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Abstract

Nanoparticles from natural and anthropogenic sources are abundant in the
environment, thus human exposure to nanoparticles is inevitable. Due to
this constant exposure, it is critically important to understand the potential
acute and chronic adverse effects that nanoparticles may cause to humans.
In this review, we explore and highlight the current state of nanotoxicology
research with a focus on mechanistic understanding of nanoparticle toxic-
ity at organ, tissue, cell, and biomolecular levels. We discuss nanotoxicity
mechanisms, including generation of reactive oxygen species, nanoparticle
disintegration, modulation of cell signaling pathways, protein corona for-
mation, and poly(ethylene glycol)-mediated immunogenicity. We conclude
with a perspective on potential approaches to advance current understanding
of nanoparticle toxicity. Such improved understanding may lead to mitiga-
tion strategies that could enable safe application of nanoparticles in humans.
Advances in nanotoxicity research will ultimately inform efforts to estab-
lish standardized regulatory frameworks with the goal of fully exploiting the
potential of nanotechnology while minimizing harm to humans.
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1. INTRODUCTION

Nanoparticles comprise a class of materials with dimensions in the 1-100-nm range that exhibit
unique physical, chemical, and biological properties, making them distinct from their corre-
sponding bulk materials or small molecules (1, 2). Owing to their unique material characteristics,
nanoparticles are broadly used in a range of applications and products, including industrial
catalytic processes, energy conversion and storage, and image display technologies as well as
cosmetics, medical devices, and therapeutics and diagnostics (3-5). In addition to such rationally
designed nanoparticles, we are constantly surrounded by substantial amounts of naturally and
incidentally formed particles, such as corrosion- or erosion-derived nanoparticles in water and
airborne nanoparticles from traffic and industrial combustion (6, 7). The abundance of nanopar-
ticles in the environment and in everyday consumer products makes human exposure inevitable.
However, the potential acute and chronic health risks that nanoparticles may pose to humans are
poorly investigated and understood.

In this review, we introduce the major nanoparticle classes and explore how their corre-
sponding physicochemical properties affect toxicity. Our discussion of the main nanotoxicity
mechanisms provides an overview of how nanoparticles interact with the body at organ, tissue,
cell, and biomolecular levels. Such mechanistic understanding is enabled by diverse experimental
and theoretical methods that have been developed and applied for the assessment and evaluation
of nanotoxicity. We conclude our discussion with a perspective on potential strategies to mitigate
nanotoxicity, with the goal of exploiting the full potential of nanotechnology for safe applications
in humans. We hope that our review serves as a valuable resource that covers the current
landscape of nanotoxicity research and that it will inspire new studies focused on expanding our
understanding of nanoparticle toxicity. Improved understanding of nanotoxicity may ultimately
inform and guide the development of regulatory frameworks to minimize potential harm to
humans.

2. NANOPARTICLE CLASSIFICATION AND PHYSICOCHEMICAL
PROPERTIES

Nanoparticles can be grouped into three main classes: (#) natural, (b) incidental, or (¢) engineered
nanoparticles (Figure 1a—c). The first class, natural nanoparticles, is ubiquitous in the environ-
ment and generated via normal physical, chemical, and biological processes. Examples of such
natural nanoparticles include inorganic metal-based nanoparticles, e.g., naturally formed silver
(Ag) nanoparticles, and organic nanoparticles, e.g., virus nanoparticles and exosomes (Figure 14).
The second class, incidental nanoparticles, is generated unintentionally as byproducts of both
industrial and nonindustrial processes such as corrosion, combustion, and cooking. Examples in-
clude inorganic and organic combustion products such as metal- and carbon-based nanoparticles,
respectively (Figure 15). The third class, engineered nanoparticles, is intentionally designed and
fabricated for specific industrial and/or medical applications. Examples include zinc oxide (ZnO)
and titanium dioxide (TiO,) nanoparticles in sunscreen and liposomes for drug delivery appli-
cations (8-10) (Figure 1c). An alternative terminology for natural and incidental nanoparticles
is ultrafine particles (UFPs). These UFPs are airborne particulates of less than 100 nm in aero-
dynamic diameter. While incidental and engineered nanoparticles are typically of anthropogenic
origin, i.e., caused and/or prepared by human activity, natural nanoparticles are generated without
human intervention (1, 6).

Beyond classification by origin, the various nanoparticle types can be further differentiated by
their physicochemical properties (Figure 1d). Physicochemical properties such as nanoparticle
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Nanoparticle classification and physicochemical properties. Nanoparticles can be broadly organized into three different classes:

