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Abstract

Nanotechnology offers several advantages for drug delivery. However, there is the need for 

addressing potential safety concerns regarding the adverse health effects of these unique materials. 

Some such effects may occur due to undesirable interactions between nanoparticles and the 

immune system, and they may include hypersensitivity reactions, immunosuppression, and 

immunostimulation. While strategies, models, and approaches for studying the immunological 

safety of various engineered nanoparticles, including metal oxides, have been covered in the 

current literature, little attention has been given to the interactions between iron oxide–based 

nanomaterials and various components of the immune system. Here we provide a comprehensive 

review of studies investigating the effects of iron oxides and iron-based nanoparticles on various 

types of immune cells, highlight current gaps in the understanding of the structure–activity 

relationships of these materials, and propose a framework for capturing their immunotoxicity to 

streamline comparative studies between various types of iron-based formulations.

Graphical Abstract

Strategy for developing an experimental framework to assess immunotoxicity of IONPs.

IONPs have variety of effects on the immune system. Clinical translation of these formulations is 

often delayed or even halted due to the immunotoxicity. Here we review the literature and suggest 

translational considerations. The key recommendation of the review is the strategy for developing 

experimental framework to assess IONPs immunotoxicity. The framework can be applied to 

compare between different types of IONPs, as well as between brand and generic version of the 

same type of iron-based complex drug formulation.
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1. Introduction

Nanotechnology gained much attention during the past decade due to nanoparticles’ 

physicochemical properties that allow investigators to cover gaps and overcome barriers in 

various industrial and biomedical applications [1–3]. One such barrier is related to the 

delivery of therapeutic and imaging agents [3]. Nanoparticles help to address this by 

providing the unique advantages of traceability, imaging, drug conjugation, and drug 

encapsulation capabilities; optimizing drug biodistribution and pharmacokinetics profiles; 

targeting drug delivery to the tissue of interest; and possessing antibacterial and adjuvant 

properties [1, 2, 4, 5]. Many different types of nanoparticles, including but not limited to 

liposomes, nanoemulsions, micelles, solid lipid nanoparticles, dendrimers, carbon 

nanotubes, fullerenes, metal colloids, and metal oxides, have been created and described in 

the current literature. Each type of these novel materials is characterized by a unique set of 

properties in addition to their class-defining size, in at least one dimension, to be within a 

submicron range. For example, metallic nanoparticles composed of iron oxide, cobalt ferrite, 

and nickel ferrite possess magnetic properties, which allow for tissue imaging and magnet-

guided delivery into cells and tissues [6–10]. Colloidal gold and silver, iron oxides, and 

platinum nanoparticles have been engineered for use in therapeutic applications, diagnostics, 

and a combination thereof, known as “theranostics” [11]. In addition to their type-specific 

properties, each nanoparticle is unique due to a specific set of physicochemical properties 

(size, charge, zeta potential, surface functionality, hydrophobicity, etc.), giving specific 

characteristics to the formulation [12].

Despite the benefits of nanotechnology carriers, their use always requires assessment of 

potential safety concerns regarding the environmental, occupational, and adverse health 

effects. Some of these adverse effects include hypersensitivity reactions, 

immunosuppression, and immunostimulation, which may result from undesirable 

interactions between the immune system and nanoparticles [13]. Therefore, evaluation of 

their immunotoxicity requires special consideration. Strategies, models, and approaches for 

studying nanoparticle effects on the immune system have been extensively discussed 

elsewhere [14–16]. Earlier publications have also covered the immunotoxicity of various 

types of engineered nanomaterials [13, 15], reviewed the biomedical utility of metallic 

nanoparticles [11, 17], and even attempted to get mechanistic insights into the cytotoxicity 

of iron oxide nanoparticles (IONPs) as well as to identify the potential contribution of the 
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coating to the cytotoxicity [18]. However, little attention in the current literature is given to 

interactions between IONPs and various components of the immune system. To cover this 

gap, in this review we focus on the immunotoxicity of IONPs. While these materials were 

previously considered to be relatively safe and biocompatible and were among the first 

nanoformulations to reach a clinical stage (Table 1, reviewed in [19–21]), recent studies have 

uncovered several toxicities that were previously unnoticed (reviewed in [22]). This 

observation prompted us to re-evaluate the literature about IONPs’ effects on the immune 

system.

2. General overview and biomedical application of iron-based 

nanomaterials

In its elemental form, iron can exist in two states, Fe+2 and Fe+3, which can form eight 

different oxides. Among these, magnetite (Fe3O4), maghemite (γ-Fe2O3), and hematite (α-

Fe2O3) are the most frequently used for biomedical applications due to their magnetic 

properties. Some IONPs possess superparamagnetic properties, which allow them to 

undergo magnetization only under a magnetic field. As such, these superparamagnetic 

IONPs (SPIONs) are useful for magnetic resonance imaging (MRI) and are used as contrast 

agents for diagnostic applications [23, 24]. It is generally accepted that three main categories 

of SPION exist based on the particle size. They include oral (large) SPIONs with a size 

between 300 nm and 1.5 μm, standard SPIONs (SSPIONs) with a size between 50 and 150 

nm, and ultrasmall SPIONs (USPIONs) with a size less than 50 nm [25, 26]. The magnetic 

property of iron oxide is attributable to the T2 spin reduction in the absorbing tissues, which 

enables imaging of the organs labeled with iron oxide nanoparticles [27]. Various tumors, 

cells, and tissues in the central nervous system can be efficiently perfused with SPIONs. 

Several SPION-based formulations have been approved by the United States Food and Drug 

Administration (FDA) for use as imaging contrast agents [28, 29] (Table 1). Due to their 

smaller size, SSPIONs and USPIONs can be administered via an intravenous (i.v.) route, 

which is useful for broader applications in MRI, whereas administration of oral SPION is 

limited to the gastrointestinal tract. Several efforts have been made towards cell-specific 

tracking using MRI. For example, a dextran-coated SPION, FeraTrack Direct®, was found to 

accumulate in stem cells and immune cells with minimal or nonsignificant toxicity and 

functional alteration [30]. This platform was suggested for MRI-based cell tracking in 

cancer patients.

