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A B S T R A C T

Cyclodextrins are used to include curcumin to form complex, which is subsequently loaded into a reactive oxygen
species (ROS) responsive hydrogel (Cur gel). This gel exhibits a dual ROS scavenging effect. The gel can
neutralize extracellular ROS to lead to a ROS-sensitive curcumin release. The released curcumin complex can
eliminate intracellular ROS. Furthermore, the Cur gel effectively downregulates the expression of CD16 and IL-1β
while upregulating CD206 and TGF-β in oxygen and glucose-deprived (OGD) BV2 cells. Additionally, it restores
the expression of synaptophysin and PSD95 in OGD N2a cells. Upon injection into the stroke cavity, the Cur gel
reduces CD16 expression and increases CD206 expression in the peri-infarct area of stroke mice, indicating an in
vivo anti-inflammatory polarization of microglia. Colocalization studies using PSD95 and VGlut-1 stains, along
with Golgi staining, reveal enhanced neuroplasticity. As a result, stroke mice treated with the Cur gel exhibit the
most significant motor function recovery. Mechanistic investigations demonstrate that the released curcumin
complex scavenges ROS and suppresses the activation of the ROS-NF-κB signaling pathway by inhibiting the
translocation of p47-phox and p67-phox to lead to anti-inflammatory microglia polarization. Consequently, the
Cur gel exhibits promising potential for promoting post-stroke rehabilitation in clinics.

1. Introduction

Stroke stands as the second leading cause of mortality and disability
worldwide [1,2]. Given the narrow window for effective clinical ther-
apy, over 75 % of patients necessitate poststroke rehabilitation. How-
ever, Current clinical rehabilitation methods are far from satisfactory
[3]. Therefore, there is a pressing need for a novel clinical rehabilitation
treatment that transcends the constraints of traditional poststroke
rehabilitation. Recent advancements in cell, drug, and gene therapy
have shown promising results in promoting poststroke rehabilitation
[4–6]. Our investigations have delved into the roles of various drugs,
including curcumin [7], melatonin [8], candesartan [9], baicalein [10],
and bio-drugs such as tannic acid [11], brain-derived neurotrophic
factor (BDNF), and vascular endothelial growth factor (VEGF) [12].

These studies, conducted during the subacute/chronic phases after a
stroke, have demonstrated their efficacy in enhancing neuroplasticity by
modulating microglial polarization toward an anti-inflammatory
phenotype. Consequently, we propose a novel and feasible strategy for
poststroke rehabilitation, focusing on enhancing neuroplasticity
through the regulation of microglial polarization [13–16].

Microglia, as resident immune cells in the central nervous system,
are primarily tasked with maintaining normal immune homeostasis.
Following a stroke, microglia undergo activation and dynamic polari-
zation, shifting from a beneficial anti-inflammatory phenotype to a
neurotoxic proinflammatory phenotype. This transformation involves
morphological and functional changes that negatively impact neuro-
plasticity, including synaptic remodeling, axonal sprouting, and den-
dritic spine regeneration. One of the most hazardous substances secreted
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by proinflammatory microglia is reactive oxygen species (ROS). The
accumulation of ROS in the brain creates a toxic environment for
neighboring neurons, hindering the integration of newly formed neu-
rons, impeding axon development [17], and resulting in functional
deficits [18]. Proliferation of ROS also induces oxidative stress injury,
activating and aggregating microglia, stimulating the secretion of in-
flammatory factors, and exacerbating the inflammatory response.
Consequently, it becomes crucial to reduce ROS levels and promote
nerve regeneration and functional recovery during poststroke rehabili-
tation [19]. Conversely, the anti-inflammatory phenotype assumes a
distinct role compared to proinflammatory microglia in poststroke
rehabilitation. This phenotype has been reported to produce neuro-
protective factors that enhance synaptic plasticity and promote func-
tional outcomes following a stroke. As a result, strategies focused on
scavenging ROS and inducing anti-inflammatory microglial polarization
have emerged as potential rehabilitative approaches to restore neuro-
function after a stroke.

Curcumin (Cur) is a naturally occurring anti-inflammatory com-
pound found in turmeric (Curcuma longa), associated with the inhibi-
tion of NF-κB, regulation of apoptosis, antioxidant effects, and
neuroprotective activity in the treatment of spinal cord injuries [20–22].
Our investigations further reveal that Cur exerts a significant regulatory
effect on microglial responses, fostering anti-inflammatory microglial
polarization while inhibiting microglia-mediated pro-inflammatory re-
actions. Post-treatment with Cur has been shown to diminish brain
damage induced by ischemic stroke and enhance functional outcomes
[7,15]. This suggests that Cur holds promise as an antioxidant medica-
tion for scavenging ROS and modulating microglial polarization in the
context of poststroke rehabilitation. These findings highlight the po-
tential therapeutic role of Cur in mitigating the detrimental effects of
stroke and improving overall recovery outcomes.

However, several constraints have hindered the clinical translation
of Cur in poststroke rehabilitation. Firstly, Cur is a hydrophobic drug,
necessitating the use of drug carriers to enhance its solubility in aqueous
solutions. Secondly, owing to the gradual recovery of the blood‒brain
barrier (BBB) during the subacute phase, intravenous injection of the
drug faces challenges in crossing the BBB to achieve sufficient concen-
tration in the brain [23]. Although intracranial injection can directly
deliver the drug into the stroke cavity, cerebrospinal fluid circulation
may rapidly remove it from the brain [24,25]. Therefore, an ideal drug
carrier should not only target the stroke cavity but also ensure sustained
on-site drug release. An injectable hydrogel, administered in liquid
form, capable of forming a hydrogel in situ and releasing the drug
continuously on-site, aligns with this requirement [26]. Thirdly,
employing smart release behaviors, such as stimuli-responsive release,
can significantly enhance drug bioavailability and pharmaceutical effi-
cacy. To optimize ROS scavenging, loading Cur into a ROS-sensitive
release system could yield superior results. Consequently, an inject-
able hydrogel that is ROS-sensitive, directly delivered to the stroke
cavity, and releases the drug in response to ROS cues emerges as the
most suitable carrier for loading Cur in poststroke rehabilitation. These
considerations address key challenges in Cur delivery, providing a
foundation for enhanced therapeutic outcomes in stroke recovery.

