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been investigated. However, little information is available regarding the long-term toxicity of such materials.
This review focuses on the importance of subchronic and chronic toxicity assessment of inorganic nanoparticles in-
vestigated for delivery applications. We have attempted to provide a comprehensive review of the available liter-
ature for chronic toxicity assessment of inorganic nanoparticles. Where possible correlations are made between

ﬁiﬁvgggﬁéology particle composition, physiochemical properties, duration, frequency and route of administration, as well as the
Nanoparticles sex of animals, with tissue and blood toxicity, immunotoxicity and genotoxicity. A critical gap analysis is provided
Long-term exposure and important factors that need to be considered for long-term toxicology of inorganic nanoparticles are discussed.
Drug delivery © 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Investments in nanotechnology research and development have
made an impact on many aspects of medicine, including drug and
gene delivery, development of new and improved imaging agents
and clinical diagnostics as well as other medical devices. A growing
number of these technologies are in the pipeline, and many of them
are on the market. The commercialization of nanomaterials is faster
than the time it takes to assess their risk on human health and the
environment. For this reason, a significant effort is dedicated to re-
search in the area of environmental and health safety of nanotech-
nology [1]. Several nanoparticle-based delivery systems have
reached clinical trials [2]. It takes several years following the crea-
tion of new nanoparticles or conceptualization of new uses of
existing nanoparticles for the researchers to step back and carefully
observe the effect that the physicochemical properties of nanoparti-
cles may have on their applications and to become more realistic
regarding the efficacy/toxicity ratio of nanoparticles. While progress
has been made in this area, especially in the past decade, the lim-
ited information regarding long-term safety of nanomaterials is
one of the significant barriers for using nanoparticles in medical ap-
plications and as delivery systems [3].

Nanomedicines that have been approved by the regulatory bodies
and those that are in clinical trials were reviewed earlier (see Table 1
in [4]). The FDA (Food and Drug Administration) and EMA (European
Medicine Agency) approved 51 and 48 nanomedicines or imaging
agents based on nanoparticles, respectively, by the year 2016 with
some others in clinical trials [5]. The majority of nanoparticles approved
by the FDA for medical usage are organic nanomaterials and include li-
posomal and polymeric systems [4]. Although inorganic nanoparticles
have been well represented in a wide range of the fields of research,
there are only a few examples of inorganic nanoparticles being investi-
gated in clinical trials and even fewer approved by the FDA [4]. During
the second decade of this century, the approval rate for inorganic
nanomaterials has significantly dropped. This might be mainly due
to the fact that scientists have been more fully characterizing

nanomaterials in biological systems and more rigorously analyzing
their toxicities.

Despite the promise of inorganic nanomaterials for use in delivery,
diagnosis, and therapy, concerns about their long term toxicity need
to be addressed [6]. In line with this effort, this review will focus on
the available reports on the subchronic and chronic toxicity of inorganic
nanoparticles as a function of nanoparticle type and physiochemical
properties, route of administration, duration, and frequency of adminis-
tration and sex of the animals in which these particles were assessed.
The information provided in this review does not compare the long-
term toxicity of different inorganic nanoparticles or identify these nano-
particles as safe or toxic, but rather is an attempt to provide a realistic
overview based on current reports and provide a perspective for the im-
portance of long-term safety evaluations of nanomaterials used in med-
ical applications.

2. Applications of inorganic nanoparticles

A review of the role of inorganic nanoparticles in nanomedicine
would not be complete without a few comments about their myriad

Table 1

Examples of companies using inorganic nanoparticles for biomedical applications.”
Company Nanoparticle platform Application
CytImmune Sciences Gold Nanoparticles Cancer
Designer Carbon Metallofullerenes Biosensors
MagArray Magnetic Nanoparticles Diagnostics
Nanobiotix Hafnium Oxide Crystallites Cancer
NanoProbes Gold Nanoparticles Cancer
NanoSpectra Biosciences  Gold Nanoparticles Cancer
Otomagnetics Magnetic Nanoparticles Drug delivery to ears
T2 Biosystems Magnetic Nanoparticles Diagnostics
Z-Medica Aluminosilicate Nanoparticles ~ Wound dressing

@ The table was prepared based on the individual company’s website accessed in March
2019. Each platform is used in a variety of products in various stages of preclinical and clin-
ical development.
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of industrial applications in common use. Inorganic nanoparticles come
in a wide variety of sizes [7-10] and shapes [11]. Their physical proper-
ties can arise from the quantum properties of their core materials
[7,12,13]. The small size and large surface area of inorganic nanoparti-
cles have enabled a wide range of applications that are currently being
used in hundreds of products within many industries, e.g., electronic,
healthcare, chemical, cosmetics, composites, and energy [14-16]. Exam-
ples of some of the inorganic nanoparticles for biomedical applications
are listed in Table 1. We will only mention here a few of the inorganic
nanoparticles including some metals and metal alloys and inorganic
non-metallic nanomaterials [14]. The commonly used metals for the
synthesis of inorganic nanoparticles are silver (Ag), gold (Au), copper
(Cu), iron (Fe), zinc (Zn), aluminum (Al), cadmium (Cd), cobalt (Co)
and lead (Pb) [17]. The metal oxide based nanoparticles are also silicon
dioxide (SiO,), zinc oxide (ZnO), titanium oxide (TiO,), iron oxide
(Fe,03), magnetite (Fe30,4), aluminum oxide (Al,O3) and cerium oxide
(Ce0y) [17]. Nanomaterials come in a variety of forms and based on
their chemical composition and physicochemical properties, the envi-
ronmental, health, and safety risks may differ [18,19].

2.1. Gold nanoparticles

Gold nanoparticles have potential applications in immunology,
medicine, and biotechnology [20-28]. They can be fabricated in a va-
riety of sizes, and depending on their size can have a large surface
area to mass ratio rendering high surface reactivity [20]. For many
years researchers have employed gold nanoparticles in medical ap-
plications due to their unique tunable size and their thermal and op-
tical properties. Patra et al., reported [29] significant inhibition of
pancreatic tumor cell proliferation, and orthotopic pancreatic
tumor growth in vivo using gold nanoparticles as the delivery vehicle
with anti-epidermal growth receptor antibody as the targeting moi-
ety and gemcitabine as the anti-cancer drug [29]. Gold nanorods and
nanocages have been investigated as photothermal reagents for
prostate tumor hyperthermia [30]. Recombinant human tumor ne-
crosis factor (rhTNF) bound to colloidal gold (CYT-6091), silica-
coated gold nanoparticles (Aurolase) and gold particles with silica
coat (Sebacia Microparticles) have been investigated in clinical trials
[16]. Gold-nanoparticle-based materials (named:NU-0129) are cur-
rently in clinical trials for the treatment of patients with recurrent
glioblastoma and gliosarcoma [31].

2.2. Iron oxide and magnetic oxide nanoparticles

The size, charge, coating and plasma protein adsorption of iron oxide
nanoparticles can be modulated to effectively regulate their in vivo
pharmacokinetics and biodistribution [32]. Nanostructures of iron, co-
balt, and nickel have been shown to have superparamagnetic properties
and high magnetic susceptibility. However, iron oxide nanoparticles
have been studied more than the others [33]. There are several
FDA/EMA approved iron oxide nanomaterials (Ferrlecit®, Venofer®,
INFed®, Dexferrum®, and Feraheme®, Feridex LV®, Resovit®,
Gastromark™, Ferumoxtran-10) that are employed to treat iron defi-
ciency in chronic kidney disease, imaging of liver lesions and lymph
node metastasis imaging [4,16]. Some of these materials (such as
Feridex LV®, Resovit®, Gastromark™, Ferumoxtran-10) were
discontinued or withdrawn [16]. Superparamagnetic iron oxide nano-
particles have also been used for biomedical applications including vas-
cular imaging [32,34-36], drug delivery [37], gene therapy [33], in vivo
tracking of labeled cells [38], magnetic separation of cells or molecules
[39], or as iron supplements for patients with anemia [40]. For example,
Nanotherm™ is an aminosilane-coated superparamagnetic iron oxide
nanoparticle (SPION) that was approved by the EU in 2010 for glioblas-
toma treatment and in the US is in its late stage clinical trials [4].

2.3. Silver nanoparticles

Silver nanoparticles are widely used in consumer products by virtue
of their antibacterial effect. Silver nanoparticles have been investigated
as molecular imaging agents, drug delivery systems, diagnostics, for
treatment of vascular diseases and in wound healing [41,42]. The med-
ical uses of silver nanoparticles include therapeutic and diagnostic uses
in cancer [43-48], antibacterial activity [49,50], antifungal activity
[51-54], antiviral activity [55-61] and in treatment of parasitic infec-
tions [62,63]. Silver nanoparticle composites have been used in den-
tistry [64]. Silver nanoparticles can be taken up by the cells readily
and due to their antimicrobial effect, decrease biofilm formation,
thereby maintaining better oral health [65,66]. However, there have
not been any FDA approved silver based nanocarriers for systemic deliv-
ery of other bioactive agents [4].

2.4. Zinc oxide nanoparticles

Zinc oxide nanoparticles have been used extensively as anti-
bacterial agents in the health industry, food storage, textile coatings,
and in environmental applications [67]. They have also been investi-
gated for their anticancer [68,69], antibacterial [70-72], antioxidant
[73], anti-diabetic [74], and anti-inflammatory [75] properties, and
drug delivery applications [76-79]. Also, they have been used in many
industrial products such as rubber, paint, coatings, and personal care
products such as cosmetics and sunscreen [71,80-85]. In the textile in-
dustry, adding zinc oxide to the finished fabrics promotes ultraviolet
and visible light resistance and antibacterial and deodorant properties.

2.5. Silica nanoparticles

The potential of silica nanoparticles (SNPs) for drug delivery applica-
tions has been reported before [86-93]. Mesoporous silica nanoparticles
have a porous honeycomb structure and an internal configuration of a
multitude of hollow tubes [94,95]. They have a large surface area, high
channel capacity, adjustable size, easy to functionalize surfaces, thermo-
dynamic stability, good biological compatibility, relatively low toxicity,
and exert a weak immune response [96]. Various studies have reported
that mesoporous silica nanoparticles can adsorb and release drug mole-
cules demonstrating their potential utility in drug delivery and release
[97]. Different types of controlled release systems have been designed
based on mesoporous silica nanoparticles [98]. Some examples include
targeted drug delivery to the nucleus using polypeptide-modified
mesoporous silica nanoparticles [99], modified mesoporous material
for controlled release of antibiotics [100], fluorescent mesoporous silica
nanoparticles to deliver antisense nucleic acids [101], and development
of combined gene therapy and chemotherapy for the treatment of can-
cers that overexpress Bcl-2 protein [102].

2.6. Quantum dots

Quantum dots have great potential in anticancer photodynamic
therapy. They can also be used as imaging agents, biosensors, photovol-
taic devices, solar cells, light emitting devices, and in catalysis. Valizadeh
et al. [103] reported their importance in biological applications, includ-
ing tracking macromolecules in the cell, tracking various cells in the tis-
sues, labeling organelles and cells, and other applications [104-109].
Quantum dots can be useful in the detection of cancers, which is impor-
tant for diagnosis, disease stage forecasting, and clinical management
[110]. Quantum dots with intense and stable fluorescent properties
could enable the detection of tens to hundreds of cancer biomarkers
in blood assays, on cancer tissue biopsies, or as contrast agents for med-
ical imaging.
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2.7. Copper oxide, titanium oxide, and other nanoparticles

Other inorganic nanoparticles for potential use in drug delivery and
therapy include, but are not limited to, copper oxide [111], titanium
oxide [112], nickel oxide [113,114], and barium-based nanoparticles
[115]. Copper oxide nanoparticles have been studied as antibacterial
and disinfectants for wastewater [116], biosensing, and biolabeling
[117,118]. Titanium-base nanoparticles have been investigated in
photothermal therapy [119,120], photodynamic therapy [121,122], as
antimicrobial agents [123,124] and in cosmetic products [125]. Hafnium
oxide nanoparticles have been investigated for soft tissue sarcoma ther-
apy, and compounds such as NBTXR3 and PEP503 have been investi-
gated for rectal, and head and neck cancer treatments, respectively [4].

