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A B S T R A C T

Neurodegenerative diseases and disorders seriously impact memory and cognition and can become life-threa-
tening. Current medical techniques attempt to combat these detrimental effects mainly through the adminis-
tration of neuromedicine. However, drug efficacy is limited by rapid dispersal of the drugs to off-target sites
while the site of administration is prone to overdose. Many neuropathological conditions are accompanied by
excessive reactive oxygen species (ROS) due to the inflammatory response. Accordingly, ROS-responsive drug
delivery systems have emerged as a promising solution. To guide intelligent and comprehensive design of ROS-
responsive drug delivery systems, this review article discusses the two following topics: (1) the biology of ROS in
both healthy and diseased nervous systems and (2) recent developments in ROS-responsive, drug delivery system
design. Overall, this review article would assist efforts to make better decisions about designing ROS-responsive,
neural drug delivery systems, including the selection of ROS-responsive functional groups.

1. Introduction

Neuroinflammation is common to many neurodegenerative diseases
within the central nervous system. As the body's physiological response
to defend itself from harmful stimuli, inflammation is beneficial to the
central nervous system and contributes to neuronal repair, remyelina-
tion, and axon regeneration [1]. Although inflammation is a necessary
and natural bodily response to disease and injury, it can also lead to
unintended side effects such as the initiation and exacerbation of neu-
rodegenerative diseases like Alzheimer's disease [2], Parkinson's disease
[3], and epilepsy [4], among others [5]. Additionally, it can pose pro-
blems relating to rejection of medical devices, tissue necrosis, and im-
paired recovery [6,7]. Multiple inflammatory factors that are associated
with neurodegeneration have been identified to mediate neurodegen-
eration; however, none of these are adequate therapeutic targets to
combat the progression of neurodegenerative diseases [5].

Chemically reactive molecules containing oxygen known as reactive

oxygen species (ROS) are key players in both the beneficial and da-
maging aspects of the immune response [8]. Typical ROS, including
superoxide (O2

−), hydrogen peroxide (H2O2), hypochlorous acid
(HOCl), hydroxyl (•OH), alkoxyl (RO•), and peroxyl (ROO•) radicals, are
commonly formed as byproducts of oxygen metabolism. They partici-
pate in a variety of signaling processes during neuronal development
and function. However, ROS can cause unintended effects by non-spe-
cifically oxidizing essential molecules when they are produced in ex-
cess, even in the absence of inflammation.

Over the years, strategies to combat the neurological diseases and
disorders have focused on the use of antioxidants and medicine that
blocks cellular receptors and signaling pathways specific for specific
diseases or disorders [9]. However, many of these treatments do not
target the site of neuroinflammation, leading to dispersal of the drugs
throughout the body. Therefore, in order to maintain sufficient con-
centrations of drugs at the diseased site, higher concentrations and
additional drugs must be administered. This addition can lead to
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adverse side-effects such as overdose or anti-oxidative stress at the local
site and unintended off-site reactions [10].

ROS-responsive drug delivery systems in the form of nano- or mi-
croparticles are currently being investigated for their potential to im-
prove the therapeutic effects of drugs in response to excess ROS [11]. In
general, these particles contain polymers that are functionalized with
chemical groups that react with ROS. In an oxidative environment,
particles swell to release their molecular cargo progressively, or burst to
discharge the entire payload all at once. As these particles can release
drug cargos in response to abnormally increased levels of ROS, ROS-
responsive particles can potentially minimize the side-effects caused by
off-target dispersal of therapeutic agents on the natural brain phy-
siology.

With this motivation in mind, the scope of this review article is two-
fold: (1) an overview of the role of ROS on the underlying biology of
neuroinflammation and (2) a survey of current design approaches in-
volving the use of ROS-responsive drug delivery systems for treating
neurological diseases and disorders. This review may serve as a useful
foundation for the design of future inflammation treatments that
carefully consider the interplay between ROS, immune response, and
various inflammatory diseases. ROS are not simply dangerous chemical
species that must be eliminated. They are essential molecules that only
cause problems when they are unregulated by extrinsic factors such as
disease and injury. Therefore, the goal of any future medical treatment
should be the balanced control of oxidation and anti-oxidation, not
elimination of ROS. Modular responsive systems using biomaterials are
well suited to achieve this end.

2. Endogenous production and physiological/pathophysiological
role of ROS

The brain is a metabolically demanding organ. Compared to other
tissues in the human body, the brain consumes 20% of the oxygen in the
body, even though it only comprises 2% of the total body weight [12].
Due to the extremely high metabolic rates, the brain in turn produces
large concentrations of ROS [13]. ROS are generated in a wide range of
normal physiological conditions and play a large role in a number of
functions including synapse plasticity, learning and memory, and the
immune response against pathogens [8,14,15]. When unregulated, ex-
cess ROS can lead to oxidative stress. High levels of ROS have been
associated with a decline in cognitive function, as observed in neuro-
degenerative disorders such as Alzheimer's and Parkinson's disease

(Fig. 1) [16–19]. To prevent excessive ROS production, cells produce a
variety of antioxidant enzymes. In this section, we will discuss the main
sources of ROS generation within the body, their involvement in normal
function of the body, and the damaging effects of unregulated ROS
generation.

2.1. Sources of ROS in the brain

The primary source of ROS generation is in the mitochondria, which
are large cellular organelles involved in oxidative phosphorylation, a
process which generates adenosine triphosphate (ATP) [20–22]. During
this process, oxygen is consumed, and, in the final step, oxygen is re-
duced to H2O. Electrons are exchanged throughout this process by using
a series of electron transporters composed of four complexes: complex I
(NADH ubiquinone oxidoreductase), complex II (succinate ubiquinone
oxidoreductase), complex III (ubiquinone-cytochrome c oxidase), and
complex IV (cytochrome c oxidase).

Although the entire process is efficient, the electron transport chain
is “leaky” in nature, and electrons often escape and directly react with
O2 to produce the superoxide anion. The superoxide anion is quickly
transformed into H2O2 by either manganese superoxide dismutase
(MnSOD, also known as SOD-2) in the mitochondrial matrix or by
copper/zinc superoxide dismutase (CuZnSOD, also known as SOD-1) in
the mitochondrial intermembrane space. If H2O2 is not immediately
converted into water, H2O2 can interact with transition metals to form
highly toxic hydroxyl radicals [23]. H2O2 can also be used to catalyze
the production of additional ROS (i.e. hypochlorous acids) [24,25].

Inhibition to individual components of the electron transport chain
has provided valuable information for the identification of superoxide-
producing sites. In isolated mitochondria, inhibition of complex I and
complex III resulted in increased ROS generation [26]. In mitochondria
of isolated nerve terminals in situ, inhibition of complex I, complex III,
or complex IV increases ROS generation [26]. However, the influence of
complexes III and IV in the production of ROS is debatable, as both
complexes should be inhibited by over 70% for there to be an increase
in ROS [26]. In contrast, for complex I, only 25–30% inhibition is re-
quired for ROS production [26,27].

Another component that generates ROS in the mitochondria is the
monoamine oxidase enzyme (MAO) [28]. MAO is found in two forms
(MAO-A and MAO-B) in the brain that differ in their inhibitor and
substrate specificities; however, they are both capable of producing
H2O2 [29]. In particular, MAO-A is abundant in catecholaminergic

Fig. 1. Physiological importance of ROS in the brain, and its pathological effects when unregulated.
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neurons, which contain the neurotransmitters dopamine and nor-
epinephrine [29]. MAO-B is also present, and preferentially expressed
in serotoninergic and histaminergic neurons, as well as astrocytes
[29,30]. MAOs typically catalyze a number of neurotransmitters to
generate H2O2. These neurotransmitters include dopamine [31,32],
serotonin [33,34], norepinephrine [34], and epinephrine [32].

In peroxisomes, β-oxidation of fatty acids also produces ROS, and is
sometimes executed in coordination with the mitochondria [35]. Var-
ious substrates (i.e. very long fatty acid chains) are transported into the
peroxisome and broken down by peroxisomal oxidases. These perox-
isomal oxidases include acyl-CoA, urate, xanthine, D-amino acid, D-
aspartate, L-alpha-hydroxy acid, and polyamine oxidases, among
others. Another substrate, xanthine is broken down by xanthine oxidase
to superoxide anions, which are scavenged by MnSOD and CuZnSOD.

