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Abstract

Inflammation is the biological response of immune system to protect living organisms from injurious factors. However,
excessive and uncontrolled inflammation is implicated in a variety of devastating chronic diseases including atherosclerosis,
inflammatory bowel disease (IBD), and rheumatoid arthritis (RA). Improved understanding of inflammatory response has
unveiled a rich assortment of anti-inflammatory therapeutics for the treatment and management of relevant chronic dis-
eases. Notwithstanding these successes, clinical outcomes are variable among patients and serious adverse effects are often
observed. Moreover, there exist some limitations for clinical anti-inflammatory therapeutics such as aqueous insolubility,
low bioavailability, off-target effects, and poor accessibility to subcellular compartments. To address these challenges, the
rational design of inflammation-specific drug delivery systems (DDSs) holds significant promise. Moreover, as compared to
normal tissues, inflamed tissue-associated pathological milieu (e.g., oxidative stress, acidic pH, and overexpressed enzymes)
provides vital biochemical stimuli for triggered delivery of anti-inflammatory agents in a spatiotemporally controlled man-
ner. In this review, we summarize recent advances in the development of anti-inflammatory DDSs with built-in pathological
inflammation-specific responsiveness for the treatment of chronic inflammatory diseases.

Keywords Inflammation - Inflammatory microenvironment - Drug delivery systems (DDSs) - Stimuli-responsive
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Introduction disease (IBD), cystic fibrosis (CF), rheumatoid arthritis

(RA), Alzheimer’s disease (AD), and so forth [1-3]. In such

Inflammation is a dynamic immune process mounted by the
innate and adaptive immune system to protect living organ-
isms from injurious factors, including viruses (e.g., SARS-
CoV-2), bacteria, fungi, or dead cells [1-3]. In its controlled
form (i.e., acute inflammation), it serves to eliminate patho-
gens, cellular debris, and inflammatory mediators from
organisms, and stimulate tissue repair, resulting in resolution
of inflammation and restoration of tissue homeostasis [1].
However, when allowed to proceed unchecked, inflamma-
tion may lead to autoimmune or autoinflammatory disorders,
such as atherosclerosis, type 2 diabetes, inflammatory bowel
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chronic inflammatory diseases, the exact identification of the
inflammatory stimulus is often unrevealed and, if revealed,
is demanding to eradicate [1-3]. Therefore, it is of great
significance to suppress excessive inflammation and enhance
resolution via therapeutically targeting chronic inflammatory
responses [4].

Increasing understanding of inflammatory response has
unveiled a rich assortment of anti-inflammatory agents,
spanning from aspirin, nonsteroidal anti-inflammatory drugs
(NSAIDs), glucocorticoids, anti-cytokine biologicals to
therapeutic nucleic acids for the treatment and management
of chronic diseases [5]. Notwithstanding these successes,
clinical outcomes are variable especially when inflammatory
diseases have been established and serious adverse effects
are common as a result of compromised host defense. For
instance, the risks of additional infections increase for those
patients taking antibodies against tumor necrosis factor-a
(TNF-a) as anti-inflammatory therapy [1]. Moreover, there
exist some limitations such as aqueous insolubility (e.g.,
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NSAIDs and glucocorticoids), low bioavailability, off-target
effects, and poor accessibility to subcellular compartments
[6-8]. To resolve these issues of anti-inflammatory agents,
the rational development of inflammation-specific and
inflammation-responsive drug delivery systems (DDSs) has
been proposed [6-8].

Clinical inflammation is well known and recognized by
classical signs of heat, redness, swelling, pain, and loss of
function, and these “macroscopic” features are governed
by complex immune-regulatory pathways [7]. For exam-
ple, the recognition of danger signals by host cells triggers
the release of proinflammatory cytokines and chemokines,
resulting in increased vascular permeability and angiogen-
esis (heat, redness, and swelling) [7], which is reminiscent
of well-known enhanced permeability and retention (EPR)
effect observed in solid tumors [9, 10]. In fact, extravasa-
tion through leaky vasculature and ensuing inflammatory
cell-mediated sequestration (ELVIS) effect [7, 11, 12] for
macromolecules or nano-objects in inflamed tissues was
firstly corroborated in patients with RA [13]. Nevertheless,
there is overwhelming evidence that numerous cell surface
receptors, such as cell adhesion molecules (CAMs), inte-
grins, folate receptor-f (FR-f), and mannose receptor, are
upregulated within inflamed areas upon inflammatory stimu-
lation [7]. Taken together, these ubiquitous hallmarks ren-
der it possible the design of inflamed tissue-selective anti-
inflammatory therapy by leveraging passive and/or active
targeting approaches [7, 8]. On the other hand, as compared
to healthy tissues, pathologically inflamed tissue-associated
biochemical signals comprise high oxidative stress (e.g.,
reactive oxygen species, ROS, and reactive nitrogen spe-
cies, RNS), acidic pH (~6.4), and overexpressed enzymes
(e.g., cyclooxygenases (COXs) and matrix metalloprotein-
ase (MMPs)), enabling the development of inflammation-
triggered drug delivery platforms [14, 15].

So far, quite a few reviews have been presented to sum-
marize inflammation-specific nanotherapeutics, bioin-
spired nanocarriers, and oxidation-responsive nanomateri-
als for the treatment of a variety of chronic inflammatory
diseases [16—23]. However, systematic overviews of anti-
inflammatory DDSs with built-in responsiveness to patho-
logical inflammation-related biochemical signals remain
limited [14, 15, 24]. In this contribution, we summarize
recent progress on inflammation-responsive DDSs as prom-
ising anti-inflammatory therapy for chronic inflammatory
diseases. The main body of this review is organized accord-
ing to the responsive properties of systems to specific types
of inflammation-associated stimuli, comprising of oxidation-
responsive, pH-responsive, enzyme-responsive, and multi-
stimuli-responsive systems (Scheme 1). Besides, several
cytoplasmic reductive milieu-responsive anti-inflammatory
DDSs are also covered (Scheme 1). It is worth mention-
ing that we provide a summary of the most relevant and
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pioneering reports by highlighting selected and representa-
tive examples throughout the main text. Finally, a brief con-
clusion section is presented to outline the future challenges
in this promising field.

Inflammation-responsive DDSs

Oxidation-responsive and oxidative
stress-eliminating systems

As mentioned above, oxidative stress, as a result of the
imbalance between oxidants (e.g., ROS and RNS) and anti-
oxidants (e.g., glutathione (GSH) and vitamin E), is involved
in both acute and chronic inflammatory responses [21, 25,
26]. Specifically, highly reactive ROS including superoxide
anion (O,*7), hydrogen peroxide (H,0,), hydroxy radical
(HO?®), and hypochlorous acid (HOCI), are closely con-
nected to RNS, such as nitric oxide (NO) and peroxynitrite
(ONOQO) [21, 26]. Concerning higher equilibrium levels
of ROS and RNS, a growing body of literature has been
reported to sense, leverage, and modulate oxidative stress for
the imaging and treatment of chronic inflammatory diseases
[15, 23,25, 27]. In this part, we will present an overview of
oxidation-responsive and oxidative stress-eliminating sys-
tems according to the types of reactive moieties.

