT assay. Then, the procedure is similar to the
MTT assay described above.

Intracellular ROS measurement

ROS production was determined using 2′,7′-dichlorodihydro-
fluorescein diacetate (H2DCFDA) from Molecules Probes
(Eugene, OR). H2DCFDA diffuses through the cell membrane
and is hydrolysed by esterases to non-fluorescent dichloroflu-
orescein (DCFH). In the presence of ROS, this compound is
oxidised to highly fluorescent dichlorofluorescein (DCF). For
these experiments, NHDF were seeded in 24-well plates at
a density of 2× 105 cells/ml culture medium. After seeding,
1 ml of AgNPs of 4⋅7 (3⋅36 μg/ml) and 42 nm (100 μg/ml) or
positive control (20 mM NDBA, 90% ROS production; (28))
were added to the wells and the plates were incubated for 48,
24, 3 hours, and 30 and 15 minutes. Previously, we performed
the assay with different concentration of AgNPs of 4⋅7 and
42 nm to select the highest ROS production. However, with
AgNPs significant ROS production could only be measured
at the lower concentrations. Then, 2× 105 cells were washed
with phosphate buffered saline (PBS) loaded for 30 minutes
with H2DCFDA (10 μM) and incubated in a water bath (37∘C).
Cells were kept on ice and fluorescence intensity was read
immediately with a FACS Calibur flow cytometer (Becton &
Dickinson, Franklin Lakes, NJ) and the CellQuest software
(Centro de Microscopía y Citometría, UCM, Madrid, Spain).
For each experiment, 104 cells were analysed.

Total glutathione content

The total glutathione content was measured using a com-
mercial colorimetric assay kit, OxiSelect Total Glutathione
(GSSG/GSH; Cell Biolabs, Inc.; San Diego, CA). The assay
was assessed according to the manufacturer’s instructions.
Briefly, NHDF were treated with 24 hours MTT EC50 of the
corresponding AgNPs for 24, 48 and 72 hours. After treatment,
cells were centrifuged and washed with cold 1× PBS. The pellet
was resuspended with 200–500 μl ice-cold 0⋅5% metaphospho-
ric acid (MPA), the cells were again centrifuged at 1200 rpm
for 5 minutes at 4∘C and the supernatant was collected. Then,
25 μl 1× glutathione reductase and 25 μl 1× NADPH were
added in 96-well plate and after that 100 μl of the samples
were added. Finally, 50 μl 1× chromogen was added and mixed
briefly. Immediately, the absorbance was recorded at 405 nm at
2 minutes intervals for 10 minutes.

The total glutathione content was determined by comparison
with the predetermined glutathione standard curve. The results
were expressed as percentage of total glutathione (GSSG/GSH)
content.

SOD activity

SOD activity was measured using a commercial colorimetric
assay kit, OxiSelect Superoxide Dismutase Activity (Cell Bio-
labs, Inc., San Diego, CA). Briefly, NHDF were treated with
24 hours MTT EC50 of the corresponding AgNPs for 24, 48 and
72 hours. After treatment, cells were washed with ice-cold PBS
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Figure 1 Dynamic light scattering (DLS) size distribu-
tions for 24 hours incubations of silver nanoparticles
(AgNPs) 4⋅7 nm (panel A) and AgNPs 42 nm (panel B) in
normal human dermal fibroblasts (NHDF) media.

and then were incubated on ice with 1× Lysis Buffer (10 mM
Tris, pH 7⋅5, 150 mM NaCl, 0⋅1 mM EDTA, 0⋅5% Triton
X-100) for 10 minutes. Later, cells were centrifuged at 12 000g
for 10 minutes and the cell lysate supernatant was collected and
added (10 μl) to 96-well plate and then the master mixture was
added. Finally, 10 μl 1× Xanthine Oxidase Solution was added
and immediately the absorbance was read at 490 nm.

The results were expressed as percentage of SOD activity
and were calculated as follows: SOD activity= [(A0 −A1)/
A0]× 100, where A0 is the absorbance of the negative control
and A1 is the absorbance of the cells exposed to the AgNPs.