In this study, hydroxypropyl-β-cyclodextrin (HP-β-CD) was
employed to include Cur, forming a hydrophilic HP-β-CD/Cur inclusion
complexes (Cur IC) [27–32]. The formation of hydrophilic Cur IC by the
cyclodextrin chemistry solves one of main obstacles in the Cur delivery
and could be loaded in the hydrogel carrier to be delivered targeting to
the stroke cavity. Spontaneously, an injectable was generated through
the Michael Addition of 4-arm polyethylene glycol acrylate (4-PEGA)
and DL-dithiothreitol (DTT). The hydrogel, containing sulfur, exhibited
ROS-sensitive degradation, providing a basis for ROS-sensitive release of
the encapsulated drug. In another word, the hydrogel is able to eliminate
extracellular ROS. Hence, the hydrogel not only serves as an inert carrier
but also have pharmacological functions [33] to treat ROS accumulation
after stroke. The hydrophilic Cur IC was then incorporated into the

hydrogel precursor solution and directly injected into the stroke cavity,
gelling in situ to produce the Cur IC loaded hydrogel (Cur gel). It is
expected that Cur IC can be released in the peri-infarct zone from the
hydrogel due to the ROS accumulation caused by the stroke to scavenge
intracellular ROS by inhibiting the microglial to produce ROS, and
simultaneously the ROS sensitive hydrogel can scavenge extracellular
ROS. This double ROS-scavenging effect effectively regulates the
anti-inflammatory polarization of the microglial so as to significantly
enhance neuroplasticity to promote poststroke rehabilitation.

2. Experiments

2.1. Materials

Cur was purchased from Beijing Inoke Technology Co., Ltd., Beijing
China, and hydroxypropyl-beta-cyclodextrin (HP-β-CD, > 99 %, Mw =

1431-1806 g/mol) was bought from Shanghai McLin Bio-chemical
Technology Co., Ltd., Shanghai, China. 4-arm polyethylene glycol
acrylate (4-PEGA,> 95%, Mn= 10,000 g/mol) was bought from Beijing
Key Technology Co., Ltd., Beijing, China, and DTT was bought from
Hebei Bailingwei Superfine Material Co., Ltd., Hebei, China. The pri-
mary antibodies used in this study were listed in the supporting
information.

2.2. Preparation and characterization of the Cur gel

2.2.1. Preparation of the Cur gel
73.6 mg of Cur (0.0002 mol) and 682 mg of HP-β-CD (0.0004 mol)

were dissolved Cur in 24 mL anhydrous ethanol and HP-β-CD in 36 mL
distilled water, respectively. The Cur solution was added to the HP-β-CD
solution slowly and stirred for 1 h. The precipitate was removed by
filtration and the ethanol was removed by rotation evaporation. The Cur
IC was obtained by lyophilization. The Cur was dissolved in ethanol with
different concentrations (2, 4, 8, 16, 20 and 30 μg/mL) and measured by
UV spectrum. Subsequently, a standard curve (Fig. S3c) was obtained
from the measured UV spectra. Then, the UV spectrum of Cur IC was
mesasured in water and the content of Cur (3.7 wt%) in the IC was
determined by using the standard curve.

44 mg of Cur IC and 330 mg 4-PEGA was dissolved in 1.5 mL of PBS
buffer. 20 mg DTT was dissolved in 0.5 mL PBS. The two solutions were
mixed and poured in amold, then gelated at 37 ◦C to prepare the Cur gel.

IR measurement was conducted in FT-IR (Shimadzu IRTrace-100).
UV measurement was performed on UV-Vis spectrophotometer (UV-
1800). 1H NMR spectra and 2D Nosey NMRwere carried on 400M Liquid
Nuclear Magnetic Resonance Spectrometer (Bruker AVANCE III 400
MHz). The detailed methods of characterizations are available in the
supporting information.

2.2.2. Simulated ROS scavenging test
1 mg of 1, 1-diphenyl-2-pyridine hydrazine (DPPH) was dissolved in

20 mL of anhydrous ethanol to prepare DPPH solution. Add the appro-
priate amount of DPPH solution to each small glass bottle size 1 to 5.
Bottle 1 was not treated, bottle 2 was added with ascorbic acid solution
with equal concentration of 1 mg/mL, bottle 3 was added with blank gel,
bottle 4 was added with Cur inclusion compound solution with equal
concentration of 1 mg/mL, and bottle 5 was added with C gel. Observe
the color change of the solution in the bottle.

2.3. In vitro cell experiments

2.3.1. In vitro regulation of microglia polarization
The biocompatibility of Cur IC against BV2 cells (mouse microglia

cell line) with low (7.5 μM), medium (25 μM) and high (50 μM) con-
centrations were measured by CCK-8 assay. The biocompatibility of Cur
gel against N2a cell was measured by live-dead cell assay.

BV2 cells were cultured in an OGD tank containing 95 % N2 and 5 %
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CO2, using a sugar-free medium for 3 h. Subsequently, the medium was
replaced with a sugar-containing medium, and the required substances
were added in different experimental groups. After 24 h under oxygen
and glucose conditions, BV2 cells were collected for analysis. The cells
were then processed to obtain whole-cell lysates, and the expressions of
CD16, CD206, IL-1β, and TGF-β, along with the phosphorylated forms of
p65 (p-p65) and p65 in BV2 cells, were detected using Western Blot
(WB). Furthermore, the expression of p47-phox and p67-phox in cell
membrane and cytoplasm was detected by WB assay.

