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A B S T R A C T

Flap techniques are indispensable in modern surgery because of their role in repairing tissue defects and 
restoring function. Ischemia-reperfusion and oxidative stress-induced injuries are the main causes of flap failure. 
Oxidative stress exacerbates cell damage through the accumulation of reactive oxygen species (ROS), thereby 
affecting flap function and survival. Effective management of these factors is essential for improving flap survival 
and post-operative recovery. In this study, we utilized hollow mesoporous cerium dioxide nanoparticles loaded 
with quercetin, which were later loaded into a light-cured double cross-linked hydrogel (HQu@BC) and injected 
into the flap site to activate macrophage reprogramming to maintain local ROS homeostasis and reduce 
inflammation. Quercetin scavenges ROS and reduces mitochondrial oxidative stress due to its intrinsic reducing 
structures such as catechols, carbon-carbon double bonds, and hydroxyl synergistic mesoporous cerium dioxide 
nanoparticles, and inhibits inflammation by suppressing M1 macrophage polarization. This system continuously 
regulates ROS levels, kills bacteria and ultimately reduces inflammation, thereby creating a favorable micro
environment for flap survival. This innovative injectable composite nanoparticle hydrogel material has anti- 
inflammatory, antioxidant, antimicrobial, and healing-promoting properties, providing a new approach to 
improving the success of flap surgery.

1. Introduction

With the acceleration of modern urbanization and popularization 
and use of modern mechanical technology, patients with skin- and 
tissue-defects account for an increasing proportion of emergency care 
patients. Additionally, diabetes, a major health problem in aging pop
ulations, has led to an increased number of patients with chronic skin 
defects [1]. Flap surgery vital in the surgical field, in which tissue flaps 
are used to repair traumatic injuries [2], congenital malformations [3], 
defects after tumor resection [4,5], burns [6], and other morphological 
and functional defects [7,8]. Flaps have a distinct therapeutic effect on 
skin defects and can greatly reduce the recovery time and treatment 
costs [9]. More importantly, flap surgery is also crucial in the field of 
reconstruction [10], as it can restore joint function and the appearance 
of vital organs (such as breast reconstruction [11], nasal reconstruction, 
and ear reconstruction [12]) and can help patients continue a normal 

life. However, failed flap surgery results in wounds or defects that need 
to be covered and may not heal effectively. This can prolong treatment 
durations and increase the risk of infection and other complications 
[13]. In addition, flap surgery failure may result in dysfunction or per
manent damage if it affects vital organs or functional areas, such as the 
face, hands, and joints [14].

After flap transplantation, the original blood supply is cut off during 
the operation, and when the blood flow is restored after surgery, the 
tissues suffer from various stressors, such as hypoxia, nutrient defi
ciency, and accumulation of metabolic waste products, resulting in se
vere disruption of cell function and structure and irreversible necrosis of 
the flap [15]. This is partially due to a lack of oxygen in tissues during 
ischemia, which leads to mitochondrial dysfunction and increased ox
ygen radical production. During reperfusion, oxygen radicals are 
released in large quantities, causing oxidative stress-induced damage to 
cell membranes, proteins, and nucleic acids [16]. Ischemia-reperfusion 
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injury leads to increased release of inflammatory mediators, such as 
tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), and IL-6, exac
erbating tissue damage [17], promoting vascular endothelial cell 
adhesion and thrombosis, and further affecting the blood and nutrient 
supply of the flap. Although advances in microvascular surgery and 
improved postoperative management have significantly reduced the risk 
of flap necrosis, these methods are limited by their requirements for 
high-cost equipment and experienced surgeons, therefore more effective 
strategies are needed to improve flap survival and functional recovery.

Quercetin (3,3′,4′,5,7-pentahydroxyflavone) is a flavanol that is 
widely found in fruits and vegetables, and humans typically consume 
around 5–40 mg per day [18]. However, the poor solubility of quercetin 
in water, its fast metabolism and short half-life in vivo limit its appli
cation. Its loading using nanomaterials with hollow mesoporous struc
ture can enhance drug utilization and exert better therapeutic effects. 
Previous studies have found that cerium dioxide has antioxidant, 
anti-inflammatory and antimicrobial properties, which can act syner
gistically with quercetin [19]. Therefore, in the present study, it is 
proposed to use hollow mesoporous cerium dioxide (HCeO2) for loading 
quercetin, to improve its stability and bioavailability and to exert 
stronger antioxidant and anti-inflammatory effects. In response to the 
overproduction of ROS and excessive inflammatory response during skin 
flap transplantation, we propose to load quercetin using HCeO2 and 
investigate its possible role in skin flap regeneration, focusing on its role 
in antioxidant and anti-inflammatory properties.