Boronate-containing systems

Boronic ester motif is well known to be degraded by oxida-
tion with elevated levels of ROS or RNS at inflammation and
tumor sites, and this triggering chemistry has been exten-
sively exploited for the development of oxidation-sensitive
nanocarriers for biomedical applications [28-32]. In this
respect, Zhang and coworkers systematically explored the
therapeutic potentials of nanoplatforms consisting of phe-
nylboronic ester-conjugated f-cyclodextrin (f-CD) for the
management of chronic inflammatory diseases [33—38]. For
instance, oxidation-responsive nanoparticles encapsulating
antioxidant TEMPOL (a typical free radical scavenger)
were fabricated using phenylboronic ester-modified $-CD,
lecithin, and 1,2-distearoyl-sn-glycero-3-phosphoethanola-
mine-N-poly(ethylene glycol) (DSPE-PEG; number-average
molecular weight (MW) of PEG segment is 2000 Da)
through nanoprecipitation method, collectively serving as
superoxide dismutase (SOD)/catalase (CAT) mimics [34,
39]. Accordingly, hydrophobic and H,0O,-reactive -CD
derivatives within drug-loaded nanovehicles could trans-
form into water-soluble products upon contact with oxi-
dative environment, leading to consumption of ROS (e.g.,
H,0,), dissociation of nanovehicles, and release of TEM-
POL. Significantly, it was revealed that such SOD/CAT
mimetic nanosystem was efficiently accumulated in the
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Scheme 1 Inflammation-
specific delivery systems
capable of responding to patho-
logical stimuli such as oxidative
stress, pH conditions, overex-
pressed enzymes, and intracel-
lular reductive milieu towards
the treatment and management
of diverse chronic diseases
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inflamed colon in vivo with reduced nonselective distribu-
tion in healthy organs after oral administration [40]. In three
mice colitis models, these oxidative stress-eliminating nano-
medicine notably mitigated manifestations and suppressed
expressions of proinflammatory mediators, with superior
therapeutic efficacy over free TEMPOL and poly(lactide-co-
glycolide) (PLGA)-based nonresponsive nanosystem.

In their follow-up work, TEMPOL and phenylboronic
ester were covalently attached onto $-CD, followed by
a coassembly process in combination with lecithin and
DSPE-PEG, affording broad-spectrum ROS-scavenging
nanoparticles (Fig. 1) [37, 38]. By eliminating multiple
ROS, including H,0,, 0,*", HO®, and HOCI (Fig. 1b),
these combinatorial nanoparticles could effectively attenu-
ate oxidative stress-induced inflammation and cell apop-
tosis as well as inhibit oxidized low-density lipoprotein
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(oxLDL)-induced foam cell formation, which was closely
associated with the pathogenesis of atherosclerosis. It
was demonstrated that such anti-inflammatory nanopar-
ticles accumulated in atherosclerotic lesions in apolipo-
protein E-deficient (ApoE™/7) mice through the ELVIS
effect and significantly inhibited the development of ath-
erosclerosis following intravenous administration [37]. In
another separate study, ROS-responsive and hydrophobic
phenylboronic ester-conjugated a-cyclodextrin (a-CD)
derivatives were synthesized and then used to physically
encapsulate anti-rheumatic drug dexamethasone (Dex), in
combination with folic acid-modified DSPE-PEG (DSPE-
PEG-FA) to fabricate FA-decorated nanoparticles for the
treatment of RA [41]. Preliminary in vivo evaluations sug-
gested that such targeted nanoparticles were effectively
delivered to and became accumulated at inflamed joints in
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Fig. 1 Construction of broad-spectrum ROS-scavenging nanoparti-
cles. a Synthetic route for f-CD derivative conjugated with TEMPOL
and phenylboronic ester simultaneously. CDI 1,1-carbonyldiimidazole,
DMAP 4-dimethylaminopyridine, TCD TEMPOL-conjugated $-CD,
PBAP 4-(hydroxymethyl) phenylboronic acid pinacol ester. b Sche-

collagen-induced arthritis (CIA) mice, enabling the alle-
viation of joint swelling and cartilage destruction without
increased side effects.

Apart from CD derivative-based oxidation-sensitive
nanosystems, phenylboronic ester-tethered macromolecules
have also been developed for the diagnosis and treatment of
chronic inflammatory diseases [42, 43]. For example, Hu
and coauthors reported the construction of targeted theranos-
tic nanoplatform encompassing magnetic resonance (MR)
imaging-active superparamagnetic iron oxide nanoparticle
(SPION) and phenylboronic acid-modified DSPE-PEG [42].
Specifically, Congo red-linked DSPE-PEG (Congo red is
capable of binding to amyloid plaques as targeting agent)
and phenylboronic acid-modified DSPE-PEG were simul-
taneously utilized to stabilize oleic acid-coated iron oxide
nanoparticles through hydrophobic interactions, followed
by drug loading of vicinal diol-containing rutin (a power-
ful phenolic antioxidant with anti-inflammatory activity)
through a dynamic covalent boronate ester linkage [42]. As
a result, Congo red/rutin-magnetic nanoparticles coinjected
with mannitol could cross the blood—brain barrier (BBB)
into the brain of APPswe/PS1dE9 transgenic mice and rec-
ognize amyloid plaques, allowing for diagnosis of amyloid
plaques by MR imaging and selective delivery of therapeu-
tics. Furthermore, f-amyloid (Af)-induced overproduction
of oxidative species could actuate the transformation of phe-
nylboronic ester into phenol and ensuing release of rutin,
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matic illustration of engineering of a broad-spectrum ROS-scavenging
nanoparticle consisting of ROS-reactive f-CD conjugate, exhibiting
oxidation-triggered disintegration. Reproduced with permission from
ref. [38]. Copyright 2018, The Authors. Published by Wiley—VCH

resulting in the alleviation of oxidative stress, and reduction
of amyloid plaques and neuronal loss.

Alternatively, Jiang et al. presented ROS-responsive poly-
meric micelles with biomimetic targeting ability to normal-
ize the oxidative and inflammatory microenvironment, and
reeducate microglia from an early phase of AD, based on
aberrant hyperreactive state of microglia and related micro-
environment changes of AD progression [43]. To elaborate,
oxidation-triggerable amphiphilic block copolymers (BCPs)
were firstly synthesized via post-polymerization modifica-
tion between hydrophobic phenylboronic ester-containing
motifs and amine groups on PEG-b-polylysine (PEG-b-
PLys), followed by conjugation with a small targeting pep-
tide (KLVFFAED; Ab peptide), which is derived from the
binding domain of Af protein with receptor for advanced
glycation end-products (RAGE) (Fig. 2). Through an Ap
transportation-mimicked pathway, self-assembled, targeted,
and curcumin (an immune-modulatory agent with antioxi-
dant and anti-inflammatory capabilities)-loaded micelles
could become accumulated into the diseased regions and
exert synergistic effects of polymer-based ROS elimination
and curcumin-mediated Af inhibition. It should be noted
that such multi-target strategy exhibited gradual normaliza-
tion of brain microenvironment, efficient neuroprotection,
and microglia modulation, resulting in the decrease of Af
plaque burdens and enhancement of cognitive functions in
APPswe/PS1dE9 mice.
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Fig.2 Oxidation-responsive polymeric micelles with biomimetic tar-
geting capability. a Proposed mechanism of oxidation-actuated self-
immolative side chain degradation of ROS-responsive BCP micelles.
b Tllustration of microglia induced AD microenvironment and modu-
lation mechanisms of brain-targeting and ROS-responsive micellar
delivery system: (i) Ab peptide modified micelles mimic A/ transpor-