Statistical analyses

All means were calculated from three independent experiments
and are expressed in the graphs as mean and standard deviation.
The Student’s t-test was used for statistical comparison and
differences were considered significant at P≤ 0⋅05. Descriptive
and graphical methods were used to characterise the data. All
tests were performed with the software package Statgraphics
Plus 5⋅0 (Warrenton, VA).

Results

Characterisation of nanoparticles

The particle size, shape and size distribution of AgNPs of
4⋅7 and 42 nm in aqueous solution by TEM were conducted

in previous studies in our laboratory (26). Results showed
that majority of the AgNPs (both size) were approxi-
mately spherical, multifaceted or slightly elongated shape
and well-dispersed. The size measurement of AgNPs of 4⋅7
and 42 nm showed a diameter of 5⋅5 nm± 2⋅77 nm (SE) and
41⋅06 nm± 9⋅29 nm, respectively. In this study, the particle
size of the AgNPs of 4⋅7 and 42 nm in free culture media as
imaged by DLS are shown in Figure 1. The DLS size analysis
(Figure 1A) showed that AgNPs of 4⋅7 nm showed agglomer-
ation in fibroblast media, with a major peak size at 138⋅9 nm
(∼94% intensity) and two minor peaks at 10⋅84 and 4222 nm
(∼3⋅3% and 2⋅7% intensity, respectively). AgNPs of 42 nm
also showed agglomeration in fibroblast media, with peak size
at 259⋅9 nm (∼99⋅7% intensity; Figure 1B).

Effect of AgNPs on cellular viability

MTT and LDH leakage, two cytotoxicity markers, were used to
evaluate the effects of AgNPs on cellular viability. The results
of the MTT assay showed a significant decrease of NHDF cell
growth when exposed to AgNPs of 4⋅7 nm at the concentrations
of 6⋅72 (13%, 8% and 9% of cell survival) and 13⋅45 μg/ml
(12%, 8% and 6% of cell survival) for all treatment times.
The EC50 value was 4⋅17 μg/ml± 0⋅64 μg/ml at 24 hours of
incubation (Figure 2). In parallel, results obtained by LDH
assay showed that the percentage of LDH leakage presented a
strong increase at concentrations of 6⋅72 (93%, 91% and 94%
of LDH leakage) and 13⋅45 μg/ml (96%, 99% and 98% of LDH
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Figure 2 Effects of silver nanoparticles (AgNPs) 4⋅7 nm on normal human dermal fibroblasts (NHDF) cell viability by MTT and lactate dehydrogenase
(LDH) assays. Cells were cultured with different doses of AgNPs for 24 ( ), 48 ( ) and 72 ( ) hours. C0 – untreated cells. Asterisks indicate significant
difference from control ***P ≤0⋅001 and *P ≤0⋅05.

leakage), 5⋅01μg/ml± 1⋅07 μg/ml being the EC50 value after
24 hours of treatment.

Figure 3 shows the cytotoxic effect of AgNPs of 42 nm on
NHDF cells. Data obtained by MTT assay showed a 50% reduc-
tion on cell viability after treatment with 2000 μg/ml AgNPs
for all incubation times. These results were confirmed by
LDH assay. The concentration of 2000 μg/ml AgNPs increased
52% of the LDH released, with EC50 value of 1959 μg/
ml± 7⋅39 μg/ml.

Protective effect of NAC against AgNPs-induced

cytotoxicity

Among the multiple mechanisms that are attributed to NAC,
highlights its antioxidant activity and therefore its ability to
trap or react with ROS (30). AgNP-induced inhibition of MTT
reduction was largely prevented by NAC (Figure 4). The via-
bility of NHDF cells pre-treated with 20 mM NAC prior to
a 24-hour treatment with 24 hours MTT EC50 of AgNPs of
4⋅7 nm increased to 100%. However, with the treatment of
24 hours MTT EC50 of AgNPs of 42 nm, cell viability increased
to approximately 77% (5, 10 and 20 mM NAC). Thus, our
results suggest that oxidative stress is primarily responsible for
the cytotoxicity of AgNPs.