(@) natural, (b) incidental, or (c) engineered nanoparticles. Nanoparticles from all of these classes can be made from inorganic or organic
materials. In contrast to the majority of natural and incidental nanoparticles, engineered nanoparticles typically exhibit narrow size
distributions as well as defined shapes and surface properties. Panels #— display transmission electron micrographs of different
inorganic nanoparticles [(#,, rop) silver (Ag) nanoparticles, (¢, zop) upconversion (NaYF4/Yb,Er) nanoparticles] and organic
nanoparticles [(a, bottomz) cowpea mosaic virus-like nanoparticles, (b, bottomz) carbon black nanoparticles, (c, bottorz) doxorubicin-loaded
liposomes]. (d) Schematic of various nanoparticle physicochemical properties, including different nanoparticle compositions, sizes,
surface chemistries, and shapes. Panel # adapted with permission from References 138 and 140, panel / adapted with permission from
References 139 and 141, and panel ¢ adapted with permission from References 110 and 142.
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Schematic representation of nanoparticle adverse effects and nanotoxicity. () Nanoparticle exposure pathways. Upon exposure,
nanoparticles can interact with () organs/tissues, (¢) cells, and (d) biomolecules. Major nanoparticle toxicity mechanisms include

(e, 7) the generation of reactive oxygen species (ROS), (e, 7) nanoparticle disintegration and release of metal ions and organic species,
and (e, 7if) nanoparticle-mediated activation of cell signaling pathways. Nanoparticle adverse effects and toxicity can lead to (f) cell
apoptosis and necrosis and (g) tissue/organ damage, inflammation, and anaphylactic shock.

composition, size, surface chemistry, and shape are key factors that govern nanoparticle interac-
tions with biological systems and biomolecules. These interactions can affect biomolecular and
cellular signaling, biological kinetics and transport, nanoparticle biodistribution, immunogenicity,
and toxicity (11) (Figure 2). Compared to samples of engineered nanoparticles, natural and in-
cidental nanoparticles tend to exhibit more heterogeneous physicochemical properties, with sub-
stantial variations in nanoparticle composition, size, surface chemistry, and shape (Figure la—c).
This heterogeneity complicates the assessment and understanding of nanoparticle biological
interactions, adverse effects, and toxicity.
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3. NANOTOXICOLOGY

The study of nanoparticle adverse effects and toxicity is commonly referred to as nanotoxicol-
ogy (12). Upon exposure, all three classes of nanoparticles, i.e., natural, incidental, and engineered
nanoparticles, may interact with organs, tissues, cells, and biomolecules (Figure 2). Consequently,
nanoparticle exposure may induce undesirable and harmful nano-bio interactions and other down-
stream mechanisms that can potentially result in adverse effects and nanotoxicity.

Nanoparticle toxicity may occur as a function of exposure route, dose, concentration, time,
and/or frequency. Traditionally, these fundamental toxicity factors are relevant for the assessment
of small-molecule drugs and other compounds. In the evaluation of nanotoxicology, these pa-
rameters are also widely used. However, beyond these traditional toxicology parameters, other
important factors that may affect nanoparticle toxicity need to be considered, including nanopar-
ticle physicochemical properties such as material composition, size, surface chemistry, and shape
(Figure 1d). Compared to small molecules, these additional physicochemical variables make nan-
otoxicity assessment complex, and evaluation of nanoparticle toxicity on a case-by-case basis may
be required. For example, slight variations in nanoparticle surface chemistry can result in signifi-
cantly different toxicity, biodistribution, and elimination profiles, even if the nanomaterial core is
the same (13-15).

To fully evaluate nanoparticle toxicity, nanoparticle structure and corresponding physicochem-
ical properties need to be completely characterized and understood. In this way, observed toxic
effects can be better attributed to certain nanoparticle properties for establishing specific
nanoparticle structure-activity/toxicity functional relationships. As nanoparticle structural
properties significantly affect toxicity, it is even more challenging to evaluate the safety of
nanoparticles that exhibit large variations in physicochemical properties, as is often seen in
natural and incidental nanoparticles (Figure 1a,b). Therefore, it is challenging to draw general
conclusions about nanoparticle toxicity, as nanotoxicity is dependent on complex interactions
between different physicochemical properties and the corresponding biological environment.
Based on this complexity, it is important to establish well-defined, standardized methodologies
for the systematic evaluation of nanotoxicity under relevant conditions to achieve comparable
toxicological data sets. However, this level of standardization has not yet been achieved, which
makes it difficult to provide general trends of nanotoxicity for acute (<14 days) and chronic (>4
months) exposure regimens (16).

To provide examples of the broad range of potential nanoparticle adverse effects and toxicity,
including neurotoxicity, pulmonary toxicity, vascular dysfunction, genotoxicity, and immunotox-
icity, we have summarized studies that assessed the nanotoxicity of different nanoparticle classes
and types in human subjects (Table 1). Table 1 also includes studies that evaluated the toxic-
ity of relevant engineered nanoparticles, such as Ag and ZnO nanoparticles, on human subjects
but without any reported clinical or pathological findings, implying that the tested nanoparticles
were safe and without noticeable adverse effects under the specific testing conditions. For con-
text, Ag and ZnO nanoparticles are used in over-the-counter consumer products such as antiviral,
antibacterial, and anti-inflammatory products and compounds as well as sunscreen (17-19). We
want to emphasize that detailed reports and systematic clinical studies of nanoparticle toxicity in
humans for various nanoparticle types are limited. Most published reports focus on the assessment
of nanoparticle toxicity in cell culture and animal models. However, these models do not fully re-
capitulate nanoparticle toxicity responses in humans and are therefore limited in their predictive
power of possible hazards to humans (20).