In this study, a hydrogel based on natural polymers was constructed 
for drug delivery, allowing the constructed composite nanoparticles to 

act locally on the skin flap (Fig. 1). In this study, chondroitin sulfate and 
bovine serum albumin (BSA) were chosen as the basic materials of the 
hydrogel, both of which are natural polymers with good biocompati
bility and degradability [20,21]. Methacrylic acid-modified BSA 
(BSAMA) and oxidized chondroitin sulfate (OCS) can be crosslinked by 
Schiff base and light to form hydrogels, and the double crosslinking 
strategy improves the mechanical strength and stability of hydrogels. In 
addition, the controllable degree of cross-linking allows the physical 
properties of the hydrogel to be adjusted for different applications [22]. 
The composite hydrogel provides an ideal environment for the appli
cation of skin flaps, which can effectively improve the survival rate and 
healing effect of skin flaps. This carrier system not only helps to reduce 
the dose and frequency of drug administration but also improves treat
ment efficacy and reduces potential side effects, and these findings 
support the further development of quercetin for clinical applications.

2. Results and discussion

2.1. Characterization of Enhanced BC hydrogel

Previous studies found that the shape, structure, drug release, and 
hemolytic behavior of BSAMA at concentrations of 3 %, 5 %, and 10 % 
showed minimal changes after autoclaving [23]. In this study, we 
developed a BSA and CS-based hydrogel (BC hydrogel), specifically 
constructed from 8 % w/v BSAMA and 8 % w/v OCS by Schiff base 
reaction and photo-crosslinking. The aldehyde groups (-CHO) in OCS 
and the primary amines (-NH₂) in BSAMA forming imine (Schiff base) 

Fig. 1. Schematic showing the fabrication of HQu@BC hydrogel and its potential application in Subcutaneous of the flap.
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through the Schiff base reaction. In the gelation process, we observed 
that the BSAMA and OCS solutions exhibited good fluidity at 
room-temperature. When these two solutions were mixed, their fluidity 
decreased and the internal structure changed, forming the precursor of 
single-network BC (pre-BC) (Fig. 2a). Subsequently, 3 min of UV irra
diation significantly affected the structure and rheological properties of 
the solution, resulting in a photo-crosslinked dual-network BC hydrogel 
(Fig. 2a).

Before UV irradiation, the storage modulus (G′) and loss modulus 
(G″) of the pre-BC hydrogel were relatively low and showed little 
change. After UV irradiation, G′ of BC significantly increased, indicating 
enhanced elasticity, whereas G″ slightly increased, indicating increased 
viscosity (Fig. 2b). The viscosity of pre-BC decreased with increasing 
shear rate, whereas after UV irradiation, the viscosity of BC remained 
stable at high shear rates and was generally high (Fig. 2c). In summary, 
UV irradiation enhanced the storage modulus, loss modulus, and vis
cosity of BC, improving its mechanical strength, elasticity, and viscosity. 
The subsequent dynamic rheological experiments on the hydrogel 
showed that its mechanical properties remained stable at each time step, 
demonstrating good elasticity (Fig. 2d). These results indicate that the 
photocrosslinked dual-network BC hydrogel can better withstand 

external pressure or stretching, reducing the risk of rupture or defor
mation under the skin. In particular, the enhanced elasticity and vis
cosity are more conducive to the adhesion of the BC hydrogel to 
subcutaneous tissue, allowing it to adapt to the movement and defor
mation of subdermal tissues, thereby minimizing discomfort caused by 
displacement or deformation of the hydrogel.

The microstructural characteristics of the freeze-dried pre-BC and BC 
samples were characterized using SEM (Fig. 2e). SEM analysis revealed 
that the pre-BC hydrogel before UV irradiation had relatively large pore 
structures with a more uniform distribution. After UV irradiation, the BC 
hydrogels exhibited significantly different microstructures. The pore 
sizes were notably smaller, pore distribution became denser. The in
ternal structure of the pores was more complex, with more micropores 
and connection points, making the overall structure more compact. 
Microstructural analysis indicated that UV irradiation increased the 
density and uniformity of the pore structure of the material. These im
provements are likely related to the crosslinking reactions induced by 
UV irradiation, which result in better performance and stability for 
practical applications.

Fig. 2. Characterization of Enhanced BC Hydrogel (a) Vial tilt test. BSAMA and OCS can be initially formed into a hydrogel by Schiff base reaction (pre-BC), 
which can be photocrosslinked under UV light (BC) to further enhance its crosslinking degree. (b) Oscillation time sweep experiments. (c) Shear thinning experiment. 
(d) Alternating step strain sweep experiments. (e) Microstructures of pre-BC and BC hydrogels. scale bar: 50 μm.
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2.2. Characterization of HCeO2 and Quercetin Composite Nanoparticles

We used transmission electron microscopy (TEM) to characterize the 
microstructure of HCeO2, revealed that HCeO2 nanoparticles were 
uniformly spherical with distinct hollow characteristics (Fig. 3a). These 
hollow structures and mesoporous properties enable the slow and sus
tained release of quercetin, helping maintain the effective concentration 
of the drug and reducing the frequency of administration. The energy 
dispersive X-ray spectroscopy (EDX) mapping images in Fig. 3b confirm 
the composition of the HCeO2 particles, and the selected area electron 
diffraction (SAED) images show clear diffraction rings that indicate their 
polycrystalline nature and specific interplanar spacings (Fig. 3c). These 
features indicate that the HCeO2 particles have a large specific surface 
area and pore volume, allowing them to load more quercetin molecules, 
thereby increasing the drug-loading capacity. Particle size distribution 
of hollow mesoporous cerium oxide nanoparticles was measured using a 
particle size analyzer. (Fig. 3d). The experimental results indicate that 
the particle size distribution of the hollow mesoporous cerium oxide 
nanoparticles follows a relatively normal distribution, with most parti
cles having diameters centered around 150 nm. The size distribution 
primarily ranges between 100 nm and 200 nm. The histogram and fitted 
curve illustrate that the particle sizes are relatively uniform, suggesting 
good control over the nanoparticle size within the sample.

