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The interactions of nanoparticles (NPs) with cells of the immune system and their biomolecule pathways are an

area of interest for researchers. It is possible to modify NPs so that they are not recognized by the immune system

or so that they suppress or stimulate the immune system in a targeted manner.
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1. Introduction

Our immune system has two main subsystems: the innate immune system and the adaptive immune system. The

innate immune system is the first line of defense against foreign particles. It destroys infected cells or foreign

material when it encounters them. This early, fast reaction is called the non-specific immunological response of the

innate immune system. The innate immune system is fundamentally controlled by phagocytic cells (macrophages,

dendritic (DCs), neutrophils, and mast cells (MCs)). The adaptive immune system works through specific cells,

including T and B cells. Phagocytic cells, including antigen-presenting cells (APCs), destroy foreign antigens

(bacteria, fungi, non-self-particles, etc.). T lymphocytes can also be divided into helper T cells (Th), which have

subtypes called Th1, Th2, Th17, regulatory T cells (Tregs), and Th22 cells. Each subtype has owned its way to

getting an immunological response from cells. For example, immune responses caused by Th1 cells are pro-

inflammatory and involve cytokines such as interferon IFN-, interleukin (IL)-2, and tumor necrosis factor (TNF-α

and TNF-β). Th2 cells are responsible for mediating a cellular anti-inflammatory antagonistic immune response .

Nanoparticles (NPs) can have positive or negative health impacts depending on their physical makeup, making

them a “double-edged sword”. Physical-chemical properties, such as structural composition, surface charge,

shape, crystallinity, surface area, zeta potential (surface charge), solubility, and surface functionalities, affect the

NP toxicity. NPs should not be regarded as a homogeneous population with simple toxic properties because they

independently mediate different biological reactions. Schrand et al. recently reviewed and outlined the toxicities of

several metal-based nanoparticles, both in vitro and in vivo . Although some nanomaterials are immunotoxins or

immunomodulators, it would still be useful and vital for researchers to provide a concise overview of how NPs and

the immune system interact. 
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2. NPs and the Immune System

The immune system’s primary function is to recognize and eliminate foreign agents. An inadequate immune system

affects the quality of life. There are several ways in which immunity must be improved or toned to suppress

pathogenic agents and help with autoimmune problems . Innate immunity is the non-specific and primary line of

defense in the body that relies on pattern recognition receptors (PRPs) to identify large molecular patterns present

in pathogens and pathogen-associated molecular patterns (PAMPs) and is composed of various components,

including serum protein, cells, and physical obstacles, which work together to defend against invaders . The

innate mechanisms of the immune system and its protection from foreign entities make it more responsive to the

absorption of phagocytic cells. The inflammatory response is another critical component of the innate immune

system .

Adaptive immunity can also be divided into humoral immunity and cell-based immunity. The former is responsible

for antibody-mediated reactions, which analyze and neutralize their targets, whilst the latter oversees cytotoxic T

cell-mediated direct killing of disease-affected endogenous cells (antigen-specific). Simultaneous stimulation of

PAMP through the pattern recognition receptor promotes co-stimulatory factor expression, a favorable sign of

antigen-specific T cells in concert with the representation of the corresponding peptide-MHC representation .

Although antigen fragments can only be found in all cells via class I MHC (MHC-I) molecules, antigens found only

in qualified APC cells can be presented through class II molecules, which are required for humoral immunity and T-

helper cell proliferation . These product degradations are then transported to the endoplasmic reticulum and

then presented on the cell’s surface to form complexes using MHC-Class I products. If the virus gene protein or

other intracellular proteins are formed by cytoplasm, fragments of this protein are also expressed on the cell’s

surface in complexes with MHC gene products of class I T cell receptors and are then identified as foreign

molecules, and T-cells (CD8-positive) with receptors are triggered and kill target cells with the external antigen .

The antigen presentation process is central to adaptive immunity, providing the material required to control

downstream immune effectors. APCs, including dendritic cells, are responsible for scavenging and eliminating

foreign materials . Excessive stimulation of immune reactions is undesirable and will have negative

consequences. Therefore, the influence of the immune system must be considered when designing a nanomaterial

for in vivo applications, as shown in Figure 1.
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Figure 1. Schematic illustration of a generic form of nanomaterials (polymeric or metal-based) depicted in red

spheres, showing their potential interaction with different immune system cells. The different properties of

nanoparticles (NP) properties, such as morphology, size, surface charge, and composition, influence the interaction

with immune cells. Most NPs induce an innate immune response. Mature innate immune cells such as

lymphocytes, dendritic cells, monocytes, mast cells, neutrophils, macrophages, and natural killer cells, as well as

pattern recognition receptors such as toll-like receptors (TLRs). In addition, nanomaterials’ interaction with the

adaptive immune system activates Th1/Th2 responses and stimulates the production of cytokines. The effect of

nanomaterials on B cells appears to enhance immunity during vaccination, and B cells are normally targeted by

specifically functionalized nanomaterials to target B cells with lymphoma to kill lymphoma and generate a

chemotherapeutic effect from the use of the NPs. The image was generated by BioRender.

Once a nanomaterial is designed for use in vivo, three immune-related effects should be considered. The first is

degradation or rejection through the immune system, which may result in a protective immune response. The

second point is immunotoxicity, which could damage and trigger inflammatory and pathological changes in the

immune system. Third, immune compatibilities do not affect the immune response .[11][12]
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3. Nonspecific Immunomodulation

NPs were used as a cytokine delivery tool, helped modulate physical localization, and served as a repository for

sustainable release. The justification was to help effectively manage the nontarget cytotoxicity associated with

these treatments.

3.1. Nanomaterials and Immune System Modulations

The sheer quantity of physicochemical properties of NPs, including shape, size, morphology, and elemental

constituents, makes the investigation of their cytotoxicity consequences complex and challenging. Oxidative stress,

inflammation, genetic damage, cell division, and cell death suppression are paradigms for NP-mediated toxicity.

Considerable existing research has revealed that NP cytotoxicity is commonly associated with ROS production

(which may be either protective or harmful during biochemical processes), and subsequently, oxidative stress is

frequently reported with NPs toxicity . ROS includes superoxide radicals (O ), hydrogen peroxide (H O ),

hydroxyl radicals ( OH), and singlet oxygen ( O ). Biological systems produce them as metabolic by-products.

Adequate oxidative stress is the foundation for many other activities, including induction of protein phosphorylation,

multiple transcription factor activation, cell apoptosis, host defense, and differentiation . Intrinsically or externally,

ROS can be synthesized inside the cell. Molecular oxygen is generated by O , and primary ROS is mediated by

nicotinamide adenine dinucleotide phosphate (NADPH) oxidase through a single electron decrease. Using a metal

to speed up the Fenton reaction, a further reduction in oxygen could change H O  or OH into something else 

.