Another source of ROS is the nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase membrane-bound enzymic complex
(NOX), which is primarily located in the phagosomes. Phagosomes
defend the central nervous system against invading microorganisms
and clear the debris from damaged cell through an oxidative burst of
nitric oxide, H2O2, and superoxide anions. NADPH oxidase produces
superoxide through the oxidation of NADPH in a two-step process. The
reaction is initiated when an electron is transferred from NADPH to a
flavin adenine dinucleotide (FAD). In the second step, the electron is
transferred to a heme moiety, where it then interacts with molecular
oxygen to form superoxide. Immunohistochemical studies on mouse
and rat tissues identified higher concentrations of the NOX complex in
the cortex and the hippocampus [36]. The NOX complex is present in
cell bodies and dendrites and is localized at the synapses [36].

2.2. ROS function in normal physiological conditions

ROS are generated in response to a variety of growth factors, cy-
tokines, and calcium signals, and is necessary for normal physiological
conditions in the brain. In regulated amounts, ROS have been shown to
be critical signaling molecules that are involved in synaptic plasticity
[37], memory formation [15], the immune response [38], modulation
of neuronal excitability [39,40], circadian rhythms [39–41], and
neuron differentiation [42,43] (Fig. 1).

2.2.1. Synaptic plasticity and memory
Neurons form new sites of cell-cell communication (synapses) or

change the efficacy of preexisting synapses in response to stimuli. This
process, known as synaptic plasticity, involving long-lasting increases in
synaptic strength or long-term potentiation (LTP) is thought to underlie
learning and memory formation [15]. LTP studies in rodent hippo-
campus revealed that superoxide accumulates in hippocampal slices
after the activation of N-methyl-D-aspartate (NMDA) and α-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors [37].
Both NMDA and AMPA are two key glutamate receptors that mediate
fast excitatory synaptic transmission and are major players in synaptic
plasticity.

The involvement of ROS in learning and memory comes from early
studies with transgenic mice overexpressing SOD-1, an antioxidant
which converts superoxide anions to H2O2 [44]. Using a Morris water
maze test, these studies showed that SOD-1 overexpression impaired
hippocampus-dependent spatial memory in mice. The authors proposed
that excess H2O2 produced by SOD-1 overexpression potentially blocks
the induction and/or expression mechanism of LTP. Consistent with
this, incubation of hippocampal slices with superoxide scavengers has
been shown to inhibit the induction of LTP [45]. Taken together, these
findings support the notion that superoxide is necessary for LTP.

2.2.2. Immune response
Inflammation is part of the body's natural protective response to

remove harmful stimuli and to begin the healing process. The genera-
tion of ROS by phagocytes such as neutrophils and macrophages plays a

critical role in mediating inflammation [38]. Neutrophils provide the
first line of defense against invading infections. Micro-organisms are
ingested by the neutrophils and bombarded by high concentrations of
ROS. This oxidative burst of ROS is generated by the NADPH oxidase
(NOX) complex, which is rapidly activated by a number of soluble
factors and stimuli which interact with cell-surface receptors [46,47].
Strong evidence further supports the role of ROS as secondary mes-
sengers, which regulates the production of cytokines and several in-
flammatory molecules. Bacterial lipopolysaccharides (LPS)-mediated
ROS, for instance, has been shown to stimulate macrophages to release
pro-inflammatory cytokine interleukin 1 (IL-1β) and tumor necrosis
factor (TNF) [48].

2.2.3. Circadian rhythm
ROS levels have been shown to oscillate in different mammalian

tissues depending on the period of day [39–41]. The circadian rhythm
is orchestrated by the hypothalamic suprachiasmatic nucleus (SCN) of
the brain. The redox state is relatively reduced in the daytime when
neuronal activity is high, yet oxidized during nighttime, when neurons
are relatively inactive [39]. The redox state can be measured by eval-
uating the ratio of redox-molecular pairs, such as NAD(P)+/NAD(P)H,
dehydroascorbic acid/ascorbic acid, or glutathione disulfide/glu-
tathione. Melatonin, which helps maintain the body's circadian rhythm,
affects the activity of glutathione peroxidase, an antioxidative enzyme
that eliminates hydrogen peroxide from the brain. Researchers have
hypothesized that melatonin exerts neuroprotective effects in the brain
by activating production of glutathione peroxidase [49]. In addition,
circadian redox oscillations regulate neuronal excitability [39,40].
Musiek and coworkers further reported that deletion of the circadian
clock transcriptional activators aryl hydrocarbon receptor nuclear
translocator-like (Bmal1) is associated with increases in brain ROS, and
impairment in learning and memory [50].

2.2.4. Stem cell renewal and differentiation
H2O2 signaling is also essential for neural stem cell proliferation and

differentiation. It was found that proliferating adult neural hippo-
campal progenitors have high endogenous ROS levels, specifically
Nox2-derived H2O2, which regulate self-renewal and neurogenesis
through the PI3K/Akt cell signaling pathway [42,43]. Adding low, non-
toxic concentrations of H2O2 produced a large increase in neural stem
cells with a modest increase in overall cell proliferation [42]. These
results suggest that H2O2 is both a product of active proliferation and a
stimulant for proliferation. H2O2 has also been suggested to be an in-
tracellular signal mediator for nerve growth factor (NGF)-induced
neuronal differentiation [51]. Tsatmali and coworkers separated em-
bryonic cortical neurons into populations with high and low levels of
endogenous ROS, as measured using an ROS sensitive dye 5-(and-6)-
chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate, acetyl ester
(CM-H2DCF-DA) [52,53]. Cells with low levels of ROS were multi-
potent neural progenitor cells which differentiated into neurons, oli-
godendrocytes, and astrocytes in clonal cultures. The high ROS-con-
taining population were composed of neurons [53].

2.3. Damaging effects of unregulated ROS

ROS are continuously generated during oxidative metabolism;
however, occasionally, increased production of ROS due to neuroin-
flammation or insufficient antioxidant activity can cause oxidative
stress, leading to neurodegeneration, aging, and long-term side-effects
[54,55].

Unregulated ROS results in damage to cells, which can lead to de-
fects in the ubiquitin-proteasome systems, the presence of abnormal
and aggregated proteins, and chronic inflammation. Superoxide radi-
cals are highly reactive and can initiate pathological oxidative meta-
bolism of biomacromolecules such as DNA, lipids, and proteins. In
addition, the accumulation of H2O2 is also a concern, as the brain
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contains large quantities of iron and copper, which may catalyze the
formation of hydroxyl radicals that can induce lipid peroxidation [56].
High levels of polyunsaturated fatty acids in the neuronal cell mem-
brane draws further concern, as brain cells are susceptible to perox-
idative damage [57]. Increasing evidence shows that the free radicals
and their involvement in lipid peroxidation may be the primary cause
for cerebral damage during ischemia [58]. Many of these non-specific
oxidation of the biomacromolecules can lead to neuronal death.

In addition, persistent and high levels of ROS contribute to chronic
inflammation through the activation of microglia, macrophage-like
immune cells that participate in chronic inflammation [59]. Microglia
play several important functions in the brain, including homeostasis,
synaptogenesis, and regulation of the blood-brain barrier integrity [60].
However, microglia activation and proliferation after acute brain injury
or chronic neurodegenerative diseases can increase the phagocytosis of
healthy neurons and release various neurotoxic proinflammatory mo-
lecules [61,62].

2.3.1. Alzheimer's disease
Alzheimer's disease (AD) is a neurodegenerative disorder char-

acterized by progressive and irreversible cognitive decline with sy-
naptic loss and atrophy starting typically from the hippocampus, a
brain region important for learning and memory. Two major molecular
hallmarks of AD are extracellular amyloid plaques formed by ag-
gregates of amyloid-β peptides and intracellular neurofibrillary tangles
consisting of aggregates of hyperphosphorylated tau protein. Several
studies have provided evidence for increased oxidative stress due to
ROS in patients with AD [63–65]. Elevated levels of amyloid-β ag-
gregates has been associated with increased oxidation of lipids, pro-
teins, and nucleic acids in the hippocampi and cortices of AD patients
[63]. Subbarao and coworkers found increased peroxidation, as de-
monstrated by the formation of thiobarbituric acid-reactive products
(TBARs) from oxygen-containing free radicals, in the cerebral cortices
of AD patients by up to 50% when compared to patients without AD
[64]. Application of amyloid-β peptides at pathological concentration
increases intracellular peroxides by three-fold in neuronal cell lines in
vitro [65].