Apart from their single-mode diagnostic utility, SPIONs also make suitable platforms for 

theranostic and therapeutic applications [31]. The magnetic properties of IONPs have been 

sought to develop therapeutics for targeted drug delivery, including various cancer 

treatments [32–35]. The surface of IONPs can be engineered to achieve longer circulation 

time and, thus, improved accumulation in tumors due to the so-called enhanced permeability 

and retention effect caused by the leaky nature of neovasculature [36]. SPION accumulation 

in tumors can be guided through the external magnetic field. Along with this tool, the 

addition of tumor-specific targeting moieties to the SPIONs’ surfaces can further improve 

their accumulation in the tumor and decrease off-target effects. Some IONPs can generate 

hyperthermia due to magnetic field alteration [37]. This property provides an additional 
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benefit to cancer therapy in that, in addition to the direct elimination of cancer cells by heat, 

it can enable a tumor-specific immune response that eradicates secondary tumors [38]. 

Multifunctional IONPs containing an iron oxide core, surface coating(s), and a cytotoxic 

drug can also be used in combination with hyperthermia to further substantiate an antitumor 

response. For example, IONPs with a phospholipid–polyethylene glycol (PEG) coating and 

doxorubicin (DXR) demonstrated sustained drug release and increased apoptosis of cancer 

cells, which was further enhanced by hyperthermia [39]. Similarly, hyaluronic acid–

modified IONPs with gold nanoshells provided a multifunctional capability that included 

both imaging and thermal ablation properties [40], while IONPs coated with a thiol-

functionalized organo-silica shell demonstrated a multimodal imaging potential with 

fluorescent and magnetic properties [41]. Williams et al. demonstrated that FeraSpin R (a 

SPION formulation for preclinical MRI application)–loaded cytotoxic T lymphocytes are a 

potential tool for eradicating HIV-infected latent reservoirs with thermal ablation at 

physiologically hyperthermal temperatures without significantly altering normal T-cell 

function [42]. Another approach for therapeutic applications of IONPs could be gene- and 

biomarker-specific targeting. Janko et al. demonstrated targeted apoptosis and necrosis in 

tumor cells by using SPION labeled with mitoxantrone, while reducing the off-target effect 

on healthy peripheral blood leukocytes [43]. Alternatively, due to their effect on M1 

phenotype activation in macrophages, various IONP formulations can also be explored as a 

possible vaccine adjuvant [44]. More recently, Couto et al. developed an IONP-based 

chelating chromatography method to study metalloprotein secretion from monocytes and 

macrophages [45]. Although it is in a very early stage, this technology was found to be more 

efficient and cost-effective, and it may be expanded for broader proteomics and 

metabolomics applications. With a similar approach, Liu et al. functionalized the SPION 

with HDAC5- and miRNA-specific labeling to detect the levels of HDAC5 mRNA in vivo 
using contrast-enhanced (MCE)–MRI [46], demonstrating a novel application in epigenetics. 

More recently, several studies have indicated a possible application of IONP formulations in 

anticancer treatments [38–40, 47–49]. A recent study using Feraheme® reported its 

anticancer potential via induction of pro-inflammatory macrophage polarization in tumor 

tissues [48].

3. Clinical experience

Following FDA approval of the first iron dextran formulation, Ferrisat, in 1992, several other 

products, including those containing IONPs, have gone through clinical trials (Table 1). The 

development of some of these formulations was halted by safety concerns. For example, 

Clariscan™, an MR angiography agent [50], was discontinued due to rising concerns about 

long-term liver toxicity [51]. Several previously approved IONP formulations have been 

withdrawn from clinical use due to a variety of reasons. For instance, Feridex® and 

Resovist®, initially approved for liver imaging in 1996, were discontinued in 2008 and 2009, 

respectively. In both cases, the reason for discontinuation was undesirable side effects. In the 

case of Feridex, they included hypotension, lumbar pain, and leg cramps [21, 50]; side 

effects of Resovist were vasodilatation and paraesthesia [50]. Another formulation intended 

for lymph node metastasis, Combidex (also known as Ferumoxtran-10 and Sinerem), was 

initially given conditional approval by the FDA in 2000. Several years later, in 2007, it was 
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discontinued worldwide except for Holland [21, 22]. The main indication of current clinical 

formulations containing IONPs is iron-replacement therapy. In general, these formulations 

have a better risk–benefit outcome than iron-based imaging agents. The toxicity of iron-

based complex formulations and IONPs is thought to be due to the labile iron, while 

hypersensitivity reactions, commonly reported for these formulations, are attributed to the 

coating. For example, sodium ferric gluconate complex in sucrose induced complement 

activation-related pseudoallergy in 3% of patients enrolled in a multicenter randomized trial 

[52, 53]. A similar observation was reported with IONPs coated with polyglucose sorbitol 

carboxymethyl ether (Feraheme), which is indicated for iron-replacement therapy in patients 

with chronic kidney disease. Clinical use of this formulation is often associated with severe 

hypersensitivity reactions. As such, the FDA has issued a cautionary warning and updated 

industry guidelines regarding the safety of this product [54, 55]. Patients with a prior history 

of allergic reactions to Feraheme or other drugs, as well as elderly patients with multiple 

serious medical conditions, are deemed to be at higher risk. The mechanism(s) underlying 

these reactions are poorly understood.

4. Immunotoxicity of iron-based nanoparticles

Interactions with various types of immune cells

Monocytes—The mononuclear phagocytic system (MPS) plays a central role in innate and 

adaptive immunity. Phagocytosis is the primary function of cells composing the MPS. These 

cells originate from a common precursor in the bone marrow; they circulate in peripheral 

blood, can become activated in response to various internal and external stimuli, mature, and 

can enter various tissues. Monocytes represent an essential component of the MPS. Along 

with other phagocytes, such as neutrophils and macrophages, they patrol the body for 

invading particulates. Monocytes are heterogeneous and vary in their expression of surface 

markers. They can be recruited from blood to the sites of inflammation, as well as be the 

source of tissue-resident macrophages and monocyte-derived dendritic cells. Early studies 

on IONPs focused on the intracellular magnetic labelling of monocytes [56, 57]. This utility 

is still under investigation [30, 58, 59]. The primary advantage of IONPs for this application 

was initially well-perceived among the groups studying monocyte infiltration into the brain 

during neurodegenerative disorders such as ischemia [60], experimental allergic 

encephalomyelitis [61, 62], and HIV-associated dementia [63]. However, more recent studies 

suggested that IONPs are not as immunologically inert as a cell-labeling agent should be. 

