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Abstract: Nano silver is one of the most widely used engineering nanomaterials with antimicrobial activity against bacteria, fungi,
and viruses. However, the widespread application of nano silver preparations in daily life raises concerns about public health.
Although several review articles have described the toxicity of nano silver to specific major organs, an updated comprehensive
review that clearly and systematically outlines the harmful effects of nano silver is lacking. This review begins with the routes of
exposure to nano silver and its distribution in vivo. The toxic reactions are then discussed on three levels, from the organ to the cellular
and subcellular levels. This review also provides new insights on adjusting the toxicity of nano silver by changing their size and
surface functionalization and their combination with other materials to form a composite formulation. Finally, future development,
challenges, and research directions are discussed.
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Introduction

Nano silver refers to silver particles that have at least one dimension <100 nm on a three-dimensional scale." It presents
unique physical and chemical properties such as its nano scale, high specific surface area, strong surface reactivity and
strong interaction between particles,”> which makes nano silver widely used in various fields, such as imaging,

* as well as in paints for the production and preservation of artistic work,* in cosmetics to

diagnostics, and medicine,
improve product safety and stability, in the processing industry as a packaging material to improve food freshness and
prolonged release of biologically active ingredients,” in agrifoods sector to fight against agricultural pest and pathogen,
and support food production, in poultry industry sector to product vaccine, control animal skin infections, stimulate
immune responses and diagnose.&8 Compared to ordinary silver, nano silver has unique biological properties, such as
stronger antibacterial activity. Nano silver can be added to toothpaste to achieve an oral sterilization activity, and can be
prepared in gel form to treat cervicitis.” Nano silver has quietly become more common in daily life, and people are
increasingly exposed to products that contain nano silver. Nevertheless, individuals are not fully aware of the toxic
effects of nano silver, the mechanisms involved in its toxic effects, and potential approaches to modify its toxicity profile
are limited. Therefore, this article summarizes recent data to elaborate on these issues to provide a better understanding of
the properties of nano silver and to provide insight into its real-life applications.

The methodology adopted to search and summarize this literature review was as follows: (1) an initial search based

LR I3

on key words, including “AgNPs”, “nano silver”, “silver nanoparticles

LR I3 . LR N3

, “metal nanoparticles”, “toxicity”, “safety issues”
and “hazard effects”, in PubMed, Science Direct, Crossref and other databases; (2) preliminary screening of literature
according to the title, keywords, and guideline; (3) addition of new references like a snow ball from original references;
and (4) summary and organization of literatures.
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Different Routes of Exposure to Nano Silver and Its Distribution in the
Body

Due to the widespread use of nano silver in the environment and everyday products, individuals encounter these
nanoparticles in a variety of ways. Nano silver mainly enters the human body via ingestion, inhalation, skin contact,
and may directly enter the systemic circulation through intraperitoneal or intravenous injection.'® Silver nanomaterials
are used in industrial production processes, resulting in a great amount of silver in the form of nanoparticles being
discharged into groundwater with the release of industrial wastewater. Urban and industrial effluents enter the aquatic
ecosystem and accumulate along trophic chains, which results in unconscious intake of nano silver.

There are several ways for nano silver to enter the human body and exert its activity (Figure 1). After oral intake,
nano silver is absorbed and distributed to organs.'' Studies have shown that after silver nanoparticles enter the body
through the respiratory tract, they mainly accumulate in the lungs. After passing through the lung epithelial mucosal
system, because of their small particle diameter, the nanoparticles are transported from the lungs to other tissues and
diffuse throughout the body.'? The skin is the first barrier between the internal environment of the human body and the
external environment as it is directly exposed to the air.'*> Nanoparticles are able to penetrate both damaged and healthy
skin. Nano silver penetrates the epidermis, diffuses to the dermis, and even the underlying structure of the skin such as
the subcutaneous tissue.'* Therefore, there is a strong possibility that nano silver present in cosmetic wound dressings
and antibacterial textiles would diffuse through the skin in large amounts. Nano silver injected through the abdominal
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Figure | Various routes of exposure to nano silver in human body.

cavity or intravenously enters the systemic circulation directly. After entering the systemic circulation, they are
distributed to the heart, liver, kidney, brain, testes, and ovary and cause organ-specific pathophysiological effects.'”

