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Over the last decades, there has been tremendous volume of research efforts focussed on engineering silver based

(nano)materials. The interest in silver has been mostly driven by the element capacity to kill pathogenic bacteria. In this

context the main area of application has been medical devices that are at significant risk of becoming colonised by

bacteria and infected. However, silver nanomaterials have been incorporated in a number of other commercial products

which may or may not benefit from antibacterial protection. The rapid expansion of the library and their use raises

important questions about possible toxicity and generally human health.
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1. Introduction

The physiochemical properties of engineered silver nanomaterials can contribute to both desired and undesired biological

response. Understanding of the role that these properties play in modulating immune response can improve safety, which

is particularly important for applications in healthcare. Several factors like size, shape, charge, functionalization, etc., can

mediate the interaction of silver with immune cells . The size of nanomaterials is a defining feature that determines their

in vivo behavior and clearance . In general, particles that are below 5 nm in size are easily cleared by the kidneys while

those greater than 100 nm are recognized as foreign materials by immune cells . With the decrease in size, the

surface area to volume ratio increases enabling particle diffusion into cells . For instance, cellular and nuclear

internalization of 5 nm particles is found to be higher compared to 50 nm-sized AgNPs . For example, Park et al. treated

human macrophages (U-937) with AgNPs of sizes 4, 20, and 70 nm and found that the smallest particle (4 nm) had the

greatest capacity to induce inflammation evident by an increased expression of pro-inflammatory markers .

The surface charge of nanomaterials also has an impact on cellular uptake. It was demonstrated that positively charged

NPs are easily taken up by cells compared to their negative counterparts. This is because the cell membrane is negatively

charged facilitating the uptake of oppositely charged particles. For instance, a recent study compared the cellular

internalization of polyvinyl pyrrolidone (PVP)-stabilized AgNPs having a net negative charge of −20 mV and

polyethyleneimine (PEI)-functionalized AgNPs having a net positive charge of +50 mV . The results indicated that PEI-

functionalized AgNPs penetrated the cell membrane easily due to their electropositive nature. Similarly, polyethylene

glycol (PEG)-stabilized AgNP/DNA complexes with a zeta potential of 30.5 ± 2.5 mV showed enhanced uptake by immune

cell compared to other complexes having a net negative charge . These examples show that the functionalization of

silver nanomaterials is an important aspect to be considered to reduce immunotoxicity. It is evident that when particles are

functionalized by polyethylene glycol, they can escape the immune system and have a longer circulation time within the

body .

The shape of a NP is another parameter that can influence uptake by immune cells. For instance, nanorods had a longer

residence time in the gastrointestinal tract compared to spherical NPs, as nanorods had greater potential to overcome the

rapid clearance by the reticuloendothelial system . Nanorods also showed longer circulation time in blood .

Moreover, cellular uptake of PVP-stabilized silver nanoprisms and PVP-stabilized spherical AgNPs showed that human

mesenchymal stem cells took up more nanoprisms compared to spherical NPs . On the contrary, Hacat cells ingested

an equal quantity of both types of silver nanomaterials. This was due to the large interaction area of platelet-like

nanosprisms with the cell surface and the bending stiffness of the cell membrane. The more flexible nature of human

mesenchymal stem cells membrane appeared to favor uptake of nanoprisms. In contrast, Hacat cells had stiffer cell

membrane (high Young’s modulus), and therefore, the energy gain due to the large interaction area of nanoprisms is

compensated by the energy spent in deforming the cell membrane to enter inside the cells .

It is evident from the above discussion that the physicochemical properties of silver nanomaterials should be carefully

considered and assessed in order to be able to accurately modulate their interaction with cellular organelles. These

properties determine whether silver nanomaterials can induce inflammation or dampen the immune response. The
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inflammatory properties of silver nanomaterials are discussed in detail in the following sections.

