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A B S T R A C T

Diabetic foot ulcers, typical non-healing wounds, represent a severe clinical problem. Advanced glycation end-
products (AGEs), which create a prolonged pro-inflammatory micro-environment in defective sites, can be
responsible for refractoriness of these ulcers. Macrophages are polarized to the M2 phenotype to facilitate the
transition from a pro-inflammatory microenvironment to an anti-inflammatory microenvironment, which has
been demonstrated to be an effective way to accelerate diabetic wound closure. Herein, we developed coaxial
hydro-membranes mimicking the extracellular matrix structure that are capable of anti-inflammatory and anti-
bacterial functions for diabetic wound repair. These fibrous membranes maintain a moist microenvironment to
support cell proliferation. Macrophages grow in an elongated shape on the surface of the fibrous membranes. The
fibrous membranes effectively impaired macrophage AGE-induced M1 polarization and induced macrophage
polarization towards the M2 phenotype. The effects of the fibrous membranes on the interactions between
macrophages and repair cells under a diabetic condition were also investigated. Furthermore, in vivo results from a
full-thickness diabetic wound model confirmed the potential of the coaxial hydro-membranes to accelerate wound
healing. This study's results indicate that the developed bioactive anti-inflammatory and antibacterial wound
dressing can affect AGE-induced macrophage activation and crosstalk between macrophages and fibroblasts for
treating diabetic wounds.
1. Introduction

Diabetes mellitus affects more than 300 million patients worldwide
and is one of the most challenging epidemics [1]. One of the most serious
complications associated with diabetes is chronic non-healing wounds.
Within the diabetic hyperglycaemic environment, advanced glycation
end-products (AGEs) act as one of the major factors underlying the pa-
thology of delayed healing of diabetic wounds [2]. AGEs binding with
receptor for AGEs (RAGE) induces intracellular generation of reactive
oxygen species (ROS), which in turn results in the activation of the
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nuclear transcription factor, NF-κB, an inducer of pro-inflammatory gene
expression [3]. Enhanced levels of AGEs persistently trigger
pro-inflammatory signals by inducing macrophage M1 polarization
which disturbs the transition from inflammation to the next proliferation
stage in the healing of diabetic wounds [3–5]. Many studies have
revealed that transformation of the macrophage phenotype is the central
regulatory contributor that orchestrates the transitions among all phases
of wound healing [6]. In the normal wound microenvironment, macro-
phages exhibit a pro-inflammatory phenotype (M1) during the early
stage and then shift to an anti-inflammatory phenotype (M2) during the
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later stage [7]. However, macrophages maintain a pro-inflammatory M1
phenotype in chronic diabetic wounds due to the presence of AGEs and
secrete pro-inflammatory cytokines to sustain inflammation by recruiting
new macrophages to the wound site and polarizing them to the M1
phenotype in a positive feedback loop [8]. Hence, modulation of
macrophage polarization is key for diabetic wound healing [9]. Diabetic
wounds are often accompanied by colonization of bacteria [10]. Some
strategies, such as localized delivery of growth factors and drugs, have
been used to inhibit M1 polarization [11,12]; however, due to the ease of
inactivation, a short half-life, unsustainable action under physiological
conditions, high cost and a long treatment time, the curative effect is
insufficient and the proportion of non-responding patients remains high
[13].

In addition to soluble factors, physical cues can affect the polarization
of macrophages by controlling cell shape [14]. This phenomenon is based
on the finding that macrophages sense biomaterial-mediated physical
cues and convert them to biochemical and electrical signals by activating
the integrin-mediated signaling pathway [15]. For example, spatial
confinement downsizes the inflammatory response of macrophages [16].
A hydrophilic surface promotes an elongated shape in bone
marrow-derived macrophages (BMDMs) [17]. Designed micro/-
nanostructures can induce RAW 264.7 cells to adopt an M2-polarized
morphology [18]. Many studies have demonstrated that surface phys-
ical cues, independent of chemical cues, regulate macrophage behav-
iours, such as polarization and the secretion of cytokines [19]. However,
no study has reported that changes in surface modifications can convert
AGE-mediated macrophage polarization to promote diabetic wound
healing. More importantly, the details of biomaterial-mediated crosstalk
between macrophages and fibroblasts remain unknown.

Micro/nanofibres are one of the most effective approaches for acti-
vating mechanotransduction of host cells, as they function similarly to
the extracellular matrix (ECM) in providing a suitable microenvironment
for the growth and migration of host cells [20]. Electrospinning tech-
nology has become an efficient process with which to produce micro/-
nanofibres [21]. Electrospun fibres provide a high surface area and
micropores, which allow for gaseous and fluid exchange [21]. Approved
by the FDA, ε-polycaprolactone (PCL) presents one of the most commonly
used biodegradable polymers for electrospinning technology. It is
particularly lauded for its good physical and biological properties,
including biocompatibility, low degradation rate, and good mechanical
integrity [22]. Silver nanoparticles (AgNPs) are strong antibacterial
agents [23]. Loading electrospun fibres with AgNPs has become an
effective strategy to endow wound dressings with an antibacterial func-
tion for diabetic wound repair [24,25].

Gelatin-methacryloyl (GelMA) hydrogels absorb wound exudates and
retain moisture, providing a moist environment to facilitate wound
healing [26]. GelMA contains arginine-glycine-aspartic acid sequences,
which promote cell attachment and proliferation [27,28]. However,
inferior mechanical properties have hampered their application in
wound healing, although the effects of biomaterial surface modifications
of electrospun polymer scaffolds have been extensively studied [28].
Therefore, GelMA-modified electrospun fibres exhibit appropriate sur-
face features that may be useful in regulating macrophage responses.

In this study, we hypothesized that suitable changes in biomaterial-
mediated microenvironmental cues could override AGE-induced polari-
zation of macrophages. We fabricated electrospun PCL fibres incorpo-
rated with AgNPs (Ag-PCL) to mimic the topology of the ECM and
provide mechanical strength and antibacterial properties. Different
layers of GelMA coating were used to change surface cues. We used an in
vitromodel in which macrophages were stimulated by AGEs to mimic the
conditions near a diabetic wound, and Ag-PCL/GelMA membranes were
used to stimulate BMDMs to explore their ability to induce macrophage
elongation and synthesize cytokines. The effect and mechanism of the
fibrous membranes involved in the crosstalk between macrophages and
downstream fibroblasts were investigated. In addition, a diabetic full-
thickness wound model was employed to evaluate the therapeutic
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effects of the Ag-PCL/GelMA membranes.

2. Materials and methods

2.1. Preparation of Ag-PCL/GelMA fibrous membranes

First, 25 g of gelatine was dissolved in 250 ml of phosphate buffer and
stirred at 50 �C for 30 min. Then, 5 ml of methacrylic anhydride was
added to the gelatine solution under intense stirring for 3 h. At the end of
the reaction, dialysis was conducted four times (4 h each time) with a
dialysis bag (3500 Da), and the solution was then lyophilized to obtain
the product. The lyophilized GelMA foam was dissolved in phosphate-
buffered saline (PBS) containing 0.3% lithium 2,4,6-trimethyl benzoyl
phosphate as a photo-initiator at 40–50 �C for 30 min. The pH of the
GelMA bio-ink was adjusted to 7.4 with 10 M NaOH solution.

PCL (average Mn 80,000) was purchased from Sigma-Aldrich (Sigma,
USA). The obtained AgNPs were 20–40 nm in diameter (Huzheng Nano
Technology Co., Ltd., China). A PCL solution (25% w/v) was prepared in
a 3:1 (v/v) mixture of chloroform and methanol. AgNPs were added to
the solution and stirred thoroughly to create a suspension for electro-
spinning with an Ag content of 50 ppm. The suspension was electrospun
to form Ag-PCL fibrous membranes. The membranes were immersed in
3% GelMA solution for 10 s after which the mixture was photo-
crosslinked. The membranes were washed in PBS, and monolayer
GelMA-coated membranes were fabricated. These steps were repeated
three times, to produce trilayer GelMA-coated membranes.

