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ARTICLE INFO ABSTRACT

Keywords: The treatment of diabetic wounds remains a great challenge for medical community. Here, we present a novel
Bioinspired structural color supramolecular hydrogel patch for diabetic wound treatment. This hydrogel patch was created
Smlcmr'f‘l color by using N-acryloyl glycinamide (NAGA) and 1-vinyl-1,2,4-triazole (VTZ) mixed supramolecular hydrogel as the
ll:::fl? nsive inverse opal scaffold, and temperature responsive poly(N-isopropylacrylamide) (PNIPAM) hydrogel loaded with

vascular endothelial cell growth factor (VEGF) as a filler. Supramolecular hydrogel renders hydrogel patch with
superior mechanical properties, in which NAGA and VTZ also provide self-healing and antibacterial properties,
respectively. Besides, as the existence of PNIPAM, the hydrogel patch was endowed with thermal-responsiveness
property, which could release actives in response to temperature stimulus. Given these excellent performances,
we have demonstrated that the supramolecular hydrogel patch could significantly enhance the wound healing
process in diabetes rats by downregulating the expression of inflammatory factors, promoting collagen deposi-
tion and angiogenesis. Attractively, due to responsive optical property of inverse opal scaffold, the hydrogel
patch could display color-sensing behavior that was suitable for the wound monitoring and management as well
as guidance of clinical treatment. These distinctive features indicate that the presented hydrogel patches have
huge potential values in biomedical fields.

Wound healing

1. Introduction

Diabetes mellitus, a worldwide chronic disease, brings about a non-
healing chronic wound that seriously endangers human health every
year [1-8]. Owing to prolonged inflammatory period, reduced neo-
vascularization, and impaired endothelial cell function, the healing
process in diabetic wound is hampered [9-15]. Considerable efforts
have been devoted to generating materials for the treatment of diabetic
wound, such as rubber, nanofibers, porous foams, and hydrogel patches
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[16-23]. Among them, hydrogel patches show great potential in dia-
betic wound healing due to their deformability, moisture retention, as
well as the advantages of internalizing and delivering actives at the
wound interface [24-28]. Although with much progress, the existing
hydrogel patches are usually with simple composition or structures,
which would restrict their functional performance in responsiveness,
antibacterial and anti-inflammatory capabilities. In addition, insuffi-
cient mechanical strength and brittle nature of hydrogel patches could
make them inapplicable in the dynamic wounds with sustained
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deformations. Moreover, most of the hydrogel patches are lacking of
real-time monitoring property, which is essential for evaluating the
wound conditions. Thus, the development of responsive, multifunc-
tional hydrogel patches with good mechanical strength, self-healing
capability, and self-reporting feature is still highly anticipated for effi-
cient diabetic wound healing.

In this paper, we present a novel supramolecular hydrogel structural
color patch with the desired features for the treatment of diabetic
wound, as schemed in Fig. 1. Supramolecular hydrogels, derived from
the assembly of supramolecular polymer networks, are fascinating ma-
terials similar to natural extracellular matrix (ECM) [29-33]. Benefiting
from their excellent properties, including suitable mechanical strength,
self-healing, antibacterial and anti-inflammatory, supramolecular
hydrogels have found many applications in biomedical areas [34-37]. In
contrast, structural colors, as a type of coloration arising from unique
interaction of light with intrinsic periodic nanostructures, have aroused
great attention in optical displays, anti-counterfeiting labels, wearable
electronics, etc [38-40]. In particular, when the structural color mate-
rials were constructed by responsive polymers, their colors could be
tuned by swelling or shrinking these polymers with different stimula-
tions, which indicate the potential sensor values of these materials [41,
42]. Therefore, it is conceivable that the integration of supramolecular
hydrogel with structural colors would provide a distinctive strategy for
the construction of a novel hydrogel patch for diabetic wound treatment.