tation from peripheral into brain parenchyma, (ii) ROS-actuated deg-
radation of micelles and triggered release of A/ inhibitive curcumin,
and (iii) Ap-mimicked micelle targeting to activated microglia and
damaged neurons. Reproduced with permission from ref. [43]. Copy-
right 2018, The Authors. Published by Wiley—VCH
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On the other hand, recent studies indicate that elevated
levels of trace metal ions, especially iron, copper, and zinc
ions, are closely interacted with Af aggregate deposition
and neurotoxicity in AD [44]. Hence, metal dysregulation
has been considered as a promising therapeutic target for
AD therapy [45]. However, orthodox metal chelators are
not suitable as potential therapeutic agents against AD due
to their inability to efficiently cross BBB and specifically
recognize metal ions in various forms [46]. To resolve these
problems, Qu et al. developed a mesoporous silica nano-
particle (MSN)-based ROS-responsive system to realize
selective delivery of metal chelator [47, 48]. As a proof of
concept, 3-carboxyphenylboronic acid was initially anchored
onto MSN surface, followed by conjugation with adjacent
diols of saccharides within human IgG through the dynamic
boronate ester linkage to trap clioquinol (CQ) inside MSN
pores. Such boronate-based and IgG-gated MSN platform
was demonstrated as promising DDS for oxidation-triggered
delivery of therapeutic metal chelators, showing potential
for AD treatment.

Very recently, Lee, Wang, and coauthors reported a bio-
mimetic DDS derived from macrophage membrane-coated
chitosan-based nanoparticles with ROS responsiveness for
the treatment of atherosclerosis, considering the accumula-
tion of macrophages and increased oxidative stress during
the development of atherosclerosis [49]. Notably, surface
coating with macrophage membrane not only diminished
the clearance of nanoparticles from mononuclear phagocytes
system (MPS) but also guided nanoparticles to inflamma-
tory tissues, where the ROS-responsive polymeric scaffold
enabled triggered release of encapsulated atorvastatin (AT, a
lipid-lowering drug). Moreover, the macrophage membrane
was capable of sequestering proinflammatory cytokines and
chemokines to achieve local inflammation suppression. The
synergetic effects of pharmacotherapy and sequestration of
inflammatory cytokines and chemokines from such a bio-
mimetic DDS led to enhanced therapeutic efficiency against
atherosclerosis.

Sulfur/selenium-containing systems

Due to its excellent stability against acid, base, or enzyme-
mediated degradation, thioketal motif that could be effi-
ciently cleaved by diverse oxidants has been increasingly
employed for biomedical applications, particularly drug
delivery. In 2010, Merlin, Murthy, and coworkers innova-
tively reported ROS-degradable and thioketal-based poly-
meric nanoparticles as oral delivery vehicles for small inter-
fering RNA (siRNA), that could direct encapsulated siRNA
against TNF-a (TNF-a siRNA) to sites of intestinal inflam-
mation and thus inhibit gene expression in inflamed tissue
(Fig. 3) [50]. When delivered orally, such thioketal nanopar-
ticles (TKNs) remained stable in the gastrointestinal tract,
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protecting TNF-a siRNA against harsh conditions. More
importantly, at sites of intestinal inflammation with high lev-
els of ROS, these TKNs selectively underwent ROS-triggered
degradation and controlled release of TNF-a siRNA. In a
murine model of ulcerative colitis, it was demonstrated that
orally administered TNF-a siRNA-loaded nanocomplexes
effectively reduced TNF-a messenger RNA (mRNA) levels
in the colon and protected mice from ulcerative colitis.

While above-discussed ROS-responsive moieties (i.e.,
boronate and thioketal) are subjected to cleavage and
degradation in response to oxidative milieu, hydrophobic
thioether motif undergo oxidation-triggered transformation
into hydrophilic sulfoxide or sulfone group [26]. By lever-
aging this intriguing transformation, Hubbell, Tirelli, and
coauthors have elegantly developed a number of oxidation-
responsive polymeric nanocarriers (e.g., vesicles and
micelles) containing poly(propylene sulfide) (PPS) moie-
ties and these nanocarriers exhibited ROS-actuated solubil-
ity switching and destabilization, activating triggered release
of a range of encapsulated payloads [26, 51-53]. Likewise,
Duvall et al. developed oxidation-sensitive micelles self-
assembled from amphiphilic BCPs containing hydrophilic
poly(N,N-dimethylacrylamide) (PDMA) and hydrophobic
PPS blocks for triggered drug release [54]. It was shown
that such destructible fluorophore-loaded micelles efficiently
released model drug (e.g., Nile red) upon contact with
exogenous H,0,, ONOO", or endogenous oxidative spe-
cies generated inside lipopolysaccharide (LPS)-stimulated
RAW264.7 macrophages.

Along the same line, Shuai and colleagues fabricated
andrographolide (Andro, a labdane diterpenoid with supe-
rior anti-inflammatory activity)-encapsulated oxidation-
destructive micellar nanocarriers of PEG-b-PPS for the
treatment of atherosclerosis via concomitant antioxidative
and anti-inflammatory effects [55]. Subsequent detailed
evaluations in the mice model of ApoE™/™ revealed excel-
lent therapeutic effects and low side effects of Andro-loaded
micelles. Very recently, they further explored antirheumatic
activity of celastrol (a bioactive component of Tripteryg-
ium wilfordii with anti-inflammatory activity)-loaded oxi-
dation-responsive micelles of PEG-b-PPS (Fig. 4) [56]. It
was demonstrated that such nanomedicine could effectively
accumulate in the inflamed joints and subsequently alleviate
major RA-related symptoms including synovial inflamma-
tion, bone erosion, and cartilage degradation. Analogously,
Scott group explored anti-inflammatory potentials of PPS-
based nanovehicles with distinct morphologies (i.e., spheri-
cal micelles; filamentous worm-like micelles, filomicelles;
polymeric vesicles, polymersomes) against atherosclerosis
[57-60]. Notably, morphology-dependent organ and cel-
lular level biodistributions of nanocarriers assembled from
PEG-b-PPS BCPs with identical surface chemistries were
disclosed [57]. While spherical micelles and filomicelles
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were found to associate with liver macrophages and blood-
resident phagocytes, respectively, polymersomes were
significantly efficient at targeting splenic dendritic cells
(DCs; critical mediators of atherosclerotic inflammation)
and exhibited remarkably lower uptake by other cells of the
MPS. Furthermore, polymersomes demonstrated superior
selectivity for DCs in atherosclerotic lesions in vivo, high-
lighting the importance of nanostructure morphology in tai-
loring targeting specificity of nanoscale DDS [57].

