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With the rapid developments in the fields of nanoscience and nanotechnlogy, more and more nanomaterials and their
based consumer products have been used into our daily life. The safety concerns of nanomaterials have been well
recognized by the scientific community and the public. Molecular mechanism of interactions between nanomaterials
and biosystems is the most essential topic and final core of the biosafety. In the last two decades, nanotoxicology
developed very fast and toxicity phenomena of nanomaterials have been reported. To achieve better understanding and
detoxication of nanomaterials, thorough studies of nanotoxicity at molecular level are important. The interactions between
nanomaterials and biomolecules have been widely investigated as the first step toward the molecular nanotoxicology.
The consequences of such interactions have been discussed in the literature. Besides this, the chemical mechanism of
nanotoxicology is gaining more attention, which would lead to a better design of nontoxic nanomaterials. In this review,
we focus on the molecular nanotoxicology and explore the toxicity of nanomaterials at molecular level. The molecular
level studies of nanotoxicology are summarized and the published nanotoxicological data are revisited.
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INTRODUCTION

In past decades, nanomaterials (NMs) have been exten-
sively studied and applied in various areas, due to their
nanostructures, nanosurface, and many unique physic-
ochemical properties.' NMs have launched a new
revolution in material sciences, and significantly influ-
enced many other areas, such as electronics, informa-
tion, energy, biomedicine, environments and so on. The
massive production and wide applications of NMs ren-
der serious concerns on the potentially hazardous effects
of nanomaterials.®'* Their safety evaluation has been
regarded as the essential issue to be solved before large-
scale applications.

A large number of investigations on the bio-effects
and bio-safety of NMs have been reported.”>'® Many
NMs have been investigated with exposure to microor-
ganisms, cells, animals and plants.'®>? Thus, nanotoxi-
cology, as a new multidisciplinary branch of toxicology,
has been established and well acknowledged by the sci-
entific community and the public.?*3* NMs exhibit some
unique biological or toxicological effects. For example,
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the size-dependent toxicity of various NMs was reported
in literature.*>3® The nanonization of materials also lead to
new safety problems, which depend on the physicochemi-
cal properties of NMs.*”-3® Taking carbon as an example,
carbon is usually regarded as nontoxic element, but dif-
ferent kinds of toxic effects were observed from carbon
nanotubes (CNTs), fullerene and graphene.***

In the ongoing nanotoxicology studies, there is a grow-
ing recognition that understanding of the toxicity of NMs
at molecular level is essential.***> When NMs enter the
environment or encounter with biosystems, their interac-
tions at a molecular level determine their environmen-
tal or biological fate.*® The first level events of NMs in
biosystems should be the interactions between NMs and
biomolecules in vivo, which results in a NM-biomolecule
complex.”*” Then, the NM-biomolecule complex might
be partially biodegraded by some enzymes in biosystems.
The bioavailability and transportation of NMs also involve
many molecular mechanisms, in which the nanosurface
and its surface chemistry play important roles.*®*’ For

the toxicity study, the toxicological mechanism requires
molecular level explanations. Beyond that, to design bio-
compatible and safer NMs, the surface chemistry and
chemical mechanisms are two key aspects to consider,
which obviously demands the molecular understanding of
the nano-bio processes.

In this review, we focus on the toxicity of NMs from the
point view of their interactions with biosystem at molecu-
lar level. The published data related to this topic are sum-
marized, and their implications to future nanotoxicology
studies are extensively discussed.

INTERACTION BETWEEN NANOMATERIALS

AND BIOMOLECULES

Interaction Between Nanomaterials and Proteins

Upon entering biosystem, the NM interaction with proteins
is inevitable. Many papers have reported the interaction
of NMs with proteins and how these interactions alter
the protein conformation, protein function, or NM-protein
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complex and so on. Typically, smaller nanoparticles
(NPs), such as fullerene, might be fitted into the pores
(usually the active site) of proteins, forming a com-
bined structure.’®>! For larger NPs, the interaction mostly
leads to the attachment of proteins on the surface of
nanoparticles.’>>* The binding models of proteins on some
nanomaterials such as fullerene and CNTs have been
investigated in detail and published in literature.” This is
probably due to the fact that the nanostructures of fullerene
and CNTs are relatively simple and strictly defined. For
example, Ge et al. investigated the binding of various pro-
teins on CNTs.>* The binding models were built by atomic
force microscopy (AFM) and also molecular dynamics
methods (Fig. 1). For other NMs, the binding models are
somewhat vaguer so far and the protein corona is widely
adopted to describe the situation.’

There are several forces contributed to the interaction
between NMs and proteins. The major one is the van der
Waals’ interaction, in particular, when the topographies
of both NMs and proteins match each other. When the
NPs are surrounded by solvent protein molecules, only
closely contacted atoms have net contribution to the bind-
ing, where the weak van der Waals’ interactions become

Figure 1.

very strong because a large number of atoms are composed
in both proteins and NPs. The second is hydrogen bond
(H-bond), it is a much stronger (5 to 30 kJ/mol) inter-
action than van der Waals force, but the net contribution
of H-bond to protein-NP interaction is usually small. The
importance of H-bond is that the directional H-bond would
provide specificity for the protein-NP interaction. The third
is the electrostatic force between proteins and NPs, which
is mostly determined by the surface charges and could be
regulated by the pH. When electrostatic interaction dom-
inates, the dispersion state of proteins or NMs might be
changed. The fourth is hydrophobic interaction, this is
the entropic effect originated from excluding the ordered
water molecules from nonpolar surface. When NMs have
large hydrophobic surface (domains), they would bind the
partially exposed nonpolar residues of proteins, result-
ing in the unfolding of proteins. The fifth is the 7—7
stacking interaction, which is usually found between pro-
teins and sp? carbon NMs, such as fullerene, CNTs and
graphene.’-3> 36 The 7— stacking is an attractive inter-
action between aromatic rings. Only several amino acids
contain aromatic rings, which are most possibly buried
inside the hydrophobic core of proteins. Therefore, m—m

Binding of proteins on CNTs. (A), (B) AFM images after incubation with CNTs for 10 min (A) and 5 h (B); (C)-(F)

molecular modeling illustrations of the binding model after incubation for 10 min (C) and 5 h (D) with the binding sites (E) and
the orientations of aromatic rings (F) indicated; (G) the far-UV CD spectra of proteins (insets: near-UV CD spectra). Reprinted
with permission from [54], C. Ge, et al., Binding of blood proteins to carbon nanotubes reduces cytotoxicity. Proc. Natl. Acad.
Sci. USA 108, 16968 (2011). © 2011, National Academic of Sciences.
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stacking could be regarded as another specific interaction.
Anyhow, the total bind strength between NMs and pro-
teins is regulated by many factors. There have been plenty
of studies investigated the issue though some inconsistent
phenomena were also reported.

Undoubtedly, the NM properties highly influence on
the NM interactions with proteins. The components of
NMs and their preparation methods could affect the
capacity and kinetics of proteins adsorption on NMs.
Au or Ag NPs showed much faster adsorption kinetics
in forming protein corona than Fe;O,, CoO and CeO,
did.”” Nanoshell carbon (NSC) prepared by Fe cataly-
sis and Co catalysis showed completely different adsorp-
tion capacity.”® The physical properties of NMs, including
size, shape and surface morphology, also directly influ-
ence these interactions. For instance, Wu et al. docked
fullerenes of different carbon numbers to proteins and
demonstrated the changes in binding energy.”' The pro-
tein corona formed on silica NPs is significantly affected
by the size of silica NPs.*® Lysozyme and a-chymotrypsin
(ChT) adsorbed much more on rod-like AuNPs (form-
ing multi-layers) than on spherical AuNPs (only mono-
layer formed).® The binding constant for the interaction
between rod-like AuNPs and BSA is about 2 orders of
magnitude higher than that between spherical AuNPs and
BSA.S!

Surface chemistry of NMs deserves a separate high-
light. Surface chemistry could alter the surface charge
of NMs, thus directly regulate the electrostatic interac-
tion. An elegant demonstration was performed with Al,O,
NPs.%? For positively charged Al,O, NPs and Al,0,—NH,
NPs, negatively charged BSA dominated the adsorption
on Al,O; NPs and Al,0;-NH, NPs, which were posi-
tively charged. However, due to the electrostatic repul-
sion, lysozyme adsorbed very little. The situation could
be reversed by changing the surface functionalities to neg-
atively charged groups like —-COOH, —-SO; and -PO;H,,
etc. Surface chemistry also regulates the hydrophilic-
ity/hydrophobility of NMs. Wu et al. have showed that
hydroxylation of fullerene decreased the binding strength
of proteins on fullerene.” This could be assigned to
the decrease of hydrophobic interaction. The influence
of hydrophilicity/hydrophobility was also observed by
Cedervall et al. where the number of protein molecule
bound to NPs was positively related to the nanoparticle
hydrophobicity.%

Here the properties of proteins should be considered,
too. Different proteins usually interact with the same
NM differently. For example, Wang et al. showed that
immunoglobulin G (IgG) adsorbed three times more on
oxidized CNTs than BSA did.** In a more complicated
system, the blood proteins did not equally adsorbed on
NPs, but a selective binding occurred and corona with
unique components was formed.® Despite the difference
of proteins, when increasing the protein concentration,
the binding of proteins on NMs would be promoted.

