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Abstract

The field of nanotechnology has grown exponentially during the last few decades, due in part to
the use of nanoparticles in many manufacturing processes, as well as their potential as clinical
agents for treatment of diseases and for drug delivery. This has created several new avenues

by which humans can be exposed to nanoparticles. Unfortunately, investigations assessing the
toxicological impacts of nanoparticles (i.e. nanotoxicity), as well as their possible risks to human
health and the environment, have not kept pace with the rapid rise in their use. This has created a
gap-in-knowledge and a substantial need for more research. Studies are needed to help complete
our understanding of the mechanisms of toxicity of nanoparticles, as well as the mechanisms
mediating their distribution and accumulation in cells and tissues and their elimination from

the body. This review summarizes our knowledge on nanoparticles, including their various
applications, routes of exposure, their potential toxicity and risks to human health.
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1. Introduction: What are nanoparticles?

The field of nanotechnology has expanded tremendously within the last few decades. This
can be exemplified by the fact that federal spending on nanotechnology jumped from 500
million dollars in 2001 to 1.8 billion dollars in 2010 [1]. Nanoparticles (NPs) are defined
as particles with diameters equal or smaller than 200 nm. NPs have special properties
distinct from larger particles in the macro-scale size [2]. These properties include their
small size and relatively large surface area, which facilitates their use in numerous areas
including electronics, cosmetics and medicine. Currently, there is a growing application
of NPs for both diagnostic and therapeutic purposes [3]. This review aims to introduce
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the reader to different types of NPs, their preparation and their various applications. The
review then focuses on factors dictating the toxicity of NPs with a special emphasis on their
target-organ toxicity and factors dictating their mechanisms of action. The review finishes
with a description of current ongoing efforts to understand the mechanism mediating the
toxicity of NPs and assess the risk they pose to humans.

2. Different types of nanoparticles

2.1. Solid nanoparticles (Iron oxide, Gadolinium, Manganese, Gold, Silver, and Platinum)

Iron-oxide nanoparticles are prepared by conjugating biocompatible polymers to an
inorganic core of magnetite (Fe304) or maghemite (Fe,O3) via an anchoring group, such

as an amine or carboxylic acid group. The stability of these NPs can be increased by
forming a polymer-based shell around their cores. Iron oxide NPs are being used in various
fields including use of sensors in combination with magnetic resonance imaging (MRI). The
physical characteristics of iron oxide NPs, such as size distribution and surface chemistry,
are largely affected by the method of preparation, which is true for all NPs. Iron oxide NPs
are prepared using various techniques, including coprecipitation and microemulsions [4].
One limitation of iron oxide NPs is that they tend to aggregate due to magnetic, van der
Waals, or hydrophilic/hydrophobic interactions. One approach to reduce their aggregation is
changing their surface properties using PEGylation, which is the attachment of polyethylene
glycol (PEG) to their surface [5].

Gadolinium (Gd3*) has been used as a clinical contrast agent in various MRI procedures
such as brain tumor imaging and angiography [6,7]. The increased use of gadolinium NPs
is due to their high relaxivity (long electronic relaxation times owing to their seven unpaired
electrons), improved biodistribution, and their passive uptake in the tumor via the enhanced
permeability and retention effect (EPR), which results from defects in the vasculature and
lack of functional lymphatics. These features allow for a more guided and personalized
therapy [8,9]. In addition, these NPs were shown to be efficient radio-sensitizers in different
radio-resistant cell lines [9].

Gold nanoparticles (AuNPs) have been used in cancer diagnosis, photodynamic cancer
therapy, radiotherapy, and in targeted gene therapy [10,11]. AuNPs are also used as drug-
delivery scaffolds and were shown to have reduced toxicity as compared to other NPs [12].
AUNPs were also used for targeted therapy by conjugating them to targeting molecules,

and have shown considerable potential for the delivery of various cancer drugs [13,14]. The
use of AuNPs for drug delivery depends on their size, shape, surface characteristics, and
their stability. Furthermore, these NPs can be used to develop theranostic systems where
diagnosis, therapeutic, and imaging can be combined for improved and targeted therapies
[15,16]. One challenge with the use of AUNPs, at least their use in humans, is that they have
slow rates of elimination.

In contrast to AuNPs, the use of silver NPs (AgNPs) in medical applications has been
more limited, although some studies have been recently published. Wang et al. developed
Ag-hybridized-silica-NPs to use as immunosensors for prostate specific antigen (PSA) in
human serum of patients, which allowed the detection of PSA over a wide concentration
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range from 0.05 to 50 ng/ml [17]. In another study, Swanner and his co-workers used
AgNPs as a therapeutic agent and investigated their cytotoxic effects on triple-negative
breast cancer. Their results showed that exposure of breast cancer cells to AgNPs caused
dose-dependent toxicity and cell death [18]. AgNPs have been also used for the treatment
of microbial infections. Chaudhari et al. (2016) used silver coated single walled carbon
nanotubes (SWCNTs-Ag) for the delivery of antimicrobial peptides (APs) and showed
higher potency compared to the APs alone. This study demonstrated the ability of these
nanoparticles to target microbial pathogens while remaining non-toxic to human cells [19].

Platinum-based NPs (PtNPs) have also seen limited medical applications. However, Spain
et al. have used PtNPs as electrochemical immunosensors by conjugating PtNPs to a
recombinant PSA antibody for the detection of prostate cancer cells. Their technique was
able to detect PSA at picomolar concentration levels [20].