Several research groups demonstrated an increased accumulation of IONPs in U937 

monocytes [64], stimulation of a Th1-biased immune response [65], and monocyte-driven 

endothelial cell dysfunction leading to atherosclerosis [66]. Together, these findings 

prompted further assessment of IONP-mediated immunotoxicity and genotoxicity analysis 

in various systems. Zhu et al. reported that IONPs could activate monocytes, which in turn, 

through production of secondary messengers, results in an increase in cytoplasmic 

vacuolation, mitochondrial swelling, and death of human aortic endothelial cells [66]. 

Importantly, this observation also suggests that a possible toxicity of IONPs leads to 

cardiovascular complications. Similarly, PEG-coated IONPs increased reactive oxygen 

species (ROS), tumor necrosis factor alpha (TNFα), interleukin 1 beta (IL1β), and 

mitochondrial dysfunction in THP-1 human monocytes [67]. Another recent study reported 
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that starch-coated IONPs alter subtle features, such as the cytoskeleton and ion channel 

functions, in monocytes without any apparent increase in IL1β and IL10 secretion [68]. In 

contrast, polyvinyl alcohol (PVA)–coated IONPs induced IL1β levels in monocytes without 

affecting the survival of these cells [69]. In line with these observations are the studies 

demonstrating that dextran-coated IONPs did not affect endothelial–monocytic cell 

interaction [70] and that carboxylic acid–functionalized IONPs prevented inflammatory 

cytokine response (IL1β, TNFα, and IL6) in monocytes treated with bacterial 

lipopolysaccharide (LPS) [71]. These data may suggest that particle coating contributes to 

both cell survival and cytokine secretion in response to IONPs or other stimuli. However, the 

direct comparison between these studies is not straightforward because other 

physicochemical properties of these particles were also different. More studies are needed to 

further understand structure–activity relationships and the mechanisms of the multifaceted 

effects of IONPs on monocytes described in the current literature. Such studies are needed to 

clarify the recognition of the particles by these cells.

Macrophages—Macrophages are phagocytes residing in tissues and are both 

phenotypically and functionally diverse. Depending on their localization, these cells were 

given specific names. For example, liver-resident macrophages are called Kupffer cells; 

those located in the central nervous system are the microglial cells; and in the lungs and 

bones, they are known as alveolar macrophages and osteoclasts, respectively. Their primary 

functions are the detection; phagocytosis; and killing of pathogens, apoptotic cells, and 

damaged host cells. Besides ingesting and clearing microbes and altered host cells, 

macrophages function as antigen-presenting cells (APCs) and thereby contribute to the 

effector phase of T-cell-mediated immunity. Macrophages promote the repair of damaged 

tissues by stimulating angiogenesis (formation of new blood vessels) and fibrosis (formation 

of the collagen-rich extracellular matrix). Depending on the activating stimulus, 

macrophages are subdivided into two subtypes that are distinct in their functional 

capabilities. Classically activated macrophages are efficient in killing the microbes, while 

alternatively activated macrophages promote tissue repair. Other subtypes of macrophages 

include epithelioid and giant cells.

Many studies utilized IONPs for in vivo labeling of tissue macrophages [72–76]. For 

example, ferumoxytol accumulated in both the infiltrating macrophages and microglial cells 

in the brain and performed better than a gadolinium-based MRI agent for the estimation of 

disease severity in an animal model of multiple sclerosis [76]. The IONPs’ uptake by 

macrophages correlated with clinical scores of the disease, suggesting that these 

nanoparticles could be used as clinical diagnostic agents for conditions associated with 

macrophage accumulation (e.g., inflammation, cancer immunotherapy, and autoimmune 

diseases). Similarly, Zhu et al. reported increased accumulation of ferric oxide nanoparticles 

in rat alveolar macrophages and RAW264.7 cells [64]. However, stress responses and 

cytotoxicity of the nanoparticles to macrophages could not be discounted. For example, 

microarray analysis performed in IONP-treated mouse macrophages revealed extensive 

reprogramming of more than 500 genes, many of which are involved in oxidative stress and 

inflammatory responses [77, 78]. More detailed mechanistic studies demonstrated 

perturbation in a variety of molecular pathways. Notably, Mulens et al. reported that both 
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murine and human macrophage cell lines treated with polyethyleneimine (PEI)–coated 

IONPs showed activation of toll-like receptor 4 (TLR4)–mediated signaling and ROS 

production via the p38, ERK1/2, and JNK MAPK pathways [44]. This pathway further 

activated macrophages, as reported, by upregulating IL12, CD40, CD80, and CD86 

expression, indicating M1 polarization [44]. Similarly, PVA-coated IONPs also induced 

IL1β levels in human monocytes, as well as the monocytes’ differentiation into monocyte-

derived macrophages [69]. However, in a similar study, Venofer, Ferinject, and Ferrlecit 

reduced the differentiation of monocytes into M1 macrophages and myeloid dendritic cells 

[79], suggesting that the M1-polarized differentiation via IONPs observed in the earlier 

studies could be driven by the coating material. It is important to note that the IONPs used 

by Mulens et al. [44] and Strehl et al. [69] were not screened for endotoxins, which are 

common contaminants in engineered nanomaterials and activate the immune cells via TLR4 

and its downstream signaling cascades. Ferucarbotran was also reported to activate 

RAW264.7 macrophages via an increase in oxidative stress, decrease in mitochondrial 

membrane potential, and increase in cell proliferation within 24 hours [80]. In contrast, 

magnetite and maghemite affected the cell viability of macrophages through a variety of 

pathways, including endoplasmic reticulum stress, mitochondrial damage, and autophagy, 

wherein magnetite particles were more toxic to macrophages than their maghemite 

counterparts [81, 82]. The induction of autophagy by bare-IONPs was correlated with 

activation of the ERK, but not JNK, pathway [83]. Implantation of a subcutaneous patch 

containing a SPION–albumin complex resulted in the accumulation of macrophages at the 

implantation site and local tissue inflammation [84]. Similarly, the intranasal administration 

of ferucarbotran in mice leads to the proliferation and activation of microglial cells [80]. 

