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Protein-based functional hydrogel improves cutaneous nerve repair
and diabetic wound healing
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ABSTRACT: Cutaneous nerve regeneration in diabetic wounds
remains a challenge for current clinical treatment. Herein, a
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nerve regeneration, angiogenesis and tissue remodeling in the
full-thickness wounds in both db/db and streptozotocin-induced
C57BL/6 diabetic mice, notably by the synergistic effect of zinc ions and PP, showing a great potential in diabetic wound
therapy.
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1 Introduction

Diabetic wounds are major complications of diabetes and are
associated with increasing incidence, high morbidity, and
socioeconomic burden [1]. Clinical studies have shown that
peripheral neuropathy, inflammatory dysfunction, reduced
angiogenesis and uncontrolled bacterial infection are involved in
the pathogenesis of diabetic wounds and lead to an impaired or
even nonhealing state [2—4]. Therefore, there is an urgent need to
develop comprehensive treatment strategies due to the complexity
of diabetic wounds.
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Wound dressings hold great promise in the management of
diabetic wounds, among which hydrogels are considered desirable
dressings because of their good biocompatibility and robust delivery
ability [5]. However, traditional hydrogel dressings have several
limitations, such as incomplete filling of irregular wound beds,
confinement of joint movement, and a lack of antibacterial
function. In this context, hydrogel dressings with desirable adhesive,
mechanical, and antibacterial abilities are good candidates for the
clinical treatment of diabetic wounds [6]. However, complex
synthesis procedures are often required for the development of
functional hydrogels, especially those derived from natural
polymers, owing to their limited active chemical groups, which in
turn compromise the inherent biocompatibility of hydrogel
dressings.

To achieve superior treatment outcomes, various therapeutics,
including endogenous cells, extracellular vesicles, therapeutic
nanoparticles, and chemical drugs, are loaded in hydrogels to
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endow dressings with anti-inflammatory, angiogenic, or
epithelialization functions [7-11]. Despite the promotion of wound
closure by current therapeutic strategies, the restoration of nerve
function is often overlooked, which has the potential to limit the
quality of life and long-term prognosis of patients [12]. Tissue
injury is frequently accompanied by nerve damage, particularly in
chronic wounds such as diabetic ulcers. Neurodegenerative changes
can significantly impact the healing process and functional recovery
of the skin, leading to sensory loss and motor dysfunction [13].
However, the development of wound dressings with cutaneous
nerve regeneration is still in its infancy owing to the current lack of
innervation-related therapies or material design methods [14].

In this work, we developed a protein-based therapeutic hydrogel
for cutaneous nerve regeneration and diabetic wound healing (Fig.
1). For this hydrogel, keratin is used as the sole matrix, and
naturally derived chemicals, protocatechuic aldehyde (PA) and zinc
ions, are used as building blocks to form dynamic chemical
crosslinks with keratin in a mild and simple fashion. Keratin is a
type of cysteine-rich natural protein that widely exists in skin and
skin appendages such as hair and wool [15]. Emerging evidence
shows that keratin possesses good biocompatibility and wound
repair ability [16]. Notably, the inherent free thiol groups in keratin
serve as active groups for exploring functional hydrogels [16]. Zinc
ions have been reported to stimulate nerve regeneration and
angiogenesis during the wound healing process [17]. PA is derived
from the Chinese herb Salvia miltiorrhiza and has an aldehyde
group and a catechol group in its chemical structure [18]. The
unique chemical structure allows PA to form catechol-metal ion
coordination bonds with zinc ions and dynamic crosslinking with
keratin through an aldehyde-thiol addition reaction. The
preparation process of the hydrogel needs only physical mixing
under mild conditions, without the involvement of extra catalysts,
crosslinkers, or chemical modification of keratin. In addition,
phellopterin (PP), a natural compound extracted from the
traditional Chinese medicine Angelica dahurica, is encapsulated in
F127/F68 mixed micelles and loaded into the hydrogel. The effects
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of PP and the PP-loaded hydrogel on nerve regeneration were
investigated in vitro, and their effects on the healing of full-thickness
wounds in both db/db and streptozotocin-induced C57BL/6
diabetic mice were evaluated.

