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Hydrogel Transformed from Nanoparticles for Prevention
of Tissue Injury and Treatment of Inflammatory Diseases

Zimeng Li, Gang Li, Jiajia Xu, Chenwen Li, Songling Han, Chunfan Zhang, Peng Wu,

Yongyao Lin, Chenping Wang, Jianxiang Zhang,* and Xiaodong Li*

Functional hydrogels responsive to physiological and pathological signals
have extensive biomedical applications owing to their multiple advanced
attributes. Herein, engineering of functional hydrogels is reported via trans-
formable nanopatrticles in response to the physiologically and pathologically
acidic microenvironment. These nanoparticles are assembled by a multivalent
hydrophobic, pH-responsive cyclodextrin host material and a multivalent
hydrophilic guest macromolecule. Driven by protons, the pH-responsive
host—guest nanoparticles can be transformed into hydrogel, resulting from
proton-triggered hydrolysis of the host material, generation of a hydrophilic
multivalent host compound, and simultaneously enhanced inclusion inter-
actions between host and guest molecules. By in situ forming a hydrogel
barrier, the orally delivered transformable nanoparticles protect mice from
ethanol- or drug-induced gastric injury. In addition, this type of nanoparti-
cles can serve as responsive and transformable nanovehicles for therapeutic
agents to achieve triggerable and sustained drug delivery, thereby effectively
treating typical inflammatory diseases, including periodontitis and arthritis
in rats. With combined advantages of nanoparticles and hydrogels, together
with their good in vivo safety, the engineered transformable nanoparticles
hold great promise in tissue injury protection and site-specific/local delivery

of molecular and cellular therapeutic agents.

1. Introduction

Functional hydrogels have widespread applications in many
fields, including drug delivery, cell therapy, tissue engineering,
medical implants, soft electronics, biosensors, and actuators.l!

Hydrogels can be formed via physical
entanglement, noncovalent interactions,
and chemical cross-linking. By rational
design at the molecular level, enhanced
physicochemical properties, such as shear
thinning, self-healing, and responsive
capacities may be afforded to hydrogels.
Of note, considerable efforts have been
devoted to engineering stimuli-responsive
hydrogels,”?! since their formation, deg-
radation, multiscale shape, architecture,
and functions can be easily and precisely
manipulated via different physical, chem-
ical, and biological signals in spatiotem-
porally controlled and/or programmed
manners. In this aspect, different
exogenous and endogenous bio-physic-
ochemical triggers are generally utilized
to precisely control hydrogel formation/
degradation, finely tune the mechanics
of hydrogels, and dynamically modulate
hydrogel microenvironment.?43 Hydro-
gels responsive to temperature, light,
electrical/magnetic  fields, ultrasound,
mechanical forces, pH, redox potentials,
and biochemical agents have been exten-
sively examined for on-demand thera-
peutic delivery of drugs and cells to treat different acute and
chronic diseases,®®* for which controlled release of molecular
and cellular payloads is mainly achieved by triggering transi-
tions between hydrogel and solution phases or hydrogels and
solid states. Also, stimuli-responsive hydrogels have been
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applied as functional scaffolds of stem cells or progenitor cells
for tissue engineering and regeneration.®<&°l In this case,
local microenvironments can be precisely modulated by bio-
chemical/biophysical signals in situ or remote physical triggers
to regulate cell fate and activity.’>>>d In addition, responsive
hydrogels were developed to promote wound healing or inhibit
postoperative tissue adhesion. 2850l

The abovementioned functional hydrogels have demon-
strated superior advantages in the management of a plethora of
diseases or disorders. Despite these notable advances, further
broadened applications of responsive hydrogels require inno-
vative engineering of diverse parameters, such as regulatable
gelation via physiological or pathological cues, shape/struc-
ture manipulation across multiple length scales, biocompatible
hydrogel-forming materials, efficient incorporation of various
types of therapeutics, controlled/sustained release of molecular
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and cellular payloads, and spatiotemporal presentation of
bioactive moieties.[15417]