2.2. Quantum and Cornell dots

Quantum dot NPs (QDNPs) are used in various electronic applications such as solar

cells and light-emitting diodes (QD-LEDSs) [21-23]. In addition, QDNPs have also been
used in cancer cell imaging and assessment of the tumor microenvironment [24]. One
unique property of QDs, as compared to most NPs, is that they have very small sizes
ranging between 2 and 7 nm in diameter. Further, QDs can be combined with different
semi-conductors and heavy metals such as CdSe, PbS and ZnS [25]. However, QDs have
the drawback that they display high levels of toxicty both /n vitro and in vivo. The addition
of heavy metals with QDs has further limited their clinical utility due to concerns about the
added toxicity associated with these metals. This combination has further limited the use of
QDs in living systems, although these NPs have seen heavy use in the field of nanosensors
and diagnostics [26].

Silica based Cornell dots (C dots) have been proposed as alternatives for QDNPs. These
spherically shaped C dots have a silica based core in which fluorescent molecules are
inserted and are usually surrounded by a PEGylated silica shell [27]. C dots can be targeted
to tumors theoretically by conjugating them to monoclonal antibodies specific for certain
cancer markers. Once bound to the targeted cells, C dots can be illuminated using a near-
infrared light source, resulting in fluorescence and optical guidance during surgeries. It is
also suggested that C dots can be used as nanoparticulate drug carriers by conjugating them
to drugs used in cancer therapy. However, a challenge with these NPs is that they are quite
stable in living systems, and as such may not be biodegradable [28].

2.3. Carbon-based nanoparticles

Carbon-based NPs, such as carbon nanotubes (CNTSs) include single-walled (SWCNTS),
multi-walled (MWCNTS), graphene quantum dots (GQDs), fullerenes (spherical, ellipsoidal,
or tube-shaped) and nanodiamonds. These NPs are being increasingly used in various
biomedical applications such as drug delivery, imaging and photothermal therapy [19,29,30].
Despite their promising applications owing to their high stability, specific surface chemistry
and high drug loading capacity, the safety of CNTSs is still questionable as they were shown
to be toxic to healthy tissues especially in cases of chronic exposure [31-33].
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2.4, Lipid-based NPs (liposomes)

Liposomes have been intensively studied since they were first described in 1965 [34]. In
general, liposomes typically are composed of a phospholipid bilayer that entrap an aqueous
core. The addition of various lipids, cholesterol, hydrophilic polymers (e.g., polyethylene
glycol) have all been used to alter their stability, biodistrubtion, efficacy and toxicity. Owing
to their various advantages, liposomes are considered to be one of the most successful
drug-carrier systems to date. A number of liposome-based formulations have been approved
by the FDA such as Doxil®, and many others are either in clinical or preclinical trials [35].

The choice of liposome preparation methods depends on many factors including the
physicochemical properties of the material to be encapsulated, the liposomal components,
effective concentration of the encapsulated substance, optimum desired size, stability, shelf-
life of liposomes, batch-to-batch reproducibility and feasibility of large-scale production.
Useful liposomes rarely form spontaneously; they typically form after supplying enough
energy to a dispersion of lipids in a polar solvent, such as water [35,36]. Methods of
preparing liposomes in the laboratory may involve drying down lipids from their organic
solvents, followed by dispersion of lipids in aqueous media and purification of the resultant
liposomes. Large scale manufacruring of liposomes involve different approaches, such as
the solvent injection method. Robust anlaysis of the final product, size, stability, charge,
encapsulation efficiency, rate and extent of release of encapsulated agents, are necessary to
ensure batch to batch reproducibility and performance [37].

Liposomes can be made using various methods such as hydration of a thin lipid film
(Bangham method), the reverse-phase evaporation method, and the ethanol injection
method [37,38]. The size, lamellarity, and homogeneity of liposomes can be controlled
using different techniques such as sonication, extrusion, and high-pressure homogenization
[39,40]. The majority of liposomes are prepared using zwitterionic lipids. The addition of
PEG to the distearoyl phosphatidylethanolamine (DSPE) confers a slight negative charge
to the surface of the liposomes. Cationic liposomes are used as gene delivery carriers

and have been used for clinical and non-clinical applications [41,42]. Early liposome
formulations (conventional liposomes) exhibited short half-life’s and rapid systemic
clearances. PEGylation of liposomes, addition of cholesterol and use of saturated high-phase
transition lipids resulted in the generation of “Stealth™ liposomes” (SL), with increased
stability and greater systemic circulation times by minimizing their opsonization by serum
proteins and clearance by fixed and circulating macrophages [43—-45]. In addition to their
ability to stabilize drugs and enhance their biodistribution, the long systemic circulation
time of Stealth™ liposomes allows them to accumulate passively in solid tumors due to the
EPR effect [46,47]. Doxil® (Centocor Ortho Biotech, Horsham, PA), which encapsulate the
anti-cancer drug doxorubicin, is an example of clinically used stealth liposomes. SL were
also recently used to encapsulate the p21 activated kinase (PAK-1) inhibitor IPA-3, which
was effective at decreasing the growth of human prostate cells 7 vitro and tumor (PC-3)
xenografts /in vivo, with no evidence of toxicity [48].
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2.5. Nanoemulsions

Nanoemulsions (NE) are one of the most common NPs used in pharmaceutical applications.
These systems are formed of two immiscible liquids, usually oil and water, and are used as
nanocarriers of drugs in nanodroplets, where oil droplets are dispersed in water, or water
droplets are dispersed in oil. These dispersions are typically stabilized using surfactants
[49,50]. NE are categorized into anionic, cationic and neutral nanoemulsions based on

the surfactant used. They are prepared using different techniques including high pressure
homogenization, low energy emulsification, microfluidization, and solvent evaporation [51].
Major applications of NE include treatment of cancer and delivery of vaccines; however, a
major limitation of these carriers is that they are thermodynamically unstable especially for
emulsions > 500 nm. In contrast, nanoemulsions with small droplets, in the range of 20-200
nm, are more thermodynamically stable [49]. Long term thermodynamic stability is still a
major limitation of NE [51].