Various cellular binding sites and processes have been suggested to
be key players for oxidative stress in AD pathology. Up to 2.5 fold in-
crease in the expression of the receptor for advanced glycation end-
products (RAGE) was observed in AD patients, implicating RAGE in AD
pathogenesis [66]. Binding of amyloid-β peptide to RAGE has been
shown to promote microglial activation, generate ROS, and induce
cytotoxic cellular stress [66], whereas inhibition of RAGE blocks the
accumulation of amyloid-β peptides and preserves neuronal function
early in the progression of AD [67,68]. In addition, Bamberger et al.
identified a complex of microglial membrane receptors (α6β1 integrin,
CD36, and CD47) which interact with amyloid-β fibrils [69]. Engage-
ment of these receptor complexes activates the intercellular tyrosine
kinase-based signaling cascades, leading to the generation of proin-
flammatory molecules and ROS [69]. Furthermore, NADPH oxidase-
dependent production of superoxide in the microglia has been sug-
gested to contribute to AD pathogenesis [70,71].

2.3.2. Parkinson's disease
Parkinson's disease is a neurodegenerative disorder of dopaminergic

neurons in the substantia nigra, which results in severe and progressive
impairment in motor control [72]. The pathological hallmark of Par-
kinson's diseases includes protein aggregates which accumulate as Lewy
bodies in dopaminergic neurons [72]. Multiple studies implicate oxi-
dative damage in the pathogenesis of Parkinson's disease. For instance,
the brain tissue with Parkinson's disease exhibits increased levels of
malondialdehyde and cholesterol lipid hydroperoxides, markers for
lipid peroxidation [73,74] as well as 8-hydroxy-2-deeoxyguanosine, a
marker for oxidative damage to the DNA [75].

Deficiency of complex I in the mitochondrial electron transport

chain has also been linked to the pathogenesis of Parkinson's disease. In
particular, inhibition of complex I of the electron transport chain with
either rotenone or 1-methyl-4-phenyl-1,2,36-tetrahydropyridine
(MPTP) causes degeneration of dopaminergic neurons, a key neuro-
pathological feature of Parkinson's disease [76,77]. Furthermore, rote-
none inhibition was shown to enhance ROS generation, protein ag-
gregation, and oxidative damage [78].

2.3.3. Huntington's disease
Huntington's disease (HD) is an inheritable neurodegenerative dis-

order, which causes psychiatric disturbances, emotional problems, and
the inability to control thoughts and movements. It is caused by the
mutation of the Huntingtin gene (HTT). The mutated Huntingtin gene
(mHTT) was reported to cause high Ca2+ permeabilization into the
mitochondria, leading to damage of mitochondrial DNA, mitochondria
dysfunction, and elevated production of ROS [79]. In addition, severe
defects in complexes II and III and deficiency in complex IV within the
electron transport chain of the mitochondria were found in human HD
brain, which contributed to oxidative stress [80]. Furthermore, ele-
vated oxidative damage of DNA, proteins, and phospholipids were
found in areas of degeneration in the brain with HD [81,82]. Protein
carbonyls, a marker of oxidative stress, were increased in human brain
postmortem samples obtained from the striatum and cortex of patients
with HD when compared to samples of healthy age- and sex-matched
controls [83].

2.3.4. Amyotrophic lateral sclerosis
Amyotrophic lateral sclerosis (ALS) is clinically characterized by

progressive weakness, atrophy and spasticity of muscle tissue due to the
degeneration of motor neurons in the spinal cord, brainstem, and
cortex. While most cases of ALS are sporadic and due to unknown
causes, about 5–10% are familial and of those, ~25% are associated
with mutations in the copper-zinc superoxide dismutase gene (SOD1).
Mutant SOD1 was shown to increase the production of ROS, as evi-
denced from oxidative damage to lipids and proteins in the mitochon-
dria [84]. Malondialdehyde, a marker of lipid peroxidation, was in-
creased in the cerebral cortex of mutant SOD1 mice [85]. Levels of
vitamin E and malondialdehyde (a measure of lipid oxidation), were
also increased [86]. It was suggested that mutant SOD1 accumulates
and aggregates in the outer mitochondrial membrane, which clogs the
transport of proteins and results in mitochondrial dysfunction [87].
Further studies showed that even in sporadic ALS there is oxidation of
DNA and lipids, which suggests that oxidative stress may be involved in
all types of ALS [88,89].

2.3.5. Epilepsy
Epilepsy is a brain disorder characterized by recurrent and un-

predictable seizures that can accompany multiple comorbid conditions
including emotional and cognitive impairments. Both clinical and ex-
perimental evidence have supported the hypothesis that inflammation
may play roles in the pathophysiology of epilepsy [90–92]. Mitochon-
drial dysfunction has been reported in epilepsy patients and various
animal models of chronic epilepsy and acute seizures [93–96]. A de-
crease in mitochondrial complex I activity has been observed in the rat
cerebral cortex during the acute phase of seizures [93]. As a con-
sequence, enhanced ROS could contribute to neuronal injury following
epileptic seizures [93].

2.3.6. Ischemic stroke
During ischemic stroke, a region of the brain is suddenly deprived of

blood flow. Early reperfusion, or restoration of the blood supply, is
crucial. In the acute phases of ischemic stroke (minutes to hours), ROS
and proinflammatory mediators are rapidly released from the neu-
trophils and microglia in the injured tissues [97,98]. In the subacute
phase (hours to days), ROS accumulates, and the excess ROS amplifies
the inflammatory responses, which can result in neuronal death and the
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disruption of the blood-brain barrier [99]. In response to tissue damage
following stroke, iron is often released due to the lysis of red blood cells.
This greatly enhances the production of toxic hydroxyl radicals
[100,101]. While reperfusion of the ischemic area is necessary for
survival, studies have shown that reperfusion also leads to the gen-
eration of mitochondrial ROS due to the accumulation of succinate, a
citric acid cycle intermediate [102]. Various biomarkers for oxidative
stress in stroke are summarized by Cherubini and coworkers [103].

3. ROS-responsive drug delivery systems

ROS-responsive drug carriers in the form of nano- or micro-sized
particles can be designed to release their payloads in response to high
ROS level through increased or burst release. The drug molecules
loaded into these particles can be small compounds or biomacromole-
cules. These loaded molecules can either influence the pathways re-
levant to neuropathology or treat inflammation by downregulating in-
flammatory pathways or scavenging ROS. These molecules include
antioxidants and anti-inflammatory drugs such as indomethacin, ibu-
profen, dexamethasone, and epigallocatechin gallate as well as neuro-
logical disease-specific drugs such as simvastatin and resveratrol,
amongst others [104–110].

In terms of particle design, there is an ever-growing toolkit of che-
mistries from which researchers can select. Particles can be functiona-
lized with chemical groups that can react with ROS to produce a charge
and hydrophilicity change, bond cleavage, or even catalyze further
reaction. Overall, these reactions can result in particle swelling, particle
disassembly, or enhanced diffusion of drug molecules out of the par-
ticle. Depending on the end goal for the particle, researchers may select
the mechanism for the particles’ functionality and subsequent drug
delivery. For example, if the patient requires long-term control over
inflammation, it would be more feasible to inject nanoparticles that
react to ROS by swelling and increasing the drug release progressively
rather than particles that completely dissociate on ROS exposure.
Alternatively, particles can be designed to generate oxygen gas by de-
composing H2O2. The resulting oxygen gas acts as a force to drive fast
drug discharge [111,112]. Any of these effects may be achieved
through appropriate selection of chemical building blocks used for the
particle assembly. In this section, we discuss the major chemistries used
in the fabrication of ROS-responsive particles (see Table 1).