Herein, we propose a new strategy for engineering func-
tional hydrogels via stimuli-responsive transformation of nano-
particles (Figure 1a). As a concept of proof, transformable nano-
particles were designed and developed by self-assembly of a
multivalent, hydrophobic, proton-sensitive host material and
a multivalent hydrophilic guest macromolecule. Under acidic
conditions, the pH-responsive transforming nanoparticles can
be hydrolyzed to liberate hydrophilic multivalent host mole-
cules, which can spontaneously assemble with the multiva-
lent guest via enhanced host-guest interactions to give rise to
hydrogel. The hydrogel-transformable nanoparticles effectively
protected mice from ethanol- or drug-induced gastric injury,
resulting from physiologically triggered in situ formation of
protective hydrogel barriers on the stomach mucosa. Moreover,
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Figure 1. Design and synthesis of pH-triggerable hydrogel-transforming nanoparticles based on host—guest recognition. a) Schematic illustration of
host—guest-interaction-mediated self-assembly of pH-responsive nanoparticles and acid-triggerable hydrogel transformation. b) A sketch showing the
chemical structure and synthesis of multivalent host and guest molecules. HCTP, cyclic hexachlorocyclotriphosphazene; PA—HCTP, propargylamine-
conjugated HCTP; N;—f-CD, mono-6-azido-f-cyclodextrin; HCD, SB-cyclodextrin-conjugated HCTP; AHCD, acetalated HCD; 8PEG—NH,, 8-arm
poly(ethylene glycol) amine; Ada—COClI, 1-adamantanecarbonyl chloride; 8PEG—Ada, 8-arm poly(ethylene glycol) conjugated with adamantane; AHCPA
NPs, nanoparticles assembled by AHCD and 8PEG—Ada; HCPA hydrogel, host—guest hydrogel formed by pH-triggered transformation of AHCPA NPs.
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proton-driven hydrogel transformation of our pH-responsive
nanoparticles can be triggered by inflammatory microenviron-
ments (i.e., pathological cues), and therefore the transformable
nanoparticles can serve as functional nanovehicles for different
therapeutic agents to treat inflammatory diseases.

2. Results and Discussion

2.1. Synthesis and Characterization of Hydrophilic Multivalent
Host and Guest Molecules

To demonstrate our hypothesis, S-cyclodextrin (3-CD) was
employed as a functional moiety to engineer a multivalent host
molecule (termed as HCD), due to its good biocompatibility
and desirable affinity to a diverse array of guest molecules.®!
HCD was synthesized by conjugating S-CD onto hexachlo-
rocyclotriphosphazene (HCTP) via click chemistry reaction
(Figure 1b). To this end, 6 alkyne units were first introduced onto
HCTP by nucleophilic reaction between propargyl amine (PA)
and HCTP. The obtained compound PA—HCTP was character-
ized with 'H NMR, 3'P NMR, and Fourier transform infrared
(FT-IR) spectroscopy (Figure Sla—c, Supporting Information),
which was further confirmed by matrix-assisted laser desorp-
tion/ionization-time of flight (MALDI-TOF) mass spectrometry
(Figure S1d, Supporting Information). Then, HCD was obtained
by click reaction between PA—HCTP and mono-6-azido--CD
(N3;—B-CD), and its successful synthesis was affirmed by FT-IR,
!H NMR, and MALDI-TOF spectra (Figure S2, Supporting
Information). Further elemental analysis revealed =4-5 B-CD
units in each HCD molecule, well consistent with the result
based on MALDI-TOF mass spectrometry (Figure S2c, Sup-
porting Information). On the other hand, a multivalent guest
polymer (8PEG—Ada) was prepared by conjugating adamantly
(Ada) moieties onto 8-arm poly(ethylene glycol) (8PEG) via con-
densation reaction between formyl chloride and amine groups
(Figure 1b). 'H NMR spectroscopy indicated that nearly 100%
of terminal hydroxyl groups of 8PEG were functionalized with
Ada moieties (Figure S3a, Supporting Information). Through a
similar synthetic route, cyanine5 (Cy5)-labeled 8PEG—Ada (i.e.,
8PEG—Ada—Cy5) was synthesized, with each 8PEG containing
one Cy5 moiety (Figure S3b, Supporting Information).

2.2. Host-Guest Hydrogels Assembled by HCD and 8PEG—Ada

We then examined whether host—guest hydrogels can be assem-
bled by the newly synthesized multivalent host and guest mole-
cules. Measurement by isothermal titration calorimetry (ITC)
revealed strong binding affinity between HCD and 8PEG—Ada
in deionized water (Figure S4a, Supporting Information). The
quantified binding constant was 4.6 x 10> M™%, which is notably
higher than that between free S-CD and l-adamantanecar-
boxylate in aqueous solution (i.e., 8.5 x 10* m~!) (Figure S4b,
Supporting Information). This suggested that host-guest inter-
actions between multivalent host and guest molecules can
be considerably enhanced, as compared to those of the corre-
sponding monovalent systems. Of note, pH and ionic strength
had no significant effects on binding constants between HCD
and 8PEG—Ada (Figure S5, Supporting Information).
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Subsequently, we tested hydrogel formation capability of
HCD/8PEG—Ada at various molar ratios of S-CD to Ada by
rheological studies. At a f-CD/Ada ratio of 1:0.25, both direct
observation and quantification of frequency-dependent storage
modulus (G% and loss modulus (G”) values of aqueous solution
containing HCD and 8PEG—Ada indicated no hydrogel forma-
tion (Figure 2a). By contrast, stable hydrogels were obtained
for aqueous solutions containing HCD/8PEG—Ada at 1:0.5, 1:1,
and 1:2, as implicated by digital photos and higher G’relative to
G”values (Figure 2b—d). Particularly, hydrogel with the highest
modulus was formed by HCD/8PEG—Ada at 1:1, showing slight
changes in G’ values with increasing frequency. Nevertheless,
hydrogel could not be formed at the 5-CD/Ada molar ratio of
1:4 (Figure 2e). These results suggested that mismatched host/
guest moieties at higher contents of either S-CD or Ada moi-
eties are not beneficial for self-assembly of host-guest hydro-
gels. Also, hydrogelation of HCD/8PEG—Ada is closely related
to their solid content. At the S-CD/Ada ratio of 1:1, only vis-
cous solutions were observed when the solid content was 4%
or 6%, while hydrogelation occurred at the solid contents >8%
(Figure S6, Supporting Information). For the HCD/8PEG—Ada
hydrogel at the -CD/Ada ratio of 1:1 and with a solid content
of 10%, in vitro tests in simulated gastric fluid (SGF) indi-
cated that its maximal swelling can be achieved within 5 min
(Figure S7a, Supporting Information). Also, in vitro degrada-
tion experiments showed that this hydrogel was stable in SGF
(Figure S7b, Supporting Information), agreeing with the
finding that pH and ionic strength exhibited negligible impact
on the binding constant of HCD/8PEG—Ada (Figure S5,
Supporting Information). Collectively, these results demon-
strated that hydrogels can be successfully assembled by our
newly synthesized multivalent host and guest molecules, and
the properties of thus engineered hydrogels can be fine-tuned
by varying their ratios or contents.