Toxicity of Nano Silver to Organs
Nano silver enters the biological system through various ways. Routes of exposure and time, size and state of
aggregation, and doses of silver nanoparticles link to their bioavailability, biodistribution, and pathological symptoms.

To explore the toxicity of nano silver to organs, different animal models are established and employed (Table 1). "¢

Intestine and Liver
Compared to ordinary materials, nano-silver materials have better barrier function, antibacterial ability, and higher
mechanical strength, and are widely used in various daily necessities and packaging materials.”® After oral intake, silver
nanoparticles reach the stomach rapidly, where they dissolve under acidic conditions. After passing through the intestine,
the properties of nano silver are affected. Once absorbed by the intestinal mucosa, nano silver reaches the liver.!
Studies have shown that after a 24-hour intravenous injection of nano silver in rats, higher levels of silver can be
detected in the liver, feces, and colon.** Approximately 30 to 99% of the nano-silver dose will accumulate and sequester
in the liver after being administered to the body. This leads to a decrease in delivery to the target diseased tissues and
potentially an increase in toxicity at the hepatocyte level.>
Research by Jia et al found that nano silver increased the level of protein phosphorylation of normal human colonic
epithelial cells NCM460 and human colorectal cancer HCT116 and promoted the expression of the p53 and Bcl-
2-associated X protein (Bax). When the exposure to nano silver was higher than 15 ug-mL™", the survival rate of both
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Table | Toxicity of Nano Silver in Different Organs

Animals Dose End-Point Toxic Effect Related Mechanism Ref.
Organs
Healthy adult 2 mgkg 35 days Alterations in the ultrastructure of the liver; Liver Free radical production and | [16]
male mice focal hepatocytes necrosis and apoptosis oxidative stress induction
Healthy female | 0.1 gkg ' | 24and 72 h | Ultrastructural pathological changes and the | Generative - [17]
New Zealand promoted cytotoxic reactions organ
rabbits
Zebrafish 8, 45, and 30 days Reversible damage to the mucosal epithelium | Gut, liver - [18]
70 yg L of the gills, and to a lesser degree to the and gills
intestinal tissue
Drosophila 50 mgL™' | 10,20, and Behavioral abnormalities and altered Fat body Impaired essential metabolic | [19]
melanogaster 30 days metabolic activity at early larval stage and wing components, and increased
imaginal reactive oxygen species
disc

cell types began to decrease. The study also showed that nano silver can promote the downregulation of B cell
lymphoma/leukemia-2 (Bcl-2), leading to an increase in the Bax/Bcl-2 ratio and activation of p21, further accelerating
cell death.* D’Arcy et al showed that silver nanoparticles can induce focal hepatocyte necrosis and apoptosis.>> The
apoptosis induced in the liver of mice treated with 10-nm silver nanoparticles indicates that nano silver may induce
intercellular stress leading to cell death. Silver nanoparticles may also lead to the destruction of the endoplasmic
reticulum (ER) and partial degranulation, causing severe liver tissue and ultrastructural changes that affect the metabo-
lism and function of the liver and other important organs.'®

Lungs

Animal and human studies have shown that inhaled nanoparticles are less efficiently eliminated by macrophage removal
mechanisms than other large particles. Nano silver is retained in the lungs and causes damage, or is transported through
the circulation, nervous system, and to distal tissues and organs.”® The lung and liver are the main target tissues after
exposure to silver nanoparticles via inhalation for 90 days, and the resulting toxicity is dose-dependence.?’