AgNP-derived induction of ROS

The generation of ROS and oxidative stress appear to be
the two main mechanisms of toxicity (31). To investigate the
potential role of oxidative stress induced by AgNPs, ROS
generation was measured. After treatment of NHDF with
AgNPs of 4⋅7 and 42 nm, DCF fluorescence was measured
by flow cytometry and expressed as percentage of control. A
significant increase of ROS levels was observed after treat-
ment with AgNPs of 4⋅7 (3⋅36 μg/ml) and 42 nm (100 μg/ml),
reaching the maximum signal after 3 and 24 hours treat-
ment, respectively. ROS levels increased 2⋅41-fold (AgNPs of
4⋅7 nm) and 1⋅76-fold (AgNPs of 42 nm) more than the control
(Figure 5).

Cellular antioxidant response

The action of intracellular molecular antioxidants (glutathione)
and regulation of antioxidant enzymes activity, such as SOD
are shown in Figures 6 and 7. Our data demonstrated that
a significant depletion (P< 0⋅01) of total glutathione content
(GSSG/GSH) occurred in AgNPs (4⋅7 and 42 nm)-exposed
cells. Total glutathione content (GSSG/GSH) in NHDF exposed
to 24 hours MTT EC50 of AgNPs of 4⋅7 nm, reduced approx-
imately to 5% relative to control, for 24, 48 and 72 hours
(Figure 6). The treatment with 24 hours MTT EC50 of AgNPs
of 42 nm depleted GSSG/GSH to 29⋅5% (24 hours) and 3⋅7%
(48 and 72 hours) relative to the controls (Figure 6).

The activity of antioxidant enzymes was also modulated
(Figure 7). SOD activity was very slightly reduced after NHDF
treatment with the 24 hours MTT EC50 of AgNPs of 4⋅7 and
42 nm for 24, 48 and 72 hours (approximately 8% and 17%
relative to controls, respectively), but this reduction was not
statistically significant.

Discussion

AgNPs have been integrated into hundreds of products that
affect the daily lives of millions of people in many countries.
According to the silver nanotechnology commercial inventory
(SNCI) (32), only 45% of the listed products reported the
NP size used in the product, ranging from 0⋅3 nm to 250 nm,
24 nm being the average NP size of all reported products. Their
main use is for disinfection in wound care and in products
such as odour-reducing clothing, acne creams and face masks.
However, despite their widespread use, information on how
companies synthesised the AgNPs and the characteristics of
these or how they specifically integrated it into their product
is lacking. Most of these products come into direct contact with
skin, the largest organ of the human body, and could serve as a
potential route for NP penetration. Therefore, the relationship
of AgNPs in skin needs to be investigated. In the wound healing
process, dermal fibroblasts are the main cell types implicated in
the extracellular matrix production (33). Considering this fact,
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Figure 3 Effects of silver nanoparticles (AgNPs) 42 nm on normal human dermal fibroblasts (NHDF) cell viability by MTT and lactate dehydrogenase
(LDH) assays. Cells were cultured with different doses of AgNPs for 24 ( ), 48 ( ) and 72 ( ) hours. C0 – untreated cells. Asterisks indicate significant
difference from control ***P ≤0⋅001 and **P ≤0⋅01.

Figure 4 Protective effects of N-acetyl-L-cysteine (NAC) against treat-
ment with 24 hours MTT EC50 doses of silver nanoparticles (AgNPs)
of 4⋅7 ( ) and 42 nm ( ) in normal human dermal fibroblasts (NHDF)
cell viability by MTT assay. Cells were cultured with different doses of
NAC for 24 hours. Asterisks indicate significant difference from control
***P ≤0⋅001, **P ≤0⋅01 and *P ≤ 0⋅05.

in this study we have selected NHDF cell line to evaluate the
cytotoxic potential of AgNPs of various sizes.