2. Pro-Inflammatory Properties of Silver Nanomaterials

Immune cells recognize silver nanomaterials as foreign particles, thus, any exposure of nanomaterials could trigger a

cascade of inflammatory reactions involving the activation of neutrophils, macrophages, and helper T cells, and

consequently leading to expression of a large number of cytokines, such as Tumor Necrosis factor-α (TNF-α), Interleukins

(IL-1β, IL-6, IL-12, IL-18), etc. . These molecules are part of the normal body natural defense to fight diseases and are

utilized in immunotherapies and vaccines. However, the unwanted elevation of a cytokines level in response to

nanomaterials may lead to serious side effects, such as systemic inflammation . The possible signaling pathways that

may be activated by silver nanomaterials to trigger pro-inflammatory cytokine release are shown in Figure 1 and include

Nuclear Factor-kβ (NF-kβ), c-Jun N-terminal kinase (JKK), or Mitogen-activated protein kinase kinase (MKK) pathways. In

a normal physiological situation, in order to avert diseases, it is necessary to tightly regulate the production of cytokines

and prevent overstimulation of the immune system. Therefore, it is important to conduct a systematic evaluation of the

propensity of silver nanomaterials in inducing cytokine release from immune cells as a major parameter for confirming

their safety profile. Various in vitro and in vivo assays  to explore the immune responses caused by engineered silver

materials are discussed in Table 1 and  Table 2.

Figure 1. Possible signaling pathways activated by silver nanomaterials to release pro-inflammatory cytokines.

Table 1. In vitro evaluation of the immune response of silver nanomaterials.
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Type of Ag Size Reagents Used Type of Immune Cells Cytokines
Expression

In vitro
Inflammatory
Assays

Ref

NPs <20 nm

AgNO ,
Quercetin,

Polyoxyethylene
Glycerol

trioleate, and
Tween 20

Caco-2 cells
Decreased

IL-8
expression

qRT-PCR, ELISA,
total protein

content,
Nitrate/Nitrite
Colorimetric

Assay

Nano wires 10 µm
AgNO , ethylene

glycol, poly
(vinylpyrrolidone)

Human monocyte-derived
macrophages

Up taken by
macrophages

and
transformed

to silver
chloride

High angle
annular dark

field scanning
electron

microscopy,
Confocal
analysis

Nanoclusters 1.5 nm NaBH , AgNO RAW264.7 cells Release TNF-
α, IL-6 ELISA

NPs 14 nm NaBH , AgNO ,
Sodium citrate RAW264.7 and J774.1

Reduced
TNF-α

expression
ELISA

NPs 10–50 nm
AgNO , Extracts

of Viburnum
opulus

Hacat cells

Increased IL-
1α and

decreased IL-
1α, IL-6

ELISA
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Table 2. In vivo assessment of the immune response of silver nanomaterials.

Nature of Ag Size Reducing Agent Used Animal Strain Model Outcome Ref

NPs 9.3 ±
3.2 nm

NaBH , AgNO ,
Sodium citrate Balb/c mice Postoperative

adhesion model

Decrease
inflammation in

peritoneal adhesion
without toxic effects

Nano
wires

1.5 µm
and 10

µm

AgNO , ethylene
glycol, polyvinyl

pyrrolidone

Sprague Dawley
rats

Intratracheal
instillation, Lung

model

Completely
internalized by lung
macrophages with

toxic effects

NPs 7–10
nm

AgNO , Leaf extracts
of Terminalia species Wistar albino rats Hind paw oedema

model
Inhibition of oedema

by 95%

NPs 10–50
nm

AgNO , Extracts of
Viburnum opulus L. Wistar rats

Carrageenan-
induced

inflammation
models

Decreased
inflammation

NPs 14 ± 9.8
nm

NaBH , AgNO ,
Sodium citrate Male Balb/c mice Thermal injury

animal models
Silver can modulate
cytokine expression

NPs
10 nm
(5–15
nm)

