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ABSTRACT

The low survival of skin flap transplantation in diabetic patients is a serious challenge for clinical plastic surgery. The root cause
lies in the vicious cycle formed by metabolic disorders caused by persistent hyperglycemia, leading to excessive accumulation
of Hydrogen peroxide (H,0,), oxidative stress-mediated inflammation, and impaired angiogenesis. This study develops an
ultrasound (US)-excited injectable piezoelectric composite hydrogel (iPCH) composed of piezoelectric poly-L-lactic acid (PLLA)
short fibers, ferroferric oxide (Fe;O,) nanozymes, and a crosslinked gelatin matrix. The PLLA short fibers in the US-excited
iPCH can generate piezoelectric stimulation under US-excited conditions, enhancing endothelial cell proliferation, migration,
and pro-angiogenic potential. Furthermore, the generated piezoelectric charge accelerates electron transfer on the surface of Fe; O,
nanozymes through the piezoelectric effect, significantly enhancing their efficiency in scavenging H,O, and alleviating the local
inflammatory response. This improves the long-standing inflammatory microenvironment of diabetic wounds, increasing the
survival of endothelial cells under oxidative stress. In vivo studies show that the US-excited iPCH can reduce oxidative stress-
mediated inflammatory responses, accelerate flap angiogenesis, and ultimately improve flap survival. This study utilizes the
synergistic effect of physical stimulation and microenvironment regulation to provide a simple and efficient clinical intervention
strategy for the survival of complex flaps.

1 | Introduction the preferred surgical procedure for the repair of such complex

wounds, as it can achieve effective coverage of the defective
Diabetic ulcers are a common and serious complication of  region and establish a favorable soft tissue structure. How-
diabetes, affecting over 100 million diabetic patients globally  ever, the hyperglycemic environment in diabetic ulcer patients
[1, 2]. For extensive chronic lesions with impaired blood per- leads to the accumulation of reactive oxygen species (ROS),
fusion caused by diabetic foot ulcers, flap transplantation is mainly hydrogen peroxide (H,0,) [3], which further triggers the
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overexpression of inflammatory cytokines, including tumor
necrosis factor-a (TNF-«), interleukin-6 (IL-6), and interleukin-
18 (IL-1B). This sustains the inflammatory microenvironment and
causes widespread damage to vascular endothelial cells [4-6]. In
this environment, the transplanted flap struggles to form a new
vascular network with the micro-vessels in the subcutaneous fat,
causing local circulatory insufficiency and persistent hypoxia in
the transplanted flap, ultimately leading to flap necrosis [7-10].

ROS scavenging is considered an effective way to promote diabetic
wound healing [11-13]. It could contribute to attenuating inflam-
mation, relieving cellular and tissue damage, and establishing a
favorable microenvironment for enhanced tissue repair [13, 14].
As an effective intervention, antioxidants can alleviate oxidative
stress and tissue inflammation, mainly including antioxidant
drugs such as a-lipoic acid, metformin, and statins; natural
antioxidant enzymes such as superoxide dismutase and catalase;
as well as nanozymes with natural antioxidant enzyme-like
activities [15, 16]. However, merely alleviating local inflammation
cannot promote angiogenesis to establish an active and long-term
blood supply, thus failing to fundamentally solve the problem of
nutrition and oxygen supply after skin flap transplantation.

Currently, clinical methods for promoting angiogenesis include
stem cell therapy, growth factor delivery therapy, and physical
stimulation [17]. Electrical stimulation (ES) therapy, as a low-
cost, controllable, and safe physical stimulation method, has been
proven to significantly promote angiogenesis by promoting cell
proliferation and migration, as well as modulating the production
of angiogenic factors [18-21]. Based on these understandings,
we developed an ultrasound (US)-excited injectable piezoelectric
composite hydrogel (iPCH) containing composite short fibers
co-spun from ferroferric oxide (Fe;O,) nanozymes and poly-L-
lactic acid (PLLA) (Figure 1). The Fe;0, nanozymes, possessing
catalase activity [22, 23], catalyze excess H,0, in diabetic wounds,
mitigating oxidative stress along with oxygen generation, and
creating a favorable microenvironment for angiogenesis. As a
biocompatible and biodegradable piezoelectric material, PLLA
could generate piezoelectric stimulation and promote angiogene-
sis under US excitation [24, 25]. With an injectable crosslinked
gelatin hydrogel as a matrix, the PLLA/ Fe;0, short fibers
were delivered and encapsulated beneath the flap. Under US
excitation, the US-excited iPCH facilitated flap revasculariza-
tion by promoting the survival, proliferation, and migration of
vascular endothelial cells. This strategy provides a simple and
feasible strategy for achieving survival of complex flaps in clinical
practice.

2 | Results and Discussion

2.1 | Preparation and Characterization of the
US-Excited iPCH

The US-excited iPCH is composed of piezoelectric PLLA/Fe;0,
short fibers and a crosslinked gelatin matrix, which has excellent
biocompatibility [22, 25, 26]. PLLA is a biodegradable organic
piezoelectric material [27-29], providing an ideal material candi-
date for effectively promoting angiogenesis under US excitation
[30, 31]. Fe;O, nanozymes overcome the insufficient activity
of natural enzymes in the diabetic microenvironment (pH 7.0-

8.9) and exhibit catalase-like activity under neutral and weakly
alkaline conditions [32-34]. They can efficiently decompose H,0,
into oxygen and water, thereby alleviating oxidative stress in
diabetic flaps. PLLA/Fe;O, short fibers were delivered to the
underside of the flap via a biodegradable cross-linked gelatin as
a hydrogel matrix [35].