J. Biomed. Nanotechnol. 10, 2828-2851, 2014

Interestingly, it was also reported that the protein con-
centration affected the binding kinetics and also the final
composition of proteins on NMs.%

In addition, the biological microenvironment will also
affect the interaction between proteins and NMs. The pH
value is an important parameter of aqueous media, through
which the charge state of proteins and NMs could be
regulated. When pH is close to the pl of proteins, they
become uncharged and would aggregate/precipitate with-
out intermolecular repulsion. The maximum adsorption of
lysozyme on NPs was observed at pH 11, quite close to
the plI of lysozyme (11.1).%° However, when the NMs are
charged, the binding would be more efficient at a pH that
enables opposite charges. Such phenomena were observed
in the study of BSA on N-methyl-d-glucamine (NMDG)
modified silica NPs.%” Ionic strength of medium is another
important parameter. High ionic strength can reduce the
electrostatic interaction, but strengthen the hydrophobic
interaction. High NaCl concentration was reported to
inhibit the adsorption of lysozyme and horseradish per-
oxidase (HRP) on silicon nanowires.®® When hydropho-
bic interaction contributes significantly, a dual effect might
appear. The adsorption of BSA to NMDG modified sil-
ica NPs were enhanced at low NaCl concentrations, but
inhibited at high NaCl concentrations.®’

The interaction between NMs and proteins would
change the properties of both NMs and proteins. The
most obvious alteration of proteins is the conformational
change which depends on many factors, such as con-
centration, size and shape of NMs. CNTs with larger
diameter induced more conformational changes of BSA
and carbonic anhydrase.”” Rod-like AuNPs led to more
helix loss than spherical AuNPs.%! Some of the con-
formational changes are irreversible, while the rest are
reversible.”” 7! Interesting and useful phenomenon is that
the partially changed conformation of proteins might
be more stable than the original one, which has been
adopted in enzyme loading.”>”’* Upon the conformational
changes, the function of proteins can be disturbed. Par-
ticularly, the enzyme activities could be inhibited (e.g.,
active site was dominated/blocked by NMs) or promoted
(e.g., active site was more accessible to substrate), which
can be regulated by surface coverage, size and shape
of NMs.”>”7 For the promoting effect, lipase was con-
verted to open form by poly-DL-lactic acid NPs, result-
ing in an increase of the enzyme activity.”® In a strict
condition, the protein even could be fibrillated in the
presence of NMs, where NMs shorten the nucleation lag-
phase.” The protein fibrillation will lead to the complete
lose of protein functions. Such fibrillation was proven in
Skaat et al.’s study of F-y-Fe,O;~HSA-PEG (polyethy-
lene glycol)-AB(1-40) NPs. The F-y-Fe,O,~HSA-PEG
(polyethylene glycol)-AB(1-40) NPs accelerated the fibril-
lation of AB(1-40), while F-y-Fe,0; did not. Other stud-
ies also showed the inhibition of fibrillation by NMs.”
Cabaleiro-Lago et al. reported the inhibition of amyloid
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B protein AB(1-40) fibrillation by N-isopropylacrylamide
(NIPAM)/N-tert-butylacrylamide (BAM) NPs.%

The binding of proteins alters the properties of NMs,
too. The first change of NMs is the different surface chem-
istry. A protein shell might form on NMs, usually called
as protein corona.’ The hydrophobic pristine carbon NMs,
such as fullerene, CNT, and nanodiamond (ND), became
more hydrophilic and water dispersible after coating with
proteins.?!-82 If the proteins are charged, then the surface
charge of NMs could be changed upon the binding of
proteins.®> 718384 Consequently, the colloidal state of NMs
is changed, leading to the dispersing/agglomerating state
of NMs.838 Since the dispersing/agglomerating has sig-
nificant effects on the behaviors of NMs in biological sys-
tems or the environment, we would discuss this issue in
the later sections in detail. Other changes of NMs, e.g.
spectroscopic changes, have less impact on the biosafety
of NMs, thus not concerned here.

Interaction Between Nanomaterials and

Nucleic Acids

Nucleic acids, including DNA and RNA, are another cat-
egory of important biomolecules interacting with NMs.
However, when NMs entered into the cells or animals,
they could first interact with proteins, directly resulting
in the protein-coating of NMs surface.” Experimental data
showed that NMs mostly could not enter the nucleus, thus,
it is not very possible to interact with DNA.*’ To this
regard, the interaction between NMs and nucleic acids is
less concerned currently. Nevertheless, there are more lit-
eratures showing that NMs bind nucleic acids, interfere
with the expression of nucleic acids and induce damage to
them.

Generally, the interaction between NMs and nucleic
acids is very similar to that between NMs and proteins.
The van der Waals’ interaction, H-bond, electrostatic inter-
action, 7—7r interaction and hydrophobic interaction also
exist between NMs and nucleic acids. There are two dis-
tinct characteristics. The first one is that nucleic acids are
usually negatively charged. The electrostatic interaction
between positively charged NMs and nucleic acids is very
strong. The strong electrostatic interaction has been widely
used in preparing NM-nuclear acid composites for gene
delivery. For example, polyetherimide (PEI) functionalized
carbon dots interacted with DNA strongly to form a stable
composite.?’ The second characteristic is that nucleic acids
contain aromatic rings. The abundance of aromatic rings
in nucleic acids makes them interact with sp> carbon NMs
strongly via 77— interaction.”® This phenomenon has been
used for dispersing CNTs.’! and preparing nucleic acid-
CNT probes.”

Upon the interaction, nucleic acids might change their
conformations. For instance, Pershina et al. reported that
DNA interacted with CoFe,O, NPs, which led to the desta-
bilization of DNA and B conformation of polynucleotide.*®
Xu et al. computed the binding of DNA with fullerene
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Cg°. Cq4 bound with the minor grooves of double-
stranded DNA and triggered the unwinding and disrupting
of the DNA helix. On the other hand, Cg4, only bound to
the major grooves of RNA helix, which stabilized the RNA
structure or transformed the configuration from stretch to
curl. The binding of C, led to the unwinding of dsDNA,
disrupt of G-quadruplex DNA and so on. In addition,
Hekmat et al. found that Ag NPs induced DNA confor-
mational changes to a more compact form, while Ag NPs
and doxorubicin together induced different DNA confor-
mational changes and inhibited the proliferation of cells.**

Interaction Between Nanomaterials and

Other Biomolecules

Beyond the proteins and nucleic acids, interactions of NMs
with other small molecules (not strictly biomolecules) pro-
duce also significant influence on the toxicity of NMs.
For example, the adsorption of amino acids, folic acid and
Ca’* on NPs led to the depletion of nutrients, it is regarded
as one of the toxicological mechanism of CNTs.%

The adsorption of biomolecules on NMs is widely
acknowledged. Hurt and co-workers investigated the
adsorption of micronutrients on CNTs, graphene and
GO.»% Tt was found that the side-chain hydrophobic-
ity index was positively correlated with the adsorption of
amino acids on CNTs.” The presence of CNTs led to

Figure 2. Interactions of graphene materials with essential
micronutrients in RPMI cell culture media. Reprinted with per-
mission from [96], M. A. Creighton, et al., Graphene-induced
adsorptive and optical artifacts during in vitro toxicology
assays. Small 9, 1921 (2013). © 2013, Wiley-VCH Verlag GmbH
& Co. KGaA, Weinheim.

J. Biomed. Nanotechnol. 10, 2828-2851, 2014
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the depletion of amino acids. Not only amino acid can
be adsorbed, but also other important biomolecules, such
as riboflavin, biotin, pantothenic acid, folic acid, thiamine,
pyridoxine and niacinamide. For example, graphene oxide
(GO) showed much less adsorptive effect on niacinamide,
pyridoxine and folic acid than few layered graphene (with
much less oxygen containing groups) (Fig. 2).” Horie
et al. found that the addition of NPs (TiO,, CeO,, SiO,,
NiO, ZnO and Fe,05) could reduce the concentrations of
Na, P, Ca and protein in the cell culture medium.”’