NE have the ability to protect drugs from hydrolysis and enzymatic degradation, resulting

in increased drug stability and increased circulation half-life. NE are reported to be suitable
for multiple routes of administration including parenteral, oral, transdermal and ocular [52].
Similar to many other NPs, NE are subject to opsonization, and phagocytosis by circulatory
and fixed macrophages. NE may also be transported into organs such as the liver and the
spleen because of their perforated blood vessels, which makes NE great drug carriers if these
organs are the target site of the treatment [53].

2.6. Polymer based NPs

Polymer based NPs have been used increasingly in recent years. Two of the more commonly
used are poly-lactic glycolic acid (PLGA) and chitosan. These NPs are both biocompatible
and biodegradable and were both approved by the FDA for clinical use. Polymer based

NPs can be used as carriers for proteins, genes and drugs [54,55]. The encapsulated entity
can be incorporated in a shell or matrix of polymer, or attached to the surface. PEGylated
polymeric NPs have been shown to have prolonged blood circulation and improved uptake
of the encapsulated entity at the target site [56].

3. Nanoparticle applications and uses

Nanoparticles have been increasingly used during the last decade in areas such as the
chemical industry, food technology, electronics, skin creams, sports equipment, cosmetics
and biomedicine (Table 1). This review will primarily focus on the use of NPs in biomedical
applications, which has seen less use of NPs, despite a huge amount of funding and studies
towards this goal. The reader is referred to other reviews that focus on other applications of
NPs [57-59].

3.1. NP applications in drug delivery

Nanoparticles have been suggested to be useful in the prevention, diagnosis and treatment
of different diseases such as cancer and cardiovascular disease [60,61]. Numerous NPs are
being tested for drug delivery, including liposomes, iron oxide NPs, and polymeric NPs, and
some are being tested in preclinical and clinical trials with the goal to improve site-specific
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delivery of encapsulated compounds [62-64]. In theory, the encapsulation of drugs into
NPs permits greater and more specific uptake of drugs into diseased cells such as cancer
cells, as compared to normal/healthy cells. This would limit the off-target toxicity of the
encapsulated drug, a major limitation for the use of many chemotherapeutics.

Encapsulation of drugs within NPs can improve their stability by minimizing preciptation

of poorly souble compounds (/.e., reducing the need for toxic cosolvents) and altering their
rates of metabolism and clearance. Additionally, NPs may also improve drug efficacy by
promoting slower and sustained drug release and improving drug delivery [65-67]. For
example, the extended circulation of doxorubicin-encapsulated liposomes was shown to have
a 300-fold increase in efficacy, compared to free doxorubicin, in the treatment of metastatic
cancer and Kaposi’s sarcoma [68,69].

Encapsulating a drug into a basic NP alone does not result in specific cell targeting.
Typically, an additional moiety must be included to enhance specific cell delivery. As

such, NPs can be actively targeted to cells by conjugating them to specific ligands

capable of binding to specific membrane proteins, such as overexpressed folate receptors

in breast cancer cells and other folate receptor positive cancer cells [70]. Quantum dot

NPs were recently used by Bwatanglang et al. who used “folic-acid functionalized chitosan-
encapsulated QDs” and reported enhanced binding and internalization following their
binding to folate receptors in MCF-7 and MDA-MB-231 breast cancer cells [71]. Gold

NPs (AuNPs) were also suggested to be useful for the treatment of breast cancer by targeting
cellular mitochondria and by inducing apoptosis [72]. Despite their promising efficacy as
drug carriers, there are less NPs in clinical use than one would predict, partly because of
toxicity by mechanisms not fully understood. This is especially true for studies where NPs
are being administered chronically [3].

3.2. NP application in gene therapy

NPs are used as delivery devices in gene therapy to replace either missing or diseased genes.
Gopalan et al. showed the efficacy of cationic lipid diethyl oleyl-1, 2-bis (oleoyloxy)-3-
(trimethyl ammonio) propane (DOPT) and cholesterol, (DOTAP:Chol) NPs as gene carriers
for the treatment of lung cancer using the tumor suppressor gene (FUSL) /n vitroand in
vivo[73]. A study published in the same year showed the efficacy of poly-lactic glycolic
acid, PLGA-mediated gene delivery of the wild-type p53 gene to alter breast cancer cell
growth [74]. Another study in the following year used PEgylated polymeric NPs (DNA-
containing poly (ethylene glycol)-modified (PEGylated) gelatin NPs) to deliver the tumor
necrosis factor gene (TNFa) to solid tumors and showed that these NPs were effective,
biocompatible, and had a long circulation time after their systemic administration into Lewis
lung carcinoma (LLC) bearing mice [75]. In a more recent study, Guo and his group used
AUNPs as non-viral gene carriers for the delivery of small-interfering RNA (siRNA) to
decrease cancer-associated gene expression in prostate cancer cells [76]. Although the use of
NPs for gene therapy is a promising approach for the treatment of diseases such as cancer,
viral infections and some inherited diseases, the application of cationic NP has been known
to illict strong immunological responses and the overall safety and effectiveness of these
strategies are still under investigation.
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3.3. NP application in imaging and diagnosis

Molecular imaging is a powerful tool to detect and quantify cellular and molecular changes
in vitro and in vivo. NP-based probes usually have high photostability and wide ranges of
absorption coefficients making them suitable for detection as well as diagnosis of cellular
changes [77]. NPs can also be further conjugated with antibodies and other molecules

for more efficiently targeted approaches [2]. In a 2003 study, Wu and his group used
QD—based immunofluorescent labeling of the breast cancer marker Her2 and showed
superior efficacy when compared to conventional fluorophores in animal models [78]. In the
following year, Gao and his team showed the accumulation of fluorescent QDNPs in cancer
cells when administered to human prostate cancer xenograft bearing nude mice [79].