2 Experimental

2.1 Preparation of phellopterin-loaded ker-PA/Zn

hydrogels

The PA/Zn complex was prepared according to the literature [19,
20]. PA was dissolved in 80 °C deionized water and then combined
with zinc acetate solution at a PA:Zn molar ratio of 2:1. The pH
value of the solution was adjusted to 10.0 with ammonium
hydroxide. The PA/Zn complex was obtained after stirring at room
temperature for 12 h and analyzed via an ultraviolet-visible
(UV-vis) spectrophotometer. An 18% w/v keratin solution was
prepared by dissolving 0.09 g of keratin in 0.5 mL of deionized
water. The PA/Zn complex mixture was mixed with the keratin
mixture, and the final PA concentration in the hydrogel was
adjusted to 0.1%, 0.2%, or 0.3% w/v. The mixture was stirred for
several seconds and then placed statically to form a hydrogel. The
obtained hydrogels were denoted as ker-PA/Zn 0.1, ker-PA/Zn 0.2,
and ker-PA/Zn 0.3, respectively. PP was loaded in F127/F68 mixed
micelles to increase water solubility via a thin-film hydration
method according to the literature [21, 22]. The PP-loaded
hydrogel was fabricated by mixing 200 pL of the PP micelles with
800 pL of the hydrogel precursor solution at a PA concentration of
0.2% and then placing them statically to form a hydrogel. The final
concentration of PP in the ker-PA/Zn 0.2 hydrogel was 2 pg/mL,
and the resulting hydrogel was recorded as the ker-PA/Zn/PP
0.2 hydrogel.

2.2 In vivo evaluation of diabetic wound healing
The animal experiments were approved by the Animal Care and
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Figure1 Schematic of the gelation mechanism of keratin-based functional hydrogels, and their physical and biological functions in diabetic wound healing.
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Use Committee of Yueyang Hospital of Integrated Traditional
Chinese and Western Medicine affiliated with Shanghai University
of Traditional Chinese Medicine. Male db/db mice (8-10 weeks
old) and C57BL/6] mice (6-8 weeks old) were procured from
Shanghai SLAC Laboratory Animal Co., Ltd. C57BL/6] mice were
first fed high-fat feed for 3 weeks and then received daily
intraperitoneal injections of low-dose streptozotocin (STZ) solution
(50 mg/kg STZ dissolved in 0.5 mol/L, pH 4.5 sodium citrate
buffer) for 7 days to induce type 1 diabetes. Mice with a blood
glucose level exceeding 16.7 mmol/L one week after the last STZ
injection were considered diabetic. After disinfection with 75%
alcohol, a full-thickness circular wound approximately 6 mm in
diameter was created on the dorsal area via surgical scissors. The
wounds were grouped and topically treated with sterilized PBS
solution, ker-PA/Zn 0.2 hydrogel, ker-PA/Zn/PP 0.2 hydrogel, or
recombinant bovine basic fibroblast growth factor (rb-bFGF,
Zhuhai Yisheng Biological Pharmaceutical, Zhuhai, China). The
hydrogels or rb-bFGF were changed every 2 days. The wounds
were recorded on days 0, 2, 4, 6, and 9. The wound areas were
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measured with ImageJ software, and the wound healing rates were
calculated based on the wound areas [16].