Inflammatory phagocytes, such as neutrophils and macrophages, generate oxidative outbursts as a defensive

mechanism against environmental contaminants, tumor cells, and microorganisms. Intracellular calcium levels

activate transcription factors and modulate cytokine synthesis by mechanisms of free radicals and therefore

contribute to the influence of NP on oxidative stress . Glutathione-S-transferase (GST) is a phase II enzyme

family that catalyzes electrophilic detoxification and protects cells from mutagens, carcinogens, and glutathione, all

of which act as free radical scavengers. GST in the cytosol eliminates H O . GST interacts with H O  in a

glutathione peroxidase catalyzed chemical reaction that results in glutathione disulfide (GSSG). Glutathione

reductase (GR) catalyzes GSSG glutathione regeneration using the NADPH hexose monophosphate shunt

(HMPS) produced by NADPH .

NP-mediated ROS responses orchestrate a cascade of adverse pathological processes such as inflammation,

genotoxicity, fibrosis, and carcinogenesis. Nanomaterials with different chemical compositions, such as fullerenes,

CNTs, and metal oxides, have been reported to promote ROS. The major variables in NP-induced ROS are (i)

active redox cycling on the surface of NP due to transition metal-based NP, (ii) surface functional groups, and (iii)

NPs–cell interactions . Furthermore, CNT-induced oxidative stress, for example, promotes cellular signaling

pathways, increasing the production of pro-inflammatory cytokines. Some NPs have been shown to activate

inflammatory cells, such as macrophages and neutrophils, increasing ROS production. Several NPs, such as

titanium dioxide (TiO ), zinc oxide (ZnO), cerium oxide (CeO ) and silver NP, have been documented to deposit on
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the cellular surface or even inside intracellular organelles and trigger oxidative stress signaling cascades, resulting

in oxidative damage to the cell . Because of their surface characteristics, NPs, such as Si and Zn with identical

particle sizes and shapes, exhibit varied cytotoxicity responses. Since ZnO is more chemically active than SiO , it

generates more free radicals, leading to increased oxidative stress . The process of ROS formation differs for

each NP, and the precise underlying cellular mechanism for ROS generation is still unknown and must be explored

.

3.2. Immunological Effects of Nanomaterials (Immunotoxicology)

When used in vivo, NPs and the interface between the NP and the biological material play a key role in how the

nanomaterial is transported, eliminated, and deposited, especially when it comes to the systemic administration of

medicines. A protein crown effect, also known as a protein corona particle, is formed when NPs encounter biofluids

for the first time. The way in which NPs interact with plasma proteins and other biomolecules changes their

bioactivity, which in turn causes several changes in the way the body works. When the immune system encounters

a foreign body, such as NPs, the first cells to respond are phagocytic cells. Several conditions, including

inflammation, are caused by overactive immune systems, whereas immunosuppression leaves the host

susceptible to infections by the inhalation of CNTs was used to decrease B cell activity via NP involvement in

immunosuppression . The alveolar macrophage produced is important for the immunosuppressive process

observed. When the immune system encounters a foreign body, such as NPSs, the first cells to respond are

phagocytic cells. There have been several reports of negative interactions between the immune system and

nanoparticles, with immune stimulator immunosuppression potentially leading to inflammatory or autoimmune

diseases and increasing the receptor likelihood that the body will get infected. Immunosuppressive NPs were used

to reduce B cell activity by allowing people to breathe in CNTs. However, when a nanomaterial is administered

subcutaneously or intradermally, stimulation of the complement system by NPs can improve the effectiveness of

the treatment. Modifying the physicochemical features of NPs allows for control over the pathways by which they

activate the complement system. After being exposed to nanoparticles, important biological processes happen, and

mast cells play a role in inflammation and the toxicity of some NPs .

3.3. Mechanism of Nanomaterials Toxicity

Direct or indirect modulation of oxidative enzymatic reactions by NPs causes oxidative stress because of free

radicals, or ROS, such as superoxide anions and hydroxyl radicals. Multiple factors contribute to oxidative stress in

the body. Cellular responses to nanoparticles are accompanied by the production of ROS, which can be stimulated

by the oxidant characteristics of the particles themselves. Free radical intermediates are present on the reactive

surfaces of particles and are quite stable; however, there are effects of NP functionalities on the formation of redox-

active groups. A summary of the influence (immunogenicity, antigenicity, clearance, immunostimulation, and

immunosuppression) of nanomaterials on the immune system is shown in Figure 2.
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Figure 2. Schematic illustration of the major influence of nanomaterials on the immune system. Nanomaterials can

induce immunogenicity, which is the ability of NPs to induce humoral or cell-mediated immune responses, whereas

the antigenicity effect of NPs deals with the ability of such materials to react with antibodies or T cells. NPs could

be engineered to avoid interactions with the immune system or specifically interact with the immune system to

simulate or suppress their effects. In some cases, the immune system stimulation generated by such NPs could

manifest as a hypersensitivity reaction, anaphylactic shock, or inflammation. In immunosuppression, NPs can have

a stimulating effect on immune system components, such as APCs, B cells, and T cells, directly or indirectly. The

degradation and clearance of NPs are the main factors contributing to the use of such materials in clinical settings.

Tiny NPs below 10 nm are rapidly excreted by the kidney and liver. Particles larger than 100 nm can be eliminated

by the mononuclear phagocytic system, such as the lymph nodes and spleen. The image was generated by

BioRender.

3.4. Nanomaterials Affect Cell Functions
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The practical problem of immunosuppression and immunostimulants mediated by NPs is highly innovative, as the

interaction of NPs with the body’s immune system and their impact have not been fully understood; nevertheless,

there is a considerable amount of evidence that illustrates the enormous potential of these immunomodulation

strategies for the treatment of immunological disorders. The use of NPs and the modulation of immunostimulants

and immunosuppression are summarized in Table 1.

Table 1. Immune system modulation by NPs.

3.5. Immunosuppression

Immunosuppression occurs when a medication or other substance inhibits the activation or effectiveness.

Immunosuppression is commonly thought to be an immunotoxic impact linked to various human diseases. The

size, morphology, and composition facilitate blood, cellular, and protein adsorption, allowing for more efficient

interactions with immune cells and the subsequent immunological response. AuNPs are an excellent example of

these effects. Larger AuNPs and rod-shaped geometries are routinely internalized via sophisticated uptake

mechanisms. Spherical NPs between 5 and 30 nm in diameter are susceptible to passive association with cells.

The surface coating does have an impact on their absorption by cells. For example, citrate or lipid capping of the

AuNPs may increase the particles’ stability and passive intake . On the other hand, since silver and gold NPs

interact with adaptive and innate immune systems, few studies have elucidated the mechanism behind the

potential of noble metal NPs to induce an immunosuppressive response . Citrate-coated AuNPs have been

shown to have no measurable cellular or organ toxicity in mice. However, researchers reported anti-inflammatory

potential that reduced cellular responses triggered by interleukin 1 beta (IL-1β). IL-1 β is an inflammatory cytokine

that mediates adaptive immune responses, as well as common inflammatory conditions such as rheumatoid

arthritis . The potential of monodispersed citrate-coated AuNPs varying in size from 5 to 35 nm to regulate

pro-inflammatory functionality induced by IL-1β generation was examined. The IL-1β pathway disrupted the

NPs Effect Immunosuppression Immunostimulant References

Desirable

Reducing allergic response
Used as cancer
immunotherapy

Organ and tissue transplant rejection
Enhanced vaccine

efficacy

Very useful for autoimmune disorders and
inflammation treatment

Antitumorigenic

Undesirable

Severe suppression of the immune system to a level
affecting the recognition

Development of
inflammation

Myelosuppression (bone marrow and thymus gland)
Development of
hypersensitivity

 
Development of

anaphylaxis
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smallest nanoparticles, measuring 5 nm. Larger nanoparticles (>10 nm) had less of an impact, while 35 nm

particles did not affect the IL-1 pathway . Furthermore, poly(acrylic acid)-coated AuNPs have been shown to

have opposite effects in the same THP-1 cell lines by promoting inflammation .