NMs have strong affinity to many pollutant molecules,
such as heavy metals, pesticides, dyes, organic molecules
and antibiotics.”® The interaction between NMs with these
pollutants might lead to the combined effects to biosys-
tems/environment. Therefore, it should be taking into
account when considering molecular nanotoxicity. Any-
how, there are some published reviews summarizing the
adsorption of pollutants on NMs.*-1%0

TRANSFORMATION/DEGRADATION OF
NANOMATERIALS
Biofunctionalization/Biodefunctionalization of
Nanomaterials

When NMs enter biosystems or the environment, the
functionalization and/or defunctionalization of NMs are
nearly inevitable, which changes the bio-behaviors or
environmental behaviors of NMs, and consequently their
toxicities.

The most common ways for functionalization and/or
defunctionalization of NMs in biosystems are noncova-
lent adsorption or desorption of other molecules. For
example, CNTs could adsorb dissolved organic matters
(DOM) in water.!® The adsorption of DOM on CNTs
increased the hydrophilicity, thus, the dispersion of CNTs
was obtained.'%? In fact, such strategy was widely applied
in preparing the dispersible NMs. Similarly, the desorption
of functionalities on NMs was also reported in literature.
A typical example comes from surfactant dispersed CNTs.
Cherukuri et al. evidenced the replacement of adsorbed
surfactants (Pluronic F108) on CNTs by serum proteins
using NIR fluorescence.!® Roberts et al. reported that
lysophophatidylcholine (LPC) coated SWCNTSs could be
ingested by Daphnia magna and LPC would be taken from
SWCNT surface as food source.!™ After desorption of
LPC, the naked SWCNTSs aggregated and were excreted.

The covalent functionalization and/or defunctionaliza-
tion of NMs in biosystems are of particular importance
and interest but much difficult to study. There are sev-
eral well-designed experiments to reveal the in vivo func-
tionalization and/or defunctionalization of carbon NMs.
Fullerene Cg, is of certain structure and could be detected
by mass spectrometry. Moussa et al. reported that C,
formed retinyl palmitate adducts in vivo via Diels-Alder-
like reactions.'® It meant that pristine fullerene would
react in biosystem and the biotranformation of NMs

J. Biomed. Nanotechnol. 10, 2828-2851, 2014

Figure 3. Defunctionalization of PEG-CNTs in vivo.
(A) schematic illustration; (B) stability in spleen; (c) defunc-
tionalization in liver. Reprinted with permission from [48],
H. Wang, et al., Quantification of carbon nanomaterials
in vitro. Acc. Chem. Res. 46, 750 (2013). © 2013, American
Chemical Society.

in vivo was possible. Yang et al. used Raman spectroscopy
to investigate the biodefunctionalization of polyethylene
glycol (PEG)-CNTs.!® While the well functionalized
PEG-CNTs were fluorescent, the defunctionalized CNTs
showed strong Raman signals. PEG-CNTs were defunc-
tionalized in liver after 4 weeks post intravenous injection
(Fig. 3). The simulated defunctionalization with H,O, sug-
gested that the defunctionalization of PEG-CNTs was the
break of amide bonds through radical reaction.

Degradation of Nanomaterials
The degradation of NMs has been studied in the polymer
based nanocarriers, which are aimed to develop biodegrad-
able drug delivery systems.!””-!% In the nanotoxicology,
more attentions should be paid to those inorganic NMs.
After two decades, there are more and more evidences
accumulated that NMs could be degraded in biosystems.
CNTs are the most concerned NMs in the degrada-
tion study due to the unique tube structure. Generally, the
skeleton is much more stable than the functional groups on
CNTs. CNTs were very stable against in vivo metabolism
in our 90 d observation as well as the acid treatment
for preparing the transmission electron microscopy (TEM)
samples.** Under very harsh conditions (HNO,/H,SO, and
sonication), the carbon skeleton of CNTs only broke at
the injured defects. Unlike most common results, Allen
et al. reported the biodegradation of CNTs through enzy-
matic catalysis in vitro.'” CNTs were incubated in phos-
phate buffer solution (PBS) with horseradish peroxidase
and H,O, in dark. After 16 weeks degradation, the loss
of tube structure was observed. Similarly, Kagan et al.
reported that the degradation of CNTs by neutrophil
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myeloperoxidase.''® Recently, Zhang et al. reported the
degradation of CNTs by bacteria.!!! About 2%~7% of
CNTs were transformed into CO, after 7 d incubation
with bacteria. Some intermediate products (small organic
molecules) were also proved by liquid chromatography
(LC)-mass spectrometer (MS)/MS.

Another concerned NM in the biodegradation study is
quantum dots (QDs), because semiconductor QDs usually
contain Cd, a very toxic element. In the initial studies of
QDs, it was claimed that QDs were stable thus safe for
biomedical applications.!'? However, current results indi-
cated that QDs would be biodegradated in vivo. Li et al.
found that CdS QDs induced the increase of intracel-
lular Cd** concentration, which implied that QDs were
degradated in vitro.!'> Kwon et al. observed the uptake of
QDs by Daphnia magna and the degradation of QDs in
the digestive tract.''* QDs were degradated in the diges-
tive tract and the release of Cd** led to the increase of
Cd** level in water. Han et al. used radioactive tracing to
quantify the Cd and Te levels in vivo after injection with
CdTe QDs.'"> The Cd and Te exhibited completely differ-
ent behaviors in blood circulation and biodistribution. This
implied that CdTe QDs were degradable in vivo. Liu et al.
measured the Cd and Te levels in mice after the exposure
to CdTe/ZnS QDs.!'® The Cd:Te ratio was not changed in
the first hour (about 3:1) and sharply increased in liver
after that (29:1 at 28 d).

A simple degradation way is the dissolution of NMs in
microenvionment of biosystems. Morelli et al. observed
the dissolution of CdS QDs in seawater.!!” The encapsu-
lation of CdS QDs by ZnS significantly inhibited the dis-
solution. The dissolution of ZnO NPs was widely reported
in literature, where the release of Zn*t was believed as the
toxicological mechanism.'"® Yang et al. revealed the CO,
could promote the dissolution of ZnO NPs in cell culture
medium.!'® The much higher dissolution of ZnO NPs was
attributed to the continuous CO, supply, which produced
H* to react with ZnO. This mechanism could be expanded
to other metal oxides, that metal oxides might dissolve
more than expected. Zhang et al. observed the transforma-
tion of CeO, NPs in plants (Fig. 4).!' CeO, NPs were
partially dissolved with the assistance of the organic acids
and reducing substances excreted by the roots and the
released Ce (IIT) ions were precipitated on the root surfaces
and in intercellular spaces with phosphate, or form com-
plexes with carboxyl compounds during translocation to
the shoots. Similar results were also observed in the study
of La,0; NPs and Yb,0; NPs.!2-12! T evy et al. reported
the accumulation and degradation of iron oxide NPs in
lysosome, where iron oxide NPs were likely dissolved and
stored into ferritin proteins.'??

Aggregation/Dispersion of Nanomaterials

The aggregation/dispersion of NMs will not change the
chemical nature, but the physical properties of NMs.
It could be regarded as some kind of transformation,

2834

Figure 4. Biotransformation of CeO, NPs in cucumber plants.
Reprinted with permission from [119], P. Zhang, et al., Bio-
transformation of ceria nanoparticles in cucumber plants. ACS
Nano 6, 9943 (2012). © 2012, American Chemical Society.

because size is always the key parameter to consider
in nanotoxicology. The aggregation/dispersion of NMs is
closely determined by the molecular design and interaction
of NMs.

The dispersion of NMs in biosystems is primarily influ-
enced by the surface functionalities. When the surface is
strongly charged, NMs are likely to disperse in biosys-
tems. This could be due to the strong electrostatic repul-
sion. Attaching highly hydrophilic chains on the surface
of NMs also lead to the dispersion of NMs in biosystems.
In this case, similar structures to micelles are formed.
When NMs enter biosystems or environment, there
might be adsorption/desorption and functionalization/
defunctionalization occur, which consequently alter the
surface charge and hydrophilicity of NMs. Thus, the dis-
persion state of NMs might be changed. Many NMs could
interact with proteins and nucleic acids. And the surface
coating of proteins and nucleic acids lead to the dispersion
of NMs. In fact, protein coating and nucleic acid wrapping
have been used for dispersing those are hardly compatible
to aqueous environment.??°! NMs can interact with other
molecules to reach better dispersion, too. DOM is usu-
ally negatively charged and would adsorb on many NMs.
The attachment of DOM enables the dispersion of NMs in
environment and changes the environmental behaviors of
NMs. 108102 Among the studies of DOM with NMs, CNTs
are the most concerned, because of the strong 7— inter-
action. DOM facilitated the dispersion of CNTs and con-
sequently the migration of CNTs in the environment was
changed.