2.2. Scanning electron microscopy (SEM) observations

2.2.1. Topographical observations of fibrous membranes
After lyophilization for 24 h, samples were coated with gold-

palladium in a Model E�1010 ion sputterer (Hitachi, Japan) for 4–5
min and visualized using a Hitachi Model SU-8010 scanning electron
microscope (Philips XL30, Best, the Netherlands). To determine the mean
diameter of the samples, 500 random fibres were selected and measured
using ImageJ software (NIH, USA).

2.2.2. Morphological observations of macrophages cultured on the fibrous
membranes

BMDMs at density of 104 cells/cm2 were sparsely cultured on
different fibrous membranes in the presence of 400 μg/ml AGEs for 24 h.
The membranes were dehydrated through a gradient ethanol series of
30%, 50%, 70%, 90% and 100% for 10 min each step. The morphologies
of the macrophages cultured on the different membranes were observed
under a Hitachi Model SU-8010 scanning electron microscope.

2.3. Water contact angle measurements

To measure the hydrophilicity of the samples, the static water contact
angle of a drop of deionized water on the sample surface was measured at
room temperature using a goniometer (OCA20, DataPhysics Instruments
GmBH, Germany). Briefly, 4-μl droplets of distilled water were dropped
onto the surface of samples using a micro-syringe, with the procedure
repeated three times for each sample. A photograph was taken after 5 s to
measure the water contact angle using ImageJ software.

2.4. Water absorption and retention properties

The water absorption and retention properties of the fibres were
measured according to a previous report [29]. The weight of the samples
was recorded (W1). The samples were immersed in 30 ml of normal sa-
line, distilled water and solution A for 2 h each solution. Then, the fibrous
membranes were removed and hung for 2 min, and the weight of each
sample was then recorded (W2). The water on the surface of the fibres
was removed via centrifugation at 2000 r/min for 15 min and the weight
of each sample was recorded (W3). The water absorption and water
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retention rates were calculated using the following formula:

Water absorption rate¼W2�W1
W1

� 100%

Water retention rate¼W3�W1
W1

� 100%

2.5. Swelling ratio

Three samples from each group were immersed in PBS at 37 �C for 24
h and then lightly dried. The weights of the hydrated gels were measured
(Wwet). The hydrated gels were freeze-dried for 24 h and weighed
(Wdry). The swelling ratio (SR) was calculated using the equation:

Swelling ratio¼Wwet �Wdry
Wdry

� 100%

2.6. Surface pH

Fibrous membranes were moistened in PBS and incubated on a PBS-
agarose gel at 37 �C (humidity >90%) to simulate dressing application
[30]. The pH of the surface of the fibrous membranes contacting the
agarose was detected using a meter.

2.7. Mechanical characterizations

The tensile strength of fibrous membranes was tested at 500 N with a
10 mm/min rate using a universal testing machine (AGX-PLUS, Shi-
madzu, Japan). Each sample was cut into a rectangle with thickness �
width � length (0.1 � 2 � 15 mm). The stress-strain diagrams were
acquired, and Young's modulus and tensile strength were calculated.

2.8. Antibacterial performance

Escherichia coli and Staphylococcus aureuswere used for the evaluation
of antibacterial activity. The bacteria were cultured in Luria Bertani (LB)
medium until the optical density (OD) value reached 2.0. Fibrous
membranes were incubated in the bacterial suspension for 12 h. The
bacterial solution obtained was diluted with PBS to a concentration of
10� 5, and 100 μl of the solution was seeded in dishes containing LB
medium. After overnight incubation at 37 �C, images of the LB dishes
were captured, and the number of bacterial colonies was counted. The
inhibitory rate (%) was calculated as (a � b)/a � 100%, where a and b
refer to the colony numbers for the blank control and samples,
respectively.

2.9. Cell isolation and culture

BMDMs were isolated from 4-week-old Sprague–Dawley (SD) rats.
Briefly, bone marrow cells from the femurs and tibias were flushed out
and cultured in complete alpha modified Eagle's medium (Gibco-BRL,
Australia) with 25 ng/ml of macrophage colony-stimulating factor (M-
CSF; R&D Systems, USA) for 5 d to differentiate into BMDMs. Rat primary
fibroblasts were isolated from the skin of 8-week-old male SD rats and
cultured in Dulbecco's modified Eagle's medium (Sigma, USA). All cell
media were supplemented with 10% foetal bovine serum, 1% penicillin
and 1% streptomycin. All cell cultures were maintained at 37 �C in an
incubator under 5% humidified CO2. The BMDMs were cultured in 24-
well plates with 25 ng/ml M-CSF. After allowing the cells to adhere
overnight, they were treated with 10 ng/ml lipopolysaccharide (LPS) or
400 μg/ml AGEs for an additional 24 h.

2.10. Cell adhesion

Cell adhesion was examined using TRITC-labelled phalloidin
3

(YEASEN, China) and DAPI (Boster, China). Fibroblasts at density of 104
cells/cm2 cultured on fibrous membranes in a 24-well plate at different
time points were fixed in 4% paraformaldehyde for 15 min. Then, TRITC-
labelled phalloidin solution (1:100) with 1% bovine serum albumin was
added, and the mixture was incubated for 30 min. DAPI was added fol-
lowed by incubation for 30 min. The working solution was removed, and
the samples were imaged under a fluorescence microscope (EU5888,
Leica, Germany).

2.11. Cell viability

The viability of the fibroblasts in the fibrous membranes was inves-
tigated using the live/dead assay. In brief, the fibroblasts at density of
104 cells/cm2 were cultured on different groups of fibrous membranes in
a 24-well plate for 24 h before being stained with a live/dead assay kit
(YEASEN, China) following the manufacturer's protocol. Images were
taken using a fluorescent microscope (Tokyo, Japan).

2.12. Cell proliferation

Fibroblasts at density of 104 cells/cm2 were seeded on membranes
and cultured in 96-well plates in triplicate for 2, 4, 6 and 10 days. Cell
proliferation was assessed using the Cell Counting Kit-8 (CCK-8) assay
(Beyotime, China) according to the manufacturer's instructions. An
enzyme-linked immunosorbent assay (ELISA) plate reader (Titertek,
Finland) was used to determine the OD values of formazan at 450 nm in
the different groups.

2.13. RNA extraction and quantitative polymerase chain reaction (PCR)

Fibroblasts at 104 cells/cm2 were seeded on Ag-PCL, Monolayer,
Bilayer, and Trilayer membranes and cultured in 12-well plates for 14
days. The membranes were first washed with cold PBS, then incubated
with TRIzol reagent (Invitrogen, USA) for 10 min at 4 �C. Then, the
collected suspension was centrifuged at 14,000�g for 5 min. The su-
pernatant was separated, and isopropanol was added, after which the
RNA was precipitated by centrifugation for 10 min at 15,000�g and 4 �C.
The supernatant was separated, 1 ml of 75% ethanol was added to the
RNA pellet, and the samples were centrifuged for 5 min at 15,000�g and
4 �C. The supernatant was separated, and the RNA pellet was air dried for
~10 min and dissolved in 30 μL of water treated with diethyl pyrocar-
bonate (DEPC). RNA concentration and purity were determined using the
Nanodrop 2000 (Thermo Scientific, Waltham, Massachusetts, USA).
Total RNA was reversed transcribed to cDNA using PrimeScript RT
Master Mix (TaKaRa Biotechnology, Japan), according to the manufac-
turers’ protocols. Real-time quantitative PCR was performed with the TB
Green Premix Ex Taq kit (TaKaRa Biotechnology) to quantify mRNA
levels on a StepOnePlus Real-Time PCR System (Applied Biosystems,
USA), which were calculated by the 2� ΔΔCt method. All reactions were
performed under the following conditions: 95 �C for 60 s and 40 cycles of
95 �C for 10 s, 60 �C for 20 s and 72 �C for 20 s. GAPDH was used as the
endogenous control. The primer sequences are listed in Table 1.

2.14. Analysis of BMDM morphology

The long and short axes of each BMDM were manually traced and
measured using ImageJ software. The long axis was defined as the
longest length of the cell, and the short axis was defined as the length
across the nucleus in a direction perpendicular to the long axis. The ratio
of the two axes was the elongation factor. The area of each cell was
determined by tracing the cell outline.

2.15. Western blot analysis

Total protein was isolated from cultured cells using radio-
immunoprecipitation assay lysis buffer (Thermo Fisher Scientific, USA)



Table 1
Primers of tested genes by quantitative polymerase chain reaction (qPCR).