Like sulfur-based derivatives, selenium-containing
compounds have been widely used in pharmacochemistry
as antioxidants, among which diselenide motif constitutes
a promising candidate owing to excellent responsiveness
towards both oxidative and reductive milieu [61, 62]. In this
respect, Liu group reported dually targeting selenium nano-
particles (SeNPs) with antioxidative and neuroprotective
activity to inhibit Ag fiber formation in AD [63]. LPFFD and
TGN (sequence: TGNYKALHPHNG) peptide cofunctional-
ized targeted SeNPs efficiently crossed BBB and possessed
a strong affinity towards Ap species, efficiently suppressing
Ap fibrillation by disrupting hydrophobic and electrostatic
interactions that are involved in the nucleation process of
Ap40. In addition, it was found that targeted SeNPs could
mitigate the Ap40 fiber-mediated generation of ROS and
neurotoxicity in PC12 cells. In another contribution, Zhang

Stable TNF-0—~TKNs ——

TKN degradation
TNF-0~siRNA—

TNF-a.-DOTAP

Oral gavage: TNF-0—TKN ——

et al. described positively charged polyprodrug amphiphiles
to simultaneously encapsulate hydrophobic superparamag-
netic iron oxide nanocubes and negatively charged lethal-7b
antisense oligonucleotides via hydrophobic and electrostatic
interactions, respectively [64]. To elaborate, lipid-lowering
drug simvastatin (Sim) was covalently connected to car-
boxyl-modified zwitterionic poly(carboxybetaine) (PCB)
through a diselenide linkage, affording positively charged
PCB-Se-Se-Sim with high drug loading content. The for-
mulated MR imaging-traceable nanoparticles could achieve
oxidation-actuated corelease of Sim and antisense oligonu-
cleotides to decrease differentiation of exogenous neural
stem cells and induce secretion of brain-derived neuro-
trophic factors concurrently, enabling the proliferation of
endogenous neural stem cells for AD treatment.

Oxalate-based systems

Inspired by the underlying chemiluminescence chemistry of
glow sticks, in which oxalate ester selectively decomposes
upon contact with H,O, to form high-energy and unsta-
ble 1,2-dioxetanedione intermediate known to excite nearby
fluorophores to release photons, a variety of functional sys-
tems containing oxalate moieties and fluorophores have been
developed to achieve in vitro and in vivo sensing of ROS
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Fig.4 Schematic representation
of in vivo anti-inflammatory
mechanism using ROS-
responsive micelles self-
assembled from PEG-b-PPS for
suppressing synovial inflam-
mation and alleviating joint
destruction in RA. Reproduced
with permission from ref. [56].
Copyright 2020, American
Chemical Society

(e.g., H,0,) [65-67]. For instance, Murthy et al. reported
the construction of chemiluminescent nanoparticles formu-
lated from oxalate ester-containing polymer and fluorescent
dyes and such oxalate-based nanoparticles were capable of
imaging H,O, with high specificity and sensitivity in the
peritoneal cavity of mice during LPS-induced inflammatory
response [65]. Subsequently, Lee further explored the anti-
inflammatory effect of biodegradable polyoxalate nanoparti-
cles featured with ROS-triggered release of p-hydroxybenzyl
alcohol (HBA) [68, 69]. It was revealed that HBA-backboned
copolyoxalate (HPOX) nanoparticles could enable the
inhibition of expression of both inducible nitric oxide syn-
thase (iNOS) and production of TNF-a in LPS-activated
RAW?264.7 macrophage cells. In follow-up works, in vivo
anti-inflammatory activities of HPOX nanoparticles with
excellent ROS-scavenging capability were investigated as
novel therapeutic agents against airway inflammatory dis-
eases [69, 70]. In a murine model of asthma, intratracheal
administration of HPOX nanoparticles substantially reduced
the recruitment of inflammatory cells and expression of
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pro-inflammatory mediators including interleukin-4 (IL-4)
and iNOS (Fig. 5) [70].

To further deepen our understanding and improve the
clinical translation of nanomedicines, visualization of nano-
medicines’ fate in vivo, including the circulation, accumula-
tion, and distribution at targeted inflammatory site, is also
highly desirable. Towards this end, Ma et al. described a
ROS-responsive theranostic nanoplatform for two-photon
aggregation-induced emission (AIE) [71] imaging and anti-
inflammatory therapy of atherosclerosis [72]. Specifically,
prednisolone (Pred), a synthetic glucocorticoid agent, was
conjugated with a two-photon AIE luminogen (TP) via
ROS-cleavable oxalate linkage, forming a theranostic com-
pound TPP (Fig. 6) [72]. Afterwards, TPP was encapsulated
into micellar nanoparticles that self-assembled from ROS-
disintegrable BCP consisting of hydrophobic thioether-
incorporated poly(2-methylthioethanol methacrylate)
(PMEMA) and hydrophilic poly(2-methacryloyloxyethyl
phosphorylcholine) (PMPC) [72]. Upon oxidative trig-
gering, such theranostic nanomedicine with serial ROS
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acute lung injury, arthritis, and atherosclerosis were used to evaluate Society
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systematic in vivo evaluations, exhibiting reduced inflamma-
tory response and suppressed expression of pro-inflammatory
cytokines.

Miscellaneous systems

Sung and coauthors developed an ultrasensitive ROS-
responsive hollow PLGA microcapsule that encompassed
an anti-inflammatory dexamethasone sodium phosphate
(Dex-P), an acid-generating precursor consisting of ethanol
and ferrous chloride (FeCl,), and sodium bicarbonate as a
gas-generating agent [73]. In cases of inflamed osteoarthritis
(OA), low level of H,0, could diffuse through the micro-
capsules to oxidize encapsulated ethanol in the presence of
Fe?* by Fenton reaction, creating an acidic microenviron-
ment. Subsequently, sodium bicarbonate reacted with acid
and thus decomposed to form CO, gas bubbles, disrupting
the PLGA shells of microcapsules and releasing high dose
Dex-P to the inflamed site, eventually fighting against joint
destruction [73].

Bilirubin, as the final product of the metabolism pathway
of heme, is a potent endogenous antioxidant capable of scav-
enging various ROS and thereby protecting cells from oxida-
tive stress-mediated damage. Jon group originally explored
anti-inflammatory activity of nanoparticles self-assembled
from PEGylated bilirubin for the treatment of colitis, asthma,

and psoriasis, by effectively diminishing ROS and modu-
lating the immune system [74—76]. Typically, in a mouse
model of ulcerative colitis, intravenous injection of nano-
particles of PEGylated bilirubin exhibited preferred accu-
mulation at the sites of inflammation and remarkably inhib-
ited the progression of inflammation process in the colon
[74]. Very recently, Xie, Pu, and coworkers reported engi-
neered exosomes (Exo) with inflammation-tropism and anti-
inflammatory effects for concomitant imaging and therapy
of atherosclerosis (Fig. 7) [77]. Such Exo were derived from
anti-inflammatory M2 phenotype macrophages and further
electroporated with FDA-approved hexyl 5-aminolevulinate
hydrochloride (HAL), a precursor for biosynthesis of heme.
Following systemic administration and localization into
inflammatory cells, encapsulated HAL would undergo intrin-
sic biosynthesis and metabolism of heme to endogenously
generate anti-inflammatory carbon monoxide (CO) and
bilirubin, which collectively enhanced anti-inflammatory
activities and finally alleviated inflammation in atheroscle-
rosis lesions. At the same time, the intermediate product
protoporphyrin IX of the heme biosynthesis process allowed
for fluorescent imaging and tracking of atherosclerosis.
Concerning the importance of neutrophils and mac-
rophages in inflammatory diseases, regulating inflamma-
tory responses of neutrophils and macrophages with nano-
medicine represented a promising approach for disease
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inflammation activity of HAL@M2 Exo. ¢ The intrinsic biosynthesis
and metabolism of heme starting from HAL. Reproduced with per-
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management. In this regard, Guo et al. fabricated nano-
particles from luminol-conjugated $-CD, which efficiently
attenuated neutrophil/macrophage-mediated inflammation
and demonstrated desirable efficacies and biosafety in treat-
ing both acute and chronic inflammatory diseases (e.g., acute
lung injury and atherosclerosis) (Fig. 8) [78]. It was found
that such bioactive nanoparticles significantly suppressed
the production of pro-inflammatory cytokines (e.g., TNF-
a) and ROS (e.g., H,0,) by neutrophil/macrophage, and
effectively inhibited their migration in vitro. Specifically, in
ApoE™/~ mice model of atherosclerosis, these nanoparticles
efficiently delayed the progression of atherosclerosis as well
as notably stabilized atheromatous lesions.