3. The international effort on nanotoxicology

Nanotoxicology has emerged as an important field of study given the
emergence of numerous nanomaterials in various industries [126]. This
not only raises concerns for potential adverse health effects in humans,
but also a worldwide concern for ecotoxicity that includes air and water
pollution, and animal and plant health. The main reason for this concern
is that the mechanisms of action of nanomaterials and their possible in-
teractions with living systems are not completely understood [126].

In 2005, for the first time, the Organization for Economic Cooper-
ation and Development (OECD) held a special session focused on the
human health risk and environmental safety of manufactured
nanomaterials. The outcome of this effort was the development of
databases listing the benefits and toxicity of nanomaterials and iden-
tifying the research gaps. This organization also approved protocols
for standards of nanomaterial toxicity testing, including subacute
and subchronic toxicity studies for nanomaterials [127]. In the US
the National Institute for Occupational Safety and Health (NIOSH),
the National Center for Toxicological Research (NCTR), and the Na-
tional Institute of Environmental Health Sciences (NIEHS) have
attempted to coordinate studies of the toxicity of several classes of
nanomaterials including inorganic nanoparticles such as silver and
titanium oxide nanoparticles [128]. The U.S. National Toxicology Pro-
gram (NTP) recently released a report alluding to the carcinogenicity
of cobalt compounds that release cobalt ions in vivo [129]. In the U.K.
pharmaceutical companies and contract research organizations have
created study designs for acute and chronic toxicology and carcino-
genicity studies in rodents and non-rodents [130]. Despite such ef-
forts, there is a huge gap regarding the reports and classified
database of long-term toxicity of nanomaterials.

4. Definition and classification of toxicity

Factors influencing toxicity include dose, frequency, and duration of
exposure as well as the route of administration [131]. Three common
routes of exposure to a toxic substance include skin penetration (e.g.,
subcutaneous and percutaneous), lung (e.g., inhalation) and gastroin-
testinal tract (e.g., oral). These same routes are often used to administer
drugs. There are a variety of other parenteral routes through which toxic
substances can enter the body and which are also used in drug delivery,
depending on the indication. According to the FDA guidance for indus-
try [132], when any non-systemic route of administration is used for a
drug product, it is necessary to compare the toxicity profile resulting
from the exposure via the intended route with that from systemic ad-
ministration. Toxicity is expected to be higher after systemic, intrave-
nous administration because this route delivers a drug directly into
the bloodstream. However, if the same toxicity is observed after drug
administration via other routes as that seen after intravenous adminis-
tration, then the data suggests that the test-compound is absorbed
quickly and becomes bioavailable to other organs.

Nanoparticle effects could be desirable or undesirable. The latter
may be beneficial under certain conditions; e.g., an immunosuppressive

effect of a cytotoxic drug carried by the particle or that of the
nanocarrier per se is the undesirable side effect. However, the immuno-
suppressive properties may benefit when inhibition of the immune re-
sponse is needed to avoid the overt immune response. The second
type of undesirable effects is not beneficial and is considered as an ad-
verse effect. For example, an allergic reaction to a drug or nanocarrier
is never desirable. Other adverse conditions include idiosyncratic reac-
tions. Toxicity can be immediate or delayed based on the time required
for its manifestation, reversible and non-reversible based on whether
the effect is permanent or not, local and systemic based on whether it
affects the entire body or manifests only at the site of drug action or ad-
ministration [133].

Delivery vehicles, including those generated by nanotechnology, can
change absorption, distribution, metabolism, and elimination after any
route of administration, thereby influencing toxicity. The toxicity ob-
served after a single exposure is often different from that seen after re-
peated exposure. Single-dose administration, in general, produces acute
effects. Long-term effects are often associated with chronic exposure.
However, intermediate duration of exposure is also possible. Therefore,
depending on the exposure, toxicity can be categorized as acute (ob-
served within less than 24 hours after single administration) or re-
peated (administration within 24 hours), subacute (observed within
less than 1 month following repeated exposure), subchronic (observed
within 1-3 months following repeated exposure) and chronic (observed
after 3 or more months of chronic exposure). The toxicity observed after
a large dose administered as a single dose may be higher than the tox-
icity observed when the same total amount is administered in smaller
aliquots over time [133].

In acute toxicological testing, the goal is to determine the non-
observable effect level (NOEL) and maximum tolerated dose (MTD) of
nanoparticles up to 14 days. Different methods of acute toxicity evalua-
tion have been reported including 50% lethal dose (LD50), the fixed
dose procedure (FDP), the acute toxic category (ATC) method, and the
up-and-down (UDP) method, some of which are no longer approved
tests (for review see [134,135]). Also, acute and subacute toxicity stud-
ies elucidate the organ-specific toxic effects and the mechanism of
nanoparticle toxicity [136]. Nanotoxicology also follows the same
trend for acute and subacute tests. For this approach the following pa-
rameters need to be monitored during the study: immediate hemato-
logical, cardiac and neuronal responses to administered dose, weight
change, clinical observation such as the effects of nanoparticle adminis-
tration on cardiovascular system, respiration, locomotor system, vasodi-
latation and vasoconstriction, ocular sign, gastrointestinal function and
the effects on the skin and fur, mortality, gross necropsy, blood toxicity
and histopathological evaluation on all vital organs [136]. In addition to
these parameters, the toxicokinetic and ADME/PK studies including ab-
sorption, distribution, metabolism, excretion, and pharmacokinetics of
administered nanoparticles are an essential part of assessing their
toxic effects [136,137].

In subchronic and chronic toxicity studies, the long term (one month
to 30 months) effect of nanomaterials on the health of animals
should be addressed after single and/or repeated chronic exposure. In
addition to the parameters for acute toxicity, neurotoxicology,
immunotoxicology, cardiovascular function and ophthalmological eval-
uations should be examined for the long-term safety assessment of
nanoparticles (for review see [136,137]). Genotoxicity, carcinogenesis,
and developmental toxicity (embryotoxicity) are also required for sub-
chronic and chronic toxicity testing [135,136]. One generation and two-
generation reproduction toxicity testing can be performed in chronic
studies. In these studies, the nanoparticles will be administrated in
both female and male animals at different time points based on the
spermatogenic cycle for males and estrous cycles for females or during
female pregnancy and nursing. During the study period, the animals
will be observed for mortality and morbidity beside any sign of toxicity
such as effect on female pregnancy, measurements of estrous cycle
length, vaginal cytology evaluations, sperm morphology, parturition,



116 R. Mohammadpour et al. / Advanced Drug Delivery Reviews 144 (2019) 112-132

and number of offspring and their sexes and the number of dead and
live pups [135].

Detailed protocols for acute, subchronic, and chronic toxicity studies
of nanomaterials based on the route of exposure were reviewed earlier
[6]. It was suggested that testing to determine NOEL doses in oral, der-
mal, and inhalation subchronic studies, should be performed over 10%
of the animal’s life span. Moreover, there should be at least 10 ani-
mals/sex/dose with at least 3 doses of nanoparticles and the exposure
time should be 7 days/week (dermal and oral) and 6 hrs/day for 7
days/week (inhalation) [6,130]. Power analysis would need to be done
since the sample size, including the number of animals and dose and
frequency of injection depends on the significant level of the effects.
Owing to morbidity and mortality concerns, assessment should be
twice per day. All of the toxicology observations (hematology, clinical
biochemistry, urinalysis and necropsy analyses of organs of interest)
are crucial for preclinical evaluation of inorganic nanomaterials
intended for use in medical treatment (Table 1 in [6]). In chronic stud-
ies, at least 50 animals/dose/sex should be used in each treatment
group [6]. Nonetheless, this number of animals cannot enable detection
of an adverse effect of less than 2% of the population. Carcinogenicity of
chronically injected nanoparticles is one of the major concerns for long-
term toxicity. Evaluation of the carcinogenicity of nanomaterials should
involve in vivo treatment for 24 months in rodents [6].

5. Common toxicity reports for inorganic nanoparticles

An accurate comparison of the toxicity of inorganic nanoparticles is
often challenging due to the differences in dose level, route, purity,
and frequency of administration between published studies. Moreover,
besides common properties such as particle size, surface area, and
charge, each class of nanomaterials may have properties that contribute
to toxicity via unique mechanisms. While inflammation and induction
of oxidative stress are among the common mechanisms of toxicities re-
ported for inorganic nanomaterials, some mechanisms are rather
unique and specific to the type of nanomaterials. Below we will review
some examples to highlight the types of toxicities, and the biomarkers
useful in their detection.

Chronic exposure to inorganic particles has been associated with im-
paired clearance, inflammation, and fibrosis [138]. The exposure to
magnetite iron oxide nanoparticles increases endothelial barrier perme-
ability through the induction of oxidative stress [139]. Intratracheal in-
stillation of superparamagnetic iron oxide and titanium oxide and oral
administration of silver and silica nanoparticles have led to local inflam-
mation [140-143]. Chronic inflammatory response accompanied by
microgranulomatous changes, increases in B- and T-cell counts along
with histopathological changes in lungs were reported in mice exposed
to a single-dose of magnetite iron oxide [141]. Phagocytosis of these
particles by the cells of the mononuclear phagocytic system (MPS)
was accompanied by the production of cytokines (TNFe, IL-1f3, IL-6,
IL-12, IL-4, IL-5, and IL-2) [141]. While pro-inflammatory cytokines,
like IL-6, peaked within earlier time points (first 24 hours after expo-
sure), the regulatory cytokines, such as IL-4 and IL-5, were observed
up to day 28 [141]. Titanium dioxide nanoparticles of anatase structure
are more toxic and induce higher levels of reactive oxygen species
(ROS) than rutile TiO, [144,145].

The accumulation of nanoparticles in the body may correlate with
carcinogenesis or cardiovascular disease. For example, recently the po-
tential risk of gold nanoparticles for causing human vascular disease
was reported by Miller et al. [146] They exposed healthy male non-
smoking volunteers to 5 nm and 30 nm gold nanoparticles for 2 hours.
Gold was detectable in the blood and urine of 86% of the studied men
24 hrs post-administration where smaller nanoparticles were detected
to a greater extent than larger nanoparticles. Even 3 months after expo-
sure, gold nanoparticles were still detected in the blood and urine. Also,
the gold nanoparticles were evaluated at sites of atherosclerosis in pa-
tients with cerebrovascular disease and risk of stroke. These data

showed the selective accumulation of these nanoparticles at sites of vas-
cular inflammation in both human and animal models of disease [146].

Among the safety concerns regarding inorganic nanoparticles are
their stability and a potential to saturate the mononuclear phagocytic
system. Such accumulation might alter MPS function and lead to a di-
minished response to pathogens. A recent study by the FDA reported
that repeated administration (once/week for 8 weeks) of silica (5 mg.
kg™1), gold (10 mg.kg™!) and silver (5 mg.kg™') nanoparticles to mice
did not saturate the MPS [147]. Toxicity was not observed with gold
and silver nanoparticles during the entire duration of the study, which
took two months [147]. However, changes in the blood chemistry
were noticed in animals exposed to silica nanoparticles [147]. Since
silica-based nanomaterials may considerably vary in their toxicity pro-
file due to differences in porosity [148] more repeated-dose studies
using different types of silica-based nanomaterials are needed to fully
understand the safety of these materials. Even though gold nanoparti-
cles are generally reported as biocompatible, a variety of opinions
exist regarding their potential harm, especially after long-term expo-
sure, due to their non-biodegradable nature [149]. Particularly, a recent
FDA position paper raised a concern that traditional preclinical safety
models may overlook secondary effects which may occur due to the du-
rable nature of gold and other similar nanomaterials that retain their
particulate state during administration, distribution and accumulation
in the body [149].