Genes Primers Sequence (50–30)

GAPDH Forward Reverse 50-CGTGCCGCCTGGAGAAACCTG-30,
50-AGAGTGGGAGTTGCTGTTGAAGTCG-30

COL1A1 Forward Reverse 50-GAGCGGAGAGTACTGGATCG-30,
50-TAC TCGAACGGGAATCCATC-3

COL1A2 Forward Reverse 50-TTGACCCTAACCAAGGATGC-30,
50-CACCCCTTCTGCGTTGTATT -30

FAK Forward Reverse 50-ACTTGGACGCTGTATTGGAG-30,
50-CTGTTGCCTGTCTTCTGGAT-30

FN Forward Reverse 50-GGAC ACTA TGCG GGTC ACTT GG-30,
50-TGCT GTTC GTAC ACGC TGGA GA-30

Collagen type I α1 (COL1A1); Collagen type I α2 (COL1A2); Focal adhesion ki-
nase (FAK); Fibronectin (FN).
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at 4 �C for 30 min. Lysates were centrifuged at 12,000�g for 20 min, and
the supernatants were collected. Proteins were separated via 8% sodium
dodecyl sulphate-polyacrylamide gel electrophoresis and transferred to
0.22-μm polyvinylidene difluoride membranes (Millipore, USA). The
membranes were blocked with 5% skim milk for 1 h and incubated at 4
�C overnight with the primary antibodies rabbit anti–NF–κB p65 (1:1000,
Cell Signaling Technology, USA), rabbit anti-phospho–NF–κB p65
(1:1000, Cell Signaling Technology, USA), rabbit anti-inducible nitric
oxide synthase (iNOS) (1:1000, Affinity Biosciences, China), rabbit anti-
CD86 (1:1000, Abcam, USA) and rabbit anti-GAPDH (1:1000, Cell
Signaling Technology, USA). After washing, the membranes were incu-
bated with the appropriate horseradish peroxidase-conjugated secondary
antibodies for 1 h. Bands were visualized using an electrochemical
luminescence reagent and the ChemiDoc XRS imaging system (Bio-Rad,
USA).

2.16. Immunofluorescence staining

Cells were fixed in 4% formalin solution for 30 min and blocked with
5% bovine serum in 1 � PBS at 4 �C for 3 min. The primary antibodies
rabbit anti-CD86 (1:200, Abcam, USA), rabbit anti-iNOS (1:200, Abcam,
USA), rabbit anti–NF–κB p65 (1:200, Cell Signaling Technology, USA)
and rabbit anti-phospho–NF–κB p65 (1:200, Cell Signaling Technology,
USA) were applied to samples at 4 �C overnight and washed off there-
after. The samples were incubated with secondary antibodies (1:1000,
Alexa Fluor 488 goat, Beyotime, USA) and FITC-phalloidin at 37 �C for 2
h. The cells were counterstained with DAPI and washed before imaging
under an upright microscope.

2.17. Determining the macrophage cytokine secretion profile using ELISA

The relative concentrations of cytokines were quantified (pg/ml) in
macrophage culture supernatants after 48 h of stimulation using
commercially available ELISA kits. Besides, wound beds and dorsal skin
surrounding the wound were incised and cut into pieces in 600 μL PBS
solution. The pieces and the solution were transferred in centrifuge tubes
and centrifuged at 300 g for 5 min. The supernatants were collected and
kept at �80 �C until further analysis. ELISAs for rat tumour necrosis
factor-α (TNF-α), interleukin (IL)-10 (ELISA Development System, R&D
Systems, Minneapolis, USA) and rat transforming growth factor-β1 (TGF-
β1) (ELISA Development System, R&D Systems, USA) were performed
according to the manufacturer's instructions.

2.18. Cell scratch assay

A suspension of BMDMs with 400 μg/ml AGEs were cultured on the
membranes for 48 h. The same concentration of BMDMs with 400 μg/ml
AGEs were cultured in a tissue culture dish as a control. Two collected
medium samples were centrifuged at 12,000 rpm for 15 min to remove
cell debris and particles, subsequently sterilized by a 0.22 μm filter, and
4

stored at �80 �C before use. Fibroblasts were cultured on plated at 104

cells/cm2. After reaching confluence, the conditioned medium samples
and DMEM at 1:1 ratio were added to fibroblasts for 5, 12, 24, and 48 h,
respectively. Then, a scratch was made on the cell monolayer using a
pipette tip to create an artificial in vitro wound.

2.19. Transcriptome sequencing and data analysis

High-throughput sequencing and the subsequent bioinformatics
analysis were performed by Lianchuan Biotech (Hangzhou, China).
Briefly, a suspension of BMDMs with 400 μg/ml AGEs was cultured on
Ag-PCL/GelMA in a six-well plate for 48 h. BMDMs were cultured in a
tissue culture dish as a control. Two collected medium samples were
centrifuged at 12,000 rpm for 15 min to remove cell debris and particles,
subsequently sterilized by a 0.22 μm filter, and stored at �80 �C before
use. Fibroblasts were cultured in six-well plates. After allowing the cells
to adhere overnight, the fibroblasts were treated with the two types of
supernatants for 24 h. Then, the fibroblasts were lysed with TRIzol, and
the lysates were stored at �80 �C before sequencing. The amount and
purity of RNA in each sample were assessed using a NanoDrop ND-1000
spectrophotometer (NanoDrop Technologies, USA). RNA integrity was
determined with an Bioanalyzer 2100 instrument (Agilent Technologies,
USA) with RIN number >7.0 and confirmed via denatured agarose gel
electrophoresis. Poly(A) RNA was purified from 1 μg of total RNA using
Dynabeads Oligo (dT)25–61005 (Thermo Fisher) and two rounds of
purification. The poly(A) RNA was fragmented into small pieces using a
Magnesium RNA Fragmentation module (cat. E 6150, NEB, USA) at 94 �C
for 5–7 min. Then, the cleaved RNA fragments were reverse-transcribed
to create cDNA with SuperScript™ II Reverse Transcriptase (cat.
1,896,649, Invitrogen), which was used to synthesize U-labelled second-
stranded DNAs with E. coli DNA polymerase I (cat. m0209, NEB), RNase
H (cat. m0297, NEB) and dUTP solution (cat. R0133, Thermo Fisher). An
A-base was added to the blunt ends of each strand to prepare them for
ligation to indexed adapters. Each adapter contained a T-base overhang
to ligate the adapter to A-tailed fragmented DNA. Single- or dual-indexed
adapters were ligated to the fragments, and those with sizes of interest
were selected with AMPureXP beads. After heat-labile UDG enzyme
(cat.m0280, NEB) treatment of the U-labelled second-stranded DNAs, the
ligated products were amplified using PCR under the following condi-
tions: initial denaturation at 95 �C for 3 min; eight cycles of denaturation
at 98 �C for 15 s, annealing at 60 �C for 15 s and extension at 72 �C for 30
s; and a final extension at 72 �C for 5 min. The average insert size for the
final cDNA library was 300 � 50 bp. We performed 2 � 150 bp paired-
end sequencing (PE150) on an Illumina Novaseq™ 6000 instrument
(LC-Bio Technology CO., Ltd., Hangzhou, China) following the manu-
facturer's recommended protocol.

2.20. Preparing rats for an in vivo wound healing assay

All animal experiments were performed with the approval of the
Animal Ethics Committee of the Second Affiliated Hospital of Zhejiang
University College of Medicine. All experiments were conducted in
accordance with the principles and procedures outlined in the Guide for
the Care and Use of Laboratory Animals of the National Institute of
Health. Male SD rats (age 8 weeks, weight 190–220 g) were procured
from the Experimental Animal Center of Zhejiang University and housed
at 22� 2 �C under 60% humidity and a 12:12-h light-dark cycle with free
access to food and water. The animals were acclimated to the environ-
ment for 7 days before initiating the experiments. After 18 h of fasting,
the rats were injected intraperitoneally with a single dose (55 mg/kg) of
streptozotocin (STZ) dissolved in 0.1 M cold citrate buffer (pH 4.5) to
induce hyperglycaemia. The nondiabetic control rats received an
equivalent volume of citrate buffer only. Rats with blood glucose levels
�16.65 mmol/L 1 week later and apparent features of polydipsia, poly-
phagia and polyuria were considered diabetic. To ensure that all treated
animals were diabetic, the experiment began at 2 weeks after STZ was
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administered. Blood samples were collected from the caudal vein and
analyzed for plasma glucose using a portable blood glucometer (Yuwell,
China). Body weights, water intake and food intake were monitored
daily.

