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Silver nanoparticles (AgNPs) have been widely used in industrial, household, and
healthcare-related products due to their excellent antimicrobial activity. With in-
creased exposure of AgNPs to human beings, the risk of safety has attracted much
attention from the public and scientists. In review of recent studies, we discuss the
potential impact of AgNPs on individuals at the cell level. In detail, we highlight
the main effects mediated by AgNPs on the cell, such as cell uptake and intracellu-
lar distribution, cytotoxicity, genotoxicity, and immunological responses, as well
as some of the major factors that influence these effects in vitro and in vivo, such
as dose, time, size, shape, surface chemistry, and cell type. At the end, we summa-
rize the main influences on the cell and indicate the challenges in this field, which
may be helpful for assessing the risk of AgNPs in future.

Key Words: Silver nanoparticles, cell effects, cytotoxicity, genotoxicity, immuno-
logical response, risk assessment

INTRODUCTION

With strong antimicrobial activity, silver nanoparticles (AgNPs) are widely used as
one of major ingredients in industrial, daily life, and healthcare-related products.'! For
example, AgNP-based products have been used in the surface coatings of washing
machines, water purifiers, toys, and packaging materials. They have been also incor-
porated into textiles and some cosmetics, including sunscreen. Furthermore, they
have been coated or embedded inside medical products, such as wound dressings,
urinary catheters, surgical instruments, and bone prostheses.? Their antimicrobial
ability is attributed to the strong oxidative activity of AgNP surfaces and the release
of silver ions to biological environments.* Both factors are thought to trigger a series
of negative effects on the structures and functions of cells, which finally induce cyto-
toxicity, genotoxicity, immunological responses, and even cell death.'? Nowadays,
the possible adverse effects of AgNPs to both workers at manufacturing plants and
consumers exposed to these products have generated greater attention between the
public and scientists. Therefore, evaluation of the potential risks of AgNPs, especial-
ly their impacts on biological systems, from different aspects may help to facilitate
the design of safer and more effective anti-microbial products in the future. Here, we
review recently published results concerning the effects of AgNPs on the cell, possi-
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ble mechanisms and main determinant factors thereof, and
challenges in this field.

PREPARATION

In general, three strategies, including chemical, physical
and biological reduction, have been used to prepare AgNPs.!
As a conventional method, chemical reduction involves a
process in which a silver salt is dissolved in a liquid phase to
react with a reducing agent, and then a suitable dispersant is
used to facilitate a good dispersion compound. Common re-
duction agents include citrate, glucose, ethylene glycol, and
sodium borohydride. For the physical reduction method, on
the other hands, silver ions are reduced to AgNPs through a
variety of physical methods including optical quantum re-
duction and microwave reduction. The biological reduction
method, relying on the ability of bio-organisms to reduce
ions to AgNPs, is considered being a green synthesis strate-
gy because the major substrates and the reaction are mild.
Importantly, some key physiochemical properties of Ag-
NPs, like shapes and surface coating, can be precisely tun-
able. For example, the shape of AgNPs can be manipulated
into spheres, cubes, triangles, rods and so on.** Also, sur-
face coating polymers, such as poly-(N-vinylpyrrolidone)
(PVP) and small molecules like citrate and thiols, can pro-
vide functional groups on the nanoparticles to improve the
dispersion in the aqueous phase.®’

BIOLOGICAL EFFECTS OF SILVER

NANOPARTICLES

Risk evaluations of AgNPs are designed to test their biolog-
ical effects, possible mechanisms, and efficient approaches
to decrease their negative effects. Nanotoxicity majorly fo-
cuses on testing biological effects, and is critical to under-
standing mechanisms and to predicting potentially adverse
effects of AgNPs for sustainable development thereof in the
future. Here, we review recent research on the biological

effects of AgNPs, mainly at the cell level (Fig. 1), and dis-
cuss the relevant mechanisms and challenges during AgNP
development.