To emphasize the importance of composition and other physicochemical properties on
nanoparticle adverse effects and toxicity, we highlight a study by Mills etal. (7) that assessed adverse
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Table 1 Examples of nanoparticle toxicity in human subjects

Exposure route,
dose, duration,

Nanoparticle number of human
Adverse effect class and type subjects Toxicity mechanism Toxicity assessment Reference
Neurotoxicity Natural NA Abnormal, age-associated Quantitative 143
Fe; 04 NA biomineralization of magnetometry;
(<20 nm) Chronic (many years) Fe3;Oy4 in the brain correlation between
22 human subjects Fe3O4 nanoparticle
concentration in the
human brain and
Alzheimer’ disease
Incidental Inhalation Inhalation of airborne High-resolution TEM, 43
Fe;04 and NA pollutant nanoparticles; EELS, and EDX
Fe;O3 (upto | Chronic (many years) potentially enhanced analyses of human brain
150 nm) 37 human subjects ROS generation samples
leading
to neurodegenerative
diseases
Pulmonary Incidental Inhalation Upper airway Analysis of 14 cytokines in | 144
toxicity Chemically 30,000 NPs/cm?® (>10 inflammation and nasal lavage samples and
complex times background systemic oxidative analysis of 8-OH-dG
mixtures levels) stress with generation and creatinine in human
(10-80 nm) Acute (6 h/day for of proinflammatory urine samples
3 days) cytokines
17 human subjects
Vascular Incidental Inhalation Increased systolic blood Measurement of forearm 7
dysfunction Diesel exhaust 1.2 x 10% NPs/cm’? pressure and attenuated blood flow and blood
nanoparticles | Acute (up to 14 days) vasodilation due to pressure and biomarker
(<100 nm) 16 human subjects nanoparticle- analysis of human blood
induced vascular samples
oxidative stress
Genotoxicity Incidental Inhalation DNA damage in Blood analysis for DNA 145
Ag NA mononuclear damage using alkaline
Chronic leukocytes due to comet assay and analysis
76 human subjects oxidative stress induced of total antioxidant
by Ag nanoparticles status, total oxidant
status, total thiol, and
ceruloplasmin in human
blood plasma samples
Immunotoxicity | Engineered v Hypersensitivity reaction Analysis of human blood 83
PEGylated 40-306 mg and anaphylatoxin samples for complement
liposomes Acute (infusion for release due to terminal complex
(Doxil, 1h) complement activation (SC5b-9) to correlate
~100 nm) 29 human subjects of PEGylated complement activation
liposomes with hypersensitivity
reaction
None reported Engineered Ingestion No clinically important Analysis of human blood 146
Ag (A:5-10nm; | A: 100 pg/day; changes in weight, and urine samples,
B: 25-40 nm) B: 480 pg/day BMLI, blood pressure, including hematology;
Acute (up to 14 days) heart rate, or laboratory ELISA for ROS and
60 human subjects findings in blood and proinflammatory
urine samples cytokines; and MRI
Engineered Topical dermal No nanoparticle Analysis of nanoparticle 10
ZnO with and application penetration through skin penetration using
without Up to 100 mg/mL stratum corneum; no multiphoton
silane coating daily morphological or redox tomography and

(up to 74 nm)

Acute (up to 5 days)
5 human subjects

changes

fluorescence lifetime
imaging microscopy

Abbreviations: Ag, silver; BMI, body mass index; EDX, energy dispersive X-ray spectroscopy; EELS, electron energy loss spectroscopy; ELISA,

enzyme-linked immunosorbent assay; IV, intravenous administration; MRI, magnetic resonance imaging; NA, not available; 8-OH-dG,

8-hydroxydeoxyguanosine; PEG, poly(ethylene glycol); ROS, reactive oxygen species; TEM, transmission electron microscopy.
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vascular side effects in 16 healthy human subjects exposed to combustion-derived nanoparticles
from diesel exhaust over an acute exposure duration of 14 days. Impaired vascular function in study
subjects was observed due to oxidative stress caused by inhalation of diesel exhaust nanoparticles.
In contrast, when study subjects were exposed to filtered exhaust, i.e., exhaust without nanopar-
ticles, or air containing pure carbon nanoparticles, vascular impairment was not observed. These
findings indicate that nanoparticle composition and other physicochemical properties play key
roles in nanotoxicity.

Other important nanoparticle physicochemical properties that affect nanotoxicity include size,
surface chemistry, and shape (Figure 1d). For more detailed information on how nanoparticle
physicochemical properties affect nano-bio interactions, adverse effects, and toxicity, we refer in-
terested readers to excellent review articles by the Chan (11) and Howard groups (12).