There might be “stickers” in the biosystems that make
the NMs aggregate. The first sticker could be ions in
the systems. Yang et al. showed that the oxidized CNTs
aggregated with Ca’*, where Ca’* interacted with mul-
tiple carboxyl groups through electrostatic interaction.'?®

J. Biomed. Nanotechnol. 10, 2828-2851, 2014
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Such sticker effect was more obvious when Cu?** encoun-
tered with GO.'?* Due to the chelation and electrostatic
interaction, GO sheets folded and wrinkled in the pres-
ence of Cu?*, which induced serious aggregation of GO
sheets into large agglomerates. Another sticker could be
proteins, which interact with multiple NPs and induce the
agglomerating effect. It was widely observed that many
NMs aggregated in cell culture medium. Liu et al. semi-
quantitatively measured the aggregation of GO in serum.®
GO of larger sheets agglomerated more seriously. Simi-
larly, Orts-Gil et al. showed that 28 nm silica NPs agglom-
erated in the culture medium DMEM.* Zhou et al. found
that CeO, NPs agglomerated in cell culture medium into
larger particles.®’

UNDERSTANDING THE UPTAKE AND

TRANSLOCATION OF NANOMATERIALS

AT MOLECULAR LEVEL

Cellular Uptake of Nanomaterials

The cellular uptakes of NMs have been widely studied.’’

The current studies have already deeply reached the molec-

ular level to reveal the uptake mechanism and influencing

factors. Several uptake pathways were confirmed (Fig. 5).
Endocytosis is the most common pathway for the

cellular uptakes of NMs. Endocytosis is an active and

energy-dependent transport of external matters by enclos-

ing them in vesicles or vacuoles from the cytoplasmic

membrane. There are two main types of endocytosis,

namely phagocytosis and pinocytosis. When particles (or
their aggregates) are larger than ~ 750 nm, the NMs are
likely be swallowed via phagocytosis by cells, such as
monocytes, macrophages, and neutrophils. Smaller NMs
are internalized by pinocytosis, which is observed among
nearly all cells. For very small particles, direct pene-
tration is another choice. Wang et al. found that small
gold NPs passively penetrated the cell membranes.'?
Prato and coworkers reported CNTs could penetrate cell
membrane and the uptake of CNTs was not affected by
temperature. 2

Mechanically, the pinocytosis can be divided
into macropinocytosis, clathrin-mediated endocytosis,
caveolin-mediated endocytosis and clathrin/caveolin inde-
pendent endocytosis. Macropinocytosis is very similar to
phagocytosis, where macropinocytosis means that cells
drink small volume of liquid by surface ruffling. There are
many molecules involved in the macropinocytosis of NMs,
e.g., phosphoinositide 3-kinase. Specific inhibitors, such
as 5-(N,N-dimethyl)-amiloride, Ly294002, wortmannin,
NaNj;, can be used to test whether the cellular uptake
of NMs is macropinocytosis. For instance, Iversen et al.
proved that ricinB-QDs were internalized by HeLa cells
via macropinocytosis-like mechanism.'?’

For clathrin-mediated endocytosis and caveolin-
mediated endocytosis, NMs are presented in small endo-
cytic vesicles, and the vesicles fuse with early endosomes.
In the clathrin-mediated pathway, the clathrin coated
vehicles containing NMs are internalized. The process

Figure 5. Cellular uptake of NPs via different pathways. Reprinted with permission from [37], M. Zhu, et al., Physicochemical
properties determine nanomaterial cellular uptake, transport, and fate. Acc. Chem. Res. 46, 622 (2013). © 2013, American Chemical

Society.

J. Biomed. Nanotechnol. 10, 2828-2851, 2014

2835



Molecular Toxicity of Nanomaterials

Chang et al.

can be inhibited by several novel inhibitors. Sucrose and
chlorpromazine showed inhibitory effects in the cellular
uptake of PEG-poly(e-caprolactone) (PCL) NPs (func-
tionalized with/without Interleukin 13), which meant that
the uptake of PEG-PCL NPs involved clathrin-mediated
endocytosis.'”® The formation of caveolar endocytic
vesicles is crucial for caveolin-mediated endocytosis.
Similarly, caveolin-mediated endocytosis could be iden-
tified by specific inhibitors, too. Lee et al. revealed
that the endocytosis of conjugated polymer NPs (CPNs)
was caveolae-mediated.'”® Genistein inhibited the uptake
of CPNs significantly, suggesting the endocytosis was
caveolae-mediated. The mechanism was further confirmed
by the co-localization of CPNs and caveolin-1.

So far the experimental evidence showed that most NMs
cannot enter the nucleus. A popular way to facilitate the
nucleus uptake is to modify NMs with nucleus targeting
moieties. There are also other reports showing NMs enter-
ing nucleus, where the size of NMs has to be smaller than
the nucleus pore (80-120 nm). Cheng et al. reported the
accumulation of PEGylated CNTs in cell nucleus.!* Liu
et al. found that different sized polystyrene NPs entered
the nucleus of HeLa cells and NIH/3T3 cells.'?!

Since the cellular uptake of NMs is mostly bio-
molecule regulated, there are many factors influencing
the cellular uptake, including size, shape, surface charge/
functionalization, and chemical composition. For example,
Liu et al. investigated the cellular uptake of gold NPs of
different sizes and charges by phagocytic and nonphago-
cytic cells.'® Positively charged gold NPs were internal-
ized by HepG2 cells much more than negatively charged
gold NPs. For RAW 264.7 cells, the surface charge seemed
not crucial, indicating a cell-type dependent uptake of
NMs. For negatively charged gold NPs, cellular uptake of
NMs shows a size-dependent nature, a diameter of about
40 nm was most preferable for above both cell lines. For
positively charged ones, a clear size-dependent uptake was
less reported. A most effective way to enhance the cellular
uptake of NMs is to modify them with specific ligands,
which enhance specific receptor-mediated internalization.
Other possibility is adding promoting reagents to enhance
the cellular uptake of NMs.'** The cellular uptake pro-
cesses of NMs have been recently summarized in our pre-
vious reviews.!3-37

Uptake and Biodistribution of
Nanomaterials In Vivo
The bioavailability and biodistribution of NMs are impor-
tant issues to consider, which have significant influence on
the toxicity of NMs.!%#: 134 The evidences accumulated
these years collectively indicate that the properties of NMs
at molecular level affect their uptake and biodistribution
in vivo.

The particulates larger than 2 wm in diameter will be
trapped in lungs via the pulmonary capillary filtration.
When NMs enter blood circulation, the cross-interaction
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of NMs and proteins might lead to agglomeration of NMs
and consequently induce the pulmonary uptake. Liu et al.
found that GO agglomerated in blood circulation in the
presence of serum proteins, and serious pulmonary trap
was observed.® The aggregation induced by serum pro-
teins of NMs can be easily avoided via surface func-
tionalization of protein-resistant polymers (e.g., PEG).'*
Other functionalities, which are stable enough against
agglomeration, are also efficient in avoiding pulmonary
uptake.'3°

Then, the recognition of NMs by opsonins is the next
step after the NMs escaping from the pulmonary capillary.
Opsonins are a big family of complement proteins and
immunoglobulin G (IgG). However, the concept of opsonin
can be extended to any blood serum component, which
aids the process of phagocytic recognition. Once the NMs
are labeled by opsonins, the reticuloendothelial system
(RES) uptake will be triggered. The RES system, includ-
ing liver, spleen and lungs, will largely trap those of high
protein affinity. Indeed, there are several studies concerned
the adsorption of opsonins on NMs and showed the protein
corona contained complement proteins and immunoglobu-
lins after NMs were introduced into serum,333% 137.138

The data in literature suggest that the molecular design
of NMs surface influences their biodistribution signif-
icantly. The most studied NMs in biodistribution are
CNTs.!® CNTs functionalized with —SO;H, ~COOH and
other negatively charged groups were cleared from blood
circulation quickly and accumulated in liver and spleen
largely.!*¢13° By changing the surface functionalities to
protein-resistant PEG, the blood circulation could be pro-
longed and the RES uptake could be reduced. Among
the PEGylated methods, Yang et al. found that cova-
lent PEGylation was the most effective one.!*® Upon
the covalent PEGylation with PEG,,,, the blood circu-
lation half-life of CNTs was prolonged to 15.3 h and
the RES uptake reduced, comparing to that of the tween
80 dispersed CNTs.!'*! The advantage of PEGylation also
includes the high tumor uptake via EPR effect. Sim-
ilar to the results of CNTs, the PEGylated QDs also
showed long blood circulation, low RES uptake and tumor
targeting.'4?