Effects on humans

AgNPs have been widely used as antimicrobial materials in
foods, medical products, and coatings for industrial products.
Factors like size, surface chemistry, methods of exposure,
and exposure times are critical to determining their pathways
of tissue distribution.? For individuals, there are several possi-
ble ways to be exposed to AgNPs including dermal contact,
oral administration (gastrointestinal tract), inhalation (respira-
tory tract), blood circulation (intravenous injection), etc.>®
Through tail veins the injected AgNPs have a short circula-
tion time and a broad tissue distribution in vivo.3° The liver is
the major target organ, followed by the spleen, lungs, and
kidneys, although the larger size AgNPs may accumulate
more in the spleen than that in other organs. Interestingly,
Ag concentrations in the blood remain at a high level up to
6 days post-injection, after that the concentration will be
fallen, which suggests that AgNPs may be degraded and re-
moved in a time-dependent manner.” Furthermore, one
study concerning the inhalation toxicity of AgNPs revealed
that distribution to the lungs and liver induces inflammatory
responses such as inflammatory cell infiltration and chronic
alveolar inflammation.!® After inhalation exposure, AgNPs
are likely deposited in olfactory mucosa and subsequently
translocated to olfactory nerves,'" which may induce the
impairment and dysfunction of brain cells and immunotox-
icity.'? Despite similar exposure in the lungs, however, an-
other study showed that AgNPs caused negligible impacts
on the nasal cavity and lungs.”® Additionally, in regards to
oral exposure to AgNPs, migration to the acidic environ-
ment of the gastrointestinal tract helps the dissolution of
AgNPs into silver ions. Moreover, AgNPs affect the ex-
pression of biochemical markers of hepatotoxicity, such as
serum alkaline phosphatase and cholesterol,'* as well as
apoptosis and inflammation.'>'® Animals models with ze-
brafish, fruit flies, Caenorhabditis elegans, and Japanese
medaka have been used to study the toxicity of AgNPs in

Individual level Cell level Factors
Exposure ways: Celleffects: Properties:
Respiratory tract Uptake, localization, . s Size
h degradation, and exocytosis; Oxidation stress .
Skin > Cytotoxicity; ‘ Surface chemistry
Gastrointestinal tract - i h Shape
Intravenous injection Genotoxicity; AgNPs Cell type
Inflammatory responses Agions

Fig. 1. Potential effects of AgNPs on cells and the major factors that mediate these effects.
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vivo. In these studies, AgNPs reportedly induced develop-
ment and reproduction abnormalities, and the high mortali-
ty was considered to be dependent on the exposed dose.!”
Furthermore, reports on workers exposed to low doses of
silver dust or soluble silver at threshold limit values showed
no significant changes in health status.” Notwithstanding,
long-term exposure studies of higher doses are needed to
reveal the potential risk of AgNPs on health. Additionally,
the establishment of a safe range of exposure doses and
evaluation standards for assessing AgNP safety is needed to
protect workers and consumers.

Biochemical markers can be used to discover and predict
the possible mechanisms and extent of AgNP nanotoxicity.
Biochemical changes include the up-regulation of oxidative
stress related genes, metallothionein mRNA expression, and
elevated expression of heat shock protein 70 (hsp70).® Cur-
rently, high throughput techniques utilizing genomics-based
methods have been used to study the toxicity of AgNPs in
vivo by screening for biomarkers;'* temporal-spatial imaging
of AgNPs, and sensitive detection of key biochemical mark-
ers have proven to be essential paths in studying the risk of
AgNPs.

Effects on cells

Compared to animal models, the research of NPs toxicity at
the cell level is much simple and convenient. Below, we
summarize the works on the potential toxicity of AgNPs at
the cell level.