Nanoparticle size is a physicochemical parameter that has been reported to affect cellular up-
take efficiency and cytotoxicity (21). A study by Pan etal. (22) reported size-dependent cytotoxicity
of gold nanoparticles with identical surface chemistry in fibroblasts, epithelial cells, macrophages,
and melanoma cells in cell culture. The researchers reported that nanoparticles with a diameter
of 1.4 nm exhibited the highest cytotoxicity, while nanoparticles with a diameter of 15 nm had no
reported toxicity. As potential reasons for the observed differences in cytotoxicity, the researchers
listed size-dependent nanoparticle cell uptake kinetics and interactions with the cell plasma mem-
brane promoting cell apoptosis and necrosis.

In addition to nanoparticle size, surface chemistry is another important parameter that directly
affects nanotoxicity. For example, a study by Bozich et al. (23) concluded that gold nanoparticles
with an overall positive surface charge exhibited greater toxicity on Daphnia magna model or-
ganisms compared to negatively charged gold nanoparticles of the same core size. Similarly, Lee
et al. (24) reported that positively charged gold nanoparticles caused an ~50% reduction in cell
viability compared to identical neutrally charged particles in cultured mouse breast cancer 411
cells. In comparison to neutral nanoparticles, there was a substantial reduction in cell viability of
~50% for positively charged nanoparticles. Potential reasons for the increased toxicity of posi-
tively charged nanoparticles include a higher electrostatic attraction of nanoparticles to negatively
charged cell surfaces and overall increased nanoparticle cellular uptake, potentially leading to in-
creases in oxidative stress and reactive oxygen species (ROS) (25, 26). As the nanoparticle surface
interacts directly with biomolecules and biological systems, it is a driver of cellular uptake and
intracellular transport kinetics (21). In addition, surface chemistry and surface charge are key fac-
tors of nanoparticle agglomeration and aggregation, which are additional variables that need to
be considered in the assessment of nanotoxicity (27, 28).

Besides size and surface chemistry, nanoparticle shape may significantly affect nanotoxicity
(26). For example, a study by Zhao et al. (29) reported increased cytotoxicity of needle- and plate-
shaped nanosized hydroxyapatite compared to sphere- and rod-shaped nanoparticles in human
lung BEAS-2B epithelial cells. A potential reason for the increased cytotoxicity may be that needle-
and spike-like nanoparticle shapes potentially puncture cellular membranes, leading to compro-
mised cellular integrity and cell death. The shape properties of micro- and nanoparticles can also
induce physical activation of innate immunity. As reported by Wang et al. (30), TiO, microparti-
cles exhibiting nanospikes can exert mechanical stress on cells, which can lead to potassium efflux
and inflammasome activation in macrophages and dendritic cells. These findings highlight the
potential of nanoparticle shape as a means to tune nanoparticle immunogenicity by physical cues,
which could potentially be attractive for more efficient and effective vaccination and immunother-
apy approaches.

Nanoparticle physicochemical properties not only affect cellular interactions but may also de-
termine biodistribution, clearance, and elimination (31-33). For example, nanoparticles with sizes
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smaller than 5.5 nm will be eliminated rapidly into urine via the kidneys (34). Nanoparticles larger
than the renal cutoff size are often efficiently sequestered by cells in the liver and spleen, including
Kupffer cells, B cells, T cells, and endothelial cells (33), and may be eliminated to varying extents
via the hepatobiliary pathway (15). Understanding how nanoparticle physicochemical properties
affect nano-bio interactions will provide an opportunity to control nanoparticle fate and toxic-
ity inside the body. Such control may ultimately lead to more potent nanoparticle-based medi-
cal treatments and diagnostics with reduced side effects and toxicity for patients. An example of
this control is the application of liposomes to encapsulate the small-molecule cancer drug dox-
orubicin. Compared to treatment with the free (i.e., unencapsulated) drug, US Food and Drug
Administration—approved doxorubicin liposomes (i.e., Doxil) can reduce cardiotoxicity and other
adverse effects to improve the quality of life for cancer patients (35).

4. NANOTOXICITY MECHANISMS

There are a number of different pathways by which nanoparticles can enter the body. These path-
ways include inhalation, oral ingestion, ocular exposure, application and deposition on skin, and
intravenous administration (10, 36-39) (Figure 24). The inhalation of airborne nanoparticles is
a major exposure pathway that allows nanoparticles to enter and deposit in lung tissues and the
alveolar region (40) (Figure 2b). Accumulation of nanoparticles in the lung can lead to oxidative
stress—mediated lung inflammation at both acute and chronic stages (41, 42). Inhalation may also
lead to the accumulation of nanoparticles in the brain. Maher et al. (43) reported that airborne
magnetite nanoparticles can enter the brain via the olfactory bulb. Accumulation of magnetite
nanoparticles in the brain that are abundant in airborne particulate matter pollution can lead
to enhanced production of ROS, which is causally linked to neurodegenerative diseases such as
Alzheimer’s disease (43, 44).