3.1. Sulfide groups

Sulfide groups within a polymer are oxidized to sulfoxides when
reacted with a range of ROS, including H2O2. When this transition to
sulfoxides occurs, the sulfur containing part of the polymer becomes
more hydrophilic. Therefore, particles made with polymers containing
sulfide groups dissemble or swell in the environment at which hydrogen
peroxide (or ROS) is upregulated [113]. One of the most prominent
examples of this mechanism is polypropylene sulfide nanoparticles
[114,119–122]. Since polypropylene sulfide is hydrophobic before
being oxidized, the polymer can form particles that can encapsulate
hydrophobic drug molecules, including curcumin, dexamethasone, and
fluorocoxib A. Therefore, oftentimes the polypropylene sulfide may
serve as the core of the nanoparticles while an outer shell consisting of a
hydrophilic polymer such as polyethylene glycol stabilizes the particle
in aqueous media. As a reference, polymersomes formed from copoly-
mers with blocks of polyethylene glycol on either end of the poly-
propylene sulfide could be dissolved in 10% v/v H2O2 after 10 h. Al-
ternatively, the polypropylene sulfide can be stabilized by crosslinking
neighboring polymers with disulfide bridge interactions after exposing
pre-formed polypropylene sulfide particles to air [114]. Dissolution of
these particles occurs over around a slightly longer time of 24 h while
being exposed to 10% v/v H2O2 because of the densely packed structure
of the particles after air-drying.

These pure polypropylene sulfide nanoparticles were utilized by

Mercazini et al. to mitigate inflammation during electrode-brain im-
plantation using a rat model [121]. The 100 nm-diameter nanoparticles
encapsulated dexamethasone (an antioxidant) were incorporated
within a polyethylene oxide-coating layer that assists immobilization of
the nanoparticles onto the surface of a flexible microelectrode. The
loaded antioxidant was slowly released over the course of 9 days. As a
consequence, the neuronal tissue integrated more seamlessly with the
nanoparticle-coated electrodes over the course of one month. The result
was supported by less inflammation in the tissue according to histology
as well as less impedance measured by the electrode itself compared to
the control containing the particle coating without loaded anti-oxi-
dants.

While few studies have used ROS-responsive polypropylene sulfide
particles to treat neurodegenerative disorders, much can be learned for
future delivery system design by surveying what has currently been
done using these particles in other disease treatments complicated by
overproduced ROS. For example, in a study reported by Uddin et al.,
poly(propylene sulfide)106-b-poly[oligo(ethylene glycol)9 methyl ether
acrylate]17 nanoparticles with ~80 nm diameter were loaded with
fluorocoxib A, a fluorescent inhibitor of the enzyme cyclooxygenase-2
which is overexpressed in sites of inflammation [123]. In an assay using
Nile red, the particles started releasing the dye when exposed to
100mMH2O2, but only showed full release of the payload using
1000mMH2O2 over 3 days. Normally, fluorocoxib A has poor water
solubility, but encapsulating it within an ROS-responsive nanoparticle
allowed for highly specific staining of inflammatory sites in mice. In-
flammation was triggered in tumor-presenting mice using carrageenan
(Fig. 2). Therefore, since it is the inflammation that is being targeted in
both of these cases rather than a specific disease, the particles should
also respond to neurological inflammation.

Other than polypropylene sulfide particles, nanoparticles can also
incorporate ROS-responsive sulfide groups into their design [124]. For
example, Cheng et al. coated the surface of mesoporous silica nano-
particles with phenyl sulfide groups by using phenyl sulfide (3-Ami-
nopropyl)triethoxysilane (APTES) which can bind with silica [125].
The resulting 310 nm-diameter particles with a pore diameter of 3.4 nm
were used to encapsulate and retain doxorubicin within the particle
since external water is repelled by the hydrophobic pores under phy-
siological conditions. However, in elevated H2O2 concentrations as low
as 50 μM and up to 500 μM, the sulfide groups became oxidized, and
therefore more hydrophilic, allowing water to wet the inner pores and
release the encapsulated drug. Co-culture with normal human umbilical
vein endothelial and MCF-7 breast cancer cells in vitro resulted in in-
ternalization of the particles. Interestingly, only cancerous MCF-7 cells
produced enough internal ROS so that once the particles were en-
docytosed, they released doxorubicin. The doxorubicin release de-
creased the viability of cancer cells by 25%, but caused no change in the
healthy cells. Since, ROS was the main trigger for this wettability switch
within the particle pores, it would be interesting to see how similar
particles respond to neuroinflammation that is often found in various
neurological injuries, degeneration, and disorders.

Sulfides can also be combined with metal ions such as zinc to form
ionic ZnS particles by mixing salts of sodium sulfide and zinc chloride in
aqueous solution and, in turn, precipitating particles of around 10 nm-
diameter [115–117,126]. Such particles release zinc into the sur-
rounding solution when the sulfide is oxidized by ROS. Liu et al. em-
bedded these ZnS nanoparticles within 400 nm-diameter poly(N-iso-
propylacrylamide-co-acrylic acid) microgels [118]. These microgels
were mixed with a zinc-reactive fluorescent dye, fluozin-3, to detection
inflammation, glucose and cholesterol. When the sulfides were oxi-
dized, the Zn was released from the microgels and reacted with the
surrounding fluozin-3 to create a fluorescent signal.

3.2. Mono-selenide and telluride-containing groups

Particles containing Se and Te groups function in much the same
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Table 1
Overview of common ROS-reactive groups incorporated into particles and how they react.

Functional group ROS-mediated reactions References

Sulfides (Section 3.1) [113–126]

Selenide (Section 3.2) [127–130]

Telluride (Section 3.2) [131]

Diselenide (Section 3.3) [109,132–135]

Thioketal (Section 3.4) [136–142]

Boronic ester (Section 3.5) [143–154]

Polyoxalate (Section 3.6) [155–161]

Manganese oxide (Section 3.7) [111,112,162–166]

Cerium (Section 3.8) [167–172]

Ferrocene (Section 3.9) [173–175]

Amino acrylate (Section 3.9) [176–178]

Polylactic acid (Section 3.9) [110,179]

Hyaluronic acid (Section 3.9) [180,181]
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way as sulfides, in that they undergo oxidization in response to ROS and
change their hydrophilicity [127]. An important distinction between
Se/Te and sulfides is that groups containing Se and Te atoms are more
readily oxidized by ROS compared to sulfides. Therefore, the con-
centration of ROS required to cause these groups to change their oxi-
dation state is substantially less than sulfides [128]. For example, in a
solution of 0.1% v/v H2O2, almost all the selenide groups are oxidized
in a block copolymer of polyethylene glycol and poly(di-(1-hydro-
xylundecyl) selenide)-co-polyethylene glycol (PEG-PUSe-PEG) ac-
cording to X-ray photoelectron spectroscopy (XPS), whereas for the
identical polymer containing poly(di-(1-hydroxylundecyl) sulfide as the
middle group (PEG-PUS-PEG) only showed oxidation of ~30% of sul-
fide (Scheme 1) [129]. This difference in oxidation translates to a dif-
ference in drug release, since, using the same particles, the selenide-
containing particle released ~72% of its doxorubicin cargos in 10 h
while the sulfide-containing particle only released ~41%.

In addition to the amount of oxidation, particles containing selenide
groups can be oxidized more quickly than equivalent particles con-
taining sulfide groups, causing more rapid changes in the particle
structure. This difference is highlighted in a study by Yu et al. where
they synthesized three distinct poly(ε-caprolactone) (PCL)-based
~30 nm-diameter nanoparticles containing pendant functional groups
of either thioether, phenyl sulfide or phenyl selenide groups [130].
They demonstrated that the oxidation rate for the nanoparticles in
0.5 mMH2O2 was much higher for the selenide-containing particle,

allowing it to release ~30% of a fluorescent Nile red marker in 4 h,
while the sulfide-containing particles took ~15 h to release the same
amount.

Tellurium has an even lower electronegativity than selenium,
therefore it has a further increased sensitivity to ROS, albeit the dif-
ference is less extreme than the difference between selenium and sulfur.
These differences in ROS sensitivity were quantified for differences in
particle swelling and dissociation by using nanoparticles formed with
block co-polymers of poly(ethylene glycol) and polycarbonate con-
taining either selenide or telluride pendant groups. The polymers were
synthesized via ring-opening polymerization (Fig. 3a) [131]. The re-
sulting 34 to 38 nm-diameter particles could be further sensitized by
Ce6/light. Even without the photosensitizer, the particles could swell
and release their drug in response to 0.1mMH2O2, showing the most
release in the particles containing Te, followed by Se, then phenyl Se.
This result confirmed the researchers’ hypothesis that Te is more sen-
sitive to oxidation than Se, and steric hindrance with the addition of a
phenyl group to Se would further decrease its sensitivity to oxidation.
When irradiated with light (650 nm, 100mW/cm2), the sensitivity of
the functional groups to oxidation by ROS was increased, leading to
quicker drug release (Fig. 3b). This could be useful in cases where the
physician wants more control over the release rate of the drug in their
patients by choosing whether or not to enhance the drug release rate
with light.

