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Extensive research on engineered nanomaterials (ENMs) has
led to the development of numerous nano-based formulations
for theranostic purposes. Although some nano-based drug de-
livery systems already exist on the market, growing numbers of
newly designed ENMs exhibit improved physicochemical prop-
erties and are being assessed in preclinical stages. While these
ENMs are designed to improve the efficacy of current nano-
based therapeutic or imaging systems, it is necessary to thor-
oughly determine their safety profiles for successful clinical
applications. As such, our aim in this mini-review is to discuss
the current knowledge on predictive safety and structure-activ-
ity relationship (SAR) analysis of major ENMs at the devel-
oping stage, as well as the necessity of additional long-term
toxicological analysis that would help to facilitate their transi-
tion into clinical practices. We focus on how the interaction of
these nanomaterials with cells would trigger signaling path-
ways as molecular initiating events that lead to adverse out-
comes. These mechanistic understandings would help to
design safer ENMs with improved therapeutic efficacy in clin-
ical settings.

During the past decades, engineered nanomaterials (ENMs) have
been widely used in biomedical applications, such as nanomedicine,
bioimaging, and tissue engineering, because of their unique bio-
physicochemical properties.1,2 With regard to nanomedicine applica-
tions, ENMs could be formulated as drug carriers that deliver the
therapeutic reagents within the human body and increase their
bioavailability and blood circulation half-life.2 Moreover, these nano-
carriers could be functionalized to deliver the drug specifically to the
desired target tissues (e.g., tumors) and release the payload sustain-
ably over long periods, thereby eliminating the necessity of multiple
drug administration and reducing its cytotoxic side effects toward
healthy cells.2 In addition to their implementation in drug delivery,
ENMs could be used for diagnostic and imaging purposes that would
help to monitor the disease and administer the treatment more
accurately.2

Past research in nanomedicine has led to the design of various nano-
material-based therapeutic and diagnostic systems that are being
investigated in experimental stages (e.g., in vitro and in vivo) and clin-
ical trials or are commercially available to the corresponding patients
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(Table 1). Most commercialized nanomaterial-based therapeutic re-
agents use lipids, proteins, and polymers that could self-assemble
and biodegrade with few side effects.3 Because of high biocompati-
bility of lipids, several commercial liposome-drug formulations
have been developed, mostly relying on polyethylene glycol (PEG)-
conjugated lipids, such as DOXIL, AmBisome, Epaxal, and
Inflexal V, and are under clinical trials focusing on various types of
disease treatments.4,5 Polymer-based nanoparticles (NPs) also pre-
sent low toxicity, but their surface functionalization may affect
their safety. The most commonly used materials include PEG,
ploy(lactic-co-glycolic) acid (PLGA), polylactic acid (PLA), and poly-
caprolactone (PCL).6,7 Some polymer-based therapeutics, such as
Zinostatin Stimalmer, Oncaspar PEG-L-asparaginase, and Neulasta
PEG-GCSF, have been clinically approved for cancer treatment, while
more formulations are undergoing clinical investigations.7 Although
these clinically approved nano-based treatments exhibit promising
results with reduced hazard potential, they have some drawbacks.
For example, liposome-based therapeutic NPs lack sufficient mechan-
ical stability, and their undesirable disruption within the in vivo envi-
ronment could lead to the burst release of their therapeutic cargo.8 In
addition, liposome- and polymer-based nanotherapeutics that use
PEG-lipid conjugates in their structure could induce complement
activation-related pseudo-allergic reactions.9,10 Thus, the necessity
to address the challenges associated with these nanomaterial-based
drug delivery and diagnostic systems has promoted the development
of newly designed ENMs with unique characteristics that could
enhance the efficacy and accuracy of medical treatments. For
example, multifunctional nanocarriers with cationic surface function-
alization are developed for in vitro and in vivo delivery of nucleic
acids, including DNA and RNA.11,12 In addition, a new class of lumi-
nescent nanoprobes termed as upconversion nanoparticles (UCNPs)
has been developed that presents higher photostability compared to
traditional fluorophores and has growing applications in bioimaging
and photodynamic therapy. However, it is important to thoroughly
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Table 1. Biomedical Applications, Development Stages, and Biological Effects of ENM Libraries