Herein, we created the responsive and self-healing structural color
supramolecular hydrogel patch by employing NAGA and VTZ mixed
polymers as the inverse opal scaffold, and temperature responsive
PNIPAM hydrogel as a filler. Due to the hydrogen bonds and the non-
covalent interaction reversibility of NAGA network, the resultant
(NAGA-VTZ) & PNIPAM hydrogel (NNH) patch could not only show
superior mechanical performance, but also have self-healing capability.
This hydrogel patch was also imparted with good antibacterial bio-
activities because of the presence of VTZ. In addition, taking advantage
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of thermal-responsiveness performance of the PNIPAM polymer, the
hydrogel patch could release the actives when applied to the wound site
with relatively high temperature caused by inflammation. Based on
these advantages, we have demonstrated that the proposed structural
color supramolecular hydrogel patches could significantly enhance the
wound healing process in diabetes rats by downregulating the expres-
sion of inflammatory factors, and promoting collagen deposition and
angiogenesis. Notably, benefit from the unique optical property of in-
verse opal scaffold, the hydrogel patch could even exhibit color-
changing ability in response to temperature stimuli, which showed
great potential in wound monitoring and management as well as guid-
ance of clinical treatment.

2. Experimental section

Materials: Monodispersed silica nanoparticles were obtained by
Yuanjin Zhao’s group. N-Acryloyl glycinamide (NAGA), 1-vinyl-1,2,4-
triazole (VTZ), 2-hydroxy-4’-(2hydroxyethoxy)-2-methyl-
propiophenone (2959), N, N'-methylenebis(acrylamide) (BIS) and N-
isopropylacrylamide (NIPAM), were purchased from Sigma-Aldrich
(USA). The Live & Dead Viability/Cytotoxicity Assay Kit, and MTT
Cell Proliferation and Cytotoxicity Assay Kit (MTT) were purchased
from KeyGen Biotech Co.,Ltd. (Nanjing, China). The male Spra-
gue—Dawley rats (8-week-old) were bought from Reagan Biotechnology
Co. (Shanghai, China). All operations were performed following the
Laboratory Animal Care and Use Guidelines (NIH Publication no. 80-23
Rev. 1978). And these operations were approved and authorized by the
Comparative Medicine Division of Jinling Hospital.

Preparation of silica colloidal crystal templates (SCCs): The SCCs
were prepared as previously described.®® Ultrasonically cleaned and
oxygen plasma-treated slides were immersed in a solution of mono-
disperse silica nanoparticles at a concentration of 5%. SCCs with distinct
structural colors were obtained after self-assembly by evaporation at
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Fig. 1. Schematic representation of the excellent performance of the NNH patches and their application to diabetic wound. a) The self-healing and temperature-
responsive performances of NNH patches, b) The patches for treatment of diabetic wound. ¢) Schematic illustration of the mechanism of NNH patch in promot-
ing diabetic wound healing: 1) NNH facilitated the migration of epithelial cells by created moist environment. 2) The patch improved the undesirable collagen
deposition. 3) The patch controlled wound infection by down-regulating inflammatory factors and 4) promoted the reconstruction of the blood vessels and

microcirculation by delivering VEGF to wounds.
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60 °C for 2 d under ventilated conditions.

Fabrication of bioinspired multifunctional NNH patches: Firstly,
the PNAGZ (polymer of NAGA and VTZ) inverse opal scaffolds were
negatively replicated from the voids of the SCCs. The prepared SCCs
were soaked in PNAGZ pregel solution (20% (w/v) NAGA monomer,
0.6%o (v/v) VTZ monomer, and 5%o (v/v) 2959) for 5 min. After that, the
pregel solution was cured by UV light. Subsequently, the hybrid films
were immersed in hydrofluoric acid (4%, v/v) to etch the SCCs. After 24
h, the PNAGZ inverse opal scaffolds were obtained after repeatedly
rinsing with pure water more than 10 times. Then, the PNAGZ inverse
opal scaffolds were placed in molds containing different concentrations
of PNIPAM pre-gel solutions (5% (w/v) to 20% (w/v) NIPAM monomer,
BIS (ten percent of NIPAM), and 5%o (v/v) 2959). The mold was placed
in a vacuum environment. After 30 min, the mold was exposed to UV
light for a few seconds, curing the NIPAM monomer. Finally, the bio-
inspired multifunctional structural color hydrogel patches were pre-
pared. In addition, various NNH patches can be obtained by using
PNAGZ inverse opal scaffolds with different reflection peaks.

