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Abstract

Engineered nanomaterials (ENMs) are being incorporated at an
unprecedented rate into consumer and biomedical products. This
increased usage will ultimately lead to increased human expo-
sure; therefore, understanding ENM safety is an important
concern to the public. Although ENMs may exert toxicity through
multiple mechanisms, one common mechanism of toxicity
recognized across a range of ENMs with varying physicochem-
ical properties is oxidative stress. Further, it is recognized that
several key physicochemical properties of ENMs including size,
material composition, surface chemistry, band gap, and level of
ionic dissolution for example contribute to ENM driven oxidative
stress.While it has been shown that exposure of cells to ENMs at
high acute doses produce reactive oxygen species at a toxic level
often leading to cytotoxicity, there is little research looking at
oxidative stress caused byENMexposure atmore relevant low or
non-toxic doses. Although the former can lead to apoptosis,
genotoxicity, and inflammation, the latter can potentially be
damaging as chronic changes to the intracellular redox state
leads to cellular reprogramming, resulting in disease initiation and
progression among other systemic damage. This current opin-
ions article will review the physicochemical properties and
mechanisms associated with ENM-driven oxidative stress and
will discuss the need for research investigating effects on the
redox proteome that may lead to cellular dysfunction at low or
chronic doses of ENMs.
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1. Introduction
Engineered nanomaterials (ENMs) have a diverse range
of applications due to their unique properties at the
nanoscale. They have shown potential benefits for
medical advancements in drug delivery, imaging, vacci-
nations, and sterile wound treatment among others [1].
With the incorporation of ENMs into biomedical and
consumer products rapidly expanding, their health and
safety remains of utmost concern to sustainable use of
these products. A major challenge in understanding
ENM toxicity lies in their diversity. ENMs are defined

as any man-made material with at least one dimension
less than 100 nm; however, this classification includes a
large range of varying physicochemical properties such
as material composition, hydrodynamic size, shape, and
surface chemistry/charge as examples. Due to the wide
diversity of these physicochemical properties, ENMs
can have beneficial applications but present a major
challenge to understanding their safety.

A common mechanism of toxicity recognized across
ENM types is their ability to impact the oxidative state

of the cell. It has been clearly recognized that many
ENMs promote direct damage through reactive oxygen
species (ROS) production and an increase in cellular
oxidative stress often leading to cytotoxicity [2e4]. It is
also important to recognize that ENMs, particularly at
low or non-cytotoxic doses, may lead to alterations in the
intracellular redox state, which could impact redox
signaling and control that is essential to cell function.
These cellular alterations may not lead to overt toxicity,
butmay shift cell function and signaling as well as impact
disease initiation and progression. This redox signaling
homeostasis within the human body occurs via oxidation

and reduction of protein thiols and has been termed the
redox proteome [5]. The redox proteome consists of all
proteins in the cell regulated by the redox state. Thiol
groups, particularly those present on cysteine amino
acids, tend to be specifically sensitive to redox influence.
These cysteine thiols, also known as sulfur switches, are
heavily incorporated into redox sensing and signaling
because they are stable over a wide range of redox po-
tentials and can be ionized to different oxidative states
over the normal physiological pH range, including a
negative thiolate form (-RS�), fully reduced form (-SH),

and higher oxidized forms (-RSO2
�). Regulatory redox
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sensing proteins, such as thioredoxin (TRX) and perox-
iredoxin (PRX), can manipulate cysteine thiols by
reduction/oxidation or physical binding. Furthermore,
there are a number of cysteine thiol covalent modifica-
tions, such as S-glutathionylation or S-cysteinylation,
which can modify redox sensitive proteins. Any of these
changes to a protein’s thiols can impact activity levels,
modify binding ability, or completely change function of