Fe;0, nanozymes synthesized via a hydrothermal method were
co-spun with PLLA using electrospinning to prepare films. The
annealed PLLA/Fe;0, nanofiber films were cut into PLLA/Fe;0,
short fibers. The average diameter of the Fe;O, nanozymes was
approximately 90 nm (Figure 2a; Figure S1). Scanning electron
microscopy (SEM) images of the PLLA/Fe;0, short fibers showed
that the surface of the PLLA short fibers exhibited distinct
granular protrusions, the same size as the Fe;O, nanozymes
(Figure 2a). Elemental analysis of the PLLA/Fe;0, short fibers
using energy dispersive spectroscopy (EDS) revealed the presence
of Fe in addition to C and O elements found in PLLA, confirming
that Fe;O, had been incorporated into PLLA (Figure S2). Fourier
transform infrared spectroscopy (FT-IR) analysis further verified
the successful preparation and component compatibility of the
PLLA/Fe;0, short fibers (Figure 2b). Due to the stretching vibra-
tion of Fe-O bonds, the Fe;O, nanozymes showed a characteristic
absorption band at ~585 cm™! [36], which was visible in the
spectrum of the PLLA/Fe;0, short fibers. Meanwhile, the FT-
IR spectra of PLLA/Fe;0, short fibers showed characteristic
peaks for the stretching vibrations of the carbonyl group (C=0)
(~1750 cm™!) and the ether group (C—O—C) (~1500-1000 cm™),
which are consistent with the characteristic peaks of PLLA. X-
ray diffraction (XRD) analysis confirmed the structural stability
of the PLLA/Fe;O, short fibers at the crystal structure level
(Figure 2c). In the XRD spectrum, characteristic diffraction peaks
of Fe;O, nanozymes appeared at 30.1°, 35.5°, 43.2°, 53.6°, 57.3°,
and 62.8°, corresponding to the (220), (311), (400), (422), (511),
and (440) crystal planes of its crystal, which were consistent
with the standard diffraction patterns of Fe;O, (PDF#72-2303),
showing that Fe;O, nanozymes had been successfully incor-
porated into the system and the crystal structure had not
changed.

The most direct influences on the piezoelectricity of PLLA are
its B-form crystal structure and crystallinity [31]. Annealing, as a
method to improve the piezoelectricity of PLLA, can promote the
crystallization of oriented PLLA polymer chains and stabilize the
B phase structure [37, 38]. The annealed PLLA/Fe;0, nanofiber
film exhibited diffraction peaks generated by the (200) and (110)
crystal planes, which were in the same positions as the diffraction
peaks of annealed PLLA with a 3-phase structure (Figure 2c).
We calculated the crystallinity of the samples by analyzing the
diffraction peaks in their XRD patterns. The crystallinity of
annealed PLLA/Fe;0, (~79.5%) was lower than that of annealed
PLLA (~92.2%), which might lead to a lower piezoelectricity of
annealed PLLA/Fe;0,. Therefore, we tested the output perfor-
mance of annealed PLLA/Fe;0, nanofiber films with different
Fe;0, nanozyme contents (0, 5,10 wt.%) to ensure its piezoelectric
effect. The voltage-time curves showed that the pure annealed
PLLA exhibited the optimal output performance of piezoelec-
tricity (approximately 1.3 V). As the Fe;O, nanozymes ratio
increased from 5% to 10%, the piezoelectric output of the annealed
PLLA/Fe;0, nanofiber membranes gradually decreased (~1 and
~0.7 V, respectively) (Figure 2d). This might be related to the
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FIGURE 1 | Schematic illustration of the US-excited iPCH improving diabetic flap survival: PLLA/Fe;0,4 nanofiber films were fabricated via

electrospinning, using a mixture of PLLA and hydrothermally synthesized Fe;O0, nanozymes. The PLLA/Fe;0, short fibers were obtained by cutting

the PLLA/Fe;O,4 nanofiber films and were subsequently mixed with crosslinked gelatin hydrogel to prepare the US-excited iPCH. Excited by US, the
iPCH exhibited piezoelectric stimulation and enhanced Fe;O, catalase activity, ultimately promoting the survival of diabetic rat flaps.

reduction in crystallinity of the crystal structure due to the
introduction of the Fe;O, nanozymes.

Since the Fe;O, nanozymes are encapsulated by PLLA, their
catalase-like activity needs to be ensured. The PLLA/Fe,O,
nanofiber film was cut into 10 pm short fibers using a cryo-
stat (Figure S3), and the enzyme activity was confirmed by
detecting the amount of oxygen produced from H,O, catalyzed
by PLLA/Fe;O, short fibers with different Fe;O, nanozyme
contents. The results showed that short fibers containing 5 and
10 wt.% Fe;O, nanozymes could catalyze H,0, and produce a
large amount of O,, exhibiting the same concentration-dependent
catalytic properties as Fe;O, nanozymes (Figure S4). Considering
that PLLA/Fe;0, short fibers needed to possess both piezoelectric
stimulation and catalase-like activity, PLLA/Fe;0, short fibers

loaded with 5 wt.% Fe;O, nanozymes were ultimately selected for
further validation.