Self-Healing Effect of NNH patches: The different NNH patches
were cut into rectangles of similar size. The separate NNH patches were
baselined together, and tightly connected to each other. Then, these
patches were placed in a sealed mold and held at 40 °C for 90 min.
Finally, the patches were demolded, and formed a healed three-
dimensional rectangular body. Furtherly, the compression tests were
employed to confirm their self-healing efficiency.

Temperature stimulus responsiveness of NNH patches: The NNH
patches were set at 37 °C to observe and record their shrinkage state
while detecting the changes of the reflection peaks. When the contrac-
tion stopped, the patches were then placed at room temperature to swell
fully. This process was repeated to examine the fatigue resistance of
NNH patches in response to stimulation of volume phase transition
temperature (VPTT), and the ratio of contractions of different patches in
response to stimulation of VPTT. For the temperature-dependent release
experiments, different concentrations of PNIPAM pre-gel solutions were
firstly mixed with FITC-BSA. Then the generated patches were placed at
surroundings of 37 °C, 1 atm (simulating a microenvironment of chronic
diabetic wounds) and at surroundings of 25 °C, 1 atm, respectively, to
achieve a drug release profile. The supernatant was taken 1 mL at each
scheduled time point and then replaced with an equal amount of fresh
buffer solution. Then, the Microplate Reader was employed to examine
the release of the FITC-BSA. Finally, the results were furtherly quantified
according to the standard calibration curves of FITC-BSA. Six parallel
samples were set up in this experiment.

In vitro Antibacterial Tests: Antibacterial tests were performed by
using the previous procedure [43]. S. aureus and E. coli strains were used
to examine the antibacterial activity of NNH patches. Firstly, Staphylo-
coccus aureus or Escherichia coli suspensions with a turbidity of approx-
imately 0.5 were prepared according to the MacFarlane standard. The
bacterial suspensions were subsequently treated with NNH patches
prepared from pure water as a solvent for various reagent monomers and
NNH patches prepared from MES buffer at pH 6.0 as a solvent for various
reagent monomers, respectively. The non-treated group served as a
blank control. After 24 h, live-dead staining results were recorded by
confocal microscopy, while bacterial morphology was observed by SEM.

Cell compatibility assessment: The experiments were performed as
previously described [44,45]. Before culture with cells, the NNH patches
were treated successively by dialysis of PBS, sterilization of ethanol and
UV disinfection. The L929 cells were cultured in complete DMEM under
the surrounding of 5% CO at 37 °C. Cells at a concentration of 2 x 10°
live cells/mL were then transferred to 24-well plates with or without
NNH patches. Then 0.5 mL of complete DMEM was added to each well.
The cultured cells were classified into three groups: blank control
(cultured in blank wells), NNH group (NNH patches prepared using pure
water as solvent) and NNH (MES) group (NNH patches prepared using
MES buffer as solvent). Three parallel controls were set up for each
group. After culturing for 24 h, cell viability was detected by the MTT
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assay.

Preparation of diabetic model in rats: Diabetic wound healing
model was established as previously described [46]. After 16 h of fast-
ing, all rats were injected intraperitoneally with streptozotocin (STZ)
(60 mg/kg) to diabetic mellitus. After 72 h, all rats showed symptoms of
polyphagia, polydipsia, and polyuria. The blood glucose level of the rats
was measured, and the diagnosis of diabetes was confirmed with blood
glucose above 300 mg/dL. Then, a circular full-thickness wounds of 7
mm in diameter on the back of the rat was removed by hole puncher.
Diabetic rats were randomly classified into five groups: blank group
(wound treated with PBS), CSD group, VEGF group (injected in the
wound with 100 pl of lug/ml VEGF), NNH patches group and
NNH-VEGF patches group. Six parallel samples were set up in each
group. The images of wounds were recorded at 0, 1, 5 and 10 days after
operation. The rats were sacrificed after 10 days, and the granulation
tissue was excised. The granulation tissues were immediately preserved
by immersion in 4% paraformaldehyde for next histological examina-
tion, immunohistochemical detection, and immunofluorescence stain-
ing. The granulation tissues for quantitative real-time PCR (qPCR) were
stored at —80 °C.