Dendrimer, NaBH ,
AgNO , Sodium

citrate
C57BL/6 N mice Excisional and burn

wound models
Enhanced anti-

inflammatory efficacy

NPs 20–80
nm

AgNO , Extracts of
Sambucus nigra Male Wistar rats,

Carrageenan-
induced

inflammation
models

AgNPs enhanced
inflammation edema

rate

NPs 12–22
nm

Starch, NaOH, AgNO ,
Absolute ethanol

Male and female
rats

Grade II burn wound
models

Reduce rat paw
oedema

Nano
crystalline

silver

10–15
nm AgNO , polyethene

Domestic
White/Landrace

swine

Porcine contact
dermatitis model

Treated normal pigs
have near-normal skin

after 24 h

Silver-
coated glass

beads

850–
1400

µm and
5 µm

Borosilicate glass
beads Male Balb/c mice

Models mimicking
Crohn’s disease and

ulcerative colitis

Attenuated
inflammation in colitis
and Crohn’s disease

models

Type of Ag Size Reagents Used Type of Immune Cells Cytokines
Expression

In vitro
Inflammatory
Assays

Ref

NPs 20–80 nm
AgNO , Extracts

of Sambucus
nigra

Hacat cells
Reduced IL-

1α
production

ELISA

NPs 10 nm
Dendrimer,

NaBH , AgNO ,
Sodium citrate

RAW264.7 and J774.1 Decreased
TNF-α, IL-6 ELISA

NPs 23.52–
60.83 nm

AgNO , Ethanolic
petal extract of

Rosa indica
Rat peritoneal macrophages

Attenuate
production of

NO and
superoxide

Nitrate/Nitrite
Colorimetric

Assay, Estimate
superoxide

anion generation

NPs 10.29–
45.57 nm

AgNO , Aqueous
extracts of

Phyllanthus
acidus L.

Rat peritoneal macrophages

Attenuate
production of
IL-1α, NO and

superoxide

ELISA,
Immunoblotting,

Nitrate/Nitrite
Colorimetric

Assay, Estimate
superoxide

anion generation

NPs 4 nm
Chloroform,

NaBH , AgNO ,
POPS

Bone marrow-derived
macrophage cells

Decrease in
IL-6 and IL-

1β, no effect
in TNF-α

ELISA

3
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Nature of Ag Size Reducing Agent Used Animal Strain Model Outcome Ref

NPs 7 ± 3
nm

AgNO ,
Diaminopyridiinyl
Heparin, Glucose,

Male rats Carrageenan-
induced paw edema

Localization of anti-
inflammatory

effects

Size-dependent pro-inflammatory consequences triggered by silver nanomaterials can be noticed in several instances.

When NPs enter the biological system, there is a greater neutrophil influx in case of particles of sizes below 100 nm

compared to their larger counterparts. For instance, it has been demonstrated that smaller sized AgNPs (3–5 nm) could

cross the cell membrane of neural cells and induce IL-1β secretion . These AgNPs were internalized by endocytic

uptake processes into small cellular vesicles that could release silver and induce generation of ROS and inflammation.

They activated immune reaction genes, including CXCL13 and MARCO, which caused release of TNF-α in zebrafish liver

cells, thus triggering pro-inflammatory events . In another study, AgNPs of sizes of about 56 nm upregulated the

expression of pro-inflammatory cytokines such as IL-1β and IL-6 in human lung epithelial cells (A549) . Giovanni et al.

reported the activation of pro-inflammatory responses in macrophages that were exposed to an ultra-low concentration of

silver . These studies indicate that particle size is therefore an important factor that drives inflammatory events .

Surface modification of nanomaterials can also alter the response of the immune system. It is interesting to note that

some of the functionalized AgNPs were found to elicit pro-inflammatory properties. Exposure to PVP-coated AgNPs

induced pro-inflammatory cytokine gene expression of TNF-α, IL-1, and IL-6 in both primary blood monocytes and THP-1

cells . They also resulted in the release of IL-1β by the formation of inflammasome , a multi-protein oligomer

produced by myeloid cells during innate immunity. These studies showed that PVP-coated AgNPs could induce an innate

immune response which could lead to the risk of inflammatory disease development. In another study, the non-methylated