We constructed composite nanoparticles HCeO2@Qu (HQu) by 
loading quercetin into HCeO2 using physical adsorption. To evaluate 
their ability to scavenge ROS, we examined their SOD and CAT activ
ities. The experimental results showed the scavenging activity of HQu 
against superoxide anion (O₂-) as well as free radical cation (⋅ABTS+) 
(Fig. 3e and f). The results showed that the increase in free radical 
scavenging was concentration dependent, which indicated that HQu 
possessed significant antioxidant activity. Both figures show that the 
scavenging activity increases with the concentration of HQu, indicating 
that the compound exhibits strong antioxidant effects. At the same time, 
we can visually observe that when HQu was added to the H2O2, a 

catalytic reaction took place and a large number of bubbles were pro
duced, indicating its CAT activity (support Fig. 1).

2.3. The antibacterial efficacy of the HQu@BC hydrogel

The antibacterial effects of the blank control group and experimental 
groups on the growth of Staphylococcus aureus (S. aureus) and Escherichia 
coli (E. coli) were measured using the agar diffusion method. The anti
microbial results showed that the HQu group and HQu@BC group had 
better antimicrobial effects against both bacteria, and the number of 
bacterial colonies on the culture plates was significantly reduced 
(Fig. 4a). The results demonstrated that the number of colony-forming 
units (CFUs) in the HQu and HQu@BC groups was significantly lower 
than in the NC and BC groups, indicating strong antibacterial activity in 
both treatments (Fig. 4b and c). Bacterial live-dead staining showed the 
same results, with green representing living bacteria and red dead 
bacteria, and all groups containing HQu had better antibacterial effects 
(Fig. 4d, e, f). We used scanning electron microscopy to observe the 
treated bacteria in each group after fixation, and the electron micro
scope images of the bacteria showed that the bacteria in the NC group 
maintained a normal morphology, while the bacteria in the BC group 
appeared to be slightly aggregated (Fig. 4g). In contrast, bacteria in the 
HQu and HQu@BC groups displayed significant surface damage, further 
confirming the potent antibacterial effects of HQu@BC. These charac
teristics make HQu@BC highly suitable for preventing infections after 
flap surgery and improving postoperative healing outcomes.

2.4. Hemocompatibility, cytocompatibility, and organ toxicity

Considering that the hydrogels need to be placed subcutaneously in 
animal experiments, their biocompatibility needs to be examined. The 
blood compatibility of the hydrogels was investigated by hemolysis 
experiments. The hemolysis values of BC, HQu and HQu@BC were 
below the standard safety limit of 5 % (support Fig. 2). We selected 

Fig. 3. Characterization of HCeO2 and Quercetin Composite Nanoparticles (a) TEM image of the topography of the hollow cerium dioxide particles. scale bar: 
200 μm (b) EDX mapping image. The upper left image shows the TEM image of the hollow cerium dioxide particles, and the upper right, lower left, and lower right 
images are mapped images of different elements. Yellow, green, and blue correspond to the distribution of oxygen, cerium, and Carbon, respectively. scale bar:100 
μm (c) SAED image showing the crystal structure of hollow cerium dioxide. (d) Particle size analysis of HCeO₂. (e) O2

− (f) ⋅ABTS + scavenging ability of HQu.
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human umbilical vein endothelial cells (HUVEC) to assess their cyto
compatibility. To investigate the effects of different concentrations of 
HQu on cell viability, the CCK-8 assay was used. The results showed that 
the cell viability of the HQu treatment group remained close to 100 % at 
concentrations of 0–160 μg/ml HQu, with almost no significant change 
(support Fig. 3). These results indicated that HQu had no significant 
effect on HUVEC viability in this concentration range, and its activity 

was not significantly affected. Afterwards, the cellular viability of 
HUVEC was further evaluated by live-dead cell staining and CCK8 assay 
after 24 h of incubation using hydrogel leachate. The results showed that 
there was no significant difference in cell viability between the groups. 
(Fig. 5a).

Visceral tissue samples obtained from mice that were subcutaneously 
injected with the HQu@BC hydrogel or saline were evaluated for 

Fig. 4. Antibacterial activity of HQu@BC hydrogel. (a) The antibacterial activity of HQu@BC hydrogel against S. aureus and E. coli was determined using the agar 
diffusion method. (b) CFU counts of S. aureus and (c) E. coli after treatment. (d) Live-Dead Staining of S. aureus and E. coli. scale bar: 500 nm. (e) Fluorescence density 
of live/dead staining of S. aureus, and (f) E. coli treated with different solutions. (g) Morphological changes of bacteria treated with different solutions under electron 
microscopy. scale bar: 1 μm *P < 0.05, **P < 0.01.
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potential pathological changes using HE staining. There were no sig
nificant differences in the morphology of the heart, liver, spleen, lungs, 
or kidney sections between the control and experimental mice (support 
Fig. 4). This means that the implantation of the HQu@BC hydrogel does 
not cause significant changes or damage to internal organs after 8 days 
or acute organ damage and has good biocompatibility.