Iron oxide NPs have been used to track and evaluate inflammation, diagnose cancers,

and to determine stem cell progression. Zhu et al. used these NPs in conjunction with
magnetic resonance imaging (MRI) to track prostate specific membrane antigen (PSMA)
and showed specific uptake of these NPs into PMSA expressing cells [80]. Other NPs

used for this purpose include those reported by Wang et al. who developed a “silver-Ag-
hybridized-silica-NP-based electrochemical immunosensor” for detecting PSA in human
serum [17]. AgNPs were also used by Swanner et al. to radiosensitize triple-negative breast
cancer cells [18], and near-infrared QDs and 89Zr dual-labeled NPs were recently used as
self-illuminating NPs for imaging lymph nodes and prostate cancer tumors [81]. Other NPs
recently developed to detect PSA include CNT-based biosensors [82]. Finally, Misra et al.
used a carbon NP-DNA complex (CNPLex) to transfect a green fluorescent protein (GFP)
reporter gene containing plasmid DNA (pDNA) pEGFP-N1 into breast cancer MCF-7 and
MDA-MB-231 cells and showed high efficiency of these NPs to deliver the plasmid into the
cytoplasm of the transfected cells [83].

Liposome-based NPs can also be used for combined treatment and imaging of cancer cells.
Yeh et al. recently used peptide-conjugated liposomes to deliver both doxorubicin and
vinorelbine to cancer cells [84]. Another study used a liposomal-based approach to target
breast cancer cells and ultrasound stimuli to facilitate the release of doxorubicin, which
correlated with tumor regression in a breast cancer mouse model [85].

4. Routes of exposures to NPs

NPs have been suggested to be useful in the diagnosis of disease, medical imaging, drug
delivery, gene therapy, in industrial applications and many other areas. However, the
toxicological effects of these NPs on human (and animal) health after exposure are not

fully understood. This lack of understanding results in an ethical obligation to take necessary
precautions regarding their use to minimize both occupational and environmental exposure
[2]. The remainder of this review focuses on the toxic effects of NPs exposure on human
health.

While this review focses on toxicity, it should be pointed out that the primary reason for the
lack of NPs’ use in the clinic is a lack of activity, as opposed to toxicty. This lack of activity
is most likely attributed to an inability to change the pharmacokinetics of the encapsulated
drugs, as well as the rapid clearance of NPs by the liver, spleen and other organs [86].
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Nevertheless, there do exist some NPs whose toxicty is known to be a limitation, inluding
cationic NPs. These NPs can biodegrade somewhat rapidly, and both the parents and the
biodegradable products penetrate deeply into tissues and cells, due in part to their small size.
This results in plasma membrane destabilization and cell death, tissue damage, and organ
dysfunction [87,88].

While the mecahnisms of toxicty of catioinic NPs are fairly well understood, there remains
a lack of complete understanding of the mechanisms mediating the toxic effects of other
NPs [3]. Further, there is a relatively lack of information correlating NP-induced toxicty

to exposure in humans. Studies that have been conducted demonstrate a high pulmonary
inflammatory responses for some NPs. Further, many NPs can cause oxidative stress and
interact with cellular macromolecules, mostly because of their increased surface area to size
ratio [89,90]. Other biophysical features of NPs, such as size and surface properties also
enhance their distribution, accumulation and uptake via various pathways and may affect
various cellular and organ functions [91,92].

4.1. Different routes of exposure to nanoparticles

Exposure to NPs may occur through ingestion, injection, inhalation, and skin contact (Fig.
1). Similar to most chemicals, the potential toxicities on the different organ systems are
dependent on the exposure routes. Some of these exposures are unintentional such as

in pulmonary inhalation during occupational exposure that can cause lung inflammatory
reactions and even fibrosis and necrosis of lung tissues [93,94]. Other exposures are
intentional, such as application of skin products or ingestion.

4.2. Exposure through the skin

The skin is the largest organ in the human body and is an effective barrier against many
potentially toxic chemicals. The skin is also a major route of administration and exposure

to different cosmetics, sunscreens and components of surgical implants containing NPs.
However, the permeability of the skin to these NPs is still not fully understood [95]. The
rapidly growing use of NPs-based cosmetics has resulted in increased dermal exposure,
which is followed by un-intended penetration into the blood circulation. The penetration of
NPs through the skin can happen via the transcellular pathway and/or via the follicular and
sweat gland penetration pathways [96-98]. Titanium dioxide nanoparticles (TiO, NPs) are
an example of NPs widely used in dermatological applications. These NPs have been shown
in some models to indirectly damage the skin by causing cell death. There is also little
evidence that some NPs can induce select organ toxicity due to their absorption, distribution
and subsequent tissue accumulation following their skin permeation [99]. These effects, of
course, are dependent on the dose of the NPs used.