the protein [6]. Redox-mediated modulation of these
proteins can affect downstream pathways including
many important cellular homeostatic pathways that,
when disrupted, can lead to cardiovascular diseases,
cancer, and neurodegeneration as examples [7]. Certain
ENMs have shown the ability to manipulate thiol sulfur
switches but only very preliminary research has been
done in these regards. Furthermore, potential toxicity
from ENM manipulation of the intracellular redox state
and any resulting damage represents a challenge in fully
understanding ENM safety particularly at low dose and/

or chronic exposure. In this current opinions review, we
will discuss 1) the impact of ENM physicochemical
properties on redox balance; and 2) mechanisms by
which ENMs may impact the cellular redox balance.
Importantly, we will identify areas where more research
is needed in understanding the impact of ENM expo-
sure, particularly at low and/or chronic dose levels, on the
redox proteome, oxidative stress and critical cellular
functions.
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2. Contribution of ENM physicochemical
properties to redox dyshomeostasis
ENMs have the potential to manipulate the intracellular
oxidation state through several different mechanisms
which are dependent upon their physicochemical
properties. ENMs can be reactive based on such phys-
icochemical properties as band gap, surface defects,
surface charge, and level of ionic dissolution (Fig. 1).
This ability of ENMs to shift the redox proteome and
reprogram cells to promote disease initiation and pro-
gression is a central toxicological concern for the
development and implementation of ENMs into
biomedical and consumer products.

2.1. Band gap
The band gap, also known as an energy gap (EG), rep-
resents the energy needed to advance a valence band
electron to the conduction band within any material’s
electron orbital. From this, both valence energy (EV) and
conduction energy (EC) can be calculated, which are the
energies needed to exchange electrons between the
respective bands and the surrounding environment. EC

is an important property because electron transfer from
the conduction band to the surrounding environment

requires significantly less energy than from the valence
band and is therefore the most likely electron transfer to
occur. Zhang et al. explored the EC of 24 metal-based
ENM and its relation to the intracellular redox
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potential, which is normally maintained at a range
of �4.14eV to �4.84eV. The authors hypothesized that
if the EC overlaps with cell potential, it will freely ex-
change electrons and be reactive in the oxidative realm.
Out of the 24 ENM tested, they identified six with
overlapping potentials (Co3O4, Cr2O4, Ni2O3, Mn2O3,
CoO, and TiO2). Out of those six ENMs, five were the
most toxic of all 24 tested both in vitro demonstrated by

mitochondrial damage and ROS production and in vivo
shown through increased inflammation and oxidative
stress markers [8]. This demonstrated a correlation
between band gap and potential oxidative toxicity. In
addition to this, several ENMs outside the band gap
range have properties that cause intracellular oxidative
misbalance through different mechanisms.

2.2. Metal-based reactive elements
Cerium dioxide (CeO2) exists in two valent states, Ce3þ
and a Ce4þ, with a conduction energy that falls out of the

intracellular redox potential range (�3.80 eV) [8].
Despite this, CeO2 at the Ce4þ state has the ability to
interact with oxidative species such as nitric oxide (NO)
significantly more than CeO2 at the Ce

3þ state, leading to
cardiovascular dysfunction and changing redox kinetics
within the cell [9]. CeO2 could be one of many ENMs
with the ability to do this but is one of very few whose
toxicity is extensively researched. Similarly, Zhang et al.
above identified two ENMs that fell out of the over-
lapping EC range (CuO and ZnO) but still caused serious
oxidative damage through ionic dissolution [8].

In addition to the elemental state, certain metal-based
ENMs have the potential to release metal ions that
are reactive with the redox environment around them
[10,11]. The likelihood that these ENMs shed ions and
the ion’s potential toxicity is based on different physi-
cochemical properties. For example, it has been shown
that silver nanoparticles (AgNPs) are prone to release
reactive ions compared to other metals and, importantly,
AgNPs are more likely to undergo dissolution as the
surface area is decreased [12]. Dissolution can be a

major source of oxidative stress within the cell as well as
extracellularly. There is a large gap in the current liter-
ature as to whether observed nanotoxicity is caused by
the ENM itself or the metal ions it releases. In this
regard, new tools are being developed, such as single-
particle inductively coupled plasma mass spectrometry
(ICP-MS), that may further define the contribution of
ions vs. ENM to oxidative stress and should improve our
understanding of these mechanisms.