3 Results and discussion

3.1 Preparation and evaluation of ker-PA/Zn hydrogels

The ker-PA/Zn hydrogel was prepared by simple mixing of 18%
keratin solution and a PA/Zn complex solution at room
temperature. The PA/Zn complex was formed through dynamic
crosslinking between Zn ions and the catechol groups in PA, which
was confirmed by the UV-vis absorption spectrum (Fig. 2(a)). PA
displayed two absorption peaks at 278 and 313 nm, which were
attributed to the presence of an aromatic ring connected to two
phenolic hydroxyls and one carbonyl group. For the PA/Zn
complex, an obvious peak at 344 nm appeared in the spectrum due
to a redshift in the absorption peak of the PA molecule resulting
from Zn* coordination [23]. The PA/Zn complex and keratin
formed a hydrogel through a reversible thiol-aldehyde addition
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Figure2 Preparation and evaluation of ker-PA/Zn hydrogels. (a) UV-vis spectra of PA and the PA/Zn complex and a photograph of the PA/Zn complex solution. (b)
Digital images and SEM images of ker-PA/Zn hydrogels. Scale bars: 200 um. (c) Average pore sizes measured from SEM images. (d) Equilibrium swelling ratios of the ker-
PA/Zn hydrogels. (e) Pictures of the hydrogel adhered to the bending finger joint. (f) Pictures of the hydrogels adhered to various materials. (g) Pictures of the hydrogel
compressed and stretched by fingers. (h) Strain sweeps of the ker-PA/Zn 0.2 hydrogel. (i) Rheological properties of the ker-PA/Zn 0.2 hydrogel. (j) Shear-thinning test of
the hydrogel and image of the hydrogel injected through a 26-gauge syringe needle into water. (k) Rheological behavior of the hydrogel with alternate strain cycles. (1)
Pictures of the self-healing ability of the hydrogel. The data are represented as the means + SDs. NS indicates no significant differences; *P < 0.05, **P < 0.01 and ***P <

0.0001.
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reaction between the thiol groups in keratin and the aldehyde
groups in PA [24]. Figure 2(b) shows digital images and SEM
images of the ker-PA/Zn hydrogels with a keratin concentration of
18% w/v and PA/Zn complex concentrations of 0.1%, 0.2% and
0.3% wi/v. All hydrogels had a porous microstructure with an
average pore size of ~ 60-110 um (Fig. 2(c)). The swelling ratios of
the hydrogels had a similar trend as the pore size. A greater pore
size resulted in an increased swelling ratio of the hydrogel (2(d)).

Figures 2(e) and 2(f) show that the ker-PA/Zn hydrogel had
good adhesion ability; it can adhere to the bending finger joint
without falling off, as well as other materials such as glass, plastic
and metal, mainly because of the existence of the catechol and
aldehyde groups in PA. The dynamic crosslinked structure endows
the hydrogel with good elasticity, injectability, and self-healing
properties. Figure 2(g) shows that the hydrogel underwent
compression and stretching between fingers. After being
compressed by fingers, the hydrogel could be stretched to more
than 5 times the original height without obvious breakage, implying
good elasticity. Rheological tests were performed to investigate the
rheological properties of the hydrogels. The linear viscoelastic
region of the hydrogels was determined, and 1% strain was chosen
for further rheological tests (Fig. 2(h)). Figure 2(i) shows that the
storage modulus (G’) of the hydrogel was greater than the loss
modulus (G”) at every frequency, verifying that the ker-PA/Zn
hydrogel had elastic properties. The shear-thinning property of the
hydrogel was also investigated via rheological tests (Fig. 2(j)). The
viscosity decreased sharply with increasing shear rate, indicating
that the hydrogel had obvious shear-thinning behavior. This
endows the hydrogel with outstanding injectability. The inserted
picture in Fig. 2(j) shows that the hydrogel could be easily injected
into water through a 26-gauge syringe needle. The continuous
cyclic strain test demonstrated that at a high strain of 800%, the G’
value of the hydrogel decreased from ~ 2000 to ~ 60 Pa and was
lower than G”, implying the collapse of the hydrogel network.
When the strain decreased to 1%, the G value almost returned to
its initial value, implying recovery of the hydrogel network. This
collapse and recovery of the hydrogel network could be repeated for
at least three cycles (Fig. 2(k)). This result indicated that the
hydrogel had good self-healing capacity, which was further
confirmed by a macroscopic healing test (Fig. 2(1)). Two parts of the
hydrogel disk could be rejoined after contact for 30 min and
maintained integrity when it was stretched after healing. These
results demonstrated that the Ker-PA/Zn hydrogel had excellent
injectability, tissue adhesion and self-healing properties, potentially
satisfying the practical applications of the hydrogel as a wound
dressing.