The chemical characterization of silver nanoparticles endows them with redox ability. The reaction involves the
elements Ag and H,0, to generate hydroxyl and oxidize silver ions.”® This mechanism allows silver nanoparticles to
induce oxidative stress, and this interaction with cellular matter interacts to produce oxidants.”’ Surface oxidation of
silver nanoparticles may contribute to the release of silver ions, thus amplifying toxicity. Mitochondrial function is
impaired when lung epithelial cells are exposed to nano silver. In the process, NADPH oxidase (NOX) activity increases,
leading to damage to oxidative stress. Tight junction proteins in the lung epithelium are a known target of oxidative stress
damage, which alters epithelial transport processes and damages the homeostasis and integrity of the lung epithelial
barrier.*

Heart
Lin et al evaluated the physiological toxicity of nano silver for the heart and concluded that nano silver acts quickly and
inhibits the activity of rectifying the inward potassium current (IK1) and inward sodium current (INa) channels of
cardiomyocytes, leading to rapid collapse of cardiac cell transmembrane potential (TMP) with subsequent loss of
excitability. Toxic effects of nano silver on similar channels of the cardiac conduction system and autonomic nerves
can also be expected, but the exact mechanism of action needs further study.’’

Recombinant myosin heavy chain 6 (MYH6) is a cardiomyocyte marker gene that encodes the alpha heavy chain
subunit of cardiac myosin.** The treatment of silver nanoparticles triggers abnormal changes in ISL1, MYH6, and alpha
heavy chain subunits, which seriously damage the process of embryogenesis, germ layer, and heart development. The
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steps of nano silver to sabotage cardiomyocytes are as follows: (1) silver ions are slowly released from silver
nanoparticles; (2) protein crowns are formed by the combination of silver nanoparticles with different serum proteins;
and (3) changes occur in the total surface charge of silver nanoparticles, which will disrupt the ion balance in the body
and affect the electrophysiology of cardiomyocytes.>?

Reproductive Organs

The rapid development of the nanotechnology industry has brought many potential risks that are of serious concern. In
order to safely use nanomaterials in consumer products and pharmaceuticals, regulatory health risk assessment of such
particles should be mandatory, including the potential impact on reproduction and fertility.**

Silver nanoparticles are able to cross the blood-testis barrier and locate directly in the testes after intraperitoneal or
intravenous injection.”> The human testicular embryonic carcinoma cell line (NT2) Ntera2 and primary testicular cells
from C57BL6 mice were used as cell models to simulate the repair state and oxidative damage of human testicular cells
exposed to silver nanoparticles of 20 and 200 nm in size. Nano silver exhibited strong cytotoxicity and cytostatic
properties, causing apoptosis, necrosis, and reduction of proliferation in a concentration- and time-dependent manner.
Silver nanoparticles with a size of 200 nm even caused DNA strand breaks in NT2 cells.*®

Toxicity of Nano Silver to Cells

At the cellular level, nano silver generates a large amount of reactive oxygen species (ROS) by activating the inhibitory
kappa B kinase/transcription factor nuclear factor-kappa B (IKK/NF-«B) signaling pathway, destroying the cytoskeleton
and DNA, damaging DNA repair enzymes, and upregulating autophagy to activate pS3-dependent or mitochondrial-
dependent apoptosis pathways to induce cell apoptosis and exert its cytotoxic effects.’” At the genetic level, a lower dose
of silver nanoparticles will lead to changes in human skin fibroblast energy metabolism, oxidative stress, changes in the
cell cycle, and in other related genes. Even very low doses of nano silver are capable of causing structural or functional
damage to target cells.*® As shown in Table 2, the following mainly describes the cytotoxicity of silver nanoparticles
based on the progressive effect induced on cell layers.>**°>*3¢ Figure 2 shows the potential mechanisms of nano silver-
induced cytotoxicity in the cell.

Effects on the Cell Membrane

Silver nanoparticles can interact with membrane proteins and activate signaling pathways, thereby inhibiting cell
proliferation. They directly interact with the macromolecular structure of living cells and affect cellular metabolism.*
Nano silver interferes with Na and K ion channels on the cell membrane, causing an imbalance in the cell membrane
potential, or reacts with sulthydryl (-SH) protein on the cell membrane destroying the barrier function and the material
exchange function of the cell membrane, resulting in direct cell necrosis.*® Gunawan et al used attenuated total reflection
Fourier transform infrared (ATR-FTIR) spectroscopy to detect the toxic mechanism of silver nanoparticles in bacteria.
The results showed that nanoparticles caused major structural changes in the cell membrane components and interfered
with the peptides and lipid chains (phospholipids) as well as sugar and phosphate groups leading to the breakdown of the
cell structure.*'