Fig. 2. Example particle utilizing sulfides groups as a ROS-responsive hydrophilicity switch. (a) Schematic of the chemical structure of the diblock copolymer poly
(propylene sulfide)106-b-poly[oligo(ethylene glycol)9 methyl ether acrylate]17 used to assemble a particle encapsulating Fluorocoxib A within its hydrophobic core.
The particles were formed by the bulk solvent evaporation method. (b) Since the sulfide units preferentially go through a hydrophilic to hydrophobic transition at
sites of inflammation, the particles selectively disassembled at sites of tumors (artificially created with tumor xenografts) releasing high levels of ROS as confirmed by
fluorescent images within a mouse model. Additionally, the fluorescence of the images was reduced on the addition of indomethacin, confirming the Fluorocoxib A
had bound to COX-2, which is overexpressed during inflammation. (c) The particle response to ROS was further quantified for carrageenan-induced inflamed and
non-inflamed mice, using fluorescence and the indomethacin blocker. Reprinted (adapted) with permission from [110]. Copyright 2016 Elsevier.

Scheme 1. Molecular structure of PEG-PUSe-PEG and PEG-PUS-PEG.
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3.3. Diselenide groups

A related particle functionality is the use of diselenide bonds as an
ROS-responsive unit. Rather than just changing the group hydro-
philicity in response to ROS like in mono selenium-containing groups,
oxidation of diselenide groups causes them to cleave after being con-
verted into seleninic acid. Another marked difference in particles
formed in this method instead of mono-selenium is that the bond
cleavage of diselenide bonds causes a burst release of the particle
payload.

This strategy was used by Li et al. to treat Alzheimer disease model
mice in vivo and inflammatory neural stem cells in vitro (Fig. 4) [109].
This particle utilized two drugs simultaneously, namely simvastatin,
which upregulates production of brain-derived neurotropic factor
(BDNF) and improves spatial learning [132], and lethal-7b antisense
oligonucleotide (let-7b), which promotes neural stem cell differentia-
tion. First, poly(carboxybetaine) was linked to simvastatin with a dis-
elenide bond by reacting the polymer and simvastatin with disodium
diselenide in a single batch then purified. The resulting polymer could
spontaneously form 150 nm-diameter particles in solution at con-
centrations above 40 μg/mL and then encapsulate superparamagnetic
iron oxide nanocubes (for tracking) and let-7b. Interestingly, neural
stem cells treated with these particles and then implanted into Alz-
heimer disease model mice caused the mice to show remarkable im-
provement in memory using a Morris water maze test and in BDNF
production.

Researchers have also formed particles using the diselenide ROS-
responsive group by modifying a block copolymer of polyethylene
glycol-b-polymethylacrylic acid (PEG-b-PMMA) particles by reacting
the methacrylate groups with di-(4,1-hydroxybenzylene) diselenide to
form PEG-b-PBSe [133]. The resulting phenyl diselenide groups in the
core of the 130 nm nanoparticles were then cross-linked with neigh-
boring polymer molecules using light (25W, incandescent) to further
stabilize the particles. The doxorubicin-loaded particles showed in-
creased drug release when exposed to either concentrations as low as
100 μMH2O2 and complete release within 24 h using 30mMH2O2.
Diselenide bonds can be reduced to selenol via reduction by glutathione

[134]. Therefore, the particles could also release their entire cargo after
24 h using 10mM glutathione. The particles were then shown to de-
grade and deliver doxorubicin to kill cells exhibiting high ROS after
being endocytosed while maintaining viability of healthy cells.

Diselenide linkers were also used to control the dissolution rate of
antioxidizing catechin crystals so that they would dissolve in response
to H2O2 [135]. Catechin is a polyphenolic flavonoid natural antioxidant
that scavenges free radicals [182]. Kim et al. formed these ROS-re-
sponsive micro-crystals by crystalizing catechin in the presence of
polyethyleneimine linked by diselenide bonds (Fig. 5). The poly-
ethyleneimine could form hydrogen bonds with the catechin crystals
while the diselenide bonds were shown to cleave and release the drug
over the course of 1 week in response to 0.1 mMH2O2 while a con-
centration of 0.1 μM only released 40% of the crystals after 1 week.
These diselenide-stabilized crystals could prevent oxidative stress, as
monitored by the heart rate of Daphnia magna in a solution of
0.5 mMH2O2. This was due to the progressive release of the catechin
over a week, whereas free catechin could be metabolized quickly since
most of the payload is released on the first day. Since catechin has been
shown to mitigate inflammation due to cerebral ischemia [183], this
strategy could also be used to stabilize neuroinflammation.

3.4. Thioketal groups

Thioketal bonds undergo cleavage in response to oxidation by ROS.
Therefore, molecules linked with thioketal bonds can be used as poly-
prodrugs or serve as the shell of burst-release nanoparticles [136].
Thioketal bonds are also stable in acidic and basic solution. For ex-
ample, the poly prodrug, poly(mitoxantrone), was formed by linking
individual mitoxantrones, an anti-cancer drug, with thioketal linkers
(Fig. 6) [137]. The resulting poly-prodrug was encapsulated in
1,2‐distearoyl‐sn‐glycero‐3‐phosphoethanolamine‐N‐[methoxy(poly-
ethylene glycol) (DSPE-PEG) nanoparticles that were functionalized
with Arg-Gly-Asp (RGD) to enhance particle homing to tumors. In-
creased ROS levels cleaved the thioketal bonds, which released the
individual mitoxantrone drug molecules. While this approach was used
to treat tumors, an interesting future approach may be to deliver

Fig. 3. Example particle utilizing selenium and tellurium-containing functional groups as a ROS-responsive hydrophilicity switch. (a) Schematic of the chemical
structure of the copolymers of PEG113 linked to polymers of either 5-(ethylselenyl)methyl-5-methyl-1,3-dioxan-2-one (PS1b), 5-methyl-5-(phenylselenyl)methyl-1,3-
dioxan-2-one (PS2b), and 5-(ethyltellanyl)methyl- 5-methyl-1,3-dioxan-2-one (PTb) assembled by the solvent evaporation method. ROS created by 650 nm light
would oxidize the selenium or tellurium in the particles, causing a hydrophilic switch and subsequent disassembly. (b) The release of the drug doxorubicin and
photosensitizer Ce6 from the particles in response to light (solid) or without light (open) was quantified by UV-vis spectroscopy at various time points. Additionally,
the scattered light intensity and radii of the particles were measured to show the average dissolution of particles over time. Reprinted (adapted) with permission from
Ref. [118]. Copyright 2018 American Chemical Society.
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particle-encapsulated poly-prodrugs linked by thioketal bonds to sites
of inflammation in the brain or nervous system.

The thioketal linkages can also be incorporated into the design of
the particle itself so that the particle dissembles in response to ROS
[138,139]. In such a study, Sun et al. synthesized a di-block copolymer
of polyethylene glycol (PEG) and poly(ε-caprolactone) with a thioketal
linkage separating the two blocks [140]. In this case the thioketal lin-
kage's purpose was two-fold: (1) the particle would dissemble and re-
lease the payload in response to ROS and (2) hydrophobic drug mole-
cules could interact with the thioketal group via π-π stacking,
enhancing the particle loading capacity. This approach resulted in fast
cellular uptake and release of the drug cargo in cancer cells in response
to the increased H2O2.

In some cases, the ROS concentration cleaves the thioketal bond at
an insufficient rate. In such cases, researchers have combined photo-
sensitizers with therapeutic agents for enhanced drug release rates and
visualization [141]. This may be useful in persistent sites of in-
flammation. For example, PEGylated hyperbranched polyphosphates
linked with thioketal groups showed enhanced release of doxorubicin
when they encapsulated photosensitizer chlorin e6 and were irradiated
by 660 nm light [142].