2.21. Wound healing measurements in diabetic rats

The dorsal hairs of each rat were shaved under anaesthesia (pento-
barbital sodium, 30 mg/kg body weight), and the dorsal surface was
sterilized with 70% alcohol. Then, a standardized full-thickness 15-mm-
diameter wound was created. The wound surface was covered with an
Ag-PCL membrane, a PCL/GelMA membrane, an Ag-PCL/GelMA mem-
brane or gauze. The rats were caged individually. Digital photographs of
the diabetic wounds were taken on days 0, 5, 10, 15 and 20. The wound
size percentage was determined as Au/Ai � 100%, where Ai is the initial
wound area, and Au is the wound area that did not heal. The animals
were sacrificed on days 5, 10, 15 and 20 after the operation, and tissue
samples were collected and embedded in paraffin. Immunohistochem-
istry and immunofluorescence staining was performed on 6-μm micro-
tome sections.

2.22. Histological analysis

Haematoxylin and eosin (H&E) staining, Masson's trichrome staining,
and Sirius Red staining were performed to assess the pathology and
healing of the wounds.

2.23. Immunohistofluorescence and immunohistochemistry

Tissue sections were rehydrated and boiled in sodium citrate buffer
for about 20 min for immunofluorescence staining. The primary anti-
bodies rabbit anti-CD86 (1:200, Abcam, USA), rabbit anti-iNOS (1:200,
Abcam, USA), anti-keratin 10 (K10; 1:200, Abcam, USA), rabbit anti-
CD206 (1:800, Abcam, USA) and mouse anti-CD68 (1:1000, Abcam,
USA) were incubated with samples at 4 �C overnight followed by
washing. Sections were incubated with secondary antibodies for 2 h at
room temperature. DAPI was used to stain nuclei. The sections for
immunohistochemical staining were subjected to epitope retrieval in
sodium citrate solution. After washing in PBS, the sections were incu-
bated with rabbit anti-AGEs (1:200, Abcam, USA) as a primary antibody
overnight at 4 �C. Images were evaluated using an upright microscope.

2.24. Statistical analysis

The data were processed using the statistical software SPSS 25.0 and
the measurement data obeyed the normal distribution and were
expressed as the mean � standard deviation. A t-test was used for com-
parison between two groups at the same time point. One-way ANOVA
was performed to compare the differences between multiple groups at
the same point and two-way ANOVA for comparison between multiple
groups at multiple time points. The statistical significance level was set at
p< 0.05. In the figures, we used * to denote p-values, in which *p< 0.05
and **p < 0.01.

3. Results

3.1. Physicochemical and surface characterization of the fibrous
membranes and morphological changes in macrophages

We fabricated micro/nanofibre membranes using electrospinning
technology. Ag-PCL fibrous membranes with different layers of GelMA
coating (Ag-PCL, monolayer, bilayer and trilayer) were prepared and
characterized to optimize the components used for diabetic wound
healing. The surface topography of the different samples as observed
using SEM are shown in Fig. 1A. All four electrospun fibres exhibited
highly interconnected porosity and a randomly oriented filamentous
5

three-dimensional architecture. Morphological changes in macrophages
cultured on different membrane groups as observed using SEM are shown
in Fig. 1B. The BMDMs in the Ag-PCL and monolayer groups had a round,
pancake-like morphology, whereas those in the bilayer and trilayer
groups were elongated in shape (Fig. 1B). The diameter distribution of
the fibres is shown in Fig. 1C, revealing an increasing trend in the mean
diameter across the Ag-PCL, monolayer, bilayer and trilayer groups.
Quantitative results for the spreading area and elongation factor of the
cells based on SEM images are shown in Fig. 1D and E, respectively.
There was a significantly higher proportion of elongated BMDMs in the
bilayer and trilayer groups compared to the Ag-PCL and monolayer
groups (Fig. 1E). However, the BMDMs in all four groups had similar
spreading areas (Fig. 1D). As shown in Fig. 1F and G, all samples
exhibited improved hydrophilicity compared to the uncoated Ag-PCL
surface. The swelling ratios of the Ag-PCL, monolayer, bilayer and tri-
layer groups are shown in Fig. 1H. The swelling ratio of the trilayer group
was significantly higher than those of the others (p < 0.05).

Water absorption and retention rates are critical features of high-
water absorbent materials. The water absorption and retention rates of
samples in deionized water, normal saline and solution A are presented in
Fig. 1I and J, respectively. All groups of fibrous membranes possessed
good water absorption and water retention properties in the solutions
studied. The water absorption and retention rates of the four groups
increased when the GelMA layer was added (Fig. 1I, J). The water ab-
sorption and retention rates of the trilayer GelMA fibrous membranes
were highest among all the samples studied in the same solution (Fig. 1I,
J). The wound dressing must provide a suitable pH environment for cell
growth during the different stages of wound healing. Hence, all fibrous
membrane types were placed on top of moist agar (pH 7.4) to mimic this
situation, and pH values at the interface were measured with a pH meter
(Fig. 1K). Interestingly, a physiological environment (pH 6.8–7.4) was
detected at the interface in all groups for 15 days (Fig. 1L). However, the
monolayer, bilayer and trilayer groups exhibited relatively higher pH
values than did the Ag-PCL group (Fig. 1L).

The mechanical properties of the developed fibrous membranes were
investigated by stress-strain and Young's modulus measurements and
tensile strength (Fig. 1M�O). As apparent from Fig. 1M, all GelMA-
coating fibrous membranes depicted good mechanical support under
elongation (Fig. 1M). The greatest tensile strength was found after
coating with three layers of GelMA (Fig. 1N). This enhancement was
potentially attributed to the filling of voids between Ag-PCL fibres by
GelMA. The trilayer group observed a significantly higher Young's
modulus for demonstrating a reinforcing action of the GelMA coating
(Fig. 1O).

These results demonstrate that fibrous membranes with a trilayer
GelMA structure had better water absorption and retention abilities and
an enhanced hydrophilic effect, as well as provided a more favourable
local environment for wound healing than did the Ag-PCL, monolayer
and bilayer groups.

3.2. Antibacterial performance of the fibrous membranes

The antibacterial activity of the fibrous membrane was evaluated
using Escherichia coli (E. coli, gram-negative bacteria) and Staphylococcus
aureus (S. aureus, gram-positive bacteria), and the results were shown in
Figure S1. All groups of fibrous membranes have antibacterial effects
(Fig. S1). And there was no significant difference in the antibacterial ratio
between the Ag-PCL and trilayer groups (Fig. S1). The results illustrated
that GelMA coating layers did not affected the antibacterial activity of
fibrous membranes.

3.3. Attachment of fibroblasts onto the fibrous membranes and
biocompatibility of the fibrous membranes

Cell adhesion is crucial for governing a variety of cellular functions,
including cell growth, migration, differentiation and survival and tissue
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Fig. 1. Physicochemical and surface characterizations of fibrous membranes and the morphological changes of macrophages. A) Surface morphologies of different
samples under SEM. Scale bars, 10 μm. B) Cell morphologies of macrophages on different samples, Scale bars, 5 μm. C) Diameter distribution of fibrous membranes
based on the SEM of surface morphologies. n ¼ 500. D) Quantitative cell area based on SEM images. n ¼ 10. E) Quantification of cell elongation factor based on SEM
images. n ¼ 10. F) Digital pictures of water contact angles of different samples. G) Quantification of water contact angles of different samples. n ¼ 3. H) The swelling
ratio of different samples. n ¼ 3. I) The water retention rate of different samples. n ¼ 3. J) Water absorption rate of different samples. n ¼ 3. K) Schematic diagram of
the method to measure the pH value of substrate surfaces of fibrous membranes. L) Measuring the pH value of substrate surfaces of fibrous membranes on moist agar
(pH 7.4) by a Micro-probe pH meter. n ¼ 3. M � O) Mechanical characterizations of the fibrous membranes. n ¼ 3. *P < 0.05 and **P < 0.01.
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organization [31]. Hence, we used rat primary fibroblasts to investigate
cell attachment in the Ag-PCL, monolayer, bilayer and trilayer groups
(Fig. 2). Fibroblasts cultured on Ag-PCL and monolayer membranes for 1
h spread poorly and were round in shape, whereas those on trilayer
membranes exhibited a more stellate-patterned morphology (Fig. 2A).
The fibroblasts spread rapidly on bilayer and trilayer membranes
(Fig. 2A). After 4 h of culture, the fibroblasts in the Ag-PCL and mono-
layer groups retained a polygon morphology with some protrusions,
whereas those cultured on bilayer and trilayer membranes remained long
and fusiform, which are morphological features of adherent and
spreading fibroblasts (Fig. 2A).