However, in the latter case, no significant alteration in inflammatory cytokine secretion was 

detected [80].

Lymphocytes—Lymphocytes are the principal cells in both the humoral and cellular 

immune response. They specifically recognize and respond to antigens. Two main types of 

lymphocytes are the B cells, which recognize extracellular and cell-surface antigens and 

produce antibodies, and the T cells, which recognize antigens of intracellular microbes and 

either directly kill the infected cells or assist the MPS in destroying them. There are multiple 

subtypes of B and T lymphocytes, which differ from other cells in respective type by both 

expression of surface markers and function. While all lymphocytes can internalize molecules 

via endocytosis and pinocytosis, only B cells are phagocytic. The ability of lymphocytes to 

take up nanoparticles is substantially lower than that of monocytes and macrophages. 

Nevertheless, the internalization of nanoparticles by lymphocytes has been described in 

some studies. For example, an in vivo study with cross-linked iron oxide nanoparticles 

showed no detectable particle presence in B cells or T cells [76]. In contrast, another study 

reported IONP uptake by T cells via adsorptive pinocytosis or receptor-mediated endocytosis 

[85]. IONPs can be targeted to T cells for improved uptake and specific cell labeling. For 

example, IONPs derivatized with HIV Tat proteins, as well as monocrystalline IONPs, were 

proposed for use as MRI contrast agents to study the distribution of injected T cells [85–88].

The current understanding of IONPs’ effects on T-cell function is incomplete. Several earlier 

studies attempted to investigate how IONPs influence T-cell function and found no profound 
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effects [89, 90]. In one study, mouse CD4+ T cells labeled with Feridex did not demonstrate 

any change in the proliferation profile or the levels of the secreted cytokines interferon 

gamma (IFNγ), IL4 and IL10 [89]. Likewise, uptake of IONPs by T cells was not 

accompanied by any measurable effects on T-cell functions [85]. More recent studies, 

however, demonstrated that IONPs are not immunologically inert and may affect specific 

molecular pathways and processes in T cells. For example, cytotoxic T cells treated with 

Resovist showed a slight delay in proliferation rate without any noticeable change in the 

cytotoxicity [90]. Using Jurkat T cells, Yan et al. demonstrated that IONPs were not 

cytotoxic despite the suppression of Kv1.3 channels, which is known to activate Ca+2 

signaling [91]. The authors also reported an increase in NADP levels with a concomitant 

decrease in NADPH levels and suppression of IFNγ, IL2, and IFN response genes [91]. 

Collectively these data suggested a potential anti-inflammatory effect of IONPs on T cells. 

Another study reported that IONPs are cytotoxic to T-cell line A3 in both a size- and surface 

coating–dependent manner [92]. Since the interaction between T cells and APCs is critical 

for T-cell function, in vitro studies using purified T cells or T-cell lines are limited in the 

spectrum of questions they can address. In contrast, in vivo studies address this limitation by 

allowing researchers to investigate the full spectrum of nanoparticle effects on T cells in 

context with other components of the immune system.

IONPs’ effects on T cells in vivo depend on many factors, including nanoparticle 

physicochemical properties, dose, and the route of administration. Most importantly, IONP 

immunotoxicity encompasses opposite responses, including both stimulatory (T-cell-

mediated delayed-type hypersensitivity [DTH]) and inhibitory (immunosuppression) 

reactions. Mechanistic studies, which may explain such a drastic difference in T-cell-

mediated immune responses to IONPs, are missing. Below we review several descriptive 

studies illustrating the vast range of such effects.

The systemic administration of a low dose (5.14 mg/kg) of magnetic IONPs to mice via an 

i.v. route increased both the number of CD4+ and CD8+ T cells and the cytokines (IFNγ, 

IL10, and IL2) produced by the activated T cells [93]. Similarly, i.v. administration of 

polyacrylic acid (PAA)–coated IONPs increased lymphocyte infiltration in the liver [94]. In 

contrast, amino-PVA–coated SPIONs showed no effect on CD4+ T cells, as measured by 

their activation state and apoptosis [95]. Together, these reports support the earlier notion 

that surface coating material contributes to IONPs’ effects on the T-cell-mediated immune 

response. When magnetic IONPs were orally administered to mice, an increase in CD4+ and 

CD8+ T cells was detected at medium and high doses (600 and 1,200 mg/kg, respectively) 

[96]. In line with these reports, Zhu et al. demonstrated Th1 polarization and exaggeration of 

DTH reaction to ovalbumin (OVA) in both OVA-sensitized [97] and unchallenged [98] 

BALB/c mice, indicating the immunostimulatory effect of magnetic IONPs. In contrast, a 

series of studies by Jan et al. demonstrated the immunosuppressive effects of a 

carboxydextran-coated IONP, Resovist, in mice [99–101]. Notably, the attenuation of DTH 

parameters—such as lower IFNγ, IL6, and TNFα; reduction of T-cell infiltration; and 

footpad swelling at the inflammation site—were observed after animals were exposed to a 

single i.v. dose of Resovist [100]. In other studies from this group, Resovist resulted in a 

reduction in the antigen-specific T-cell antibody response and was attributable to reduced 

glutathione levels [99, 101]. One potential explanation for the difference in findings by Zhu 
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et al. [97, 98] and by Jan et al. [99–101] is the route of administration. While Jan et al. used 

an i.v. route, Zhu et al. exposed animals to IONPs via intratracheal instillation, which 

activated airway exosomes in the lungs and resulted in T-cell activation, either directly or via 

dendritic cell (DC)–mediated antigen presentation. Other factors contributing to the 

discrepancy may include mouse strains and the dose of IONPs.