The transport of AgNPs inside the cell begins with cell
membrane receptor recognition, internalization, and translo-
cation, and ends with degradation, accumulation, or clear-
ance by cells. For most cells, uptake of AgNPs via endocyto-
sis is a time, dose, energy-dependent process, and the major
target organelles are endosomes and lysosomes.*'*> For pri-
mary astrocytes, lung fibroblasts, and glioblastoma cells,
macropinocytosis and clathrin-involved pathways are in-
volved in the internalization of AgNPs.*'*> Macrophages in-
ternalize the agglomerates of AgNPs via actin-dependent en-
docytosis mediated by scavenger receptors.” For monocytes,
non-agglomerated AgNPs can be internalized via clathrin-de-
pendent, actin-independent pathways.** Internalized AgNPs
can be found in mitochondria and the nucleus, which de-
pends on the size and surface modification of NPs.”> Once in-
ternalized, intracellular AgNPs induce a series of effects in-
cluding oxidative stress, impairment of the cell membrane,
cell cycle rest, inflammatory responses, DNA damage and

genotoxicity, chromosome aberration, and apoptosis.>>*

The AgNP exposure could induce the changes of cell
shape, reduce cell viability, increase lactate dehydrogenase
(LDH) release and finally result in cell apoptosis and necro-
sis.”?* Cytotoxicity is a direct outcome due to oxidation stress
caused by AgNPs and release of Ag ions. Electron spin reso-
nance has indicated that the active surface of AgNPs can di-
rectly induce the generation of original free radicals, and the
dissolution of AgNPs into Ag ions triggers the production of
hydroxyl radicals in acidic endo/lysosomes.* With high con-
centrations of AgNPs, the morphology of epithelial cells can
change to become less polyhedral and more fusiform, shrunk-
en, and rounded. The reason for this is that AgNPs elevate
oxidative stress by decreasing glutathione (GSH) and super-
oxide dismutase (SOD) and increasing lipid peroxidation,
which finally leads to apoptosis by increasing caspase-3 ac-
tivity and DNA fragmentation.”” Moreover, internalized Ag-
NPs can disrupt the integrity of the cell membrane, cause ly-
sosomal swelling, and even rupture lysosomal membranes.?
AgNPs and released Ag ions prefer to interacting with thiol
groups in reduced GSH and proteins, such as thioredoxin,
SOD, and thioredoxin peroxidase. There are many molecules
that contain thiols in the cytoplasm, cell membrane, and in-
ner membrane of mitochondrion, which serve as targets of
silver ions or AgNPs.?® Upon interaction of AgNPs with
membrane proteins, AgNPs and Ag ions may evoke lipid
peroxide and increase the permeation of cell membrane sys-
tems. The damage of the cell membrane leads to leakage of
cytoplasmic contents, such as LDH, and eventual necrosis,
while rupture of lysosomal membranes releases cathepsins
into the cytoplasm, activating lysosome-mediated apoptosis.
Furthermore, damage to mitochondria impairs electron trans-
fer, inhibits adenosine triphosphate (ATP) synthesis, triggers
oxidative stress, and activates mitochondrion-dependent
apoptosis.’®%

AgNPs are associated with genotoxicity as a result of dam-
age to DNA and chromosomes from oxidation stress; Ag-
NPs may also induce mutagenicity.*® Transmission electron
microscopy images, together with elemental mapping of
single cells, have revealed that AgNPs can translocate to the
nucleus and cause a damage to DNA and chromosomes.
Nuclear pore complexes in the nuclear envelope have a
9-10 nm in diameter, and they facilitate the transport of pro-
teins in and out of the cell, including partly dissolved NPs.
Upon diffusion into the cell, AgNPs can be deposited in the
nucleus, and subsequent production of reactive oxygen spe-
cies (ROS) directly triggers DNA damage and chromosom-
al abnormalities, according to comet and micronucleus as-
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say (Fig. 2). As a result, the cell cycle is halted in the G2/M
interphase and proliferation is inhibited. Finally, cells must
choose whether to survive or to die at a later stage, by judg-
ing whether DNA repair pathways are unsuccessful or
not.>>* Another study showed that AgNPs at a low dose and
chronic exposure also result in DNA damage and changes