After entering the body, nanoparticles may interact with the initially encountered organ or
tissue. Nanoparticles may also subsequently translocate and enter the bloodstream (for example,
from lungs to the capillary network to bigger vessels) to access distant organs/tissues via sys-
temic transport (45, 46) (Figure 2b). Within organs, tissues, and blood, nanoparticles can interact
with cells and intracellular organelles to potentially cause toxicity at cellular and subcellular lev-
els (Figure 2c¢). It is important to point out that, upon entry into the body, nanoparticles interact
with a variety of different biomolecules, including proteins, carbohydrates, lipids, and nucleic acids
(Figure 2d). These interactions result in the formation of a biomolecular nanoparticle surface
corona, often referred to as the protein corona. Protein corona (or biomolecular corona) forma-
tion may change nanoparticle surface chemistry or stimulate the complement system substantially
and ultimately affect nanotoxicity or the efficacy of nanomedicine (47-49). The damage of pro-
teins to nanoparticle surfaces may also lead to protein unfolding (50, 51). This process may induce
the loss of protein function and may cause immunotoxicity (52, 53). In addition, the protein con-
figuration change can lead to adverse effects and toxicity via cell signaling pathway activation (51),
enzyme function loss (54), nanoparticle aggregation (50), new antigenic site formation (55), and
protein fibrillation (56).

At the cellular level, direct interaction between nanoparticles and cells may result in physical
damage of cell membrane structures (57, 58). For example, graphene nanoparticles have been re-
ported to cause physical damage, cytoskeletal dysfunction, and abnormal morphological stretching
in different cell types as a result of the blade-like shape of these materials (57, 58). In addition,
nanoparticles may be able to block cell membrane receptors and membrane ion channels, which
may interrupt normal cellular biofunctions and homeostasis (59). Leifert et al. (59) reported that
1.4-nm gold nanoparticles were able to block voltage-gated potassium channels in vitro, which
may lead to unwanted cardiac malformation in mice.

Yang et al.



A major nanotoxicity mechanism is the generation of ROS such as singlet oxygen, super-
oxide anion radicals, oxygen radicals, peroxide ions, hydrogen peroxide, and hydroxyl radicals
(Figure 2e). ROS generation can occur in different ways. One route is through one-electron ox-
idative reactions with transition metals or nanoparticle surface groups (60, 61). It is important to
note that a nanoparticle exhibits a relatively large surface area compared to the particle volume.
An increase in surface area is typically accompanied by an increase in chemical reactivity poten-
tially leading to increased ROS production. Another ROS generation mechanism is via mitochon-
drial respiration and subsequent ROS release into the cytoplasm through pores in mitochondrial
membranes created by nanoparticles (60). In healthy cells, an equilibrium is maintained between
intracellular antioxidants and ROS. However, intracellular nanoparticles can directly damage mi-
tochondria, causing an increase in intracellular ROS and oxidative stress (62). Enhanced intracel-
lular ROS levels may stimulate further ROS release from mitochondria through a process called
ROS-induced ROS release. This process can substantially increase intracellular ROS levels and
amplify the oxidative imbalance (63). High levels of ROS can cause oxidative stress and damage
to cellular organelles, DNA, cell membranes, ion channels, and cell surface receptors, leading to
adverse effects and toxicity.

Metal or metal oxide nanoparticles are used in preclinical and clinical applications such as imag-
ing, photothermal therapy, and biosensors (64). However, corrosive tissue microenvironments and
lysosomal degradation may disintegrate nanoparticles to release potentially harmful metal ions
(Figure 2¢). For many nanoparticles, including Ag, cadmium selenide (CdSe), ZnO, and ferroso-
ferric oxide nanoparticles, released metal ions may generate high levels of oxidative stress and
are primary sources of nanotoxicity. For example, Ag(l) ions released from Ag nanoparticles can
cause DNA damage, ROS generation, and cell membrane destruction as reported from cell cul-
ture studies (65). We want to emphasize that nanotoxicity results obtained in cell culture studies
do not necessarily recapitulate the nanoparticle toxicity potential in animal models or human sub-
jects. For example, CdSe quantum dots were found to be toxic in cell culture; however, no toxicity
was observed in animal models under the specific reported testing conditions (66—69).

The generation of high levels of ROS and the release of harmful metal ions from nanoparticles
have been reported to affect a variety of cell signaling pathways such as nuclear factor kappa-light-
chain enhancer of activated B cells (NF-kB), mitogen-activated protein kinase (MAPK), Akt, and
Src (70-73) (Figure 2e). Activation and modulation of these signaling pathways can affect cell
proliferation, differentiation, and cell survival. Nyga et al. (74) reported that cobalt nanoparti-
cles can stabilize hypoxia-inducible factor (HIF) protein and upregulate HIF gene expression in
human macrophages. HIF pathway activation can affect cell growth, cell survival, apoptosis, and
metabolic adaptation (75). Importantly, there can be interplay and synergistic effects between ROS
generation, cell signaling modulation, and nanoparticle disintegration. For example, nanoparticle
disintegration may lead to modulation of signaling pathways and/or induce ROS generation (76),
which can activate numerous signaling pathways or cause nanoparticle disintegration; in turn, dif-
ferent cell signaling pathways can subsequently induce ROS generation (77). These mechanisms
may cause damage to cell membranes, intracellular organelles, and nucleic acids and eventually
lead to cell apoptosis or necrosis (Figure 2f). Loss of functional cells may compromise organ
function and result in organ damage or inflammatory responses (Figure 2g). Moreover, cell apop-
tosis, necrosis, and pyroptosis may lead to the release of large amounts of intracellular content to
potentially cause local inflammation or systemic immune responses (78-80) (Figure 2g).