2.3.2. In vitro enhancement of neuroplasticity by polarized BV2
BV2 cells were divided into four groups (control, blank gel, Cur so-

lution, and Cur gel) and cultured in the upper chamber of a transwell
system for 12 h. Simultaneously, N2a cells were divided into two groups
(N2a without OGD and N2a with OGD) and cultured in the lower plate of
the transwell system. The four different groups of BV2 cells were placed
on the transwell lower plate, each interacting with the two different N2a
cell groups, resulting in the formation of eight complete transwell sys-
tems. Subsequently, the co-culture of BV2 cells with N2a cells was
maintained for 24 h. Cell viability was assessed using the CCK-8 method.
The expression of synaptophysin and PSD95 was determined through
WB.

2.3.3. In vitro ROS detection
BV2 cells in different groups were collected and the intracellular ROS

content was detected using Reactive Oxygen Species Assay Kit (S0033)
and Amplex™ Red peroxide/peroxidase assay kit (A22188).

2.4. In vivo experiments

All in vivo studies were conducted following the approval of the
Animal Experiment Ethics Committee of Beijing Rehabilitation Hospital,
Capital Medical University. All animal care, housing, surgical, and
anesthetic procedures were performed in accordance with EU Directive
2010/63/EU for animal experiments. The animals were housed in
groups of five per cage at a standard temperature of 22 ± 1 ◦C, with free
access to food and water. Male C57BL/6 J mice, aged 12 weeks and
weighing 26.0 ± 1.5 g, were employed in the experiments.

The stroke of mice was induced by photothrombic (PT) method
stroke accroding to our previous work [11,12]. On the 7th day
post-stroke, 6.6 mg 4-PEGA was dissolved in 30 μL Cur IC’s PBS buffer
solution (29.3 mg/mL). Subsequently, the solution was mixed with 10
μL DTT PBS buffer solution (40 mg/mL) to get the precursor solution.
Then, a 3 μL precursor solution of Cur gel was injected into the stroke
cavity with liquid form and allowed to gel in situ. Mice were euthanized
on the 21st day after the stroke. Initially, the mice were anesthetized
with pentobarbital sodium and subsequently injected with 0.9 % normal
saline followed by a 4 % paraformaldehyde (PFA) solution. The brain
tissue was then removed and fixed in 4 % PFA solution. Microglial po-
larization in vivowas assessed throughWB and Immunofluorescence (IF)
staining. In vivo neuroplasticity was characterized using WB, IF staining,
and Golgi staining (Servicebio, GP1152). In vivo content of reactive
oxygen species (ROS) was determined through the DHE probe method.

The degradation of Cur gel in the mice was observed using the small
animal fluorescence imaging system (IVIS®Lumina III, PerkinElmer,
USA). Fluorescence imaging was performed at 7, 9, 14 and 21 days after
stroke.

Ethological assessments, including the Rotarod and Balance Beam
tests, were conducted on days 6, 8, 11, 14, and 21 after the stroke. In the
Rotarod test, mice were trained on the Panlab Rotarod LE8505 for 3 days
at 10 rpm prior to the formal experiment. During the official test, the
Rotarod’s speed was set to smoothly accelerate from 4 rpm to 40 rpm
over 5 min, with the time taken for each mouse to drop off the shaft
recorded. The test was repeated three times for each mouse. For the
Balance Beam test, mice were trained to traverse the balance beam from
one side three days before the formal experiment. The number of times

the mouse’s right hind paw fell from the balance beam was counted, and
each mouse underwent the test three times.

2.5. Statistics

Statistical analysis of the experimental results was performed using
GraphPad Prism software, and the results were expressed as mean ±

standard deviation (SD). The unpaired parameter T-test was used to
compare the two groups of data. Multiple comparisons of differences
between groups were tested using One-way ANOVA. In all analyses, p <

0.05 was considered statistically significant, where *p < 0.05, **p <

0.01 and ***p < 0.001.

3. Results and discussion

3.1. Preparation and characterization of Cur-cyclodextrin complex
loaded hydrogel

3.1.1. Preparation and characterization of Cur IC
As illustrated in Fig. 1a, the soluble Cur IC was prepared by incor-

porating Cur into the cavity of HP-β-CD. The molecular structure of Cur
IC was simulated by DFT calculation. The results of DFT calculation in
Fig. 1b show that the inclusion compound is formed by the molar ratio of
2:1 between HP-β-CD and Cur, and the benzene as well as the substituted
methyl and hydroxyl moieties in the benzene are included by HP-β-CD.
The formed Cur IC is further characterized by IR and NMR in Fig. 1c,
Figs. S1 and S2. The NMR spectra in Fig. 1b shows the resonance peaks
derived from both Cur and HP-β-CD occurs in the IC’s NMR spectrum.
The XRD spectra in Fig. 1d showed the Cur’s crystalline structure dis-
appears in the IC whereas it remains in the physical mixture.

3.1.2. Preparation and characterization of Cur gel
The successful preparation of the hydrogel was validated through the

inverted vial experiment in Fig. 1f, while the SEM image in Fig. S5
showcases the porous structure of the hydrogel. The gelation time was
determined to be 5 min at 37 ◦C and 8 min at 25 ◦C by inverted vial
experiment. This gives enough time for the surgeons to deliver the
hydrogel’s liquid precursor solution to the stroke cavity and avoid the
risk of gelation during the delivery. The mechanical properties of the
hydrogel were measured by rheometer in Fig. S6, where the storage
modulus is higher than the loss modulus indicating the successful
gelation. In vitro degradation and release behaviors of the hydrogel are
presented in Fig. 1g and h, respectively, demonstrating sustainable
release of Cur IC for up to three weeks. Notably, the ROS environment
significantly accelerates hydrogel degradation, leading to a faster
release of Cur IC. Given that stroke-induced ROS accumulation in the
cavity is a known occurrence, the intracranially delivered hydrogel can
dynamically modulate the release of loaded Cur IC to influence micro-
glia polarization based on the local ROS level. Cytocompatibility with
BV2 microglial cells was assessed in Fig. 1i, revealing similar cell via-
bilities between Cur IC, Cur gel, and the control under low (7.5 μM) and
intermediate (25 μM) Cur concentrations, with noticeable decrease
observed under high (50 μM) Cur concentration. Consequently, the in-
termediate concentration was chosen for subsequent experiments due to
its favorable cytocompatibility with microglia. Further investigation of
cytocompatibility with N2a cells using a live-dead assay demonstrated
comparable amounts of live cells in the Cur IC and Cur gel groups to the
control in Fig. 1j and Fig. S7, affirming the hydrogel’s good compati-
bility with neurons. Consequently, the well-tolerated cytocompatibility
of the prepared hydrogel with both microglia and neurons positions it as
a suitable carrier for delivering therapeutic drugs to the brain.