pH-responsive systems

Local acidification has been recognized at inflammation
sites of diverse acute and chronic inflammatory diseases,
such as ischemic sites, asthmatic airways, atherosclerotic
plaques, and rheumatic joints [7]. Compared to healthy
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tissues, inflamed tissues generally exhibit lower pH values
[7]. For instance, extracellular pH in the site of myocar-
dial ischemia was about 6.5-6.0 and pH as low as 4.2 was
confirmed in the fracture microenvironment [79, 80]. This
mildly acidic characteristic is attributable to enhanced con-
sumption of energy and oxygen by infiltrated inflammation-
associated cells, which transform from aerobic metabolism
to anaerobic manner inside inflamed tissues, resulting in
oxygen-independent glycolysis and increased production of
lactic acid [1, 7]. It should be also mentioned that, in addi-
tion to such pathological circumstances, varying degrees of
acidic conditions exist in specific cells, tissues, and organs of
the human body under normal physiological circumstances.
For example, the pH value along the gastrointestinal tract
has a well-tuned gradient, spanning from 1.0 to 3.5 in the
stomach to 5.5-7.5 in the intestine [81]. Besides, subcel-
lular compartments display distinct pH microenvironments,
with pH 5.0-6.5 in early and late endosome, pH 4.5-5.0 in
lysosome, pH 4.0-6.5 in phagosome, and pH ~ 7.8 within
mitochondrial matrix [82]. Collectively, this physiological
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Fig.8 Development of anti-inflammatory nanoparticles from luminol-modified f-CD by simultaneously regulating neutrophils and mac-
rophages. Reproduced with permission from ref. [78]. Copyright 2019, Wiley—VCH
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or pathological acidic feature provides a vital biochemical
trigger for developing novel pH-responsive DDSs for the
management of chronic inflammatory diseases [7, 15].

In 2005, Murthy group reported acid-sensitive polyketal
nanoparticles that were designed to transport therapeutic
agents (e.g., Dex) to physiologically relevant acidic microen-
vironment [83]. Such polyketal nanoparticles were fabricated
from a hydrophobic polymer, poly(1,4-phenyleneacetone
dimethylene ketal) (PPADK). Importantly, these biodegrada-
ble polyketal nanoparticles underwent acid-accelerated deg-
radation into low MW and nonacidic products, in contrast
to degradation of polyester-based biomaterials. To further
address toxicity concern associated with degradation prod-
uct (i.e., 1,4-benzenedimethanol) of PPADK, they developed
novel polyketal, poly(cyclohexane-1,4-diyl acetone dimeth-
ylene ketal) (PCADK), with well-documented toxicity pro-
files [84]. It was found that SOD-encapsulated PCADK-
based microparticles enabled efficient scavenging of ROS
produced by macrophages in cell culture experiments. Col-
lectively, polyketal-based biomaterials held great potential
for treating inflammatory diseases including myocardial
infarction, given their neutral, biocompatible degradation
products and their capability to deliver a rich assortment

Fig.9 Noninflammatory acidic
pH-sensitive microparticle-
based delivery system for
improved cardiac function
following MI. a PCADK micro-
particles transformed into neu-
tral, nontoxic products through
acid-catalyzed hydrolysis of the
ketal linkage. b A single-
emulsion/solvent-evaporation
technique was used to produce
large (~ 20 um) SB239063-
encapsulated microparticles.
Particles were imaged using
SEM. ¢ Microparticles were
injected intramyocardi-

ally, where they released the
encapsulated inhibitor within
the infarct zone. Reproduced
with permission from ref. [85].
Copyright 2008, Springer
Nature

u PCADK + OH
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of therapeutic agents [85, 86]. In this aspect, Davis et al.
demonstrated that a direct cardiac injection of p38 inhibitor
(SB239063)-encapsulated microparticles, fabricated from
PCADK, improved cardiac function following myocardial
infarction (MI) (Fig. 9) [85]. Significantly, PCADK micro-
particles induced slight inflammatory responses both in vitro
and in vivo and could therefore reside in inflamed site and
served as a sustained-release reservoir for SB239063, with
a release half-life of 7 days at pH 7.4. In vivo measurements
showed that SB239063-loaded PCADK microparticles
exhibited prolonged reduction of inflammatory signaling and
eventually increased functional outcome following a single
injection, in contrast to nonresponsive PLGA-based system.

Besides ketal-containing systems, acetal-based acid-
responsive biomaterials have been extensively explored for
numerous biomedical applications [87-90]. For instance,
Fréchet et al. elegantly presented an acid-responsive biode-
gradable nanoparticle from acetal-derivatized dextran with
a solubility switching mechanism for controlled delivery of
pharmaceutical agents [89]. Using this interesting chemis-
try, Zhang and coworkers synthesized acetal-modified cyclo-
dextrin and poly(cyclodextrin) with pH-actuated degrada-
bility as biocompatible nanomaterials [91]. Water-soluble

acid

OH 0
— 1o +

A

1,4-cyclohexane
dimethanol

acetone

Single emulsion

Solvent evaporation




Drug Delivery and Translational Research (2021) 11:1475-1497

1487

a-CD and f-CD as well as their corresponding condensed
polymers were transformed into water-insoluble products
through acetalation, respectively. With respect to the formu-
lation process, standard emulsion technique was exploited
to prepare nanoparticles with size of about 150 nm. Alter-
natively, a self-assembling approach was employed to
control the sizes and morphologies of assemblies by tak-
ing advantage of well-known host—guest interactions (e.g.,
f-CD and adamantyl moiety). As expected, nanoparticles
from acetalated-CD exhibited acid-triggered hydrolysis,
resulting in hydrophobic-to-hydrophilic switching and dis-
sociation of nanoparticles, and thus controlled release of
the encapsulated model drug, rapamycin (RAP, an immu-
nosuppressant). More importantly, biocompatibility was
further demonstrated for CD derivative-based assemblies
via comprehensive measurements both in vitro and in vivo.
In their subsequent work, superior targeting ability to ath-
erosclerosis lesions was discovered for acid-responsive
nanoparticles of acetalated f-CD following intraperitoneal
injection in ApoE™/~ mice [35]. Moreover, in vivo thera-
peutic outcomes revealed that RAP-loaded nanomedicine
from acetalated #-CD could more efficiently suppress the
development of atherosclerosis and effectively improve the
stability of atheromatous plaques in comparison with the
nonresponsive PLGA-based delivery system.