Table 2 Toxicity of Nano Silver in Different Cells

Cells Dose (g mL™") End-Point Toxic Effect Ref.
NCM460 3-60 24 h Increased intracellular ROS content [24]
HCTII6

A549 cells 0.5-5 Oxidative damage [30]
Cardiomyocytes 0.001-1 I h Rapid collapses of TMP and loss of excitability [31]
Human embryonic stem cells 0.001-0.1 18 days Changes in endoderm-derived hepatocyte differentiation [32]
NTERA-2 10-100 24,48,and 72 h Cytotoxicity and cell inhibition, DNA damage [36]
Primary testicular cells
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Figure 2 Mechanisms of entry of silver nanoparticles into the organism and potential mechanisms of nano silver-induced cytotoxicity in the cell.

Anyj et al explored a scheme to improve the bactericidal effect of linezolid on gram-negative bacteria with nano
silver. The change in the zeta-potential caused by the interaction between nano silver and bacterial membrane protein
enhanced the permeability of the bacterial cell membrane and the alteration of integrity, which allowed linezolid to
penetrate into the cell, thereby increasing the cytoplasmic concentration of linezolid to an effective level. This study
demonstrated that silver nanoparticles can change the permeability of the cell membrane, causing the leakage of
intracellular material or the entry of extracellular material to cause cell death.*?

Effects on Endocytosis

The cell membrane only allows for free diffusion of oxygen, carbon dioxide, water, small hydrophobic or non-polar
molecules, and 10-30 nm particles. Various particles enter the cell through different cell internalization pathways. These
internalization pathways are classified as endocytosis. The endocytosis mechanism includes phagocytosis and
pinocytosis.** Depending on the size of the vesicles and the proteins involved in the formation of the vesicle, pinocytosis
can be further divided into four mechanisms, which include (1) macropinocytosis; (2) clathrin-mediated endocytosis; (3)
caveolae-mediated endocytosis; and (4) non-clathrin- and non-caveolin-mediated endocytosis.**

Once the nano silver is internalized, it will migrate to the mitochondria and nucleus and induce changes in cell
morphology, oxidative stress, DNA damage, inflammation, genotoxicity, mitochondrial dysfunction, and subsequent
apoptosis or necrosis.*’

Free nano silver in the extracellular fluid causes only a limited release of ROS in the cell.* Silver nanoparticles that
enter the cell through endocytosis were then transferred to the lysosome. Under the action of the acidic environment of
the lysosome, the oxidative dissolution releases silver ions, and the cell itself degrades and releases nano silver, causing
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a higher degree of ROS release, thereby destroying the lysosome. In the cell membrane, particles escape from the
lysosomal sequestration into the cytosol, and then target other subcellular compartments, resulting in a higher degree of
cytotoxicity.*” Bouallegui et al used the uptake inhibitor amantadine to evaluate the effects of blocking clathrin-mediated
endocytosis on nano silver protein-induced toxicity in mussel gills and digestive glands. Blocking clathrin-mediated
endocytosis may protect cells from nano silver toxicity, which indicates that this uptake of clathrin-mediated endocytosis
is a key mechanism for silver nanoparticles to exert their toxic effects.*®

In a recent study, using 15, 50, and 100 nm silver nanoparticles, Chen et al showed that the smallest 15 nm silver
nanoparticles exerted the strongest cytotoxicity. The 100-nm silver nanoparticles aggregate and cannot pass through the
plasma membrane, and thus cannot be captured by endocytosis or cause toxicity to the cell.*

Effects Mediated by Autophagy

Autophagy is a mechanism in which cellular materials are delivered to lysosomes for degradation, leading to the basic
turnover of cellular components, and providing energy and macromolecular precursors.”® Autophagy is activated at the
basic level under normal physiological conditions, selectively removing stress-mediated protein aggregates, and remov-
ing damaged organelles. Autophagy also actively participates in the elimination of cell invaders and maintaining
intracellular balance. Studies have shown that exposure of cells to silver nanoparticles activates the cellular defense
mechanism defined as autophagy. However, silver nanoparticle-activated autophagy results in defective autophagosome-
lysosome fusion, which leads to autophagy defects and increases cell toxicity.'