Immunosuppression produced by AgNPs has received less attention than AuNPs. Silver nanoparticles stimulated

the production of TNF-, IL-6, IL-8, IL-1, and IL-11 production . Tian et al. demonstrated that topical treatment of

AgNPs modulated cytokines at a wound site. IL-6 mRNA expression was considerably reduced during the healing

phase, whereas TGF-1 expression increased. It has also been demonstrated that local and systemic applications

can reduce inflammation . In addition, iron oxide NPs have been shown to induce immunosuppression and anti-

inflammatory activities. Ovalbumin-sensitized mice received ovalbumin, a T cell-dependent antigen, after an

administration of iron oxide nanoparticles in investigations by Liao et al. and Shen et al. Antigen-specific antibody

expression, as well as antigen-specific cytokine secretion in the spleen, was considerably decreased. Iron oxide

nanoparticles inhibited the activity of T helper cells and macrophages while decreasing interferon, IL-6, and TNF-

expression . TNF- and IL-6 are both cytokines that contribute to inflammatory responses. Iron oxide NPs also

changed the proportion of helper T cells, suppressing the allergic response. In an alternative animal model,

administration of iron oxide particles preceding immunological activation with an endotoxin lowered IL-1 expression

in microglia cells. Iron oxide NPs hindered cytokine processing pathways, culminating in the attenuation of IL-1.

Human dendritic cells treated with poly(vinyl alcohol)-coated iron oxide NPs exhibited impaired antigen processing

and T cell activation in a separate study. Injections of iron oxide nanoparticles were given again, and the

inflammation was reduced . According to Jan et al. , iron oxide NPs accumulated in lysosomes, improving

lysosomal accessibility, and reducing cathepsin B activity.

Furthermore, cerium can consistently switch redox potential between Ce  and Ce , allowing cerium oxide NPs to

absorb reactive oxygen species efficiently. As cerium oxide switches between oxidation states, it creates oxygen

vacancies in the crystal lattice. Since the vacancies are clustered at the NPs’ surfaces, cerium oxide NPs have a

high capability to interact with free radicals immediately. This antioxidant potential has been demonstrated in

several studies . Cerium oxide NPs antioxidant properties allow them to suppress inflammation caused by nitric

oxide synthase production . Superoxide dismutase-2, an oxidative stress mediator, was also upregulated by

cerium oxide NPs. The antioxidant properties of cerium oxide NPs, similar to those of many other NPs, are

influenced by their size and morphology. As a result, smaller cerium oxide NPs outperformed their larger

counterparts in antioxidant capacity. Figure 3 summarizes the various effects of the NPs on different immune cells,

depending on whether immunosuppressive or inflammatory cytokines are secreted.
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Figure 3. Schematic illustration of the NPs interaction and effect on the immune system. NPs (metalic, polymeric,

dendrimer, carbon-based and lipid-based) interact with immune cells such as antigen-presenting cells, B cells, T

cells, and macrophages. For example, carbon-based nanomaterials are involved in up-regulation of transforming

growth factor (TGF-β), interleukin-10 (IL-10), and it also decreased B cell activity in addition to apoptosis. Metal

oxide NPs have also been reported to affect adaptive immune cells, such as cerium oxide NPs, which are

responsible for scavenging reactive oxygen species (ROS). Polymeric NPs and dendrimers exhibit an assortment

of immunosuppressive effects. Some possible mechanisms by which various nanoscale compounds might dampen

the immune system are illustrated.

Polymer NPs and macromolecules (dendrimers) exhibit an assortment of immunosuppressive effects. Some

possible mechanisms by which various nanoscale compounds might dampen the immune system are illustrated.

Fullerenes (C60), such as cerium oxide NPs, efficiently reduce oxidative stress by lowering ROS levels. Compared

to cerium oxide NPs, fullerenes disseminate reactive oxygen species via their aromatic structure. Fullerenes

reduce both hydroxyl and superoxide oxygen radicals, and many of their free radical-scavenging abilities have

been regulated by bioconjugation of fullerenes with water-soluble ligands . Fullerenes have been reported in

vitro and in vivo to suppress oxidative stress, even though the immune response is strongly dependent on

[46][47]
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administration and dosing. The administration of low doses of fullerenes by intraperitoneal administration or

inhalation significantly reduced oxidative stress . Hydroxylated fullerenes have been used to protect RAW 264.6

cells against oxidative stress in vitro and ischemia-perfused lungs in rats. Fullerenes can inhibit the release of

human mast cells and peripheral blood basophils by reducing the signaling pathways associated with oxygen

radical quantities . Basophils and mast cells are essential in inflammatory responses, including type I

hypersensitivity reactions. Type I hypersensitivity responses are usually triggered by persistent exposure to the

allergen. B cells produce allergen-specific immunoglobulin E (IgE), which binds to receptors and sensitizes mast

cells or basophils upon first allergen exposure. Following exposure to the allergen, IgE crosslinks and mediators,

including prostaglandins and histamine, are activated. Basophils and mast cells lowered IgE signaling and ROS

formation following fullerene administration, preventing the release of histamine .

Furthermore, Mitchell et al. revealed that inhaling multi-walled carbon nanotubes (MWCNTs) in tiny amounts

stimulated T-cell dysfunction pathways that suppressed the immunological response from splenic lymphocytes, but

there was no toxicity or immunosuppressive action in the lungs. Exposure to MWCNT significantly reduced natural

killer cellular activities, increased prostaglandin synthesis, and increased IL-10 production . In contrast, single-

walled carbon nanotubes (SWCNTs) have been shown to repress immune system mediators in human lung

epithelial cells. Additional investigations found that inhalation of SNCNTs increased lung inflammatory responses

and decreased T cell responsiveness after exposure in mouse models; this immunosuppression seemed related to

the direct effects on dendritic cells . The observed differences in immunological response between fullerenes,

MWCNTs, and SWCNTs may be attributed to their complex geometries and electrochemical properties. Research

to unravel these effects in the future could contribute to a better understanding of the implications of surface charge

and intrinsic conductivity on the immune system response .