Wang group developed a series of polymer-drug con-
jugates (PDCs) with acidic pH-labile acylhydrazone link-
age for treatment of diverse chronic inflammatory dis-
eases [92-95]. Typically, pH-sensitive prodrug monomer
of Dex was copolymerized with N-(2-hydroxypropyl)

methacrylamide (HPMA) via reversible addition-
fragmentation chain transfer (RAFT) polymerization [92].
As expected, the resultant conjugate released Dex upon trig-
gering by acidic milieu (pH 5.0), while remained stable and
intact under neutral condition (pH 7.4). Notably, in vivo
evaluation suggested that such PDCs offered superior,
longer-lasting anti-inflammatory activities and joint protec-
tion effects when compared to free Dex for the management
of RA. Later on, a comprehensive head-to-head compari-
son study of four established formulations of Dex, including
Dex-loaded liposomes (L-Dex), core-crosslinked micelles
(M-Dex) with nonselectively cleavable sulfone ester-
containing linkage [96], slow releasing PDCs (P-Dex-slow)
with acylhydrazone bond, and fast releasing PDCs (P-Dex-
fast) with acylhydrazone benzyl ester linker, were evalu-
ated in a clinically relevant inflammatory arthritis rat model
(Fig. 10) [94]. It was shown that following a bolus intrave-
nous injection, the formulations with slower drug release
rates (i.e., M-Dex and P-Dex-slow) provided longer duration
of therapeutic activity, i.e., better joint protection, than those
with relatively faster drug release kinetics. This finding was
instructional and inspiring for the future design, develop-
ment, and optimization of DDSs for the clinical treatment
of RA and other chronic inflammatory diseases. Along this
line, Sun et al. reported self-assembling PDCs comprising
of PEG-based derivative and hydrophobic anti-inflammatory
Pred through cleavable acylhydrazone linker [97]. It was
demonstrated that self-assembled polymeric micelles
remained intact in circulation for long duration and specifi-
cally accumulated in arthritis joints, where the acidic milieu

Fig. 10 Head-to-head com- a)

parison study of four estab- Lex

P-Dex-slow P-Dex-fast

lished formulations of Dex. a
Schematic representation and
chemical structures of four

dexamethasone-containing
nanomedicine formulations.
P-Dex-slow and P-Dex-fast )
encompassed acidic pH- e
sensitive linkages for drug
conjugation. b Representative 6 ° %
microcomputed tomography
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nanomedicine-treated adjuvant-
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induced arthritis rats. P-Dex-
slow and M-Dex exhibited an
impressive reduction of ankle
joint bone erosions, where bone
was well-preserved. Repro-
duced with permission from ref.
[94]. Copyright 2014, American
Chemical Society
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triggered efficient release of Pred, contributing to superior
therapeutic efficacy than free Pred against CIA.

As mentioned above, PEGylation has been extensively
exploited in DDS to reduce opsonization by proteins and
uptake by macrophages of MPS, and prolong plasma resi-
dence time following systemic administration [98]. How-
ever, after localizing at pathological site, PEGylation might
hinder cellular uptake and subsequent endosomal escape,
forming an obstacle in the realization of therapeutic activity
[99]. To resolve this “PEG dilemma,” sheddable PEGylation
has been proposed to achieve on-demand dePEGylation at
target sites [99]. In this regard, Cui group presented acidic
pH-sheddable PEGylated PLGA nanoparticles to improve
delivery of therapeutic payloads into chronic inflammation
sites [100, 101]. It was demonstrated that hydrazone-based
PEGylation of nanoparticles significantly increased the
distribution and retention of nanoparticles at pathological
lesion when intravenously administered in a mouse model
of LPS-induced chronic inflammation [100]. To further aug-
ment selective accumulation and/or retention, binding ligand
mannose was additionally decorated onto sheddable PLGA
nanoparticles to achieve inflammation-associated acidic pH-
triggered conditional targeting [101]. Taken together, acid-
sensitive sheddable DDSs hold great promise against chronic
inflammatory diseases and comprehensive evaluations need
to be conducted in vivo in the future.

Enzyme-responsive systems
Microspheres

Dated back to 1993, Brown et al. reported an intra-articular
polymeric microsphere-based controlled release system con-
sisting of natural polyelectrolytes, gelatin and chondroitin
6-sulfate [102]. The microsphere was fabricated by complex
coacervation to encapsulate therapeutic protein, radiolabeled

Microspheres
(~10 um)
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Fig. 11 Enzyme-responsive gelatin microspheres were sensitive to
proteolytic enzymes (e.g., collagenase) that typically overexpressed
in arthritic flares, resulting in spatiotemporally controlled release of
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(b) Minimally invasive

catalase (1*C-catalase). It was shown that kinetics of degrada-
tion of microspheres and concomitant release of '*C-catalase
related to gelatinase activities in the joint fluids. Subse-
quently, they further optimized the formulation process
of microsphere from gelatin and chondroitin 6-sulfate
with respect to appropriate loading content and degrada-
tion kinetics [103]. In addition, biocompatibility of micro-
sphere-based system was corroborated in human synovial
fibroblast culture and by intra-articular administration into
the knees of mice. Together, such novel enzyme-degradable,
biocompatible, and noninflammatory microsphere delivery
system held great potential for the delivery of bioactive
proteins to diseased joints (e.g., OA and RA). Annamalai
et al. described bioresponsive gelatin microspheres which
could be degraded by proteolytic enzymes overexpressed
in arthritic flares, leading to spatiotemporally controlled
release of anti-inflammatory cytokines for cartilage pres-
ervation and repair (Fig. 11) [104]. To elaborate, gelatin
microspheres were fabricated by emulsification of solu-
bilized anionic gelatin, followed by covalent crosslinking
with amine-reactive genipin. Such negatively charged micro-
spheres were further utilized to sequester cationic cytokines
with anti-inflammatory effects (e.g., IL-4 and IL-13) through
electrostatic interactions, acting as minimally invasive deliv-
ery formulation for OA. Collagenase-triggered degradation
of gelatin matrix would result in controlled release of anti-
inflammatory cytokines, allowing to attenuate the stimula-
tion of chondrocytes and the ensuing secretion of NO.

Hydrogels

Due to excellent biocompatibility, tunable composition, and
tailor-made physiochemical features, hydrogels have found
widespread applications in biomedical engineering, such as
drug delivery, cell encapsulation, and regenerative medi-
cine [105]. In the context of drug delivery, biodegradable

(c) Projected Response in OA
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anti-inflammatory cytokines for cartilage preservation and repair in
OA. Reproduced with permission from ref. [104]. Copyright 2019,
Wiley—VCH
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hydrogels with cleavable backbones, crosslinkers, or side-
chains enable release of therapeutic agents in a spatiotem-
porally controlled manner [105]. In this aspect, Anseth
team reported the construction of a proof-of-concept PEG
hydrogel with immobilized side-chain, which encompassed
human neutrophil elastase (HNE)-cleavable substrate [106].
The kinetic rate of enzyme-mediated cleavage reaction within
the hydrogel could be tailored by manipulating the type and
sequence of amino acid in substrate, holding promise for
cellular responsive drug delivery. Recently, Mejias et al.
designed a self-regulated nanoparticle-in-microgel delivery
platform, in which microgel decrosslinking was actuated by
extracellular HNE, and nanoparticle was loaded with Nexin-
hib20, a potent inhibitor for neutrophil degranulation [107].
Successful in vivo delivery of Nexinhib20 to the airways and
into neutrophils were observed, promoting the resolution
of inflammatory response by suppressing recruitment and
degranulation of neutrophils, production of pro-inflammatory
cytokines in both airway and systemic compartments, as
well as neutrophil-derived pathological extracellular vesicles
(EVs) in lung fluid.