We further used fibroblasts to test the number of live/dead cells to
assess the biocompatibility of Ag-PCL, monolayer, bilayer and trilayer
membranes in vitro (Fig. 2B). The percentage of dead cells increased in
the Ag-PCL group, as shown in Fig. 2B and C. However, the cells cultured
on trilayer membranes remained alive, and no significant cytotoxic effect
Fig. 2. Attachment of fibroblasts on fibrous membranes and biocompatibility of fi

membranes cultured for 1 and 4 h. Scale bar, 100 μm. B) Live/dead fluorescence imag
μm. C) Ratios of number of died cells (red) to live cells (green). D) Cell proliferation
collagen 1A1, collagen 1A2, fibronectin (FN) and focal adhesion kinase (FAK). *P <

figure legend, the reader is referred to the Web version of this article.)
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was observed. From the results, the proportion of dead cells decreased
gradually with an increase in the number of GelMA coating layers.
Furthermore, the CCK-8 assay results showed that the cells in the trilayer
group were the most viable (Fig. 2D).

Collagen gene expression levels were compared to determine the ef-
fect of GelMA immobilization on the expression of fibroblast-specific
markers (Fig. 2E). Fibroblasts in the trilayer group expressed the high-
est level of collagen 1A1 compared to the Ag-PCL, monolayer and bilayer
groups after 14 days (Fig. 2E). The cells cultured in the trilayer group
exhibited the highest collagen 1A2 expression level for 14 days (Fig. 2E).

The expression levels of fibronectin (FN) and focal adhesion kinase
(FAK) were determined after fibroblasts were co-cultured with fibrous
membranes for 14 days to further explore the molecular mechanism
underlying cell adhesion. Fig. 2E shows that the FAK and FNmRNA levels
increased significantly in the bilayer and trilayer groups compared to that
in the Ag-PCL group. This tendency was consistent with the results shown
brous membranes A) The adhesion morphology of fibroblasts on the fibrous
es of fibroblasts cultured on different groups of fiber membranes. Scale bar, 100
was determined as OD value using the CCK-8 assay. E) Gene expression levels of
0.05, **P < 0.01. (For interpretation of the references to colour/colour in this
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in Fig. 2A, confirming better adhesion in the trilayer membrane treat-
ment, which was attributed to the higher expression of adhesion-related
proteins and kinases.

Overall, the cell viability and cell attachment studies collectively
demonstrated that the trilayer GelMA-coated fibrous membranes
improved the attachment, spreading and proliferation of fibroblasts.
Therefore, we chose the trilayer GelMA-coated Ag-PCL fibrous mem-
branes (Ag-PCL/GelMA) for subsequent experiments.

3.4. Ag-PCL/GelMA fibrous membranes impair AGE-induced macrophage
M1 polarization and promote macrophage M2 polarization

In this experiment, LPS-treated macrophages were taken as the pos-
itive control group and untreated macrophages the negative control
group. As shown in Fig. 3A, BMDMs flattened into round, pancake-like
shapes within 24 h of AGE stimulation. Morphological changes in the
macrophages induced by AGEs appeared similar to those induce by LPS
stimulation, with both substances inhibiting cell elongation (Fig. 3A). F-
actin fluorescence staining was applied to observe the cell ultrastructure
of the BMDMs in different groups. Following AGE treatment, the BMDMs
exhibited a pancake-like cell morphology, similar to that observed in
light microscopy images (Fig. 3B). Interestingly, compared with the
BMDMs in the control group, which exhibited a hummingbird-like
morphology, the AGE-treated cells bore numerous long, outstretched
filopodia (Fig. 3B). These filamentous ultrastructures stretched along the
boundary of the BMDMs (Fig. 3B). Similarly, protruding filopodia were
found in the LPS-treated group (Fig. 3B). The degree of morphological
change was quantified as the length of the longest axis divided by the
length of the shortest axis across the cell nucleus (Fig. 3C). As shown in
Fig. 3D, AGE-induced macrophages and LPS-induced macrophages
exhibited a significantly lower degree of elongation compared to unsti-
mulated M0 cells. The cell spreading area based on F-actin images
(Fig. 3B) remained constant across all three macrophage populations
(Fig. 3E).

To confirm the macrophage polarization state, immunofluorescent
staining and western blotting for iNOS and CD86 were applied to explore
whether AGEs inducedmacrophageM1 polarization. As shown in Fig. 3F,
more positive CD86 and iNOS staining were observed in the AGE-treated
and LPS-treated groups than in the control group, consistent with the
western blotting results (Fig. 3G–H).

The key hypothesis of this study was that the Ag-PCL/GelMA fibrous
membranes would modulate AGEs-induced macrophage polarization
such that the macrophages would secrete cytokines that contribute to
downstream cell activity. To verify this hypothesis, immunofluorescent
staining was applied to investigate whether the Ag-PCL/GelMA fibrous
membranes induced macrophage polarization. BMDMs were cultured on
Ag-PCL/GelMA fibrous membranes and either unstimulated or stimu-
lated with AGEs to polarize the cells towards the M1 pro-inflammatory
phenotype. Surface markers with the highest rank-order specificity for
M1 (CD86) and M2 (CD206) macrophages were examined in the
different groups. iNOS and Arg-1 expression levels in the cytoplasm were
considered markers of M1 and M2 macrophage activation. Fig. 3I–L
shows the immunofluorescent stained images and the quantitative fluo-
rescence intensity of each macrophage phenotype under different con-
ditions. The presence of Ag-PCL/GelMA effectively reduced the
percentage of cells expressing CD86 under AGE stimulation, compared to
the control group (Fig. 3I). In the absence of AGEs, Ag-PCL/GelMA did
not increase iNOS cell expression, as the two groups had similarly low
percentages of iNOS-positive cells (Fig. 3K). After AGE treatment, a
decreasing trend in the semi-quantified fluorescence intensity of iNOS
was found in the Ag-PCL/GelMA group, compared to the control group
(Fig. 3K). Additionally, regardless of the presence or absence of AGEs, the
expression of M2 macrophage markers (CD206 and Arg-1) increased
significantly in the Ag-PCL/GelMA treatment group (Fig. 3J, L).

Cytokine secretion profiles were assessed using ELISA to explore the
functional consequences of fibrous membranes on M0 and AGE-
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stimulated macrophages (Fig. 3M�P). The results illustrated good
concordance with the outcomes mentioned above. Interestingly, under
stimulation by AGEs, the secretion levels of the cytokines IL-10 and TGF-
β were significantly up-regulated in Ag-PCL/GelMA-treated BMDMs,
compared to the control (Fig. 3M, N). As expected, Ag-PCL/GelMA
impaired the increase in IL-6 and TNF-α secretion in response to AGE
stimulation, and BMDMs in the Ag-PCL/GelMA group secreted signifi-
cantly less cytokines compared with the cells cultured under control
conditions (Fig. 3O, P). Ag-PCL/GelMA had no significant effect on the
secretion levels of TNF-α without AGE treatment (Fig. 3P). Overall,
macrophages on the Ag-PCL/GelMA membranes secreted less pro-
inflammatory cytokines (TNF-α and IL-6) but higher amounts of anti-
inflammatory cytokines (TGF-β and IL-10) under AGE stimulation.