3.2 Drug antibacterial

biocompatibility

release, ability and

F127/F68 mixed micelles were used to encapsulate PP for improved
water solubility and were loaded into the hydrogel with a drug
loading content of 2 pg/mL. The release profile revealed that the
cumulative release of PP reached approximately 36% after 48 h of
incubation in normal saline at 37 °C (Fig. 3(a)). The hemolysis test
demonstrated that the hydrogels at PA/Zn complex concentrations
of 0.1%-0.3% did not induce apparent hemolysis, with hemolysis
ratios less than 5% (Fig. 3(b)). Owing to the presence of zinc ions,
the ker-PA/Zn hydrogel exhibited significant antibacterial ability
against S. aureus, as reflected by both the inhibition zone and
colony counting tests. As shown in Fig. 3(c), the hydrogels at three
PA/Zn complex concentrations displayed obvious inhibition zones
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after incubation for 24 h, and those at a higher PA/Zn complex
concentration presented a larger inhibition zone. Colony counting
assays were used to quantitatively test the antibacterial ability of the
hydrogels (Fig. 3(d)). The hydrogels at three PA/Zn complex
concentrations achieved a high antibacterial rate of close to 100%
(Fig. 3(e)). Moreover, the PP-loaded hydrogels presented similar
results in terms of both the inhibition zones and antibacterial rates
to the hydrogels (data not shown), indicating that PP had no
antibacterial activity. The cytotoxicity of the ker-PA/Zn hydrogel
was evaluated by both a cell viability assay and a live/dead assay
using L929 mouse fibroblasts. Compared with the PBS group, the
hydrogels treated with the three PA/Zn complexes and the PP-
loaded hydrogel had no significant differences in terms of cell
proliferation at 1, 3 and 5 days of incubation (Fig. 3(f)). The
live/dead staining assay confirmed that the number of live cells
increased over time of incubation, whereas few dead cells were
observed during incubation (Fig. 3(g)). Considering its
antimicrobial properties and biosafety profile, the ker-PA/Zn 0.2
hydrogel was selected for subsequent experiments.

3.3 In vitro migration and remyelination evaluation of
RSC96 cells

The innervation process is essential for high-quality wound repair
[25-27]. Studies have shown that mature Schwann cells can form
lamellipodia to facilitate axon extension [28-32]. They also
participate in domain differentiation and provide local structural
and metabolic support for nerve regeneration and repair [33]. In
this work, a cell scratch test was performed to assess the effects of
ker-PA/Zn 0.2 hydrogel, PP-loaded hydrogel (ker-PA/Zn/PP 0.2)
and PP solution (same concentration of 2 pg/mL, without
encapsulation in F127/F68 micelles) on Schwann cell migration in
normal glucose and high glucose environments (Figs. 4(a) and
4(b)). The cells without any treatment were used as a control.
Under normal glucose conditions, compared with those in the
control group, both the ker-PA/Zn 02 and PP solutions
significantly facilitated cell migration and the formation of
lamellipodia (Fig. 4(c)). In particular, ker-PA/Zn/PP 0.2 promoted
the complete movement of the cells at the center after incubation
for 24 h. A cell migration assay of Schwann cells exposed to high
glucose was further performed to evaluate the protective effects of
the hydrogels. Compared with that of the control group without
glucose, the cell migration ability was lower in the high-glucose
environment. In contrast, both the ker-PA/Zn 0.2 and PP solutions
resisted the inhibitory effect of glucose, and the ker-PA/Zn/PP 0.2
solution was superior to either solution alone (Fig. 4(d)).

According to the literature, S1008 is a typical Schwann cell
cytoplasmic marker protein that plays a pivotal role in neural axon
growth, cell signaling, movement, and metabolism [34]. The Tujl
protein is a marker of axonal regeneration [35]. Phalloidin is used
as a staining agent for the actin cytoskeleton, allowing for the
investigation of cellular morphology and migratory behavior [36].
The effects of ker-PA/Zn/PP 0.2 on glial expression in Schwann
cells were studied via immunofluorescence staining of neural-
specific proteins, including a Schwann cell surface marker (51008)
and a myelin regeneration marker (Tujl). The ker-PA/Zn 0.2
hydrogel and PP solution were set for comparison. In contrast to
those in the control group, the expression levels of both protein
markers were increased in all three groups, among which the ker-
PA/Zn/PP 0.2 group presented significantly greater levels than the
ker-PA/Zn 02 and PP solutions did (Figs. 4(e) and 4(f)).
Furthermore, the cells in the ker-PA/Zn/PP 0.2 group exhibited a

Tsinghua University Press
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Figure3 Drug release, antibacterial ability and biocompatibility of the hydrogels. (a) Release profile of PP from the hydrogel. (b) Hemolysis test of the hydrogels. PBS
and deionized (DI) water were used as negative and positive controls, respectively. (c) Assessment of antibacterial activity against S. aureus via the inhibition zone method.