2.5. HQu@BC reduces ROS levels and helps restore mitochondrial 
function in endothelial cells In vitro

Oxidative stress caused by elevated ROS levels can lead to damage in 
proteins, nucleic acids, and even trigger programmed cell death. Su
peroxide anions, hydrogen peroxide, and hydroxyl radicals are the main 
ROS involved in ischemia-reperfusion (I/R) injury. Reducing ROS levels 

Fig. 5. Biocompatibility of HQu@BC hydrogel and its effects on ROS levels and mitochondrial function in HUVECs. (a) Live/dead staining of HUVECs after 
co-culture with hydrogel leachate. Scale bar = 100 μm. (b) Representative images of DCFH-DA fluorescence (green) showing ROS levels in the negative control, 
treated groups, and H2O2 group. Scale bar = 100 μm. (c) Relative fluorescence intensity quantification of ROS signals in different groups. (d) Mitochondrial 
membrane potential (MMP, ΔΨm) was detected by JC-1 staining in each group (red, high ΔΨm; green, low ΔΨm). Scale bar = 100 μm. (e) The ratio of red to green 
fluorescence intensity in each group. *P < 0.05, **P < 0.01, and ***P < 0.001.
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in endothelial cells could be an effective target to inhibit programmed 
cell death, while also providing some protection for tissue blood supply 
[18], which is beneficial under I/R conditions after flap surgery.

To investigate the antioxidant protective ability of HQu@BC on 
endothelial cells, intracellular ROS levels were measured using DCFH- 
DA (Fig. 5b and c). The results showed that compared to the NC 
group, the ROS fluorescence intensity was significantly increased in the 
PC group, indicating heightened oxidative stress in endothelial cells 
after H2O2 treatment. In contrast, HQu treatment significantly reduced 
ROS levels in endothelial cells, suggesting that HQu can effectively 
lower ROS levels in endothelial cells.

Mitochondria are one of the primary sources of ROS during I/R [23]. 
During ischemia, the electron transport chain (ETC) is impaired due to 
insufficient oxygen supply, leading to the accumulation of electrons. 
Upon reperfusion, the sudden restoration of oxygen causes an excessive 
transfer of these accumulated electrons to oxygen, producing large 
amounts of ROS (mainly superoxide anions, O₂⁻). Oxidative stress 
damages mitochondrial DNA (mtDNA), proteins, and lipids, further 
impairing mitochondrial function and increasing ROS production, 
creating a vicious cycle. Therefore, we further explored the effects of 
HQu@BC on mitochondrial function.

The negative potential across the mitochondrial inner membrane, 
established by the proton pumps, is crucial for ATP production and the 
inhibition of cytochrome C release, serving as an indicator of mito
chondrial integrity. The mitochondrial membrane potential (MMP), also 
known as ΔΨm, in healthy mitochondria, is reflected by the formation of 
aggregates that emit red fluorescence. Conversely, when MMP de
creases, the dye remains in its monomer form, emitting green fluores
cence. This red-to-green fluorescence shift is a direct indicator of MMP 
decline. Thus, the relative ratio of red to green fluorescence intensity can 
quantify the extent of mitochondrial depolarization. The MMP index of 
endothelial cells treated with hydrogen peroxide was significantly lower 
than that of the control cells (Fig. 5d and e), indicating impaired mito
chondrial function following oxidative stress. Remarkably, HQu and 

HQu@BC application partially restored mitochondrial function.

2.6. Macrophage reprogramming in vitro

Macrophages can enhance flap survival through various mechanisms 
such as regulating inflammation, promoting angiogenesis, clearing 
apoptotic cells, and remodeling tissue. M2 macrophages not only exert 
anti-inflammatory effects and clear apoptotic cells but also remove 
harmful substances from the local environment, promote tissue repair, 
and secrete growth factors, particularly vascular endothelial growth 
factor (VEGF), to promote neovascularization, improve blood supply to 
the flap, and enhance flap survival. Upon exposure to pro-inflammatory 
stimuli (e.g., LPS, interferon-γ), macrophages are polarized toward the 
M1 phenotype, characterized by high expression of inducible nitric 
oxide synthase (iNOS), a major phenotype leading to inflammation. In 
contrast, CD206, also known as mannose receptor type C 1 (MRC1), is 
one of the markers of M2 macrophages, which is highly expressed in 
anti-inflammatory and tissue repair settings and has a positive effect on 
tissue repair and inhibition of excessive inflammation.