NPs Materials Applications Development Stages Toxicity References

Polymer-based NPs
polymer NPs, micelles, dendrimers
made by PEG, PLGA, PLA, PCL,
or polypeptides

cancer therapy
gene delivery
drug delivery
biomedical diagnosis
bioimaging

commercialized, clinical
trials

low with possible toxicity induced by
linkers for surface functionalization

7,9

Liposomes
lipids, cross-linked lipids,
PEG-lipid conjugates

cancer therapy
gene delivery
drug delivery
biomedical diagnosis

commercialized, clinical
trials

low but with potential toxicity induced
by surface modification and degradation

4,5,8

Metal-based NPs

gold
biomedical diagnosis
cancer therapy
drug delivery

experimental, clinical
trials

low with potential subchronic effects 36–38

silver antibacterial treatment commercialized pro-inflammatory effects 40,41,45–47

QDs: II–IV, IV–VI, or III–V
(CdSe, CdTe, InAs)

biomedical diagnosis
bioimaging

experimental
pro-inflammatory effects induced by
released heavy metals (Cd, As)

58,60,63

Metal oxides

rare earth
biomedical diagnosis
bioimaging
cancer therapy

experimental
pro-inflammatory and profibrogenic
effects

31,32,34

SPION
biomedical diagnosis
bioimaging

commercialized
toxicity induced by iron core after
bioaccumulation

54

carbon nanotubes
single-walled and multi-walled
carbon nanotubes

tissue engineering
biomedical diagnosis
cancer therapy

experimental pro-inflammatory and profibrogenic effects 69,72

Graphene graphene and graphene oxide

biomedical diagnosis
tissue engineering
regenerative medicine
stem cell differentiation
antibacterial treatment

experimental pro-inflammatory and profibrogenic effects 66,81,85
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investigate the interaction of these ENMs with biological systems and
assess their toxicity before making judgements on their translational
value in nanomedicine. Even though there are many types of nano-
materials with novel designs, such as biomimetic NPs and nanolipo-
proteins that were shown to be applicable for therapeutic purposes,13

this mini-review specifically focuses on some of the most common
inorganic ENMs, including colloidal solid silica NPs (Si-NPs), rare-
earth based nanomaterials, gold NPs (Au-NPs) and silver NPs
(Ag-NPs), superparamagnetic iron oxide nanoparticles (SPIONs),
and quantum dots (QDs), as well as carbonaceous nanomaterials
that are being assessed in numerous preclinical studies. We aim to
present how recent mechanistic studies based on structure-activity
relationship (SAR) analysis could help to design safer ENMs for ther-
apeutic and diagnostic applications.

Safety of Therapeutic and Diagnostic ENMs

Nanomaterials exhibit significantly varied properties (e.g., high sur-
face area-to-volume ratio) compared to the samematerial at the larger
scales, which could subsequently affect their interaction with cells and
other biomolecules, as well as biodistribution within the biological
systems, and thereby their safety profiles. The physicochemical prop-
erties of ENMs, including composition and crystal structure, size,
shape, dissolution, surface charge, and functionalization, could signif-
icantly affect their cytotoxicity (Figure 1).14,15 Furthermore, adverse
outcomes induced by ENMs are dependent on the route of adminis-
tration, which has been thoroughly reviewed in previous studies.1

Here, we discuss the recent findings about how the variation of the
aforementioned physicochemical properties would determine the
safety of ENMs, including both acute response and chronic effects
in preclinical experiments, in addition to some major long-term
safety assessments that need to be explored further for expediting
their translation into clinics.

Colloidal Solid Si-NPs

Synthetic Si-NPs exist in different forms, including crystalline (e.g.,
quartz) and amorphous (e.g., fumed, mesoporous, and colloidal) par-
ticles, depending on their synthesis process, thus displaying different
physicochemical properties (e.g., crystallinity, porosity, and surface
reactivity).16,17 Within the recent decades, colloidal solid Si-NPs
have been applied in numerous therapeutic and diagnostic applica-
tions,18 and our aim here is to focus on the nanotoxicity of this spe-
cific form of Si-NPs. These NPs could serve as a promising delivery
vehicle for small molecules, such as therapeutic drugs or imaging
probes. As an example, previous studies have demonstrated that the
cargo of interest could be chemically conjugated to a silica precursor
and incorporated into the structure of solid Si-NPs during the synthe-
sis procedure.18,19 The resulting Si-NPs display high loading effi-
ciency and are capable of being functionalized with targeting moieties
Molecular Therapy Vol. 25 No 7 July 2017 1523
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Figure 1. Major Exposure Routes of ENMs with Distinct Physicochemical Properties for Medicinal Applications

Physicochemical properties of ENMs and their route of administration determine their interaction at the nano-bio interface and cytotoxicity.
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for targeted theranostic purposes.20 Considering these particles
possess a high potential to be explored in clinical investigations, it
is necessary to study their interaction with biological systems in depth
and evaluate their cytotoxicity and safety profiles comprehensively.