6. Challenges and considerations for subchronic and chronic studies
of inorganic nanoparticles

6.1. Why do we care about subchronic and chronic toxicity of inorganic
nanoparticles?

Knowledge of acute toxicity effects of inorganic nanomaterials is
limited but is rapidly growing. Limited data are available regarding sub-
chronic and chronic toxicity assessment of new inorganic nanomaterials
compared to the increasing rate of research and patents introducing
new inorganic nanoparticles for different applications, including drug
delivery. Acute and subacute toxicity observations of nanoparticles
are insufficient to evaluate their safety because: a) dissolution and/or
degradation of many of the nanomaterials, including inorganic
nanomaterials, may take a longer time, b) the dissolution products of
the nanoparticles could be toxic by themselves, c) biodistribution of
the nanoparticles may change during the period of study, d) different
rates of accumulation and excretion of nanomaterials from the body
may occur, and e) clinical effects of nanoparticles may need time to de-
velop and be detected. Although there are some reports regarding the
duration of, or after exposure for subchronic and chronic
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Fig. 1. Number of subchronic and chronic toxicity studies of inorganic nanoparticles based
on duration of exposure to inorganic nanoparticles (as of April 2019; search in Google
Scholar, Scopus and PubMed with search terms in the title or abstract or keywords for

nanomaterials, including “subchronic”, “chronic”, “toxicity/safety evaluation” and “28
days, 90 days, and 13 weeks).
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terms in the title or abstract or keywords for nanomaterials, including “subchronic”, “chronic”, “toxicity/safety evaluation” and “28 days, 90 days, and 13 weeks).

administration, the toxic effects or the time needed to recover from in-
juries are not predictable. These potential toxic effects require sub-
chronic and chronic safety evaluation before human clinical trials.
However, the lack of attention to this area is all the more alarming be-
cause few published studies have been reported to date. Fig. 1 shows
that there are only a few reports on the subchronic and chronic toxicity
of inorganic materials. In our review of the literature, we used a number
of search terms in the title or abstract or keywords for nanomaterials,
including “subchronic”, “chronic”, “toxicity/safety evaluation”, and “28
days, 90 days, and 13 weeks”. It is possible that in some reports, these
special terms might not have been included. Most of the long-term tox-
icity studies we reviewed focused on subchronic evaluation with a max-
imum of 13-14 weeks exposure time. About 50% of these were focused
on titanium oxide, zinc oxide, and silver oxide subchronic toxicity eval-
uation, probably because of their approved use in medical products

(Fig. 2).

6.2. Which parameters are important in in vivo subchronic and chronic tox-
icity assessment of nanoparticles?

There have been many studies on the toxicity and efficacy of nano-
particles as a function of their physiochemical properties. Similarly,
knowledge of the properties and purity of nanoparticles is crucial
prior to their toxicity evaluation. One of the essential factors in the eval-
uation of the toxicity of nanomaterials is their careful characterization.
Publications from different groups [150-152] are available to guide
researchers to fully characterize nanomaterials before addressing
any application. In addition to the physicochemical properties of
nanomaterials including composition, shape, size, charge, aggregation,
agglomeration, degradation and dispersion [126,153], the route of ex-
posure, dose, duration, and frequency of exposure, animal age, strain
and sex affect the toxicity of nanomaterials. Further to the physico-
chemical characterization, biological interaction could significantly
alter the behavior and effect of nanoparticles. Significant research is re-
quired to understand the physiochemical changes that nanomaterials
undergo in the biological systems and how these changes can affect
their biological fate. Here we will review the subchronic and chronic re-
ports of inorganic nanomaterials that have been generated as a function
of their physiochemical properties.

6.2.1. Physiochemical properties

The biological fate of nanomaterials is affected by their size, shape, ge-
ometry, hydrophobicity, and their charge since these surface-chemical
properties influence their cellular interaction and uptake. It has been
found that the shape, charge, size, and geometry of inorganic

nanoparticles influence their in vitro and in vivo acute toxicity
[154-157]. There are a few reports focused on investigating if the acute
toxicity of inorganic nanoparticles is the same as their subchronic and
chronic toxicity. For example, in subchronic studies, zinc oxide nanopar-
ticles showed the same effect on tissue toxicity regardless of their size
[158]. However, size dependence of subchronic immunotoxicity of silver
nanoparticles after intravenous administration [159], size dependence of
kidney and liver subchronic toxicity, hematotoxicity and DNA damage of
gold nanoparticles [160,161], and size dependence of systemic toxicity
caused by iron oxide nanoparticles [162] post-intraperitoneal adminis-
tration have been reported after subchronic exposure. Kim et al., studied
the 90-day subchronic toxicity of 100 nm zinc oxide nanoparticles with
two different charges following oral gavage [158]. They reported that
the charge of the inorganic nanoparticles did not influence the severity
of lesions in the eye, stomach, pancreas, and prostate gland tissues
[158]. Jon et al., also demonstrated that the size of silver nanoparticles
(20 and 100nm), rather than the dose, affected the animal weights,
immunotoxicity with the expression of different interleukins and on
the microscopic toxicity of spleen when the particles were administered
intravenously to rats for 28 days [159]. However, other studies on sub-
chronic toxicity evaluation of silver nanoparticles for 28 days and 90
days upon inhalation and oral exposure, showed the distribution and tox-
icity of these nanoparticles did not depend on their size and route of ad-
ministration in the tested dosage range [163,164]. It was hypothesized
that the effects of silver nanoparticles could be due to both ionization of
nanoparticles and also as a direct effect of nanoparticles [163].

There are also different reports on the influence of silica and gold
nanoparticle size on subchronic toxicity. PEGylated coated spherical
gold nanoparticles (4.4 nm) showed a lower subchronic hepatotoxicity
and lower rate of infection when compared with gold nanoparticles of
different sizes (22.5, 29.3, 36.1 nm). The larger particles had significant
renal and hepatic subchronic toxicity following intraperitoneal adminis-
tration to C57 BL/6 female and male mice every two days for 28 days
[160]. Also, two of these nanoparticles (22.5, 36.1 nm) showed sub-
chronic hematotoxicity in male animals [160]. The size-dependent
acute and subchronic DNA damage of gold nanoparticles (10 nm and
30 nm) was studied by another group [161]. These data confirmed
that larger gold nanoparticles caused higher levels of DNA damage com-
pared to smaller particles [161]. Different sizes of gold nanoparticles ( 2,
5, 10, 30, or 200 nm) were administrated by the pulmonary route to
male apolipoprotein E knockout (ApoE /™) mice twice per week for 5
weeks. The size-dependent translocation of gold nanoparticles from
the lung to the circulation was demonstrated to be greater for
nanoparticles<10nm [146]. The size of Stdber silica nanoparticles influ-
ences the recovery time needed for BALB/c mice from blood and tissue
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toxicity and inflammation induced symptoms by 50 and 500 nm SNPs at
MTD dose [165].

Therefore, it seems that long-term toxicity of inorganic nanoparti-
cles, as well as their acute toxicity, are significantly affected by their
size. Since the source of nanoparticles and the animal strain as well as
experimental conditions are different in these studies, it cannot be con-
cluded if there is a linear correlation or any specific size range that
shows higher or lower toxicity. For a better understanding of this effect,
the experiments should be conducted with the same nanoparticles over
time (acute to chronic) and to include in vitro and in vivo mechanistic
studies with the same batch of nanoparticles. It must be noted that
the physicochemical properties of nanoparticles may change upon ad-
ministration in vivo, and these changes (such as protein adsorption, po-
tential aggregation, degradation, etc.) may affect toxicity. Monitoring of
the physicochemical properties of nanoparticles during long-term ex-
posure in simulated physiological conditions or in vivo would provide
data concerning the effect of the real shape, size, charge, and geometry
of nanoparticles in vivo on accumulation and toxicity. In many studies,
one batch of nanoparticles is synthesized and evaluated for the entire
study (e.g., repeated injection for subchronic studies). In such cases,
the physicochemical properties of stored nanoparticles and the endo-
toxin level should be monitored over time to ensure colloidal stability
and consistency [147]. Conducting parallel studies on the stability of
nanoparticles, their shelf-life and half-life will be important for long-
term safety evaluations involving repeated exposure.

There are some efforts in the community to compare the efficacy and
toxicity of microparticles with their nanoparticle forms. Size-dependent
biodistribution of magnetic nanoparticles was reported in 5-week sub-
chronic exposure to female rats at 500 mg.kg™! [162]. The concentration
of total iron in the spleen and liver following subchronic intraperitoneal
injections of Fe;04 nanoparticles was reported to be much higher than in
the case of microparticles [162]. Another study of magnetic oxide micro
and nanoparticles showed more bioaccumulation of nanosized particles
as compared with the microparticles at the same dose level after 28 days
of repeated oral dose administration in male and female rats [166]. To-
gether, this data demonstrates that studies incorporating both size and
charge of inorganic nanoparticles are beneficial for subchronic toxicity
evaluations. To the best of our knowledge, there are no comprehensive
studies on the effects of shape and geometry of nanoparticles on their
subchronic and chronic toxicity. Such studies should be undertaken
since we know that there can be significant effects of shape and geome-
try of nanoparticles on their acute toxicity [154,167].

6.2.2. Dose, frequency, duration, and route of administration

One of the key parameters in nanotoxicology is calculating the ap-
propriate dose for administration. Finding the realistic dose for admin-
istration depends on the exposure route and the intended application
of nanoparticles. For example, as we discussed before in acute toxicity
of pure nanoparticles, the goal is to evaluate the dosage in terms of
MTD and NOEL doses. In delivery applications of nanomaterials, the rel-
ative doses of cargo and carrier are important based on the efficacy and
toxicity of both. In any unintentional exposure to nanoparticles, the
toxicity of the relevant exposure dose is important. However, chronic
low dose exposure or the chronic effect after single high dose exposure
is the main public health concern [126]. Monitoring the alteration in
biodistribution of nanoparticles in the body is extremely important in
subchronic and chronic toxicity evaluation of inorganic nanoparticles.
Most of the subchronic studies have been done on different doses of in-
organic nanoparticles, such as: a) zinc oxide nanoparticles after re-
peated oral administration [158,168] and dermal [169,170] exposure,
b) silver nanoparticles following oral [163,171-173], inhalation
[164,174,175], dermal [176], and intravenous [159] administration,
¢) iron oxide nanoparticles after intravenous injection [177,178], and
d) titanium oxide nanoparticles [179-182], copper nanoparticles
[183], and silica nanoparticles [143] following intragastric or oral ga-
vage. Recently, there has been considerable discussion regarding the
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Fig. 3. Relative percentages of subchronic and chronic toxicity studies based on the route
of administration of inorganic nanoparticles. Search in Google Scholar, Scopus, and
PubMed with search terms in the title or abstract or keywords for nanomaterials,
including “subchronic”, “chronic”, “toxicity/safety evaluation” and “28 days, 90 days, and
13 weeks, as of April 2019.

appropriate metric for the dosage of nanoparticles in toxicology
[126,184]. However, classic toxicology studies have been based on the
particle mass, but, more recently some hypotheses are focused on the
possible dominant role of surface area and number of particles that
can predict a realistic metric for their harmful effects, as well as biolog-
ical effects since these parameters may more accurately explain the re-
activity of nanoparticles with blood components and cells. Therefore,
reporting the in vitro and in vivo toxic or safe dose of nanoparticles
based on mass, number, and surface area would be more helpful to com-
pare different reports and plan for future studies.

Another important factor influencing the toxicity of inorganic nano-
particles is the route of administration. For example, the subacute and
subchronic toxicity studies on gold nanoparticles by different adminis-
tration routes to mice showed that following single oral and intraperito-
neal exposures of gold nanoparticles, toxic effects are much higher than
following tail vein injections [178]. Fig. 3 indicates the classification of
subchronic or chronic toxicity studies involving inorganic nanoparticles
based on the route of administration (Fig. 3). Most of the studies in this
area were conducted using intragastric and intraperitoneal administra-
tion of inorganic nanoparticles.

Therefore, route of nanoparticle administration, frequency and dura-
tion of exposure and doses are important parameters in subchronic ad-
ministration of inorganic nanoparticles. In addition, there are some
unwanted exposures during delivery of nanoparticles that could induce
toxicity. For example, when the nanoparticles are delivered through
oral feeding, the inhalation or dermal exposure of nanoparticles could
cause side effects. These unintended procedural effects might be multi-
plied in long-term exposure studies, especially following repeated dose
administration, rather than acute toxicity. Thus, having greater control
of the experimental conditions would be advantageous for future sub-
chronic and chronic studies.