Fig. 1k exhibits the simulated ROS scavenging ability of the Cur gel.
1, 1-diphenyl-2-pyridine hydrazine (DPPH) was used to simulate the
production of ROS in the test. The color change in Fig. 1k shows the
addition of vitamin C as a reducing agent can thoroughly scavenge the
ROS, whereas the blank gel and the Cur solution also exhibits a certain
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Fig. 1. Preparation and characterization of the Cur gel (a, reaction formula of Cur IC; b, optimized structure of Cur IC predicted by DFT calculation; c, 1H NMR and d,
XRD spectra; e, reaction formula of Cur gel; f, inverted vials; g, degradation and h, drug release of Cur gel in vitro; cytocompatibility of Cur gel against i, BV2 and j,
N2a cells; k, simulated ROS scavenging test by Cur gel.
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level of ROS scavenging ability. Interestingly, the Cur gel shows better
ROS scavenging ability than the blank gel and the Cur solution. Thus,
this test demonstrates both the blank gel and the Cur solution has the
ability to eliminate ROS, and the Cur gel can combine their advantages
and possess better ROS scavenging ability.

3.2. In vitro ROS scavenging, microglia polarization and neuroplasticity
regulated by Cur gel

3.2.1. In vitro ROS scavenging by Cur gel
The in vitro ROS scavenging performance of the Cur gel is illustrated

in Fig. 2a, b and 2c using the DCFH-DA fluorescent probe. OGD-treated
microglia display heightened ROS accumulation, reflecting the pro-
inflammatory polarization induced by OGD. Treatment with curcumin
significantly reduces ROS expression in microglia, showcasing the
excellent intracellular ROS-scavenging capability of the curcumin gel in
vitro. Furthermore, the in vitro ROS scavenging was also conducted using
Amplex™ Red assay in Fig. S8, which achieves similar results with the
DCFH-DA probe.

3.2.2. In vitro modulation of microglia polarization by Cur gel
Fig. 2d-i investigates microglia polarization after OGD by WB. CD16

expression sharply increases after OGD, indicating pro-inflammatory
microglial polarization induced by OGD treatment. Correspondingly,
the pro-inflammatory factor IL-1β secreted by these microglia also in-
creases after OGD. Treatment with both Cur IC and Cur gel significantly
decreases the expression of CD16 and IL-1β, suggesting Cur’s ability to
suppress pro-inflammatory microglial polarization. Conversely, CD206
expression significantly decreases after OGD, accompanied by a corre-
sponding decrease in the anti-inflammatory factor TGF-β. Treatment
with both Cur IC and Cur gel significantly increases the expression of
CD206 and TGF-β, indicating that Cur promotes microglial polarization
toward the anti-inflammatory phenotype. Therefore, Fig. 2e-i demon-
strate that Cur treatment effectively shifts microglial polarization from
pro-inflammatory to anti-inflammatory phenotype after OGD.

3.2.3. Anti-inflammatory microglia regulated by Cur gel to enhance
neuroplasticity

Fig. 2j schematically illustrates the transwell system used to assess
the modulation of anti-inflammatory microglia on neuron neuro-
plasticity. In the upper chamber, microglia were cultured and polarized
towards an anti-inflammatory phenotype by the Cur gel. Subsequently,
the upper chamber with anti-inflammatory microglia was co-cultured
with neurons in the transwell system. Fig. S9 depicts the viability of
neurons after co-culture. The viability of neurons significantly decreases
after OGD, indicating neuronal apoptosis. When OGD neurons are co-
cultured with three OGD microglia, cell viability continues to
decrease, aligning with the pathological consequences of ischemic
stroke, where pro-inflammatory microglia exacerbate the local micro-
environment, leading to further neuronal apoptosis. However, among
the three co-culture groups, where OGD microglia were treated with a
blank gel, Cur IC, and Cur gel, respectively, Cur gel treatment demon-
strated the highest viability, Cur IC ranked in the middle, and the blank
gel was the least effective. This primarily suggests that anti-
inflammatory microglia can mitigate neuronal apoptosis and enhance
neuroplasticity. The WB results in Fig. 2j-m exhibit a complete similar
trend to the cell viability results.

3.3. In vivo ROS scavenging and microglia polarization regulated by Cur
gel

3.3.1. In vivo imaging of the Cur gel
The schematic protocol of the animal test is depicted in Fig. 3a. After

PT induction at day “t", the Cur gel was injected at day “t+7.” In vivo
imaging of the Cur gel and ethological tests were conducted at pre-
determined time intervals, and the mice were sacrificed at day “t+21″

for further WB and IF measurements.
The in vivo image of the Cur gel is presented in Fig. 3b. As Cur emits

fluorescence signals, the implanted Cur gel was visualized using a small
animal fluorescence imaging system in Fig. 3b. Immediately after im-
plantation, a robust fluorescence signal was observed, indicating suc-
cessful intracranial delivery of the gel. The signal intensity gradually
weakened over time, suggesting the gradual degradation of the gel and
sustained release of Cur in vivo. The signal was still detectable on the
21st day. This implies that the Cur gel can persist in the stroke cavity for
an extended duration, facilitating sustained Cur release to modulate
microglial polarization.