Therefore, we performed fluorescent staining for CD206 and iNOS 
and measured their expression levels in RAW264.7 cells under different 
treatment conditions to assess the effect of HQu on macrophage polar
ization. After treating macrophages with 1 μg/ml LPS, the positive 
control (PC) group showed stronger iNOS fluorescence signals than the 
normal control (NC) group, suggesting that the PC group successfully 
induced M1 macrophages. In the LPS + HQu group and the LPS +
HQu@BC group, CD206 expression was significantly up-regulated, 
indicating that HQu inhibited macrophage polarization toward the M1 
phenotype, and at the same time promoted the up-regulation of the M2 
phenotype, thus exerting anti-inflammatory and tissue repair effects 
(Fig. 6a–c).

Fig. 6. Responses of macrophages on various samples in vitro. (a) Representative images of CD206, iNOS, and nucleic fluorescence staining of macrophages on 
various samples. (b, c) Analysis of fluorescence intensity of CD206 and iNOS of macrophages on various samples; Scale bar = 100 μm *P < 0.05, **P < 0.01.
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2.7. Assessment of hydrogel-facilitated flap survival in vivo

We established a 10 × 30-mm mouse flap model. The control group 
was injected with saline under the flap, and the remaining groups were 
injected with BC hydrogel, HQu aqueous solution, and HQu@BC 
hydrogel, respectively. After injection, the edges of the flap were su
tured, and the flap was photographed on days 0, 2, 4, 6, and 8 after the 
mouse flap model was established. The results showed that both the NC 
and BC groups showed obvious necrosis on day 8, with flaps displaying a 
darker color and a larger necrotic area (Fig. 7a). In contrast, flap necrosis 
was significantly reduced in the HQu and HQu@BC groups, particularly 
in the HQu@BC group, which had the smallest necrotic area and better 
skin color (Fig. 7b). This observation was further supported by the HE 
staining results (Fig. 7c), where the NC and BC groups showed severe 
tissue structure destruction and inflammatory cell infiltration, whereas 
the HQu and HQu@BC groups had mostly intact tissue structures and 
reduced inflammatory cell infiltration, especially in the HQu@BC group, 
where the tissue hierarchy was clear and there was almost no 

inflammatory cell infiltration. The results of immunohistochemical 
staining showed that IL-6 and TNF-α expression was higher in the NC 
and BC groups, and the stain color was dark brown, indicating a strong 
inflammatory response (Fig. 7d). However, the expression of IL-6 and 
TNF-α was significantly reduced in the HQu and HQu@BC groups, 
particularly in the HQu@BC group, where there was almost no obvious 
staining, and the inflammatory response was the mildest (Fig. 7e and f). 
These results suggest that the HQu@BC treatments can effectively pro
mote flap survival, reduce the necrotic area, and significantly reduce 
inflammatory responses, especially HQu@BC, which has significant 
anti-inflammatory and health-promoting effects.

3. Materials and methods

3.1. Preparation of BC hydrogels

Bovine serum albumin (BSA) was dissolved in 0.25 M carbonate- 
bicarbonate buffer at 10 % (w/v), pH adjusted to 9.4. Methacrylic 

Fig. 7. Images of flap survival area and immunohistochemical images. (a) 0, 2, 4, 6 and 8 days after surgery, the survival area of mouse flaps (b) Comparison of 
each group’s percentage of skin flap survival zones. (c) On the eighth day after surgery, the histopathology of the flap was evaluated under a light microscope 
following eosin (H&E) staining. Scale bar = 300 μm. (d) The expression level of IL-6 and TNF-α in flap tissue was assessed by immunohistochemistry on the 8th day 
after operation. Scale bar = 200 μm. (e, f) Analysis of expression of IL-6 and TNF-α of flap on various groups. *P < 0.05.
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acid (MA) was added at a 1:2.2 M ratio to the free amino groups, and the 
mixture was stirred at 500 rpm for 1–2 h at 37 ◦C. After adjusting the pH 
to 7.4 to stop the reaction, the solution was filtered and dialyzed at 37 ◦C 
to remove unreacted MA and by-products. After lyophilization, BSAMA 
was stored at − 20 ◦C for later use.

An aqueous solution of 2 % chondroitin sulfate was reacted with 
sodium periodate for 6 h. The reaction was stopped by adding ethylene 
glycol. After dissolving sodium chloride and absolute ethanol in a 1:2 vol 
ratio, a flocculent precipitate was formed and filtered to obtain a white 
product. The product was dissolved in 50 mL water and dialyzed in a 
dialysis bag (MWCO 8000–14,000) at 4 ◦C for 3–5 days, with water 
changes 2–3 times daily. The product was freeze-dried to yield chon
droitin oxide sulfate (OCS) for storage.

3.2. Preparation of HQu

For the synthesis of HQu, HCeO2 was purchased from XFNANO 
Institute, and quercetin was purchased from MedChemExpress (MCE). 
Quercetin dissolved in DMSO, was slowly added dropwise to the 
aqueous HCeO2 solution, the solution was sonicated for 30 min in a 50 
Hz ultrasonic cleaner and stirred at a constant speed for 24 h at 4 ◦C in 
the dark to ensure that the quercetin was sufficiently adsorbed into the 
pores of mesoporous cerium dioxide. The quercetin-loaded HCeO2 
particles were dried at low temperature to obtain HQu.