Ubiquitination confers autophagy selectivity and regulates the stabilization, activation, and transport of proteins
involved in the autophagy pathway.> Silver nanoparticles have been shown to increase the level of enzymes involved in
ubiquitination processes or weaken ubiquitination.® The reactivity of silver nanoparticles can interfere with the
formation of ubiquitin. The interference of silver nanoparticles on ubiquitination may be the cause of autophagy defects
and cytotoxicity caused by silver nanoparticles.”*>> As a multi-domain adaptor protein, p62 binds microtubule-associated
protein 1 light chain 3 (LC3) and ubiquitin. The accumulation of the p62 subunit caused by defective autophagy may also
be a potential cause of silver nanoparticle cytotoxicity.’®

Lee et al showed for the first time in vitro that nano silver led to the formation of numerous cytoplasmic acid vesicle
organelles (AVOs) (autophagosomes and autolysates). In addition, exposure to nano silver resulted in a dose-dependent
increase in the conversion of LC3-I to LC3-II and a dose-dependent accumulation of p62 protein, indicating that although
nano silver activates autophagy, it may eventually lead to the interruption of autophagy flow.”°

Subcellular Cytotoxicity
Effects on Mitochondria
Previous investigations have shown that exposure of cells to silver nanoparticles can cause mitochondrial damage. Silver
nanoparticles are capable of inducing mitochondrial swelling, increasing intracellular ROS levels, and disrupting mitochon-
drial membrane potentials, whose breakdown leads to mitochondrial pathway-induced apoptosis.””>® Silver nanoparticles
induce changes in the morphology and structure of mitochondria. The expression of nuclear fission-related protein 1
(p-Drpl) (Ser616) was significantly up-regulated, and the expression of mitochondrial biogenesis protein (PGC-1a) in cells
treated with nano silver decreased, indicating that silver nanoparticles induce cytotoxicity by targeting mitochondria,
leading to the destruction of mitochondrial function and the damage to the mitochondrial structure and morphology that
interferes with mitochondrial dynamics and biogenesis.>

The mitochondrial respiratory chain is the main source of ROS in cells. Under normal circumstances, ROS are
balanced by the mitochondrial antioxidant system. In the process of cellular stress, mitochondria may malfunction, with
increased ROS production, leading to cell damage and cell death.®®

Holmila et al studied the effects of silver nanoparticles and ionizing radiation on the mitochondrial redox state and
function in lung cell lines (A549, BEAS-2B, Calu-1, and NCI-H358). In Calu-2 cells, exposure to nano silver reduced
cell proliferation by inducing cell cycle arrest. Nano silver increased mitochondrial reactive oxygen and protein oxidation
in sensitive cell lines in a time- and dose-dependent manner, but did not significantly change mitochondrial respiration

mechanisms.®!
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To demonstrate that nano silver would induce cell death through both the apoptotic p53 pathway and the independent p53
pathway, a model system containing two osteosarcoma cell lines was used and the cell response after nano silver adminis-
tration was tested.®> Loss of mitochondrial membrane potential, increased leakage of cytochrome C protein into the
cytoplasm, and increased ROS levels were detected in both U20S cells harboring sufficient levels of p53 and in Saos-2
cells lacking functional p53, indicating that nano silver in both cell lines induced mitochondrial stress.®>** Although nano-
silver treatment activates p53 in p53-containing osteosarcoma cells, the main property of nano silver is to induce mitochon-
drial stress, thus driving cancer cell p53-independent apoptosis.

Effects on the Endoplasmic Reticulum

The ER is a multifunctional subcellular compartment in charge of protein synthesis, assembly and modification, lipid
biosynthesis, protein output, calcium ion storage and its regulation and release to the cytoplasm, and redox signals.®’
A series of protein-related activities are extremely susceptible to events that interfere with ER homeostasis, leading to
accumulation of unfolded and misfolded proteins in the ER. During the process of solving protein folding defects and
restoring ER homeostasis, an unfolded protein response is activated, involving three signal branches: RNA-dependent
protein kinase-like ER kinase (PERK), inositol-requiring enzyme 1 (IRE 1) and X box binding protein-1 (XBP-1), and
activation of transcription factor 6 (ATF6). Many studies have shown that exposure of the body to metal nanoparticles
induces the ER stress signaling pathway.