3.5. The conditioned medium from Ag-PCL/GelMA-stimulated
macrophages reduces inflammation and enhances cell migration in
vitro

During the wound healing process, macrophage-fibroblast in-
teractions coordinate tissue repair, and the behaviour of fibroblasts
strongly depends on the macrophage phenotype. Here, we analyzed the
response of primary rat fibroblasts stimulated with BMDM-released fac-
tors in different groups. We focused on the NF-κB pathway as a proxy for
“pro-inflammatory activation” since an increase in NF-κB signaling has
been related to impaired tissue healing [32]. As shown in Fig. 4A, fi-
broblasts were co-cultured with conditioned medium from
Ag-PCL/GelMA-stimulated macrophages, and nuclear translocation of
NF-κB-p65 was analyzed in the fibroblasts at 24 h after stimulation by the
conditioned medium. The factors secreted by Ag-PCL/GelMA-stimulated
macrophages provoked a significant decrease in p65 nuclear trans-
location in the fibroblasts compared to exposure to the supernatant of
non-Ag-PCL/GelMA-stimulated macrophages (Fig. 4B). Similarly, the
western blotting results supported the marked suppression of p65 phos-
phorylation and nuclear translocation by Ag-PCL/GelMA-stimulated
macrophages (Fig. 4C).

To further investigate the effect of regulating macrophages on the
behaviours of the major players that participate in wound healing, fi-
broblasts were co-cultured with Ag-PCL/GelMA-stimulated macrophage-
conditioned medium (MCM) and cell migration was assessed. Fibroblasts
treated with Ag-PCL/GelMA-stimulated MCM for 24 h exhibited the
fastest closure compared to the control MCM-treated cells (Fig. 4D, E).

Collectively, these data indicate that some paracrine factors secreted
by Ag-PCL/GelMA-stimulated macrophages inhibited AGE-induced
activation of the NF-κB-p65 signaling pathway and significantly
enhanced cell migration, implying that Ag-PCL/GelMA possesses the
potential to promote wound healing.

3.6. Bioinformatics analysis of fibroblast gene expression

Transcriptomic analysis of fibroblasts cultured in different MCMs was
applied to understand how Ag-PCL/GelMA-stimulated MCM enhances
cell migration. Fig. 5A shows the many differences in gene expression
between Ag-PCL/GelMA-stimulated MCM-treated fibroblasts and control
MCM-treated fibroblasts. The differentially expressed genes were
collated to perform a Gene Ontology (GO) database analysis. All differ-
entially expressed genes were divided into three classes: cellular com-
ponents, biological processes and molecular functions (Fig. 5B). The top
20 enriched terms for Ag-PCL/GelMA-stimulated MCM vs. control MCM
are shown in Fig. 5C. Of these, myosin II head/neck binding, negative
regulation of T cell polarity and negative regulation of protein localiza-
tion to the cell leading edge were the most enriched. We also performed
Kyoto Encyclopaedia of Genes and Genomes (KEGG) analysis of these
differentially expressed genes to elucidate the underlying signaling
pathways (Fig. 5D). The experimental results in Fig. 4C and D shows that
the Ag-PCL/GelMA-stimulated MCM accelerated fibroblast migration.
Therefore, we focused on differences in Ag-PCL/GelMA MCM-induced
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Fig. 3. Ag-PCL/GelMA fibrous membranes impair AGEs-induced macrophages M1 polarization and increased macrophages M2 polarization A) The images of BMDMs
left untreated (Left) or treated with LPS (Center) or AGEs (Right). Scale bar, 50 μm. B) Fluorescence images of phalloidin-labelled BMDMs. Scale bar, 50 μm (first
panel); 10 μm (second panel). C) Scheme of cell morphology change and definition of cell elongation. D) Quantification of elongation, or length of the long axis divided
by length of the short axis, for control, LPS-treated, and AGEs-treated cells. n ¼ 50. E) Quantitative cell area based on fluorescence images phalloidin-labelled cells. F)
Fluorescence images of BMDMs stained for iNOS (green) and CD 86 (red) and DAPI nuclear counterstain (blue) of control (Left), LPS-treated (Center) and AGEs-treated
cells (Right). Scale bar, 50 μm. G) Representative Western blot of iNOS and CD 86 of control, LPS-treated, and AGEs-treated cells. H) The grey levels of iNOS and CD86
were analyzed and normalized to GAPDH. I) Fluorescence images of BMDM stained for CD86 (red) and DAPI nuclear counterstain (blue). And quantitative fluo-
rescence intensity of CD86 of macrophages on different samples. Scale bars, 50 μm. J) Fluorescence images of BMDM stained forCD206 (green) and DAPI nuclear
counterstain (blue). And quantitative fluorescence intensity of CD206 of macrophages on different samples. Scale bars, 50 μm. K) Fluorescence images of BMDMs
stained for iNOS (red) and DAPI nuclear counterstain (blue). And quantitative fluorescence intensity of iNOS of macrophages on different samples. Scale bars, 50 μm.
L) Fluorescence images of BMDMs stained for Arg-1(green) and DAPI nuclear counterstain (blue). And quantitative fluorescence intensity of Arg-1 of macrophages on
different samples. Scale bars, 50 μm. M) ELISA analyses of anti-inflammatory cytokines IL-10. N) ELISA analyses of anti-inflammatory cytokines TGF-β. O) ELISA
analyses of anti-inflammatory cytokines IL-6. P) ELISA analyses of anti-inflammatory cytokines TNF-α. n ¼ 3. *P < 0.05 and **P < 0.01. (For interpretation of the
references to colour/colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 4. Ag-PCL/GelMA stimulated macrophage conditioned medium decreases nuclear NF-κB-p65 translocation in fibroblasts and enhanced cell migration in vitro. A)
Schematic depicting the process of assessing the nuclear NF-κB-p65 translocation and migration of fibroblasts by different MCMs. (B) Fluorescence images of fi-
broblasts stimulated with different MCMs stained for F-actin (red), NF-κB-p65 (green) and DAPI (blue), Scale, 50 μm. C) Representative western blot of NF-κB-p65 and
phosphorylated NF-κB-p65 (p-p65) in response to MCMs (Left). The grey levels of (p-p65) were quantified and normalized to total protein counterparts (NF-κB-p65)
(Right). D) Representative images of MCM-treated fibroblasts in a scratch wound assay. MCMs were applied for different time periods (5, 12, 24 and 48 h). Scale bar,
200 μm. E) The quantification of MCM-treated fibroblasts in a scratch wound assay. n ¼ 4. *P < 0.05 and **P < 0.01. (For interpretation of the references to colour/
colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Bioinformatic analysis of fibroblasts gene expression response to different MCMs and mechanistic analysis of fibroblast migration induced by Ag-PCL/GelMA
induced MCMs. A) Transcriptomic analysis of differentially expressed genes. n ¼ 3 independent experiments per group. B, C) GO analysis of all genes in fibroblasts
cultured with control-MCM versus Ag-PCL/GelMA-MCM. D) KEGG analysis demonstrating the top 20 signal pathways enriched by differentially expressed genes. E)
Heatmap analysis of differentially expressed genes involved in cell migration and cytoskeleton arrangement.
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gene expression, including the expression of cell adhesion, migration,
cytoskeletal contraction and NF-κB pathway genes. These differentially
expressed genes are shown in a heat map (Fig. 5E). In fibroblasts treated
with Ag-PCL/GelMA MCM, the expression of RIPOR2 and Limch1 was
significantly down-regulated (Fig. 5E).
11
3.7. Diabetic wound healing in vivo

Based on the result that Ag-PCL/GelMA-induced macrophages
impaired polarization of the AGE-stimulated M1 phenotype, increased
polarization of the M2 phenotype, and regulated fibroblast behaviour, a



Fig. 6. In vivo diabetic wound healing assay. A) Schematic diagram of the in vivo wound healing research on STZ-induced rats. B) Blood glucose levels in STZ-induced
rats versus normal rats. C) Representative immunohistochemistry for AGEs in normal rat and STZ-induced rat skin tissue. Scale bar, 500 μm and 50 μm. D) Repre-
sentative images of wounds in all groups during healing. Scale bar, 5 mm. E) Schematic diagram of wound samples. F) Quantification of relative wound area to day 0 of
the four groups at different time points. G) Representative H&E staining images of wound samples from different groups on days 5 and 20. Scale bar, 1 mm and 100
μm. H-J) Quantification of the length, granulation tissue thickness, and epidermis thickness of wounds. K) Representative immunofluorescence staining showed the
expression and position of K10 in the skin on day 20 after wounding. Scale bar, 1 mm n ¼ 3 *P < 0.05, **P < 0.01.
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full-thickness skin wound model was established to investigate whether
the in vitro properties could promote diabetic wound healing. Diabetes
was induced in rats with an STZ injection. Rats in the control groups were
injected with the same volume of buffer (Fig. 6A). The blood glucose
values in the STZ-induced rats were >16.7 mmol/L for 14 days after the
STZ injection, indicating successful induction of diabetes. We also
investigated the accumulation of AGEs in the skin of STZ-induced rats
12
(Fig. 6B). As shown in Fig. 6C, AGE staining was noted in dermal fibro-
blasts, the epidermal cell ECM and the endothelial cells of vessels in the
STZ-induced rats. Weak staining of AGEs was detected in the wounds of
normal rats.