2.3. Engineering of pH-Triggerable Host-Guest Nanoparticles

To develop transformable nanoparticles capable of gelating
via host-guest complexation upon pH triggering, HCD was
first acetalated to produce acid-labile materials (Figure 1b).
By regulating the acetalation time, acetalated HCD materials
(i.e., AHCDs) with varied acetalation degrees were obtained
(Figure S8, Supporting Information), as indicated by gradually
increased methyl proton signals in 'H NMR spectra. AHCDs
collected after acetalation for 15, 30, 60, and 120 min are defined
as AHCD15, AHCD30, AHCD60, and AHCD120, respectively.
As expected, real-time 'H NMR spectroscopy revealed trig-
gerable hydrolysis of different AHCDs at pH 1 (Figure 2f-),
showing complete hydrolysis within 10, 15, 20, and 25 min for
AHCD15, AHCD30, AHCDG60, and AHCD120, respectively.
This is due to varied acetalation degrees for different AHCDs
(Figure S8b, Supporting Information). On the other hand, this
difference in the hydrolysis rate can be attributed to the rela-
tive contents of cyclic and linear acetals. As previously reported,
short acetalation time may afford materials with relatively high
contents of linear acetal that generally displays more rapid
hydrolysis as compared to cyclic acetal.”’) Of note, complete
hydrolysis of AHCDs gave rise to HCD and other water soluble
byproducts.

© 2022 Wiley-VCH GmbH
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Figure 2. Characterization of host-guest hydrogels and pH-responsive host-guest nanoparticles. a—e) Rheological properties of aqueous solutions
containing a multivalent host molecule (HCD) and a multivalent guest molecule (8PEG—Ada) at f-CD/Ada molar ratios of 1:0.25 (a), 1:0.5 (b), 1:1 (c),
1:2 (d), and 1:4 (e). G*, storage modulus; G loss modulus. f~i) 'TH NMR spectra showing time-dependent hydrolysis of different acetalated HCD (i.e.,
AHCD) materials of AHCD15 (f), AHCD30 (g), AHCD60 (h), and AHCD120 (i) in D,O at pH 1. AHCD15, AHCD30, AHCD60, and AHCD120 denote
AHCD with acetalation reaction times of 15, 30, 60, and 120 min, respectively. j-m) ITC curves and quantified binding constants showing host-guest
interactions between 8PEG—Ada and AHCD15 (j), AHCD30 (k), AHCD60 (l), or AHCD120 (m). n,0) SEM (n) and TEM (o) images of nanoparticles
assembled by 8PEG—Ada and different AHCD materials. Scale bars, 200 nm.

In addition, ITC measurement revealed the presence
of host—guest interactions between different AHCDs and
8PEG—Ada (Figure 2j-m). Nevertheless, the binding con-
stant of AHCDs/8PEG—Ada gradually decreased for AHCD15,
AHCD30, AHCD60, and AHCD120, which was 1.3 x 105,
1.0 x 10°, 72 x 10% and 1.5 x 10* M7, respectively. This is in line
with the fact that prolonged acetalation time leads to the increased
acetalation degree,® while the introduced acetal moieties can
partly cover the cavity of 5-CD,! thereby impairing the binding
affinity between AHCDs and 8PEG—Ada. We then prepared
pH-responsive nanoparticles based on AHCDs/8PEG—Ada by
nanoprecipitation in combination with host-guest self-assembly.
To this end, AHCDs in dimethyl sulfoxide was slowly added
into aqueous solution of 8PEG—Ada. Regardless of different

Adv. Mater. 2022, 2109178 2109178

AHCDs with varied acetalation degrees, spontaneous host—
guest recognition led to well-defined spherical nanoparticles,
as illustrated by both scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images (Figure 2n,0).
Characterization via dynamic light scattering revealed relatively
narrow size distribution for all AHCDs/8PEG—Ada assem-
bled nanoparticles, with mean diameter of 150 + 40 nm and
negative {-potential (Figure S9, Supporting Information). For
different nanoparticles, their elemental composition was further
confirmed by energy dispersive X-ray spectroscopy (Figure S10,
Supporting Information).