Most toxicity studies have shown that colloidal Si-NPs are less toxic
than other forms, such as fumed Si-NPs.21 The cytotoxic effect of
colloidal Si-NPs is mainly attributed to the high levels of oxidative
stress and generation of reactive oxygen species (ROS), mitochondrial
damage, and autophagy.22–24 Based on hierarchical oxidative stress
hypothesis, high levels of ROS production could cause damages to
DNA, proteins, lipids, and cell organelles and eventually lead to the
cell death.25 These particles show toxicity at higher doses, which is
both size and surface chemistry dependent. For example, surface
modification of bare Si-NPs with amine groups improves the biocom-
patibility of Si-NPs both in vitro and in vivo.24,26 Other findings with
regard to the size effect show that smaller particles induce higher cyto-
toxicity and inflammation in epithelial cells andmacrophages, respec-
tively.27,28 This could possibly be attributed to the higher density of
silanol groups on the surface of smaller Si-NPs compared to the large
ones. Although these findings have improved our understanding with
respect to the correlation between Si-NPs physicochemical character-
istics and their toxicity, further in vivo analyses are needed to facilitate
their application in translational nanomedicine. A finding by Sun
et al.29 indicated that although a single high-dose exposure of fumed
Si-NPs to pulmonary system did not induce a profibrogenic effect, re-
petitive exposure at a lower dose led to a significant subchronic
inflammatory response in the murine lungs. Though this study was
focused on pulmonary toxicity of fumed silica, repetitive administra-
tion of colloidal Si-NPs might show similar pro-inflammatory effects
1524 Molecular Therapy Vol. 25 No 7 July 2017
in the long-term. Colloidal Si-NPs exhibit high biopersistence and
retention in the body tissues (e.g., liver and spleen) that could further
affect their toxicity.30 Thus, even if colloidal Si-NPs may not induce
acute toxicity in vivo, it is important to determine their long-term
toxicity profile, as well as the consequences of repetitive administra-
tion over extended periods.

Rare Earth-Based ENMs

Rare earth (RE)-based ENMs are increasingly used in various biolog-
ical applications, including cell biology and nanomedicine, as imaging
and sensing probes.31 For example, numerous studies explored the
application of these nanomaterials in MRI and showed that they
could significantly improve the image contrast. RE-based nanomate-
rials such as UCNPs often outperform conventional imaging probes
in terms of photostability and detection efficiency.31 In addition to
imaging applications, UCNPs could be applied for photodynamic
therapy and cancer treatment.32 However, the growing application
of RE-based nanomaterials could increase the possibility of human
exposure and adverse health outcomes. For instance, an increasing
number of studies reported a direct correlation between administra-
tion of gadolinium (Gd)-based contrast agents and induction of
nephrogenic systemic fibrosis (NSF) in patients with renal defi-
ciency.33 Thus, it is necessary to examine the toxicity of these
materials in various biological environments as a function of their
physicochemical properties, which could help to obtain a better
understanding of their adverse health effects. In one study, Li
et al.34 performed a mechanistic study to understand how RE oxide
(REO)-NPs induce cellular and profibrogenic damages to the lung
and pulmonary system. The study demonstrated that enhanced disso-
lution of these NPs and shedding of REO ions within the acidic