Polystyrene latexes are one form of polymeric NPs that are studied for an immunological response. Polystyrene

latexes were shown to produce immunosuppressive and immunostimulatory impacts. Polystyrene NP suppressed

lung inflammation after allergen exposure, which was ascribed to inhibition of dendritic cell expansion within the

lungs . Another investigation employing polystyrene nanoparticles highlighted the significant impact of surface

charge on the immune response. By coating polystyrene nanoparticles with charged sulfonate and phosphonate

groups, Frick et al. altered their surface properties. This caused dendritic cell maturation and increased CD4+ T cell

activity, resulting in immunostimulant activity . Finally, by inactivating pathogenic T cells, antigen-decorated

polystyrene NPs induced T-cell tolerance and suppressed autoimmune encephalomyelitis. This considerable effect

of surface groups on the immunological response of basic polystyrene nanoparticles emphasizes the need for a

comprehensive study of the immunology of polymer nanoparticles, which are often commended or promoted for

the delivery of drugs and other nanomedicine purposes .

The anti-inflammatory activities of polyamidoamine dendrimers were established by chance while studying their

potential as a drug delivery system. Polyamidoamine dendrimers with amine or hydroxyl surface functional groups

significantly suppressed pro-inflammatory activities. Dendrimers with carboxylate surface groups had no significant

anti-inflammatory effects. In microglia cells, hydroxyl-terminus polyamidoamine dendrimers also inhibited the

secretion of pro-inflammatory regulators such as nitric oxide and IL-6 . Hayder et al. likewise utilized anionic
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azabisphosphonate moieties to alter the surface charge of dendrimers. These anionic dendrimers were

administered to arthritic mouse models and suppressed the release of pro-inflammatory cytokines and the

osteoclastogenesis pathway .

Further, polyamidoamine-glucosamine dendrimers have been proven to block TLR-mediated inflammatory

responses and diminish IL-6 and IL-8 release . Imidazoquinoline-based dendrimers with imidazoquinoline as the

core ingredient rather than glucosamine are analogous to polyamidoamine-glucosamine dendrimers. Because

imidazoquinoline is a TLR7 and TLR8 agonist, imidazoquinoline-based dendrimers inhibit TLR7 and TLR8 activities

. This shows that the surface charge is pretty simple and that changing the chemistry of the surface could be

used to make NPs that precisely modulate the innate immune response.

Liposomes can also be utilized to improve the localization of immunosuppressant drugs that have been entrapped.

Hong et al. and others investigated the effectiveness of encapsulating IL-10 genes in cationic liposomes to

enhance allograft survival after a heart transplant. Liposome administration led to local overexpression of IL-10 and

a decline in lymphocyte reactivity. Similarly, after a liver transplant, canines received liposomal tacrolimus, an

immunosuppressive treatment, and survived substantially longer than dogs who received tacrolimus intravenously

. When used to treat rheumatoid arthritis in rats, glucocorticoids incorporated within liposomes result in much

less cytotoxicity and enhanced inhibition of anti-inflammatory cytokines than free drug administration .

3.6. Immunostimulant

The propensity of NPs to induce innate or adaptive immune responses is being used to assess their

immunostimulatory potential as summarize in Table 2. The stimulation of the complement cascade can be

detrimental if particles penetrate the systemic circulation accidentally or on purpose, resulting in hypersensitivity

responses and anaphylaxis . The size has been proposed to be an important factor in determining whether

antigens loaded into nanoparticles produce type I (interferon-) or type II (IL-4) cytokines, thus contributing to the

type of stimulatory immune response .

Induction of allergic responses is one aspect of NP-mediated immunostimulation. A few investigations have

connected NP exposure to allergy responses in test animals and humans. In mice, for example, SWCNT and

MWCNTs equally increased the allergenicity of egg albumin, whether administered by intranasal or subcutaneous

injection routes. The CNT-mediated activation of the acute inflammatory response is hypothesized to be the

mechanism underlying this enhanced allergenicity .

In rare circumstances, nanoformulation of an authorized treatment would prevent allergic responses linked to

previously approved preparations, and abraxane is an illustration of this reformulation. In this instance,

reconstituted paclitaxel-bound albumin nanoparticles provoked no allergic response, but the first-generation

formulations of paclitaxel in the non-ionic surfactant Cremophor EL triggered significant hypersensitivity, commonly

involving premedication with only steroids and a histamine blocker . Almost all the immunostimulatory responses

elicited by nanoparticles are mediated by the release of pro-inflammatory cytokines. Numerous studies have
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provided evidence through various forms of nanomaterials that can induce cytokine production, i.e., AuNPs, lipid-

based NPs, dendrimers, etc. .

The diameter of NPs has been perceived as a determinant factor in influencing an NP’s ability to generate cytokine

activation. For example, CNT length has been reported to correlate with in vivo subcutaneous injection

inflammation caused by CNT administration . On the contrary, some studies have demonstrated that surfactants

or microbial endotoxins included in the formulations, rather than NPs, trigger cytokine production. As a result, when

analyzing the inflammatory properties of NPs, it is vital to evaluate the levels of chemical (byproduct generation)

and biological (endotoxin) components.

Table 2. NP-based immunostimulatory effect and study results from the studies outcome.

[69][70][71]

[72]

Type of NPs Study Outcomes References

Liposomes decorated with synthetic
long peptides antigen

The immunological response was mediated by
antigen-specific CD8  T cells that were induced

Liposomes Induction of antigen-specific response

Liposomes loaded with cytosine-
phosphate-guanine and 3,5-
didodecyloxybenzamidine

DCs were stimulated to release cytokines, co-
stimulatory molecules were expressed, and an

antigen-specific immune response was enhanced

AuNPs Macrophage activation

AuNPs loaded with BSA antigen

Anti-BSA antibodies were detected in greater
concentrations in the blood serum of mice inoculated
with BSA–AuNPs and cytosine-phosphate-guanine –

AuNPs conjugates

MWCNTs
Inducing strong CD4  T and CD8  T- cells mediated

immune response

MWCNTs loaded with anti-CD40 Ig

In subcutaneous or lung pseudo-metastatic tumor
models, it increased entrapped ovalbumin-specific T
cell responses and suppressed the development of

entrapped ovalbumin–expressing B16F10 melanoma
cells.

MWCNTs loaded with ovalbumin Elicited a strong anti-tumor immune response

MWCNTs loaded with cytosine-
phosphate-guanine

Elicited a strong cellular and humoral immune
response

Iron oxide (Fe O ) NPs

In vitro, it induced a significant adaptive immune
response by stimulating DCs and macrophages, and it

reduced tumor development and prevented tumor
formation in vivo

+
[73]

[74]

[75]

[76]

[77]

+ +
[78]

[79]

[80]

[81]

3 4
[82]



Nanomaterials and Their Impact on the Immune System | Encyclopedia.pub

https://encyclopedia.pub/entry/41029 13/20

References

1. Sompayrac, L.M. How the Immune System Works; John Wiley & Sons: New York, NY, USA, 2019.

2. Schrand, A.M.; Rahman, M.F.; Hussain, S.M.; Schlager, J.J.; Smith, D.A.; Syed, A.F. Metal-based
nanoparticles and their toxicity assessment. WIREs Nanomed. Nanobiotechnol. 2010, 2, 544–
568.

3. Anderson, R.M.; May, R.M. Directly Transmitted Infections Diseases: Control by Vaccination.
Science 1982, 215, 1053–1060.

4. Mogensen, T.H. Pathogen Recognition and Inflammatory Signaling in Innate Immune Defenses.
Clin. Microbiol. Rev. 2009, 22, 240–273.