3.3.2. In vivo ROS scavenging
ROS levels in the infarct area of stroke mice were assessed through

dihydroethidium (DHE) staining in Fig. 3c and d and S10. The sham
group exhibited the lowest ROS expression, while the stroke group
displayed the highest ROS expression, indicating severe oxidative stress
post-stroke. Consistent with the in vitro tests, Cur treatment significantly
reduced ROS levels in the infarct area. Additionally, the blank gel group
demonstrated ROS levels between the stroke group and the two Cur-
treated groups, indicating the pharmacological effect of the hydrogel
in eliminating extracellular ROS in vivo. Notably, the Cur gel exhibited
even lower ROS levels than the Cur IC group, underscoring its
outstanding in vivo anti-oxidative ability.

3.3.3. WB measurement for the in vivo modulation of microglia
polarization by Cur gel

Fig. 3e-g depict the modulation of microglial polarization by the Cur
gel in vivo. Since microglia do not polarize in healthy mice, the sham
group exhibits relatively low levels of both CD16 and CD206 expression.
In contrast, stroke mice show the highest CD16 and the lowest CD206
expression, indicating microglial polarization toward a pro-
inflammatory phenotype. However, both the Cur IC and Cur gel
display significantly lower CD16 and higher CD206 expression than the
stroke group, suggesting that Cur can regulate microglial polarization
toward an anti-inflammatory phenotype in vivo. Furthermore, the per-
formance of Cur IC in regulating the anti-inflammatory polarization of
microglia is weaker than that of the Cur gel, as it exhibits noticeably
higher CD16 and lower CD206 expression than the Cur gel.

3.3.4. IF staining results for the in vivo modulation of microglia
polarization by Cur gel

Fig. 4 presents IF images of IBA-1/iNOS and IBA-1/CD206 co-
staining to further investigate the in vivo polarization of microglia in the
peri-infarct area in stroke mice. IBA-1 serves as a specific marker of
activated microglia, where the colocalization of Iba-1+iNOS+ signifies
proinflammatory microglia, while that of Iba-1+CD206+ corresponds to
anti-inflammatory microglia. Given that most microglia remain at rest in
healthy mice, Iba-1 expression is notably weak in the sham group. After
stroke induction, Iba-1 expression becomes much stronger in other
groups, indicating microglial activation due to PT ischemic stroke.
Quantitative results of the colocalization of Iba-1+iNOS+ and Iba-
1+CD206+ are presented in Fig. 4b and c. The stroke group exhibits the
highest colocalization of Iba-1+iNOS+ and the lowest colocalization of
Iba-1+CD206+, signifying proinflammatory microglial polarization
resulting from ischemic stroke. In contrast, the Cur gel group displays
the lowest colocalization of Iba-1+iNOS+ and the highest colocalization
of Iba-1+CD206+, indicating that treatment with the Cur gel can alter
microglial polarization from proinflammation to anti-inflammation.
Thus, the co-staining of Iba-1/iNOS and Iba-1/CD206 reaffirms that
the Cur gel can regulate microglial polarization toward an anti-
inflammatory phenotype in vivo, corroborating the WB measurements
in Section 3.3.2. Consistent with the WB results, the co-staining results
also demonstrate that the Cur IC has weaker regulatory ability than the
Cur gel in microglial polarization. Furthermore, the blank hydrogel
exhibits lower colocalization of Iba-1+iNOS+ than the stroke group but
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Fig. 2. In vitro tests of the Cur gel (a, schematic diagram of detecting in vitro ROS expression in BV2; b, IF images and c, quantitative results of ROS expression in BV2
cells; d, schematic diagram of BV2 polarization experiment; e, representative WB strips of BV2 polarization; quantitative results of f, CD16, g, IL-1β, h, CD206, i, TGF-
β; j, schematic diagram of in vitro neuroplasticity experiment; k, representative WB strips and quantitative results of l, synaptophysin, m, PSD95) (*p < 0.05, **p <

0.01 and ***p < 0.001).

S. Zhang et al.
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fails to achieve higher colocalization of Iba-1+CD206+, indicating that
the blank gel may slightly lower pro-inflammatory microglial polariza-
tion but is unlikely to shift polarization from pro-inflammation to anti-
inflammation.

3.4. Enhancement of in vivo neuroplasticity by Cur gel

3.4.1. In vivo synaptic plasticity by IF staining
Fig. 5 illustrate the synaptic plasticity of stroke mice evaluated

through the co-staining of PSD95 and VGlut-1. PSD95 serves as a crucial
scaffold protein in the postsynaptic membrane, while VGlut-1 is
commonly employed as a presynaptic marker. The colocalization of

Fig. 3. In vivo experiment of the Cur gel (a, schematic diagram of in vivo experiment; b, fluorescence images of the implanted Cur gel under different implanted time;
c, IF images and d, quantitative results of ROS expression in vivo; e, representative WB strips and quantitative results of f, synaptophysin, g, PSD95 in vivo). (*p < 0.05,
**p < 0.01 and ***p < 0.001).
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Fig. 4. In vivo microglial polarization modulated by the Cur gel. (a, schematic diagram of the areas for IF stain and quantitative calculation; quantitative results of b,
Iba-1+iNOS+/Iba-1+ and c, Iba-1+CD206+/Iba-1+ percentage; IF images of Iba-1/iNOS and Iba-1/CD206 staining in the peri-infract zone of stroke mice) (*p < 0.05,
**p < 0.01 and ***p < 0.001).

S. Zhang et al.
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Fig. 5. In vivo synaptic plasticity enhanced by the Cur gel. (a, schematic diagram of synaptic connection characterized by PSD95 and VGlut-1 proteins; b, repre-
sentative WB strips and quantitative results of c, synaptophysin, d, PSD95 in vivo; e, IF images of PSD95 and VGlut-1 staining in the peri-infract zone of stroke mice;
quantitative results of f, PSD95+, g, VGlut-1+ and h, PSD95+VGlut-1+ area) (*p < 0.05, **p < 0.01 and ***p < 0.001).