http://www.moleculartherapy.org
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environment of the lysosome leads to the deposition of REPO4 com-
plexes on the NP’s surface and particle transformation into urchin-
shaped structures. Following the depletion of free phosphate groups
within the lysosome, the REO ions could strip the phosphates from
the lysosome’s lipid membrane and induce lysosomal damage. This
phenomenon is followed by the release of lysosomal contents
including cathepsin B, leading to activation of nonobese diabetic
(NOD)-like receptor protein 3 (NLRP3) inflammasome and release
of interleukin-1b (IL-1b), which eventually triggers a series of events,
causing lung fibrosis.34 To reduce this adverse effect and provide a
safer design for REO-NPs, these researchers showed that precoating
of REO-NPs with phosphate groups at a neutral pH could prevent
the particle biotransformation and reduce their potential hazard.
Furthermore, they found that ethylenediamine tetra(methylenephos-
phonic acid) (EDTMP) coating not only protects the surface of RE-
based UCNPs from REPO4 deposition and transformation, but also
improves UCNPs stability and reduces their profibrogenic effects
while maintaining particles’ upconversion fluorescence efficiency.35

Although these examples were focused on the pulmonary system,
RE-based ENMs may present similar toxicological impacts on other
organs, depending on their route of administration and bio-
distribution. For example, intravenous injection of UCNPsmay result
in their prolonged accumulation in the liver and spleen as part of the
reticuloendothelial system (RES). Therefore, it is necessary to
perform further mechanistic studies that examine chronic toxicolog-
ical effects of RE-based ENMs in vivo. Such studies would provide a
better knowledge to design safer NPs with minimized hazard poten-
tial that could be applied for translational nanomedicine.

Gold and Silver NPs

Au-NPs are one of the ENMs that have been extensively studied in
nanomedicine for various applications, such as cellular and diagnostic
imaging, photothermal therapy, and drug delivery.36 Au-NPs could
be easily synthesized within a range of sizes and shapes and function-
alized with a variety of biomolecules through simple bio-conjugation
techniques. This implies that Au-NPs represent varied physicochem-
ical characteristics in terms of size, shape, and surface functionality,
which could considerably affect their cytotoxicity. For example, Au-
NPs that are smaller than 2 nm could induce mitochondrial damage
and oxidative stress in cultured cells due to their high surface reac-
tivity, whereas bigger Au-NPs (above 4 nm) are considered mostly
nontoxic to the cells.36 Because Au-NPs that are used in nanomedi-
cine are typically bigger than 5 nm, it is generally assumed that these
particles are safe to be used in photothermal therapy and drug deliv-
ery applications.36 However, one of the major concerns that has not
been fully investigated consists of the long-term toxicological effects
of these particles after in vivo administrations. Au-NPs are known
to primarily accumulate in the organs of the RES (e.g., liver) and
show slow clearance over several months.37,38 Therefore, this persis-
tent retention could result in chronic toxicity within these tissues. In
addition, degradation of Au-NPs could result in formation of smaller
particles that are known to be toxic, as previously mentioned. Fala-
gan-Lotsch et al.39 explored the long-term effect of exposing well-
characterized Au-NPs to human dermal fibroblasts in vitro and found
that even a single exposure of a subcytotoxic dose of Au-NPs could
change the expression of genes that are associated with oxidative
stress and inflammation. Moreover, these changes surprisingly lasted
over 20 weeks.39 Therefore, we predict the persistent accumulation of
Au-NPs in the body organs could present similar toxicological re-
sponses. We emphasize that exploring the cytotoxicity of Au-NPs
in extended long-term studies rather than solely investigating their
acute short-term responses will not only elucidate more information
about their safety profile, but also help to design safer Au-NPs for
nanomedicine.