In vivo diabetic wound healing: The obtained granulation tissues
were embedded in paraffin wax. The wax blocks were then sectioned
through a microtome. Masson trichrome staining, H&E staining,
immunohistochemistry and immunofluorescence staining were per-
formed separately for each group of sections. Immunohistochemical
sections were used to observe the presence of pro-inflammatory factors
interleukin-6 (IL-6) and tumor necrosis factor-a (TNF-a). Immunofluo-
rescence staining was used to observe the expression of CD31 and
a-SMA. QPCR analysis was used to detect the mRNA expression of TNF
and IL-6. The experiments were supported by the experimental techni-
cian of Wuhan Google Biotechnology Co., Ltd.

3. Results and discussion

In a typical experiment, monodisperse silica nanoparticles were self-
assembled by solvent evaporation and created tightly aligned arrays to
obtain SCCs for the subsequent production of multifunctional structural
color hydrogel patches, as shown in Fig. 2a. Secondly, the pregel solu-
tion of NAGA and VTZ was fully penetrated into nanogaps of SCCs
because of capillary action, and then a hybrid film of SCCs and PNAGZ
hydrogel was formed by ultraviolet (UV) photopolymerization (Fig. 2aii,
2c). Subsequently, the hydrogel inverse opal scaffolds with periodic
porous structures were got by etching SCCs. Last, after filling and curing
of thermal-responsive PNIPAM hydrogels into the nanogaps of inverse
opal scaffolds, the free-standing NNH patch was obtained (Fig. 2aiv, 2d).
Benefiting from the strong cross-linking network of PNAGZ hydrogel,
the NNH patches could show great mechanical properties. Supporting
this, it was observed that the patch was tough enough to bear stretching
without any damage, which could be stretched to 2.5 times its initial
length (data not shown), and enough to support a weight of 100g, as
shown in Fig. 2b and Fig. S1. Notably, it was found that the patch
exhibited brilliant structural color and underwent a dynamic color
change during the stretching. The structural color property was due to
the special periodically arranged highly ordered nanostructures, which
imparted the NNH patches with the property of photonic band gaps
(PBGs). And light located in the PBGs at a certain wavelength is dis-
allowed from transmitting and thus is selectively reflected, enabling the
NNH patches structural colors and characteristic reflection peaks. In
general, the reflection peak position of the patch could be estimated by
Eq. (1):

A= 1.633dnavcragc W

where d is the distance of the gap between diffracting planes, and naverage
is the mean refractive index of the materials. When the nayerage kept
invariable, A would depend on interplanar distance. As the patch was
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Fig. 2. The preparation and characterization of structured colored hydrogel patches (NNH film). a) The manufacturing processes. Schematic diagram (Top) and SEM
image (Bottom) of the fabrication process. From left to right: (i) silica colloidal crystal templates (SCCs), (ii) the colloidal crystal template after the penetration of
hydrogel (Hybrid film), (iii) the inverse opals, (iv) inverse opals with hydrogel filled. b) Deformations of NNH patch. The chemical structures of the ¢) PNAGZ and d)
PNIPAM. The scale bars are 200 nm in a, and 1 ¢cm in b.
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Fig. 3. The self-healing effect of NNH patches. a) Scheme of the self-healing mechanism of the NNH patches. b) The top and side views of the healed NNH bulk. c)