2.3. Surface chemistry
Another physicochemical property that contributes to
ENM toxicity and oxidative stress is variation in surface
chemistry such as chemical defects in the surface of the
ENM. Surface defects are a common occurrence during
mass production of ENMs that includes both physical
defects, where the ENM lattice structure is
Current Opinion in Toxicology 2019, 13:74–80
compromised, or chemical defects, where an unin-
tended chemical dopant is introduced into the lattice
for example. These defects will affect the ability of
ENM to exchange electrons impacting its reactivity
with the redox proteome. One example is titanium di-
oxide nanoparticles (TiO2) which are not normally
oxidatively reactive but can absorb photons to create an
oxidizing energy gap in the electron orbital. As

mentioned before, certain energy gaps can cause ENMs
to be more reactive. TiO2 nanoparticles that are
manipulated into this band gap will specifically produce
hydroxyl radicals and malondialdehyde (MDA), a reac-
tive byproduct of lipid peroxidation. The nanoparticle’s
level of photon absorbance and resultant oxidative stress
can change depending on the specific chemical surface
defects introduced during production, such as imple-
mentation of silica and aluminum dopants [13]. Since
introduction of these defects can significantly affect
ENM reactivity in the oxidative realm, they must be

explored and defined by type and prevalence during
production along with all physicochemical properties
that can potentially lead to redox state manipulation.
3. Mechanisms of cellular ENM-mediated
redox state modulation
As discussed above, ENMs possess unique physico-
chemical properties to promote oxidative stress. Impor-
tantly, many ENMs are readily internalized by cells
through various mechanisms that can further promote
intracellular oxidative stress. Once localized within the
cell, ENMs can lead to dysregulation of several normal
cellular functions including the intracellular redox prote-
ome.There is sufficient evidence showing that ENMs can
be taken up into a variety of cell types, including macro-
phages, endothelial cells, and lung alveolar cells as ex-
amples [14e16]. The uptake of ENMs is driven by

physicochemical properties including size, shape, charge,
and surface coating. In addition to the physicochemical
identity of ENMs, nanoparticles entering a biological
milleau often attract an assortment of proteins to their
surface, termed a ‘protein corona’ [17]. The presence and
composition of the protein corona can change the rate of
ENM cellular uptake highlighting the importance of un-
derstanding these critical physicochemical properties
including protein corona formation, which constitutes the
‘biological identity’ of an ENM [18].

There are multiple mechanisms through which cells can
uptake ENMs including receptor mediated endocytosis,
passive diffusion, and active phagocytosis [19e21]. Cells
also have the ability to uptakemetal ions shed fromENMs
through different mechanisms including the divalent
metal transporter (DMT1) [22]. Additionally, when
ENMs are taken up into cells they are even more likely
the undergo dissolution because of the change to more
acidic intracellular pH levels, particularly in lysosomal
compartments [23]. Dissolution of metal-based ENMs is
www.sciencedirect.com
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potentially occurring at both an extracellular and intra-
cellular level, contributing to oxidative damage. ENMs
can cause oxidative stress through several other intracel-
lular mechanisms, including modulating those that are
innate and essential to cellular function.