Hydrophobicity of AHCDs and impaired host—guest inter-
actions between AHCDs and 8PEG—Ada should mainly con-
tribute to the formation of AHCDs/8PEG—Ada nanoparticles

(4 of 12) © 2022 Wiley-VCH GmbH
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in neutral aqueous solutions, since they can lead to consider-
ably low degrees of cross-linking due to aggregation of AHCDs
via hydrophobic interactions. In this aspect, 8PEG—Ada can
function as a surfactant to stabilize hydrophobic AHCD-derived
nanoaggregates by relatively weak host—guest interactions (most
probably together with hydrophobic forces), thereby resulting
in the formation of spherical nanoparticles. In addition to ITC
experiments (Figure 2j-m), the interactions between AHCD
and 8PEG—Ada were verified by FT-IR spectroscopy (Figure S11,
Supporting Information). Consistent with pH-responsive
hydrolysis behaviors of AHCDs, different AHCD/8PEG—Ada
nanoparticles showed clearly pH-dependent hydrolysis profiles
(Figure S12, Supporting Information). At examined pH values,
nanoparticles derived from AHCD15 displayed the most rapid
hydrolysis rate. Regardless of different nanoparticles, they all
exhibited relatively good stability at pH 74, as implicated by
time-dependent changes in hydrolysis degrees and mean diam-
eters upon long-term incubation (Figure S12d,e, Supporting
Information). For nanoparticles assembled by AHCD15 and
8PEG—Ada, in vitro tests in three cell lines (human gastric
epithelial cells, human gingival fibroblasts, and ATDC-5
murine chondrocytes) revealed negligible cytotoxicity even
after 24 h of incubation at 800 ug mL™! (Figure S13, Supporting

www.advmat.de

Information). Together, pH-responsive nanoparticles with tai-
lorable hydrolysis profiles and good cytocompatibility can be
engineered by host—guest-interaction-mediated assembly of
AHCDs and 8PEG—Ada.

2.4. Acid-Triggered Transformation of pH-Responsive
Nanoparticles to Hydrogels

Considering rapid pH-responsive hydrolysis of nanoparticles
assembled by AHCD15 and 8PEG—Ada (defined as AHCPA
NPs), they were employed in following studies. Whereas
hydrolysis of low concentrations of AHCPA NPs at pH 1
led to clear solutions, pH-triggered hydrogel formation was
observed at high concentrations of AHCPA NPs (>10 wt%).
For 10% AHCPA NPs, direct observation revealed the forma-
tion of hydrogel within a few seconds after incubation at
pH 1 (Figure 3a), indicating successful transformation of
AHCPA NPs into hydrogel (Figure 3b). This nanoparticle-to-
hydrogel transformation was also confirmed by rheological
measurement, as indicated by more rapidly increased G’ rela-
tive to G’ (Figure 3c). Similarly, the pH-triggered hydrogel for-
mation was found for aqueous solutions of AHCPA NPs at pH
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Figure 3. Characterization of in vitro transformation from nanoparticles to hydrogels upon pH triggering. a) Digital photos show transition of nano-
particles to hydrogel after incubation at pH 1for 5 min. b) A sketch illustrates hydrogel transformation of pH-responsive nanoparticles. c—f) Oscillatory
rheological characterization of pH-dependent transition of AHCPA NPs to hydrogels at pH 1 (c), pH 3 (d), pH 5 (e), or pH 7 (f). In all cases, the solid
content was 10 wt%, while the molar ratio of f-CD/Ada was 1:1. G, storage modulus; G”, loss modulus. The modulus transition time was 23, 70, and
403 s at pH 1, pH 3, and pH 5, respectively. g) STEM images of AHCPA NPs after incubation at pH 5 for 0, 15, or 60 min. h) A typical SEM image shows
the cross-section structure of hydrogel transformed from AHCPA NPs at pH 5 after freeze-drying.
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3 and pH 5 (Figure 3d,e), although relatively long time was
required in these cases. For the transformed hydrogels at pH
1, 3, and 5, they reached the maximum G after =10, 20, and
60 min, respectively. Consistent with acid-responsive hydrolysis
of AHCPA NPs, no hydrogel formation was observed at pH 7
(Figure 3f). Further, characterization via scanning transmission
electron microscopy (STEM) was performed to provide detailed
information regarding the transformation process at pH 5.
Time-dependent STEM images clearly showed the disappear-
ance of nanoparticles, but the appearance of network structures
(Figure 3g). The typical network structure of hydrogel was also
observed by SEM (Figure 3h). These results demonstrated that
pH-responsive AHCPA NPs can be transformed into hydrogel
upon acid triggering. This transformation is mainly attributed

www.advmat.de

to the generation of hydrophilic HCD molecules and simulta-
neously enhanced host—guest interactions.