PLLA/Fe;0, short fibers exhibited a Michaelis constant (K,) of
204.5 mM in a simulated weakly alkaline environment of diabetic
tissue (pH 7.4) (Figure 2e). Moreover, piezoelectric stimulation
was found to enhance the catalase activity of Fe;O, nanozymes.
Under US excitation, the dissolved oxygen production of the
PLLA/Fe;0, short fibers group increased continuously with the
extension of reaction time, and its catalytic efficiency was 1.76
times higher than the PLLA/Fe;0, short fibers group without
US excitation (Figure 2f); while single US excitation (US group),
PLLA short fiber (PLLA group), and piezoelectric stimulation
(PLLA + US group) did not show any catalytic performance for
H,0,. This enhancement might be attributed to the piezoelectric
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FIGURE 2 | Preparation and characterization of the US-excited iPCH. (a) SEM images of the Fe;0,, the annealed PLLA, the annealed PLLA/Fe;0,,
scale bars: 2 um in low-magnification and 500 nm in high-magnification. (b) FT-IR patterns and (c) XRD patterns of the Fe;O,4, the annealed PLLA,
and the annealed PLLA/Fe;0,. (d) Output voltage waveform of annealed PLLA/Fe;0, with different Fe;O, ratios. (e) Michaelis—Menten kinetics of
PLLA/Fe;04. (f) Time course of O, generation. (g) The crosslinked gelatin hydrogel and the US-excited iPCH at different temperatures, scale bars: 1 cm.
(h) The injectability of the crosslinked gelatin hydrogel and the US-excited iPCH, scale bars: 1 cm. (i) FT-IR patterns and j) SEM images of the crosslinked
gelatin hydrogel and the US-excited iPCH, scale bars: 20 um, red arrow: PLLA/Fe; 0, short fibers. e, f: n = 3 independent samples. All statistical analyses

were performed by one-way ANOVA. Data are presented as mean =+ SD.

stimulation of PLLA excited by US [39, 40], which generated
charge carriers that can accelerate the catalytic reaction process
by enhancing the electron transfer efficiency between Fe,O,
nanozymes and H,O, substrate, thereby enhancing its catalase-
like activity [41].

To achieve in situ injection of PLLA/Fe;0, short fibers in the
flap repair area, these fibers were incorporated into an injectable

crosslinked gelatin-based hydrogel, constructing the US-excited
iPCH (Figures S5 and S6). Crosslinked gelatin was prepared based
on the principle of nucleophilic addition between the C=C of
Genipin and the -NH, of gelatin to form C—N bonds. FT-IR
spectra showed that, compared with gelatin, the N—H band in
the crosslinked gelatin shifted from 1245 to 1240 cm™, a result of
successful crosslinking of gelatin with Genipin (Figure S6) [42].
Furthermore, gelatin significantly reduces the surface energy
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of PLLA, thereby improving the hydrophobicity of PLLA/Fe;0,
and ensuring its uniform dispersion [35]. The US-excited iPCH
possessed both biocompatibility and temperature-responsive fea-
tures, and exhibited typical temperature-sensitive behavior: at
room temperature (25°C), the hydrogel stayed in a stable gel state,
facilitating storage and transportation; when the temperature
increased to physiological body temperature (37°C), it rapidly
transformed into a fluid sol state, enabling wrapping of the
wound bed (Figure 2g). As the shear rate increases (25°C),
the viscosity of iPCH is decreased, this shear-thinning behavior
enables in situ injection of the US-excited iPCH at the impaired
area of the flaps (Figure S5; Figure 2h). FT-IR spectra showed
that cross-linked gelatin exhibited characteristic absorption peaks
at ~1650 cm™! (amide I band, C=0 stretching vibration) and
~1540 cm™! (amide II band, N—H bending vibration and C—N
stretching vibration), and the characteristic peaks PLLA/Fe;0,
were located at ~1750 cm™! (C=O stretching vibration) and
~1500-1000 cm™! (C—O—C stretching vibration). In the iPCH
spectrum, the characteristic peaks of both components were
clearly preserved (Figure 2i). Scanning electron microscopy
(SEM) observations showed that the PLLA/Fe;O, short fibers
were uniformly dispersed in the hydrogel, with no obvious
agglomeration (Figure 2j). These chemical compositions and
microscopic morphological evidences together confirmed that
PLLA/Fe;0, could achieve a stable and uniform composite
with crosslinked gelatin. Cell Counting Kit-8 (CCK-8) viability
assays using human umbilical vein endothelial cells (HUVECS)
demonstrated that the iPCH had no effect on cell survival,
indicating its good biocompatibility (Figure S7).

2.2 | Piezoelectric Stimulation Generated by
US-Excited iPCH Promoted Vascularization In Vitro

Flap survival is highly correlated with the reconstruction of blood
vessels in the recipient area. Impaired angiogenesis leads to
ischemia and hypoxia, ultimately resulting in flap necrosis [43].
ES has been proven to promote angiogenesis by promoting cell
proliferation and migration of vascular endothelial cells [44-47].
To verify whether piezoelectric stimulation generated by the US-
excited iPCH could promote angiogenesis, HUVECs were divided
into the Blank group, the US group, the iPCH group, and the iPCH
+ US group (piezoelectric stimulation). Calcein acetoxymethyl
ester (Calcein-AM) / propidium iodide (PI) staining and CCK-
8 assay were used to evaluate the proliferation of HUVECs.
On the third day, the cell viability exhibited no statistically
significant difference among the US group, the iPCH group,
and the Blank group (p >0.05). In contrast, the cell viability in
the iPCH + US group was significantly higher than that in all
other groups, reaching ~1.5 times of that in the iPCH and US
groups (Figure 3a,b). This confirmed the piezoelectric stimulation
generated by the US-excited iPCH could effectively promote the
proliferation of HUVECs, which is key to building a functional
vascular network.

A key event in angiogenesis is the migration of endothelial cells
into the perivascular extracellular matrix [48, 49]. The results of
scratch assays showed that the wound healing rate of the iPCH
+ US group at 12 h was ~51.2%, significantly higher than that
of the Blank group (~29.4%), the US group (~33.2%), and the
iPCH group (~29.3%). After 24 h of intervention, there was no

statistically significant difference (p >0.05) in wound healing
rates between the iPCH group (~71.4%), the US group (~73.9%),
and the Blank group (~70.7%), while the wound healing rate of
the iPCH + US group further increased to ~91.9% (Figure 3c,d).
These results confirmed that the US-excited iPCH could effec-
tively enhance the migration of HUVECs due to the piezoelectric
stimulation, independent of US or PLLA regulation.