3.1. ENM driven NADPH oxidase and
mitochondrial damage
Once ENMs enter the cell, they can manipulate cellular
pathways to cause overproduction of ROS. One example
by which this occurs is NADPH oxidase, which is highly
expressed in phagocytizing immune cells such as macro-
phages and neutrophils. This is of utmost relevance
because these cells readily uptake ENMs. This enzyme is

part of these cells’ normal defense system and will pro-
duce ROS to kill any pathogens it phagocytizes. Once the
pathogen is cleared, ROS production stops. It has been
observed that ENMs can constitutively turn on this
system as the cell recognizes the nanoparticle as foreign
but is unable to kill or clear the ENM through ROS pro-
duction. Again, ENM physicochemical properties can
dictate the level of NADPH oxidase activation. For
example, Sun et al. compared spherical nanoparticles
(carbon and silver) to large aspect ratio particles (multi-
walled carbon nanotubes [MWCNT] and silver nano-

wires) to analyze the effect of ENM shape and material
composition in activating NADPH oxidase. It was found
that large aspect nanoparticles (e.g. MWCNT) caused
more NADPH oxidase based oxidative damage than
spherical particles. Furthermore, they linked NADPH
oxidase-dependent inflammasome recruitment to
MWCNT-mediated lung fibrosis [24]. This demonstrates
a direct connection between ENM-mediated oxidative
stress and disease.

Another source of intracellular redox manipulation is

ENM-mediated mitochondrial damage. Whereas the
mitochondria normally leak low levels of ROS that help
maintain intracellular homeostatic redox kinetics,
ENMs can damage or change mitochondrial function to
shift this redox state. Gold nanoparticles (AuNP) were
shown to cause mitochondrial damage including caspase
activation and decreased respiration in vitro. This
damage was reversed with introduction of antioxidants
showing that ROS was central to the toxicity [25]. It was
not addressed in this study whether this oxidative stress
was through direct interaction with the mitochondria or
indirect damage, but there is evidence that ENM can

enter the mitochondrial compartment [26]. Further,
physicochemical properties, like surface charge, also
affect ENM interaction with the mitochondria. Hussain
et al. explored how modulating the surface charge of
AuNP can change oxidative reactivity of the ENM.
They showed that ROS production was similar between
charged and neutral AuNP, but that charged ENMs
induced further mitochondrial stress compared to
neutral particles through loss of mitochondrial mem-
brane potential and efflux of Ca2þ ions into the cytosol
www.sciencedirect.com
[27]. ENM-mediated manipulation of intracellular
redox state through modulation of inherent cellular
pathways can be both a source of acute direct ROS
damage and of chronic redox state changes leading to
cellular reprogramming at a systemic level.

3.2. Impact of ENM exposure on redox regulated
cell signaling
ENM-mediated changes to redox-sensitive cysteine
thiol sulfur switches can have detrimental effects to the
cell (Fig. 2). Currently, few studies have examined the
ability of ENMs to modulate redox signaling effects
within the cell despite the importance of these thiol
switches in regulation of many cellular functions. Duan

et al. has shown an increase in S-glutathionylation to
cysteine thiols caused by ENMs, and correlated levels of
this specific thiol manipulation with more oxidatively
damaging particles (CoO > Fe3O4 > SiO2). Some
functional pathways they found to be significantly
affected by these ENM-driven thiol modifications
include PI3K/AKT, Nrf2-Keap1, ERK/MAPK, and
mTOR signaling which are all associated with cellular
metabolism and homeostasis [28]. Chronic reprogram-
ming of any of these critical pathways can lead to serious
cellular viability and functional consequences. ENMs of

varying physicochemical properties have also been
demonstrated to induce increased levels of metal-
lothionein, which are cysteine-rich proteins known to
bind to and sequester metals [29,30]. This provides
another mechanism through which ENM can manipu-
late thiols, potentially leading to changes in redox
signaling and control. So far, only few specific modifi-
cations of sulfur switches by ENMs have been recog-
nized; however, there are many more modifications that
can affect thiols and the ability of ENMs to modulate
the changes should be further investigated.