S. Zhang et al.
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PSD95+VGlut-1+ (depicted as orange dots in the merged images in
Fig. 5e) signifies synaptic connections. Naturally, better synaptic con-
nections indicate enhanced synaptic plasticity, which can further
contribute to improved functional recovery. The expression of PSD95
and VGlut-1, as well as the colocalization of these two proteins, are
depicted and calculated in Fig. 5f-h. A similar trend is observed for
PSD95 and VGlut-1. The sham group exhibits the highest PSD95 and
VGlut-1 expression, indicating perfect synaptic networks in healthy

mice, while the stroke group displays the lowest PSD95 and VGlut-1
expression due to neuronal apoptosis caused by ischemic stroke. The
treatment of the Cur gel can significantly increase PSD95 and VGlut-1
expression in the stroke mice, indicating the enhancement of synaptic
plasticity in vivo. The Cur IC can also moderately increase PSD95 and
VGlut-1 expression in the stroke mice. Unsurprisingly, the colocalization
of PSD95+VGlut-1+ follows the same trend as PSD95 and VGlut-1
expression: the sham group has the best synaptic connections,

Fig. 6. In vivo dendritic plasticity enhanced by the Cur gel. (a, schematic diagram of dendritic spines; quantitative results of b, branch number and c, dendritic spine
number in vivo; d, images of Golgi stains in the peri-infract zone of stroke mice; e, beam balance and f, rotarod results) (*p < 0.05, **p < 0.01 and ***p < 0.001).
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followed by the Cur gel and Cur IC groups. Additionally, the WB results
of synaptophysin and PSD-95 expression in Fig. 5b-d also demonstrate
the recovery of synaptic plasticity by the Cur gel after PT stroke.

3.4.2. In vivo dendritic plasticity by Golgi staining
To investigate the effects of Cur gel treatment on dendritic spine

structure after ischemic stroke, Golgi silver impregnation was performed
to detect neuronal dendritic spines in the peri-infarct area, as shown in
Fig. 6. PT stroke induces a significant reduction in the number of den-
dritic spines and branch numbers. Interestingly, Cur gel treatment
markedly increased dendritic plasticity compared with that in the stroke
group, indicating that Cur gel treatment can effectively enhance den-
dritic plasticity in vivo. Furthermore, Cur IC treatment also has positive
influences on dendritic plasticity but is much weaker than the Cur gel.
This finding is consistent with the result of synaptic plasticity.

3.4.3. The ethological test
Ethological tests, including the Balance Beam and Rotarod, were

performed to assess the motor function recovery in stroke mice treated
with Cur gel, as shown in Fig. 6e and f. In the Balance Beam test, the
sham group consistently exhibits the lowest falling number throughout
the treatment period, maintaining a stable low falling number. In
contrast, the stroke markedly increases the falling number, with all
groups except the sham group showing a similar baseline. Following gel
administration, the Cur IC and Cur gel groups start to exhibit significant
differences from the stroke and blank gel groups on the 8th day. By the
11th day, the Cur gel groups significantly outperform the Cur IC group,
approaching the falling number of the sham group for the remainder of
the treatment period. While the blank gel group has a slightly lower
falling number than the stroke group, no statistical difference is
observed. In the Rotarod test, the trend is opposite. The sham group
consistently has the highest latency to fall throughout the treatment
period, while the stroke significantly decreases this latency. Treatment
with Cur gel gradually increases the latency, showing significant dif-
ferences from the stroke group on the 11th day. By the 21st day, the
latency to fall in the Cur gel group closely approaches that of the sham
group, with no significant difference between them. The Cur IC also has
positive effects to some extent. The blank gel group has a slightly higher
latency to fall than the stroke group, but no statistical difference is
observed.

3.5. Modulation mechanism of Cur gel on the anti-inflammatory
polarization of the microglia

It has been reported that pro-inflammatory polarization can activate
NADPH oxidase, leading to the production of ROS and pro-inflammatory
cytokines in microglia [34]. The mechanism of dual ROS scavenging
ability of the Cur gel is proposed in Fig. 7a. Furthermore, the trans-
location of cytosolic components such as p47-phox and p67-phox to the
plasma membrane is crucial for the activation of NADPH oxidase
[35–37]. Thus, the translocation of p47-phox and p67-phox was inves-
tigated by WB in Fig. 7b-f. The results show that p47-phox and p67-phox
are primarily present in the cytoplasm in resting microglia. OGD treat-
ment significantly increases the expression of p47-phox and p67-phox in
the membrane while decreasing their expressions in the cytoplasm,
indicating the translocation of p47-phox and p67-phox. Interestingly, the
treatment of Cur gel significantly suppresses the translocation of
p47-phox and p67-phox. Therefore, the in vitro results indicate that the
Cur gel has a significant inhibitory effect on the translocation of
p47-phox and p67-phox, which can scavenge intracellular ROS produc-
tion by suppressing the activation of NADPH oxidase after stroke.

Given that the accumulation of ROS plays a crucial regulatory role in
stroke-induced proinflammatory microglial polarization via the ROS-
NF-κB signaling pathway [38,39], we further tested whether the Cur gel
regulates anti-inflammatory microglial polarization by inhibiting the
activation of the NF-κB signaling pathway in PT stroke models in vitro

and in vivo. The protein expression of phosphorylated p65 (p-p65)
(Fig. 7g-i) significantly increased in OGDmicroglia compared with those
in resting microglia. However, the p-p65 expression as well as the ratios
of p-p65/p65 significantly decrease after treatment with the Cur gel,
implying the inhibition of NF-κB signaling by the Cur gel. The expression
of NF-κB-related proteins was further investigated in vivo in Fig. 7j-l.
Consistent with the in vitro results, Cur gel treatment dramatically in-
hibits the phosphorylation of p65 and reduces the ratios of p-p65/p65 in
the peri-infarct area at 21 days after PT stroke. These findings indicate
that the Cur gel significantly inhibits NF-κB activation in microglia after
PT stroke by suppressing the translocation of p47-phox and p67-phox.