Scheme of the compression of NNH bulk. Representative of d) compression and e) retraction of NNH bulk. f) Scheme of the temperature-responsive feature of the
NNH patches. g) Reflection images and spectra of NNH patches at a temperature of 37 °C. The scale bars are 400 pm.
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stretching, d decreased, resulting in the decrease of reflection wave-
lengths (Fig. S2), which exhibited that structural color of the patch was
blue-shifted. Furthermore, the tensile strength tests of the PNAGZ in-
verse opals and NNH patches was performed (Figs. S3a and b). It was
found that compared to the PNAGZ inverse opals, the strain capacity of
the NNH patches was reduced due to the filling of PNIPAM hydrogels in
the nanogaps of the inverse opal scaffold. On the other hand, its tensile
strength was not significantly affected and was comparable to that of
PNAGZ reverse opals, which was about 0.45 MPa. Further, we examined
the fatigue resistance of the NNH patches stretchable properties, and
found mechanical hysteresis in the patches (Fig. S3c), indicating the
hydrogen bonds were sacrificed in order to dissipate the energy during
the deformation process. And the sacrificial hydrogen bonds were
reversible, since the hysteresis region did not show a significant decrease
within 10 cycles.

Additionally, because of the presence of reversible hydrogen bonds
of the PNAGZ hydrogel inverse opal scaffold, NNH patches were ex-
pected to possess self-healing capability. To verify this, multiple NNH
patches with different reflection peaks were designed and stacked
together, as illustrated in Fig. 3a. After placing in a sealed and constant
temperature mold (40 °C) for 90 min, these stacked patches could be
tightly bonded to each other, forming three-dimensional rectangular
NNH bulks from the two-dimensional NNH patches, showing vibrant
structural colors (Fig. 3b). To further evaluate the self-healing efficiency
of patches, a compression test was performed (Fig. 3c). With the
pressure-induced deformation of the hydrogel patch occurred, the
multilayered structure of the hydrogel cube was revealed. And the
hydrogel cube returned to its initial state when the pressure dis-
appeared. Time and again, its structure always remained intact,
demonstrating the high toughness of the inverse opal scaffolds in NNH
patches. Attractively, the structural color of the patches changed with
deformation. We found that, as patches were deformed, the structural
color of upper patches would gradually disappear or even become
transparent. Meanwhile, the structural color of the lower patches could
be observed. Conversely, as patches were retracted, their structural
colors could be restored (Fig. 3d and e). The structural color variations
were attributed to the expansion and contraction of the nanopores under
pressure. The pressure-sensing phenomenon indicated that the patches
would show highly promising for sensing applications. Moreover, the
compressive strengths of healed PNAGZ inverse opals and NNH patches
were explored. Compared with bare PNAGZ inverse opals, the stress of
NNH patches was slightly increased, whereas the strain showed the
opposite trend (Fig. S4a). The phenomenon could be ascribed to the
PNIPAM filler restricted the deformations of the inverse opal scaffold
upon the compression. Fatigue tests on the healed NNH patches were
conducted. Mechanical hysteresis in test samples was found, and the
hysteresis region remained almost unchanged over 10 cycles (Fig. S4b).
These results greatly demonstrated the excellent self-healing feature of
the NNH patches.

Notably, taking advantage of the thermal-sensitive performance of
NIPAM polymer, the patches were endowed with the ability to respond
to temperature stimulation. It has been reported that the PNIPAM
hydrogels would shrink in volume and release water molecules and
loaded cargo, when the ambient temperature rises to its VPTT [30].
During this process, the size of the nanopores within the NNH patches
would also change, leading to a variation in their PBGs, as shown in
Fig. 3f. To confirm this feature, the NNH patch was placed in a simulated
chronic infected wound environment, 37 °C and suitable pH [11,47], to
observe the shrinkage process. To obtain suitable pH condition, the pH
values of skin, normal wounds and diabetic wounds in animal models
were measured. It could be indicated that diabetic wound from SD rats
showed a significantly alkaline pH value, which is consistent with the
reported results [47] (Fig. S5). Thus, pH 8.9 was set as the microenvi-
ronment of chronic diabetic wound. It could be found that the volume of
the patch gradually shrunk, and its structural color experienced a
change from red to green (Fig. 3g). This could be ascribed to the

198

Bioactive Materials 15 (2022) 194-202

decrease of distance between the centers of adjacent nanopores in the
inverse opals. Meanwhile, reflection peaks of the patches were recorded,
showing a blue-shifted trend. These results suggested the NNH patch
exhibited great color-sensing property upon temperature variations,
which would play an important role in monitoring the wound infection,
showing the promising prospects in wound management and guidance
of clinical treatment.