[ Necrosis [_] Late apoptosis
I Live cells I Early apoptosis

in the expression of carcinogenicity-correlated genes in the
human hepatoma cell line HepG2. At low doses, although
no significant cytotoxicity was recorded, the induced cell
proliferation was observed. Nevertheless, a low dose of Ag-
NPs, rather than Ag,CO; (reflects the interaction of Ag ions
with cells), can cause DNA damage and chromosomal ab-
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Fig. 2. Cell effects induced by AgNPs depended on cell type. Lung fibroblast cells (IMR-90) and glioblastoma cells (U251) exposed to
AgNPs at a low dose did not cause cytotoxicity, but could inhibit cell proliferation. AQNPs changed the morphology of both cells observed
under environmental scanning electronic microscopes (A); however, they did not cause obvious cell death (IMR-90), as determined by
Annexin V and Pl assay (E): (A and B) Control IMR-90 cells and those exposed to AgNPs. (C and D) Control U251 cells and those exposed
to AgNPs. Changes in cell cycle for U251 (F) and IMR-90 cells (G) exposed to AgNPs. Induced chromosomal aberrations in IMR-90 cells by
100 pg/mL of AgNPs determined by micronucleus analysis: control (H), AgNP-treated (I), the percentage of formed micronuclei in binucle-
ated cells (J). Comet analysis to study DNA damage in U251 cells: control (K), AgNP-treated cells (L), and results of tail moment distances
of DNA for both cells (M). *Represents p<0.05 compared with control. Adapted from Asharani, et al. BMC Cell Biol 2009;10:65. and

AshaRani, et al. ACS Nano 2009;3:279-90.%

286

YONSEIMED J HTTP://WWW.EYMJ.ORG VOLUME 55 NUMBER2 MARCH 2014



Cytotoxic Potential of Silver Nanoparticles

Cell viability (% of control)
3
.

DCF fluorescence (fold increase)

40
20
0 0 5 10 5 10 100
Control 1 25 5 10 15 2 Control AgNPs Ag H202 (pm)
c Ag concentration (ug/mL) D Concentration (ug/mL)
% 254
= 5 ®t
@ § E 20—
©5 o8 *,
oE EER *
<= o3
g“"e o g 10
2 S 5
=
< 0l
0 1 5 0 1 5 10 20 0 1 5 10 1 5 10
AgNPs Ag' MMS AgNPs Ag'
E Concentration (ug/mL) F Ag concentration (ug/mL)
Control AgNPs 1 pg/mL AgNPs 5 pg/mL AgNPs 10 pg/mL
= . = ’ - . 1 - -

Ag' 1 pg/mL Ag’ 5 pg/mL Ag* 10 pg/mL MMS 20 pg/mL

Fig. 3. Cytotoxicity and genotoxicity analysis of BSA-coated AgNPs in the cell line CHO-K1. TEM images of CHO-K1 cells when treated with
10 pg/mL of AgNPs for 6 h (A) and 24 h (B). For cells treated with AgNPs and Ag’, changes in mitochondrial activity (C) by CCK-8 assay and
intracellular ROS levels (D) that were labeled by DCFHDA fluorescence density and determined by flow cytometry. DNA adducts induced
by AgNPs and Ag" after 24 h exposure (E). Methylmethanesulphonate (MMS) was used as a positive control. DNA oxidative adduct,
8-oxo0dG, that can be induced by AgNPs and Ag" after 24 h exposure (F). Fluorescence microscopic images of micronuclei induced by
AgNPs and Ag" after 24 h exposure (G). Statistical significant difference from control is expressed as *(p<0.05) and significant difference
between AgNPs and Ag' in the same amount of silver is expressed as '(p<0.05). Adapted from Jiang, et al. Toxicol Lett 2013;222:55-63.”