Based on the above finding, we speculate that AHCPA
NPs can be transformed into hydrogel in the stomach after
oral administration (Figure 4a). To test this hypothesis, we
examined gelation and retention profiles of orally delivered
AHCPA NPs derived from AHCD15 and 8PEG—Ada—Cy5 (i.e.,
Cy5/AHCPA NPs). Nanoparticles based on acetalated S-CD
and 8PEG—Ada—Cy5 (i.e., Cy5/ACPA NPs) were used as the
control (Figure S14, Supporting Information), since f-CD and
8PEG—Ada cannot form a network structure to mediate the
hydrogel formation. After oral gavage of Cy5/AHCPA NPs in
mice, Cy5 fluorescence in the stomach was maintained for more
than 2 h (Figure 4b,c). By contrast, Cy5 fluorescence notably
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Figure 4. In vivo transformation of AHCPA NPs to hydrogels in the mouse stomach. a) Schematic illustration of in situ hydrogel formation in the
stomach after oral administration of triggerable AHCPA NPs. b,c) Ex vivo images (b) and quantitative analysis (c) of Cy5-labeled AHCPA NPs or
ACPA NPs in the mouse stomach after oral gavage. d) Confocal fluorescence images show the distribution of AHCPA-NP-derived hydrogel coating in
the stomach at 1 h after oral gavage. Scale bars, 1 mm. e,f) Ex vivo imaging demonstrates physical coating of transformed hydrogel on the stomach
mucosa. Ex vivo images (e) and quantitative data (f) show fluorescence intensities before and after washing of stomach tissues with PBS. g) A typical
digital photo acquired by stereomicroscopy showing the presence of a hydrogel-like coating on the gastric mucosa after oral gavage of Cy5/AHCPA
NPs. h) A sketch illustrating physical coating of transformed hydrogel on the gastric mucosa. Data are expressed as mean + standard deviation (s.d.)
(c,n=3;f,n=75).
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decreased even at 30 min after oral delivery of Cy5/ACPA NPs.
Correspondingly, confocal microscopic observation clearly
showed the fluorescence distribution on the gastric mucosal
layer for mice treated with Cy5/AHCPA NPs (Figure 4d), while
the Cy5/ACPA NP group displayed negligible fluorescence.
Accordingly, the notably enhanced fluorescence retention after
oral delivery of Cy5/AHCPA NPs suggested the formation of
hydrogel that can delay excretion from the stomach. In addi-
tion, the gastric fluorescence of Cy5-/AHCPA-NP-treated mice
was dramatically reduced after thorough rinsing of the opened
stomach with phosphate-buffered saline (PBS) (Figure 4ef).
Moreover, a hydrogel-like coating on the gastric mucosa was
directly observed by stereomicroscopy (Figure 4g). This is also
consistent with the result that HCD/8PEG—Ada hydrogel is
stable in SGF (Figure S7, Supporting Information). Together,
these results indicated physical coating of the hydrogel formed
by AHCPA NPs on the gastric mucosa (Figure 4h). The gas-
tric retention time of AHCPA-NP-derived hydrogel is largely
consistent with the lifetime of gastric mucus that is =24 h
in mice as previously reported.! This fast turnover of gastric
mucus is resulting from continuous secretion and clearance
of its compositions.?l As for orally delivered ACPA NPs, rapid
hydrolysis followed by quick elimination from the stomach may
occur due to peristaltic motion, digestion, and/or absorption.
On the one hand, low pH in the mouse stomach, varying from
2.7 to 4.1,83is responsible for hydrogel formation from AHCPA
NPs. On the other hand, the dilution effect after oral gavage
can be neglected, since the water content in the stomach is only
0.1-0.3 mL for the fed and fasted mice.'*® Taken together, these
results substantiated that nanoparticle-to-hydrogel transforma-
tion can be successfully triggered for pH-responsive AHCPA
NPs under both in vitro and in vivo conditions.