3.5. Boronic ester groups

Much like the thioketal bond, boronic esters undergo cleavage due
to oxidation [184]. Therefore, nanoparticles utilizing this bond are well
suited for burst release of drugs in response to inflammation
[143,144,147–149]. In fact, this chemistry has also been used to treat
strokes, which have elevated amounts of ROS. Lv et al. engineered
dextran nanoparticles modified with a boronic ester as a ROS-reactive
component to encapsulate a neuroprotective agent NR2B9C (Fig. 7)

[150]. This particle was assembled by co-sonication of red blood cell
membranes modified with a stroke-homing peptide (CLEVSRKNC) with
boronic ester-modified dextran to form a 190 nm-diameter particle that
could localize to stroke sites. This peptide specifically targets apoptotic
neuronal cells at the site of focal cerebral ischemia in a rat model [185].
Interestingly, the particles could cross the blood-brain barrier com-
promised by ischemic injury induced by middle cerebral artery occlu-
sion in a rat. Treated rats also had significantly less neurological deficits
due to reperfusion, while the particle itself was not toxic according to a
preliminary in vivo safety test.

In addition to the blood-brain barrier, there are additional barriers
for DNA-based gene therapy using nanoparticles for treatment of neu-
rological disease and inflammation, such as lysosomal trapping and
serum instability. To this end, Xiang et al. surrounded a ROS-re-
sponsive, poly[(2-acryloyl)ethyl(p-boronic acid benzyl) diethylammo-
nium bromide (B-PDEAEA) particle with a cationic lipid layer that
overcomes these barriers, such as N-[1-(2,3-Dioleoyloxy)propyl]-
N,N,N-trimethylammonium/cholesterol (DOTAP/Chol) and 3β-[N-
(N′,N'-dimethylaminoethane)-carbamoyl]cholesterol/dioleoylpho-
sphatidylethanolamine (DC-Chol/DOPE) cationic lipid layers [151].
These cationic lipid layers aid in gene transfection and have good serum
resistance. Therefore, the resulting particle could enter the cell, then
dissemble the DNA/boronic ester-containing polymer polyplex in re-
sponse to around 200 μMH2O2. The DNA is then released and could be
internalized by the nucleus and undergo transcription. The bi-layered
particles led to successful gene expression of a tumor suicide gene in an
in vivo mouse model.

Boronic esters have also been applied to the design of particles to
treat Alzheimer disease [152]. Yang et al. used boronic esters to link
glucose as pore caps that would detach in response to ROS on meso-
porous silica particles and release the loaded metal chelator, clioquinol.

Fig. 4. Example particle utilizing diselenide bonds as a ROS-responsive cleavable site. (a) Schematic of the chemical structure of the poly(carboxybetaine)-SeSe-
simvastin nanoparticles containing superparamagnetic iron oxide nanocubes (SPIONs) for tracking and the antisense oligonucleotide let-7b (CSeM/let-7b NP). (b)
Experimental results following injection of neuronal stem cells (NSCs) incubated with the nanoparticles for 4 h to treat Alzheimer disease model mice (2xTg-AD). (i)
The escape latency of the mice to complete a Morris water maze after 5 days of training with the maze once a day. (ii) Western blot of brain-derived neurotropic
factor and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) control after 7 days. Conditions: (1) saline, (2) NSCs alone, (3) let-7b antisense oligonucleotide-
NSCs, (4) simvastatin-NSCs, (5) CSeM/let-7b NP-NSCs, (6) CH/M(encapsulated simvastin)/let-7b NP-NSCs, (7) CSeM/Control NP-NSCs, (8) wild. Reprinted
(adapted) with permission from Ref. [96]. Copyright 2018 American Chemical Society.
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Clioquinol can bind Cu2+, a metal ion that induces amyloid-β ag-
gregation. The mesoporous silica particles were also coated with gold
nanoparticles, which mitigate amyloid-β fibrillization [153]. The par-
ticles were used to prevent neuronal cell death in response to amyloid-β
complexes in vitro. The particles also brought the ROS content of these
cells back to normal levels after an initial two-fold increase in ROS
caused by the amyloid-β complexes.

Zhang et al. used cleavable boronic ester bonds to make a Nile red-
loaded particle formed from a PEG-lipid conjugate that forms micelles
[154]. These micelles showed good cytocompatibility and could be
internalized by breast cancer cells. Interestingly, these micelles released
the drug more rapidly as the concentration of H2O2 was increased from
10 to 200mM. It is important to note that these concentrations are
much higher than physiological concentrations that are closer to
10–50 μM during ROS signaling and up to 1mM during oxidative stress
[186,187].

Lux et al. formed benzylic ether boronic ester pendant backboned
polymers that formed particles responsive to physiological ranges of
H2O2 [145]. These particles could release 50% of their payload within

10 h at 1mMH2O2, but less than 20% at 0.1mMH2O2. As a proof of
concept, these particles, loaded with fluorescein diacetate, were able to
selectively stain only active inflammatory neutrophils.

A hierarchical design is also useful for making particles that react to
two different stimuli. Regions of inflammation in the brain and other
organs commonly exhibit lower pH than normal around 5.5 pH
[188,189]. Therefore, Feng et al. synthesized chemically modified cy-
clodextrins with boronic esters or acetal groups to make them re-
sponsive to ROS or pH, respectively [146]. These cyclodextrins can
form complexes with drug molecules only in their unreacted forms and
release their cargos once reacted with H2O2 or H+ ions. The cyclo-
dextrins were enclosed in DSPE-PEG or Lecithin nanoparticles to fa-
cilitate delivery. These particles responded to physiologically relevant
inflammatory conditions of pH of 5 and H2O2 concentration of 1mM
and successfully treated blood vessels exhibiting neointimal hyperplasia
in a rat model.

Fig. 5. Example drug crystal utilizing diselenide bonds as a ROS-responsive cleavable site. (a) Schematic of the catechin drug crystals coated by polyethyleneimine
(PEI) and crosslinked by ROS-reactive diselenide bonds. (b) Fluorescent images of C166 cells incubated in 0.2 mM H2O2 with oxidative stress marker (cellROX
reagent) stained in green and cell nuclei (4′,6-diamidino-2-Phenylindole (DAPI)) stained in blue. (c) The amount of catechin released in various concentrations of
H2O2 as measured by absorbance at 260 nm. (d) The glutathione peroxidase activity of C166 in response to incubation in solutions containing 0.2 mM H2O2 and
either catechin crystals (Cat), PEI-coated crystals (Cat + PEI), or diselenide linked crystals (Cat + PEI-diselenide). Reprinted (adapted) with permission from Ref.
[122]. Copyright 2019 John Wiley and Sons. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this
article.)
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3.6. Polyoxalate nanoparticles

Nanoparticles formed from polyoxalate can readily degrade in re-
sponse to both H2O2 and water into biocompatible products [155–157].
Therefore, particles using this chemistry for inflammation treatment
would be best used in locations where fast degradation is necessary
because even in the absence of ROS, the particles will degrade. With
regards to neurological inflammatory diseases, polyoxalate poly-
merized with vanillyl alcohol has attracted much attention recently
[158–160]. Vanillyl alcohol is a natural product found in Gastrodia elata
that has anti-inflammatory effects and has been used in treating brain
ischemic injury [160]. Lee et al. made such particles with 500 nm-
diameter in aqueous conditions despite the half-life of the particles
being 36 h [161]. These particles were shown to treat various types of
inflammation including hind limb ischemia/reperfusion and hepatic
inflammation in a mouse model. Another important highlight from this
study was that since polyoxalate degrades quickly and into minimally
toxic products, there was no harmful side-effects in any of the major
organs tested.

3.7. MnO2 catalyst-based nanoparticles

Rather than incorporating cleavable or hydrophilicity switching
functional groups into the nanoparticle-forming polymer, researchers
have also began utilizing ROS-responsive catalysts such as MnO2 as the
ROS-responsive component. These particles convert H2O2 into water
and oxygen gas. So, they can be used to both decrease local ROS con-
centration as well as treat hypoxia in sites of inflammation [162,163].
Periera et al. showed that particles made from MnO2 and embedded in
collagen can act as ROS-scavenging reactors that directly influence
apoptotic pathways in inflamed cells [164]. However, it should be
noted that direct injection of MnO2 nanoparticles at 87 μg/μL into the
brain results in neuronal impairment and can increase inflammation
[165,166]. Therefore, careful attention should be paid to the dosage
and toxicity of related particles.