5. Guermonprez, P.; Valladeau, J.; Zitvogel, L.; Théry, C.; Amigorena, S. Antigen presentation and T
cell stimulation by dendritic cells. Annu. Rev. Immunol. 2002, 20, 621–667.

6. Roche, P.A.; Furuta, K. The ins and outs of MHC class II-mediated antigen processing and
presentation. Nat. Rev. Immunol. 2015, 15, 203–216.

7. Joffre, O.; Segura, E.; Savina, A.; Amigorena, S. Cross-presentation by dendritic cells. Nat. Rev.
Immunol. 2012, 12, 557–569.

8. Farrera, C.; Fadeel, B. It takes two to tango: Understanding the interactions between engineered
nanomaterials and the immune system. Eur. J. Pharm. Biopharm. 2015, 95, 3–12.

Type of NPs Study Outcomes References

Iron oxide (Fe O ) NPs
Enhanced T cell activation and elevated stimulation of

anti-tumor activity

Micelles loaded with cytosine-
phosphate-guanine and Trp2

In tumor-bearing mice, it produced antigen-specific
cytotoxic CD8  T cell-mediated immunity, as well as a

robust anti-cancer immune response

Micelles loaded with cytosine-
phosphate-guanine and Trp2

Trp2/PHM10/ cytosine-phosphate-guanine
nanoformulation dramatically increased CD8  T

cellular activities while improving anti-tumor
effectiveness.

Micelles loaded with ovalbumin and
CL264 agonist

A robust antigen-specific cellular and humoral immune
response was elicited

Dendrimers loaded with ovalbumin and
cytosine-phosphate-guanine

Elicited a much greater T-cell-mediated immunological
response

Dendrimers loaded with cytosine-
phosphate-guanine

Cytosine-phosphate-guanine delivered effectively into
DCs triggered an adaptive cellular immune response

Protein NP loaded with melanoma-
associated gp100 epitope and
cytosine-phosphate-guanine

Antigen-specific antitumor immune response
substantially increased

NP protein loaded with peptide epitope
cytosine-phosphate-guanine

Elevated CD8+ T cell activation and antigen cross-
presentation

3 4
[83]

+ [84]

+
[85]

[86]

[87][88]

[89]

[90]

[91]



Nanomaterials and Their Impact on the Immune System | Encyclopedia.pub

https://encyclopedia.pub/entry/41029 14/20

9. Hicks, A.M.; Willingham, M.C.; Du, W.; Pang, C.S.; Old, L.J.; Cui, Z. Effector mechanisms of the
anti-cancer immune responses of macrophages in SR/CR mice. Cancer Immun. 2006, 6, 11.

10. Smith, J.M.; Nemeth, T.L.; McDonald, R.A. Current immunosuppressive agents in pediatric renal
transplantation: Efficacy, side-effects and utilization. Pediatr. Transplant. 2004, 8, 445–453.

11. Deng, J.; Wang, J.; Shi, J.; Li, H.; Lu, M.; Fan, Z.; Gu, Z.; Cheng, H. Tailoring the physicochemical
properties of nanomaterials for immunomodulation. Adv. Drug Deliv. Rev. 2021, 180, 114039.

12. Boraschi, D.; Costantino, L.; Italiani, P. Interaction of nanoparticles with immunocompetent cells:
Nanosafety considerations. Nanomedicine 2012, 7, 121–131.

13. Johnston, H.J.; Hutchison, G.; Christensen, F.M.; Peters, S.; Hankin, S.; Stone, V. A review of the
in vivo and in vitro toxicity of silver and gold particulates: Particle attributes and biological
mechanisms responsible for the observed toxicity. Crit. Rev. Toxicol. 2010, 40, 328–346.

14. Pandey, R.P.; Priyadarshini, A.; Gupta, A.; Vibhuti, A.; Leal, E.; Sengupta, U.; Katoch, V.M.;
Sharma, P.; Moore, C.E.; Raj, V.S. Exploring the modulation of immune response and oxidative
stress of intracellular pathogens using nanoparticles encapsulating drugs. Preprints 2020, 10,
580.

15. Zhao, C.; Deng, H.; Chen, X. Harnessing immune response using reactive oxygen Species-
Generating/Eliminating inorganic biomaterials for disease treatment. Adv. Drug Deliv. Rev. 2022,
188, 114456.

16. Farooq, M.A.; Hannan, F.; Islam, F.; Ayyaz, A.; Zhang, N.; Chen, W.; Zhang, K.; Huang, Q.; Xu, L.;
Zhou, W. The potential of nanomaterials for sustainable modern agriculture: Present findings and
future perspectives. Environ. Sci. Nano 2022, 9, 1926–1951.

17. Saliani, M.; Jalal, R.; Goharshadi, E.K. Mechanism of oxidative stress involved in the toxicity of
ZnO nanoparticles against eukaryotic cells. Nanomed. J. 2016, 3, 1–14.

18. Rahal, A.; Kumar, A.; Singh, V.; Yadav, B.; Tiwari, R.; Chakraborty, S.; Dhama, K. Oxidative stress,
prooxidants, and antioxidants: The interplay. Biomed Res. Int. 2014, 2014, 761264.

19. Risom, L.; Møller, P.; Loft, S. Oxidative stress-induced DNA damage by particulate air pollution.
Mutat. Res. Mol. Mech. Mutagen. 2005, 592, 119–137.

20. Buzea, C.; Pacheco, I.I.; Robbie, K. Nanomaterials and nanoparticles: Sources and toxicity.
Biointerphases 2007, 2, MR17–MR71.

21. Fubini, B.; Hubbard, A. Reactive oxygen species (ROS) and reactive nitrogen species (RNS)
generation by silica in inflammation and fibrosis. Free. Radic. Biol. Med. 2003, 34, 1507–1516.

22. He, X.; Young, S.-H.; Schwegler-Berry, D.; Chisholm, W.P.; Fernback, J.E.; Ma, Q. Multiwalled
Carbon Nanotubes Induce a Fibrogenic Response by Stimulating Reactive Oxygen Species



Nanomaterials and Their Impact on the Immune System | Encyclopedia.pub

https://encyclopedia.pub/entry/41029 15/20

Production, Activating NF-κB Signaling, and Promoting Fibroblast-to-Myofibroblast
Transformation. Chem. Res. Toxicol. 2011, 24, 2237–2248.

23. Azevedo, S.; Costa-Almeida, R.; Santos, S.G.; Magalhães, F.D.; Pinto, A.M. Advances in carbon
nanomaterials for immunotherapy. Appl. Mater. Today 2022, 27, 101397.

24. Holmannova, D.; Borsky, P.; Svadlakova, T.; Borska, L.; Fiala, Z. Carbon Nanoparticles and Their
Biomedical Applications. Appl. Sci. 2022, 12, 7865.

25. Yuan, X.; Zhang, X.; Sun, L.; Wei, Y.; Wei, X. Cellular Toxicity and Immunological Effects of
Carbon-based Nanomaterials. Part. Fibre Toxicol. 2019, 16, 18.

26. Zolnik, B.S.; González-Fernández, A.; Sadrieh, N.; Dobrovolskaia, M.A. Nanoparticles and the
Immune System. Endocrinology 2010, 151, 458–465.