Ag-NPs have been widely used in antimicrobial applications includ-
ing wound care, as well as coating of medical devices and implants.
Despite their practical anti-infective characteristics and broad imple-
mentation in nanoproducts, major health and environmental con-
cerns have been raised as a result of their toxicological impacts on
various organs. For example, Ag-NPs have a high potential to detach
from colloidal silver wound-dressing products and possibly invade
the bloodstream from the injured tissues, which is followed by their
migration to major organs, including liver, spleen, kidneys, lungs,
and brain.40,41 Furthermore, use of silver sprays might lead to pulmo-
nary exposure that could also potentially induce extrapulmonary
translocation to secondary organs such as liver. In contrast to the
gold particles, Ag-NPs show significant cytotoxicity that mainly arises
from the particle dissolution and release of toxic silver ions.42–44 The
mechanism of their toxicity is known to be via ROS generation that
induces DNA damage, mitochondrial dysfunction, and lipid peroxi-
dation in the membrane, which could eventually lead to cell
death.45–47 Similar to other nanomaterials, the toxicity of Ag-NPs
significantly depends on their size and surface chemistry. For
example, Wang et al.43 have demonstrated that small polyvinylpyrro-
lidone and citrate-coated Ag-NPs (20 nm) cause more cellular
toxicity and oxidative stress than large particles (110 nm) because
of a higher rate of dissolution and silver bioavailability. For in vivo
studies, dissolution rate of Ag-NPs determines the biopersistence
and lung inflammation. In vivo toxicity analysis show that faster
dissolution rate of smaller silver particles (20 nm) induces higher
acute lung inflammation.43 However, large Ag-NPs (110 nm) have
a slower dissolution rate that could lead to their longer biopersistence
in the lung and more significant subchronic lung injury at a longer
time point (21 days).43 There are several proposed methods to
reduce the cytotoxicity of Ag-NPs, such as surface coating by using
polymers.48–50 Although these methods might improve the safety of
Ag-NPs and resolve their acute toxicity, the subchronic effect of
Ag-NPs even at low-dose exposure is a key issue that needs further
in vivo assessment.

SPIONs

SPIONs have been shown to be an ideal contrast agent for MRI and
present great potential to be applied in cancer therapy.51,52 SPIONs
display lower toxicity compared to the other contrast agents, such
as gadolinium-based compounds, and are mostly considered safe.51

Examples of their application in MRI are clinically approved SPIONs,
Feridex IV and Resovist, which could be used for liver imaging. The
Molecular Therapy Vol. 25 No 7 July 2017 1525
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rationale behind their design is that once SPIONs are administered
into human body, the particles are expected to accumulate within
the liver and phagocytosed by Kupffer cells, the residing macrophages
in the liver.53 Because the Kupffer cells in the diseased region of the
tissue have lower particle uptake, SPIONs can provide an enhanced
signal that helps to identify the lesion regions of liver more precisely.54

After the intracellular uptake, it is anticipated that SPIONs dissolve
into a nonsuperparamagnetic form of iron ions in the acidic lyso-
somes, which is metabolized further in the liver and subsequently
used in the formation of red blood cells or excreted via kidneys.53

However, this could result in high accumulation of iron in the liver
for an extended time. Lunov et al.55 reported that SPIONs triggered
increased ROS production, followed by sustained activation of
c-Jun N-terminal kinase (JNK) and production of pro-inflammatory
cytokine tumor necrosis factor alpha (TNF-a) that led to the
apoptosis of Kupffer cells. This was partially due to the Fenton reac-
tion, in which the released ferrous ions (Fe2+) have a high potential for
reacting with hydrogen peroxide and oxygen produced by the mito-
chondria to form highly reactive hydroxyl radicals that could induce
oxidative stress, leading to DNA, protein, and lipid damages.56 Thus,
overload or recurrent administration of SPIONs in prolonged treat-
ments can result in high accumulation of SPIONs in the RES, elevate
lipid metabolism, disrupt iron homeostasis, and affect liver func-
tions.57 This adverse effect could be more severe in patients with liver
chronic diseases such as cirrhosis.57 Thus, despite applying surface
coatings (e.g., silicon and dextran) could improve the biocompati-
bility of SPIONs, this would not address the issue of iron overload
in the body tissues. As such, new designs that could facilitate the rapid
body clearance of iron are imperative.

QDs

QDs have been used in bioimaging and cell labeling because of their
promising optical properties. These nanomaterials could be stimu-
lated by a single light source and emit multiple colors in a range of
varied wavelengths by changing their size, shape, and composi-
tion.58,59 QDs are frequently compromised of II–IV, IV–VI, or
III–V materials, as well as transition metal doping. To date, the
most commonly used QDs in biomedical research are cadmium
(Cd)-based QDs.58,60 However, their toxicological impact is a major
concern that has hindered further clinical applications. The dissolu-
tion and release of heavy-metal Cd ions play a major role on their
cytotoxicity.61 With regard to the impact of QDs’ physicochemical
properties on their toxicity, Oh et al.62 demonstrated that surface
ligands and modifications, as well as size, are key parameters that
contribute to the QD-induced toxicity by performing a comprehen-
sive computational analysis across 307 previously published articles.
To improve the biocompatibility and aqueous dispersibility, cad-
mium-based QDs are commonly coated with ZnS, ZnSe, and CdS,
which form a core-shell structure.63,64 This has been proved to
effectively reduce the release of Cd from the core and improve
biosafety even at a high concentration (16 mM).64 However, the
core-shell surface modification might only delay the cytotoxic effect
of QDs and turn it into a subchronic effect. Furthermore, as the shells
degrade gradually in the lysosome after the cellular uptake, the release
1526 Molecular Therapy Vol. 25 No 7 July 2017
of Cd ions could be inevitable during the long incubation. Because
QDs could remain in the liver and spleen for more than 90 days65