Recently, Seo et al., utilized MnO2 to assemble a particle that release
drug cargos continuously in an environment with elevated levels of
H2O2 [112]. In this study, water-dispersible MnO2 in a form of nano-
sized sheets (10 nm length and 1 nm width) were incorporated into a
drug-carrying poly(lactic-co-glycolic acid) (PLGA)-based particles at an
encapsulation efficiency of 10% (about 4.35 μg nanosheets/1mg

Fig. 6. Example particle utilizing thioketal bonds as a ROS-responsive cleavable site. (a) Schematic of the chemical structure of the mitoxantrone (MTO) polymer
made by linking individual MTO monomers with thioketal bonds to form the inner core of the particle. The outer shell consisted of
1,2‐distearoyl‐sn‐glycero‐3‐phosphoethanolamine‐N‐[methoxy(polyethylene glycol)‐3000] attached with the cell-homing peptide containing RGD sequence. The
individual drug molecules could then be released from within the particle when the thioketal bonds are broken in response to surrounding ROS. (b) These particles
were shown to target and eliminate tumor cells according to a viability assay and assessment of tumor volume in a mouse model. Reprinted (adapted) with
permission from Ref. [124]. Copyright 2017 John Wiley and Sons.

Fig. 7. Example particle utilizing boronic ester bonds as a ROS-responsive bond cleavage site. (a) Schematic of the multilayered stroke-targeting nanoparticles made
from an outer shell consisting of a red blood cell membrane modified with a stroke homing peptide (CLEVSRKNC), an inner shell consisting of the ROS-responsive
dextran modified with boronic esters encapsulating a neuroprotective agent (NR2B9C). (b) Outline of the activity of the particle to use the stroke homing peptide,
which targets glutamate receptors, to guide the particle to ischemic neurons. Following internalization, the ROS-cleavable boronic ester-modified dextran cell
disassembles and releases the NR2B9C which interactions with N-methyl-d-aspartate receptors (NMDAR) to prevent toxic nitric oxide production within the cell.
Reprinted (adapted) with permission from Ref. [137]. Copyright 2018 American Chemical Society. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
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PLGA). In media containing 0.2mMH2O2, the MnO2 nanorods in the
particle catalyzed decomposition of H2O2 up-taken by particles to
produce O2 gas that acts as force to release antioxidizing epigalloca-
techin gallate (EGCG) cargo continuously. The ROS-responsive particles
were effective to retain viability of brain cells in a rat brain slice explant
exposed to an oxidative environment.

These catalytic MnO2 nanocatalysts were further used to promote
release of EGCG from the particles tethered to adipose-derived me-
senchymal stem cells and retain viability and secretory activity of stem
cells. Teo et al. assembled nanoparticles of poly(d,l-lactide-co-glyco-
lide)-hyaluronic acid loaded with MnO2 nanocatalysts and anti-
oxidizing EGCG (Fig. 8) [111]. The hyaluronic acid blocks of particles
enabled the particles to adhere to CD44-expressing mesenchymal stem
cells via specific CD44-hyaluronic acid bonds. In 200 μMH2O2-con-
taining media, the particle released 1.5-fold larger EGCG cargos within
the first hour. As a consequence, even in an oxidative environment,
mesenchymal stem cells tethered with the anti-oxidizing nanoparticles
exhibited a minimal increase in intracellular oxidative stress and se-
creted proangiogenic factors for revascularization while untreated stem
cells lost viability. Since mesenchymal stem cells are being studied as a
medicine to regenerate neural networks in inflammatory sites of neural
injuries or degeneration, such ROS-responsive particles would poten-
tially serve to improve the quality of stem cell therapies [190–192].

3.8. Cerium nanoparticles

Rather than reacting with ROS, followed by subsequent dissociation
or swelling, cerium (Ce) (III) nanoparticles have substantial utility in
mitigating the local concentration by ROS. ROS react with the nano-
particles by oxidizing to Ce (IV) and scavenging stray ROS. These
particles can be simply formed by precipitating out from cerium (III)
acetate hydrate in aqueous solution with sonication. Since cerium oxide
downregulates inflammatory biochemical pathways by decreasing

lipopolysaccharide (LPS)-mediated cytokine release, Ce-based particles
may useful in combination with other strategies to dampen ROS pro-
duction [167,168]. In fact, Soh et al. used ceria-zirconia nanoparticles
for sepsis treatment and combat dysregulated inflammation (Fig. 9)
[169]. These particles reduced ROS production during inflammation in
a rat model which resulted in less immune cell recruitment and pro-
longed inflammation.

Cerium-based nanoparticles have also been specifically used to re-
duce ROS generated by neuronal inflammation [170,171]. For example,
Cimini et al. developed an amyloid-β-targeting nanoparticle to treat
Alzheimer's disease [172]. This was done with amine-functionalized
cerium nanoparticles with a diameter of 3–5 nm. Bifunctional poly-
ethylene glycol molecules were tethered onto the particles. Then, the
other end of the polyethylene glycol chains were conjugated with anti-
amyloid-β antibodies. The resulting particles significantly increased the
survival of human neurons that were incubated with amyloid-β ag-
gregates. The researchers propose that the particles downregulate the
excessive production of an immature form of brain-derived neuro-
trophic factor that is typically produced by cells exposed to amyloid-β.

3.9. Other ROS-reactive chemistries

Oxidation is a common type of chemical reaction. Therefore, there
are many chemistries that exhibit ROS-responsiveness. Most of these
chemistries show similar reactivity: a functional group is oxidized by
ROS, resulting in the particle dissociating and releasing its cargo. For
instance, amino acrylate groups are cleaved via oxidation by ROS to
release drug cargos like doxorubicin or DNA [176–178]. However, since
amino acrylate groups are relatively stable compared to the afore-
mentioned groups, additional ROS such as singlet oxygen are generated
in solution by laser light to promote bond oxidation and cleavage. Rao
et al. used an aminoacrylate-modified gadolinium-tetra-
azacyclododecanetetraacetic acid complex (Gd-DOTA) on the surface of

Fig. 8. Example particle utilizing MnO2 nanocatalysts that catalyze the degradation of H2O2. (a) Schematic of the poly(d,l-lactide-co-glycolide)-hyaluronic acid
(PLGA-b-HA) particle that encapsulates MnO2 and an antioxidant. The particle is tethered to mesenchymal stem cells through the binding of hyaluronic acid and cell
receptor CD44. When external H2O2 is catalyzed into O2 gas, the gas generates pressure that expels the payload. (b) The quantified secretion activity of stem cells as
measured by VEGF production according to an enzyme-linked immunosorbent assay (ELISA) with and without exposure to 200 μMH2O2. (c) Histological stains of
blood vessel formation enhanced by the stimulated stem cells using a chick chorioallantoic membrane (CAM) assay. Reprinted (adapted) with permission from Ref.
[98]. Copyright 2019 Elsevier.
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the pores of mesoporous silica particles. Doxorubicin molecules en-
capsulated within particle were only released once the aminoacrylate
group was cleaved by singlet oxygen generated by tissue-penetrating
low energy light (660 nm) incident on polyethylene glycol-conjugated
photosensitizer, chlorin e6. The Gd-DOTA complexed on the particles
also served as a contrast agent for magnetic resonance imaging.

Also, melanin, a naturally occurring biopolymer associated with
skin protection from UV light, can be used to form ROS-scavenging
nanoparticles. 160 nm-diameter melanin-dopamine particles can be
generated by allowing the dopamine component to self-polymerize in a
solution of melanin in water, ethanol, and ammonia, encapsulating the
melanin within the particles [193]. These particles were further coated
with polyethylene glycol for better physiological stability by reacting
the catechol groups in melanin with amine-terminated polyethylene
glycol. The resulting polyethylene glycol-b-melanin particles were used
as agents to scavenge ROS and active nitrogen species. As a result,
Neuro 2A cells that were incubated with antimycin were protected
against oxidative stress in vitro. The particles were further tested against
the ischemic brain in a mouse model in vivo, and significantly reduced
the infarct area [194].

Poly(vinylferrocene) or poly(ferrocenylsilane) particles that selec-
tively swell when oxidized by H2O2 have been used for H2O2-responsive
drug release [173,174]. This is because the ferrocene can convert from
an uncharged to charged form when oxidized. Once oxidized, the par-
ticles become hydrophilic [175]. The 240 nm-diameter particles were
formed by precipitating the poly(vinylferrocene)-b-poly(methyl me-
thacrylate) dissolved in dichloromethane in the aqueous solution of

sodium dodecyl sulfate. The resulting particles could swell in response
to oxidation by a solution of 35% H2O2 and showed a more than two-
fold increase in release of pyrene.