cytosine–phosphate–guanine (CpG)-functionalized silver nanoclusters were found to enhance immune response and

were used for cell imaging . CpG dinucleotide is present in bacterial and viral DNA and exhibits immune-stimulatory

activities to attacking pathogens. The immune system in mammals recognizes CpG oligodeoxynucleotides via Toll-like

receptor-9 and release several pro-inflammatory cytokines, including IL-6 and TNF-α, which can stimulate both the innate

and adaptive immunity. CpG-functionalized silver nanoclusters exhibited minimum toxicity and were easily internalized by

cells and effectively protected from nuclease degradation. These silver nanoclusters showed an immune-stimulatory effect

when combined with CpG, increasing TNF-α and IL-6 production . All these different scenarios explain that the choice

of surface modification can determine the fate of a silver nanomaterial entering a biological system.

3. Anti-Inflammatory and Immunosuppressive Properties of Silver
Nanomaterials

Anti-inflammatory cytokines are regulatory molecules that dampen the immune response. Cytokines which can have this

role include IL-4, IL-10, IL-11, IL-13, and TGF-β . Silver nanomaterials can be engineered to directly target immune

cells and suppress their activity or avoid immune recognition. Regulation of toll-like receptor (TLR) signaling using tactfully

designed silver nanomaterials is one approach to combat overpowering inflammatory response. TLRs are non-catalytic

receptor proteins found mostly in macrophages and dendritic cells that help in recognizing microbes or foreign particles

. AgNPs capped with a monolayer of tiopronin reduced the secretion of IL-6 mediated by TLR ligands without inducing

any toxicity . Bergenin-loaded AgNPs and stabilized by gum xantham exhibited inhibitory effects on TLR-2 and TLR-4

and suppressed synovial inflammation in arthritic rats .

Anti-cytokine approaches using silver nanomaterials are yet another interesting method to reduce inflammation in which

interaction between cytokines and their receptors is prevented and cytokine gene expression is reduced. Bioengineered

mannan sulphate-capped AgNPs were found to downregulate both TNF-α and IL-6 expression in rats . These were

spherical particles with a size of 20 nm and a zeta potential of −32.4 mV. The particles were internalized by murine

macrophage cell lines using receptor-mediated endocytosis via mannose receptors. These particles not only reduced

inflammation but also accelerated wound healing in rats. A comparative study of nanocrystalline silver and silver nitrate in

a porcine model of contact dermatitis showed that nanocrystalline silver-treated pigs had a reduced level of edema and

erythema after 72 h and also a decreased expression of pro-inflammatory cytokines compared to animal ammonals

treated with AgNO  . This result suggested that nanocrystalline silver could benefit wound healing. In another study, the

cytokine level expression in wounds treated with genipin-crosslinked chitosan hydrogels containing silver sulfadiazine

nanocrystals showed reduced IL-6 levels .

Appropriately designed silver nanomaterials were shown to inhibit inflammatory cell recruitment to the affected tissues,

thereby preventing inflammation. This is particularly useful for implant transplantation and drug delivery. AgNPs coated

onto the surface of absorbable braided suture using a layer by layer deposition showed remarkable anti-inflammatory
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property in mice. Immunohistochemistry results and quantitative evaluation showed reduced macrophage infiltration and

decreased the production of IL-10, IL-6, and TNF-α .

Inhibition of T lymphocytes by silver nanomaterials is another strategy to suppress the immune system. In this context,

Côté-Maurais et al. studied the effect of AgNPs on interleukin-2 (IL-2) dependent proliferation of T cells . Upon

activation, CD4+ T cells produce IL-2, which is a key mediator of proliferation, differentiation, and growth of effector CD4+

T cells. The authors demonstrated that AgNPs alter IL-2 release by reducing T cell proliferation due to the rise of low-

affinity receptors for this cytokine .