The ability of certain IONPs to activate T cells and promote T-cell-mediated immunity is 

explored in vaccines and immunotherapies for cancer. Certain IONPs can generate heat after 

exposure to an alternating magnetic field, and the resultant hyperthermia is efficient in 

eliminating tumors. In addition to the direct hyperthermia-mediated cytotoxicity, Bionized 

NanoFerrite (BNF) starch–coated IONPs can activate the immune response, leading to the 

generation of tumor-specific cytotoxic T cells [38]. In a local hyperthermia model for 

anticancer application, the IONPs increased the activation of CD8+ T cells in the draining 

lymph nodes and thereby provided tumor-specific resistance towards secondary tumors, 

including those formed due to metastasis [38]. Similarly, melanoma-targeted IONPs induced 

tumor-specific cytotoxic T lymphocytes (CTLs) following hyperthermia triggered by a 

magnetic field. The mechanism of CTL induction involved heat shock protein 72 (Hsp72) 

[102]. When investigated as vaccine adjuvants, the IONPs were found to be efficient in 

inducing both Th1 response and CTLs. For example, magnetic IONPs (Fe3O4) promoted a 

Th1-mediated immunity surpassing traditional adjuvant alum [103]. When assessed in an 

H22 hepatic tumor model, IONPs conjugated with inactivated H22 tumor cells (tumor 

vaccine); stimulated a CTL response; and resulted in higher IFNγ levels, lower IL4 levels, 

and reduction in tumor growth [103]. Several groups demonstrated IONPs’ utility as 

imaging agents to detect natural killer (NK) cells in the tumor microenvironment [104–108] 

and monitor activated platelets in cardiovascular diseases [109, 110]. However, apart from 

the observation that NK-cell apoptosis occurred after loading the cell with a high 

concentration of IONPs [105], the effect of these particles on NK cells is largely unknown.

Dendritic Cells—DCs are the most specialized APCs. They capture external antigens, 

process them, and transfer them to lymphatic tissue where they are presented to naïve T 

lymphocytes. Effector cells (mononuclear phagocytes, T cells, and other leukocytes) are 

needed for the effective elimination of the antigens. APCs communicate with effector cells 

and other host cells during various stages of immune responses via cytokines and other 

secondary messenger molecules. Multiple subsets of DCs have been described, and they 

include classical myeloid, plasmacytoid, monocyte-derived inflammatory, and follicular 

DCs, as well as Langerhans cells. The alteration of DC function may lead to severe 

alterations in both innate and adaptive immunity and, therefore, requires close attention. 

Below we summarize studies investigating IONPs’ effects on DCs.

Several studies reported that IONPs may inhibit DC function. IONPs inhibited antigen 

presentation in monocyte-derived dendritic cells (MDDCs) without affecting their 

phenotypic properties [111]. Moreover, this inhibition of antigen presentation via MDDCs 

resulted in the suppression of a variety of cytokines and chemokines from T cells [111]. 

Similarly, loading DCs with a low dose of IONPs led to a reduction in T-cell proliferation in 

response to LPS and Tetanus Toxoid [111]. Feridex treatment, only at higher concentrations 

(>400 μg/mL), reduced DC viability without affecting their maturation [112], whereas 
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Endorem reduced the migratory properties of the DCs [112, 113]. Contrary to these reports, 

Mou et al. demonstrated no deleterious effects of IONPs on DCs, as assessed by their ability 

to activate T cells [114] or migrate [115]. The difference in nanoparticle coating and dose 

level may contribute to the difference between the studies that report the adverse effects of 

IONPs on DCs [111–113] and those that do not [114, 115]. This observation is consistent 

with other studies we reviewed earlier when we discussed IONPs’ effects on monocytes, 

macrophages, and lymphocytes.

Other blood cells—Unlike research on monocytes, macrophages, DCs, and T and B 

lymphocytes, studies investigating IONPs’ effects on other blood cells are scarce. The 

results of studies investigating the toxicity of IONPs to platelets are controversial. PAA-

coated IONPs did not activate platelets and did not induce their aggregation, but they 

inhibited arachidonic acid–mediated platelet aggregation, suggesting that these IONPs are 

anticoagulants [116]. In contrast, USPIONs induced platelet aggregation in a concentration-

dependent manner, suggesting that these particles are pro-thrombogenic [117]. The use of 

particles with different surface coatings and platelets from different species in these studies 

complicates comparison between the results. Similarly, few studies investigated IONPs’ 

effects on erythrocyte membranes [118, 119]. While some studies reported IONPs mediated 

hemagglutination without evident hemolysis [120], others suggested that IONPs can in fact 

damage erythrocytes [121]. Interestingly, one study recommended eryptosis, a suicidal 

erythrocyte death, as a better marker of IONPs’ compatibility with erythrocytes than the 

traditional hemolysis test [122]. In contrast to these observations, another study suggested 

that IONPs can protect erythrocyte membranes from photosensitizer-mediated damage 

[123]. Since different particles and different methods for erythrocyte analysis were used in 

these studies, comparing the test results to understand the structure–activity relationship 

does not allow us to make accurate conclusions.

Structure–Activity Relationship

It is well-established that nanoparticle physicochemical properties (size, charge, surface 

functionalities, hydrophobicity, etc.) determine particle interaction with the immune system 

[13]. Conducting structure–activity relationship studies with IONPs, however, is challenged 

by the fact that a change in one parameter (e.g., surface functionality) often leads to a 

change in another one (e.g., particle size), which complicates conclusions about the initial 

variable (surface functionality in our example). Another challenge to understand the 

immunological structure–activity relationship of IONPs is the absence of a systematic 

approach, as most available studies focus on short-term acute responses, often cytotoxicity 

in one or a few immune cell lines, which do not accurately model a potential change in the 

immune system’s function. Moreover, IONPs’ core material is involved in many cellular 

processes, and iron imbalance is known to disrupt homeostasis, which leads to a variety of 

disorders, including those mediated by altered function of the immune system [124–127]. 

The immunoregulatory properties of iron and its binding with cell-surface proteins are well-

documented [128–131]. Therefore, it is plausible to assume that IONPs may also exhibit a 

wide range of immunotoxicities due to the release of iron ions from the nanoparticle core, 

the property often not tracked in the structure–activity relationship studies. With these 

limitations in mind, below we will summarize some structure–activity relationship studies 
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exploring potential influences of various IONPs’ physicochemical properties on the viability 

and function of immune cells.