6.2.3. Animal sex

There are many observations that confirm the sex of the animal does
influence toxicodynamic and toxicokinetic evaluation of drugs. Adverse
drug reactions have been reported to be sex-related for many pharma-
ceutical compounds that are in the clinic (to review see [185]), and it
might be of concern for nanomaterials as well. It has been shown that
certain innate and adaptive immunological responses to foreign and
self-antigens are influenced by sex.[186,187] In some studies, to reduce
the number of used animals, females are chosen more often than males
due to their higher sensitivity to the toxicity in question. For example,
the autoimmune response is more prevalent in females than in males;
both in humans and in mice, the male-to-female ratio of developing
lupus is 1-to-9 injection [188]. However, there are reports that show
that the immune response in females is much stronger than in males
[189]. In this case the safety evaluation in male animals would be of
greater concern. Subchronic safety evaluations of inorganic nanoparti-
cles have been done on both sexes (see Table 2). Among these, a few in-
organic nanoparticles including iron [160], silver [175], and silica
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Table 2
List of subchronic and chronic toxicity reports for inorganic nanoparticles.
Nanoparticle Characterization Route of Frequency of  Dose Animal strain Exposure  Sex(s)  Ref
(s) administration administration time
Zinc oxide NPs 100 nm, positive and negative  Intragastric Daily 14 days: 500, 1000, 2000 mg/kg Sprague Dawley 14 days, F&M [158]
charge 90 days: 500, 125, 31.25 mg/kg rat 90 days
15+ 4and 26 £11 nm Inhalation 4 hrs/day 3.5 mg/m> C57BI/6 Mice 2 weeks, M [221]
5 days/week 13 weeks
up to 3 weeks
Primary size: 40 nm Oral Daily Single dose, 24hrs: 2147 mg/kg Sprague Dawley 1day,14 F&M [168]
Surface area: 60 + 10 m?g™" 14-days, repeated dose: 536.75, 1073.5 rat days,13
Hydrodynamic size: 201.75 + or 2147 mg/kg weeks
17.15 nm 13-weeks, repeated dose: 67.1, 134.2,
268.4 or 536.8 mg/kg
20 nm; -30.9 mv Dermal 5 days/week 75, 180, and 360 mg/kg; 10% of the Sprague Dawley 28 days F&M [169]
total body surface area rat
29 £+ 3nm Dermal Daily 250, 500, and 1,000 mg/kg Sprague Dawley 90 days F&M [170]
-444 + 1.0 mV rat
Silver NPs 60 nm Oral Daily 30-1000 mg/kg Sprague Dawley 28 days F&M [171]
rat
64.9 nm Inhalation 6 h/day Low-dose group (1.73 x 10%/cm?), Sprague-Dawley 28 days F&M [171]
5 days/week  Middle-dose group (1.27 x 10°/cm®),  rat
High-dose group (1.32 x 10°
particles/cm® 61 pg/m?)
20-30 nm Intragastric Daily 50, 100, 200 mg/kg Sprague Dawley 90 days M [172]
rat
20 and 100 nm, negative Intravenously  Daily 0.0082 - 6 mg/kg Wistar derived 28 days F&M [159]
charge WU rat
100 nm Dermal Once (100, 1000 and 10000 ppm) applied to  Hartley-albino 13 weeks M [176]
10% of the body surface area guinea pigs
18-19 nm Inhalation 6h/day, Low dose (0.6 x10° particle/cm?, 49 Sprague-Dawley 13 weeks F&M [164]
5day/week mg/m?), middle dose (1.4 x10° rat
particle/cm?, 133 mg/m?), high dose
(3.0 x 106 particle/cm?®, 515 mg/m?)
53 nm Intragastric Daily Low-dose (30 mg/kg), middle-dose F344 rats 13 weeks F&M [163]
(125 mg/kg), high-dose (500 mg/kg)
18 nm Inhalation Daily, 6h/day 0.7 x 10 particle/cm® (low dose), 1.4 x  Sprague-Dawley 90 days F&M [175]
106 particle/cm® (middle dose), 2.9 x  rat
10° particle/cm? (high dose)
7.9 £ 0.95 nm Oral Daily 62.5, 125 and 250 mg/kg Sprague-Dawley 42 days F&M [173]
rat for males,
52 days
for
females
50 nm, spherical, negative Intravenous Weekly 5 mg/kg BALB/c mice 8 weeks F [147]
charge
Copper NPs Cu NPs: 25 nm; Cu MPs: 14-25 Oral Once/day for 2 100, 200, 400 mg/kg Sprague-Dawley 28 days M [183]
um weeks rat
20 nm Intraperitoneal Three 10 mg/kg Outbred White 30 days F [249]
times/week rat
up to 19
injections
Copper oxide,  PbO-NPs and CuO-NPs; Intraperitoneal 18 times Different combination of NPs Outbred White 6 weeks M [250]
lead oxide virtually spherical; 47416 nm during 6 0.5 mg in 1.0 mL of the suspension plus rat
and zinc CuO-NPs; virtually spherical, weeks 2.0 mL of de-ionized water
oxide NPs 24.5 + 4.8 nm
ZnO-NPs; rod-like, 83 £ 20
and 30 4 11 nm.
Metal oxide Ce02: 20-30 nm, -32.4 + 5.6  Intratracheal Daily 50 and 150 cm?/rat Wistar rat 4 weeks F [223]
NPS: CeO, NiO: 10-20 nm, -26.0 £+ 5.0 repeated
NPs, NiO NPs, ZnO: <10 nm, -27.1 + 1.4 dose
ZnO NPs, CuO: <50 nm, -26.7 £ 12.5
CuO NPs,
Gold NPs 4.4,22.5,29.3,36.1 nm (PEG Intraperitoneal Every 2 days 4000 pg/kg C57/BL6 mice 28 days F&M [160]
coated)
13.5nm Oral, Single 137.5-2200 pg/kg ICR mice 14 days, M [178]
intraperitoneal, injection 28 days
Intravenous
14 nm Intravenous Once/week 90 pg, 9 pg, 0.9 ug Sprague Dawley 14 days,7 M [177]
rats weeks
10 and 30 nm Intraperitoneal Daily 70 pg/kg Wistar rats 28 days M [161]
injection
10 nm, spherical, negative Intravenously ~ Weekly 10 mg/kg BALB/c mice 8 weeks F [147]
charge
2,5, 10, 30,200 nm Inhalation Twice/week 50 pL of 2.3 mg/mL Apolipoprotein E 5 weeks M [146]
knockout
(ApoE—/—)
mice

(continued on next page)
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Nanoparticle Characterization Route of Frequency of  Dose Animal strain Exposure  Sex(s)  Ref
(s) administration  administration time
Tellurium Te NRs: rod shape and Intragastric Daily Te NRs once daily at the doses of 1/50, NMRI mice 14 days M [217]
nanorods hexagonal 85 nm length by 1/25 and 1/10 LD50 1/4 60 mg/kg (1.2,
less than 22 nm 2.4 and 6 mg/kg), respectively
Cerium oxide Ce0,: 28.4 nm Inhalation 6 h/day, 5 Ce0,: 0.1,0.3, 1.0 and 3.0 mg/m>, BaSO, Wistar rat 28 days, F [224]
and barium BaS04: 37.5 nm days/week :50.0 mg/m> 90 days
sulfate NPs
Titanium 19 nm Intragastric Daily 10, 30, 50,100, 200 mg/kg Wistar rat 60 days M [179]
dioxide NPs  Antase TiO, NPs, 5-10 nm Intragastric Daily 50, 100, 200 mg/kg Wistar rat 60 days M [180]
17 nm Dermal Daily 0.4 mg/cm? Hairless Wistar 24,8 M [244]
Yagi rat weeks
TiO, powders in the forms of ~ Dermal Daily 24 mg of test formulation containing Pig and mutant 30 days M [50]
anatase (4 and 10 nm), rutile 5% titanium dioxide (4 nm or 60 nm) hairless mice (pig),
(25, 60 and 90 nm) and was topically applied in dorsal surface  (BALB/c nu/nu) 60 days
Degussa P25 (21 nm) of both ears, areas of 3 cm? (mice)
90-day: surface-coated Intragastric Single dose for Different doses based on time of study  Crl: CD(SD) rats 14 day F&M [182]
pigment-grade TiO, test 14 days 24,000 mg/kg 28 days
particles (d50 1/4 145 nm, 21% Daily for 28 5,000 mg/kg 90 day
NPs by particle number and 90 days
criteria)
28-day: uncoated,
pigment-grade TiO,, test
particles (d50 1/4 173 nm by
number)
14-day: surface-treated
rutile/anatase nanoscale TiO,
particles (d50 1/4 73 nm by
number)
15-20 nm Intragastric Daily 10 mg/kg CD-1 (ICR) mice 90 days F [248]
hydrodynamic diameter: Peroral Daily 2.5,5,and 10 mg/kg CD-1 mice 90 days F [181]
208-330 nm Nasal
[ron oxide 10,50 nm and 1pm Intraperitoneal 3 times/week 500 mg/kg Outbred Wight 5 weeks F [162]
(Fe304) NPs rat
NiO and Mn304 NiO of 16.7 4 8.2 nm Intraperitoneal 3 times/week  0.50 mg or 0.25 mg per rat (separately Outbred Wight 6 weeks F [251]
NPs Mn;04 184 £+ 5.4 nm up to 18 or in different combinations) rat
injections
Magnetic oxide MnO, NPs: <30 nm Intragastric Daily MnO, NPs at 1,000, 300 mg/kg Wistar rat 28 days F&M [166]
NPs MnO, MPs: <5 um MnO, MPs at 1,000 mg/kg
30 nm Inhalation 6 hr/day, 5 500 ug/m?>; 18-10° particles/cm?® Fischer344rats 1land12 M [222]
days/week days
Silica NPs Mesoporous SNP: 98 + 6 nm  Intraperitoneal Daily 2,20, and 50 mg/kg BALB/c mice 4 weeks F [252]
Colloidal silica : 102 + 6 nm
Synthetic amorphous silica:7 Oral feed Daily 100, 1000 or 2500 mg/kg of SAS; Sprague-Dawley 28 days M [143]
nm 100, 500 or 1000 mg/kg of NM-202 rat 84 days
NM:10-25 nm
10 nm, spherical, negative Intravenous Weekly 5 mg/kg BALB/c mice 8 weeks F [147]
charge
Large Stober SNPs and Intravenous Once Maximum tolerated dose (100 mg/kg ~ BALB/c mice 10 days, F&M [165]
Mesoporous SNPs (432 + 18.7 for small SNPs and large MSNPs; 300 60 days,
nm, -53.1 & 1.5 mV) mg/kg for large SNPs) 180 days
Small Stéber SNPs (46 + 4.9
nm; -40.3 £+ 1.9 mV)
Silicon dioxide, SiO2: spherical, 12 nm, -44.37  Oral Daily 975.9, 1030.5 and 1000 mg/kg Sprague-Dawley 13 weeks F&M [216]

Silver and mv Ag: spherical, 11 nm,
[ron oxide -21.13 mv Fe203: o form, 60
NPs nm, +13.60 mv

rat

nanoparticles [165] have shown sex-related subchronic toxicity. For ex-
ample, a sex-related difference in the accumulation of silver nanoparti-
cles was noted in the kidneys after subchronic exposure [175,190].
Female Sprague-Dawley rats showed two to three times more accumu-
lation of 18 nm and 53 nm silver nanoparticles in the kidney after inha-
lation and oral gavage administration, respectively [175,190]. PEGylated
gold nanoparticles also showed significant liver toxicity, inflammation,
and infection in male C57/BL6 mice, whereas female mice presented
high renal toxicity at day 28 post-intraperitoneal administration [160].
Our recent study on mesoporous silica nanoparticles showed consider-
able systemic sex-related toxicity, with MTDs ranging from 40 + 2 mg.
kg™! to 95 + 2 mg.kg™! for male and female mice, respectively. This tox-
icity was influenced by the porosity of SNPs, whereas the same sized
Stober SNPs did not show the same effect. The reason for these sex-
related toxicity or distribution of inorganic nanoparticles is not clear

yet. Of course, differences or rates of change in the physiology, anatomy,
hormonal, behavior, biochemistry and genetics between females and
males, especially rodents which have a shorter life span than humans,
make it necessary to do the sex-related long-term toxicity assays. This
will fill an important gap in current nanotoxicology studies.

6.2.4. Importance of endotoxin screening

Endotoxin or LPS is a large, heat-stable molecule found on the outer
membrane of gram-negative bacteria and commonly reported in
engineered nanomaterials. Endotoxin contamination can mask the
true biological effects of nanoparticles and change the distribution and
clearance of nanoparticles in the body [191-196].