27. Baldim, I.; Oliveira, W.P.; Rao, R.; Raghuvir, S.; Mahant, S.; Gama, F.M.; Souto, E.B. Biofate and
cellular interactions of lipid nanoparticles. In Nanoparticle Therapeutics; Academic Press:
Cambridge, MA, USA, 2021; pp. 211–246.

28. Lai, C.; Chadban, S.J.; Loh, Y.W.; Kwan, T.K.-T.; Wang, C.; Singer, J.; Niewold, P.; Ling, Z.;
Spiteri, A.; Getts, D.; et al. Targeting inflammatory monocytes by immune-modifying nanoparticles
prevents acute kidney allograft rejection. Kidney Int. 2022, 102, 1090–1102.

29. Nguyen, T.L.; Kim, J. Nanoparticle-Based Tolerogenic Vaccines for the Treatment of Autoimmune
Diseases: A Review. ACS Appl. Nano Mater. 2022, 5, 6013–6028.

30. Liu, J.; Liu, Z.; Pang, Y.; Zhou, H. The interaction between nanoparticles and immune system:
Application in the treatment of inflammatory diseases. J. Nanobiotechnol. 2022, 20, 127.

31. Jain, P.; Darji, P.; Thakur, B.S.; Jain, A.; Jain, P.K.; Khare, B. Immunostimulants: Concepts, Types
and Functions. Asian J. Dent. Health Sci. 2022, 2, 26–34.

32. Dobrovolskaia, M.A.; Aggarwal, P.; Hall, J.B.; McNeil, S.E. Preclinical Studies To Understand
Nanoparticle Interaction with the Immune System and Its Potential Effects on Nanoparticle
Biodistribution. Mol. Pharm. 2008, 5, 487–495.

33. Zhang, X. Gold Nanoparticles: Recent Advances in the Biomedical Applications. Cell Biochem.
Biophys. 2015, 72, 771–775.

34. Sur, A.; Pradhan, B.; Banerjee, A.; Aich, P. Immune Activation Efficacy of Indolicidin Is Enhanced
upon Conjugation with Carbon Nanotubes and Gold Nanoparticles. PLoS ONE 2015, 10,
e0123905.

35. Wang, S.; Chen, R.; Yu, Q.; Huang, W.; Lai, P.; Tang, J.; Nie, L. Near-Infrared Plasmon-Boosted
Heat/Oxygen Enrichment for Reversing Rheumatoid Arthritis with Metal/Semiconductor
Composites. ACS Appl. Mater. Interfaces 2020, 12, 45796–45806.



Nanomaterials and Their Impact on the Immune System | Encyclopedia.pub

https://encyclopedia.pub/entry/41029 16/20

36. Thakor, A.S.; Jokerst, J.; Zavaleta, C.; Massoud, T.F.; Gambhir, S.S. Gold Nanoparticles: A
Revival in Precious Metal Administration to Patients. Nano Lett. 2011, 11, 4029–4036.

37. Chen, H.; Dorrigan, A.; Saad, S.; Hare, D.J.; Cortie, M.B.; Valenzuela, S.M. In Vivo Study of
Spherical Gold Nanoparticles: Inflammatory Effects and Distribution in Mice. PLoS ONE 2013, 8,
e58208.

38. Goodman, C.M.; McCusker, C.D.; Yilmaz, T.; Rotello, V.M. Toxicity of Gold Nanoparticles
Functionalized with Cationic and Anionic Side Chains. Bioconjugate Chem. 2004, 15, 897–900.

39. Greulich, C.; Diendorf, J.; Geßmann, J.; Simon, T.; Habijan, T.; Eggeler, G.; Schildhauer, T.; Epple,
M.; Köller, M. Cell type-specific responses of peripheral blood mononuclear cells to silver
nanoparticles. Acta Biomater. 2011, 7, 3505–3514.

40. Wu, T.; Tang, M. The inflammatory response to silver and titanium dioxide nanoparticles in the
central nervous system. Nanomedicine 2018, 13, 233–249.

41. Jan, T.-R.; Shen, C.-C.; Liang, H.-J.; Wang, C.-C.; Liao, M.-H. Iron oxide nanoparticles
suppressed T helper 1 cell-mediated immunity in a murine model of delayed-type hypersensitivity.
Int. J. Nanomed. 2012, 7, 2729–2737.

42. Liao, M.-H.; Liu, S.-S.; Peng, I.-C.; Tsai, F.-J.; Huang, H.H. The stimulatory effects of alpha1-
adrenergic receptors on TGF-beta1, IGF-1 and hyaluronan production in human skin fibroblasts.
Cell Tissue Res. 2014, 357, 681–693.

43. Jin, K.; Luo, Z.; Zhang, B.; Pang, Z. Biomimetic nanoparticles for inflammation targeting. Acta
Pharm. Sin. B 2017, 8, 23–33.

44. Wu, H.-Y.; Chung, M.-C.; Wang, C.-C.; Huang, C.-H.; Liang, H.-J.; Jan, T.-R. Iron oxide
nanoparticles suppress the production of IL-1beta via the secretory lysosomal pathway in murine
microglial cells. Part. Fibre Toxicol. 2013, 10, 46.

45. Hirst, S.M.; Karakoti, A.S.; Tyler, R.D.; Sriranganathan, N.; Seal, S.; Reilly, C.M. Anti-inflammatory
Properties of Cerium Oxide Nanoparticles. Small 2009, 5, 2848–2856.

46. Karakoti, A.; Singh, S.; Dowding, J.M.; Seal, S.; Self, W.T. Redox-active radical scavenging
nanomaterials. Chem. Soc. Rev. 2010, 39, 4422–4432.

47. Liu, H.; Qu, X.; Tan, H.; Song, J.; Lei, M.; Kim, E.; Payne, G.F.; Liu, C. Role of polydopamine’s
redox-activity on its pro-oxidant, radical-scavenging, and antimicrobial activities. Acta Biomater.
2019, 88, 181–196.

48. Zogovic, N.S.; Nikolic, N.S.; Vranjes-Djuric, S.D.; Harhaji, L.M.; Vucicevic, L.M.; Janjetovic, K.D.;
Misirkic, M.S.; Todorovic-Markovic, B.M.; Markovic, Z.M.; Milonjic, S.K.; et al. Opposite effects of
nanocrystalline fullerene (C60) on tumour cell growth in vitro and in vivo and a possible role of
immunosupression in the cancer-promoting activity of C60. Biomaterials 2009, 30, 6940–6946.



Nanomaterials and Their Impact on the Immune System | Encyclopedia.pub

https://encyclopedia.pub/entry/41029 17/20

49. Cheng-Chieh, Y.; Hwang, K.C.; Yen, C.-C.; Lai, Y.-L. Fullerene derivatives protect against
oxidative stress in RAW 264.7 cells and ischemia-reperfused lungs. Am. J. Physiol. Integr. Comp.
Physiol. 2004, 287, R21–R26.