On the other hand, supramolecular hydrogels formed by
low MW gelators that self-assembled in water through mul-
tiple noncovalent interactions have garnered considerable
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Fig. 12 Arthritis flare-responsive hydrogel platform. a Schematics
of self-assembling process of TG-18 to form supramolecular hydro-
gel and encapsulation of TA. b High-resolution SEM images of TA-
loaded TG-18 hydrogels (scale bar is 2 pm). TG-18 lamellar struc-
tures extended to generate highly ordered fibrous structures. The

attention, representing a promising alternative to polymeric
hydrogels [108]. For instance, Xu et al. presented a local
delivery system through conjugating tripeptide derivatives
with olsalazine, a clinically validated anti-inflammatory
prodrug [109]. The resultant amphiphiles self-assembled
into nanofibers and then formed supramolecular hydrogels,
exhibiting a gel-to-sol transition and controlled genera-
tion of bioactive 5-aminosalicylic acid upon azoreductase-
catalyzed reduction. In another attempt, Karp and cowork-
ers reported an enzyme-responsive hydrogel platform [110,
111] as inflammation-targeting system for local drug deliv-
ery to treat chronic inflammatory diseases [112, 113]. In an
embodiment, hydrogel microfibers capable of encapsulating
anti-inflammatory Dex, were generated from amphipathic
ascorbyl palmitate containing esterase-cleavable ester link-
age [112]. It was demonstrated that these inflammation-
responsive hydrogels could exclusively release drug upon
enzymatic cleavage and preferentially adhere to inflamed
epithelial surfaces both in vitro and in two murine colitis
models. In contrast to free Dex enemas, Dex-loaded hydro-
gel enemas, administered every other day to mice, contrib-
uted to a significant attenuation of inflammation and exhib-
ited lower Dex peak serum levels and, thereby, reduced
systemic drug exposure. Analogously, the same group
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entangled fibers formed bulk injectable hydrogel that could be admin-
istered via intra-articular injection. ¢ Triggered dissociation of TG-18
hydrogel in response to flare-associated overexpressed enzymes (e.g.,
MMPs) in the inflamed joint. Reproduced with permission from ref.
[113]. Copyright 2018, the authors
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developed arthritis flare-responsive hydrogel platform by
self-assembling a small-molecule amphiphile, triglycerol
monostearate (TG-18), to encapsulate corticosteroid triam-
cinolone acetonide (TA) (Fig. 12) [113]. It was revealed that
TA-loaded hydrogel could achieve on-demand drug release
upon contact with enzymes (i.e., esterase or MMPs) or syno-
vial fluid from patients with RA. Notably, a single locally
injected dose of TA-encapsulated supramolecular hydrogel
suppressed arthritis activity in the injected paw when com-
pared to equivalent dose of free TA.

Polymer-drug conjugates

By combining the efficacy of two clinically used agents,
Homma team reported the construction of hyaluronic acid-
methotrexate (MTX) conjugates through varied cathepsin-
sensitive linkages for the treatment of OA [114, 115]. Through
the optimization of linker structure, MW, and stoichiometry of
MTX within conjugate, a promising candidate conjugate was
identified, capable of inhibiting the proliferation of human
fibroblast-like synoviocytes in vitro and knee swelling in rat
antigen-induced monoarthritis in vivo [115]. Likewise, sev-
eral NSAIDs were conjugated onto synthetic dendrimers or
linear polymers through enzyme-cleavable linkers in order to
alleviate side effects of long-term use of NSAIDs meanwhile
retaining their therapeutic activities [116, 117].

Reductive milieu-responsive systems

In contrast to the mildly oxidizing extracellular environment,
the high concentration of glutathione (1-10 mM) and other
small redox molecules with free thiol groups (5-10 mM)

Fig. 13 Electrostatic interaction-
driven self-assembling process
into mannose-functionalized,
siRNA-encapsulated nanopar-
ticles for macrophage-targeting

provide a promising stimulus to devise DDSs for selective
intracellular activation [118]. For instance, Xiao et al. pre-
sented a strategy that combined the unique property of biore-
ducible, cationic polymers with superior targeting capability
of macrophage-specific mannose residues towards efficient
RNA interference (RNAIi) for IBD therapy (Fig. 13) [119].
The mannosylated reducible polymer was synthesized via
Michael addition reaction between cystamine bisacryla-
mide (CBA) and branched polyethylenimine (bPEI), and
then modified with D-(+)-mannose through hydrophilic
PEG spacer. TNF-a siRNA-loaded nanosized polyplexes
were fabricated through electrostatic interactions, followed
by additional stabilization by ionic crosslinker, sodium
triphosphate pentabasic (TPP). These polyplexes could
efficiently enter macrophages, release encapsulated siRNA
upon triggering by reductive milieu, and actuate high-level
RNALI, suppressing TNF-a expression and conferring anti-
inflammatory efficacy in vitro and ex vivo. In another contri-
bution, Zhong, Yin, and coworkers reported a targeted drug/
siRNA codelivery platform based on reversibly disulfide-
crosslinked polymersomes for efficient treatment of ulcera-
tive colitis [120].

Apart from reduction-responsive systems for RNAi-
mediated anti-inflammatory therapy, reductive milieu-
sensitive systems have also been explored to transport
conventional low MW anti-inflammatory agents and anti-
inflammatory peptides [121-123]. For instance, Feng
and coauthors fabricated reduction-responsive and MTX-
encapsulated polypeptide-based disulfide-crosslinked nano-
gels for selective drug delivery in relieving CIA [122]. It
was found that such nanogels could selectively accelerate
the release of MTX upon responding to GSH to cleave

ipd -

delivery and cytosolic reduc-
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of siRNA. Reproduced with
permission from ref. [119].
Copyright 2013, Elsevier Ltd
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disulfide-based crosslinkers. Moreover, drug-loaded nano-
gels exhibited selective accumulation in the inflammatory
joints of CIA mouse model, effectively inhibiting secretion
of proinflammatory cytokines and relieving the progress of
CIA.

Multi-stimuli-responsive systems

Because of the large variations in physiological conditions
between normal tissues and diseased sites, smart materi-
als with single responsiveness may not achieve the desired
goals in a complex pathophysiological microenvironment
[124-126]. Instead, materials responsive to multiple physi-
cal, chemical, and biological stimuli are highly promising for
advanced biomedical applications, including precision drug
delivery [124-126]. As discussed above, oxidative stress,
acidic pH, and overexpressed enzymes are important patho-
logical stimuli for drug delivery to inflamed sites. Towards
developing multi-stimuli-responsive systems, Almutairi
group presented an innovative approach to devise inflamma-
tion-responsive logic gate nanoparticles for triggered deliv-
ery of proteins [127]. Specifically, they constructed an oxi-
dation and acidic pH dually responsive polythioether ketal
by integrating a thioether moiety in pH-responsive polyketal
backbone; oxidation-reactive thioether acted as a solubility
switch that turned the polymer more hydrophilic when it
was subjected to oxidation [51, 52]. Higher release kinetics
of encapsulated ovalbumin was observed in the presence of
both H,0, and acidic pH. In another report, Zhu and cow-
orkers constructed polydatin (PD; a bioactive agent with
hepatoprotective and antifibrotic activity)-loaded micelles
assembled from ROS and acidic pH dually sensitive BCPs to
ameliorate liver fibrosis [128]. The PD-encapsulated micelle
exerted great promise in improving the biocompatibility of
PD and exhibited highly effective liver-targeted drug deliv-
ery in response to the fibrotic microenvironment. Both
in vitro and in vivo evaluations demonstrated that PD-loaded
micelles could significantly suppress inflammatory response
and oxidative stress, reduce hepatocyte apoptosis, and avert
activation of macrophages and hepatic stellate cells, endow-
ing them with remarkable efficacy and minimal side effects
in the management of liver fibrosis. In an alternative manner,
Lee et al. developed an oxidation and acid dually responsive
antioxidant polymeric prodrug of vanillin, poly(vanillin oxa-
late) (PVO), in which anti-inflammatory activity of vanillin
was blocked via H,0,-reactive peroxalate ester and acid-
responsive acetal linkages [129]. It was revealed that PVO
nanoparticles exhibited highly potent antioxidant effects
by scavenging ROS and inhibiting the production of ROS,
as well as suppressed the expression of pro-inflammatory
chemokines and cytokines in activated macrophages in vitro
and in vivo. Analogously, Daniel and coauthors reported a
proof-of-concept example of dual-responsive nanoparticles