The skin can also be a major route of unintentional exposure to NPs that are generated
during welding fumes emissions, during waste incineration from natural gases and oil
production, and during NP manufacturing. Once these NPs penetrate the skin, they can cause
various toxic effects including DNA damage and apoptosis [100-103].
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4.3. Exposure through inhalation

NPs can be intentionally and unintentionally inhaled resulting in their penetration into the
lungs and interaction with the epithelium layer. The resulting inflammation can ultimately
take NPs to nearby lymph nodes [104-106]. The factors that influence the inhalation of
NPs and their effects on lungs include their physical (primarily their size) and chemical
properties, their inhaled quantity, their rate of deposition in the lungs, and their rate of
elimination [107]. Different studies have suggested that NPs can alter the function of
alveolar macrophages and may also mediate the genesis of lung inflammation and lung
cancer [108-110].

The inhalation of some NPs is thought to cause inflammatory reactions associated

with symptoms of asthma [111]. For example, the exposure of mice lungs to carbon-
based NPs was shown to cause increased eosinophilic response [112]. There are also
active investigations of pulmonary exposure to NPs in the workplace including, carbon
nanotubes (CNTSs), titanium dioxide, aluminum oxide, and silver NPs. These studies, and
others, suggest that the major route of exposure is through handling tasks in secondary
manufacturing industrial-scale facilities and that monitoring exposure is a crucial step in
health risk managements [113,114]. These studies also suggest that in addition to size, the
shape and flexibility of the NP may influence their toxicity.

4.4. Exposure through ingestion

NPs have been used heavily in the agriculture and food industry [115]. NPs use in the

food industry has many purposes including changing/masking product’s taste and texture,
improving packaging as well as changing the absorption profile of certain products [116].
The extensive use of NPs for oral ingestion has raised serious concerns about their safety

to the human health. While many NPs, such as liposomes, are not usually absorbed by the
gastrointestinal system; solid NP and micro- and nano-emulsions have been used to improve
oral solubility and dissolution of encapsulated drugs. Once ingested some NPs are absorbed
through the digestive system via M-cells, then transported to the lymphatic tissues [98,117].
Other ingested NPs can either be excreted if unstable, or accumulate in the digestive system,
which can result in blockage of the gastrointestinal tract [118].

5. Absorption, distribution, metabolism, and excretion (ADME) of NPs

Once in the blood stream many NPs accumulate in different organs such as the liver, spleen,
kidneys and lungs because of the unique architecture of their leaky blood vessels and in
tumors because of the EPR effect [53,119]. The exact organ is dependent on the biophysical
and chemical properties of the NPs, as well as the organ. In addition, aggregation of NPs
may affect their ADME profile.

In general, the liver and spleen are the major sites for accumulation of many NPs regardless
of the exposure route. QDs have been shown to aggregate into clusters in the lymph nodes
once injected into mice [120]. Metal-containing NPs are able to form ions, which enter the
blood circulation and accumulate in several tissues, including the liver [121]. Paek et al.
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suggested that even though zinc oxide NPs are found in the systemic circulation in both
particulate and zinc ionic forms, they exist primarily in the ionic form in the tissues [122].

Silver NPs have been shown to accumulate primarily in the liver, lungs and the spleen after
intravenous injections [123]. Gold NPs have been shown to accumulate rapidly in the liver
and spleen after a single intravenous injection. The ability of NPs to accumulate in many
tissues, as well as persist in the blood, results in their incomplete clearance and altered
redistribution. This results in a slow elimination from the urine, feces and lungs [124].

Both urinary and fecal clearances of NPs have been shown to be size-dependent, as smaller
NPs are cleared faster than larger ones [125]. The major pathway for cellular uptake

appears to be endocytosis, and some have suggested that NPs transported into the cell by
endocytosis can remain for weeks and even months [126,127]. The exact contribution of this
accumulation on the mechanisms of cellular toxicity remains debatable and more research is
needed to understand the contribution of endocytosis in the cellular toxicity of NPs.

6. Toxicological effects of NPs on target organs

Recent studies using various animal models showed that NPs accumulate in different organs
and have the potential to cause different health risks (Fig. 2). Many of these studies

have been done using shortterm exposure regimens, and there is a need for more studies
assessing the long-term effects of NPs, such as after chronic exposure. Such exposure would
model what is seen in workers handling NPs in manufacturing plants, as well as those
involved in the storage, disposal and shipping of these NPs. We also need more studies

on the toxicokinetics of NPs in blood and tissues [3]. While some studies assessing the
toxicokinetics of NPs do exist, many of these quantify only the total drug, or payload, but
do not quantify the NPs themselves, or determine the ratio of free to encapsulated drug. As
a result, the actual pharmacokinetics of drug-NP systems are not well described [53,128].
Further, additional strategies are needed to address similar issues in tissues where many NPs
accumulate, including the lungs, liver, spleen and kidneys [129].

6.1. Toxicological effects on the lungs

Studies have shown that respiratory exposure to metal containing NPs, such as cadmium-
containing-QDs, caused inflammatory reactions and fibrosis in rat lungs [130-133].
However, in a recent study, injection of NPs in the lungs caused inflammatory reactions but
did not cause fibrosis [134]. Several in vivo studies have suggested that these toxic effects
are mostly localized in the lungs and that pulmonary exposure to NPs do not cause serious
systemic toxic effects on extra-pulmonary tissues and organs [131,135]. Further studies are
needed to resolve these controversies.