Role of size—Several studies have attempted to gain insight into the role of the particle 

size in the IONPs’ biocompatibility. Regrettably, immunotoxicity was not investigated in 

these studies. Intuitively, one may expect that IONP size contributes to particle 

immunotoxicity. However, a systematic approach that includes multiple immune-cell types 

and their functions is needed to verify this hypothesis. Investigation of genotoxic effects in 

the Ames test demonstrated that small (~10 nm) PEG-coated IONPs are more mutagenic 

than their larger (~30 nm) counterparts or PEI–coated IONPs [132]. A comparison of 

pharmacokinetics profile, toxicity, and gene expression in response to IONPs of different 

size (10, 20, 30, and 40 nm) demonstrated differences in both biodistribution and toxicity 

[133]. Particularly, 10-nm IONPs were primarily detected in the liver, while their 40-nm 

counterparts were in the spleen. The effects of the particle on tissue-resident macrophages 

(red pulp macrophages in the spleen and Kupffer cells in the liver) and other immune cells 

were not investigated. Although IONPs were found to be largely nontoxic, alterations in the 

levels of various genes involved in oxidative stress, iron transport, metabolic processes, and 

apoptosis were described and were more pronounced when small particles (10 and 20 nm) 

were tested.

Role of shape—While the role of the size of the IONP is usually studied using 

nanoparticles with a spherical shape, IONPs also exist in other shapes, which may induce 

different levels of cellular response. This property could be attributed in part to the increase 

in surface area because particles with shapes other than spherical are deemed to have a larger 

surface area. For example, higher levels of TNFα, ROS, necrosis, and lactate dehydrogenase 

(LDH) release were observed in murine macrophages treated with rod-shaped IONPs than in 

cells treated with spherical particles [134]. Similarly, star-shaped IONPs induced higher 

TNFα levels and oxidative stress as compared to their spherical counterparts [135].

Role of surface functionalities—PEG is often used for particle coating to increase 

hydrophilicity and prolong particle circulation time. The general trend commonly observed 

with PEGylated particles is improved biocompatibility [136, 137]. However, some reports 

suggest the opposite effect. For example, PEG-coated IONPs were found to be more 

genotoxic than PEI-coated particles of a similar size [132]. The immunotoxicity associated 

with IONPs has been widely attributed to various surface coatings, including PAA, PEI, 

PEG, dextran, albumin, and dendrimers [138–140]. However, the trends observed with a 

particular coating type are inconsistent, likely because a change in the coating was also 

associated with a change in one or more other physicochemical parameters, and because 

different models were used to study the effect of the coating. A few examples are further 

discussed below. Branched PEI-coated SPIONs enhanced the Th1 polarization of human 

DCs [141]. An intraperitoneal injection of L-DOPA–coated IONPs in mice induced local 

inflammation and tissue lesions [142]. In contrast, dextran-coated IONPs were 

immunosuppressive, as assessed by the reduction in splenic lymphocyte proliferation and the 

secretion of pro-inflammatory cytokines IL1β, IL4, IL6, IL10, and TNFα [143]. Silica-

coated IONPs resulted in a reduction in total glutathione, catalase, and glutathione reductase, 
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as well as an increase in lipid peroxidation and protein carbonyl formation in CHSE-214 

cells [144]. Reduced viability of endothelial cells was observed with lauric acid– and lauric 

acid–bovine serum albumin–coated IONPs but not with dextran-coated NPs [70]. No 

difference in viability and expression of TNFα in a human monocyte cell line (CRL-2367) 

was reported when IONPs with PEI, PEG, and PAA coatings were compared [18].

Role of zeta potential—The surface charge of the IONPs is largely attributed to the 

coating materials. However, the net effect of the particle charge may also produce various 

heterogeneity in response to the IONPs. Maurizi et al. reported the effect of surface charge 

by comparing anionic, 2,3-dimercaptosuccinic acid (DMSA)–PEG2000–coated IONPs with 

neutral, PEG2000-coated counterparts [145]. The negatively charged IONPs were 

internalized by the murine macrophage cell line RAW264.7 to a more significant extent than 

particles with the neutral surface. This finding was confirmed in vivo, wherein the negatively 

charged IONPs demonstrated greater uptake by the resident macrophages than their neutral 

counterparts. Similar observations were reported with Resovist, which contains a negatively 

charged carboxydextran coating [145]. The higher internalization of charged particles could 

be attributed to the greater opsonization with serum proteins, which promotes cellular uptake 

[146]. Cationic, PEI-coated IONPs resulted in an increase in ROS formation in U937 

monocytes [147], as well as induced higher levels of LDH and lipid peroxides when 

compared to slightly less cationic counterparts in which the PEI coating was partially 

neutralized with PEG [147]. Cationic IONPs resulted in an increase in antigen cross-

presentation and, consequently, T-cell activation, whereas their negatively charged 

counterparts were more potent in the induction of autophagy [148]. Together, these results 

suggest that optimization in the surface coating can be used to improve desirable interactions 

between IONPs and immune cells and reduce undesirable effects.

Mechanisms of immunotoxicity

Even though both immunosuppressive and immunostimulatory responses to IONPs have 

been documented in vivo and in vitro, the mechanism(s) underlying these toxicities remain 

mostly unknown. Below we review some examples suggesting the involvement of cytokines 

and stress-mediated responses.

Cytokine storm—Several studies have shown induction of a variety of cytokines/

chemokines in response to IONP treatment. However, the available data are controversial, 

and comparison between the studies is challenging due to differences in the immune-cell 

types, particle physicochemical properties, concentrations, doses, routes of administration, 

and time employed. No change in IL1β, TNFα, IL6, or IL12 secretion by macrophages, 

DCs, and microglial cells was detected in vitro with silica-coated INOPs or Ferumoxtran-10 

[80, 149–151]. In contrast, ferumoxide resulted in a significant increase in the IL1β release 

from macrophages in vitro; the effect was detectable at the highest tested concentration only 

[149]. The elevation of IL12, TNFα, and IFNγ levels—but not IL4 levels—was observed in 
vitro in macrophage and immature DC cultures treated with magnetic IONPs [98]. The 

authors attributed the observed cytokine levels to the formation of exosomes, which 

activated a Th1-type immune response and inflammation [98]. This finding was confirmed 

in vivo, where iron oxide accumulation in the lungs was associated with elevated levels of 