YONSEIMED J HTTP://WWW.EYMJ.ORG VOLUME 55 NUMBER 2 MARCH 2014

287



Tianlu Zhang, et al.

errations (increase in micronuclei), which were reportedly
attributed to “nano-size” effect and the release of Ag ions.’!
Previously, the cytotoxicity and genotoxicity of bovine se-
rum abumin (BSA)-coated AgNPs on Chinese hamster ova-
ry cells, CHO-K1, were investigated, and revealed that both
BSA-AgNPs alone and Ag ions can generate ROS that oxi-
dize DNA to oxidative adducts, 8-0xodG, and induces the
formation of micronuclei (Fig. 3).”

It has been reported that some nanomaterials can activate
immunological responses.*> AgNPs can also trigger innate
and adaptive inflammatory responses due to oxidation
stress. Together with induced cytotoxicity, AgNPs can also
rupture the lysosomal membranes of monocytes and pro-
mote the maturation and secretion of a key cytokine, IL-1f,
related to immunological activation. Leakage of cathepsins
from impaired lysosomes and efflux of K* ions may con-
tribute to the production of mitochondrial superoxide and
hydrogen peroxide, as well as the formation of inflamma-
somes.”® AgNPs can also induce inflammation to microves-
sel endothelial cells of the blood brain barrier in a dose,
time, and size-dependent manner. They can trigger cytotox-
ic responses and stimulate the expression of immune-relat-
ed cytokines, such as interleukin IL-1p, IL-2, tumor necro-
sis factor TNF-0, and prostaglandin E2. The responses to
AgNPs were demonstrated by the increasing permeability
of biological barrier and the reducing integrity of endotheli-

al cell monolayer.®

Key factors that mediate cellular effects of AgNPs

The cytotoxicity of AgNPs depends on time, dose, and tem-
perature.?' Other factors such as size, surface coatings of
AgNPs, and cell type are also strongly associated with cyto-
toxicity.

Size

AgNP size mediates cell responses, including uptake, cyto-
toxicity, ability to penetrate biological barriers, and immu-
nological responses.**¢ As reported, both ROS generation
and the degradation of AgNPs into ions depend on size. A
recent study revealed that the size of PVP-coated AgNPs is
negatively correlated with ROS level, apoptosis, and necro-
sis ratio, as well as the decrease of cell viability.® The small-
er AgNPs have stronger activity because of the large specif-
ic surface area regulating oxidation stress and the dissolution
rate of AgNPs into ions depending on interfacial interac-
tion.’”** Furthermore, cell uptake of NPs largely depends
on the size of NPs, which results in different concentrations

of AgNPs inside the cell.* The ability of AgNPs penetrat-
ing the biological barriers also depends on their size. Sever-
al human lung, stomach, breast, hepatocellular cells have
been used to test the size effects on cellular activities, such
as cell uptake, ROS levels, membrane integrity, cell cycle
rest, and ECso, all of them were shown to be highly depen-
dent on size.’>* It was reported that AgNPs can induce
strong damage and dysfunction of endothelial cells as well
as increase of the permeability of the monolayer of micro-
vascular endothelial cells in a size-dependent manner, pro-
ducing strong inflammatory responses. The accumulation
of smaller AgNPs in the cell causes cytotoxicity, changes in
the morphology of endothelial cell monolayers, and pro-
mote cytokine release.> AgNP size is one of an important
factors for evoking an immunological state in monocytes.
Smaller AgNPs (5 nm to 28 nm) can produce greater
amounts of hydrogen peroxide and induce greater inflam-
masome formation because they can cause stronger leakage
of cathepsins from lysosomes, induce more efflux of intra-
cellular K*, and produce more superoxide in mitochondrial
membranes.