4. Discussion

As the cyclodextrins such as HP-β-CD can serve as hosts in the for-
mation of ICs with lipophilic compounds, they have been successfully
used as auxiliaries to solubilize drugs that are poorly soluble since the
middle of the last century [27]. Besides IR and NMR results, the IC
possesses the same UV spectrum (Fig. S3a) with Cur’s UV spectra in
ethanol (Fig. S3b) [40,41], and the 2D NOESY in Fig. S4 reveals the
presence of the Overhauser effect between the phenolic hydrogen, the
aromatic hydrogens of the Cur and H3, H5, H6 of the HP-β-CD, providing
convincing evidence of the inclusion interaction between Cur and
HP-β-CD. Therefore, the collective evidence from NMR, XRD and UV
spectra confirms the successful preparation of the Cur IC. Having ob-
tained the hydrophilic Cur IC through the inclusion of HP-β-CD, it can be
efficiently loaded into the injectable hydrogel. As depicted in Fig. 1e, the
injectable Cur gel is formed by 4-PEGA and DTT through Michael
addition under physiological pH (7.4) at body temperature without the
need for any catalyst [42–45], making it well-suited for intracranial
delivery. Furthermore, the hydrogel’s sulfur atoms are easily oxidized to
sulfone by ROS species, resulting in rapid hydrolysis of the networks and
conferring ROS-sensitive release behavior. This enables intelligent
regulation of the release of Cur IC based on the ROS levels in the envi-
ronment. On the other hand, as shown in Fig. 1k, the ROS responsive
hydrolysis of the Cur gel can also consume ROS, which endows the gel
with the ability to eliminate extracellular ROS. Some researchers re-
ported to fabricate the hydrogel with the different acrylate/thiol feed
ratios ranging from 0.8 to 1.8 [46]. In that case, some free DTT and
tethered DTT may be present in the formed hydrogel when the feed
amount of DTT is excessive. The free DTT and tethered DTT were found
to possess satisfatory anti-oxidant ability. In this study, since we hope
the ROS species can be used to break the hydrogel network to promote
the release of the Cur IC, the molar equivalent acrylate/thiol feed ratio
was adopted to avoid the production of the free DTT to consume the ROS
species.

Fig. 2a-c clearly demonstrated the released Cur can eliminate intra-
cellular ROS in vitro. Hence, the double ROS scavenging effects including
extracellular and intracellular ROS scavenging were primarily shown in
Figs. 1k and Fig. 2a–c, respectively. Zhou et al. co-loaded retinoic acid
and Cur into bovine serum albumin for the treatment of spinal cord
injury [47]. They highlighted that ROS scavenging from microglia could
inhibit its polarization toward a pro-inflammatory phenotype, thereby
promoting the secretion of anti-inflammatory cytokines in vitro. There-
fore, it is speculated that the double ROS scavenging effects of the Cur
gel may have the potential to further regulate microglia polarization
toward an anti-inflammatory phenotype. Fig. 2d-i proved that the Cur
gel treatment can significantly induce microglia to polarize toward an
anti-inflammatory phenotype. Microglia, being typical macrophages in
the brain, are widely reported in the literature to suggest that
anti-inflammatory macrophages are beneficial for tissue repair and
regeneration. Our previous works have also reported that
anti-inflammatory microglia can secrete neurotrophic factors to pro-
mote neuroplasticity [7–16]. Thus, it is anticipated that the
anti-inflammatory polarization of microglia modulated by the Cur gel
can further enhance neuroplasticity in vitro. Fig. 2j-m as well as Fig. S8
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Fig. 7. The molecular mechanism of ROS scavenging by Cur gel via the translocation of p47-phox and p67-phox. (a, schematic diagram of double ROS scavenging
effects of the Cur gel; b, representative WB stripes of p47-phox and p67-phox in the cell membrane and cytoplasm; quantitative results of c, p47-phox, d, p47-phox in
the cell membrane and e, p47-phox, f, p47-phox in the cytoplasm; g, representative WB stripes and quantitative results of h, p65 and i, phosphorylated p65 (p-p65) in
vitro; j, representative WB stripes and quantitative results of k, p65 and l, p-p65 in vivo) (*p < 0.05, **p < 0.01 and ***p < 0.001).
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clearly showed the anti-inflammatory polarization of microglia regu-
lated by the Cur gel can improve the neurons’ viability and upgrade the
expression of synaptophysin and PSD95. This reinforces the notion that
anti-inflammatory microglia can mitigate neuronal apoptosis and
enhance neuroplasticity, as synaptophysin and PSD95 are typical
markers of synaptic plasticity.

Fig. 3c-d showed the Cur gel exhibits much better ROS scavenging
performance than the Cur gel and other groups in vivo. On one hand, the
Cur gel combines Cur’s intracellular ROS elimination with the extra-
cellular ROS elimination facilitated by the prepared gel, resulting in a
double ROS-scavenging effect that endows the Cur gel with exceptional
anti-oxidative capabilities. On the other hand, the more effective ROS
elimination behavior of the Cur gel in vivomay stem from the hydrogel’s
sustained Cur release, ensuring a sufficiently high local drug concen-
tration to continuously exert anti-oxidative effects in the stroke cavity.
Wang and Zhang have highlighted that in vivo infiltration of certain
nanozymes can initiate microglia polarization toward the anti-
inflammatory phenotype by reducing ROS levels [49]. Similarly, Jiang
et al. utilized a macrophage-disguised honeycomb manganese dioxide
nanosphere loaded with fingolimod to reduce oxidative stress after
ischemic stroke and promote the transition of pro-inflammatory
microglia to the anti-inflammatory phenotype, ultimately reversing
the pro-inflammatory microenvironment [48]. Thus, the outstanding
ROS-scavenging ability of the Cur gel in vivo suggests its promising po-
tential to regulate microglial polarization in vivo. Correspondingly,
Fig. 3e-g and Fig. 4 demonstrated the Cur gel treatment can significantly
promote microglia’s anti-inflammatory polarization in vivo.