The physico-chemical characteristics of NPs play a signif-
icant role in their effect on biological systems (34,35). The
principal parameters of NPs are their shape, size, surface area
and the morphological substructure of the substance. Other very
important parameter is the state of agglomeration. Agglomera-
tion is known to occur with the majority of engineered NPs with
high surface activity (36). In addition, agglomeration of NPs has
been demonstrated to have a profound impact on their toxic-
ity in vitro (37). In this study, AgNPs were found to agglom-
erate within NHDF culture media (Figure 1). After incuba-
tion on NHDF media, the diameter of AgNP 4⋅7 nm increased
to138⋅9 nm, which was around 29 times larger than the primary
particle sizes obtained using DLS technique. The diameter
of AgNP 42 nm also increased to 259⋅9 nm after incubation

Figure 5 Time-course of reactive oxygen species (ROS) production in
untreated normal human dermal fibroblasts (NHDF) cells ( ) and treated
with silver nanoparticles (AgNPs) of 4⋅7 nm ( ) or AgNPs of 42 nm
( ). Asterisks indicate significant difference from control **P ≤0⋅01 and
*P ≤0⋅05.

on NHDF media, around six times larger than the primary
particle sizes. These results indicate the possible interaction of
AgNPs with the cell culture media, which have been widely
reported with different NPs that leads to the formation of ‘pro-
tein corona’ (38,39). Therefore, not only the size of the primary
NPs but also the size of the secondary NPs could be used as
a characteristic parameter to determine the in vitro toxicity of
NPs in a cell culture medium (40).

Viability assays are vital steps in toxicology that explain
the cellular response to a toxicant. Also, they give informa-
tion on cell death, survival and metabolic activities. The use
of several viability assays is important to determine the opti-
mal assay to assess AgNPs toxicity; therefore, mortality of
NHDF cells after AgNPs exposure was evaluated with two dif-
ferent assays, MTT and LDH, which use colorimetric mark-
ers to determine cell viability by assessing cell metabolism.
The two assays showed that both AgNPs (4⋅7 and 42 nm) con-
tributed to a decrease in NHDF viability. Arora et al. (41)

© 2014 The Authors
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Figure 6 Effects of silver nanoparticles (AgNPs) of 4⋅7 and 42 nm in the
total glutathione content on normal human dermal fibroblasts (NHDF)
cells. Cells were cultured with 24 hours MTT EC50 doses of AgNPs for 24
( ), 48 ( ) and 72 ( ) hours. Control – untreated cells. Asterisks indicate
significant difference from control **P ≤0⋅01 and *P ≤0⋅05.

Figure 7 Effects of silver nanoparticles (AgNPs) of 4⋅7 and 42 nm in the
superoxide dismutase (SOD) activity on normal human dermal fibroblasts
(NHDF) cells. Cells were cultured with 24 hours MTT EC50 doses of
AgNPs for 24 ( ), 48 ( ) and 72 ( ) hours.

also observed a decrease in dermal fibroblasts viability after
treatment with AgNPs of 7–20 nm. Furthermore, the AgNPs
have also shown to be cytotoxic to mouse fibroblasts (L929),
human fibrosarcoma (HT-1080) and normal human lung fibrob-
lasts (IMR-90) (42–44). Viability reduction based upon the
EC50 values was size-dependent and AgNPs of 4⋅7 and 42 nm
exhibited a dramatic difference in cytotoxicity. Small AgNPs
(4⋅7 nm) were much more cytotoxic than large NPs (42 nm).
The AgNPs of 4⋅7 nm exhibited an EC50 value of 4⋅17 μg/ml
and 5⋅01 μg/ml (MTT and LDH, respectively),whereas the EC50
AgNPs of 42 nm was 2000 μg/ml and 1959 μg/ml (MTT and
LDH, respectively), about 400-fold less cytotoxic. According to
this fact, particle size has been demonstrated to influence toxic-
ity (31,42,45,46), tissue distribution (47), intestine and dermal
penetration (48) and cellular uptake (49). In general, greater
effects were observed for smaller NPs. Accordingly, smaller
NPs have a wider tissue distribution, penetrate further within
the skin and intestine, are internalised to a greater extent and
have a larger toxic potency (25).