In addition to the nanoparticle core material, surface components may also contribute sig-
nificantly to nanoparticle adverse effects and toxicity. For example, researchers coat nanopar-
ticle surfaces with polymers such as dextran or poly(ethylene glycol) (PEG) to reduce adsorp-
tion of proteins and other biomolecules and to prolong nanoparticle blood circulation times
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Figure 3

Anti-poly(ethylene glycol) (PEG) immunogenicity—induced mechanisms of nanoparticle pseudoallergic infusion reaction cascade and
accelerated blood clearance (ABC) phenomenon. (#) Anti-PEG immune responses can be stimulated by intravenous administration of
PEGylated nanoparticles. These nanoparticles can stimulate spleen marginal zone B cells and plasma B cells to produce anti-PEG
immunoglobulin (Ig)M and IgG, respectively. (b)) Anti-PEG IgM and IgG can bind efficiently to PEGylated nanoparticles. (¢, 7) The
complement (C) activation-related pseudoallergy (CARPA) mechanism is initiated by ant-PEG IgM binding to the nanoparticle
surface. In a subsequent step, the complement system is activated via the classical pathway. This activation leads to the generation of
anaphylatoxins that stimulate different types of innate immune and blood cells, including macrophages, mast cells, basophils, and
granulocytes, to release secondary mediators of pseudoallergy, such as histamine, TXA2, PAF, tryptase, UT-2 and 4, and IL-6. (¢, i) The
complement-independent pseudoallergy (CIPA) is characterized by ant-PEG IgG binding to nanoparticles. The fragment
crystallizable (Fc) portion of the anti-PEG IgG can bind to Fcy receptors on macrophages, mast cells, and basophils to release
secondary mediators of pseudoallergy. (c, ii) The rapid blood clearance of PEGylated nanoparticles upon repeated administration is
referred to as the ABC phenomenon and is mediated in part by anti-PEG IgM opsonization, leading to efficient nanoparticle
phagocytosis and accumulation in cells and organs of the mononuclear phagocyte system, including the liver. The second dose of
PEGylated medicine (red) has a shorter half-life than the initial dose (purple) due to the patient’s immune reaction.

(81, 82). Therefore, PEG is widely used in preclinical and clinical studies for surface modification
of nanomedicines. However, PEG may induce hypersensitivity reactions and anaphylaxis mediated
by anti-PEG antibodies in humans (83-85).

After an initial systemic administration of PEGylated nanoparticles, anti-PEG immunoglobu-
lins (Igs; IgM initially, then IgG) may be generated by marginal zone spleen B cells (Figure 34,b).
The anti-PEG IgM then targets PEGylated nanoparticles during subsequent administrations,
causing complement activation via the classical pathway (48, 86-88) (Figure 3¢). Upon activation
of the complement system, anaphylatoxins will be released, including platelet-activating factor,
histamine, or cytokines, resulting in hypersensitivity reactions (89). Kozma et al. (90) documented
the causal relationship between complement activation by anti-PEG IgM and hypersensitivity
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reactions in pig models. Although the study was conducted in pigs, it provides valuable insights
into potential PEG-related toxicity mechanisms in humans. Other reported studies indicate that
hypersensitivity to nanoparticle surface components may be induced by complement activation
via the alternative pathway (47, 91). This pathway does not depend on anti-PEG antibodies and
is not limited to PEGylated nanoparticles (47, 91). More in-depth studies are needed to fully
elucidate the underlying mechanisms of hypersensitivity reactions. In addition to complement
activation-related pseudoallergy reactions, complement-independent pseudoallergy is caused by
anti-PEG IgG (Figure 3¢). Mechanistically, a PEGylated nanoparticle is bound by anti-PEG IgG
forming the nanoparticle-IgG complex, which subsequently can interact with the Fcy receptors
on mast cells, basophils, and neutrophils, resulting in the release of platelet-activating factor,
histamine, or cytokines, to induce hypersensitivity reactions (92-94).

Hypersensitivity reactions often occur during second- and later-stage administration of
PEGylated nanoparticles. However, hypersensitivity reactions have also been observed during
the first dosage in human subjects. A potential rationale for this side effect is the abundance of
preexisting anti-PEG antibodies in some of the patient population (93). Many humans who had
never received PEGylated materials or drugs still possess preexisting anti-PEG IgM and IgG in
various amounts, which is likely due to exposure to PEG-containing over-the-counter medication
(e.g., daily multigram doses in some laxatives), cosmetics, and other everyday consumer products
(89,95-97). According to a study by Yang et al. (96), anti-PEG antibodies were detected in 72% of
human samples collected after 1999, while 56% of historical samples from the previous 30 years
(1970-1999) exhibited anti-PEG antibodies. In other words, a large number of humans exhibit de-
tectable levels of anti-PEG IgG and IgM, and these numbers are expected to increase in humans
in the future as a result of wider exposure to products that contain PEG.