Microglial activation coincides with neuroplasticity after stroke,
providing a fundamental basis for microglia-mediated inflammatory
responses involved in entire neural network rewiring and brain repair.
Microglial activation plays a crucial role in spontaneous recovery after
stroke, contributing to the structural and functional reestablishment of
neurovascular networks, neurogenesis, axonal remodeling, and blood
vessel regeneration. Numerous studies [50–52], including ours [7–16],
have demonstrated that modulating microglia toward
anti-inflammatory polarization can promote neuroplasticity.

Synaptic plasticity plays a pivotal role in poststroke rehabilitation,
directly impacting functional recovery after a stroke. It is widely
acknowledged that poststroke rehabilitation, including motor function
recovery, can be facilitated by enhancing neuroplasticity, such as syn-
aptic plasticity [53–55]. Both IF andWB results in Fig. 5 support that the
anti-inflammatory microglia regulated by the Cur gel can enhance
synaptic plasticity the best among all the groups. Furthermore, dendritic
spine densities, recognized as a cornerstone of functional restoration
after stroke, constitute an independent indicator of poststroke recovery
and are integral to neural structural and functional plasticity [56].
Dendritic plasticity plays a crucial role in the rebuilding of neural net-
works in the peri-infarct area. The increase in dendritic spine densities
observed in surviving neurons adjacent to the infarct cavity contributes
to reconstructing neural networks that take over the functions of lost
neurons [57]. The Golgi staining and the semiquantitative results in
Fig. 6a-d exhibited the Cur gel treatment can also significantly restore
dendritic plasticity. Therefore, it can be concluded that Cur gel treat-
ment after a stroke significantly enhances neuroplasticity in the
peri-infarct zone.

The PT ischemic stroke typically leads to motor dysfunction [58],
and several studies have demonstrated that poststroke functional out-
comes are associated with increases in neuroplasticity [13,59]. As
demonstrated in Figs. 5 and Fig. 6a–d, the Cur gel enhances both syn-
aptic and dendritic plasticity, the motor function recovery was explored
in Fig. 6e-f. The ethological results are in line with the in vivomicroglial
polarization and neuroplasticity findings. First, they suggest that Cur gel
effectively restores the motor function of stroke mice, since it shows
superior performance in modulating the anti-inflammatory polarization
of microglia and enhancing neuroplasticity. Second, the Cur gel group
exhibits better functional recovery than the Cur IC solution. As discussed

earlier, this advantage arises from the hydrogel’s pharmaceutically
ROS-scavenging ability and sustainable Cur release behavior.

Additionally, the molecular mechanism of the Cur to scavenge the
intracellular ROS and further regulate microglial polarization were
investigated in Fig. 7. Both the in vitro and in vivo results indicate that the
inhibitory effect of the Cur gel on proinflammatory microglial polari-
zation is associated with Cur’s ability to scavenge intracellular ROS by
inhibiting the translocation of p47-phox and p67-phox, thereby sup-
pressing the activation of the ROS-NF-κB signaling pathway after stroke.

In summary, the therapeutic mechanism of the Cur gel is illustrated
in Scheme 1. In the context of PT ischemic stroke, proinflammatory
microglia activated around the cavity release ROS. These released ROS
oxidize sulfur in the hydrogel to sulfoxide, accelerating Cur IC release.
Simultaneously, the released ROS are consumed by the hydrogel. The
Cur IC released can be internalized by microglia, significantly inhibiting
intracellular ROS production and promoting polarization towards an
anti-inflammatory phenotype by inhibiting the translocation of p47-
phox and p67-phox, thereby suppressing the activation of the ROS-NF-κB
signaling pathway after stroke. Thus, the hydrogel exhibits a dual ROS-
scavenging effect: Cur IC scavenges intracellular ROS, while the
hydrogel eliminates extracellular ROS. Hence, the hydrogel not only
serves as a carrier but also possesses pharmacological function to
eliminate the extracellular ROS. Subsequently, the anti-inflammatory
polarization of the microglial resulting from the double ROS scavenge
effect can significantly enhance the neuroplasticity in the brain, and
finally promote poststroke rehabilitation.

5. Conclusion

In this study, a Cur loaded hydrogel (Cur gel) with a double ROS-
scavenging effect is synthesized. The sustainable release of the Cur IC
is shown by in vitro drug release test. The intracellular ROS-scavenging
capability of the Cur IC in vitro and in vivowere proven by the DCFH and
DHE probe, respectively. The in vitro simulated ROS scavenging test
shows the extracellular ROS elimination ability of the Cur gel. These
fully demonstrates the double ROS-scavenging effect. Furthermore, the
elimination of ROS effectively regulates microglial polarization towards
an anti-inflammatory phenotype, which restores the expression of syn-
aptophysin and PSD95 in OGD neurons, indicating an enhancement of in
vitro neuroplasticity. Upon injection into the stroke cavity of mice, the
Cur’s modulation of microglial polarization and subsequent enhance-
ment of neuroplasticity are further confirmed through IF staining, WB,
and Golgi staining. Ethological measurements demonstrate the corre-
sponding recovery of motor function. Both in vitro and in vivo findings
collectively support the notion that the curcumin modulates anti-
inflammatory microglia polarization by scavenging intracellular ROS
through the inhibition of p47-phox and p67-phox translocation, thereby
suppressing the activation of the ROS-NF-κB signaling pathway.
Consequently, the injectable Cur gel emerges as a promising candidate
for promoting poststroke rehabilitation in stroke mice by modulating
microglial polarization to enhance neuroplasticity.
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