The acute toxicity due to endotoxin and endotoxin-contaminated
nanoparticles is primarily manifested by the cytokine release syndrome.
The exaggeration of endotoxin-mediated inflammation by certain
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nanomaterials is a well-documented problem [197-200]. Some inor-
ganic nanomaterials, for example, titanium oxide nanobelts, do not acti-
vate the cytokine response per se but exaggerate endotoxin-mediated
responses via a mechanism involving inflammasome activation [201].
Such properties create a regulatory challenge for the biomedical appli-
cation of nanomaterials [192]. All drugs coming into contact with
human blood are required to contain no more than 5 EU/kg of endotoxin
[202,203]. This threshold pyrogenic dose was established in clinical tri-
als evaluating the safety and efficacy of systemically administered endo-
toxin for cancer therapy [204-207]. However, the threshold pyrogenic
dose of endotoxin in the presence of mesoporous silica, titanium
nanobelts, or any other nanomaterial capable of exaggerating the
endotoxin-mediated inflammation is currently unknown.

Also, the influence of chronic exposure to endotoxin and nanoparti-
cles is not well understood. In this context, it is important to recognize
that prolonged exposure to endotoxin is known to induce so-called en-
dotoxin tolerance [208-211], a condition, wherein an initial acute expo-
sure to a small dose of endotoxin prevents the development of
inflammation after subsequent exposure to a high endotoxin dose.
While acute exposure to the endotoxin, especially in the presence of
nanomaterials capable of enhancing its inflammatory properties, repre-
sents a threat of cytokine storm, septic-shock syndrome and associated
infusion reactions, the prolonged exposure may blunt the immune re-
sponse to the opportunistic flora, thereby representing a threat of op-
portunistic infections and the body’s inability to provide adequate
immune defense [208-211]. Both scenarios are potentially fatal. We hy-
pothesize that similar to the threat of opportunistic infections among
the survivors of sepsis [209,210], the prolonged exposure to endotoxin
contaminated nanomaterials is capable of exaggerating endotoxin-
mediated responses and may create similar conditions and associated
health risks. Clearly, more research is needed in this area.

While endotoxin levels in pharmaceutical products are strictly regu-
lated, there are other microbial cell components that may contribute to
the immune response of a drug product. Bacterial flagellin, microbial
DNA, RNA, lipoproteins, and beta-glucans are among common innate
immunity modulating impurities (IIMIs), that may contaminate drug
products. The levels of these contaminants are monitored and consid-
ered in the context of immunogenicity [212]. The relationship between
these IIMIs and nanoparticles is not well understood. However, a poten-
tial contribution of these impurities to the immunogenicity of a protein-
based component of a nano-formulation is possible. The consequences
of such response could vary from the increased clearance of nanoparti-
cles and their cargo to anaphylaxis and would depend on the type of
particle, its ability to enhance or inhibit the immune response and the
function of the protein component (i.e., API vs. structural component
of the nanocarrier).

7. Reports on in vivo subchronic and chronic toxicity of inorganic
nanoparticles

Important questions in the design and development of nanoparticles
for delivery applications may arise as follows: How long does it take for
the nanoparticles or their resulted products to accumulate and then be
cleared, degraded or dissolved in the body? Does the biodistribution of
those nanoparticles change over time? Are there any long-term, direct
or indirect, toxicities, or side effects caused by the nanoparticles in dif-
ferent organs? If yes, is the toxicity reversible? How long does the
body need to recover? What is the mechanism of long-term toxicity of
nanoparticles and does the mechanism change with time? Do the
toxic effects transfer to the next generation? Do the physiochemical
properties of inorganic nanoparticles influence their long-term effects?
Thus, there are some particularly common toxicity concerns following
nanoparticle administration that need to be addressed after subchronic
and chronic exposure, including hepatotoxicity, mesothelioma, throm-
bosis, pseudoallergy, pulmonary fibrosis and carcinogenicity that were
reviewed earlier [6]. Addressing these questions will help investigators

create less toxic nanoparticles using selected administration routes, fre-
quency, and doses. Table 2 shows a list of subchronic and chronic toxic-
ity studies of inorganic nanomaterials focused on route and frequency of
administration, dose, strain, and sex of animals and time of exposure.
We have summarized the subchronic and chronic toxicity effects of
these inorganic nanoparticles in major tissues including liver, lung, kid-
ney, spleen, brain, skin, pancreas, reproductive organs, blood and bone
marrow with subchronic and chronic reports on the immunotoxicity
and genotoxicity of inorganic nanoparticles.

7.1. Specific tissue toxicity

7.1.1. Hepatotoxicity

Administered nanoparticles in the bloodstream go to the liver (30-
99%), which contains 80-90% of total body macrophage population
[213]. Hepatic processing and biliary excretion of nanoparticles are usu-
ally slow and may take months [214,215]. High accumulation of nano-
particles, including inorganic nanoparticles in the liver with the
prolonged retention from these relatively slow clearance pathways in-
crease the chronic liver toxicity of these nanoparticles [213].

The applications of silver nanoparticles are widespread. Their sub-
chronic liver damage was reported after oral, inhalation, intravenous,
and dermal administration (for references see Table 2). The histopathol-
ogy examination of female and male rat livers from animals that had re-
ceived repeated oral doses of 60 nm silver nanoparticles for 28-days
showed infiltration of inflammatory cells in the portal triad and hepatic
lobules beside significant dose-dependent changes in alkaline phospha-
tase and cholesterol values that indicate some subchronic liver damage
[171]. Kim et al., also reported that almost the same size of silver nano-
particles (53 nm ) caused slight subchronic liver damage at the dose of
125 mg kg ! after 90 days exposure in F344 rats with clear changes in al-
kaline phosphatase and cholesterol level in blood [163]. On the other
hand, accumulation in the liver with no harmful effects was noted fol-
lowing 90 days daily oral gavage administration of smaller silver nano-
particles (20-30 nm) at different doses in Sprague-Dawley rats [172].
This demonstrates that subchronic liver toxicity caused by silver nano-
particles in rodents is dependent on their size, dosage, and animal
strain.

Liver toxicity caused by silver nanoparticles was demonstrated after
28 days and 90 days following repeated inhalation exposure. Inhalation
of relatively high doses (1.32 x 10° particles/cm?, 61 pg/m?) of 64.9 nm
silver nanoparticles, showed significant increases in liver Ag concentra-
tion in female and male rats [174]. Besides lung, the liver was consid-
ered to be the target organ for 13 weeks subchronic exposure to
18 nm silver nanoparticles in both sexes of Sprague-Dawley rats [175].
Size-dependent subchronic hepatotoxicity of silver nanoparticles was
also reported [159]. Yun and coworkers compared the 13-week sub-
chronic liver toxicity of three different inorganic nanoparticles, silicon
dioxide, silver, and iron oxide nanoparticles [216]. They demonstrated
that daily oral dosing of Ag nanoparticles resulted in increases in
serum ALP and calcium as well as exerting an increase in the incidence
of lymphocyte infiltration in the liver, raising the possibility of liver tox-
icity induced by these nanoparticles [216]. Thirteen-week liver accumu-
lation and damage were observed after dermal application of 100 nm
silver nanoparticles to Hartley-albino guinea pigs [176]. Altogether,
these reports show silver nanoparticles have been found in the liver
months following administration with signs of inflammation and toxic-
ity that are time- and physicochemical properties-dependent. Under-
standing the mechanism(s) of liver toxicity and inflammation as a
function of physicochemical characteristics of silver nanoparticles is an
area that needs to be investigated in more detail.

Long-term liver accumulation and toxicity were also reported for
other types of inorganic nanoparticles. Blood chemistry analysis con-
firmed changes in liver enzymes after oral or intraperitoneal adminis-
tration of gold nanoparticles and tellurium nanorods, respectively
[160,217]. Chen et al., suggests that different sizes of PEG-coated gold
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nanoparticles (10-30 nm) are still not sufficiently safe to use because of
more serious liver toxicity, infarction, and inflammation in male C57/
BL6 mice, 28 days post-intraperitoneal injection at a dose of 4 mg.kg™
[160]. On the other hand, Rambanapasi et al., reported that liver had
the highest accumulation per gram of tissue of 14 nm gold nanoparticles
at 56 days following repeated intravenous administration to rats,
though they did not observe any subchronic toxicity that might be at-
tributed to AuNPs accumulation [177]. Therefore, based on these re-
ports, it can be concluded that long-term toxicity of gold nanoparticles
depends on the route of administration. Chronic toxicity studies will
clarify the duration by which such gold nanoparticles are cleared from
the liver. Detailed investigation of the effect of size, geometry, and
charge of gold nanoparticles on subchronic liver toxicity as well as un-
derstanding the mechanisms of liver inflammation provide for future
avenues of research.

Titanium oxide nanoparticles are some of the most widely used inor-
ganic nanoparticles that have various applications in the food industry
and the medical field. Prolonged and repetitive exposure of TiNPs can
result in liver injury since it is a major organ for the accumulation of
nanoparticles. Biochemical and histological analyses demonstrated
that oral intragastric administration of 19 nm TiNPs (100 mg.kg™") for
60 continuous days caused hepatotoxicity in male Wistar rats [179].
Due to the application of TiNPs in the cosmetic industry such as sun-
screen formulations, skin penetration, and subchronic safety evaluation
of these NPs on internal organs after dermal exposure have received
greater attention. Recently, Wu et al., reported 30-day and 60-day sub-
chronic toxicity of TiNPs in different forms (anatase, rutile, and degussa)
in pig and mice [50]. They reported that TiNPs could penetrate and
reach major organs such as the liver and cause pathological changes in
this organ that were identified as focal and liquefaction necrosis [50].
However, Warheit et al., have observed little or no toxicity in female
or male rats following oral exposure to different doses of titanium diox-
ide particles based on OECD test-guideline acute (14-day) (OECD TG
425), subacute (28-day) (OECD TG 407) and subchronic (90-day)
(OECD TG 408) studies [182]. These different observations of the long-
term toxicity of titanium oxide nanoparticles could be because of differ-
ent physicochemical properties of studied nanoparticles (characteristics
summarized in Table 2) and also due to the effect of route of administra-
tion (dermal versus intragastric) on long term liver toxicity.

Evaluation of functional and biochemical indicators beside histo-
pathological examination following intraperitoneal exposure of differ-
ent sizes of iron oxide nanoparticles (10 nm, 50 nm, and 1 um) was
also reported by Katsnelson et al., who demonstrated a subchronic ef-
fect of this inorganic nanoparticle on rat liver tissue [162]. In this
study, histological data showed more liver pathological changes in re-
sponse to 10 nm rather than 50 nm Fe;0,4 (500 mg.kg™!) nanoparticles
5 weeks post-injection to female rats. These subchronic changes were
mostly changes in the structure of the lobules, discomplexation of he-
patic tubules, and vacuolar degeneration in hepatocytes. The iron-
containing pigment was found in periportal zones, intralobularly and,
occasionally, centrilobularly, sinusoids and also in the cytoplasm of
Kupffer cells [162]. The subchronic liver accumulation and toxicity
were reported for other types of inorganic nanoparticles. Repeated
oral gavage of magnetic oxide nanoparticles significantly increased
AST and ALT activity in the liver that was one of the tissues with the
maximum amount of Mn at day 28 [166]. This toxic effect was followed
by hepatic fibrosis and expanded portal tract with periportal inflamma-
tion [166]. Lee et al,, also reported the 28-day subchronic toxicity effects
of copper nanoparticles in Sprague-Dawley rats [183]. They found that
higher dietary doses caused necrotic lesions and high-grade hydropic
degeneration in the livers [183].

Long-term accumulation of silica nanoparticles and the ensuing im-
mune response can raise concerns about the safety of these particles de-
pending on the duration of exposure and physicochemical properties.
The liver is the main organ for spherical Stéber and mesoporous silica
nanoparticles accumulation 10 days and 60 days following single dose

intravenous administration at MTD which can be cleared at the 180"
day [165]. Our results show that at 180 days post single dose intrave-
nous administration of the nanoparticles, subchronic tissue toxicity of
SNPs is influenced by the size of the particles. Liver and spleen recovery
in mice following administration of the larger Stéber SNPs (432 +
18.7 nm in diameter with -53.1 4= 1.5 mV zeta potential) took a longer
period (180 days) compared to administration of the smaller Stéber
SNPs (46 + 4.9 nm; -40.3 4+ 1.9 mV). The accumulation of SNPs in
these organs correlated with the histology lesions that were mostly
small foci of lobular inflammation and ceroid laden macrophages in
the liver [165]. Liver and spleen have been reported as the major organs
for the toxicity of SNPs (70 nm) at 4 weeks in male BALB/c mice when
administered intravenously [218]. Yu and coworkers have also seen
liver, lung, and spleen toxicity in female and male ICR mice 14 days
after single intravenous injection of lethal doses of amorphous SNPs
[219]. The time-dependent accumulation of silica nanoparticles was
confirmed in our study in which the amount of silicon in the liver was
more on day 10 than that on day 60 and much more than on day 180 fol-
lowing single dose intravenous administration. However, severe in-
flammatory response occurred in our subchronic studies [165]. Zande
etal., have demonstrated that oral gavage of 25nm NM-202 (nanostruc-
tured silica) to rats resulted in pathological effects on liver tissue after
84 days of exposure, whereas exposure to 7 nm SAS (synthetic amor-
phous silica nanoparticles) did not [143]. Histopathological analysis,
showed an increased incidence of liver fibrosis that only reached signif-
icance in the NM-202 treated animals. This observation was accompa-
nied by a moderate, but significant, increase in the expression of
fibrosis-related genes in liver samples [143]. Altogether, these studies
showed that hepatotoxicity is one of the main subchronic toxic effects
of inorganic nanomaterials that needs to be taken into consideration
in safety evaluations of inorganic nanoparticles.