It has been suggested that the general trend of NP cyto-
toxicity is similar among various types of NPs (50) and that
non-specific oxidative stress is one of the largest concerns in
NP-induced toxicity (51,29,52). Consistent with those findings,
our results showed that the cytotoxicity induced by AgNPs
(4⋅7 and 42 nm) was efficiently prevented by NAC treatment
(Figure 4). These findings suggest that oxidative stress is pri-
marily responsible for the cytotoxicity of AgNPs. A number
of studies have implicated the production of ROS in cytotox-
icity mediated by NPs (53). In our study, a fluorogenic assay
was used to measure the production of ROS at different times.
The results showed that there was a significant increase in ROS
after treatment with AgNPs. AgNPs of 4⋅7 nm induced dras-
tic increase in ROS production on NHDF cells after 3 hours
(241%). However, AgNPs of 42 nm induced a lower ROS pro-
duction (176%) on NHDF cell line after 24 hours than AgNPs
of 4⋅7 nm. Thus, ROS production on NHDF was also depen-
dent on the particle size. Carlson et al. (54) observed similar
results in macrophages, as smaller AgNPs (15 nm) showed the
highest production ROS. It is recognised that there is a direct
relationship between surface area and ROS generation capabil-
ity. Smaller NPs possessed greater surface area per unit mass,
leading to a larger number of atoms or molecules to be displayed
on the surface instead of the interior of the particles. Therefore,
lots of active sites were created on the particle surface, which
could capture oxygen molecules and produce superoxide radi-
cals as well as other kinds of ROS through dismutation (29).

To confirm the possible role of oxidative stress as a mecha-
nism of AgNPs-induced toxicity, the effects on total glutathione
content and SOD activity were monitored. GSH is an important
antioxidant and ROS scavenger of the cell. Thus, preserving
the GSH-mediated antioxidant defence is critical for cell sur-
vival (55–57). In our study, the total gluthatione content was
completely depleted in NHDF exposed to AgNPs of 4⋅7 and
42 nm after 72 hours (95–96%). Other authors such as Arora
et al. (43), Carlson et al. (54) and Piao et al. (58), also observed
decreased levels of GSH after treatment with AgNPs. However,
the changes observed in the activity of SOD were not statis-
tically significant in NHD after treatment with AgNPs of 4⋅7
and 42 nm. This result is suggestive of a differential and less
pronounced response by these cellular defence mechanisms as
compared with GSH. Arora et al. (41) did not observed statisti-
cally significant changes in the levels of SOD on fibroblast after
treatment with AgNPs.

Conclusions

Size measurement study of AgNPs in the cell culture media
showed the interaction of AgNPs with the NHDF media compo-
nents that suggest significant protein adsorption by the NPs in
the cell growth media. Small AgNPs (4⋅7 nm) were found to be
much more cytotoxic than large AgNPs (42 nm). In addition,
the cytotoxicity induced by AgNPs was efficiently prevented
by NAC treatment. This fact together with the increased gener-
ation of ROS and decreased levels of total gluthatione content
observed, support the hypothesis that the cells are undergoing
oxidative stress, which could ultimately lead to the observed
cytotoxicity. Thus, AgNPs should be used with caution for
the topical treatment of burns, wounds, medical devices etc.,

© 2014 The Authors
International Wound Journal © 2014 Medicalhelplines.com Inc and John Wiley & Sons Ltd 107



Silver nanoparticles and fibroblasts A. Avalos et al.

because their toxicity depends on the size, the smaller NPs
being much more cytotoxic than the large. Abnormal eleva-
tion of blood silver level and argyria-like symptoms follow-
ing the use of AgNPs (15 nm)-coated dressings for burns were
described in one clinical report (15). Elevated liver enzyme lev-
els were also evident, insinuating that liver injury had occurred
as a consequence of treatment. Hence, this case study provided
evidence that silver is able to become systematically available
following dermal contact.
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