Surface chemistry

Surface chemistry can influence the interaction of AgNPs
with cells. According to surface coatings, AgNPs can be
conjugated by certain molecules to realize novel functions
and to improve colloidal stability. Surface coating AgNPs
can affect shape, aggregation, and dissolution ratio. The sta-
bility of the surface coatings influences the cytotoxicity of
AgNPs. PVP-and citrate-coated AgNPs are, respectively,
listed as the most and least stable NPs in OECD recom-
mended media (chloride present).® Citrate coatings can im-
prove the stability of colloidal AgNPs and decrease their
toxicity. Once citrate-coated AgNPs are dried in a powder,
the surface citrate coating is destroyed, and they become
pristine one but after re-dissolving they still cause obvious
cytotoxicity. In contrast, PVP modification AgNPs main-
tains a good stability, and causes negligibly toxic effects on
human skin HaCaT keratinocytes when the dried NP pow-
der is re-dissolved into water.*” Previous works demonstrat-
ed that uncoated AgNPs significantly decreased cell viabili-
ty in a time-and dose-dependent manner, while BSA-coated
ones could reduce cytotoxicity.* Reportedly, polysaccha-
ride-coated AgNPs resulted in a stronger DNA damage than
uncoated AgNPs did. Uncoated AgNPs prefer to agglomer-
ating and may not translocate to the nucleus and mitochon-
dria, whereas macromolecule coatings, such as polysaccha-
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rides and proteins, can increase the likelihood of entering
into mitochondria and the nucleus, and these AgNPs can be
distributed throughout the whole cell.*#

Shape

Shape of AgNPs also plays important roles in the toxic and
immunological effects. In previous works, human lung epi-
thelial A549 cells were exposed to Ag nanowires (length of
1.5-25 pm; diameter of 100-160 nm), spherical AgNPs (30
nm), and Ag microparticles (<45 pm), producing distinct ef-
fects. It was found that Ag nanowires resulted in calcium in-
flux, the strongest cytotoxicity (reduced cell viability and in-
creased LDH release) and immunological responses (cyto-
kine production and increased activation of NF-kB), whereas
spherical Ag particles had negligible effects on cells. The
possible reason was that the wires can directly contact with
the cell surface rather than being internalized.®

Cell type

Considering the distribution of AgNPs in multiple tissues,
recent studies have revealed that cell types can influence re-
sponses to AgNPs. When fibroblast cells (NIH3T3) and co-
lon cancer epithelial cells (HCT116) were exposed to Ag-
NPs, the two types of cells showed distinct responses. For
the fibroblast cells, exposure to AgNPs resulted in high ex-
pression of ROS and c-Jun N-terminal kinases, which acti-
vate mitochondrial apoptotic pathways. However, the epi-
thelial cells showed less of a response to AgNPs because
the expression of anti-apoptotic protein bcl-2 can be acti-
vated to protect against apoptotic stimuli.* Starch-coated
AgNPs can cause different genotoxicities to fibroblast cells
(IMR-90) and glioblastoma cells (U251). For both types of
cells, AgNPs can diffuse into mitochondria and the nucleus,
induce mitochondrial dysfunction, and increase the level of
ROS, subsequently cause DNA damage, chromosomal ab-
errations, and cell cycle rest. However, fibroblast cells are
more resistant to AgNPs, while the glioblastoma cells are
more sensitive to AgNPs because fibroblast cells can recov-
er from cell cycle arrest.”> Meanwhile, PVP-coated AgNPs
do not induce obvious toxicity to primary cultured astrocytes,
even they accumulate more AgNPs than lung cancer cells
do.?! The reason is that the release of toxic Ag" from inter-
nalized AgNPs was more slowly and most accumulated
AgNPs in a non-toxic form in astrocytes. Similar reports re-
vealed that NPs can produce distinct effects on normal cells
from cancer cells because lysosomal membranes can en-
dure different stimuli in two types of cells* and the ability

to counteract with and to recover from oxidative stress are
quite distinct for two types of cells.*

The mechanism for the cellular effect of AgNPs
Oxidative stress leads to a series of cellular events, includ-
ing reduced levels of GSH, elevated lipid peroxidation, in-
flammation, DNA damage, altered cell cycle and prolifera-
tion capacity, and apoptosis and necrosis in various cell
culture models. The generation of ROS and release of silver
ions are two dominant factors that mediate cell effects.