P-glycoprotein (P-gp) is an ATP-binding cassette transporter located on the plasma membrane, which is intrinsically
linked to the occurrence of multidrug-resistant cancer.®® Silver nanoparticles of 75 nm in size induce stress in the
endoplasmic reticulum in drug-resistant cells, reducing the number of correctly folded P-gp of the plasma membrane.
The endoplasmic reticulum cavity is rich in calcium, which is essential for the sustained effect of endoplasmic reticulum
protein quality control mechanisms, such as the calnexin/calreticulin cycle. Treatment of drug-resistant cells with 75-nm
silver particles will deplete the calcium levels of the endoplasmic reticulum, which may be the cause of the induction of
endoplasmic reticulum stress.®’

Prolonged exposure of human neuroblastoma cell line (SH-SY5Y) to nano silver has been reported to increase the
length of the ER-mitochondria contact site. The expression of phosphatase and tensin homolog deleted on chromo-
some ten (PTEN) protein in ER and mitochondria-associated membranes (MAMs) is enhanced, and the function of
inositol-3-phosphate receptor (IP3R) is altered. Transfer of Ca®" from the endoplasmic reticulum to the mitochondria
increases, and finally the overload of mitochondrial Ca®" triggers cell death through the mitochondrial apoptosis
pathway.®®

Effects on Lysosomes

Lysosomes contain a variety of acid hydrolases, such as cathepsins, which are involved in autophagy and phagocytosis.
Autophagy is related to the removal of intracellular (endogenous) debris, and phagocytosis digests exogenous
substances.®’

The release of silver ions induces only a modest generation of ROS; in contrast, the simultaneous release of silver
nanoparticles and silver ions (oxidative dissolution of silver nanoparticles in an acid lysosome environment) induces
higher levels of ROS.”® The generation of a large amount of ROS destroys the integrity of the lysosomal membrane and
allows the release of silver nanoparticles from the enclosed vesicle into the cytosol. Lysosomal dysfunction due to loss of
integrity of the lysosomal membrane or reduced acidity also leads to the release of silver nanoparticles and is closely
associated with impaired autophagosome-lysosome fusion.”"

Subcytotoxic concentrations of silver nanoparticles (<10 ug-mL ") induce lysosomal dysfunction in liver cancer cells,
leading to activation of NOD-like receptor protein 3 (NLRP3) inflammasome-dependent caspase-1. The activation of
inflammatory mediators is a biological response induced by silver nanoparticles. NLRP3 inflammatory mediators directly
or indirectly interact with nano silver to produce a cellular inflammatory response that leads to cytotoxicity.”*

Transcription factor EB (TFEB) plays a key role in the regulation of lysosomal function.” The activity of TFEB is
regulated by its subcellular location. Under certain conditions, such as starvation or lysosomal dysfunction, TFEB
transfers to the nucleus and activates the transcription of its target genes. After A549 cells were exposed to nano silver,
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the gene and protein levels of TFEB binding protein in the cytosol and nucleus decreased, indicating that TFEB
expression was transcriptionally inhibited and affected the normal activity of lysosomes.’?

Promising Methods to Overcome Nano Silver-Induced Cytotoxicity

The cytotoxicity of nano silver is associated with the available concentration of silver nanoparticles, the duration of
activity, the size of the particle, the presence or absence of stabilizers, the type of stabilizer, and the pH of the
environment. In addition, the toxic reactions of different types of body cells to nano silver also differ. Below are several
approaches that have been proposed to overcome the cytotoxicity induced by nano silver based on the research progress
in the recent years.