2.5. Protection of Gastric Injury by In Situ
Transformed Hydrogel from AHCPA NPs

We then examined whether in situ transformed hydrogel based
on orally delivered AHCPA NPs can protect the stomach from
chemical/drug-induced injury. An ethanol-induced gastric
injury model was first used (Figure S15a, Supporting Infor-
mation). At 1 h after oral gavage of ethanol, stereomicroscopy
observation revealed severe damage of the gastric mucosa for
mice in the model group treated with PBS alone, as implicated
by significant bleeding points (Figure S15b,c, Supporting Infor-
mation). By contrast, pretreatment with AHCPA NPs via oral
gavage at 1 h before exposure to ethanol almost completely
prevented mice from ethanol-induced redness and swelling.
Correspondingly, the model group showed abnormally
increased gastric volume, an index of flatulence due to acute
inflammation (Figure S15d, Supporting Information), which
was effectively reduced by oral administration of AHCPA NPs
prior to alcohol treatment. In addition, treatment with AHCPA
NPs significantly decreased expression levels of typical proin-
flammatory cytokines, including tumor necrosis factor (INF)-¢,
interleukin (IL)-153, IL-6, and myeloperoxidase (MPO) in gastric
tissue homogenates (Figure S15e-h, Supporting Information).
Moreover, SEM observation indicated nearly normal micro-
structure of the gastric mucosa in the AHCPA NP group, which
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is notably different from that of the model group (Figure S15i,
Supporting Information). Further evaluation was performed by
examination on histological sections stained with hematoxylin
and eosin (H&E) or periodic acid-Schiff (PAS). The model
group displayed notable damage of the gastric epithelial barrier
and necrosis of epithelial cells (Figure S15j, Supporting Infor-
mation), which are characteristic patterns of gastric mucosal
injury. These histological abnormalities were considerably pre-
vented by oral administration of transformable nanoparticles,
as implicated by the intact mucosal layer as well as the absence
of hemorrhage and necrosis.

Subsequently, protective effects of gel-transformable nano-
particles were also examined in mice with gastric ulcers
induced via indomethacin (IND) (Figure 5a), a typical non-
steroidal anti-inflammatory drug (NSAID) frequently used for
the treatment of osteoarthritis, rheumatoid arthritis, and anky-
losing spondylitis.'¥l In this case, preadministration of AHCPA
NPs significantly inhibited bleeding, ulceration, body weight
loss, and acute inflammatory responses resulting from IND
stimulation (Figure 5b-h). Moreover, SEM observation and
histological analysis of sections stained with H&E or PAS
revealed considerably improved microstructure of the gastric
mucosa and the maintained intact epithelial barrier by the
orally delivered transformable nanoparticles (Figure 5i,j).

Taken together, these results substantiated that oral admin-
istration of pH-responsive AHCPA NPs can effectively prevent
gastric injury by in situ forming a protective hydrogel layer.
This type of transformable nanoparticles can serve as prom-
ising gastric mucosal protective agents for the prophylactic
treatment of gastric injury resulting from alcohol consumption
or applications of NSAIDs.

2.6. Treatment of Inflammatory Diseases with
Drug-Loaded Transformable Nanoparticles

As well documented, acidosis is generally observed at inflamed
sites of different acute and chronic inflammatory diseases.! To
examine whether AHCPA NPs can also function as transform-
able nanovehicles of therapeutic agents for treating inflammatory
diseases, dexamethasone (DEX) was used as a model anti-inflam-
matory drug. DEX-loaded AHCPA NPs were also prepared by the
aforementioned nanoprecipitation/self-assembly method. The
obtained DEX nanotherapy displayed a spherical shape and narrow
size distribution (Figure S16a—c, Supporting Information), with
the mean diameter of 146 nm, negative {-potential, and the DEX
loading content of 6.8%. In vitro release tests showed pH-trig-
gerable drug release from DEX/AHCPA NPs (Figure S16d, Sup-
porting Information), with rapid drug release at pH 6.5. Notably,
DEX/AHCPA NPs displayed a dramatically slow release profile at
pH 74. Besides the stability of AHCPA NPs at neutral pH levels
(Figures S12d and S16e, Supporting Information), host-guest
complexation between DEX and 3-CD moieties may considerably
delay drug release from AHCPA NPs (Figure S16f, Supporting
Information). The host-guest-interaction-mediated ~delayed
release of DEX was also reported for other B-CD-containing
nanovehicles. 8¢

Initially, periodontitis, a representative chronic inflammatory
disease triggered by microorganisms in the dental plaque,l®
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Figure 5. AHCPA NPs protected mice from indomethacin (IND)-induced gastric injury. a) Schematic illustration of the establishment of a mouse
model of IND-induced gastric injury and treatment strategies. b—d) Representative digital photos show severe ulceration (b) and quantification of the
relative area of redness (c) and ulcer (d) regions. Redness is indicated with red arrowheads, while ulcers are denoted with blue arrowheads. e) Body
weight changes of mice after different treatments. f-h) The expression levels of MPO (f), IL-13 (g), and IL-6 (h) in gastric tissues. i) SEM images of
the gastric antrum in different groups. Insets show high resolution images. j) Histological sections of gastric tissues stained with H&E (upper) or PAS
(lower). Ulcers are indicated with red arrowheads, while inflammatory cells are illustrated with blue arrowheads. Loss of glycoproteins on the mucous
membrane is denoted with black arrowheads. Mu, mucosa; Sm, submucosa; M|, muscularis. Normal, mice without any treatments; Control, healthy
mice treated with the vehicle; Model, mice treated with IND at 16 mg kg™'; AHCPA NPs, mice simultaneously treated with AHCPA NPs and IND by
oral gavage. Data in (e—h) are expressed as mean £ s.d. (n=5). *p < 0.05, **p < 0.01, ***p < 0.007; ns, no significance.