Generally speaking, it is difficult to distinguish the direct
origins of AgNP induced-cell effects. AgNPs at a low dose
(<1.0 ug/mL) are not enough to produce obvious cytotoxic-
ity to hepatoma cells, HepG2, but cause damage to DNA
and chromosomes by forcing cells to express a large num-
ber of DNA repair-related genes.*! With the aid of extensive
gene expression analysis, AgNPs, Ag:COs, and Ag ion in-
hibitor cysteine are used to reveal the nature of AgNP-in-
duced cell effects. Results have demonstrated that both Ag-
NPs alone as well as “ionic Ag ions” contribute to the DNA
damage derived from oxidation stress. Ag ions mainly con-
tribute to cytotoxic and stress associated effects. Nano-size
alone has unique toxic effects on the cells, which suggests
that both particles and dissolved ions can synergically influ-
ence cellular responses.

Ag ions play a role in catalyzing ROS production in the
presence of oxygen species.’! Interestingly, AgNPs them-
selves can produce ROS and oxidative stress in vitro, as
well as the process to release Ag ions.*! Electron spin reso-
nance (ESR) spectroscopy has been used to study ROS
generation in a simulated microenvironment, like cyto-
plasm or endo/lysosomes. According to a Fenton-like reac-
tion, dispersed AgNPs can induce reactive oxygen species
like hydroxyl radicals in the presence of hydrogen peroxide
and an acidic environment. Hydrogen peroxide inside a cell
at a low dose can accelerate the dissolution of AgNPs and
produce much stronger oxidative stress.’

Some redox-related peptides and proteins, such as GSH,
thioredoxin, and SOD, are known to mediate oxidative
stress. Interactions of these antioxidant molecules with Ag-
NPs or Ag ions can partly antagonize oxidative stimuli to
reduce toxicity of the latter.” However, excessive ROS may
change their structure and function, losing their antioxidant
ability.*” Ag ions prefer to bind to chlorides, inorganic sul-
fides, and thiol groups, but the interactions of AgNPs with
proteins and the possible influences thereof on cells are
largely unknown.
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CONCLUSION AND PERSPECTIVE

AgNPs have emerged as a typical antimicrobial nanomate-
rial applied in industry, daily life, and healthcare. Due to the
strong activity of AgNPs and release of Ag ions, the biolog-
ical effects and safety thereof have attracted tremendous at-
tentions from scientists. Both AgNPs and Ag ions can pro-
duce ROS and cause oxidative stress in cells at different
levels: molecules, organelles, and the entire cell. AgNPs in-
duce stronger oxidative damage to cell membrane and organ-
elles, including lysosomes, mitochondria, and the nucleus,
directly resulting in apoptosis or necrosis. Oxidative stress
caused by AgNPs can trigger inflammatory responses, in-
cluding the activation of innate immunity and increased
permeability of endothelial cells. AgNPs at a non-cytotoxic
dose may induce DNA damage, chromosomal abnormality,
and possible mutagenicity. Several factors such as dose, ex-
posure time, size, shape, surface chemistry, and cell types
play important roles in mediating cellular responses.

Previous studies have revealed the biological effects of
AgNPs. However, many challenges still exist in this field. It
is important to understand the mechanisms of the biological
effects of AgNPs and to predict the outcomes of AgNPs ex-
posure in vivo. Nevertheless, building a proper cell model
for studying the biological effects of AgNPs in vivo remains
a challenge. Many parameters in artificial microenviron-
ments thus should be fully considered and carefully con-
trolled to reach a conclusion. In addition, major biomarkers
should be screened under different conditions for evaluating
the safety of AgNPs in future: dose, time, size, surface chem-
istry, and specific tissues. High throughput analysis, ad-
vanced nuclear analytical techniques, and omics-based tech-
niques are necessary to resolve problems in this field.*#
More importantly, for sustainable development of nano-
technology and safety, some measurements should be taken
immediately to resolve the possible adverse effects of Ag-
NPs to human beings.
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