It has been estimated that over 80% of Cys residues in
the redox proteome are correlated to functional pathways
[7]. These functional changes are concerning because
they can accumulate over time and lead to disease and
systemic damage. For example, there are redox sensitive
switches that control p53, NF-kB, and PTEN pathways
which are correlated with proliferation/cancer and
inflammation [7]. Any manipulation of these pathways,
such as with chronic, low-dose exposure to ENMs, needs
to be examined. Additionally, while ROS production can
lead to shifts in these pathways, it is the small redox

changes over time that can potentially reprogram cells.
Furthermore, modification of the redox proteome will
likely vary across cell and animal models due to genetic
differences that have not been explored as well.

3.3. Possible contribution of extracellular thiol
groups to ENM toxicity
The manipulation of the oxidative state extracellularly by
ENMs can also lead to a variety of negative effects within
the cell. This occurs throughmanymechanisms including
Current Opinion in Toxicology 2019, 13:74–80
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lipid peroxidation, which produces reactive species like
malondialdehyde (MDA) and 4-hydroxynonenal (HNE)
that can cause direct damage to the cell [8,31]. Redox-
sensitive proteins that are modified in the extracellular
space can be taken up into cells, potentially leading to
endoplasmic reticulum (ER) stress from the unfolded
protein response or can further shift intracellular redox

state [32,33]. However, these are more likely targets of
oxidative damage from reactive oxygen species formed
from acute, high doses of ENMs. More relevant chronic,
low doses are likely to induce modulation of extracellular
thiol residues without causing direct damage.

There are extracellular sulfur switches present on the
apical side of the membrane that can signal intracellu-
larly, including epidermal growth factor receptor
(EGFR) which is strongly related to cell homeostasis
and has upregulated activity in cancer cells [34]. These
Current Opinion in Toxicology 2019, 13:74–80
thiols can regulate important pathways in the ER,
cytoplasm, nucleus and mitochondria such as the
unfolded protein response, Nrf2-Keap1, and ASK-1 [7].
Extracellular thiols have direct exposure to the sur-
rounding environment which can explain why they
control such important intracellular function. Changes
to these thiols can be chronic and lead to cellular

reprogramming and disease [35]. ENMs have the po-
tential to affect these thiols through direct interaction,
but also by changing the extracellular oxidation state. An
oxidizing extracellular state leads to a more oxidized
state of extracellular thiols thereby resulting in activa-
tion of NF-kB as well as increased mitochondrial ROS
production [36,37]. Interestingly, all of these events
could occur without uptake of the ENM into the cell,
which has yet to be explored. There is a large gap in the
literature looking at how ENMs can cause damage
through association with the membrane and even less
www.sciencedirect.com
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looking at their possible activation of extracellular thiols.
It will be important to understand if extracellular thiols
are affected by ENMs, what intracellular pathways they
modulate, and what phenotypic changes may eventually
occur in various cell types.
4. Concluding remarks
ENMs have enormous potential in many facets of society;
despite this, it is important to understand safety of these
materials and one common toxicological outcome across
many nanoparticle types is the induction of oxidative
stress. It has been demonstrated that ENM driven
oxidative stress can lead to inflammation, cell apoptosis,

and genotoxicity [38e40] but many of these studies have
utilized acute high-dose exposures that may not accu-
rately represent exposure levels through consumer prod-
ucts or nanotherapeutics. In contrast, chronic, low-dose
exposures may lead to more subtle changes to the redox
proteome to promote inappropriate cell signaling result-
ing in pathophysiological outcomes. These redox prote-
ome changes are currently overlooked in the
nanotoxicology field and should be examined to ensure
safe implementation of these promising materials. For
example, future nanotoxicology studies need to focus on

how chronic changes to the redox proteome can be caused
by low or non-toxic doses of ENMs (e.g. thiol modifica-
tions), and implications of such changes on disease initi-
ation or progression. These studies will be important to
further understand how key ENM physicochemical
properties such as band gap, surface defects, and pro-
pensity for dissolution impact the redox proteome.
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