and their clearance is slow, this could result in severe subchronic cyto-
toxicity to the RES system, such as oxidative stress, genotoxicity, and
neurotoxicity.60,64 Therefore, novel designs that could more effec-
tively inhibit their dissolution, as well as expedite their body clear-
ance, could help to transit their application into clinic.

Carbonaceous Nanomaterials

Engineered carbonaceous nanomaterials (ECNs) include carbon-
based materials such as carbon nanotubes (CNTs), graphene and
graphene oxides (GOs), and emerging graphene QDs and carbon
dots.66–68 Intrinsic electrical and optical characteristics, as well as
the possibility to finely tune physicochemical properties such as
size, hydrophobicity, durability, and surface functionalization (chem-
istry), render them as great candidates for use in biomedical set-
tings.69–71 Therefore, numerous carbonaceous nanomaterial-based
scaffolds have been fabricated to be used in tissue or organ constructs
and drug delivery systems.69,71 With regard to the drug delivery pur-
poses, the ultrahigh surface area of ECNs can be highly decorated,
through both covalent and noncovalent methods, with pharmaceu-
tical reagents such as anticancer drugs (e.g., doxorubicin, cisplatin,
and methotrexate) and anti-inflammation therapeutics (e.g., dexa-
methasone).70,72 Despite ECNs presenting great potential to be
applied in nanomedicine, their translation into clinical investigations
has been considerably slow because of safety concerns.

Extensive previous studies regarding the safety of ECNs indicate
that ECNs have the potential to induce both acute or chronic inflam-
mation and profibrogenic effects upon contact with cells and
tissues.14,73–76 ECNs’ toxicity is known to be derived by their interac-
tions with cells or organelles that generate pathogenic signals and
adverse outcomes, including ROS, lysosomal damage, NLRP3 inflam-
masome activation, and cytokine release, leading to inflammation and
fibrosis.14,67,77–80 A number of ECN characteristics determine the in-
duction of such adverse outcomes, including size, aspect ratio, hydro-
phobicity, state of agglomeration, impurities, durability, and surface
chemistry.14,81–83 For example, it has been found that the bare
(nonfunctionalized), hydrophobic, and positively charged (e.g., poly-
etherimide [PEI]-modified) CNTs generate pro-fibrogenic effects
in vitro and in vivo, whereas the hydrophilic or negatively charged
(e.g., COOH- or PEG-modified) CNTs show less or no toxic effects.84

Graphene and GO show a similar SAR.85 In addition, they could
attach to cell membrane as a 2D planar material and induce mem-
brane damage and cytotoxicity.86 One possible approach to reduce
ECN cytotoxicity is surface functionalization. Wang et al.83 demon-
strated that coating multiwall CNTs with a tri-block copolymer
(Pluronic F108) mitigates their toxicity by preventing the lysosomal
membrane damage and subsequent inflammatory pathways. There-
fore, surface coating of ECNs could be a safer design approach
to improve their stability and biocompatibility. The other major
toxicity issue for ECNs is their prolonged retention in the organs
such as liver because of their size, which slows particle clearance.
Thus, it is necessary to address this challenge with or without surface
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Figure 2. SARs Linking ENM Physicochemical Properties to Adverse Outcome Pathways

Examples of ENM-induced toxicity mechanisms include lysosomal damage by cationic nanocarriers, NLRP3 inflammasome activation for REO NPs and high aspect ratio

nanomaterials, membrane perturbation by 2D nanomaterials and Si-NPs, and lipid peroxidation and ROS generation by silver and metal oxide NPs.
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functionalization. With respect to the other ECNs, such as graphene
QDs and carbon dots, even though their small size could improve
body clearance, their long-term toxicity profile is still unknown and
needs to be investigated in depth.