Shah and Dobrovolskaia Page 12

Nanomedicine. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Th1 cytokines and chemokines in the bronchoalveolar lavage [65]. The authors of this study 

also observed a reduction in the helper-to-cytotoxic T-cell ratio and MHC-II expression, and 

they suggested that the observed alterations could onset the development of the DTH 

reaction to the IONPs [65]. Similarly, functionalized silica-coated IONPs increased IL6, IL8, 

and granulocyte-macrophage colony-stimulating factor in phytohemagglutinin-activated 

blood cells [152]. Interestingly, despite the activation of cytokine responses to IONPs, some 

other cell processes are affected oppositely. For example, protamine sulfate–modified 

ferumoxides activated THP-1 cells, as evidenced by the activation of NF-κB with no change 

in TNFα secretion or CD54 and CD80 expression; at the same time, the cells were less 

efficient in chemotaxis towards MCP-1 [153]. Inhibition of cytokine secretion by the 

immune cells has also been reported. For example, carboxydextran-coated IONPs inhibited 

IFNγ expression in OVA-activated T cells [99]. Similarly, Resovist suppressed TNFα in rat 

macrophages with or without LPS stimulation [154]. On the other hand, both Resovist and 

USPION particles (SH U 555C) increased IL10 in mouse macrophages, which was 

potentiated in the presence of LPS [154]. Some nanoparticles are not pro-inflammatory per 

se, but can exaggerate inflammation caused by microbial products [15]. This property has so 

far been observed with cationic and high-aspect-ratio nanomaterials and has resulted in 

lysosomal dysfunction [15]. However, IONPs tend to suppress inflammatory cytokines, such 

as IFNγ and IL4, and inhibit the antigen-mediated antibody response [101]. Although these 

studies provide the evidence for the role of particle surface functionalization in the induction 

of cytokine response, the overall conclusion and data interpretation are not straightforward. 

A major deficit in the current literature is related to the studied model in that the primary 

focus so far was on inflammatory cells, such as monocytes and macrophages. Relatively 

fewer studies focused on T cells and their function. While it is plausible to expect an 

immunomodulatory effect of IONPs on T-cell function, more studies and better experimental 

models are needed.

Oxidative stress—Oxidative stress has been reported in the current literature as the 

primary mechanism of IONPs’ cytotoxicity to immune cells. Under the normal homeostatic 

conditions, cells utilize iron in various biochemical processes, including ATP generation in 

the mitochondria, where iron serves as an electron exchanger during the electron transfer 

chain [155, 156]. Naturally, dysregulation of iron levels affects the mitochondrial 

homeostasis, leading to oxidative stress. ROS generated in response to IONP treatment 

activates Fenton or Haber–Weiss reactions, potentiating the damage [157]. The increase in 

oxidative stress depends on the tissue specificity and concentration of the IONPs [158]. For 

example, the exposure of hematite nanoparticles to inflammatory airways and lung-draining 

lymph nodes leads to cell death via excessive generation of ROS [159]. Further, in a 

comparative study using a nonclinical model, iron dextran was shown to produce oxidative 

stress, but iron sucrose and ferumoxytol were not [160]. Several other studies have 

demonstrated increased oxidative stress due to a variety of IONP formulations with different 

coatings. Regardless of the subcellular source of ROS, the oxidative stress induced by the 

IONPs primarily modulates the antioxidant enzymes, such as glutathione reductase, catalase, 

and superoxide dismutase, which consecutively increase lipid peroxidation, protein carbonyl 

formation, and free radical formation [22, 161]. For example, erythrocytes exposed to 

IONPs showed an increase in total ROS production, which could be reversed with the use of 

Shah and Dobrovolskaia Page 13

Nanomedicine. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



an antioxidant, N-acetyl cysteine [122]. Similarly, in a murine macrophage cell line and 

primary lymphocytes, IONPs increased ROS production, leading to endoplasmic reticulum 

stress and DNA damage, respectively, in addition to alteration in several redox gene 

expressions [162, 163]. The alteration in the redox status can further lead to perturbations in 

normal cell cycle progression [164]. Besides the cells from the immune compartment, 

several other tissues, such as the lungs, liver, skin, kidney, and brain, are also affected by the 

IONP-mediated ROS [165–169]. Taken together, an increase in oxidative stress triggered by 

the IONPs in immune cells raises concerns of system-wide toxicity. While excessive ROS 

production is toxic to the healthy cells, this attribute of IONPs could be a beneficial property 

for anticancer treatment. Recently, Huang et al. demonstrated the improved efficacy of the 

anticancer agent β-lapachone in the presence of IONPs via synergistic interaction to increase 

ROS and thereby increase tumor cell death [170]. However, a more careful approach is 

required while formulating the IONPs for anticancer therapeutics to avoid stress to other 

healthy compartments.

Other mechanisms—Apart from inflammation and oxidative stress, a handful of studies 

have attempted to elucidate IONP-mediated cytotoxicity via alternative mechanisms, such as 

endoplasmic reticulum stress and autophagy. Particularly, increased autophagy involving 

ERK pathway activation is observed in cells of the immune system, such as dendritic cells 

[148], macrophages [81], and total blood cells [171]. Also, studies from endothelial cells 

further explain the role of oxidative stress, mitochondrial damage, lysosomal activation, and 

endoplasmic reticulum stress [172–175], which may also contribute to IONPs’ toxicity in 

immune cells. Unlike conventional apoptosis, ferroptosis is a non-apoptotic cell death due to 

the defective antioxidant defense of the cells, primarily in response to iron [176]. The 

degradation of the iron-storage protein ferritin plays a major role in cross-talk between 

autophagy and ferroptosis [177]. Therefore, the role of ferroptosis in a variety of 

physiological responses requires further attention.