6.2. Toxicological effects on the liver

The liver is where most exogenous chemicals are metabolized. NPs are typically cleared by
fixed and circulatory macrophages and their degradants, including encapsulated drugs, are
commonly metabolized by the liver [136]. Kim and his group showed that AgNPs cause
dose-dependent changes in the level of cholesterol and alkaline phosphatase leading to mild
liver damage [137]. The authors suggested that these toxic effects may be attributed to the
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release and accumulation of metal ions from NPs. They also showed that NPs administered
intravenously or intraperitoneally tend to accumulate in the liver [137]. Another study
showed that intraperitoneal injection of zinc oxide NPs into mice increased the levels of
alkaline phosphatase (ALP) and glutamic pyruvic transaminase (GPT), which correlated to
liver dysfunction [138]. In addition, these NPs increased body weight, organ weight and
induced a mild to severe inflammatory responses [138]. This study is in agreement with
that from Bartneck et al. who showed that intravenously injected AuNPs accumulated in the
liver, and induced activation of hepatic macrophages associated with liver damage [139].

6.3. Toxicological effects on the spleen

Studies have shown that NPs can infiltrate and accumulate in immune system cells and
organs, such as the spleen [140,141]. Despite these studies, we still lack a comprehensive
understanding of the mechanism mediating these interactions. However, studies do show that
metal containing NPs induce inflammatory reactions and increased counts of neutrophils
and lymphocytes in the blood [142]. Moreover, iron containing NPs were shown to

cause oxidative stress and hepatic lipid peroxidation following the accumulation of iron

in macrophages of the liver and spleen [143]. Non-metal NPs also can accumulate in
macrophages [144]. Further, studies have shown that systemic exposure to select NPs may
increase the levels of cytokines and chemokines, which initiate the migration of immune
cells to the damaged sites including the spleen. The increased levels of these cytokines,
including interleukin-6 (IL-6), monocyte chemoattractant protein-1 (MCP-1), granulocyte-
macrophage colony-stimulating factor (GM-CSF, a glycoprotein secreted by macrophages),
as well as the number of T cells, mast cells, natural killer cells, endothelial cells and
fibroblasts, have been shown to be dose-dependent in animals treated with NPs [145].

6.4. Toxicological effects on the kidneys

The kidneys maintain the homeostasis of the body in part by controlling the excretion

of metabolic wastes and the regulation of electrolyte composition. Small sized NPs can

be cleared through the kidneys [146,147], and depending on their residence time during
their excretion, NPs may cause nephrotoxicity [3]. /77 vivo studies showed that cadmium-
containing silica NPs (SiNPs-Cd) induced renal inflammation and fibrosis after pulmonary
exposure [148]. The renal inflammation persisted for up to 30 days post administration.
Further, immunohistochemistry demonstrated increased expression of interleukin 6 (IL-6),
transforming growth factor beta 1 (TGF-p1), fibronectin and vimentin, mainly in the cortex
and medulla. 1t was hypothesized that these toxic effects correlated to the translocation

of NPs from the systemic circulation to the kidneys. Silica-based NPs also have been
shown to induce acute kidney damage in mice after a single intraperitoneal dose injection
[149]. Specifically, these NPs caused renal fibrosis and tubule regeneration marked by

the increased expression and translocation of NF-xB p65 to the nucleus. This finding is
supported by 7n vitro studies showing that silica NPs are cytotoxic to normal rat kidney
(NRK) cells, and caused increased expression of fibrosis markers [149]. Other studies have
shown that AgNPs can cause tubular dilatation, mineralization and inflammation in rat
kidneys and increase proteinurea [130]. Finally, Kim et al. (2010) demonstrated a gender-
associated accumulation of AgNPs in the kidneys, which was two-fold higher in female rat
kidneys compared to males [137].
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6.5. Toxicological effects on the brain

It should be noted that most NPs do not typically cross the BBB, as such most NPs do not
induce significant toxicty in this organ. That being said, there are some NPs that have been
shown to accumulate in the brain, and these are typically relatively small NPs, which enter
either by passive diffusion or by receptor-mediated endocytosis [150]. Others have reported
that NPs may be taken up into the brain via transsynaptic transport mechanisms or enter by
directly disrupting the BBB resulting in central nervous system toxicity. Metal containing
NPs may accumulate in the brain using these mechanisms [151-153]. Further, long term
intranasal administration of titanium dioxide nanoparticles (TiO,NPs) has been shown to
cause hemorrhage in the brains of mice, in correlation with changes in the levels of trace
elements, enzymes and neurotransmitters [154].

Poly (n-butylcyano-acrylate) (PBCA) nanoparticles coated with polysorbate 80 have been
suggested to facilitate the delivery of drugs to the brain for the treatment of diseases of the
central nervous system. As mentioned above, the mechanisms of action may be disruption
of the BBB. In addition, these NPs have also been shown to increase the release of
interleukin-8 (IL-8) in correlation with disruption of the BBB integrity [155]. Another study
demonstrated that AgNPs can induce changes in the cerebral myelin integrity in mice after
oral administration [156]. This was accompanied by changes in the expression of several
myelin-specific proteins including CNP (2°, 3 “-cyclic nucleotide phosphodiesterase),

MAG (myelin-associated glycoprotein) and MOG (myelin/oligodendrocyte glycoprotein).
Furthermore, AgNPs exposure correlated with increased body weight and temperature [156].
Other metal-containing NPs reported to induce oxidative stress in the brain include titanium
dioxide (TiOy), zinc oxide (ZnO) and aluminum oxide (Al,03) [157]. All of these NPs were
shown to be localized in the cytoplasm and nucleus using transmission electron microscopy
(TEM) and were also suggested to alter the level of dopamine and norepinephrine in the
cerebral cortex [157]. It remains to be seen if these NPs are gaining access to brain by
disruption of the BBB, or by other mechanisms.