3.3. Nanozyme activity analysis

The nanozyme activity of HQu was measured by determining su
peroxide dismutase (SOD) and catalase (CAT) activities. First, HQu 
nanoparticles were suspended in deionized water at concentrations of 0, 
5, 10, 20, 40, 80, and 160 μg/mL for SOD activity measurements. The 
sample suspensions were then prepared according to the instructions of 
the total SOD assay kit. The SOD activity was calculated based on the 
absorbance change of water-soluble formazan dye at 560 nm, using the 
formula provided in the kit to determine the inhibition percentage of 
superoxide radicals (O2•− ).

3.4. In vitro antimicrobial activity

The antimicrobial activity of HQu@BC composite hydrogel against 
Staphylococcus aureus and Escherichia coli was evaluated using the agar 
diffusion method and live/dead staining assay. A specific amount of 
bacterial in cryoprotectant solution was added to sterilized peptone 
medium and incubated overnight at 37 ◦C with shaking at 200 rpm. The 
bacterial cells were subcultured three times and then used for subse
quent experiments. The bacteria were co-cultured with BC extract, HQu 
solution, or HQu@BC extract for 4 h. Subsequently, the bacterial sus
pension was diluted 100,000 times, and a plate coating assay was per
formed. After incubation at 37 ◦C for 16 h, photographs were taken to 
count the number of bacterial colonies. Additionally, a staining solution 
consisting of 1 μL of stain for every 100 μL of bacterial suspension was 
prepared. The bacterial samples were stained and incubated for 20 min 
at 37 ◦C, followed by imaging under a fluorescence microscope. Finally, 
bacterial specimens were fixed in 2.5 % glutaraldehyde for 12 h, 
dehydrated through an ethanol gradient, sputter-coated with gold, and 
examined using scanning electron microscopy (SEM). All hydrogel 
samples used in the experiments were sterilized by ultraviolet 
irradiation.

3.5. Cell culture and animal models

RAW264.7 cells were cultured in DMEM (Gibco, Life Technologies, 
China) supplemented with 10 % fetal bovine serum (FBS), 1 % 
penicillin-streptomycin. HUVECs were cultured in DMEM/F-12 medium 
supplemented with 10 % fetal bovine serum (FBS) and 1 % penicillin- 
streptomycin. All cells were grown in a humidified incubator at 37 ◦C 

with 5 % CO2. Six-week-old male C57BL/6 mice (6-weeks-old, 20–22 g) 
were purchased from Slack Jingda Laboratory Animal Co. Ltd. Animals 
were housed in a controlled environment rearing room (temperature: 25 
± 1 ◦C, relative humidity: 50 ± 5 %, 12 h dark/light cycle from 6:00 a.m. 
to 6:00 p.m.) with free access to sterilized tap water and commercial 
laboratory rodent feed. All animal experiments were performed in 
accordance with the standards stipulated by the Chinese National Reg
ulations for the Breeding and Use of Laboratory Animals. Animal ex
periments in this study were approved by the Animal Care and Use 
Committee of the Second Xiangya Hospital. (Approval No. 20241006).

3.6. In vitro toxicity assays

To evaluate the biocompatibility of HQu in vitro, HUVECs were 
seeded in 96-well microplates (1 × 104 cells/well) and cultured to 50%– 
80 % confluency. Different concentrations of HQu (0, 5, 10, 20, 40, 80, 
and 160 μg/mL) was then added to the cell culture medium in the 96- 
well plate and incubated. After 6 h, the cells were washed with PBS, 
and 100 μL of medium containing CCK-8 reagent was added and incu
bated for 2h. After 2 h of incubation, the optical density (OD) of each 
well was measured at 450 nm using a microplate reader. The absorbance 
data of each well were recorded, and cell viability was calculated. 
HUVEC survival was used to evaluate the cytotoxicity of HQu and BC 
hydrogels in vitro. Different groups of hydrogels were soaked in serum- 
free DMEM at 4 ◦C for 7 days and filtered using a 0.22 μm filter to 
obtain the corresponding leachates. All cell experiments described 
below were performed using leachates. Subsequently, the cells were 
treated under different conditions and were divided into blank control, 
BC hydrogel leaching solution, HQu, and HQu@BC hydrogel leaching 
solution groups. After the completion of each treatment, the medium 
was discarded, and the cells were gently washed twice with PBS. Next, 
an appropriate amount of live-dead dye mixture was added to each well 
(e.g., 100 μL per well) and incubated in a 37 ◦C, 5 % CO2 incubator for 
30–60 min (depending on the dye instructions). After incubation, the 
cells were gently washed twice with PBS to remove unbound dye. Next, 
the staining results were observed using a fluorescence microscope, with 
Calcein AM green fluorescence indicating live cells and PI red fluores
cence indicating dead cells.