50. Ryan, J.J.; Bateman, H.R.; Stover, A.; Gomez, G.; Norton, S.K.; Zhao, W.; Schwartz, L.B.; Lenk,
R.; Kepley, C.L. Fullerene Nanomaterials Inhibit the Allergic Response. J. Immunol. 2007, 179,
665–672.

51. Mitchell, L.A.; Lauer, F.T.; Burchiel, S.W.; McDonald, J.D. Mechanisms for how inhaled multiwalled
carbon nanotubes suppress systemic immune function in mice. Nat. Nanotechnol. 2009, 4, 451–
456.

52. Tkach, A.V.; Shurin, G.V.; Shurin, M.R.; Kisin, E.R.; Murray, A.R.; Young, S.-H.; Star, A.; Fadeel,
B.; Kagan, V.E.; Shvedova, A.A. Direct Effects of Carbon Nanotubes on Dendritic Cells Induce
Immune Suppression Upon Pulmonary Exposure. ACS Nano 2011, 5, 5755–5762.

53. Leghrib, R. Design, Fabrication and Characterisation of Gas Sensors Based on Nanohybrid
Materials; Universitat Rovira i Virgili: Tarragona, Spain, 2010.

54. Dey, R.S.; Purkait, T.; Kamboj, N.; Das, M. Carbonaceous Materials and Future Energy: Clean
and Renewable Energy Sources; CRC Press: Boca Raton, FL, USA, 2019.

55. Frick, S.U.; Bacher, N.; Baier, G.; Mailänder, V.; Landfester, K.; Steinbrink, K. Functionalized
Polystyrene Nanoparticles Trigger Human Dendritic Cell Maturation Resulting in Enhanced
CD4+T Cell Activation. Macromol. Biosci. 2012, 12, 1637–1647.

56. Getts, D.R.; Martin, A.J.; McCarthy, D.P.; Terry, R.L.; Hunter, Z.N.; Yap, W.T.; Getts, M.T.; Pleiss,
M.; Luo, X.; King, N.J.; et al. Microparticles bearing encephalitogenic peptides induce T-cell
tolerance and ameliorate experimental autoimmune encephalomyelitis. Nat. Biotechnol. 2012, 30,
1217–1224.

57. Boridy, S.; Soliman, G.M.; Maysinger, D. Modulation of inflammatory signaling and cytokine
release from microglia by celastrol incorporated into dendrimer nanocarriers. Nanomedicine 2012,
7, 1149–1165.

58. Hayder, M.; Poupot, M.; Baron, M.; Nigon, D.; Turrin, C.-O.; Caminade, A.-M.; Majoral, J.-P.;
Eisenberg, R.A.; Fournié, J.-J.; Cantagrel, A.; et al. A Phosphorus-Based Dendrimer Targets
Inflammation and Osteoclastogenesis in Experimental Arthritis. Sci. Transl. Med. 2011, 3, 81ra35.

59. Teo, I.; Toms, S.M.; Marteyn, B.; Barata, T.S.; Simpson, P.; Johnston, K.A.; Schnupf, P.; Puhar, A.;
Bell, T.; Tang, C.; et al. Preventing acute gut wall damage in infectious diarrhoeas with
glycosylated dendrimers. EMBO Mol. Med. 2012, 4, 866–881.

60. Shukla, N.M.; Salunke, D.; Balakrishna, R.; Mutz, C.A.; Malladi, S.S.; David, S.A. Potent
Adjuvanticity of a Pure TLR7-Agonistic Imidazoquinoline Dendrimer. PLoS ONE 2012, 7, e43612.



Nanomaterials and Their Impact on the Immune System | Encyclopedia.pub

https://encyclopedia.pub/entry/41029 18/20

61. Hong, Y.S.; Laks, H.; Cui, G.; Chong, T.; Sen, L. Localized immunosuppression in the cardiac
allograft induced by a new liposome-mediated IL-10 gene therapy. J. Heart Lung Transplant.
2002, 21, 1188–1200.

62. Hong, S.-T.; Lin, H.; Wang, C.-S.; Chang, C.-H.; Lin, A.M.-Y.; Yang, J.C.-H.; Lo, Y.-L. Improving
the anticancer effect of afatinib and microRNA by using lipid polymeric nanoparticles conjugated
with dual pH-responsive and targeting peptides. J. Nanobiotechnol. 2019, 17, 89.

63. Yu, Z.; Reynaud, F.; Lorscheider, M.; Tsapis, N.; Fattal, E. Nanomedicines for the delivery of
glucocorticoids and nucleic acids as potential alternatives in the treatment of rheumatoid arthritis.
WIREs Nanomed. Nanobiotechnol. 2020, 12, e1630.

64. Metselaar, J.M.; Wauben, M.H.M.; Wagenaar-Hilbers, J.P.A.; Boerman, O.C.; Storm, G. Complete
remission of experimental arthritis by joint targeting of glucocorticoids with long-circulating
liposomes. Arthritis Rheum. 2003, 48, 2059–2066.

65. Szebeni, J.; Bedöcs, P.; Dezsi, L.; Urbanics, R. A porcine model of complement activation-related
pseudoallergy to nano-pharmaceuticals: Pros and cons of translation to a preclinical safety test.
Precis. Nanomed. 2018, 1, 63–73.

66. Muhammad, Q.; Jang, Y.; Kang, S.H.; Moon, J.; Kim, W.J.; Park, H. Modulation of immune
responses with nanoparticles and reduction of their immunotoxicity. Biomater. Sci. 2020, 8, 1490–
1501.

67. Nygaard, U.C.; Hansen, J.S.; Samuelsen, M.; Alberg, T.; Marioara, C.D.; Løvik, M. Single-Walled
and Multi-Walled Carbon Nanotubes Promote Allergic Immune Responses in Mice. Toxicol. Sci.
2009, 109, 113–123.

68. Hawkins, M.J.; Soon-Shiong, P.; Desai, N. Protein nanoparticles as drug carriers in clinical
medicine. Adv. Drug Deliv. Rev. 2008, 60, 876–885.

69. Schöler, N.; Hahn, H.; Müller, R.H.; Liesenfeld, O. Effect of lipid matrix and size of solid lipid
nanoparticles (SLN) on the viability and cytokine production of macrophages. Int. J. Pharm. 2002,
231, 167–176.

70. Shvedova, A.A.; Kisin, E.R.; Mercer, R.; Murray, A.R.; Johnson, V.J.; Potapovich, A.I.; Tyurina, Y.;
Gorelik, O.; Arepalli, S.; Schwegler-Berry, D.; et al. Unusual inflammatory and fibrogenic
pulmonary responses to single-walled carbon nanotubes in mice. Am. J. Physiol. Cell. Mol.
Physiol. 2005, 289, L698–L708.

71. Vallhov, H.; Qin, J.; Johansson, S.M.; Ahlborg, N.; Muhammed, M.A.; Scheynius, A.; Gabrielsson,
S. The Importance of an Endotoxin-Free Environment during the Production of Nanoparticles
Used in Medical Applications. Nano Lett. 2006, 6, 1682–1686.