Similar to the abovementioned work on MnO2, it has been found
that Prussian blue nanoparticles can catalyze the breakdown of H2O2

into oxygen gas and water. Prussian blue nanoparticles were made by
injecting a K4[Fe(CN)6] solution into an aqueous Prussian blue and
polyvinylpyrrolidone mixture. These particles were used as a magnetic
resonance (MR) imaging contrast agent that enhances MR signal in
response to ROS-producing inflammation [195]. Since oxygen gener-
ated from the catalysis of H2O2 is paramagnetic, sites of inflammation
result in a greater contrast in the MR images [196]. Remarkably, the
nanoparticles showed a detectable change in signal with as low H2O2

content as 5 μM. These particles were further utilized in vivo to detect
inflammation in the liver of a mouse caused by lipopolysaccharide
(LPS) treatment.

Another functional group that can be incorporated to make ROS-
responsive nanoparticles is polylactic acid. Individual monomer units in
polylactic acid can be cleaved by a variety of ROS, resulting in polymer
degradation [197]. Shen et al. coated mesoporous silica nanoparticles
with polylactic acid to form a ROS-degradable layer that prevents drug
release when there is insufficient ROS [179]. These particles were
further coated with a low-density lipoprotein receptor-binding peptide
(Ac-[cMPRLRGC]c-NH2) that could aid particles in crossing the blood-
brain barrier through receptor-mediated transcytosis [110]. By loading
the particles with resveratrol, an antioxidant and neuroprotective drug,
the researchers tested the particles for migration, drug release, and

Fig. 9. Example particle utilizing cerium as an ROS scavenger. (a) Schematic of how the cerium containing particles are oxidized to scavenge excessive surrounding
ROS to prevent cellular damage. The particles containing zirconia have a higher Ce (III) to Ce(IV) ratio than typical ceria nanoparticles and therefore are more readily
oxidized and scavenge ROS more effectively. (b) The particles were used to treat an inflammation model in the cecum and stomach. CD68 positive cells, which are
innate immune cells, were stained in green to assess the magnitude of the inflammatory response in a cecal ligation and puncture-induced bacteremia mouse model.
In addition, the overall survival of the mice after infection and treatment was assessed. Reprinted (adapted) with permission from Ref. [172]. Copyright 2017 John
Wiley and Sons. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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inflammation response using an in vitro rat blood-brain barrier model.
The particles successfully normalized the inflammation response of
microglia activated by lipopolysaccharide treatment.

The polysaccharide, hyaluronic acid, has also been used in ROS-
responsive nanoparticle design [180]. Hyaluronic acid is degradable in
the presence of ROS by oxidation of the ester linkages between
monomer units [198]. For example, Lee et al. immobilized dopamine-
modified hyaluronic acid onto the surface of gold nanoparticles [181].
The hyaluronic units were labeled with fluorescein molecules so that
the particles could act as ROS-detecting particles via fluorescence. The
particles reached their maximum fluorescence as a result of H2O2

concentrations of around 10 μM. These were used to detect lipopoly-
saccharide-induced inflammation in macrophage cells.

4. Current limitations and future prospects

While there are several examples of ROS-responsive drug delivery
systems that specifically target neurodegenerative diseases
[109,150,170,171,194], most current examples of ROS-responsive drug
delivery systems have either simply been in vitro proof of concept de-
signs [112,121,152,164,172,179] or used to treat inflammation caused
by cancerous cells. Therefore, there is a need for more research on ROS-
responsive materials specifically tailored to treat neurodegenerative
diseases. Fortunately, many neurodegenerative diseases and cancer
share characteristics such as oxidative stress and leaky vasculature. To
target neurodegenerative diseases more specifically, drug-carrying
biomaterials could be engineered to target biomarkers such as tau-
protein, amyloid β, sulphatides, isoprostanes, and homocysteine for
Azlheimer's disease [199] or by presenting targeting ligands like the
homing peptide used by Lv et al. for stroke [150]. Such targeting li-
gands could be peptides, proteins, or antibodies that are specific to a
particular disease.

In addition, more research needs to be done on loading ROS-re-
sponsive drug delivery systems with drugs that treat specific neural
injuries and neurodegenerative diseases. For instance, nanoparticle
formulations (without ROS-responsiveness) that encapsulate or are
coated with curcumin, quercetin, or the acetylcholinesterase inhibitor
rivastigmine have been shown to aid in the treatment of Alzheimer's
disease [200–204]. On the other hand, molecules such as (i.e., apo-
morphine, bromocriptine, and L-dopa) would be useful for the treat-
ment of Parkinson's disease [205–207]. The effectiveness of these
treatments would likely be improved by encapsulating these agents
within ROS-responsive drug delivery systems.

Also, the brain is protected by the blood-brain barrier (BBB), which
acts as a vital boundary between neural tissue and the circulating
blood. In several pathologies including Alzheimer's disease, Parkinson's
disease and stroke, the blood brain barrier (BBB) is impaired, resulting
in higher permeability and molecular exchange across the boundary.
However, the BBB still forms a barrier to molecular transport, albeit to a
lessened extent. Therefore, the BBB can still pose serious challenges to
the delivery of drugs. As a result, modification of nanoparticles with
surfactants or ligands, as reviewed in Ref. [208], greatly enhances the
ability for nanoparticles to cross the blood-brain-barrier. For example,
transport across the BBB has been shown to be enhanced in particles
engineered with antibodies for transferrin receptor-1 as well as poly-
sorbate 80-coated poly(n-butyl cyanoacrylate) particles [209,210].
These findings will open new venues for advancing drug delivery sys-
tems to treat neurodegenerative diseases.

There are several other considerations for engineering future ROS-
responsive drug delivery systems. Firstly, further research needs to be
done to better understand the dynamic differences in ROS levels in
healthy and diseased neuronal tissues. While attempts to measure the
ROS level have been made, the true ROS levels that delineate healthy
and diseased tissue are still unknown due to the large oxidative stress
generated when excising brain tissue. Secondly, it is important to note
that subtle differences in the pH caused by inflammation in neuronal

injuries and neurodegenerative diseases could cause differences in
swelling of the particles, and in turn, the drug release kinetics [211].
These differences in pH could slightly alter the redox state on ROS-
responsive functional groups, which would change the ROS sensitivity
of the groups and overall particle swelling behavior. To account for this,
the quantity of ROS-responsive groups on particles that swell to release
their cargo would need to be tuned appropriately. Finally, it is im-
portant to determine the correct dosage levels of the ROS-responsive
drug delivery systems, as well as their biodistribution within the body,
in order to prevent unintended toxicity and side effects.

5. Conclusion

Our aim is that readers can use this review as a guide towards the
development of the next generation of ROS-responsive nanoparticles for
the treatment of neurological disorders and diseases. By first over-
viewing the underlying biology and function of ROS production in both
normal and diseased neuronal tissue, researchers may keep a holistic
view of the biology while designing solutions to deliver drugs of interest
in response to dysregulated ROS production. ROS-responsive nano-
particles are well suited to normalize oxidative stress that varies over
time for improved neuronal healing and disease treatment, since they
can vary the release rate of their molecular cargo. In particle design,
researchers should consider the ROS levels, which vary with severity of
inflammation and disease. Careful attention should also be paid to the
dosage and selection of loaded drug molecules to mitigate the in-
flammation without causing anti-oxidant-induced stress. Also, several
neurological disorders, such as Alzheimer disease and stroke, present
specific conditions that can be targeted. The ability to tailor treatment
via ROS level, drug efficacy, and disease-targeting moieties should
guide the selection of the ROS-responsive functional group of the par-
ticle, encapsulated drug molecule, and particle surface ligands, re-
spectively. Regarding inflammation in the central nervous system, re-
searchers also need to account for the blood-brain barrier which can
either block or allow for transport of the nanoparticles depending on
particle surface functionalities. By taking these design conditions into
account, future strategies of antioxidant and drug delivery systems will
be both specific towards an application in treating neuroinflammation
and effective to modulate ROS to healthy levels.
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