In addition, there were studies showed that the shape
and size of NMs affected the biodistribution, too. Rod-
like structure was believed to circulate longer in blood
circulation. Geng et al. reported that particles with
higher length/diameter ratio circulated longer in blood
circulation.'"*® Huang et al. found that SiO, NPs with
higher aspect ratio accumulated less in liver and spleen.'**
After PEGylation, the pulmonary uptake of SiO, NPs
increased. Akiyama et al. reported that the rod-like AuNPs
accumulated less in liver, but higher in spleen.'¥ Liao
et al. found the size effect of polystyrene NPs on their
biodistribution.'*® Larger NPs accumulated more in RES
system and distributed less in skine, muscle and fat. Very
recently, Chang et al. reported a different biodistribution
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Figure 6. Biodistribution of pristine fullerene Cq (A) and
CNTs (B). Reprinted with permission from [147], X.-L. Chang,
et al., Quantification of carbon nanomaterials in vivo: Direct
stable isotope labeling on the skeleton of fullerene Cy,. Env-
iron. Sci.: Nano 1, 64 (2014). © 2014, The Royal Society
of Chemistry; From [141], S.-T. Yang, et al., Biodistribution
of pristine single-walled carbon nanotubes in vivo. J. Phys.
Chem. C 111, 17761 (2007). © 2007, American Chemical
Society.

of Cg, to that of CNTs (Fig. 6),"*""'%7 where both were
dispersed with tween 80, thus sharing the same surface
chemistry. This definitely confirmed that the shape of NMs
affects their biodistribution in vivo.

Moreover, the excretion of NMs is very important in
nanotoxicology. The study of QDs suggested that QDs
with diameters less than 5 nm would be excreted via
urine, while the larger ones not.'*® The excretion via urine
was also evidenced in the study of carbon dots, which
were about 5 nm in diameters. However, other reports
showed that larger particles were excreted via urine. Liao
et al. found that polystyrene NPs (20-500 nm) could
be excreted via urine, while the smaller particles were
excreted more.'*® Similarly, in the study of CNTs, although
the lengths of CNTs were usually longer than 5 nm (usu-
ally in the range of 50~500 nm), well PEGylated CNTs
were found to be excreted via urine.'** ¥ So did hydroxy-
lated CNTs.'3® Anyway, according to Huang et al.’s study
of SiO, NPs, short-rod NPs were excreted more than long-
rod NPs.!* Again, the molecular design might be useful in
accelerating the excretion of NMs and reducing the poten-
tial exposure level.

J. Biomed. Nanotechnol. 10, 2828-2851, 2014

MOLECULAR MECHANISM OF
NANOTOXICITY

Released Chemical Components from
Nanomaterials

In the very beginning of nanotoxicity studies, researches
have already realized that chemical components released
from NMs might lead to toxicity. This could be easily rec-
ognized in the studies of Ag NPs,'>!:152 CdSe QDs'3 and
so on, which contains novel toxic ions. Generally, there
are two categories of situations.

The first category is that the chemical components of
NMs are toxic. Ag NPs, CdSe QDs, CuO NPs and ZnO
NPs could be identified as containing toxic elements.
Despite the debates on toxicity from NPs and/or ions, the
heavy metal ions are indeed toxic. Current results clearly
demonstrate the contribution of released ions to the total
toxicity. Taking ZnO NPs as an example, Brunner et al.
reported the toxicity of ZnO NPs to MSTO-211H cells
and NIH/3T3 cells and speculated the origin of toxicity is
Zn”* from the solubilization of ZnO NPs.!** Similar spec-
ulation was also made by Deng et al. in their study of
neural stem cells, where Zn>* showed even higher toxicity
than ZnO did.'> Yang et al. proposed the chemical dis-
solution mechanism of ZnO NPs in cell culture condition
and proved the toxicity of ZnO NPs was induced by Zn>*
(Fig. 7).18 The similar toxicity of ZnO NPs and Zn>* was
observed and a meaningful and fast increase of intracellu-
lar Zn>* was identified by FluoZin-3*M (fluorescent Zn**
indicator). As discussed aforementioned, the solubilization
of ZnO NPs was promoted by the environmental CO, dur-
ing the cell culture. It should be stated that the toxicity
of ZnO NPs might also come from the oxidative damage.
As a compromise, Xia et al. suggested that both released

Figure 7. Dissolution of ZnO NPs under cell culture atmo-
sphere and the consequence of cytotoxicity. Reprinted with
permission from [118], S.-T. Yang, et al., Cytotoxicity of
zinc oxide nanoparticles: importance of microenvironment.
J. Nanosci. Nanotechnol. 10, 8638 (2010). © 2010, American
Scientific Publishers.
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Zn** and oxidative damage contributed to the toxicity of
ZnO NPs.'%¢

The second category is that the impurities of NMs are
toxic, while the chemical components of NMs themselves
are nontoxic. A typical example comes from carbon NMs.
Hull et al. evaluated the aquatic toxicity of the leachates of
metallofullerene waste and as-produced Cgy.'>’ The metal
released from metallofullerene waste and as-produced
C4, induced meaningful toxicity to Pimephales prome-
las and Ceriodaphnia dubia. The toxicity could be elimi-
nated by adding ethylene diamine tetraacetic acid (EDTA),
a typical chelator. Aldieri et al. compared the toxicity
of Fe-rich CNTs and Fe-free CNTs to murine alveolar
macrophages.!3® Fe-rich CNTs induced significantly cyto-
toxicity, genotoxicity and potent cellular oxidative stress,
while Fe-free CNTs did not. Ge et al. have quantified the
contribution of metal impurities to the toxicity of CNTs.!>
The cell viability loss was positively correlated to the
metal impurity content. Fe showed a critical role in gen-
erating hydroxyl radicals, which reduced the cell viability
and promoted the intracellular reactive oxidative species.
They concluded that metal impurities had dominant role in
the toxicity of CNTs, while the effect of CNTs was very
limited. To address this impurity issue, Liu et al. developed
a protocol to purify CNTs and the bioavailability of metals
was reduced.!®® In addition, Gavello et al. found that met-
als had minor effect on the secretion in chromaffin cells.'®!
The presence of metal impurities depressed the exocyto-
sis milder, while the CNT structure and aggregation were
more important.

As the downstream effect, many studies have observed
the generation of reactive oxygen species (ROS).** The
released metal ions (e.g., Fe**/Fe?*) can generate radicals
via electron transfer reactions. The metal ions can also
interact with intracellular biomolecules, disrupted redox
homeostasis and induce ROS generation.

Charge of Nanomaterials

Typically, positively charged nanomaterials are more toxic
than neutralized or negatively charged ones in blood cir-
culation, because positive charges induce hemolysis and
platelet deposition. As discussed aforementioned, charge
influences the aggregation/dispersion of NMs, which fur-
ther regulates the uptake and transportation of NMs
in biosystems. There are also reports showing that the
nanosurface charge plays important role in the toxicity
of NMs.

The positive charges of NMs make them favorable to
the negatively charged cell membrane, and the disruption
of cell membrane causes toxicity. The most accepted phe-
nomenon is the hemolysis induced by positively charged
NMs. Goodman et al. reported that cationic NPs induced
hemolysis and viability loss to cells, where anionic NPs
were nearly nontoxic.'®> Mai et al. found that only
cationic NPs penetrated red blood cells.'®® The anionic
NPs were unable to do so due to the electrostatic repulsion.
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The possible mechanism of membrane damages might be
that the cationic NMs produce nanosized pores in the
cell membranes of red blood cells, causing an influx of
small solutes into the cells and leading to colloid-osmotic
lysis.'®* It should be noted that the highly negatively
charged NMs might induce hemolysis, too. For example,
the negatively charged silicon NPs, Ag NPs and CNTs
were found to have hemolytic activity.'9>-167

The positively charged NMs also induce damages to the
membrane of other cells. Chen et al. reported the induc-
tion of nanoscaled disruption of cell membrane by cationic
NPs.!'®® The formation of nano-holes took 1-100 ms,
while the resealing needed tens of seconds (Fig. 8).
Ruenraroengsak et al. verified the holes on cell membrane
with microscopy after the incubation of TT1 cells with
amine-NPs.'® The membrane damage led to cell detach-
ment, cytotoxicity and apoptotic cell death. When NPs
were functionalized with carboxyl groups or unfunctional-
ized, the membrane holes were not formed and the cyto-
toxicity was much lower.'® Grandinetti et al. reported that
cationic polymeric pDNA vehicles could induce perme-
ability of nuclear membrane.!”® This finding implied that
cationic NMs could not only cause cell membrane damage,
but also induce nuclear membrane damage. De Planque
et al. found that all the silica NPs permeabilized the lipid
bilayers already at femtomolar concentrations, below the
cytotoxic values.!”! Higher concentrations of NPs led to
an increased surface coverage and a concomitant decrease

Figure 8. Model of PAMAM dendrimer causing hole formation
analogous. (A) simulated density map of the lipophilic part
of the bilayer; (B) simulated density map of the hydrophilic
part of the bilayer; (C) the formation of a NP-bilayer com-
plex and corresponding breakage of the original membrane.
(D) AFM image of lipid bilayers with holes. Reprinted with
permission from [168], J. Chen, et al., Cationic nanoparticles
induce nanoscale disruption in living cell plasma membranes.
J. Phys. Chem. B 113, 11179 (2009). © 2009, American Chemi-
cal Society.
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in bilayer stability, which contributed to the plasma mem-
brane damage. Highly charged NMs were even reported to
enhance the permeability of blood-brain barrier.!”