6.6. Toxicity to other organs

NPs have been shown to target organs other than those discussed above. For example,

zinc oxide NPs (ZnO NPs) administered to rats by oral gavage for three months caused
submucosal edema and inflammatory cell infiltration in the stomach [157]. In addition these
NPs caused inflammatory reactions and apoptosis in the pancreas [158].

The effect of NPs on the skin has been discussed above. Dermal administration of AgNPs
resulted in reduced thickness of the epidermis and papillary layer and an increase in the
number of Langerhans cells [159]. It is suggested that permeation of NPs into the outermost
stratum corneum layers is dependent on the physicochemical properties of NPs and also on
the hydrophilic pathways, including sweat pores, hair follicles, and the intercellular spaces
between the corneocytes [95]. We should mention that even though NPs could damage the
skin when administered dermally, there is little evidence of systemic and internal organs
damage caused by dermally administered NPs [160]. Further, like all toxicants, the effects
are concentration-dependent.

Chem Biol Interact. Author manuscript; available in PMC 2021 September 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Missaoui et al. Page 13

7. Mechanisms of cytotoxic effects of NPs

The potential toxicities of NPs on various target organs are mediated by different
mechanisms. Some of these mechanisms include oxidative stress and generation of reactive
oxygen species (ROS), DNA damage, alteration of protein structures and, disruption of
membrane integrity. Some metal-containing NPs and silica NPs can cause oxidative stress,
inflammation and DNA damage following their acute systemic exposure [161]. These
toxicities are usually the result of two major factors, their surface area and reactivity in

the target sites [162].

7.1. Oxidative stress

Several NPs have been shown to induce ROS and to inhibit the action of antioxidants. Metal
or metal oxide NPs have been continuously shown to induce oxidative stress in the liver,
spleen and kidneys [143,157,163]. The increased levels of ROS in these tissues is attributed
to activation of specific stress-related cell signaling pathways, mitochondrial dysfunction,
DNA damage that leads to cell cycle arrest and apoptosis [164]. The major route of entry
into the cells includes endocytosis facilitated by binding to membrane receptors such as
growth factor receptors, as well as integrins. The extent of endocytosis is dependent on

the size of the NPs, and smaller NPs are more likely to be internalized than larger NPs.
Therefore small NPs are more likely to cause cellular toxicities. Once inside the cells, NPs
pass through the endosomal/lysosomal pathways and the different cytoplasmic networks
[115,163].

NP-induced ROS production is known to result from mitochondrial dysfunction [163]. Other
mechanisms mediating NP-induced oxidative stress include protein oxidation, alteration of
catalases’ activities, and increased release of nitric acid and glutamic acid, as was shown in
the brain of mice exposed to titanium dioxide NPs [165]. Ze et al. suggested that oxidative
stress caused by these NPs may occur via the p38-Nrf-2 signaling pathway [154].

7.2. Inflammatory reactions

Studies have shown that NPs can increase the levels of a number of inflammatory cytokines
[166-168]. NPs are usually taken up by macrophages in macrophage-rich organs, such as
the liver and spleen, which induces the release of cytokines from macrophages. NPs can also
bind to specific macrophage receptors with collagenous structure (MARCO) [169]. Once
bound, NPs are internalized and translocated inside the macrophages via macropinocytosis
or endocytosis. Some studies have suggested that titanium dioxide NPs (TiO, NPs) can
activate inflammatory signaling pathways including the c-Src, p38 MAP kinase, and NF-xB
pathways [169].

7.3. Epigenetic modifications

In addition to inflammation and oxidative stress, NPs have been shown to induce epigenetic
modifications. Recent /n vitro studies demonstrated changes in DNA methylation, histone
post-translational modifications, chromatin remodeling and RNA methylation following
exposure to NPs [170-172]. However, it is not known if these epigenetic changes are true
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epigenetic modifications as we are still lacking data showing that these modifications are
inheritable or that they mediate adverse health effects in humans and animals [170,173].

DNA methylation occurs at the C5 position of cytosines in the CpG islands. This

chemical modification inhibits access of the transcriptional machinery to DNA and generally
decreases gene expression. DNA methylation is catalyzed by DNA methyltransferases
(DNMT3a/DNMT3b and DNMT1), and the expression of these enzymes have been shown
to be altered following exposure to select NPs [174]. These include carbon-based NPs
[175], titanium dioxide NPs [176] and selenium dioxide NPs [177]. These NPs have also
been shown to cause changes in both local and global DNA methylation. Sharif et al.
(2007) reported hypermethylation in the promoter region of poly (ADP-ribose) polymerase
1 (PARP-1) in human lung adenocarcinoma cells following their exposure to titanium
dioxide NPs (TiO, NPs) [178]. A more recent study demonstrated a 40% increase in DNA
methylation at the promoter region of the alkaline phosphatase (ALPL) gene in mice after
exposure to hydroxyapatite NPs [179]. A recent study used bisulfite pyrosequencing and
reported a decrease in DNA methylation at the promoter region of interferon a (INF-a) and
interferon-y (INF-y) in the lungs of mice exposed to carbon nanotubes via the pulmonary
route [175].

Studies are still being conducted to assess whether NPs have any effects on the human
methylome. One study published in 2013 demonstrated a decrease in global DNA
methylation in human subjects after their exposure to micro- and nano-sized air pollutants
including NO, and Og particles [180]. However, this finding has not been confirmed to date,
and it’s difficult to separate out the effect of the NPs from that of toxicity.