72. Sato, Y.; Yokoyama, A.; Shibata, K.-I.; Akimoto, Y.; Ogino, S.-I.; Nodasaka, Y.; Kohgo, T.; Tamura,
K.; Akasaka, T.; Uo, M.; et al. Influence of length on cytotoxicity of multi-walled carbon nanotubes



Nanomaterials and Their Impact on the Immune System | Encyclopedia.pub

https://encyclopedia.pub/entry/41029 19/20

against human acute monocytic leukemia cell line THP-1 in vitro and subcutaneous tissue of rats
in vivo. Mol. Biosyst. 2005, 1, 176–182.

73. Heuts, J.; Varypataki, E.M.; van der Maaden, K.; Romeijn, S.; Drijfhout, J.W.; van Scheltinga, A.T.;
Ossendorp, F.; Jiskoot, W. Cationic Liposomes: A Flexible Vaccine Delivery System for
Physicochemically Diverse Antigenic Peptides. Pharm. Res. 2018, 35, 207.

74. Yuba, E.; Tajima, N.; Yoshizaki, Y.; Harada, A.; Hayashi, H.; Kono, K. Dextran derivative-based
pH-sensitive liposomes for cancer immunotherapy. Biomaterials 2014, 35, 3091–3101.

75. Yoshizaki, Y.; Yuba, E.; Sakaguchi, N.; Koiwai, K.; Harada, A.; Kono, K. pH-sensitive polymer-
modified liposome-based immunity-inducing system: Effects of inclusion of cationic lipid and CpG-
DNA. Biomaterials 2017, 141, 272–283.

76. Fallarini, S.; Paoletti, T.; Battaglini, C.O.; Ronchi, P.; Lay, L.; Bonomi, R.; Jha, S.; Mancin, F.;
Scrimin, P.; Lombardi, G. Factors affecting T cell responses induced by fully synthetic glyco-gold-
nanoparticles. Nanoscale 2012, 5, 390–400.

77. Dykman, L.A.; Staroverov, S.; Fomin, A.S.; Khanadeev, V.A.; Khlebtsov, B.; Bogatyrev, V.A. Gold
nanoparticles as an adjuvant: Influence of size, shape, and technique of combination with CpG on
antibody production. Int. Immunopharmacol. 2018, 54, 163–168.

78. de Faria, P.C.B.; dos Santos, L.I.; Coelho, J.P.; Ribeiro, H.B.; Pimenta, M.A.; Ladeira, L.O.;
Gomes, D.A.; Furtado, C.A.; Gazzinelli, R.T. Oxidized Multiwalled Carbon Nanotubes as Antigen
Delivery System to Promote Superior CD8+ T Cell Response and Protection against Cancer.
Nano Lett. 2014, 14, 5458–5470.

79. Hassan, H.A.; Smyth, L.; Wang, J.T.-W.; Costa, P.M.; Ratnasothy, K.; Diebold, S.S.; Lombardi, G.;
Al-Jamal, K.T. Dual stimulation of antigen presenting cells using carbon nanotube-based vaccine
delivery system for cancer immunotherapy. Biomaterials 2016, 104, 310–322.

80. Dong, Z.; Wang, Q.; Huo, M.; Zhang, N.; Li, B.; Li, H.; Xu, Y.; Chen, M.; Hong, H.; Wang, Y.
Mannose-Modified Multi-Walled Carbon Nanotubes as a Delivery Nanovector Optimizing the
Antigen Presentation of Dendritic Cells. ChemistryOpen 2019, 8, 915–921.

81. Xia, Q.; Gong, C.; Gu, F.; Wang, Z.; Hu, C.; Zhang, L.; Qiang, L.; Ding, X.; Gao, S.; Gao, Y.
Functionalized Multi-Walled Carbon Nanotubes for Targeting Delivery of Immunostimulatory CpG
Oligonucleotides Against Prostate Cancer. J. Biomed. Nanotechnol. 2018, 14, 1613–1626.

82. Luo, L.; Iqbal, M.Z.; Liu, C.; Xing, J.; Akakuru, O.U.; Fang, Q.; Li, Z.; Dai, Y.; Li, A.; Guan, Y.; et al.
Engineered nano-immunopotentiators efficiently promote cancer immunotherapy for inhibiting and
preventing lung metastasis of melanoma. Biomaterials 2019, 223, 119464.

83. Perica, K.; Tu, A.; Richter, A.; Bieler, J.G.; Edidin, M.; Schneck, J.P. Magnetic Field-Induced T Cell
Receptor Clustering by Nanoparticles Enhances T Cell Activation and Stimulates Antitumor
Activity. ACS Nano 2014, 8, 2252–2260.



Nanomaterials and Their Impact on the Immune System | Encyclopedia.pub

https://encyclopedia.pub/entry/41029 20/20

84. Zeng, Q.; Li, H.; Jiang, H.; Yu, J.; Wang, Y.; Ke, H.; Gong, T.; Zhang, Z.; Sun, X. Tailoring
polymeric hybrid micelles with lymph node targeting ability to improve the potency of cancer
vaccines. Biomaterials 2017, 122, 105–113.

85. Li, S.; Feng, X.; Wang, J.; He, L.; Wang, C.; Ding, J.; Chen, X. Polymer nanoparticles as
adjuvants in cancer immunotherapy. Nano Res. 2018, 11, 5769–5786.

86. Li, C.; Zhang, X.; Chen, Q.; Zhang, J.; Li, W.; Hu, H.; Zhao, X.; Qiao, M.; Chen, D. Synthetic
Polymeric Mixed Micelles Targeting Lymph Nodes Trigger Enhanced Cellular and Humoral
Immune Responses. ACS Appl. Mater. Interfaces 2018, 10, 2874–2889.

87. Yang, Y.; Chen, Q.; Wu, J.-P.; Kirk, T.B.; Xu, J.; Liu, Z.; Xue, W. Reduction-Responsive Codelivery
System Based on a Metal–Organic Framework for Eliciting Potent Cellular Immune Response.
ACS Appl. Mater. Interfaces 2018, 10, 12463–12473.

88. Chen, J.; Fang, H.; Hu, Y.; Wu, J.; Zhang, S.; Feng, Y.; Lin, L.; Tian, H.; Chen, X. Combining
mannose receptor mediated nanovaccines and gene regulated PD-L1 blockade for boosting
cancer immunotherapy. Bioact. Mater. 2021, 7, 167–180.

89. Chen, H.; Fan, Y.; Hao, X.; Yang, C.; Peng, Y.; Guo, R.; Shi, X.; Cao, X. Adoptive cellular
immunotherapy of tumors via effective CpG delivery to dendritic cells using dendrimer-entrapped
gold nanoparticles as a gene vector. J. Mater. Chem. B 2020, 8, 5052–5063.

90. Molino, N.M.; Neek, M.; Tucker, J.A.; Nelson, E.L.; Wang, S.-W. Viral-mimicking protein
nanoparticle vaccine for eliciting anti-tumor responses. Biomaterials 2016, 86, 83–91.

91. Molino, N.M.; Anderson, A.K.L.; Nelson, E.L.; Wang, S.-W. Biomimetic Protein Nanoparticles
Facilitate Enhanced Dendritic Cell Activation and Cross-Presentation. ACS Nano 2013, 7, 9743–
9752.

Retrieved from https://encyclopedia.pub/entry/history/show/92412