The charged NMs show different uptake and translo-
cation behaviors, which alter the toxicity of NMs. Geys
et al. reported that carboxyl-QDs targeted lungs and
amine-QDs targeted liver.!”> Carboxyl-QDs induced pul-
monary vascular thrombosis more, because negatively
charged QDs activated the coagulation cascade via con-
tact activation. Greish et al. found that amine-terminated
poly(amidoamine) (PAMAM) NPs were trapped in liver.!7*
Carboxyl-terminated and hydroxyl-terminated PAMAM
NPs retained in blood stream and were excreted via urine.
Amine-terminated NPs induced blood coagulation, hemol-
ysis and haemorrhage of liver. The maximum tolerated
doses of amine-terminated PAMAM NPs were much lower
than those of carboxyl-terminated and hydroxyl-terminated
PAMAM NPs. Schaeublin et al. reported that positively
charged Au NPs induced cell death through apoptosis and
neutral NPs led to necrosis.'” Thus, the charge of NPs
is one of the key factors that could determine the toxic
mechanism.

Oxidative Stress Induced by Nanomaterials
Oxidative damage is a widely observed end point
for nanotoxicity.** Associating with the oxidative dam-
age, ROS species are detected as markers of oxidative
damage.'”*'® The generation of ROS has been explored
at a molecular level.

Metal NMs and the release components can generate
radicals, which belong to ROS. The representative NMs
are iron oxide NPs. Three typical reactions occur when
H,0, reach Fe,O; NPs. The first one is Fenton reaction
between H,0, and Fe?" released from Fe,O; NPs. The
Fe** from Fenton reaction can be reduced by H,O,.

Fe’* +H,0, =Fe*™ +OH™ +'OH (1)
Fe*t +H,0, = Fe’* + H' + HO; ()

The second type of reaction is Fenton-like reaction
between H,0, and Fe,O, NPs, where the surface Fe** and
Fe’* of Fe,0; NPs catalyze the generation of radicals.

Fe** +H,0, = FeOOH*" + H" (3)
FeOOH*" = Fe’* +HO; (4)
Fe’" +H,0, =Fe’* + OH™ +'OH 5)

The third type of reaction is Haber-Weiss reaction.
Hydroxyl radicals are generated from ‘O, and H,O,. The
net reaction is shown in Eq. (8).

Fe’t + 0, =Fe’* +0, (6)
Fe’* +H,0, =Fe*" +OH™ +'OH (7)
‘0, +H,0, ="OH+OH +0, (8)
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Wang et al. found that pH determined the mechanism of
reaction (Fig. 9).!%° At pH higher than 4.2, heterogeneous
Fenton and Fenton-like reaction occurred on the surface of
a-Fe,0; and y-Fe, 05 NPs. At lower pH than 4.2, the radi-
cal generation was more attributed to the released ions from
NPs. The presence of reduction reagents in biosystems,
e.g., L-cystine and NADPH, would reduce Fe** on the NP
surface to Fe?*, which enhanced the radical generation.
Considering that Fe,O; NPs release Fe** and Fe*™ under
acidic environment, Fe,O; NPs can generate more radicals
after they are trapped in acidic organelles. Huang et al.
found that Fe,O; NPs dissolved partially in lysosome, and
the released ions enhanced the ROS generation. According
to the studies of Fenton-like catalysis, the biosystem might
be ideal for Fenton-like reaction, because the biomolecules
will adsorb on Fe,O; NPs and the surface coating is very
important to enhance the catalytic activity.!8! Moreover,
other valence variable metals and their chemicals can also
serve as ROS generator. Fe NPs, Fe;O, NPs, CeO, NPs and
Cu,O NPs are typical catalyzers to generate radicals.'8>-186
Thus, oxidative stress was observed in the toxicological
studies of aforementioned NMs.

Carbon NMs can also generate ROS. Most CNTs gen-
erate ROS because there are metal impurities'®” and amor-
phous carbon.!®® Fullerene and its derivatives are also
capable in generating ROS, where fullerene and its deriva-
tives serve as electron shuttles between electron donors
and O, to form "O;.'" Recent reports indicated that
graphene could induce ROS generation. Zhang et al.
revealed the mechanism of radical generation by GO func-
tionalized with PEGylated poly-L-lysine.'”® H,0, firstly
added two hydroxyl groups on graphene sheets, and then
the detachment of hydroxyl groups generated two hydroxyl
radicals. GO could not only catalyze the formation of
hydroxyl groups, but also facilitated electron transfer from
cytochrome ¢ to H,O, to generate active free radicals.

In addition, NMs with photocatalytic activity also gen-
erate radicals under irradiation. QDs, carbon dots, TiO,
NPs and ZnO NPs belong to this category.!*’~'** Under
light irradiation, electron—hole pairs are generated, which
cause the formation of radicals. This mechanism has been
observed in the phototoxicity studies and photodynamic
therapies.

There are indirect pathways to increase the ROS level.
The disruption of the electron-transport chain in mitochon-
dria results in the indirect production of ROS in cells.
Under normal physiological conditions, excess ROS will
be depleted by antioxidative defense systems. If NMs
block the electron-transfer chain, or transfer electrons,
the generation of ROS would increase. NMs adsorb
enzymes and alter their structures and activities, which
might slow down the decomposition of H,0, and resulted
into the accumulation of radicals. For example, Ag NPs
deposited in mitochondria and disrupted their electron-
transfer chains.!® The increased ROS population led to
oxidative damage and cytotoxicity. Ag could also bind to
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Figure 9. The generation of "OH free radical by iron oxide NPs in biomicroenvironment. (A) “OH generation at the nanobio
interface of Fe,0, NPs; (B) chemical processes of “OH generation; (C) intracellular “OH free radical generation. Reprinted with
permission from [180], B. Wang, et al., Physicochemical origin for free radical generation of iron oxide nanoparticles in biomi-
croenvironment: Catalytic activities mediated by surface chemical states. J. Phys. Chem. C 117, 383 (2013). © 2013, American

Chemical Society.

NADH dehydrogenases in E. coli, and led to an inefficient
passage of electrons to oxygen at the terminal oxidase to
cause the generation of large quantities of ROS.!%

Another indirect pathway of generating radicals is the
activation of ROS-related enzymes and receptors. NMs
are internalized by cells, thus possibly interact with those
ROS-related enzymes and receptors, which might lead
to changes in protein function and chemical fragmen-
tation. Many NMs can oxidize NADPH to NADP and
cytochrome c-Fe?* into cytochrome c-Fe¥*.!97 Asbestos
particles and cationic polystyrene NPs have been reported
to induce the assembly and activation of NADPH oxi-
dase in human macrophages.!*>!* More recent exam-
ples are CeO, NPs, SiO, NPs and CNTs.!82200.201 For
example, Culcasi et al. reported that CeO, NPs induced
radical generation of human fibroblasts by Fenton-like
reactions, which further induced the activation of mito-
chondrial source and NADPH oxidase.'®> Nabeshi et al.
showed that NADPH oxidase inhibitor could significantly
reduce the ROS generation of HaCaT cells after the expo-
sure to amorphous silica NPs.?’! NADPH oxidase inhibitor
also reduced the DNA damages, which were associated
with oxidative stress.

Disturbed Signaling Pathway

Induced by Nanomaterials

The biological functions are usually controlled or regu-
lated by signaling pathways, which involve specific signal

2840

molecules. After NMs enter the biosystems, they might
disrupt and even block the signaling pathways, which def-
initely result in unwanted bioeffects. Thus, the disturbed
signaling pathways have received more attentions in nan-
otoxicology recent years.?02-20

The most commonly disturbed signaling pathways
are those associated with ROS. Among the ROS-
mediated signaling pathways, MAPKs pathways are the
important and frequently referred category. Li et al.
reported that graphene could trigger the apoptosis of
macrophage through MAPK and TGF- signaling path-
ways (Fig. 10).2° The upstream affairs were the depletion
of the mitochondrial membrane potential and the increase
of intracellular ROS. The apoptosis was triggered by the
activation of the mitochondrial pathway. MAPKs (includ-
ing JNK, ERK and p38) and TGF-B-related signaling path-
ways were activated in the pristine graphene treated cells.
Then, two pro-apoptotic member of Bcl-2 protein family
(Bim and Bax), caspase 3 and its downstream effector pro-
teins such as PARP were activated and the execution of
apoptosis was initiated. Roh et al. reported MAPK sig-
naling pathways were involved in the defense of Ag NP
exposure in C. elegans.® The ROS initiated the over
expression of genes (nsy-1, sek-1, pmk-1, jkk-1, jnk-1
and mpk-2) in MAPKSs signaling pathways. Eom et al.
reported that the oxidative stress of CeO, NPs to human
bronchial epithelial cell (Beas-2B) was via p38-Nrf-2 sig-
naling pathway.?”® ERK1/2 and JNK showed much less
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Figure 10. Signaling pathways involved in pristine graphene-
induced cell apoptosis. Reprinted with permission from [206],
Y. Li, et al.,, The triggering of apoptosis in macrophages by
pristine graphene through the MAPK and TGF-beta signaling
pathways. Biomaterials 33, 402 (2012). © 2012, Elsevier Ltd.