Besides, to investigate their ability to deliver active molecules, FITC-
BSA, as a model drug for protein-like active molecules such as growth
factors, was encapsulated into PNAGZ hydrogel inverse opal scaffolds.
By changing PNIPAM concentrations, a series of NNH patches were
fabricated, which were labeled according to the concentration of PNI-
PAM hydrogel. For example, NNH (5) refers to the NNH developed by
integrating 5% (w/v) PNIPAM hydrogel into inverse opals. In order to
investigate the effect of temperature stimulation on the release of FITC-
BSA, simultaneous drug release experiments were performed under
temperature stimulus and room temperature, respectively. It was found
the FITC-BSA release rate of the NNH patches under temperature stim-
ulus (37 °C) was higher than that under room temperature (25 °C),
showing significant temperature sensitivity (Fig. S6a). This could be
ascribed to the temperature (37 °C) exceeding the VPTT of PNIPAM
hydrogels, which caused the patch to shrink and extrude the encapsu-
lated drugs from their bodies, promoting the release of drugs. Further,
the ability of different NNH patches to change dynamically in response
to temperature stimuli was studied (Fig. S6¢). It was found that the shift
ratio of the patches gradually decreased as the concentration of PNIAPM
increased. This was due to the higher the concentration of hydrogel
monomers, the stronger the intermolecular forces, and the greater the
resistance to temperature effects. Moreover, the NNH patches displayed
repeatable and reversible reflection peak changes in many cycles,
proving their good durability (Fig. S6d).

Since VTZ, as a kind of triazoles, has antibacterial, anti-spasmodic
and anti-inflammatory effects [37], it was anticipated that the intro-
duction of it could confer antibacterial and anti-inflammatory activity to
the patches. To support this, Staphylococcus aureus (S. aureus) and
Escherichia coli (E. coli) strains were used to examine the antibacterial
activity of NNH patches. It was clearly observed that NNH patches dis-
played good antibacterial effectiveness against both S. aureus and E. coli
from the results of scanning electron microscope (SEM) and live-dead
staining (Fig. 4a and b). This could be ascribed to the presence of tri-
azole ring nuclei, which could kill bacteria by disrupting the perme-
ability of bacterial membranes caused by inhibiting the biosynthesis of
ergosterol. In addition, since the optimal pH for most pathogenic bac-
teria to survive is normal to slightly alkaline (pH 7.2 to 7.6) [9],
adjusting the pH of the pathogen’s surroundings would be an effective
strategy to enhance antibacterial activity. In practice, MES buffer was
employed as a solvent to regulate pH for the preparation of NNH patches
instead of double-distilled water. By this way, the patches exhibited
excellent antibacterial property (about 90% against E. coli, and 92%
against S. aureus) (Fig. 4c and Fig. S7). In addition, we investigated the
antibacterial properties of NNH patches against Pseudomonas aeruginosa
(PA) and Klebsiella pneumoniae (KP) (Fig. S8 and Table S1). It was found
NNH patches have a broad-spectrum antibacterial effect. Besides, the
biocompatibility of the NNH patch was further explored (Fig. S9). The
cell viability of tested NNH patches exceeded 90%, indicating their low
cytotoxicity. It has been demonstrated that NNH patches showed
opposite effect in terms of antibacterial performance and cell biocom-
patibility, resulting from the presence of triazole ring nucleus, which
could specifically destroy the integrity of bacterial membranes, damage
the permeability of the bacterial membranes, and kill bacterium, but not
damage the resident cell [37].