3.7. In vitro oxidative stress regulation

To assess the response of HUVECs treated with HQu@BC composite 
hydrogel under oxidative stress conditions, HUVECs were first seeded at 
an appropriate density in 24-well plates and cultured in a 37 ◦C, 5 % CO2 
incubator until they were 80 % confluent. The, the cells were gently 
washed twice with PBS for subsequent experiments. Cells were divided 
into five experimental groups: the control group (no treatment), the 
experimental group (treated with hydrogen peroxide alone at 800 μmol/ 
L), and the hydrogel experimental group (treated with hydrogen 
peroxide followed by HQu and BC or HQu@BC leachate), and all cells 
were cultured in the incubator for 24 h. After incubation, the medium 
was removed from each well, and cells were treated with 10 μmol/L of 
DCFH-DA solution and an appropriate concentration of Hoechst 33342 
staining solution. Then, the cells are further incubated for 30 min to 
allow DCFH-DA and Hoechst 33342 to fully penetrate and accumulate 
within the cells. Finally, the treated cells were observed and analyzed 
using fluorescence microscopy.

3.8. Mitochondrial observation

Mitochondrial membrane potential (MMP) was assessed using the 
JC-1 Assay Kit (Beyotime Institute of Biotechnology). HUVEC cells were 
seeded in 6-well plates and divided into five groups: negative control 
(NC), positive control (PC), BC, HQu, and HQu@BC. When the cells 
reached 80 % confluence, groups were treated with PBS or the respective 
solutions for 12 h. The NC and PC groups received equal volumes of PBS, 
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while the HQu group was treated with HQu solution, and the BC and 
HQu@BC groups received HQu@BC extract. After 12 h, treatment so
lutions were removed, and cells were washed with PBS. All groups 
except NC were then treated with hydrogen peroxide for 2 h. Following 
this, cells were washed again, and a JC-1 dye solution (10 μg/mL) was 
added for 30 min. After staining, cells were washed three times and 
observed under an inverted fluorescence microscope for analysis.

3.9. Immunofluorescence staining of macrophages (CD206 and iNOS)

RAW264.7 cells were seeded in cell crawlers in 12-well plates (2 ×
106 cells/well), and cells were cultured at 37 ◦C until they reached 
approximately 50%–80 % confluency, and the compound wells were 
divided into five groups, in which the medium was replaced with DMEM 
complete culture medium (NC group), culture medium containing 1 μg/ 
ml LPS (Sigma, L2880) (PC group), culture medium containing 1 μg/ml 
LPS + BC (LPS BC group), culture medium containing 1 μg/ml LPS +
HQu (LPS HQu group), and culture medium containing 1 μg/ml LPS +
HQu@BC (LPS HQu@BC group) for 12 h. The medium was carefully 
aspirated, and the cells were washed three times with PBS. Cells were 
fixed with 4 % paraformaldehyde for 15 min at 4 ◦C and then washed 
with PBS. After washing, the cells were permeabilized with 0.2 % Triton 
X-100 for 10 min and washed again with PBS. After washing, the cells 
were incubated at room temperature in 5 % BSA for 1 h. CoraLite® Plus 
488-conjugated CD206 Polyclonal antibody and CoraLite®594-conju
gated iNOS Polyclonal antibody (1:100, Proteintech Group, Inc) were 
diluted in 1 % BSA in PBS. The antibody solution was added to the cells 
and incubated overnight at 4 ◦C. Finally, the nuclei were detected using 
DAPI staining. Fluorescent images were captured using a Nikon confocal 
laser microscope (Nikon, A1 PLUS, Tokyo, Japan).

3.10. Establishment of the mouse flap model

In this experiment, 32 healthy male C57BL/6 mice were randomly 
assigned to four groups: the control, BC, HQu, and HQu@BC groups, 
with eight mice in each group. Before the experiment, the mice were 
anesthetized with inhaled isoflurane, and 10 × 30 mm dorsal flap sep
aration surgery was performed. The control group was not administered 
the hydrogel, the BC and HQu@BC groups were administered the 
hydrogel under the skin flap, and the HQu group was injected with an 
equal volume of the HQu solution. Each flap was sutured with 5-0 nylon 
threads, spaced 5–10 mm apart.

The postoperative assessment of flap healing included skin color, 
texture, flexibility, and necrosis. The criteria for necrosis were grayish- 
black skin, atrophy, and loss of elasticity. On the 2nd, 4th, 6th, and 8th 
days after surgery, the mice were photographed under anesthesia, and 
the growth and viability of the flap were recorded. On the 8th post
operative day, the percentage of the necrotic area was calculated using 
the ImageJ software (necrotic area ÷ total flap area) × 100 %. On the 
8th day, euthanasia was performed, and four skin flaps and surrounding 
tissue samples (1.5 × 1 cm) were randomly selected from each group for 
HE staining, immunohistochemistry, and immunofluorescence staining 
analysis. All operations were performed under sterile conditions. The 
animal experiments followed ethical guidelines and were approved by 
the Institutional Animal Care and Use Committee of the Second Xiangya 
Hospital, Central South University (Approval No. 20241006).

3.11. Hematoxylin and eosin staining

Sections were deparaffinized in xylene for 30 min and rehydrated in 
a gradient ethanol series (100 %, 95 %, and 80 %) and distilled water for 
5 min. The specimens were soaked in hematoxylin for 5 min and then in 
PBS for 3 min to reduce background staining. The sections were stained 
with eosin for 2 min; distilled water for 5 min; 80 %, 90 %, and 100 % 
ethanol for 5 min; and xylene for 15 min. The slides were mounted and 
covered with neutral resin. The stained sections were observed and 

images were captured using a Nikon microscope (Nikon, Tokyo, Japan).