The ultimate goal of endothelial cell proliferation and migration is
to drive the vascularization process. Vascular endothelial growth
factor-A (VEGF-A) is a key cytokine regulating angiogenesis [50],
and its expression directly reflects the ability of endothelial cells
to form new vascular networks [51]. The expression level of
VEGF-A was detected by immunofluorescence staining to verify
the regulatory effect of piezoelectric stimulation generated by
the US-excited iPCH on angiogenesis (Figure 3e,f). The mean
fluorescence intensity of VEGF-A in the US group was slightly
higher than that in the Blank group and the iPCH group, but
there was no statistical difference (p >0.05); while the mean
fluorescence intensity of the iPCH + US group was ~1.5 times
that of the iPCH group. These results confirmed the positive
role of piezoelectric stimulation generated by US-excited iPCH
in the regulation of angiogenesis. It not only directly drove
the proliferation and migration of HUVECS, but also activated
the angiogenesis cascade of HUVECs at the molecular level by
specifically upregulating the expression of the pro-angiogenic
factor, demonstrating potential to accelerate the construction of
functional neovascular networks.

2.3 | Reversal of H,0,-Induced Oxidative Stress by
the US-Excited iPCH In Vitro

ROS scavenging can alleviate oxidative stress and inflammatory
response, and is crucial for improving flap survival [11, 12, 52, 53].
To simulate the impact of the oxidative stress microenvironment
on angiogenesis in diabetic flaps in vitro, we exposed the HUVECs
to different H,O, concentrations (0, 50, 100, 200 uM), and then
assessed cell viability with CCK-8 assay. As the H,0, concen-
tration increased, the viability of HUVECs decreased. When the
H,0, concentration reached 200 pM, the viability of endothelial
cells was significantly inhibited (reduced to ~53.8% of the normal
group) (Figure S8), and this concentration was selected as the
oxidative stress model. To ensure the ability of the US-excited
iPCH to scavenge H,0, and maintain endothelial cell viability
in an oxidative stress microenvironment, we set up the Blank
group without H, O, exposure, and the H,O, group, the US group,
the iPCH group, and the iPCH + US group all of which were
exposed to 200 uM H,0,, then we used Calcein-AM/PI staining
and the CCK-8 for assessments (Figure 4a). The Calcein-AM/PI
staining images showed that endothelial cells simply exposed to
H,0, or treated with US exhibited more red fluorescence (dead
cells) and less green fluorescence (live cells), indicating that US
could not scavenge H,0, in the microenvironment. In contrast,
after introducing iPCH, the proportion of live cells increased
significantly. The results of CCK-8 assay further confirmed the
protective effect of iPCH. The relative cell viability of the iPCH
group and the iPCH + US group were ~79.4% and ~90.7% of
the Blank group, respectively, both significantly higher than that
of the H,0, group (~51.1%) (Figure 4b). Furthermore, the cell
viability of the iPCH + US group was slightly higher than that
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FIGURE 3 | Effect of the US-excited iPCH on vascularization. (a) Live/dead staining of HUVECs under normal microenvironment, scale bars:
200 pm. (b) Cell viability of HUVECs. (c) Images of the scratch test at 0, 12, and 24 h. (d) Wound healing rate in scratch assay, scale bars: 500 um.
(e) Quantitative analysis of VEGF-A mean fluorescence intensity. (f) VEGF-A immunofluorescence staining, scale bars: 40 um. b, d, e: n = 3 independent

samples. ***p <0.001 and ****p <0.0001. All statistical analyses were performed by one-way ANOVA. Data are presented as mean + SD.

of the iPCH group (p >0.05), which might be the piezoelectricity
generated by the US-excited iPCH that enhanced the catalytic
activity of Fe;O, nanozymes, thereby further improving the
scavenging efficiency of H,0,.

Subsequently, we used Calcein-AM/PI staining and the CCK-8
assay to evaluate the continued survival and proliferation recov-
ery capacity of surviving HUVECs after reversing the oxidative
stress microenvironment (Figure 4c,d). The results showed that
cell survival in the H,0, group was significantly limited (only
~63.6%), while both the iPCH and iPCH+US groups exhibited
significant anti-damage protective effects, with survival rates
recovering to ~84.8% and ~90.0%, respectively. These results con-
firmed that the antioxidant properties of iPCH could effectively
improve the local oxidative stress microenvironment, resisting
oxidative damage to endothelial cells by reducing ROS levels,
thereby maintaining the viability and proliferation capacity of the
vascular endothelial cells.

In addition, immunofluorescence staining of Ki-67 confirmed
that its expression trend was consistent with the results of
the CCK-8 assay: the mean fluorescence intensity of Ki-67 in
the H,0, group (~27.9 a.u.) was only ~64.7% of that in the
Blank group (~43.1 a.u.); the mean fluorescence intensity of Ki-
67 in the iPCH + US group (~39.2 a.u.) and the iPCH group
(~37.8 a.u.) were ~91% and ~88% of that in the Blank group

(Figure 4e,f) [54]. These results indicated that the oxidative stress
microenvironment significantly downregulated the expression of
the cell proliferation marker Ki-67; while iPCH, through the free
radical scavenging properties of Fe;O, nanozymes, effectively
resisted the arrest of the cell proliferation cycle by oxidative
damage [54].

In summary, iPCH could not only scavenge H,O, in the
microenvironment to maintain the survival rate and continued
proliferation of vascular endothelial cells, but also generate
piezoelectric stimulation under US excitation to promote the pro-
liferation, migration, and vascularization of vascular endothelial
cells, showing potential to improve the survival of diabetic flaps
(Figure 4g).