Conclusions and Perspectives

The physicochemical characteristics of ENMs such as their composi-
tion, size and surface chemistry are the key factors that determine
their toxicity and interactions with biological systems. These interac-
tions at the nano-bio interface can initiate plasma membrane pertur-
bation, lysosomal damage, ROS generation, and a series of subsequent
signaling transductions that lead to cytokine production and pro-
inflammatory responses or eventually cell death (Figure 2). Nanoma-
terials will first interact with biomolecules in the physiological
environment (e.g., plasma proteins), which leads to protein adsorp-
tion onto their surface and corona formation. Although this matter
was not discussed in this mini-review, formation of protein corona
could change nanomaterial stability, bio-identity, targeting capability,
cellular uptake, dissolution characteristics, and thereby their bio-
distribution and toxicity in vivo.87–90 Thus, presence of protein
corona is an important factor, in addition to the nanomaterials’ phys-
icochemical properties, that needs to be considered for safety assess-
ment of ENMs in biomedicine and has been comprehensively
discussed before.88,89
For safety analysis of ENMs, it is essential to first identify their
in vivo biodistribution and target organs after administration. As
mentioned earlier, RES, including liver and the immune system, is
frequently targeted by various ENMs after administration, especially
intravenous injection. Therefore, exploring adverse acute and
chronic effects of these materials on the liver and immune system
(e.g., hepatocytes, Kupffer cells, macrophages, and dendritic cells)
is important. The preferred way to study these effects is by using
an in vitro-to-in vivo predictive approach, which is recommended
by a 2007 National Academy of Sciences report, Toxicity Testing
in the 21st Century: A Vision and a Strategy.91 For liver toxicity,
future studies that focus on predictive in vitro analysis of toxicity
pathways and mechanisms such as oxidative stress, NLRP3 inflam-
masome activation, and pro-inflammatory cytokine production,
along with validating in vivo screening for acute and chronic liver
inflammation or fibrosis, would provide important insights. In addi-
tion to 2D cell culture, engineered 3D coculture systems, including
hepatocytes and Kupffer cells or other liver cell types, could main-
tain hepatocyte function for a longer period and would better
resemble liver responses in vivo to ENMs. With regard to the im-
mune system, the effect of ENM exposure on spleen and innate
or adaptive immune responses will also need to be studied by using
splenocytes and in vitro predictive toxicological approaches, as re-
viewed in detail previously.92,93 These in vitro results need to be
Molecular Therapy Vol. 25 No 7 July 2017 1527
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validated by limited but focused in vivo experiments to demonstrate
the value of predictive methods.

Predictive in vitro studies have to consider sedimentation, diffusion,
and dosimetry models for relevant exposure doses and aim to
construct intellectual frameworks such as adverse outcome pathways
(AOPs) and SAR analysis, rather than solely reporting descriptive
toxicological impacts of ENMs, which would provide invaluable
knowledge for regulatory purposes. In addition, these mechanistic
studies could help with devising ingenious approaches to mitigate
the toxicity induced by ENMs, such as signaling pathway inhibition,
and safer design by modification of major toxic properties of ENMs.
Surface coatings or optimization of size and charge of the nanomate-
rials are among potential methods that could help with designing
safer ENMs. For instance, nanocarriers for nucleic acid delivery typi-
cally have positive charge, and these exhibit stronger plasma mem-
brane binding due to electrostatic effects and higher cellular uptake
than negatively charged and neutral NPs. However, once inside the
lysosomes after endocytosis, a high cationic charge could induce pro-
ton sponge effects, which leads to lysosomal swelling, membrane
damage, and release of cathepsin B that results in NLRP3 inflamma-
some activation and pro-inflammatory IL-1b production (Figure 2).84

Extensive lysosomal damage could also lead to cell death and inflam-
mation.12,94 Therefore, designing nanocarriers with the optimal
cationic charge for gene delivery could facilitate endosomal escape
of nucleic acids without triggering extensive lysosomal damage and
subsequent pro-inflammatory effects and cell death.12 In addition,
it is essential to assess the safety profiles of ENMs at low, nonlethal
dosages and extended repetitive exposures, which could help us to
understand long-term consequences of ENMs’ interactions with bio-
logical environments and further expedite their translation into clin-
ical applications.
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