was established in rats by a ligature-induced procedure.l”? Of
note, local sucrose fermentation due to the presence of dental
plaque in the periodontal pocket leads to a consistently acidic
microenvironment (even <pH 5).18 Using Cy5/AHCPA NPs,
we first demonstrated that locally delivered transformable
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nanoparticles could be retained in the periodontal pocket of
periodontitis rats for =2 days (Figure S17, Supporting Informa-
tion). This is in accordance with the result based on rheological
studies that AHCPA NPs can transform into hydrogel
under pH conditions relevant to periodontitis (Figure 3e,g and
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Figure 6. Treatment of periodontitis via triggerable AHCPA NPs containing an anti-inflammatory drug DEX. a) A sketch shows the establishment of
periodontitis in rats and the related treatment regimens. b) Typical 3D micro-CT images of teeth and periodontal tissues of mice in different groups. The
red lines with double arrowheads indicate the distance (termed as CE]-ABC) from the cementoenamel junction (CE)) to the alveolar bone crest (ABC).
The distance between the teeth interface (Tl) and the alveolar bone crest (ABC) is defined as TI-ABC. c) Quantification of the ratio of the height of the
exposed root to the height of the entire tooth, which is denoted as (CEJ-ABC)/(TI-ABC). d—f) The expression levels of TNF-« (d), IL-6 (e), and MCP-1
(f) in the periodontium of rats subjected to different treatments. g) Typical histological sections of the periodontal tissues stained with H&E, Masson,
or TRAP. Black arrowheads indicate periodontal pockets, blue arrowheads denote inflammatory cells, and red arrowheads show osteoclasts. Normal,
rats without any treatments; Model, diseased rats subjected to ligation and local injection of PBS in the periodontal pocket; AHCPA NPs, diseased rats
treated with AHCPA NP by local injection; DEX, diseased rats treated with free DEX; DEX/AHCPA NPs, diseased rats treated with DEX-loaded AHCPA
NPs. Data in (c—f) are expressed as mean £ s.d. (n =5). *p < 0.05, **p < 0.01, ***p < 0.001.

Figure S18 (Supporting Information)). Then, in vivo thera-
peutic effects of DEX/AHCPA NPs were evaluated after local
injection every two days (Figure 6a). At day 21 after different
treatments, micro-computed tomography (micro-CT) scanning
revealed considerable bone loss on the buccal side of rats
in the model group (Figure 6b), while treatment with the
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transformable nanotherapy notably attenuated this abnormal
change. Further quantitative assessment by measuring the
cementoenamel junction to the alveolar bone crest (CEJ-ABC)
confirmed the beneficial outcome post treatment with
DEX/AHCPA NPs (Figure 6c). The expressions of TNF-¢,
IL-6, and monocyte chemoattractant protein (MCP)-1 were also
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Figure 7. Treatment of arthritis with triggerable AHCPA NPs containing DEX. a) A workﬂow shows the establishment of a mouse model of collagen/
LPS-induced arthritis and treatment regimens. b—e) The expression levels of TNF-¢ (b), IL-15 (c), IL-6 (d), and MCP-1 (e) in the joint capsule of mice
after different treatments. f) Typical histological sections of the joint capsule stained W|th either H&E or Safranin O/Fast Green. The black arrowheads
show the inflammatory sites. The damaged regions of cartilage are indicated with red arrowheads. Normal, healthy rats without any treatments; Model,
rats subjected to subcutaneous injection of collagen emulsion into the tail and local injection of LPS into the joint capsule; AHCPA NPs, diseased rats
treated with AHCPA NPs via local injection into the inflamed joint capsule; DEX, diseased rats treated with free DEX; DEX/AHCPA NPs, diseased
rats treated with DEX-loaded AHCPA NPs. Data in (b—e) are expressed as mean = s.d. (n=4). *p < 0.05, **p < 0.01, ***p < 0.001; ns, no significance.

significantly suppressed by DEX/AHCPA NPs (Figure 6d—f).
Whereas free DEX also displayed efficacies to certain degrees,
the most significant therapeutic effects were achieved by the
triggerable nanotherapy. Further inspection of histological
sections stained with H&E, Masson, or tartrate resistant acid
phosphatase (TRAP) revealed remarkably attenuated inflam-
matory infiltration as well as notably reduced bone absorption
and formation of periodontal pockets after treatment with
DEX/AHCPA NPs (Figure 6g).