2.4 | The US-Excited iPCH Improves Flap Survival
in Diabetic Rats via ROS Scavenging and
Angiogenesis Promotion

A skin flap transplantation model was established in diabetic rats
to further evaluate the ability of the US-excited iPCH to promote
angiogenesis and flap survival (Figure 5a). The US-excited iPCH
not only provided piezoelectric stimulation but also generated
oxygen in situ after H,0, scavenging. To compare its therapeutic
effect with that of single electrical stimulation, we prepared an
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injectable piezoelectric crosslinked gelatin-based hydrogel (iPG)
by adding PLLA instead of PLLA/Fe;0, to the crosslinked gelatin-
based hydrogel; the iPG can generate ES excited by the US but
lacks H, 0, scavenging capacity. Diabetic model rats were divided
into four groups: the Control group, the iPG + US group, the
iPCH group, and the iPCH + US group. From the macroscopic
morphological characteristics, the surviving and necrotic skin
flaps have significant distinguishability: necrotic skin flaps grad-
ually form scabs, become harder in texture, and darken in color,
eventually falling off; while the surviving skin flaps maintain
a soft texture and normal tissue color, with no obvious signs

of necrosis [8]. The skin flaps in the Control group showed an
obvious necrosis (~54.4%) on the third day after the operation,
and the necrotic area of the skin flap exceeded ~85.5% on the
seventh day after the operation; while the necrosis rate of the
iPCH + US group was 16.0% on the third day, and only increased
to ~39.2% on the seventh day, significantly lower than those
of the iPG + US group (~62.3%) and the iPCH group (~59.3%)
(Figure 5b,c). These results confirmed that the synergistic effect
of piezoelectric stimulation and H,0,-scavenging capacity of the
US-excited iPCH could effectively improve the survival prognosis
of diabetic skin flaps.
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The histopathological staining further revealed the microscopic
structure of the skin flaps (Figure 5d). In the Control group
on the third day after the operation, the collagen fibers of the
skin flap tissue were disordered, exhibiting numerous foamy
tissue cells (containing inflammatory cells and necrotic cells).
This suggested a severe local inflammatory response and tissue
necrosis, consistent with the ROS accumulation and persistent
inflammation caused by the high glucose microenvironment of
diabetes. The densities of inflammatory cells in the iPCH group
and the iPCH + US group were ~26 pieces/0.1 mm? and ~21
pieces/0.1 mm?, respectively. It indicated that iPCH, through
the Fe;O, nanozymes loading, scavenged the large amount of
ROS accumulated in the early stages of injury, reducing the
inflammatory response at the injury site, and could generate trace

amounts of oxygen in situ, creating a favorable microenvironment
for flap survival. Although the necrosis rate of the flap in the
iPG + US group was low, the number of inflammatory cells
infiltrating the flap was high (~53 pieces/0.1 mm?) due to its
poor ability to scavenge ROS, which was close to that in the
Control group (~59 pieces/0.1 mm?). The survival rate of flaps is
positively correlated with the formation of new vascular networks
[55]. We speculated that the smaller necrotic area of flaps in
the iPG + US group might be related to the promotion of local
vascular network formation by piezoelectric stimulation under
US excitation. Therefore, we stained the flap tissue with H&E
staining on the seventh day after the operation. In the flap tissue
of the iPG + US group, intact epithelial structures, abundant
neovascularization, and well-arranged collagen fibers could be
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observed. The density of new vessels in the iPG + US group was
~3.1 times that of the Control group, while that in the iPCH +
US group was even higher, which was ~1.8 times that of the iPG
+ US group, and ~2.0 times that of the iPCH group. Compared
to piezoelectric stimulation or ROS scavenging, the US-excited
iPCH could simultaneously reduce inflammatory cell infiltration
and promote angiogenesis in diabetic flaps, thus providing more
favorable conditions for skin flap survival (Figures S9 and S10).
Furthermore, we confirmed that iPCH had good biodegradability
in vivo. Pathological section images showed that there was a small
area of iPCH residue on the 14" day, while the crosslinked gelatin
matrix of iPCH was almost completely degraded on the 28" day
(Figure S11).

Immunofluorescence staining of alpha-smooth muscle actin (a-
SMA) and platelet endothelial cell adhesion molecule-1 (CD31)
further validated the ability of iPCH to promote angiogenesis
(Figure 5e). CD31 is a core indicator for characterizing vascular
density; a-SMA serves as a specific marker for pericytes/vascular
smooth muscle cells, whose expression level directly reflects the
structural maturity of new blood vessels [56, 57]. The results
showed that the fluorescence intensity of CD31 in the iPCH and
the iPG + US groups was ~3.1 times and ~3.2 times that of the
Control group, while the fluorescence intensity of CD31 in the
iPCH + US group was significantly enhanced, ~1.9 times that of
the iPG + US groups. The results were similar to those obtained
from HE staining. Consistently, the immunofluorescence staining
of a-SMA showed that the iPG + US group was ~3.5 times
that of the Control group, the iPCH group was ~3.4 times that
of the Control group, and the iPCH + US group exhibited the
highest fluorescence expression, was ~1.7 times that of the iPG +
US groups (Figure 5f,g). These results suggested that US-excited
iPCH could not only promote angiogenesis in diabetic flaps but
also accelerate vascular maturation, which might be one of the
reasons why iPCH significantly improves the survival rate of
diabetic flaps.

2.5 | Molecular Biological Mechanism Study of
US-Excited iPCH Promoting the Survival of Diabetic
Flaps

To further elucidate the molecular mechanism, we conducted
transcriptome sequencing analysis on the flap tissues of the
Control group and the iPCH + US group. The results of the
volcano map and heat map showed that a total of 210 dif-
ferentially expressed genes were identified between the two
groups, including 24 upregulated genes and 186 downregulated
genes (Figure 6a,b). Gene Ontology (GO) enrichment analysis
demonstrated that genes closely related to angiogenesis and tissue
repair, such as Flrt2 and Pgf, were upregulated, indicating the
potential of the US-excited iPCH in angiogenesis (Figure 6c).