Given the above-mentioned outstanding features, the NNH patches
were applied to treat diabetic wounds in vivo experiments. In detail, all
diabetic rats modeled by removing some of back skin were randomly
classified into five groups, and received PBS, chitosan dressings (CSD),
VEGF, NNH patches, and NNH loaded VEGF (NNH-VEGF) patches,
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S. aureus E. coil

Fig. 4. Images of NNH patches against S. aureus and E. coli from scanning electron microscope (SEM) and confocal laser scanning microscopy (CLSM). a) The blank
group (treated with PBS). b) NNH group (NNH patches prepared using pure water as solvent). ¢c) NNH (MES) group (NNH patches prepared using MES buffer as
solvent). The scale bars are 0.25 pm in SEM images of S. aureus and E. coli, 5 pm in CLSM images of S. aureus and E. coli.

respectively. Among them, PBS and CSD were recognized as negative
and positive controls, respectively. The wounds of each rat showed
different healing conditions (Fig. 5a). Ten days after operation, NNH-
VEGF patches had the best therapeutic effect, by which the wound
was almost closed. Meanwhile, the CSD treatment group showed similar
results. In contrast, the PBS group had the worst wound closure. Ac-
cording to the quantitative results, the wound closure area in the NNH
group was wider than that in the PBS group, indicating the NNH patches
could promote wound healing (Fig. 5b). Notably, the wound closure was
better in the NNH-VEGF group than in the NNH group, but the use of

Day 3 Day 5

CSD NNH VEGF PBS

NNH-
VEGF

Day 10

VEGF alone was not conducive to wound closure, suggesting the NNH
could improve the pathophysiological condition of the wound, thereby
assisting VEGF to exert its ability. These results indicated the NNH
patches had a beneficial effect on wound healing in diabetic rats, and a
better effect occurred when combined with VEGF.

To further analyze the quality of wound healing, the granulation
tissue formation and regenerative epithelialization by histological ex-
amination were discussed. It was found that only the wounds treated
with CSD and NNH-VEGF patches showed intact new epithelium and
thin thickness of granulation tissue. These regenerated epidermis and
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Fig. 5. In vivo diabetic wound healing. a) Typical images and wounds on Day 0, Day 3, Day 5, Day 10 from PBS group, VEGF group, NNH patches group, CSD group
and NNH-VEGF patches group. b) The size and quantification of the wound closure area from PBS group, VEGF group, NNH patches group, CSD group and NNH-

VEGF patches group. The scale bar is 7 mm.
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granulation tissue, as well as the surrounding skin and subcutaneous fat,
were tightly integrated, suggesting the wounds were in remodeling
phase (Fig. 6a—c). Especially in the NNH-VEGF group, the wound tissue
morphology was close to that of normal skin. Compared to the NNH-
VEGF group, the new granulation tissue was thicker in NNH group,
indicating poorer healing. In contrast, the PBS and VEGF groups had a
complete absence of epidermis and exhibited markedly proliferating
granulation tissue which could impede wound healing by hindering the
integration of the peri-wound skin and adipose tissue. These were also
illustrated by the quantitative index of the epithelial gaps in each group,
as shown in Figs. S10 and S11. Collagen, which forms the matrix of the
wound and stabilizes the subcutaneous connective tissue, is pivotal to
the wound healing. However, in diabetic wounds, collagen deposition is
impaired by the high glucose in blood, resulting in ineffective recon-
struction of granulation tissue. Therefore, the quality of wound healing
could also be assessed by measuring the collagen deposition in wounds.
The findings showed that the collagen fibers in the NNH-VEGF group
were most tightly and orderly arranged, indicating the promotion of
collagen deposition. The distribution of collagen fibers in the NNH
group was disorganized. In the PBS and VEGF groups, the collagen fibrils
were extremely low in density and sparsely arranged (Fig. 6d). These
findings illustrated that the NNH-VEGF patches could not only remodel
new tissue, including new epithelium and granulation tissue, but also
ameliorate the abnormalities in collagen deposition, to heal wounds.
The inflammatory phase is an essential part of promoting healing.
However, in chronic wounds, such as diabetic wounds, the dysregula-
tion of various factors, including inflammatory cytokines and growth
factors, can lead to prolonged inflammatory periods and cause the non-
healing wounds. Therefore, we chose these two pro-inflammatory fac-
tors IL-6 and TNF-«a to assess the inflammatory response of wounds in
different groups. The results of qPCR showed that the expression of
mRNA of IL-6 and TNF-a in other treatments was significantly less than
that in the VEGF and PBS groups. Among these treatments, the lowest
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VEGF
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expression of both IL-6 and TNF-a was detected in the NNH-VEGF group
(Fig. 7a). It was worth thinking that the expression of inflammatory
factors in the NNH-VEGF group was less than that in the NNH group,
suggesting that the union of NNH and VEGF was more beneficial in
orchestrating the inflammatory response. The same results were ob-
tained for immunohistochemical detection and quantitative analysis of
IL-6 and TNF-o, demonstrating the NNH-VEGF patches could effectively
regulate the process of diabetic wound healing through anti-
inflammation and delivery of VEGF (Fig. S12). Barren angiogenesis
and impaired microcirculation are also responsible for non-healing
diabetic wounds. Thus, the immunofluorescence co-staining for CD31
and o-SMA was employed to detect angiogenesis in the wound tissues.
Like the previous elaborated results, the maximum area of angiogenesis
was generated in the NNH-VEGF group, followed by the CSD, NNH,
VEGF, and PBS groups (Fig. 7b). Notably, the use of VEGF alone did not
have a promotion on angiogenesis compared to the NNH-VEGF group
that also utilized VEGF (Fig. S12). The reason for this may be the alka-
line microenvironment with a wound pH up to 8.9 triggered by long-
term inflammation resulted in compromised activity or even inactiva-
tion of proteins. However, in the NNH-VEGF group, the NNH patches
could regulate the pH of the wound microenvironment by attenuating
inflammation on account of the downregulation of inflammatory factor
expression, thereby increasing the activity of released VEGF. This does
strongly support an effective strategy to develop active dressings by
combining NNH patches with active molecules for wound healing.