The interaction of DNA with the cellular transcriptional machinery is dependent on how
tightly DNA is wrapped around histones. DNA packaging depends on various chemical
states of histones such as histone methylation, acetylation and phosphorylation [181]. NPs
have been suggested to affect these chemical states by inducing histone post-translational
modifications, mostly at their terminal amino tails, resulting in changes in DNA packaging
and its accessibility to the transcriptional machinery [170]. Choi et al. (2008) demonstrated
that exposure of human breast cancer cells to QD induced chromatin condensation and
global histone hypo-acetylation and reduced gene transcription. In addition, exposure of
these cells to QDs induced the expression of some apoptotic genes through activation of
p53 [182]. AgNPs have also been suggested to induce histone post-translational changes by
affecting various enzymes involved in chromatin remodeling including histone deacetylases
[183]. The challenge in the future will be to separate these changes out from toxicity and to
relate these epigenetic modifications to the human genetic variability and their effect on the
susceptibility to specific NPs [170].

8. Factors that influence the toxicity of nanoparticles

Like all chemicals, the toxicity of NPs is dependent on their dose, structure and their
physicochemical properties. For NPs these properties include size, surface area and surface
charge [3]. Changes in the physico-chemical properties of NPs will affect their interactions
with various proteins and other targets, which will ultimately affect their distribution and

Chem Biol Interact. Author manuscript; available in PMC 2021 September 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Missaoui et al.

Page 15

translocation to different organ systems [184]. Some studies suggested a direct correlation
between the size distribution of NPs and the level of ROS generation in the kidneys
[185,186]. This correlates with the observation that smaller size NPs usually exhibit higher
tissue distribution and cause more serious side effects compared to larger sized NPs,

even though these NPs are made of the same components. This size-dependent toxicity

is demonstrated by the fact that AgNPs of 10 nm had higher liver distribution and more
serious hepatobiliary toxicity compared to larger (40 and 100 nm) AgNPs with the same
chemical composition [132,187].

The surface charge of some NPs, for example ZnO NPs, can affect their pharmacokinetics.
Paek et al.(2013) suggested that the ionic forms of zinc oxide NPs, rather than the particulate
form (uncharged), accumulated in organs such as the kidneys, liver and lungs following

oral or intravenous administration. The authors investigated the effect of NPs size on

their pharmacokinetics and concluded that the surface charge, rather than the size, is

what determines the pharmacokinetic profile of ZnO NPs [122]. Shegokar et al. (2011)
showed that the surface modifications of nevirapine nano-suspensions with serum albumin,
polysaccharide and polyethylene glycol enhanced their accumulation in organs such as the
brain, liver and spleen, which correlated to their toxicity in these organs [188].

The effect of surface properties of NPs can be modulated using different coating materials
such as PEG. This fact can be utilized to alter the toxicity of NPs. For example, PEG

has been shown to reduce the toxicity of NPs by affecting their interactions with proteins.
However, it should be noted that too much PEG may also impair their cellular internalization
and binding with target proteins and therefore their efficacy, as was shown for AuNPs [189].
Thus, any attempt to alter the toxicity of NPs by altering their biophysical properties must be
balanced with the functionality of the NP. This is why more studies are needed on how the
biophysical properties of NPs mediate the mechanisms of toxicity [190]. Such studies will
facilitate the more “intelligent” design of NPs to benefit from their advantages while limiting
their toxic health effects.

9. Evaluating and preventing the toxicity of nanoparticles

As mentioned above, the rapid growth of nanotechnology has created a gap-in-knowledge
about their toxicity. Even though our current understanding of the toxicological status

of NPs is not complete, we do know that many NPs may pose health concerns to

humans and animals. To address these concerns a Research Team for Nano-Associated
Safety Assessment (RT-NASA) was established by Kim and co-workers to investigate the
toxicity of some NPs [158]. The RT-NASA studies were carried out in six steps: need
assessment, physicochemical property, toxicity evaluation, toxicokinetics, peer review, and
risk communication. The need assessment step involved responses from NPs consumers
based on their age, sex, education and social status [158]. In the same spirit, the U.S.
Environmental Protection Agency (EPA), the International Life Sciences Institute Research
Foundation, and the Risk Science Institute developed working systems where experts in the
field of nanotechnology from academia and government worked together to conduct toxicity
screening and risk assessment associated with NPs [191]. Further, a global effort led by US
and European experts has been focusing on mapping the potential risks of NPs [192-195].
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Finally, it has been suggested that toxicity studies on NPs should be exchanged between
toxicologists, chemists, material scientists, and medical doctors via effective networks that
will allow for a more complete understanding of the area of nanotoxicology and its related
risks in order to develop safe nanotechnology [90].

10. Conclusion

Nanotechnology is one of the fastest growing fields of the last decade, with applications

in disease diagnosis and treatment, biosensors, cosmetics, food industry and other
technologies. However, the rapid growth in engineering and use of NPs has not been
accompanied by a similar growth in our knowledge on their toxicity. As such, there is

an urgent need for more pharmacokinetic and toxicological studies on NPs, especially
before they reach the marketplace. Of particular importance is the need to understand the
relationship between the physico-chemical and structural properties of NPs and their cellular
reactivity and interaction within various organs and tissues. Such information will facilitate
the intelligent design of NPs while decreasing the gap-in-knowledge regarding their toxicity.
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Fig. 1.
Exposure routes of nanoparticles and their associated toxicological effects.
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Fig. 2.
Mechanisms of cellular toxicity of nanoparticles.
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