7.1.2. Pulmonary toxicity

Based on the potential therapeutic applications, inorganic nanopar-
ticles may reach the lung via inhalation or systemic delivery. Further-
more, inhalation of inorganic nanoparticles due to occupational
exposure to some nanoparticles produced in industrial scale can cause
toxic effects. Inflammation arising as a result of nanoparticle accumula-
tion in the lung could lead to lung disorders including pulmonary fibro-
sis, pneumoconiosis, and exacerbation of existing lung disorders such as
asthma [220]. The prolonged accumulation of nanoparticles in the lung
has been reported for silver [164], gold [146,177], zinc oxide [221], mag-
netic nanoparticles [166,222] and titanium oxide [50] nanoparticles
(Table 2). For example, subchronic evaluation of inhaled zinc oxide
nanoparticles (3.5 mg/m?) for 13 weeks, significantly enhanced recruit-
ment of white blood cells, especially macrophages, that caused histo-
pathological changes and inflammation in the lungs of C57BI/6 mice
[221]. Subchronic 90-day silver nanoparticle inhalation toxicity study
also indicated that lung is one of the major target tissues for prolonged
silver nanoparticle accumulation [164,175]. In this report, a clear dose-
dependent silver concentration in the lung tissue has been reported in
Sprague-Dawley rats that received 18 nm silver nanoparticles for 90
days. This treatment caused some chronic alveolar inflammation, a
mixed cell perivascular infiltrate, and alveolar macrophage accumula-
tion [164].

Cho et al., studied the subchronic toxicity and inflammation of a
panel of metal oxide nanoparticles after instillation in the lung of female
rats [223]. The histology and immunohistochemistry analyses of the
lung tissue that was extracted for CeO,, NiO, ZnO, and CuO nanoparticles
showed inflammatory effects after 4 weeks at the high dose used
(Table 2) [223]. Recently, Schwotzer and coworkers administered ce-
rium oxide (28.4 nm) and barium sulfate (37.5 nm) nanoparticles by in-
halation to female Wistar rats, 6 hrs/day, 5 days/week in different doses
(Table 2) for 28 and 90 days [224]. This subchronic exposure induced
pulmonary inflammation in alveolar space for CeO, nanoparticles at
the NOEL below 1.0 mg/m?>. Because of the rapid clearance of BaSO,,
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inflammatory effects of these nanoparticles were mainly restricted to
the nasal cavity, were less severe and persistent and most likely related
to the high dose level compared to CeO, [224]. Therefore, these sub-
chronic pulmonary accumulation and toxicities for some of the inor-
ganic nanoparticles after inhalation exposure again show the
significance of long-term studies for risk assessment of inorganic
nanoproducts. Also, understanding the rate of clearance of nanoparti-
cles from the body long term after administration following repeated
dose-inhalation, helps to predict and design safer doses and frequency
of administration and develop occupational safety guidelines.

7.1.3. Mononuclear phagocytic system (MPS)

This section reviews the toxicity to spleen, bone marrow, and phago-
cytic cells. It is clear that the spleen plays a significant role in the accu-
mulation and pharmacokinetics of nanoparticles since splenic
macrophages have a significant role in their uptake and metabolism
[225]. The accumulation of nanoparticles in the spleen may trigger an
inflammatory response that can be responsible for unwanted effects
and toxicity. After 90 days of oral treatment of Sprague Dawley rats
with PVP-AgNPs, the spleen was one of the major tissues with signifi-
cantly higher levels of Ag [172,176]. Different sizes of silver nanoparti-
cles also caused severe increases in spleen size and weight at day 28
post-intravenous administration to Wistar rats [159]. This subchronic
toxic effect was confirmed by suppression of the natural killer (NK)
cell activity in the spleen at the higher doses. The authors suggest that
the increase in the number of B, T, and NK cells might be the reason
for the weight increase in the spleen [159]. Although these effects
were the same for both sizes of the studied silver nanoparticles, it
seems the mechanism of their immunotoxicity was size dependent,
since the data showed different expression patterns of INF-vy, TNF-c,
IL-6 and IL-10 cytokines for different sizes of nanoparticles [159].

As mentioned before (Section 6.2.3) long term toxicity of inorganic
nanoparticles in spleen has been reported to be sex-dependent. Chen
et al., demonstrated obvious spleen and thymus indices in female C57/
BL6 mice that represented the immune response activation upon sub-
chronic (28 days) intraperitoneal administration of PEGylated gold
nanoparticles [160]. However, Zang et al., had seen significant decreases
in spleen size when gold nanoparticles (13.5 nm) were administrated
orally to male ICR mice for 28 days [178]. After the liver, the spleen
was the main organ for same size gold nanoparticle (14 nm) accumula-
tion during 56 days of intravenous injection (once weekly), without any
obvious subchronic toxicity [177]. These observations of subchronic ac-
cumulation and toxicity of silver and gold nanoparticles upon different
routes of exposure such as dermal, intragastric and intravenous admin-
istrations show that the phagocytic system needs months to clear the
nanoparticles or their remnants from the body. The mechanism of this
clearance process for specific nanoparticles is a subject of ongoing and
future investigations.

Irrespective of the route of administration, the subchronic accumu-
lation of other groups of inorganic nanoparticles in spleen have also
been reported (Table 2), such as titanium dioxide nanoparticles [50],
iron oxide nanoparticles [162], magnetic nanoparticles [166], copper
oxide nanoparticles [183] and silica nanoparticles [143,165]. Our sub-
chronic (60 days and 180 days) toxicity evaluation of silica nanoparti-
cles showed accumulation of these nanoparticles in spleen up to 60
days after intravenous injection that was size and porosity dependent
[165]. This was followed by aggregation of foamy macrophages and
overexpression of inflammatory genes [165]. Also, the spleen injury
was reported up to 60 days after chronic intravenous administration
of 13 nm mesoporous silica nanoparticles and Stéber silica nanoparti-
cles (70 nm) to male Wistar rats and male BALB/c mice, respectively
[218,226]. Exposure to SAS or NM-202 silica nanoparticles by other re-
searchers did not result in clearly elevated tissue silica levels after 28-
days of oral feeding exposure. However, silica accumulated in the spleen
after 84-days of exposure to SAS, but not to NM-202 [143]. This delayed
accumulation of silica nanoparticles in the spleen was also seen at 60

days after intravenous exposure to larger (about 500 nm) silica nano-
particles [165].

These reports refer to the accumulation of different inorganic nano-
particles in the body after subchronic exposure that might result in tox-
icity. A question arises if the potential degradation products of the same
nanomaterials can be cleared faster from the body and therefore, might
be safer than their non-degradable counterparts. However, fast degra-
dation or dissolution of inorganic nanoparticles may or may not corre-
late with their lower subacute, subchronic, or chronic toxicity. The
toxicity of dissolution and degradation products of inorganic nanoparti-
cles needs to be established. Degradation, dissolution, eruption, or
breakage of nanoparticles in the body will decrease their size, and
smaller products might be taken up to a greater extent by cells. On the
other hand, smaller nanoparticles can have a different distribution pat-
tern than their larger counterparts and throughout acute, subchronic, or
chronic exposure. Also, there is evidence that metal ions, as the products
of inorganic nanoparticle dissolution and/or degradation, can be toxic
and carcinogenic [227]. Metal ions can induce reactive oxygen and ni-
trogen species, hydrogen peroxide and hydroxyl radicals, induce DNA
damage, and enhance lipid peroxidation [227,228]. Phagocytes, which
contain these metal ions after nanoparticle engulfment, might be a
major source of reactive oxygen species in the body [228]. Therefore,
comparative long-term toxicity studies are needed for investigating
the dissolution and degradation products of nanoparticles. Also, study-
ing the re-distribution of inorganic nanoparticles or their products in
the body over time could help for a better understanding of organ-
specific toxicity.

The concern that chronic toxicity of nanoparticles may be greater
than that of microparticles of similar composition has been raised
[162]. The subchronic effect of Fe;0,4 in nano and micro size range was
studied [162]. Results show considerable deposits of lumps of iron-
containing pigment in the red pulp, and infrequently in compressed fol-
licles of the white pulp of the spleen. This histologic change has been ob-
served for both sizes (10 and 50 nm) of iron oxide nanoparticles that
were considerably more marked in comparison with the effect of
micrometric ones (1 pum) [162].

7.1.4. Renal toxicity

The kidney receives 20% of the entire cardiac output and has a critical
role in regulating blood circulation and the removal of waste products
from the body [229]. It has been reported that small nanoparticles
(15 nm <) can be filtered by the kidney, larger than 15 nm and smaller
than 200 nm are captured by Kupffer cells and splenic macrophages,
and large nanoparticles (> 200 nm) can be retained in the red pulp of
the spleen [225,230]. Renal clearance of nanoparticles through glomer-
ular filtration is time-dependent and dependent on physiochemical
properties, particularly size [229]. Particles above 7 nm usually cannot
pass through the glomerular endothelial cells, and hence are not
cleared. However, in passing through the special architecture of the
renal vessels, nanoparticles tend to accumulate in renal blood vessels.
Peritubular renal capillaries are special for their dendritic shape, with
sharp angles that could possibly entrap nonelastic large organic parti-
cles. Silver nanoparticles have shown subchronic accumulation toxicity
in kidneys after inhalation [164,175], oral [171,172,216] and dermal
[176] exposure. Following 13-week dermal delivery of these inorganic
nanoparticles to guinea pigs, the kidney of the animals showed the
highest accumulation of Ag. This caused chronic toxicity in kidney in-
cluding glomerular adhesion to Bowman’s capsule, capsular thickening,
membranous thickening and increased mesangial cells, proximal con-
voluted tubule degeneration, and Inflammation [176]. Lymphocyte in-
filtration and slight inflammation in the kidney have also been
reported following oral treatment of the small size (11 nm) Ag nanopar-
ticles [216]. On the other hand, as described before, the kidney has been
reported as the only organ with sex-dependent accumulation of silver
nanoparticles after prolonged exposure [163,164,171,190]. Iron oxide
nanoparticles have not been excluded from this sex-dependent toxicity.
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As discussed in Section 6.2.1, the size-dependent significant kidney tox-
icity of iron oxide nanoparticles at day 28 has been reported. The ob-
served toxicity was more severe in female C57/BL6 mice compared to
male based on blood chemistry analysis [ 160]. Sing, et al., have observed
a large fraction of MnO, nanoparticles and microparticles can be cleared
by urine and feces at 28 days upon oral delivery to Wistar rats. Only
MnO-, nanoparticles can cause focal tubular damage in histopathological
and kidney AST and ALT alteration in blood chemistry analyses [166].
Histopathological changes in the kidney of rats treated with copper
nanoparticles (administered once a day for 2 weeks) showed sub-
chronic toxic signs including diluted tubules, pink- or purple-colored
casts in tubules, cell debris in tubules, degenerated tubular cells, and in-
flammatory cell infiltration 28 days post oral delivery [183].

In some instances, delivery of inorganic nanoparticles is needed as a
high single-dose administration. This exposure to nanoparticles might
have acute or subacute toxicity, but it is necessary to understand how
long it takes for the patient to recover from the damage. With this infor-
mation, the best frequency of administration of the drug with minimum
toxicity effects can be predicted. Subchronic time after single adminis-
tration of inorganic nanoparticles could be the time for recovering
from acute and subacute toxicity injuries. For example, intravenous de-
livery of silica nanoparticles with different sizes, porosity and geometry
showed that kidney is a major affected organ at a concentration greater
than MTD after 10 days along with congestion in the glomeruli and
hemorrhage into renal interstitium as a function of porosity and surface
charge [154]. However, subchronic 60-day and 180-day toxicity obser-
vation of SNPs confirmed no significant kidney injuries [165].