In addition, the GO enrichment analysis demonstrated that key
genes in inflammatory response were downregulated (Cxcl2,
I123a) (Figure 6d). Previous studies have confirmed that ROS
upregulate the expression of Cxcl2 and I123a [58, 59]; and promote
the secretion of IL-18 and TNF-« [60, 61], thereby activating the
inflammatory cascade. They reflect the intensity and duration of
local inflammatory cell infiltration. To verify that iPCH has the
ability to inhibit this cascade, we performed immunofluorescence

staining for IL-18 and TNF-a was performed on the flap tissues
to clarify the differences in the inflammatory microenvironment
of each group of flaps (Figure 6e-i). The results showed that
the IL-1§ expression level in the iPG + US group, which only
received piezoelectric stimulation, was ~7.5 times that of the
iPCH + US group, and the TNF-a expression level was ~15.1
times that of the iPCH + US group, confirming that piezoelectric
stimulation cannot effectively inhibit the inflammatory cascade
under the adverse conditions of ROS accumulation. In contrast,
the iPCH group and the iPCH + US group, which possess
ROS clearance capabilities, exhibited better anti-inflammatory
effects. This significant improvement in the inflammatory phe-
notype was attributed to the efficient removal of local ROS by
iPCH. In summary, US-excited iPCH could break the vicious
cycle of “ROS accumulation-inflammatory amplification”, and
effectively reduce the early inflammatory response induced by
oxidative stress. The successful reversal of this inflammatory
microenvironment is one of the key mechanisms by which the
synergistic strategy based on iPCH ultimately improved the
survival prognosis of diabetic flaps.

3 | Conclusion

We developed the US-excited iPCH in this study, which
ameliorated the long-standing inflammation microenvironment
induced by the persistent hyperglycemic state, promoted angio-
genesis of diabetic wounds, and effectively improved the survival
rate of diabetic flaps. During treatment, the US-excited iPCH
exhibited a clear temporal regulatory effect: First, the generated
piezoelectric charges accelerated electron transfer on the surface
of Fe;0, nanozymes through the piezoelectric effect, significantly
improving their efficiency in scavenging H,0,. This improved
the long-standing oxidative stress microenvironment in diabetic
flaps, reduced the expression of inflammatory factors such as
IL-18 and TNF-a, and increased the survival of endothelial
cells. Subsequently, in the improved microenvironment, vascular
endothelial cells rapidly proliferated and migrated under the
piezoelectric stimulation generated by the US-excited iPCH,
which ultimately promoted vascular reperfusion of the trans-
planted flaps and improved flap survival. This strategy provides
a safer, more cost-effective, and more efficient novel therapeutic
approach for clinically improving the survival of diabetic flaps,
which is expected to enhance the rehabilitation efficacy and
quality of life of patients.

4 | Experimental Section
4.1 | Preparation of Fe;0,

The entire process was carried out under a nitrogen-protected
atmosphere, and the distilled water used was pre-boiled for
30 min to remove dissolved oxygen. 560 mL of 0.3 mol/L
iron(Il) sulfate solution (F116341, Aladdin) was preheated to
90°C, followed by the dropwise addition of 240 mL of a mixed
solution containing 3.33 mol/L potassium hydroxide (T197216,
Aladdin) and 0.27 mol/L potassium nitrate (P117721, Aladdin)
within several min. The resulting suspension was continuously
heated and stirred at 90°C for 60 min. Then cooled, the precipitate
was collected by centrifugation, and washed with distilled water
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four times. The sample was freeze-dried and stored as a solid for
future use.

4.2 | Preparation of Piezoelectric PLLA Nanofiber
Membranes via Electrospinning

1 g of PLLA (PLLA-15, 1.00-1.50 dL/g, Boli Biomaterials)
was weighed and dissolved in 5 mL of hexafluoroisopropanol

(H107503, Aladdin), stirring at room temperature for 4 h to pre-
pare the spinning solution. Transfer the solution to an injection
syringe. The spinning solution delivery rate was set to 1 mL per
hour, and the spin for 40 min. The solution was extruded through
a G22 needle with a positive voltage of 13 kV applied, collected
on an aluminum foil-coated receiving roller rotating at 2000
revolutions per min to obtain an aligned nanofiber membrane. A
negative voltage of —2 kV was applied to the receiving roller, and
the ambient relative humidity was controlled within the range of
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30 + 10%. The PLLA nanofiber membrane was annealed at 120°C
for 6 h and slowly cooled to room temperature.

4.3 | Preparation of Piezoelectric PLLA/Fe;0,
Nanofiber Membranes via Electrospinning

1 g of PLLA was weighed and dissolved in 5 mL of hexafluoroiso-
propanol together with 50, 100 mg of Fe;O, (corresponding to
5 and 10 wt.%), stirring at room temperature for 4 h. All other
electrospinning parameters were consistent with those used for
the preparation of PLLA nanofiber membranes.

4.4 | Characterization of Nanofiber Membranes

The crystallinity was analyzed using the X-ray Powder Diffrac-
tometer (XRD, Xpert3 Powder), and the chemical composition of
the nanofiber membranes was characterized by Fourier Trans-
form Infrared Spectrometer (FT-IR, VERTEX80v, Bruker). The
piezoelectric response was detected using an oscilloscope (Tele-
dyne LeCroy HD 4096). Both sides of the nanofiber membrane
were coated with conductive paint as electrodes. They were cut
into 2.0 cm x 1.0 cm rectangles. Copper wires were soldered
to the electrode ends, and the entire device was sealed with
polytetrafluoroethylene (PTFE) tape to fabricate the Piezoelectric
nanogenerator.