Reactive oxygen species act as immune mediators affecting various immune cells . When the level of ROS is elevated,

immune cells become dysfunctional which often leads to immunosuppression . Silver nanomaterials can be used to

reduce the ROS level, thereby controlling the immune system. Manikandan et al. synthesized AgNPs using an ethanolic

extract of rose petals and tested their anti-inflammatory activity on rat peritoneal macrophages in vitro . They observed

that exposure of the prepared NPs reduced H O -mediated cytotoxicity in macrophages. They also found a noticeable

reduction in the liberation of potent inflammatory mediators such as superoxide anion and nitric oxide upon exposure to

NPs. Another group focused on studying the impact of AgNPs on microglial inflammation as microglia are greatly affected

in neurodegenerative disorders (Figure 2) . Microglia are macrophage cells that act as the key active immune defense

in the central nervous system. They found that after internalization of AgNPs by microglia, non-reactive silver sulphide

was formed on the surface of AgNPs. Furthermore, these NPs increased the expression of hydrogen sulphide

synthesizing an enzyme called cystathionine-γ-lyase and showed remarkable anti-inflammatory effects, plummeting LPS-

stimulated nitric oxide, ROS, and TNF-α levels. These studies reveal the anti-inflammatory activity of various forms of

silver nanomaterials.

Figure 2. Anti-inflammatory properties of silver nanomaterials are controlled by different mechanisms including T cell

inhibition, anti-cell recruitment, anti-cytokine therapy, regulation of T cell receptor, and reducing the level of reactive

oxygen species.

4. Adjuvant Properties of Silver Nanomaterials

Adjuvants are moieties added to a vaccine to increase immune responses towards antigens. They can act in different

ways to present antigens to the immune system by either acting as antigen depot or as irritants. Antigen depots present

antigen over a greater period of time, thus maximizing immune response . Others act as irritants which increase the

body’s immune response . The action of adjuvants is mainly controlled by T and B cells. For instance, Xu et al.

evaluated the adjuvant effect of AgNPs both in vitro and in vivo . These negatively charged NPs (−30.6 mV) with a size

of ~141 nm were found to increase the serum antigen-specific IgG and IgE levels in mice, indicating that AgNPs elicited

CD 4+-mediated immune response. The mechanism of an adjuvant effect is mainly attributed to the activation and

recruitment of local leukocytes and macrophages by AgNPs. Asgary et al. prepared spherical AgNPs from leaf extract of

Eucalyptus procera having an average size of ~60 nm and a zeta potential of −14 mV . Different amounts of the

prepared NPs were added to inactivated rabies virus and injected into the peritoneum of mice. The results showed that

the adjuvant effect of AgNPs was enhanced by increasing their concentration and finally reached a plateau at 15–20

mg/kg. The authors proposed a mechanism for the adjuvant effect which includes accumulation and trapping of antigen by

AgNPs, which leads to a better regulation of the innate immune system .
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Silver nanomaterials can be used to develop HIV vaccines that can adequately activate critical anti-HIV immunity in a safe

manner. Even though some prevailing adjuvants can assist developing immunity by HIV vaccines, they have aftereffects,

as they go into host cells along with vaccine delivery; in other words, they are intracellular adjuvants that can damage host

cells, ultimately causing cytotoxicity. Liu et al. demonstrated that polyvinylpyrrolidone–polyethylene glycol-modified silver

nanorods can be a harmless nanocarrier adjuvant for a HIV vaccine which stays outside the cells but can still trigger

immune response . Compared to nanospheres, nanorods cannot be easily taken up by cells. Silver was chosen as the

non-carrier adjuvant for HIV vaccine as it can inhibit HIV and can boost antibody and T cell response against ovalbumin.

These nanorods improved HIV vaccine-specific IgG responses by raising the titer of IgG3. IgG3 inhibits HIV by binding to

Fc receptor and mediated antibody-dependent cellular toxicity. Silver nanorods induced T cells to secrete more IFN-γ,

CD107, IL-2, and IL-4. Thus, these nanorods increased critical immunities of HIV vaccine and were not cytotoxic, which is

the main problem faced by other adjuvants. However, more research needs to be conducted in the future to exploit the

adjuvant properties of silver nanomaterials.
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