Particle Size

The toxicity of nano silver is closely related to the size of the particles. Most silver nanoparticles are toxic to the human
body, and it is precisely because of their small particle size that they can penetrate human tissues. Zhang et al studied two
sizes of nano silver to examine the differences in neurotoxic effects of (20- and 70-nm silver nanoparticles). The results
show that 20-nm and 70-nm silver nanoparticles significantly reduce neuronal cell viability, and 20-nm silver nanopar-
ticles exert stronger toxic effects than 70-nm-silver nanoparticles.”

Zhang et al studied the effects of two sizes of silver nanoparticles (10- and 50-nm) on the nitrogen fixation of
Azotobacter vinelandii. The marked decrease in the number of bacterial cells associated with the smaller silver
nanoparticles indicated nano silver with smaller particle size exerted higher toxicity. Cytometry analysis further
confirmed this finding. At the same concentration of 10 mg-L™" for 12 h of incubation, the apoptotic rates of cells
treated with 10- and 50-nm silver nanoparticles were 20.23% and 3.14%, respectively. Observation under the scanning
electron microscope of cells revealed obvious damage to the cell structure, indicating that the toxicity of silver
nanoparticles was size dependent.”” Given the above findings and to ensure the desired effects of silver nanoparticles,

the influence of the size of silver nanoparticles on their toxicity was briefly summarized in Table 3.'¢"'%747

Surface Functionalization
Surface modification of nanoparticles is an effective way to reduce the toxicity of nanoparticles.”® Studies have shown
that coated and modified nanoparticles do not lose their original characteristics; however, by modifying the surface of the
nanoparticles, the inherent toxicity of the nanoparticles could be reduced, and the biocompatibility of the nanoparticles
could be improved at the same time.”””® The surface functionalization may enable further applications of nano silver in
various fields.

Borowik et al synthesized silver nanoparticles using thiobarbituric acid and 11-mercaptoundecanoic acid residues
(MUA). Silver nanoparticles coated with MUA were compatible with acridine mutagens. Interaction with ICR-191 could
regulate cell viability by influencing mutagens in cells.”

Table 3 The Influence of Size Distribution of Silver Nanoparticles on Their Toxicity

Cells Size (nm) Time Toxic Effect Ref.

Kupffer cells 10 35 days Destruction and reduction of ER, mitochondrial swelling, and cytoplasmic [16]
vacuolation

Mucosa epithelial 2040 24and 72 h Loose and detached [17]

cells 50 30 days Sub-epithelial edema, hyperplasia, lamellar fusion, and the reduction of the [18]

length of intestinal villi

Neuronal cells 20, 70 7 days, 24 h Inhibition in dopamine efflux in both mature and developing neurons [74]
Azotobacter 10, 50 12 h Production of ROS [75]
vinelandii
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Das et al compared the effect of silver nanoparticles, polyethylene glycol (PEG)-coated silver nanoparticles and bovine
serum albumin (BSA) functionalized silver nanoparticles on peripheral blood mononuclear cells in vitro, and found that
compared with silver nanoparticles, PEG-coated silver nanoparticles and BSA-functionalized silver nanoparticles produced
fewer superoxide anions, nitric oxide, intracellular ROS, reduced glutathione (GSH), oxidized glutathione, and NADPH
oxidase. Further surface functionalized silver nanoparticles exhibited less toxicity than unmodified silver nanoparticles.®
Hamilton et al adsorbed silver nanoparticles onto carbon nanotubes and graphene oxide. In vitro cellular experiments
showed that silver-carbon nanotube-hydroxyapatite and silver-graphene oxide are less toxic than silver nano particles.®!

Compound Preparations

Nano silver has many excellent properties, but premature release and potential toxicity due to accumulation restrain its
further application.®* To make better use of this nanomaterial of great potential, nano silver composite preparations that
are in combination with other materials have been proposed. However, most of the studies in this field are focused on the
functionality of silver nanoparticle preparations; meanwhile, the human safety of silver nanoparticle composite prepara-
tions has not drawn much attention. The formulation of silver nanoparticle composite preparations may also be an
approach to overcome the toxicity of silver nanoparticles.®***