7.1.5. Neurotoxicity

Inorganic nanoparticles have been considered for brain imaging and
therapy. Nanoparticle penetration through blood brain barriers can be
desirable or undesirable. Inorganic nanoparticles have been used for im-
aging and treatment of Alzheimer's and Parkinson's disease, treatment
of tumors, and stroke (for review see [231,232]). For example,
superparamagnetic iron oxide nanoparticles have been investigated
for non-invasive localization of inflammatory and neurodegenerative
processes and brain tumors and also selective detection of brain gliomas
[233,234]. One of the concerns for undesirable transport of nanoscale
materials is their ability to reach the brain through the nerve endings
of the olfactory bulb and cause toxic effects [235]. The direct transfer
of inorganic nanoparticles such as iron oxide [236], titanium oxide
[237], gold nanoparticles [238] and magnetic oxide nanoparticles
[222] from the nasal cavity to the brain has been examined. Further-
more, the sinusoidal portal circulation “Hypothalamic-hypophyseal
portal circulation” is one of special concern. These specialized vessels
mimic that of the liver and would likely be a target of nanoparticle
accumulation. Though this is one of the least studied topics in
nanotoxicology. There is an effort to use nanoparticles in diagnosis
and therapy of brain tumors, neurodegenerative disorders, and stroke
[239]. Of course, the concern is related to the effect of nanoparticles
on central nervous system health and as a side effect of other applica-
tions of these nanoparticles, but not necessarily as a goal of delivery to
the brain. The in vitro and in vivo neurotoxicity of different types of
nanoparticles was reported earlier [235]. There are a few types of inor-
ganic nanoparticles that have been under investigation for their sub-
chronic neurotoxicities. High dose (1.32 x 10° particles/cm?, 61 pg/
m?) repeated (6 h/day, 5 days/week) inhalation of silver nanoparticles
(64.9 nm) to Sprague-Dawley rats for 28 days showed a significant in-
crease in the brain silver concentration of both female and male rats
[174]. The accumulation of PVP-Ag nanoparticles (20-30 nm) and Ag
nanoparticles (11 nm) in the brain of the same strain of rats was also re-
ported 90 days following oral gavage [172,216]. This level of Ag in the
brain was sufficient to induce changes in the normal metals (Cu and
Zn) in the brain that might be linked to neurodegenerative disorders
[172]. Notwithstanding, none of these reports found histological alter-
ations in the brain after nanoparticle treatment [172,216]. However,

the DNA damage to the neural cells of the cerebral cortex of the rat’s
brain after chronic intraperitoneal injection of two sizes of gold nano-
particles (10 and 30 nm) has been clearly observed [161]. This chronic
neurotoxicity was not size-dependent. However, the acute treatment
showed a significant difference in brain damage using 10 and 30 nm
gold nanoparticles [240]. It has been shown that titanium oxide nano-
particles with an average size of 5-6 nm can cross the blood-brain bar-
rier during 90 days and be deposited in hippocampus of female CD-1
mice post-peroral nasal administration [181]. Due to this accumulation,
subchronic neurotoxic effects including decreasing brain size and dam-
age in the hippocampus tissue and neurons were observed. Functional
analysis of the effect of nanoparticles on brain activity is scarce. A recent
report by Greish et al. described a moderate decrease in memory and
learning abilities of BALB/C mice upon exposure to silver nanoparticles
of 150 nm [241]. Also, spatial memory of mice was significantly im-
paired in the presence of TiO, nanoparticles [181]. Magnetic oxide-
based nanoparticles conjugated to tumor-specific monoclonal antibody
were the first nanoparticles suggested for brain tumor imaging [242].
There are some MRI contrast agents which have been approved by the
FDA for brain imaging [243]. Translocation of magnetic oxide nanopar-
ticles to the brain and subchronic neurotoxicity and inflammation
have been reported [166,236]. Significant inhibition of brain AChE as
well as total Na™, K™, Mg?™ and Ca®™, ATPase at an oral dose of 1000
mg.kg! per day for 28 days of MnO, nanoparticles have been observed
in female and male Wistar rats that resulted in inflammation based on
histopathological examination [166]. Elder and coworkers have ob-
served 6- to 12-day inhalation exposure of male rats to solid MnO, re-
sulted in significant increase of Mn concentration in several brain
regions, most notably the olfactory bulb that can result in inflammatory
changes [236]. Altogether, these reports indicate the possible sub-
chronic neurotoxicity of inorganic nanoparticles upon different routes
of administration that should be considered in the future study design
of inorganic nanoparticles for delivery applications.

7.1.6. Dermal toxicity

Application of inorganic nanomaterials in the cosmetic industries for
many years raises concern for long-term toxicity of these products, es-
pecially to the skin. In general, these particles should be unable to
cross through the stratum corneum. However, the impairment of this
layer can occur in minor skin abrasions. Zinc oxide and titanium dioxide
nanoparticles have been used in sun care products for many years [14].
Subchronic toxicity of titanium nanoparticles with different sizes has
been reported from 2 weeks up to 8 weeks post-dermal administration
[244]. In this study, Adachi et al., applied 17 nm TiO, nanoparticles (0.4
mg/cm?) to the dorsal skin of hairless Wistar Yagi rats once a day for 56
consecutive days [244]. They observed focal parakeratosis and
spongiosis in the epidermis since the particles distributed in the upper-
most layers of the stratum corneum and in the follicular infundibulum.
This mild and focal inflammation of animal skin was not considered sig-
nificant, and it was concluded that TiO, nanoparticles do not have sub-
chronic toxicity [244]. Wu and coworkers studied the 30-day and 60-
day potential toxicity of two different sizes (4 nm and 60 nm) of tita-
nium oxide nanoparticles on pig and mice, respectively [50]. They ob-
served prolonged topical exposure to TiO, nanoparticles could cause
pathological changes, including excessive keratinization, thinner der-
mis, and epidermis with wrinkles. These tissue changes were size de-
pendent since the smaller size nanoparticles have a higher penetration
capacity and can reach deeper layers of the skin and cause more severe
pathological changes [50]. Finally, the authors concluded that the inor-
ganic TiO, nanoparticles applied to the skin for a prolonged period
might pose a human health risk such as skin aging [50].

Accumulation and dermal damage have also been reported for other
types of inorganic nanoparticles. Silver nanoparticles (100 nm) have
been found in the skin of guinea pigs 90 days post-dermal exposure
with slight damages [176]. A 28-day subchronic toxicity assessment
by Surekha et al., showed that continuous dermal application of 75
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mg.kg! (10% of the total body surface area) of negatively charged 20 nm
zinc oxide nanoparticles can reduce the collagen content in the skin of
female and male rats [169]. Other investigators have not observed ad-
verse effects with almost the same size of ZnO nanoparticles (29 + 3
nm, -44.4 4+ 1.0 mV) when applied at higher doses (up to 1000 mg.kg"
1) and for longer periods of time (90 days) [170]. Given the inconsis-
tencies observed for dermal toxicity of inorganic nanoparticles, the co-
hort studies with the same batch of nanoparticles and defined
physiochemical characteristics over time is needed to determine the
long-term dermal effects of nanoparticles.

7.1.7. Pancreatitis

Chronic pancreatitis can occur as a result of long-standing inflamma-
tion in the pancreas [245]. There are a few reports regarding subchronic
effects of inorganic nanoparticles on pancreas such as subacute and sub-
chronic toxicity and inflammation of zinc oxide nanoparticles on the
pancreas that have been reported for different periods of oral exposure
including 14 days [246] and 90 days [168]. Wang and coworkers found
chronic inflammatory cells in the pancreas of mice treated with 20 nm
and 120 nm ZnO nanoparticles following 14-day oral toxicity exposure
[246]. High doses (500 mg.kg™!) of negative and positively charged
100 nm ZnO nanoparticles resulted in acinar cell apoptosis and chronic
inflammation in the pancreas in the male and female Sprague Dawley
rats at 90 days post oral gavage to the stomach [158]. The authors hy-
pothesized that these lesions in the pancreas were resolved during the
recovery period. These lesions were considered to be toxicologically sig-
nificant because they were severe enough to induce functional abnor-
malities [158]. Another 90-day study on ZnO nanoparticles also
confirmed mild to moderate pancreatitis associated with focal lympho-
cyte infiltration and mild acinar cell apoptosis after oral administration
[168]. More experiments are needed to examine the potential of pancre-
atitis upon long-term exposure for other inorganic nanoparticles and by
various routes of administration.

7.1.8. Reproductive organs and reproduction/developmental toxicity

The database on the subchronic and chronic developmental toxicity
of engineered inorganic nanomaterials is limited [247]. Similar to the
kidneys, ovaries possess special entangled architecture network of its
small blood vessels (vasa recta). This special architecture may contrib-
ute to the accumulation of nanoparticles in ovaries. For example, it has
been reported that TiO, nanoparticles can be translocated to ovaries
and affect their function directly following intragastric chronic exposure
[248]. Based on this study, Gao et al., showed that 15-20 nm TiO, nano-
particles can cause a series of damages in the ovary, including oxidative
stress, an imbalance of mineral element distribution and sex hormones,
decreased fertility or the pregnancy rate of mice, disturbance of primary
and secondary follicle development, ovarian atrophy, irregular arrange-
ment of cells, and a shapeless follicular antrum. Also, TiO, nanoparticles
can cause conglomerates in the cytoplasm and nuclei of ovarian cells
and cause nucleus chromatin condensation, margination and irregular-
ity of the nuclear membrane, mitochondrial swelling and cristae break-
age, with alteration of gene expression [248]. The reproduction/
developmental subchronic toxicity screening test of about 8 nm silver
nanoparticles at different doses (62.5, 125 and 250 mg.kg™!) showed
no statistically significant effects on mice fertility, implantation, mating,
delivery and fetus measurement upon daily oral exposure [173].

These results of the toxic effects of inorganic nanoparticles on differ-
ent organs after long-term exposure emphasize that the field suffers
from lack of conclusive studies on time-dependent acute, subacute, sub-
chronic and chronic safety evaluation of nanoproducts on different or-
gans as a function of their physicochemical properties. Because of the
influence of physicochemical properties, animal sex and strain and the
administration methods of inorganic nanomaterials on their biological
fate, subchronic and chronic toxicity assessment for these nanoproducts
need to be intensively studied on a case by case basis. It is probably more
valuable to simply look at the toxicity profile of each nanoproduct for its

unique application, but follow-up studies of acute toxicities should
be done on the same batch of nanoparticles and same setup of
experiments.

7.2. Immunotoxicity

Immunotoxicity generally recognized and tested for various types of
drug products includes morphological changes, physical changes to the
major immune organs (e.g., bone marrow, thymus, and spleen) and
functional changes, such as immunostimulation and immunosuppres-
sion [253-259]. Over the years, it has become apparent, that drug-
candidate interactions with the immune system may be complex and
include multiple effects. The term, “immunomodulation” was coined
in this respect to describe changes in the immune system'’s function
that cannot be explained by simple immunostimulation or suppression
[260-262]. In the world of nanotechnology-based drugs, the under-
standing of the acute immunotoxic effects has made tremendous prog-
ress in recent years [192,263-265]. The US FDA recommendations
for the evaluation of the immunotoxicity of new drug products
were found to be fully applicable to the safety assessment of
nanotechnology-based products [266,267]. However, less is known
about subacute, subchronic, and chronic toxicities, as well as regulatory
pathways for assessing them. The conventional approach undertaken by
many investigators in the past decade focuses on the investigation of
phagocytic cells (e.g., monocytes, macrophages, and dendritic cells),
that are involved in particle clearance. Investigation of nanoparticle ef-
fects on T- and B-cells was primarily done in the context of vaccine re-
search, and less in the areas of nanoparticle safety. Even less is known
about the mechanisms of immunotoxicity, especially if the toxicity in-
volves functional changes, the manifestations of which require a long
time to pass after the initial exposure.