3.12. Immunohistochemical staining (TNF-a and IL-6)

Formalin-fixed and paraffin-embedded tissue sections were depar
affinized, hydrated, antigen-retrieved, washed in PBS, and incubated 
with 3 % hydrogen peroxide to block endogenous peroxidase activity. 
After blocking the sections, anti-TNF-a and anti-IL-6 antibodies were 
added dropwise and incubated overnight at 4 ◦C. The next day, bio
tinylated secondary antibody was added and incubated with ABC re
agent. DAB was added dropwise for color development, and the reaction 
was terminated. After hematoxylin staining, dehydration, and 
mounting, the staining results were observed with a microscope to 
analyze the expression and distribution of TNF-a and IL-6 in mouse skin 
flap tissues.

3.13. Statistical analysis

All data were statistically analyzed using IBM SPSS 29.0.1.0 soft
ware, and the results were presented as the mean ± standard deviation 
(SD). Student’s t-test was used for comparisons between two groups. For 
analysis of multiple groups, one-way ANOVA was employed, followed 
by Tukey’s post-hoc test. P < 0.05 was considered statistically 
significant.

4. Discussion and conclusion

Flap surgery, as a cornerstone of reconstructive surgery, has been 
continuously evolving in terms of its techniques. However, insufficient 
blood supply and factors related to oxidative stress remain critical de
terminants for the survival of flaps after surgery [24–26]. Consequently, 
the use of various drugs with antioxidant, anti-inflammatory, and 
pro-angiogenic properties holds significant potential for improving flap 
survival in postoperative care [27]. In this study, quercetin, a natural 
antioxidant and anti-inflammatory compound, was used to modulate 
elevated reactive oxygen species (ROS) levels to reduce inflammation, 
while also promoting the polarization of M2 macrophages, which aids in 
tissue repair and regeneration. The antioxidant activity of quercetin is 
achieved through a variety of pathways [28], including activation of the 
PI3K/Akt signaling pathway, induction of glutathione synthesis, 
increased expression of endogenous antioxidant enzymes, and regula
tion of the Nrf2/HO-1 and NF-κB signaling pathways to maintain redox 
homeostasis. In addition, quercetin reduces the production of inflam
matory cytokines, effectively inhibits the overactivation of immune re
sponses, and prevents hepatic ischemia-reperfusion injury by inhibiting 
inflammation-related signaling pathways, such as NF-κB and AP-1 
signaling [29]. HCeO2 is a nanomaterial with a special structure and 
excellent properties for scavenging oxygen radicals due to the ability to 
make a fast transition between the two oxidation states Ce3+ and Ce4+

[30]. The mesoporous structure provides a large specific surface area, 
which can provide sufficient reaction sites for the photocatalytic reac
tion and at the same time can make it a promising drug carrier. In this 
study, quercetin was loaded using HCeO2 and found to exert strong 
antioxidant, antibacterial and anti-inflammatory effects, which can be 
useful in skin flap regeneration applications.

Currently, hydrogel research is progressing rapidly and shows great 
application prospects in the field of regenerative medicine [31,32]. Mao 
et al. [33] developed a multifunctional dynamically coordinated poly 
(ethylene glycol) PEG hydrogel loaded with mangiferin liposomes based 
on Ag-S coordination of four-armed PEG-SH and Ag+ with through 
development for skin flap regeneration. The hydrogel exhibited excel
lent drug dispersion and release characteristics for slow and long-lasting 
drug delivery. Ju et al. [34] on the other hand, developed a natural 
polysaccharide self-healing hydrogel system for flap regeneration by 
applying nanozyme in combination with extracellular vesicles. At pre
sent, hydrogels show a relatively great research prospect in the field of 
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flap regeneration, hydrogels can be administered by a single dose, to 
achieve the localization of the flap continuous drug delivery, reduce the 
frequency of drug delivery. At the same time, the emergence of some 
new hydrogels is also expected to play a new role in the field of flap 
regeneration. For example, conductive hydrogel, there have been 
studies showing that microcurrent stimulation can accelerate skin 
wound healing and stimulate blood vessel regeneration, which are of 
great significance for skin flap regeneration [31,32]. How to realize the 
translation of hydrogel basic research to clinical application, but also 
need a lot of research support work, especially the current study is still 
lack of experimental data of large animal models, rodent experimental 
results can only illustrate a limited problem.

In short, we developed a quercetin-loaded mesoporous cerium di
oxide nanozyme particles double-crosslinked hydrogel (HQu@BC), 
which promotes macrophage reprogramming and exhibits dual syner
gistic properties of antimicrobial and antioxidant. We loaded quercetin, 
which has immunomodulatory properties, into mesoporous cerium di
oxide, and our results showed that HQu exerted strong antioxidant and 
antimicrobial effects, and could effectively scavenge local ROS, protect 
against mitochondrial damage, anti-inflammatory, bactericidal, and 
reduce the risk of skin flap necrosis.
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