Images were acquired with a digital camera (Fig. 6D) and simulation
diagrams prepared (Fig. 6E) for the wounds in each group at four time
points, followed by quantitative data analysis (Fig. 6F). During the early
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healing stage on day 5, the wound repair progress and relative wound
area in the control, Ag-PCL, PCL/GelMA and Ag-PCL/GelMA groups were
not significantly different (Fig. 6F). On day 10, the diabetic wounds
treated with PCL/GelMA and Ag-PCL/GelMA fibrous membranes were
healing significantly faster than those in the control and Ag-PCL groups,
but the relative wound area was not different in the PCL/GelMA and Ag-
Fig. 7. Ag-PCL/GelMA fibrous membranes relieved inflammation and stimulated
macrophage marker); CD206þ(green, an M2 macrophage marker); and CD68þ(red,
CD206þon day 20. Scale, 50 μm. B) Representative images of costaining of CD68þa
CD206 (M2-like)-positive macrophages to CD68þ macrophages. E) Ratios of number
ELISA analyses of cytokines TNF-α, TGF-β, IL-6, and IL-10. n ¼ 3. *P < 0.05, **P < 0.0
reader is referred to the Web version of this article.)

13
PCL/GelMA groups (Fig. 6F). These results showed that the Ag-PCL/
GelMA membranes were more beneficial for the healing of diabetic
wounds, compared to fibrous membranes without a GelMA coating. The
PCL/GelMA and Ag-PCL/GelMA groups maintained faster wound repair
and a smaller relative wound area on day 15 compared to the control and
Ag-PCL groups (Fig. 6F). The Ag-PCL/GelMA group exhibited faster
M2 polarization of macrophages in diabetic wounds. iNOSþ(green, an M1
pan-macrophage marker). A) Representative images of costaining of CD68þand
nd iNOSþ on day 20. Scale, 50 μm. C, D) Ratios of number of iNOS (M1-like) or
of CD206þ (M2-like) to iNOSþ (M1-like) macrophages in the different groups. F)
1. (For interpretation of the references to colour/colour in this figure legend, the
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wound repair on day 20, at which time the wounds had almost healed
and were covered with neo-epithelium, but the other three groups still
had open wounds and eschars (Fig. 6D–F). A smaller relative wound area
was observed in the Ag-PCL/GelMA group compared to the control, Ag-
PCL and PCL/GelMA groups, indicating the importance of Ag-NPs in the
wound healing process (Fig. 6D–F).

H&E staining of wound samples from the different groups was carried
out to evaluate the healing and regeneration process on days 5 and 20
(Fig. 6G). The results of statistical analysis of the length of the wound
area, thickness of the epidermis and thickness of granulation tissue for
the diabetic wounds are shown in Fig. 6H–J, respectively. The length of
the wound area shortened and the thickness of granulation tissue
increased from days 5–20 in all groups. The Ag-PCL/GelMA group had
the shortest wound length (p < 0.05) among the groups (Fig. 6H).
Abundant newly formed granulation tissue was observed in the Ag-PCL/
GelMA and PCL/GelMA groups on day 5, whereas only a small amount of
regenerated tissue was seen in samples from the control and Ag-PCL
groups. The Ag-PCL/GelMA and PCL/GelMA groups produced signifi-
cantly more favourable results than the other groups, consistent with the
quantitative analysis of the length of the wound area on day 5, although
the difference between the Ag-PCL/GelMA and PCL/GelMA groups was
not significant (Fig. 6G, H). Wounds with minimal scars in the Ag-PCL/
GelMA group were completely covered by neo-epithelium on day 20,
whereas those in the other groups still exhibited large defects. Granula-
tion tissue, which was thicker in the wounds treated with Ag-PCL/GelMA
and PCL/GelMA compared to the other groups, had a more complex
structure with more proliferative fibroblasts on day 20 (Fig. 6G). More-
over, wounds in the Ag-PCL/GelMA, PCL/GelMA and Ag-PCL groups
were covered by skin with similar epidermal thicknesses (Fig. 6G, J),
indicating that re-epithelialization of these wounds was almost
completed. As K10 is an early marker of cell differentiation in the
epithelial cell lineage, we also investigated whether K10 increased
significantly during re-epithelialization in response to PCL/GelMA or Ag-
PCL/GelMA treatment (Fig. 6K).

Taken together, these results illustrate that the healing process was
accelerated with a short healing time, abundant granulation tissue for-
mation and less scar tissue in diabetic wounds after Ag-PCL/GelMA
fibrous membrane treatment.

3.8. Ag-PCL/GelMA fibrous membranes reduce M1 polarization of
macrophages and increase M2 polarization of macrophages in vivo

To detect whether the anti-inflammatory effect of the Ag-PCL/GelMA
fibrous membranes was related to the change in macrophage phenotype,
we further evaluated diabetic full-thickness wounds. Double-labelling
immunofluorescence staining experiments examining iNOS (an M1
marker), CD206 (an M2 marker) and CD68 (a pan-macrophage marker)
were performed to identify the macrophage phenotypes within the defect
area at 20 days after the surgical operation, and the results are shown in
Fig. 7A–E. Overall, the expression of iNOS in Ag-PCL/GelMA group was
lower than that in the control group (Fig. 7B, C). In addition, CD206
expression in the Ag-PCL/GelMA group was much higher than in the
other groups (Fig. 7A). The proportion of M2 macrophages
(CD206þCD68þ) in the Ag-PCL/GelMA group increased significantly
compared to the control and Ag-PCL groups (p< 0.05) (Fig. 7D). And the
M2/M1 ratios was highest in the Ag-PCL/GelMA group (Fig. 7E).

Furthermore, we evaluated the levels of representative inflammatory
cytokines in the wound to assess inflammatory microenvironments
influenced by the macrophage phenotypes. Compared with Control, Ag-
PCL, and PCL/GelMA groups, a lower content of IL-6 and TNF-α was
observed in Ag-PCL/GelMA group on day 14, while the levels of TGF-β
and IL-10 significantly increased (Fig. 7F).

These results demonstrate that the Ag-PCL/GelMA fibrous mem-
branes promoted the conversion of macrophages from the pro-
inflammatory M1 phenotype to the anti-inflammatory M2 phenotype
and improved the inflammatory microenvironment in diabetic rats.
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3.9. Collagen deposition and neovascularization in vivo

We also evaluated the deposition and organization of new collagen
fibres and angiogenesis. Collagen deposition was systematically evalu-
ated in each group using Masson's trichome and Sirius Red staining.
Masson's trichome staining revealed significant collagen deposition and
excellent alignment at the regenerated wound site in the Ag-PCL/GelMA
group, indicating the positive effect of Ag-PCL/GelMA treatment on the
deposition of ECM and the arrangement of collagen (Fig. 8A). The Sirius
Red results showed that the amount of organized (red birefringence) and
total collagen was significantly greater in Ag-PCL/GelMA-treated
wounds than in control wounds (Fig. 8B–D). Furthermore, blood ves-
sels in each group were systematically evaluated via immunofluores-
cence. The results showed that the number of blood vessels was
significantly higher in the Ag-PCL/GelMA and PCL/GelMA groups than
in the control and Ag-PCL groups (Fig. 8E and F). The analysis of the
endothelial marker CD31 and α-smooth muscle actin revealed an in-
crease in CD31þ vessel formation, indicating the potential of Ag-PCL/
GelMA to induce angiogenesis (Fig. 8E and F).