capable of activating bioactive MMP inhibitor (designated
as PY-2) upon contact with MMP and ROS [130]. Exposure
of such dually responsive micellar nanoparticles to MMP-12
induced a morphological transformation into micron-scale
aggregates, which was beneficial for enhanced retention of
nanomedicine in targeted lesions [131, 132]. This change
together with the presence of H,0,, resulted in controlled
release of PY-2, potentially relieving inflammation by inhib-
iting enzymatic activities of MMPs.

Sung et al. described a blended nanoparticle system with
dual responses to oxidative stress and reduced pH through
coassembling pH-responsive Cy3-conjugated N-palmitoyl
chitosan and ROS-degradable poly-(1,4-phenyleneactone
dimethylene thioketal) (PPADT) for delivery of curcumin
(Fig. 14) [133]. Notably, owing to the presence of Forster
resonance energy transfer (FRET) between curcumin and
conjugated fluorophore Cy3, such system enabled in situ
monitoring of intracellular release behavior. Furthermore,
in vivo anti-inflammatory effects of curcumin-loaded nano-
particles were validated in a mouse model with ankle inflam-
mation induced by LPS, revealing significant mitigation of
oxidative stress. Along this line, reactive oxygen species
(ROS)-sensitive dextran-naproxen conjugate was blended
with acid-responsive acetalated dextran polymer, forming a
dually responsive nanoparticle with high specificity towards
inflammatory microenvironment [134].

In another comprehensive work, a facile and effective
approach was proposed to tailor pH/oxidation dual-responsive
nanocarriers by combination of pH-sensitive acetalated /-
CD and oxidation-responsive phenylboronate conjugated -
CD [135]. By tuning the weight ratio of acidic pH-sensitive
material and ROS-responsive material, coassembled nano-
particles with desirable pH/oxidation-responsive capabil-
ity could be easily produced. In response to reduced pH
or oxidative stress, encapsulated RAP molecules could be
released from drug-loaded dually responsive nanoparticles.
Furthermore, targeting capacity of such dual-responsive
nanoparticles was enhanced by surface decoration with a
type IV collagen targeting peptide (sequence: KLWVLP-
KGGGCOC), resulting in an actively targeted nanoplatform.
Accordingly, RAP-loaded targeted nanoparticles displayed
more effective in vivo efficiency than passively targeted
nanoparticles in the inhibition of neointimal formation in
rats. Taken together, these developed pH/oxidation dual-
responsive nanocarriers held great promise for the manage-
ment of restenosis and other cardiovascular diseases related
to vascular inflammation.

On the other hand, Santos group presented pH and oxi-
dation sequentially responsive nano-in-micro composites for
targeted therapy of IBD [136]. Specifically, oxidation-sensitive
nanoparticles formulated from a phenylboronic esters-modified
dextran were coated with mucoadhesive chitosan, fol-
lowed by encapsulation in pH-responsive hydroxypropyl
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Fig. 14 Schematic illustrations showing the composition and struc-
ture of oxidation and acidic pH dually responsive nanoparticles
and their extracellular/intracellular anti-inflammatory mechanisms.

methylcellulose acetate succinate (HPMCAS) through micro-
fluidics technique, affording nano-in-micro composite parti-
cles. The final composites were devised to protect the rifaxi-
min (RIF; an intestine-specific antibiotic employed in inducing
remission of IBD)-loaded oxidation-responsive nanoparticles
from the harsh conditions in the upper gastrointestinal tract
(e.g., acidic pH of the stomach) and to unmask them in the
intestine, closer to the targeted lesions. Upon activating by
elevated ROS levels, oxidation-responsive nanoparticles would
selectively release RIF into the inflamed sites. Unfortunately,
comprehensive in vivo anti-inflammatory evaluations of such
promising nano-in-micro composites have not been systemati-
cally investigated.

@ Springer
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Conclusions

In this review, recent progress on the development of
inflammation-responsive delivery systems as promising
anti-inflammatory therapy in the treatment of chronic
diseases is summarized. The rational design of intel-
ligent DDSs enables selective, on-demand release and
activation of bioactive agents at target disease sites by
leveraging inflammation-associated biochemical signals,
including oxidative stress, reduced pH, overexpressed
enzymes, and reductive microenvironment. In vivo anti-
inflammatory potentials of inflammation-sensitive DDSs
have been preliminarily demonstrated via local, oral, or
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systemic administration in diverse animal models, exhib-
iting enhanced efficiency as compared to nonresponsive
systems. Notwithstanding these advances, only a very few
inflammation-responsive DDSs have been comprehen-
sively explored in various animal models of chronic inflam-
matory diseases. Even worse, excellent anti-inflammatory
effects of inflammation-sensitive delivery systems in ani-
mal models of chronic inflammatory diseases have not
progressed in a clinical trial phase. To our knowledge, no
translational studies have been carried out in inflammation-
responsive therapies towards the treatment and manage-
ment of chronic diseases [8, 15]. In contrast, several tra-
ditional and nonresponsive anti-inflammatory DDSs have
succeeded to reach clinical trials [8]. This status is remi-
niscent of the development process of smart DDSs in can-
cer treatment [137], challenging the therapeutic benefits
of bioresponsive delivery systems over traditional systems
in clinical applications.

Numerous challenges in this burgeoning field remain to
be addressed in the future before clinical translation stud-
ies. First, for anti-inflammatory therapy, diverse biological
barriers impede the selective accumulation of DDSs and
therapeutic agents at the site of inflammation, compro-
mising in vivo therapeutic efficiency and benefit-to-risk
window [1]. Second, new and standard preclinical animal
models that could thoroughly mimic the pathophysiologi-
cal characteristics of human chronic inflammation need
to be established. Thus far, most in vivo therapeutic stud-
ies of inflammation-responsive DDSs were conducted
in murine models of chronic inflammatory diseases, and
the collected results could not be directly correlated to
humans. Third, for rational design and development of
inflammation-responsive DDSs, the optimal biochemical
stimuli should be determined according to disease types
and diseased sites. For instance, the extent of oxidative
stress and the major type of oxidative species might be
dynamically changed in distinct chronic diseases, even
at different stages of one disease. While multi-stimuli-
responsive systems theoretically could provide better sen-
sitivity and selectivity, their formulations generally involve
complicated synthesis and/or fabrication procedures. Last
but not least, further work is needed to surmount phar-
maceutical barriers ranging from biocompatibility and
safety of various DDSs, cost of goods and manufactur-
ing, to batch-to-batch reproducibility, facilitating poten-
tial clinical translations of inflammation-sensitive delivery
systems.
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