(d) Pictures of bacterial colonies on agar plates after contact with the hydrogels at three
hydrogels based on Fig. 2(d). (f) Cell viability of L929 mouse fibroblasts after 1, 3 and 5

PA/Zn complex concentrations, with PBS as a control. (e) Bacterial viability of the
days of incubation. (g) Live/dead staining of L929 mouse fibroblasts after 1, 3 and

5 days of incubation. Scale bar: 200 um. The data are presented as the means + SDs. NS indicates not significant, and ***P < 0.0001.

more extended and elongated state, with the formation of distinct
lamellipodia (Fig. 4(f), marked with white arrows). The
morphology of the Schwann cells was further observed by staining
the actin cytoskeleton with phalloidin (Fig. 4(g)). The cells in the
ker-PA/Zn/PP 0.2 group exhibited more elongated protrusions
(lamellipodia) than those in the ker-PA/Zn 0.2 and PP groups did.
These results indicated that both ker-PA/Zn 0.2 and PP could
facilitate Schwann cell migration under normal and even high-
glucose conditions and that ker-PA/Zn/PP 0.2 could achieve a
superior effect because of the synergistic action of ker-PA/Zn
0.2 and PP.

34 Diabetic wound healing test

A full-thickness diabetic wound model (~ 6 mm in diameter) in
both db/db mice and STZ-induced C57BL/6 mice was used to
evaluate the therapeutic efficacy of the ker-PA/Zn 0.2 and ker-
PA/Zn/PP 0.2 hydrogels (Fig. 5(a)). Wounds treated with PBS were
used as controls, and rb-bFGF was applied for comparison.
Representative images of the wounds in all the groups on days 0, 2,
4, 6, and 9 after injury are shown in Fig. 5(b), and the
corresponding quantitative wound healing rates were calculated
from these images (Figs. 5(c) and 5(d)). For both the db/db mice
and the STZ-induced C57BL/6 mice, the ker-PA/Zn 0.2 hydrogel
resulted in faster wound closure than did the control after 2 days,
with healing rates reaching 87.7% for the db/db mice and 72.5% for

(& 27w | Sci@pen 94907012 (5 of

the C57BL/6 mice. In contrast, the wound healing rates in the
control group were only 71.4% and 60.8%, respectively, on day 9.
Notably, the PP-loaded hydrogel further accelerated wound closure,
resulting in a similar healing rate to that of the rb-bFGF group for
db/db mice (94.0% vs. 96.2%) on day 9 and an even higher healing
rate than that of the rb-bFGF group (90.5% vs. 73.8%) for C57BL/6
mice.

3.5 Epidermal and dermal remodeling in diabetic wounds

Re-epithelialization is crucial for reestablishing the epidermal
barrier during the wound healing process. In this work, the re-
epithelialization of wounds in each group was assessed on day 4 via
hematoxylin and eosin (H&E) staining (Fig. 6(a)). The results
revealed that the epidermal migration length in the ker-PA/Zn/PP
0.2 group was greater than that in the control, ker-PA/Zn 0.2 and
rb-bFGF groups on day 4 (Fig. 6(b)). The re-epithelialization
process further accelerated wound healing, with the ker-PA/Zn/PP
0.2 group having the smallest wound width on day 9 among all the
groups (Fig. 6(c)).

Collagen deposition and tissue remodeling also play important
roles in restoring the tensile strength of the tissue at the wound site
[37]. Masson staining was conducted on days 4 and 9 to evaluate
collagen deposition and tissue remodeling in every group (Fig.
6(d)). Compared with the control, both ker-PA/Zn/PP 0.2 and ker-
PA/Zn 0.2 promoted collagen deposition, and ker-PA/Zn/PP

11) Nano Research, 2025, 18, 94907012
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0.2 achieved a better effect than rb-bFGF did (Fig. 6(e)).
Additionally, compared with rb-bFGF, both ker-PA/Zn/PP 0.2 and
ker-PA/Zn 0.2 stimulated the regeneration of dermal appendages
on day 9 (Fig. 6(f)). This result was consistent with other studies
showing that both zinc ions and keratin could facilitate hair follicle
regeneration [38, 39].