Immunotoxicity commonly reported for inorganic nanomaterials in-
cludes inflammation and some immunosuppressive effects. Oxidative
stress is the mechanism commonly named to underline nanoparticle
immunotoxicity. Some studies, however, have extended to the analysis
of endoplasmic reticulum stress, and autophagy. For example, iron
oxide nanoparticle effects on autophagy involving the activation of the
extracellular signal-regulated kinase (ERK) pathway was reported in
phagocytic cells such as dendritic cells and macrophages [268,269],
and whole blood [270]. Furthermore, lysosomal activation, endoplasmic
reticulum stress and mitochondrial dynamic changes [271-274] were
reported for iron oxide nanoparticles, including those formulations cur-
rently used in the clinic. Ferroptosis, a form of non-apoptotic cell death,
was described for iron oxide nanoparticles and attributed to the release
of iron ions [275]. Ferritin, the iron-storage protein, is thought to link the
autophagy and ferroptosis induced by iron oxide nanoparticles [276].
Understanding of the role of ferroptosis in the chronic toxicity of iron
oxide nanoparticles, however, necessitates further investigation. Meso-
porous silica nanoparticles and titanium oxide nanobelts were shown to
activate inflammasome, thereby contributing to the second signal re-
quired for the cells to produce mature cytokines of the interleukin-1
family [201,277-279)]. Citrate-stabilized gold nanoparticles interfered
with Toll-like receptor 9 (TLR9) activation by oligonucleotides by
interacting with HMGB1 (high mobility group box 1) protein in a size-
dependent manner [280]. Repeated administration of silver nanoparti-
cles resulted in both gross pathological changes in the immune organs,
such as reduction of the thymus weight and an increase in the spleen
weight, and functional changes in lymphocytes such as the decrease in
natural killer cell cytotoxicity and inability to adequately express IFNy
[281].

The immunotoxicity of inorganic nanomaterials may be desirable
and undesirable under certain conditions. While mitochondrial damage
and oxidative stress induced by Feraheme formulation of iron oxide
nanoparticles and associated suppression of the T-cell function [282]
may be perceived as undesirable, mainly when used in patients with
the already weakened immune system, they may be beneficial in



126 R. Mohammadpour et al. / Advanced Drug Delivery Reviews 144 (2019) 112-132

conditions associated with undesirable activation of T-lymphocytes. For
example, recent reports demonstrate that topical application of
Feraheme might benefit the prevention of psoriatic skin lesions [283]
and tooth decay [284]. Likewise, the pro-inflammatory properties of
mesoporous silica nanoparticles [279] suggest using these materials
with caution when drug delivery is required to avoid undesirable in-
flammatory reactions. However, the same property appears as a benefit
for vaccine and immunotherapies indications, in which inflammasome
activation is a beneficial property known to improve vaccine efficacy.
Likewise, the ability of colloidal gold nanoparticles to inhibit TLR9
[280] suggests a benefit for using these particles to carry therapeutic ol-
igonucleotides that often cause undesirable cytokine induction via
activation of endosomal TLR9. The same property would be counterpro-
ductive if a gold nanoparticle delivers an oligonucleotide for vaccine ad-
juvant application.

Infusion reactions, (acute toxicity commonly observed for a variety
of therapeutic agents, including those of nanotechnology origin) create
a massive hurdle in both translational studies and clinical application of
pharmaceutical products [285]. Interestingly, in the case of certain
products (e.g., PEGylated aptamers and PEGylated liposomes), the inci-
dence and the severity of these reactions were attributed to the anti-
PEG antibodies [285-291]. There is a hot debate in the current literature
regarding the source of these antibodies and their contribution to
immunotoxicity [286-292]. The anti-PEG antibodies, due to the expo-
sure to the PEG of dietary and cosmetics origins, as well as due to the re-
peated administration of PEGylated drugs, are currently considered to
be the culprits. Since PEG is commonly used to improve water solubility
and circulation time of nanomaterials, including for inorganic
nanocarriers, the issue of the induction of anti-PEG antibodies and its re-
lated safety concerns, is paramount for the clinical translation of
PEGylated inorganic nanomaterials. Since anti-PEG antibody formation
was reported for PEGylated liposomes [293-298] but not PEGylated
gold colloids [299], it is essential to understand both structural aspects
of nanoparticles and mechanistic differences in their immune recogni-
tion. What makes PEG immunogenic on one nanoparticle platform
and not on another? Are there any differences in the isotype and titer
of the anti-PEG antibodies generated in response to PEGylated nanopar-
ticles with different chemical structures and compositions? Answering
these questions would be instrumental in designing safe nanocarriers
that do not induce PEG-antibodies, the PEG-antibody mediated infusion
reactions, accelerated clearance, and other undesirable changes.

7.3. Genotoxicity

Genotoxicity remains a fundamental test before FDA approval and
comet assay, Ames test, and erythrocyte micronucleus assay remain
regulatory requirements for approval of new nanoconstructs [300]. De-
spite numerous studies on acute genotoxicity of inorganic nanoparti-
cles, there are limited investigations of the effects of their subchronic
and chronic exposure on gene expression pattern and gene toxicity
[148,301]. For example, Grissa and coworkers focused on the influence
of anatase titanium oxide nanoparticles on subchronic genotoxicity,
blood toxicity, and bone marrow after 60 days treatment [180]. They hy-
pothesized that high doses (100, 200 mg.kg™!) of anatase TiO, nanopar-
ticles (5-10 nm) could reach the bone marrow of Wistar rats following
oral gavage and cause chromosome alteration, significant DNA damage,
and hematopoietic inhibition [180]. Blood coagulation and severe dam-
age to platelets was another hypothesis on which this group had based
on their CBC analysis [180]. Based on the Kim et al., studies, no genetic
toxicity in male and female rat bone marrow was observed following
28-day oral and 90-day inhalation delivery of silver NPs [171,175].
Most of these reports are on gene expression changes at specific time
points after exposure. It would be essential to design studies that mon-
itor gene expression alteration influenced by inorganic nanoproducts in
a time-dependent manner. Limited resources and complexity of genetic
alteration over time limit studies of subchronic and chronic toxicity,

inflammation, and carcinogenic potential of inorganic nanomaterials.
Since genotoxic effects cover a broad area, analysis of seemingly ambig-
uous results of gene alteration and DNA damage are difficult to analyze
for chronic exposure in a meaningful manner.

8. Challenges, gaps, recommendations, and future directions

With regard to using inorganic nanoparticles in drug delivery and
biomedical applications, greater emphasis has been placed on the suc-
cess of these nanomaterials for their application than on their toxicity.
Inorganic nanoparticles clearly have some potential in this area. A sig-
nificant effort has been made for the development of inorganic
nanomaterials as drug delivery systems and imaging agents, which are
in various phases of clinical application or testing. Limited knowledge
about the chronic toxicity of inorganic nanoparticles, inconsistent char-
acterization protocols, and flaws in toxicity screening assays are imped-
iments to the advancement of these systems to commercialization and
patient use. Subchronic and chronic studies are time-consuming and re-
source intensive. Toxicologists have been trying to introduce study de-
signs to minimize animal use for long-term safety evaluation of
materials [130,302]. However, translation of these methodologies is
challenging. Based on the standard in vivo methodology for subchronic
and chronic safety testing of materials, there are requirements for
these types of studies. Most commonly used animals for long-term tox-
icity study of nanomaterials are mice (CD-1, BALB/c, NMRI, C57BI/6),
rats (Sprague Dawley, Crl:CD(SD), F344 and Wistar rats), and pig
models (Hartley-albino guinea) (Table 2). Studies should include two
different sexes of at least two homogenous strains of rodents. The num-
ber of animals used should be large enough to see the minimum effect.
Depending on the intended application, different doses of administra-
tion, different time points, and also the numbers of toxicity tests should
be included (as discussed in Section 5). On the other hand, using ani-
mals that recover from toxic effects to investigate the reversibility of ob-
served adverse effects, besides the statistical consideration for these
types of studies, make the studies more and more expensive. An ongo-
ing challenge is the inadequate characterization of nanomaterials. Prior
to toxicological testing, the nanoparticles need to be characterized care-
fully for their size, size distribution, zeta potential, purity, stability (both
colloidal and chemical) and the level of endotoxin present. Verification
of the particle attributes by an independent third party, when available
and feasible, may further improve the quality of the nanoparticle prod-
uct and help to identify gaps in both particle manufacturing and charac-
terization as well as update the protocols used to make and analyze the
given nanoparticle product. Several inorganic nanoparticle products
have been withdrawn after being marketed due to safety concerns. In
2016, Siramshetty et al., made a database of withdrawn or discontinued
drugs. Toxicity issues reported were identified as the main reason for
the withdrawal of about half of these drugs [303]. As nanoproducts re-
ceive approval by the regulatory bodies for various indications, a similar
database is needed for nanoparticle-based drugs.

There is a limited number of studies focused on assessing the
impact of inorganic nanoparticles on organ toxicity, inflammation,
immunotoxicity, and genotoxicity in chronic exposure settings. Future di-
rections for subchronic and chronic studies of inorganic nanomaterials
should focus on the following areas: First, characterization of inorganic
nanoparticles (nanoparticles alone and nanoparticle carrying the cargo)
over time is needed to assess potential changes in their size, charge, ge-
ometry, surface properties, aggregation and agglomeration during stor-
age. Shelf-life stability, degradation profiles in different body fluids, and
when possible potential changes in their physiochemical properties in
the body after administration need to be assessed. Pharmacokinetic and
pharmacodynamic modeling can further aid in predicting the fate of
nanoparticulate systems in the body. Second, systematic investigations
should be done to understand the role of physicochemical properties of
inorganic nanoparticles on their subchronic and chronic toxicity and
comparisons need to be made with their acute and subacute effects.
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Third, long-term biodistribution and rate of clearance of inorganic nano-
particles from different organs need to be evaluated and correlations
need to be made with adverse effects. Fourth, the mechanism of their
long-term toxicity in the accumulated organs should be included in the
study design. Fifth, evaluation of the toxic effect of inorganic nanoparti-
cles on different organs as a function of dose, route, and frequency of ad-
ministration is needed. Sixth, having a database of acute to chronic
toxicity of inorganic nanoparticles classified by different parameters af-
fecting their toxicity would be useful to calculate the relative maximum
safe doses of nanoparticles that need to be co-delivered with biological
agents including drugs and imaging agents for specific delivery applica-
tions. Seventh, development of predictive in vitro, in silico and animal
models which are more relevant to humans, is needed for long-term tox-
icology studies of nanomaterials. Finally, follow up studies are needed to
investigate the effects of carcinogenesis for each nanoproduct.

Such studies can guide the design of safer nanoparticles for specific
applications. Also knowledge of the biodistribution and elimination of
nanoparticles over time aids in designing systems for effective delivery
over the desired duration and with limited adverse effects due to
the nanoparticle. In vivo subchronic and chronic tissue toxicity,
immunotoxicity and genotoxicity of inorganic nanoparticles and under-
standing the underlying mechanisms can accelerate clinical translation.
Phase IV post-marketing review after clinical applications can further
help in the safe and effective use of inorganic nanoparticles.
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Glossary

Nanoparticle/nanomaterial: Small particles which are less than 100 nm in at least one
dimension.

Inorganic nanoparticle: A class of nanoparticles made up of metal or metal oxide materials
[17].

Nanomedicine: The branch of medical science which uses nanotechnology to diagnose,
prevent, or treat diseases [304].

Nanotoxicology: A branch of toxicology concerned with the toxicity of nanomaterials in liv-
ing organisms and the environment [136].

Drug delivery: The science related to the delivery of therapeutics to the desired site of ac-
tion in the organism [305].

Subchronic and chronic toxicity: A classification of toxicity upon long-term exposure;1-3
month for subchronic and more than 3 months up to years for chronic [136].
Immunotoxicity: Described as any undesirable reaction to the structure and function of im-
mune system or causing the immune system dysfunction in living organisms by exposure
to any substances [306,307].

Physicochemical properties: Refers to any chemical and physical characterization of mate-
rials including, but not limited to, materials’ charge, size, size distribution, density, shape,
geometry, and hydrophobicity.

Inflammation: A biological response of the body to any harmful foreign or self-stimuli
which triggers the immunological reaction to repair the tissue [308].

Endotoxin: A toxin which is present on the outer membrane of gram-negative bacteria. En-
dotoxin is a large, heat-stable lipopolysaccharide molecule which is responsible for many
physiochemical reactions following this type of bacterial infection. [194]
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