Although nano silver is almost nontoxic at low concentrations, the accumulation of silver nanoparticles in mammalian
cells may cause side effects and infections, such as silver burns and silver poisoning, by interacting with different
organelles and subcellular components of the body.®* Thus, to overcome this problem, the synthesis of nanocomposite
materials has been proposed, which consist of loading silver nanoparticles on a magnetic core. Magnetic core-based
nanocomposite materials allow to effectively recover residual particles from the medium. In addition, modification of
silver nanoparticles on magnetic particles can also provide stability as a result of their magnetic dispersion. After the
silver nanoparticles are deposited on a cobalt core, the cell survival rate is improved, and the toxicity of the nanocom-
posite particles is even lower than that of the silver nanoparticles.*®

Madla-Cruz et al synthesized a nano-silver/carboxymethyl cellulose composite using a green synthesis method and
then used MTT reduction assay to evaluate the effects of the silver nanoparticles/carboxymethyl cellulose composite on
the viability of normal human gingival fibroblasts (HGF). The viability of HGF was not affected at the experimental
concentration that inhibits the growth of microorganisms or reduces the area of the biofilm. When the concentration of
the composite is less than 15 g'mL ", there were no significant toxic effects on HGF cells.*’

To overcome the diffusion of nano silver when injected locally at the target site during positioning and labeling
therapy, Lee et al combined silver nanoparticles with porous materials to inhibit the diffusion of the nanoparticles and
enhance their biocompatibility to iodine. The mixed complex of cesium-nano silver-pSiMP, and subsequent immuno-
toxicity experiments showed that no hepatotoxicity was observed in mice treated with nano silver-pSiMP, and the main
inflammatory cytokine TNF-a level in serum did not change significantly. At 8 and 24 h after injection, the nano silver-
pSiMPs treatment group did not present activated lymphocytes or histological changes.®®

Yu et al synthesized a composite material of cellulose silver nanoparticles. Even when the concentration of the
composite treatment reached 1000 pg-mL ', the number of viable cells did not decrease significantly. Compared to the
control group, the cell viability of normal epithelial cells (FHC) of the human colon incubated with the cellulose
nanofibrils (CNF)/AgNP complex (50-1000 pg-mL™") did not decrease significantly. These results indicate that the CNF/
AgNP complex was not toxic to human cells within 24 h.*’

Summary and Outlook

This review introduces the in vivo toxicity of nano silver under different exposure routes, and introduces the mechanism
induced by silver nanoparticle cytotoxicity from the outer to inner cell structures. Nano silver is introduced to the human
body in by different routes, causing damage to various body systems, including the digestive system, respiratory system,
and reproductive system.”® At present, most studies on the toxicity of silver nanoparticles are carried out through in vitro
cell tests and animal tests, and there are still some challenges. For example, it is not clear to what extent the intact nano
silver itself is absorbed by the human body, or whether the nano silver is altered when exposed to the physiological
environment, whether the silver ions released from the nano silver are absorbed, or whether the observed effect is
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induced by the nano silver itself.”" An inflammatory reaction is caused by ions released by the nano silver or nanoparticle
itself. Thus, there is no clear approach to elucidate toxicity mechanisms specific to nano silver.

To effectively evaluate the functional effects of nano silver, a variety of related technologies could be employed to
characterize silver nanoparticles and to attempt to overcome the limitations of using a single particle characterization
method alone.”® The interaction between nano silver and biological fluids will inevitably change the physical character-
istics and uptake or absorption of silver nanoparticles. To determine the potential long-term effects of nano silver in
a more realistic situation, the characteristics of silver nanoparticles should be evaluated in an appropriate medium.
Multigenerational studies are needed to evaluate intergenerational effects in higher mammalian systems.

Because of the versatility of silver nanoparticle compounds in terms of size, physical properties, and the ability to
interact and bind with other compounds, their applicability in different fields is immeasurable. These properties also led
to some critical issues such as toxicity to human and animal cells, safe use, long-term exposure, and environmental
safety. In future nanotoxicology research, persistent in-depth research will be requested to reveal the ultimate mystery of
the toxicity mechanisms induced by nano silver. These findings will help to promote the future applications and
development of nano silver-loaded preparations and allow for the use of preventive measures against the toxic risks.
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