Besides hypersensitivity reactions, complement activation can also lead to a direct attack of the
lipid membrane of drug-carrying nanoparticles, such as doxorubicin liposomes, to prematurely
release encapsulated chemotherapy drugs. Such premature drug release can affect the therapeu-
tic effect of nanomedicines and could potentially contribute to additional nanotoxicity concerns
(98). Anti-PEG immunity may also contribute to the so-called accelerated blood clearance (ABC)
phenomenon (49, 99) (Figure 3c). Upon repeated administration of PEGylated nanoparticles,
anti-PEG IgM opsonization may trigger efficient nanoparticle phagocytosis. As a result, nanopar-
ticles may accumulate to a large extent in cells and organs of the mononuclear phagocyte system,
including the liver, after their first administration, and thus not arrive at the intended target lo-
cation such as a tumor. Besides the observed decrease in nanoparticle therapeutic efficacy upon
ABC, acute and chronic nanotoxicity of sequestered nanoparticles are substantial concerns.

5. NANOTOXICITY ASSESSMENT

Toxicity assessments are used to evaluate the safety of nanoparticles. In Table 2, we have sum-
marized examples of commonly used cell culture and animal toxicity tests used for nanotoxic-
ity assessment. Cell culture studies enable nanotoxicity evaluation of various model animal and
human cell lines and are beneficial due to their simplicity, scalability, low cost, and throughput.
However, cell culture studies, in contrast to animal models, lack complex physiology and are lim-
ited in their predictive power of nanotoxicity for other species and humans. Animal model testing
can account for complex physiological environments during nanotoxicity assessment but may be
limited in predicting toxic responses and adverse effects in humans. Computational nanotoxic-
ity methods can assist with bridging the gaps between cell culture, animal models, and human
subjects. If the underlying assumptions and models are not flawed, then these methods should
substantially assist nanotoxicity modelling and prediction in the future for broad and routine
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Table 2 Examples of nanoparticle toxicity assessment tools

Toxicity tests | Assessment tool(s) Reference(s)

Cell culture level

Cell membrane integrity LDH assay 147

Cell morphology Microscopy 148

Cell necrosis and apoptosis Flow cytometry 149

Cell viability and cell death MTT assay, live/dead assay, flow cytometry, trypan blue, WST 150

DNA damage and gene expression Comet assay with Fpg treatment 151

Gene expression levels monitored by gPCR

Hemoglobin release Hemolysis assay 152

Inflammation and immune responses ELISA 153

Ton channel disruption Patch-clamp experiment 154

Mitochondrial damage Mitochondrial membrane potential measurements 155

Protein structure CD, DSC, FTIR, cryo-EM 156

ROS generation DCFH assay, fluorescence lifetime imaging microscopy 157,158

Animal and human level

Biochemistry Tissue-damaging enzymes (ALP, LDH, ALAT), cytokine analysis 120

Hematology Hemoglobin content, total protein, total erythrocyte and leukocyte | 159
counts

Histopathology Tissue sections (hematoxylin/eosin, immunohistochemistry) 120, 160

Pharmacokinetics and pharmacodynamics | MRI, PET, SPECT, CT, ICP-MS, fluorescence, biodistribution, 39,161
clearance, and elimination

Skin test Skin penetration and skin allergic reactions 10

Survival studies Kaplan-Meier analysis, survival curves, median survival, LCsy, 159
LDso

Clinical trials (phase I-IV) Safety and toxicity data on human subjects 162

Abbreviations: ALAT; alanine aminotransferase; ALP, alkaline phosphatase; CD, circular dichroism; cryo-EM, cryogenic electron microscopy; CT, X-ray

computed tomography; DCFH, 2'7-dichlorodihydrofluorescein; DSC, differential scanning calorimetry; ELISA, enzyme-linked immunosorbent assay;

Fpg, formamidopyrimidine-DNA glycosylase; FTIR, Fourier transform infrared spectroscopy; ICP-MS, inductively coupled plasma mass spectrometry;
LCsy, lethal concentration 50%; LDso, lethal dose 50%; LDH, lactate dehydrogenase; MRI, magnetic resonance imaging; MTT, methyl tetrazolium;

PET, positron emission tomography; qPCR, quantitative polymerase chain reaction; SPECT, single-photon emission computed tomography; WS,

water-soluble tetrazolium salt.

applications (100). Computational studies can reduce the need, cost, and time required for an-

imal and cell nanotoxicity testing (101-103). However, due to the lack of standardized protocols

for nanotoxicity testing, published studies exhibit substantial heterogeneities in terms of nanopar-

ticle characterization, dose metrics, experimental methods, and data completeness, reducing the

overall statistical power and accuracy of computational models for nanotoxicity predictions (104,

105).