6. Translational considerations for improving immunological compatibility 

of iron nanoparticles

To inform the design of safe iron-based nanomaterials, a better understanding of the 

immunotoxicity of IONPs with different surface properties, size, hydrophobicity, and release 

of iron ions is needed. Systematic studies, which evaluate not only the cytotoxicity of IONPs 

on the immune cells but also include a broad spectrum of both structural and functional 

changes in various types of the immune cells under physiologically relevant conditions, are 

needed. Current literature contains evidence for both the immunosuppressive and 

immunostimulatory properties of IONPs. However, it is unclear what nanoparticle 

physicochemical parameter(s), route of administration, and dose are critical and what, if any, 

difference exists between different cell types. In addition to the conventional cytotoxicity 

response as assessed by cytokine secretion, oxidative stress, mitochondrial damage, and 

apoptotic signals, subtle features such as cytoskeletal structures and proteins such as actin 

and tubulin need to be assessed since changes in the cell structure may affect overall 

function. Similarly, various ion channels are present in immune cells and play vital roles in 

the maintenance of ionic concentrations in the cells. Therefore, the effect of IONPs on ion 
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channels needs further evaluation in the assessment of IONP-mediated toxicity. Moreover, 

both immunosuppression and DTH were described for the same type of nanoparticle, for 

example, Feraheme (Dobrovolskaia M.A., unpublished observation). Collectively, these data 

suggest that an effect on the function of lymphocytes is highly probable; however, no 

comprehensive study is yet available. It is also essential to distinguish toxicities specific to 

the iron core and iron ion release from those triggered by the coating materials.

To assist the safe design of IONP and development of relevant generic formulations many 

traditional studies are used. The traditional approach could further benefit from an 

experimental framework that evaluates the critical mechanistic components of IONPs’ 

effects target immune cells (Figure 1). In such framework, one IONP formulation can be 

selected as a reference. Next, pre-clinical and/or clinical data available to this formulation 

are reviewed to identify toxicity typically observed with the formulation. Next, a 

mechanistic study is performed to identify molecular and cellular mechanisms of the 

observed immunotoxicity. The mechanistic study serves to identify functional endpoints 

representative of the immunotoxicity of the given IONP formulation. Next, several assays 

addressing such functional endpoints are grouped into a framework. Finally, the framework 

is used for comparison between brand and generic formulations of IONPs and assist 

bio(nano)similarity of these products (Figure 1). If proven, that the observed 

immunotoxicity is not unique to one particular IONP formulation and broadly applies to 

other IONPs, the framework could also be used to assess multiple IONP formulations.

7. Summary and future directions

In summary, despite extensive efforts to produce clinically safe iron oxide nanoformulations, 

there is a lack of more standardized guidelines for their evaluation. As discussed in the 

current review, a considerable body of literature on the toxicity of IONPs suggests that 

IONPs induce immune dysfunction. However, with the conventional approach, most studies 

focus on monocytes and macrophages, which serve as a primary line of defense in the 

immune system. Except for a handful of reports, there is a severe lack of mechanistic 

studies, which could deepen understanding of how the IONPs affect the long-term immune 

response and different types of immune cells. Moreover, additional in vivo models are 

required to more rigorously study the immune reactions in response to the IONP 

formulations. Differences in immune responses between various animal models (e.g. Th1-

biased vs Th2-biased animals) have to be considered. Due to the genetic diversity between 

individuals, the sensitivity to the nanomaterials could also vary from patient to patient. 

Therefore, future studies require more careful assessment of patient-specific responses. A 

functional assay to predict how IONPs would interact with the immune system of the patient 

over a more extended period could provide a more accurate compatibility check. To design 

safer formulations, more studies need to focus on intracellular pathways that may be 

responsible for iron-mediated immunotoxicity. The translational considerations discussed 

above may assist in achieving this goal.
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Highlights

• This manuscript provides review of the literature regarding immunotoxicity of 

iron oxide nanoparticles (IONPs). A considerable body of literature suggests 

that IONP induce immune dysfunction. However, most available studies focus 

on monocytes and macrophages and use cytotoxicity as the main end point of 

evaluation. The effects of these materials on the other types of immune cells 

and the mechanisms of toxicity are incompletely understood.

• The available literature contains evidence for both immunosuppressive and 

immunostimulatory properties of IONPs. However, neither nanoparticle 

physicochemical parameter(s), route of administration, dose, nor any other 

critical parameter(s) for determining these toxicities are well-established.

• Therefore, a better understanding of the immunotoxicity of IONPs with 

different surface properties, size, hydrophobicity, and release of iron ions is 

needed. It is also essential to distinguish between toxicities specific to the iron 

core, the released iron ions, and the coating materials.

• Systematic studies, which evaluate not only the cytotoxicity of IONPs on the 

immune cells but also include a broad spectrum of both structural and 

functional changes in various types of immune cells under physiologically 

relevant conditions, are also required to fill the current gap.

• To inform the safe design of IONPs and other iron-based nanomedicines, we 

propose an experimental framework, which could assist with evaluation of the 

critical mechanistic components of IONPs’ effects on the immune system. 

Such a framework could be used to compare brand and generic formulations 

of IONPs and assist with bio(nano)similarity evaluation of these products.
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Figure 1. Strategy for developing an experimental framework to assess the immunotoxicity of 
IONPs
This strategy starts with focusing on a specific formulation (e.g., Feraheme). The clinical 

experience is examined either to identify the immunological problem that was not detected 

during preclinical studies or to confirm the findings of preclinical studies. In vivo nonclinical 

data is used to identify the problem. However, in the cases when standard toxicology studies 

fail to detect the immunotoxicity and it is later experienced in the clinical setting, additional 

functional in vivo nonclinical studies are used to reproduce the immunotoxicity relevant to 

the patient population. In vitro experiments are then conducted to examine the toxicity; 

understand the molecular and cellular mechanism(s); and identify target cells and affected 

pathways to select biomarkers. This can be monitored in the future batches of the same 

material, or to compare the brand product with a generic counterpart. Additional in vitro 
work can be done to select the appropriate model (e.g., to decide whether to proceed with 

primary cells or use a particular cell line). This information is used to compile a network of 

bioassays that accurately, consistently, and reproducibly identify selected biomarkers in 

relevant cell models. The framework is applied for comparing brand and generic 

formulations, and it can also be implemented for other particles from the same family. The 

immunotoxicity may be unique to the given formulation; in such a case, the framework can 

only be used for comparison between batches or between the brand and generic versions of 

the particular nanomaterial. If, however, the immunotoxicity is shared by an entire class of 

iron oxides, the framework becomes applicable to screen for a broader range of IONPs. The 

information generated in this research should be used to design safer IONPs.
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