4. Conclusion

In this work, we have engineered and demonstrated a responsive and
self-healing structural color hydrogel patch to enhance wound healing
and skin tissue regeneration in diabetic chronic wounds. Due to the
combination of the functional hydrogels with the inverse opal scaffold,
the prepared hydrogel patch has good mechanical strength and self-

Fig. 6. Hematoxylin and eosin staining of sections from each group after 10 days. a) The overall structure of the skin tissue. b) Epithelial regeneration in the wound
indicated by black arrows. ¢) Remodeling at the wound margin indicated by red arrows, and hair follicle indicated by blue arrows. d) Collagen deposition in the

wound tissue. The scale bars are 500 pm in a, 50 pm in b, ¢ and d.
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CD31 a-SMA Merge

Fig. 7. Immunostaining for (a) TNF-a and IL-6 and immunofluorescence staining for (b) CD31 and a-SMA of sections from each group after 10 days. The scale bars

are 50 pm.

healing ability, which prevents local stress damage and further facili-
tates its practical application. In addition, the introduction of PNIPAM
hydrogel imparts the hydrogel patch with temperature response per-
formance. With the merits of the presence of inverse opal structures, the
hydrogel patch exhibits color-sensing property in response to tempera-
ture variations, which can be applied for monitoring wound infection,
realizing effective wound management, and guiding clinical treatment.
Importantly, the hydrogel patch, also has a variety of biological activ-
ities such as antibacterial, anti-inflammatory, and pro-angiogenic,
enabling significant wound healing in chronic diabetic wounds. All of
these indicate the hydrogel patches have a promising, practical potential
in the effective management of chronic wounds in diabetes.

Despite these outstanding functionalities, including superior me-
chanical properties, self-healing, antibacterial properties, thermal-
responsiveness performance, color-sensing behavior as well as wound
repair capability, challenges remain and efforts must be devoted for a
wider range of practical applications. As reported that pressure therapy
has been used to promote the healing of burn wounds, it is anticipated
that applying pressure on diabetic wounds through the patches would be
an effective way to promote diabetic wound healing. Besides, consid-
ering the previous researches that adopted an electrochemical-based
approach for monitoring of wound infection, the concept for visual
monitoring wound infection in vivo based on structural color variations
of the patches could be achieved through further optimizing the mate-
rials and measurement approaches.
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