4.5 | Preparation and Characterization of PLLA
and PLLA/Fe;0, Piezoelectric Short Fibers

After annealing, the PLLA or PLLA/Fe;0O, nanofiber membrane
was immersed in a cryoembedding agent (4583, SAKURA), and
cut into short fibers with a length of 10 um using a freezing micro-
tome (CM3050S, Leica). They were washed with deionized water,
and freeze-dried for 24 h. The Scanning Electron Microscopy
(SEM) was used to observe their morphological and dimensional
characteristics.

4.6 | Preparation of Crosslinked Gelatin Hydrogel

4 g of gelatin (G108395,250 g bloom, Aladdin) was weighed,
and dissolved in 16 mL of deionized water, stirring at
65°C and 600 r/min for 24 h. 1.2 mL of Genipin (S110910,
Aladdin) was added followed by stirring at 65°C for another
24 h at 500 r/min. The crosslinked gelatin hydrogel was
prepared.

4.7 | Preparation of the iPG

4 g of gelatin was weighed, and dissolved in 16 mL of deion-
ized water, stirring at 65°C and 600 r/min for 24 h. Added
1.2 mL of Genipin and 4 mg of PLLA Short Fibers, and stirred
at 65°C for another 24 h at 500 r/min. The iPG was then
prepared.

4.8 | Preparation of the US-Excited iPCH

4 g of gelatin was weighed, and dissolved in 16 mL of deionized
water, followed by stirring at 65°C and 600 r/min for 24 h. Added
1.2 mL of Genipin and 4 mg of PLLA/ Fe;O, Short Fibers, and
stirred at 65°C for another 24 h at 500 r/min. The US-excited iPCH
was then prepared.

4.9 | Characterization of Hydrogels

The injectability was evaluated using a 1 mL syringe (needle inner
diameter: 0.33 mm). FT-IR (VERTEXS80v, Bruker) was employed
to verify the chemical composition of the hydrogel, and Scanning
Electron Microscopy (SEM, SU8020) was used to observe the
surface morphology of the hydrogel.

4.10 | Catalase-Like Activity

Oxygen generation in different groups was measured using a
dissolved oxygen analyzer (ST300D, OHAUS) for 12 min in
weakly alkaline phosphate buffered saline (PBS) buffer (pH 7.4).
These groups included the Blank group, the Blank + US group,
the PLLA group, the PLLA + US group, the PLLA/Fe;0, group,
and the PLLA/Fe;O, + US group. The US parameters were
set to 1 MHz and 0.5 W/cm?, and the PLLA and PLLA/Fe;0O,
concentration was both 50 ug/mL.

4.11 | Michaelis-Menten Kinetics

O, generation for 10 min in weakly alkaline PBS buffer (pH 7.4)
containing PLLA/Fe;0, (50 ug/mL) and different concentrations
of H,0, (50, 100, 200, 400 mM) was quantitatively determined
using a dissolved oxygen analyzer (ST300D, OHAUS) to evaluate
the Michaelis-Menten kinetics of PLLA/Fe;0,.

4.12 | Cell Culture

Human Umbilical Vein Endothelial Cells (HUVECSs) were pur-
chased from the Cell Bank of the Chinese Academy of Sci-
ences (Beijing). The cells were cultured in high-glucose DMEM
medium (11995, Solarbio) and supplemented with 10% fetal bovine
serum (FBS, Gibco) with 1% penicillin-streptomycin double anti-
body (P1400, Solarbio). The cells were cultured in an incubator
(CCL-170B-8, ESCO) at 37°C with 5% CO,.

4.13 | In Vitro Biocompatibility Experiment

After being double-sterilized by soaking in ethanol and ultraviolet
(UV)irradiation, Samples were immersed in high-glucose DMEM
medium for 24 h. The HUVECs were co-cultured with iPCH
hydrogel leachates of different concentrations (0, 25, 50, 75, 100%)
in 96-well plates for 24 h, and Cell Counting Kit-8 (CCK-8,
CA1210, Solarbio) was used to detect cell viability. Absorbance of
the supernatant after the reaction between CCK-8 was measured
using a microplate reader (BioRad iMark) at a wavelength of
450 nm.
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4.14 | In Vitro HUVECs Viability Assay

HUVECs were seeded in 24-well plates. After 12 h of culture, the
iPCH, sterilizing with ethanol and UV light, was added, followed
by US treatment (1 MHz, 0.5 W/cm?, 2 min/6 h, ultrasonic gel).
Cells were harvested at 72 h, and cell proliferation was assessed
using CCK-8 assay (CAI210, Solarbio) to measure absorbance
and Calcein-AM/PI (CA1630, Solarbio) to measure fluorescence
intensity.

4.15 | HUVECs Cell Viability Assay Under In Vitro
Oxidative Stress Microenvironment

HUVECs were seeded in 24-well plates. After 12 h of culture,
the US-excited iPCH sterilized with ethanol and UV light was
added, followed by the addition of 200 um H,O, and US treatment
(1 MHz, 0.5 W/cm?, 2 min/6 h, ultrasonic gel). Cells were
harvested after 24 h, and absorbance was measured using the
CCK-8 assay (CA1210, Solarbio), while fluorescence intensity was
measured using the Calcein-AM/PI assay (CA1630, Solarbio) to
assess cell proliferation.

4.16 | HUVECs Cell Viability Assay After In Vitro
Oxidative Stress Pretreatment

HUVECs were seeded in 24-well plates. After 12 h of culture, the
iPCH, sterilizing with ethanol and UV light, was added, followed
by 200 uM H, 0, and US treatment (1 MHz, 0.5 W/cm?, 2 min/6 h,
ultrasonic gel). After 24 h, the medium was replaced with fresh
medium and cultured for another 24 h. The absorbance was
measured using the CCK-8 assay (CA1210, Solarbio), and the
fluorescence intensity was measured using the Calcein-AM/PI
assay (CA1630, Solarbio) to assess cell proliferation.