3.6 Cutaneous nerve repair in diabetic wounds

The impact of ker-PA/Zn/PP 0.2 on glial expression in Schwann
cells was investigated in vivo via immunohistochemical staining of a
myelin regeneration marker (Tuj1), a Schwann cell surface marker
(S1008) and a neural fiber myelination marker (MBP) (Fig. 7(a))
[40]. In contrast to the control, both ker-PA/Zn 0.2 and ker-
PA/Zn/PP 0.2 resulted in greater expression of Tujl, S100B and
MBP on days 4 and 9, respectively, especially for the ker-PA/Zn/PP
0.2 hydrogel (Figs. 7(b)-7(d)).

Studies have shown that diabetic wounds are characterized by a
decreased distribution of growth-associated protein 43 (GAP43)-
labeled axons [41, 42] and the loss of protein-encoding gene
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product 9.5 (PGP9.5)-labeled axons [43]. The effect of the ker-
PA/Zn/PP 0.2 hydrogel on nerve axon regeneration was assessed
via immunohistochemical staining of the axonal markers GAP43
and PGP9.5 (Fig. 8(a)). The results demonstrated that the ker-
PA/Zn 0.2 hydrogel resulted in greater expression of GAP43 and
PGP9.5 than the control on days 4 and 9 (Figs. 8(b) and 8(c)).
Moreover, the ker-PA/Zn/PP 0.2 hydrogel further increased the
expression of GAP43 and PGP9.5 compared with the ker-PA/Zn
0.2 hydrogel, with values greater than or similar to those in the rb-
bFGF group. These results indicated that the ker-PA/Zn/PP
0.2 hydrogel promoted the regeneration of damaged nerves, largely
because of its role in the activation, migration, and myelination of
Schwann cells [17, 44].

3.7 Neoangiogenesis in diabetic wounds

Neoangiogenesis plays a key role in transporting nutrients and
oxygen to wounds during the proliferative phase, thus facilitating
fibroblast proliferation, collagen synthesis, re-epithelialization and
neurogenesis [45, 46]. The effect of the hydrogels on
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neoangiogenesis was evaluated through immunohistochemical
staining of platelet endothelial cell adhesion molecule-1 (CD31) and
vascular endothelial growth factor (VEGF) in granulation tissue
(Fig. 9(a)). Compared with the control, ker-PA/Zn 0.2 increased the
expression of CD31 and VEGF on days 4 and 9, indicating that zinc
ions play a role in angiogenesis. Moreover, ker-PA/Zn/PP
0.2 resulted in the highest expression of CD31 and VEGF on day
4 among all the groups (Figs. 9(b) and 9(c)), demonstrating
that mixed micelles of PP could facilitate angiogenesis. According
to the literature, neoangiogenesis can stimulate axon regeneration
in axon-deficient chronic diabetic ulcers by supporting the
elevated metabolic demands of nerve cells, thus accelerating wound
healing [46].

4 Conclusions

In this work, we describe a protein-based functional hydrogel with
injectability, skin adhesion, self-healing and antibacterial ability for
diabetic wound repair. A mixture of micelles of phellopterin, a
natural compound extracted from the traditional Chinese medicine
Angelica dahurica, was demonstrated for the first time as a
therapeutic for accelerating cutaneous nerve regeneration and
angiogenesis in full-thickness diabetic wounds. Additionally, the
phellopterin-loaded hydrogel achieved better treatment outcomes
in diabetic wound healing than rb-bFGF did because of the
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synergistic effect of phellopterin and zinc ions. These results
demonstrated that the phellopterin-loaded hydrogel could serve as
a desirable hydrogel dressing for diabetic wound treatment.

Electronic Supplementary Material: Supplementary material
(further details of the synthesis processes and methods for
evaluating the properties of the hydrogel) is available in the online
version of this article at https://doi.org/10.26599/NR.2025.
94907012.
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