increases than p38. The activation of p38-Nrf-2 signal-
ing pathway led to the induction of HO-1 and conse-
quently the apoptosis. Cheng et al. reported that CeO,
NPs induced the generation of ROS in hepatoma SMMC-
7721 cells and activated MAPKs signaling pathways.?%
When the cells were treated with antioxidant N-acetyl-
cysteine, the ROS level decreased, which led to the sup-
pression of phosphorylation levels of ERK1/2, JNK and
p38 in MAPKSs signaling pathways. Wang et al. found
that cuprous oxide NPs could induce the apoptosis of
tumor cells by mitochondrion-mediated apoptosis pathway,
where ROS increase was observed as the sign of mito-
chondrion disruption.?!” Ding et al. found that WC-Co NPs
generated higher level of hydroxyl radicals and greater
oxidative stress comparing to fine WC-Co particles.?!!
WC-Co NPs activated AP-1 and NF-kB more efficiently
in JB6"/* cells. Both particles stimulated MAPKs with
significantly higher potency of WC-Co NPs. The inhibi-
tion of oxidative stress by N-acetylcysteine decreased the
AP-1 activation and phosphorylation of MAPKSs, indicat-
ing the involvement of oxidative stress in the signaling
activation.

Other ROS-mediated signaling pathways contribute to
the nanotoxicity, too. Nishanth et al. reported that Ag NPs

J. Biomed. Nanotechnol. 10, 2828-2851, 2014

induced more serious inflammation in RAW264.7 cells
comparing to Al NPs, Au NPs and carbon black NPs,
which was mediated by ROS and NF-«kB signaling
pathways.?!? The activation of NF-«B signaling path-
ways led to the induction of COX-2, TNF-a and IL-6.
Akhtar et al. reported that PAMAM NPs stimulated the
EGFR-ERK1/2 signal transduction pathway via oxida-
tive stress in HEK 293 cells.?’* The stimulations of
EGFR and ERK1/2 phosphorylations were time and dose-
dependent. The selective EGFR tyrosine kinase antagonist
(AG1478) inhibited EGFR-ERK1/2 signaling. The stimu-
lation of EGFR-ERK1/2 signaling could be attenuated by
the antioxidants apocynin, catalase and tempol, suggest-
ing the oxidative stress was involved. Ge NPs induced the
necrotic cell death of CHO K1 cells.”'* Intracellular cal-
cium and ROS levels increased after the exposure to Ge
NPs. The intracellular ROS led to the reduction of mito-
chondrial membrane potential (MMP), and consequentially
resulted in necrotic cell death. The toxicity of Ge NPs
could be blocked by the transduction of necrotic signaling
pathway with inhibitors.

Beyond the ROS-mediated signaling pathways, various
ROS-independent ones also widely reported in nano-
toxicology. Meng et al. reported that CNTs stimu-
lated the differentiation of PC12 cells via up-regulation
of the neurotrophin signaling pathway.?'> CNTs stimulated
the expression of neurotrophin signaling pathway associ-
ated TrkA/p75 receptors and Pincher/Gap43/TH proteins.
Yang et al. reported that [Gd@Cg,(OH),, ], NPs facilitated
the differentiation of bone marrow stromal cells (MSCs)
toward osteoblasts through BMP signaling pathway. Phos-
phorylated Smadl/5 was significantly up-regulated, but
the total Smad and a-tubulin was not changed upon NP
treatment.?!® Noggin, the inhibitor of the BMP signal-
ing pathway, could inhibit the effects. Wang et al. found
that long CNTs significantly activated macrophages and
increased the production of TGF-S1, which induced the
phosphorylation of Smad2 and then the expression of
collagen I/IIl and extracellular matrix (ECM) protease
inhibitors in lung tissues.?'” The TGF-B/Smad signaling
pathway was necessary for the expression of collagen III
in fibroblast cells. The activation of TGF-B/Smad signal-
ing pathway resulted in pulmonary fibrosis. Zhu et al.
revealed the mechanism of iron oxide NPs initiated Thl-
type immune activation, where the formation of exo-
somes as extrapulmonary signaling conveyors was the key
step.?!® Other interesting examples are also included here.
Khan et al. reported that Fe;O, NPs specifically inter-
fered with TGF-8 signaling by inhibiting the expression
of ID and SMAD genes.?’® Matsumoto et al. reported
CNTs activated ERK through the phospholipase C signal-
ing pathway.?” Guidetti et al. Found that NMs induced
platelet activation in vitro through stimulation of canonical
signalling pathways, such as the stimulation of phospho-
lipase C and Raplb.?*! Li et al. reported that PAMAM
triggered the autophagic cell death by deregulating the

2841



Molecular Toxicity of Nanomaterials

Chang et al.

Akt-TSC2-mTOR signaling pathway, and the acute lung
injury was promoted.??

Membrane Damage Induced by Nanomaterials
Membrane damage is a widely monitored endpoint in
nanotoxicology. In some specific cases, membrane dam-
age is the origin of nanotoxicity. After NP permeation,
the water penetration, ion transport and lipid flip-flop will
be triggered.”?® There are several studies on understand-
ing the mechanism of membrane damage at the molecular
level.

NMs might cut the cell membrane to induce toxicity.
Liu et al. reported that individual CNTs were more toxic to
bacteria than CNT aggregates.?** CNTs were visualized as
nano dart here to degrade the cell integrity. By dispersing
CNTs well and shaking CNTs faster, the CNT dart caused
more toxicity to bacteria. Similarly, graphene materials,
which have sharp sheets, can cause membrane damage to
bacteria.?*

When NMs are functionalized with hydrophobic or
amphiphilic chains, NMs can damage the membrane by
diffusion effects. Yang et al. found that PEGylated carbon
dots were toxic to cells, because PEG acted as fusogen
in cell membrane diffusion.??® Dubavik et al. functional-
ized CdTe QDs with thiolated methoxypolyethylene glycol
penetrated cell membrane easily.??” Gkeka et al. modeled
the permeation of NPs through lipid membrane.?*® There
was a tendency that homogeneous pattern of hydrophobic-
hydrophilic surface chains was formed to facilitate the
permeation. Not toxicological relevant but inspiring, the
sealing of cell membrane has been widely reported. For
instance, Cho et al. found that chitosan could act as fuso-
gen to cell membrane, and chitosan NPs could be used for
membrane sealing.??

Computation is very powerful in revealing the mecha-
nism of membrane damage. Fiedler et al. investigated the
permeation of Cg,, open-Cy, and nano C through lipid
membrane.?*® Phan et al. calculated the interaction of lipid
membrane and graphene, and the contribution of van der
waals interaction was the major binding force.”>! Alexeev
et al. found that NPs created controllable pores on mem-
brane by external force, where the pores persisted after
the force was released.’? Jing et al. revealed that the
hydrophobic interaction underlied the envelopment of NPs
by lipids, which were attracted from lipid layers to the
surface of NPs.?** The formation and growth of lipid-
poor regions (referred as pores or holes) were controlled
by NP concentration, size, and surface hydrophobicity.
Recently, Tu et al. reported the molecular mechanism of
membrane damage caused by graphene (Fig. 11).2** First,
graphene penetrated into the cell membrane of E. coli.
Then, phospholipids were extracted by graphene layers.
The TEM and simulation results together suggested that
the two steps resulted in destructive extraction of phos-
pholipids, which was the molecular basis of graphene
toxicity.
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Figure 11. Docking simulations of the lipid extraction by
graphene. Reprinted with permission from [234], Y. Tu, et al.,
Destructive extraction of phospholipids from Escherichia coli
membranes by graphene nanosheets. Nat. Nanotechnol. 8, 594
(2013). © 2013, Macmillan Publishers Limited.

Synergistic Toxicity of Nanomaterials with

Other Toxicants

The synergistic toxicity of NMs with other toxicants is
attracting more attention nowadays. The enhanced toxicity
or reduced toxicity of toxicants in presence of NMs are
reported by different groups.