Also, we examined therapeutic effects of the transform-
able DEX nanotherapy in a rat model of arthritis induced with
collagen/lipopolysaccharide (LPS) (Figure 7a), since synovial
fluid acidosis frequently occurs in arthritic knee joints, showing
pH ranges of nearly 6.5-7.3.1°"1 Of note, we found that locally
delivered transformable nanoparticles could be retained in the
inflamed joint capsule of rats for more than 2 weeks (Figure S19,
Supporting Information). Rats in the model group showed
significantly higher levels of TNF-¢, IL-1f, IL-6, and MCP-1
in the joint capsule (Figure 7b—e). These proinflammatory
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cytokines significantly decreased after treatment with DEX/
AHCPA NPs by intra-articular injection, as compared to other
formulations. Moreover, local inflammation and cartilage
erosion were evaluated by examining joint capsule sections
stained with H&E or Safranin O/Fast Green. Notable inflam-
matory infiltrates as well as severe degradation and extensive
loss of cartilage were observed in the model group. Mice treated
with DEX/AHCPA NPs showed low levels of inflammatory cell
infiltration as well as smooth and intact cartilage (Figure 7f).
Compared with free DEX, the triggerable nanotherapy more
effectively inhibited articular inflammatio

Together, these results demonstrated that the transformable
nanotherapy derived from pH-responsive AHCPA NPs can be
used for local treatment of inflammatory diseases by in situ
gelation and sustaining drug release. It is worth noting that
blank AHCPA NPs also showed varied degrees of efficacies, as
implicated by the significantly decreased expressions of inflam-
matory cytokines in the examined two models of inflamma-
tory diseases. For periodontitis, this should be due to in situ
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formation of hydrogel in the periodontal pocket, which may act
as a physical barrier to prevent bacterial invasion and reduce
food residues.?? In the case of arthritis, the locally formed
hydrogel by AHCPA NPs can serve as a lubricant to reduce
tissue damage. Indeed, rationally designed lubricating poly-
mers can enhance cartilage regeneration in rats with early oste-
oarthritis.?!l Whereas transformable nanoparticles have been
developed as triggerable nanotherapies or nanovaccines for
cancer therapy most recently,??l our studies, for the first time,
demonstrated that rationally engineered hydrogel-transforming
nanoparticles can be used for tissue protection and drug
delivery for the treatment of diverse inflammatory diseases.

2.7. In Vivo Safety Studies

Finally, preliminary in vivo studies were conducted to evaluate
safety profiles of the pH-responsive transformable nano-
particles. After oral gavage of AHCPA NPs at 2 or 5 g kg™
in mice, all animals remained healthy and displayed normal
body weight gain during the experiment, without vomiting or
diarrhea (Figure S20a, Supporting Information). After 2 weeks,
all sacrificed mice exhibited comparable organ indices
(Figure S20b, Supporting Information). There were no sig-
nificant changes in the levels of red blood cells, hemoglobin,
platelets, and white blood cells (Figure S20c—f, Supporting
Information). Further quantification of biochemical markers
including alanine aminotransferase, aspartate aminotrans-
ferase, blood urea, and creatinine suggested that orally deliv-
ered high-dose AHCPA NPs did not lead to injury to the liver
and kidneys (Figure S20g—j, Supporting Information). Likewise,
examination on H&E-stained sections of major organs revealed
normal microstructure for AHCPA-NP-treated mice (Figure S21,
Supporting Information). In separate studies, AHCPA NPs
were administered in mice via subcutaneous injection. Lumi-
nescence imaging indicated that local administration of
transformable nanoparticles did not induce inflammation or
oxidative stress, which was comparable to those treated with
saline (Figure S22, Supporting Information). Consequently,
these preliminary results indicated that our transformable
nanoparticles displayed good safety after oral delivery or local
injection at relative high doses.

3. Conclusion

In summary, we engineered transformable nanoparticles by
self-assembly of a pH-responsive multivalent cyclodextrin host
material and a multivalent guest polymer, which can transform
into hydrogels in response to acidic microenvironments, due
to proton-mediated hydrolysis of the host material, generation
of a hydrophilic multivalent host compound, and subsequently
enhanced host—guest interactions. After oral delivery, the trans-
formable nanoparticles can protect the stomach from ethanol-
or drug-induced injury in mice, by generating a hydrogel barrier
on the mucosa. In addition, these nanoparticles can function as
responsive and transformable nanovehicles for various thera-
peutic agents to realize triggerable and sustained drug delivery,
thereby effectively treating different inflammatory diseases.
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This type of nanoparticle-transformed hydrogels own combined
advantages of nanoparticles and hydrogels, such as good inject-
ability, efficient loading capacity for hydrophobic/hydrophilic
drugs and therapeutic cells, excellent stimuli-responsive cargo
release performance, and desirable processibility to shape the
final architecture. In combination with good in vivo safety,
our pH-responsive, hydrogel-transformable nanoparticles hold
great potentials in multiple biomedical applications, such as
drug delivery, cell therapy, and tissue regeneration. It is worth
noting that other pathologically relevant triggers such as abnor-
mally overproduced reactive oxygen species and enzymes can
also be employed for rational design of hydrogel-transformable
nanoparticles to achieve advanced functionalities.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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