4.17 | Scratch Assay

Cells were cultured in 24-well plates and scratched using a 1.5 mL
pipette tip. Subsequently, iPCH was added and co-cultured with
the cells, followed by sonication (1 MHz, 0.5 W/cm?, 2 min/6 h,
ultrasonic gel). Time-lapse images of the cells were captured at 0,
12, and 24 h. Image J software was used to quantitatively analyze
the images and assess cell migration.

4.18 | Cell Immunofluorescence Staining

Fixed cells with 4% paraformaldehyde (P1110, Solarbio) for 15 min
and then washed three times with 1XPBS buffer. The cells were
blocked with a blocking solution at room temperature for 2 h.
The blocking solution contained 3% bovine serum albumin (BSA,
SW3015, Solarbio), 10% FBS (10099-141, Gibco), and 0.5% Triton
X-100 (T8200, Solarbio). Primary antibodies Ki-67 antibody (9129,
BASMEDTSCI, 1:100) and VEGF-A antibody (15165-100, CST,
1:100) were added and incubated at 4°C overnight. Fluorescent
secondary antibodies were then added and incubated for 1 h
at room temperature. The cell nuclei were stained with 4’,6-
diamidino-2-phenylindole (DAPI, 1:200, c0060, Solarbio) for
10 min. Capture fluorescent images of cells using a confocal

laser scanning microscope (Leica, SP8), and the fluorescence
intensity or positive expression rate was analyzed using Image J
software.

4.19 | Animal Culture

40 male SD rats with no health disorders and a body weight
of approximately 250 g (8-week-old) were selected as experi-
mental animals. The rats were raised in the Animal Center
of Beijing Institute of Nanoenergy and Nanosystems under a
Specific Pathogen-Free (SPF) environment with the temperature
controlled at 25°C. General anesthesia and analgesia were per-
formed on the rats in accordance with the “Experimental Animal
Operation Guidelines” formulated by the Animal Resources
Committee. All animal procedures were approved by the Com-
mittee on Ethics of Small Animal Experimental Platform of
National Key Laboratory (Approval No.: 2025004LZ) and strictly
followed the ARRIVE guidelines for in vivo animal research
reports.

4.20 | InVivo Animal Experiment

3 days before the operation, a diabetic rat model was established
by intraperitoneal injection of streptozotocin (STZ) at 50 mg/kg
after fasting for 12 h, with daily blood glucose monitoring; a blood
glucose level >16.7 mmol/L was regarded as the criterion for
successful modeling. Diabetic model rats were divided into four
groups: the Control group (Sham, diabetic model rats receiving
only sham operation), the iPG + US group (ES), the iPCH
group (H,O, scavenging), and the iPCH + US group (ES and
H,0, scavenging). On the day of the operation, the rats were
anesthetized with 2% isoflurane gas, and the hair on the back
of the rats was removed with electric clippers and depilatory
cream. An intermittent suture method was used to construct a
rat dorsal skin flaps transplantation model (4.5 X 1.5 cm), and
hydrogel injection and/or US intervention were performed in
each corresponding experimental group. The iPG + US group
and iPCH + US group received daily US stimulation (1 MHz,
0.5 W/cm?, two 10 min US separated by a 10 min rest interval,
ultrasonic gel), which was within the safe range of clinical US
treatment and could effectively excite the piezoelectric effect. All
materials were sterilized by pasteurization and injected using a
1 mL syringe (needle inner diameter: 0.33 mm). The US treatment
cycle was 1 week, adopting an intervention mode of 1 day rest
after the operation and 6 consecutive days of US treatment. On the
first, third, and seventh days after the operation, the appearance
photos of the rat skin flaps were observed and recorded with a
digital camera for flaps morphology observation and survival rate
calculation. On the third and seventh days after the operation,
the rat skin flaps tissues were collected to prepare pathological
sections.

4.21 | Histological Examination

The obtained skin flaps tissues were fixed with 4%
paraformaldehyde, dehydrated with gradient ethanol, and
embedded in paraffin to prepare continuous sections, which
were then subjected to Hematoxylin-Eosin (H&E) staining and
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immunofluorescence staining in sequence. Antibodies used
in the immunofluorescence staining: CD31 (ab182981, abcam,
1:2000), a-SMA (ab124964, abcam, 1: 5000), IL-18 (26048-1-AP,
PTG, 1: 400), TNF-a (BA0131, boster, dilution ratio: 1:400). The
staining results were quantitatively analyzed using Image J
software after microscopic observation.

4.22 | Transcriptome Sequencing and Data
Analysis

Skin flaps tissues were collected third after the operation. Total
RNA was extracted from the wound tissues using an RNA
extraction kit (TTANGEN, Cat. No. DP424), followed by RNA
sequencing with Illumina Xplus(PE150, Yike Tianya Biotech-
nology (Chongqing, China) was responsible for quality control,
comparison, and quantification of the raw RNA sequencing data.
R (Version 3.0.3) was used for conducting RNA-seq expression
data analysis. A minimum two- fold change and a Padj cutoff
< 0.05 was applied as filtering criteria.

4.23 | Statistical Analysis

One-way analysis of variance (one-way ANOVA)was used to com-
pare the statistically significant differences between groups. The
cell experiments were independently repeated three times. And
the results of H&E staining and immunofluorescence staining
of skin flaps tissues were all derived from parallel experimental
data of 3 animal models. Data were analyzed using GraphPad
Prism 9.0, and the results were expressed as mean + Standard
deviation (Mean + SD). Data visualization was performed using
Image J (Media Cybernetics, USA) and Origin 2021 (OriginLab,
USA). *p < 0.05, **p < 0.01, and ***p < 0.001 indicated statistically
significant differences.
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