The first effect of NMs on toxicants is the regulation
on bioavailability and retention. Henry et al. showed that
fullerene Cg, aggregated and sedimented in the presence
of Hg?*, which led to the reduce of Hg?>* uptake by lar-
val zebrafish Danio rerio.*® However, for zebrafish resid-
ing at the bottom, the Hg?* bioavailability was elevated.
Tan et al. showed that the uptake and retention of Cd
and Zn in Daphnia magna was enhanced when they were
adsorbed on TiO, NPs.?*¢ Guo et al. revealed the mecha-
nism of SiNP enhanced Cd bioavailability in mice.”*” BSA
adsorption on SiNPs was a great enhancer of Cd loading,
which led to the high Cd contents in liver and kidneys
(statistically higher than CdCl, alone). Yu et al. found
that oxidized CNTs enhanced the uptake of Cd and Zn
in Daphnia magna, while the non-oxidized CNTS reduced
the uptake.”®® The difference might come from the sur-
face oxygen containing groups, which adsorbed Cd and Zn
effectively.

The enhanced bioavailability of toxicant increases the
real concentration of toxicant, thus, an enhanced toxi-
city is expected. Zhu et al. suggested that phenol red
became toxic after carbon NMs delivered it into cells.?*’
Zheng et al. reported that TiO, NPs aggregated in pres-
ence of bisphenol A, and TiO, NPs deliverd bisphenol A
to the nuclei area of L-02 cells.?** The delivery enhanced
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the oxidative stress and DNA damage, which were more
serious than the toxicity of bisphenol A or TiO, NPs
alone. Guo et al. showed the high Cd uptake in liver
and kidneys in the presence of SiNPs and proteins.?’
The synergistic toxicity, including body weight loss, organ
index increase, serum biochemistry, histological damage
and oxidative stress, was more serious than the toxicity
of CdCl,. Fan et al. reported that TiO, NPs adsorbed
Cu?*, enhanced the ingesting of Cu, and consequently
resulted in higher toxicity.?*! The LCs, for Daphnia magna
was reduced from 111 pg/L to 42 wg/L, and the met-
allothionein decreased from 135 ug/g wet weights to
99 ug/g. Hu et al. reported the adsorption on TiO, NPs
and CeO, NPs enhanced the toxicity of Pb**, since NPs
were ingested in the gastrointestinal tract of Ceriodaphnia
dubia.**? Reducing the pH value would enhance the tox-
icity of Pb** further. Zhang et al. reported the enhanced
Cu?* burden in zebrafish by CdTe QDs.?** The mortality,
un-hatch rate and malformation induced by Cu?* were all
increased when CdTe QDs presented. Kim et al. reported
a special mechanism of CNT enhanced Cu?* toxicity.?*
Since Cu®* was bound with natural organic matter (NOM),
the free Cu®* concentration was reduced and the toxic-
ity of Cu?* was relieved. CNTs competitively bound to
NOM, which caused the release of free Cu?>". The mor-
tality of Daphnia magna increased when Cu*" was co-
exposed with CNTs.

There are some interesting results different from the sole
enhancement. Wang et al. reported that Al,O; NPs could
adsorb As (V) and be ingested by Ceriodaphnia dubia
to increase the bioavailability and toxicity at low Al,Os
concentrations.** When very high Al,O; concentrations
were adopted, the Al,0; NPs blocked the release of As
(V) and a relieved toxicity was found. Similar results were
reported in their study of TiO, NPs and As (V).2* Zhang
et al. found that TiO, NPs increased the Pb level after the
co-administration of TiO, NPs and Pb(Ac),.>*” However,
the TiO, NPs Pb(Ac), group and Pb(Ac), group showed
very similar toxicity to liver and kidneys, although both
were significantly more toxic than TiO, NPs.

Other Mechanisms of Nanotoxicity

Despite the aforementioned novel mechanisms, there are
other less focused but still important mechanisms of nan-
otoxicology. Taking these mechanisms into consideration
would help us understand nanotoxicology better.

The depletion of nutrients is an unusual nanotoxicologi-
cal mechanism. Hurt and coworkers revealed the depletion
of amino acids and vitamins from cell culture medium by
CNTs and graphene.”>** CNTs induced cytotoxicity via
this pathway, where the toxicity could be reduced by sup-
plying additional folate. Horie et al. showed the adsorp-
tion of Ca’* and proteins on TiO, NPs, which induced
toxicity to cells.’” The pretreatment of TiO, NPs with
FBS blocked the adsorption effect, thus their toxicity was
diminished.

J. Biomed. Nanotechnol. 10, 2828-2851, 2014

The misfolding of protein or nucleic acids has been
observed in the presence of NMs. The conformation loss of
proteins or nucleic acids leads to the false or reduced func-
tions. The protein misfolding diseases (e.g., Alzheimer’s
disease) are well acknowledged. Therefore, logically we
speculated that the misfolding of biomolecules would
induce toxicity to biosystems. Unfortunately, no such
investigation is available nowadays. We prefer to propose
this unproven mechanism here to encourage the related
studies. Combinations of structural studies and toxicolog-
ical studies are highly appreciated.

SUMMARY AND OUTLOOK

In summary, after the rapid developments of nanotoxicol-
ogy, the studies of nanotoxicity should be pushed to a
new stage that not only accumulates toxicological data,
but also revealing the underneath mechanisms. We summa-
rized here the toxicity explorations of NMs at the molec-
ular level. NMs interact with biomolecules after entering
the biosystems, which lead to the transformation and/or
degradation of NMs. The interactions between NMs and
biomolecules help to understand the uptake and translo-
cation of NMs in biosystems, where the molecular recog-
nition seems very important in this stage. Then, taking
the NM-biomolecule interactions and the chemical nature
of NMs into consideration, the nanotoxicological mech-
anisms could be partially understand at molecular level.
However, due to the complexity of NMs and biosystems,
the available data are not systematic and consistent with
each other yet. There are several major issues to consider
in future molecular nanotoxicity studies.

The first one is the reproducible production and full char-
acterization of NMs. Since the physicochemical properties,
including charge and charge distribution, surface funtion-
calization and functionality pattern, size and shape, etc.
directly affect the toxicity of NMs. The reproducibility of
NDMs preparation is also crucial for toxicologists to reach
consistent and reliable conclusions. To ensure the repro-
ducibility, standard characterization techniques are highly
demanded. In fact, the characterization is also important
for the transformation/degradation studies of NMs. After
the transformation/degradation, the properties of NMs will
change, so for the toxicity. Unlike direct characterization of
as-received samples, the characterization of NMs in nano-
toxicology requires capability of in situ characterization in
biosystems, in particular for the low contents and minor
modifications. After obtaining the full information of NMs
in biosystems, we can then possibly reach some conclusive
points of molecular toxicity of NMs.

Secondly, building the structure-toxicity relationship
should receive much more attentions. The quantitative
structure-activity relationship (QSAR) is widely used in
the pharmacology studies. There are accumulating evi-
dences showing that the structure (including surface func-
tionalities) regulates the toxicity of NMs. It would help
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the future study a lot if the structure-toxicity relationship
is clearly clarified. The building of QSAR like structure-
toxicity relationship in nanotoxicology obviously requires
tremendous efforts at molecular level. The computational
assisted researches are extremely welcome in building the
structure-toxicity relationship. Beyond that, the re-visiting
of published data is also very valuable for this purpose.

Thirdly, how to link the molecular outcome with dis-
eases with hazards exposure is another important issue.
Currently, many molecular results, in particular the studies
in solution, have not been associated with the diseases or
toxicity observation. In many cases, the observed changes
are referred to have impact on the health. A direct connec-
tion between the molecular changes and toxicity/disease is
worthy. The representative example could be that NMs alter
the protein fibrillation.”” Would the accelerated fibrillation
lead to Alzheimer’s disease? Another recent example was
the broad-spectrum antibacterial activity of CNTs to human
gut bacteria.>*® Would the disturbance of gut bacteria affect
the health of human beings? Answering such questions will
largely deeps our understanding of nanotoxicity.

The last but not the least, designing biocompatible NMs
and developing curing strategy of nanotoxicity are always
the most attractive pearls of nanotoxicology. As we dis-
cussed aforementioned, many factors regulated the toxicity
of NMs. We need to consider these factors in future design
of biocompatible NMs. For instance, Ge et al. reported that
many proteins could bind to CNTs, resulting in a full cover-
age of CNT surface, which decreased the toxicity of CNTs
to cells.>* Thus, one can pre-coating CNTs with proteins to
mitigate their toxicity. Li et al. showed that D-GSH coating
reduced the toxicity of QDs more than L-GSH coating.?*
This finding suggested that the chirality should be consid-
ered in designing biocompatible NMs. Another issue has
been even less concerned, that how can we cure nanotox-
icity after the toxic hazards are induced. This hold great
importance, since we cannot achive the complete elimina-
tion of nanotoxicity before the use. The potential strategies
could be designed from the molecular nanotoxicity results.
Oxidative stress is the common pathway of nanotoxicity,
we may treat the patients with antioxidants to inhibit the
oxidative damage. Such strategy has been proven by co-
exposure of antioxidants and NMs. The performance of
antioxidants after the injury occurs need to be evaluated.
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