6. STRATEGIES TO MITIGATE NANOTOXICITY

By understanding the underlying toxicity mechanisms, researchers can start to devise strategies for

mitigating nanoparticle adverse effects and nanotoxicity. While few studies focus on manipulating

the nanoparticle core composition, most reported approaches center around the modification of

nanoparticle surface chemistry and surface properties. For example, silica coating and polymer

encapsulation strategies can be used to control nanoparticle disintegration and ion release

kinetics of metal and metal oxide nanoparticles to mitigate metal ion—induced toxicities and ROS
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production (106-110). Another popular approach is to passivate the nanoparticle surface with
PEG for reducing biomolecular corona formation and for camouflaging nanoparticles. However,
due to the immunogenic potential of PEG, other nanoparticle surface-coating technologies are
urgently needed that provide similar camouflaging properties as PEG but without side effects for
patients, including hypersensitivity, allergic reactions, and anaphylactic shock. A creative approach
to address this challenge is to wrap nanoparticles in cell plasma membranes such as membranes
derived from erythrocytes (111). Red blood cell membrane—coated nanoparticles exhibit minimal
protein corona formation, toxicity, and immunogenicity. This camouflage strategy can be effective
in mitigating the potential nanotoxicity of engineered nanoparticles to provide safer and more
potent nanomedicines in the future and to use nanoparticles for safe applications in consumer
products and industrial processes. However, it is difficult to apply such a strategy to natural and
incidental nanoparticles as well as mitigate concerns for contaminating adventitious agents. The
nanotoxicity of these natural and incidental nanoparticles may be mitigated by antioxidant therapy
or by reducing human exposure to these nanoparticles via respiratory protection, including masks
and other protective equipment (106, 112).

7. PERSPECTIVES AND CONCLUSION

One of the most pressing questions in conversations about nanoparticles is whether nanoparticles
are toxic. The question has no direct answer due to the multiparameter nature of nanoparticle
toxicity. Great caution is required to not generalize nanoparticle safety and toxicity concerns. In
its current state, the evaluation of nanoparticle toxicity requires careful case-by-case assessment,
because biological and pathological effects are determined by a number of variables, including
nanoparticle physiochemical properties, exposure route, dose, and duration, to name a few. This
opinion is in line with recent thoughtful editorials, viewpoints, and correspondences on nanopar-
ticle risk assessment and nanosafety (113-118). Nanotoxicity is a highly important and timely re-
search area, as human exposure to different nanoparticle classes and types will continue to increase
in the future.

One of the main barriers to advancing progress in nanotoxicology is the lack of unified and
standardized procedures for nanoparticle characterization, risk assessment methods, and report-
ing (105, 113, 119). For example, nanoparticle dose metrics are used and reported differently in
different research studies, including mass-, surface area—, and nanoparticle number—based metrics
(12). Standardization of nanoparticle dose metrics in experimental design and data reporting will
be critical in the facilitation of data mining and development of computational approaches, such
as the NanoSolvelT project, that use multiscale physics-based and data-driven models, including
toxicogenomics and biokinetics, for integrated in silico nanoparticle risk assessment (100). In ad-
dition to dose metrics, standardized experimental design and data reporting will be required in all
aspects of nanoparticle toxicity testing in order to train predictive computational models.

These data sets are typically obtained from conventional nanotoxicity studies that are based on
in vitro cell culture and/or in vivo animal model experiments. There are ongoing debates within
the research community about the potential and power of these models for predicting nanotoxicity
in humans (101, 103, 104, 120). A limitation of nanoparticle risk assessment in those simplified
models is that it is difficult to model chronic long-term exposure in laboratory animals that exhibit
significantly shorter life spans than humans. However, data on chronic, low-dose nanoparticle
exposure might provide valuable new insights on the long-term toxic effects of nanoparticles.
Great attention and care should be placed on evaluating and understanding the mechanisms of
nanotoxicity in biologically and physiologically relevant models. This may require new models of
toxicity evaluation that exploit high-throughput screening methods (121, 122), machine learning
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approaches (101), and the development of new three-dimensional microfluidic-based tissue chips
and organoids that are aimed at better recapitulating human physiology (123-125). Such advanced
tissue models combined with advanced optical imaging and single-cell analytical methods, such
as single-cell RNA sequencing and single-cell elemental quantification, could provide powerful
tools to assess nanotoxicity at the individual cell level (126-131).

Since nanoparticles may trigger immunogenicity and immunotoxicity, as observed in some
cases with PEGylated nanomedicines, the formulation of nonimmunogenic nanoparticles is re-
quired. This goal may be achieved by coating nanoparticles with PEG alternatives such as zwit-
terionic polymers, cell-derived plasma membranes, or self (i.e., identical to human) carbohydrate
polymers such as hyaluronan, polysialic acid, or heparosan (132-136). Recently, Lazarovits et al.
(137) reported a method to create a new class of size- and shape-tunable nanoparticles that are
made entirely from (human) patient-derived proteins. These nanoparticles are biodegradable and
have not been observed to activate innate or adaptive immunity following systemic administration
in animal models.

Nanotoxicology research will greatly benefit from the convergence of disciplines such as ma-
terials science, chemistry, engineering, biology, data science, medicine, and toxicology to answer
pressing questions regarding the conditions required for the safe application and exposure of
nanoparticles in humans. Ultimately, such concerted research will inform regulatory agencies and
catalyze the generation of frameworks to exploit the full potential of safe nanoparticle exposure
and application in humans.
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