4. Discussion

The high systemic blood glucose concentrations resulting from dia-
betes lead to non-enzymatic glycation of proteins and the formation of
AGEs [3,33]. AGEs enhance macrophage polarization to the M1 pheno-
type and inhibit the proliferation of fibroblasts, resulting in the formation
of a pro-inflammatory environment that hampers angiogenesis and
re-epithelialization, leading to a non-healing wound [4,34,35]. More-
over, diabetic non-healing wounds are easily infected by bacteria, which
accelerate and aggravate the pathology of the diabetic wound [36].
Improving the AGE-induced microenvironment by impairing macro-
phage M1 polarization has been a major goal of therapeutic interventions
to accelerate diabetic wound healing. Some factors, such as IL-10 and
IL-4, have been used to modulate macrophage polarization, but their cost
and associated adverse reactions are huge challenges in applications for
diabetic wound treatment [37,38]. However, few studies have examined
whether AGE-induced macrophage polarization can be regulated by
biomaterial design. In this study, we developed a photosensitive
Ag-PCL/GelMA fibrous membrane with antibacterial, anti-inflammatory
and moisture-retaining properties. The Ag-PCL/GelMA fibrous mem-
branes impaired AGE-stimulated polarization towards the M1 phenotype
and promoted macrophage polarization towards the M2 phenotype. The
Ag-PCL/GelMA fibrous membranes thus indirectly accelerated the pro-
liferation and migration of fibroblasts in vitro. The Ag-PCL/GelMA
membranes also effectively accelerated the healing of full-thickness
diabetic wounds.

Modifying the surface cues of biomaterials is a powerful tool with
which to modulate the phenotype polarization and functions of macro-
phages without using specific cytokines in the local tissue microenvi-
ronment [16]. Surface cues during the early period can override the
effects of underlying soluble cues to polarize macrophages following
initial cellular contact with biomaterials [39]. Moreover, physical cues
have a longer performance time and can be easily well defined [40]. Data
on interactions between micro/nanoscale materials and macrophage
responses have deepened the basic knowledge on how to design mate-
rials with immunomodulatory properties [41]. Alterations of micro/-
nanostructures can bring about significant changes in properties, such as
topography, fibre diameter, roughness, stiffness and wettability [42].
Macrophages secrete less inflammatory cytokines on fibrous films than
on flat films [43]. BMDMs acquire a pro-healing phenotype on scaffolds
with larger fibres, as evidenced by the increased production of growth
factors [44]. A rough surface activates M2 macrophage polarization,
compared with a smooth surface [45]. The hydrophilicity of the surface
transforms RAW 264.7 macrophages into the M2 phenotype [46]. In our
experiment, we compared the surface properties of different fibrous
membranes. Fig. 1 shows that the hydrophilicity of the fibrous



Fig. 8. Ag-PCL/GelMA fibrous membranes enhanced ECM synthesis and vascularization in diabetic wounds. A) Masson's trichrome stained section on day 20 days
wounding. Scale bar, 100 μm. B) Representative Sirius Red stained section on day 20 after wounding. Scale bar, 100 μm. C, D) Percentage of total collagen formation
and percentage organized collagen on the total collagen was evaluated in different groups. E) Representative immunofluorescence on day 20 after wounding showing
presence of CD31þ and α-SMAþ vessels. Scale bar, 100 μm. F) Quantitative analysis of newly-formed vessels density/mm2. *P < 0.05, **P < 0.01. (For interpretation of
the references to colour/colour in this figure legend, the reader is referred to the Web version of this article.)
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membranes was increased, the diameter of the fibres was larger, and the
Yang's modulus was improved as the number of GelMA layers increased.
In addition, the GelMA coating made the pH value of membranes tend to
be neutral, which might be due to the hydrolysis of GelMA (7.4). The pH
value around 7.4, providing a more suitable microenvironment for cell
proliferation. Under the AGE condition, a trilayer GelMA coating of the
fibrous membranes effectively activated cellular elongation, which is the
morphology associated with M2 polarization (Fig. 1B). When macro-
phages approach and/or contact micro/nanostructures, the surface sig-
nals of the biomaterials are sensed by the macrophages, which elicits a
response from the cells. A previous mechanistic study unveiled that the
surface hydrophilicity can activate the PI3K and NF- κB signaling path-
ways through the selective expression of integrin β1 or β2, thereby
driving the macrophage to the M2 phenotype [46]. In addition, for ma-
terial surfaces with a low Yang's modulus, the nanostructures easily
deform, causing stretching of cells adhered to the surface, increasing cell
spreading area, and promoting macrophages to polarize into the M1
phenotype to boost inflammation. The molecular mechanism was veri-
fied to be related to the FAK–NF–κB signaling pathway [47]. Further-
more, the expression of Arg1 increased while iNOS decreased with
increasing fibrous diameter through a mechanism involving multiple
TLR/MyD88-dependent pathways [44]. Additionally, surface cues of the
material can enhance the anti-inflammatory function of cells that have
already been transformed into the M2 phenotype [16]. Therefore, we
speculate that changes in surface properties of the fibrous membranes
activated and maintained the M2 polarization state of the macrophages.

In our study, the pancake-like cell morphology and high expression of
CD86 and iNOS confirmed that the polarization of these macrophages
was towards the M1 phenotype. A previous study showed that AGEs
induce macrophage polarization towards the M1 phenotype via the
hypoxia-inducible factor-1α/PDK4 pathway [4]. In addition, we found
that AGE-induced macrophages adapted by rearranging their cytoskel-
eton and forming filopodia, whereas M0 macrophages adapted a
hummingbird-like morphology that hampered the formation of filopodia.
The migration of macrophages is closely regulated by cell polarization
due to dynamic changes in the cytoskeleton [48], indicating that mac-
rophages become increasingly motile, allowing migration into tissues,
whereas M0 macrophages with decreased motility are limited in their
ability to migrate.

All of these results strongly suggest the ability of Ag-PCL/GelMA
fibrous membranes to promote the polarization of macrophages to-
wards the M2 phenotype in vitro (Fig. 3). After macrophages are activated
to become M2 macrophages, they secrete pro-healing cytokines and
chemokines [49]. In our study, we showed that the Ag-PCL/GelMA
membranes enhanced the secretion of some specific chemokines and
cytokines from M2 macrophages in vitro, including TGF-β and IL-10.
TGF-β is a cytokine that functions during wound healing [50,51]. It has
been reported to stimulate the proliferation of fibroblasts and ECM
synthesis, which support the formation of granulation tissue at the
wound site [52]. IL-10 inhibits the release of pro-inflammatory cytokines
[53] and has emerged as a key mediator of the pro-in-
flammatory-to-anti-inflammatory transition that counters collagen
deposition [54]. In addition, the presence of IL-10 during the later stage
of wound healing is correlated with enhanced epithelialization [55].
TGF-β1 and IL-10 regulate the balance between tissue formation and
scarring during the tissue repair process [56].

In the present study, Ag-PCL/GelMA membranes directly promoted
the proliferation of fibroblasts in vitro. Moreover, conditioned medium
from Ag-PCL/GelMA-treated macrophages effectively increased the in
vitro migration of fibroblasts. We presumed that the latter result was
mainly due to the increased secretion of cytokines in the MCM that re-
cruit fibroblasts, rather than to the Ag-PCL/GelMA membranes, which
directly promoted the migration of fibroblasts. Once endogenous fibro-
blasts were recruited to the wound site by Ag-PCL/GelMA-activated
macrophages, they were further affected by Ag-PCL/GelMA to create a
favourable microenvironment in which to synthesize collagen. One study
16
reported that the chemokines and cytokines secreted by macrophages
play an important role in recruiting repair cells in vivo [57]. Another
study reported that the enhancement of wound healing mediated by
biomaterials was abolished in the absence of macrophages [58].
Macrophage-fibroblast interactions are responsible for ECM synthesis in
the dermis during wound repair [59]. Although this cross-talk is likely to
be central to the eventual outcome, the cellular interactions are complex
and challenging to study [60]. Other undetected cytokines might have
been present in the conditioned medium from Ag-PCL/GelMA-treated
macrophages, which might then have a combined effect on cell repair.
Therefore, our future studies will focus on investigating the roles of these
undetected cytokines.

Cell migration is driven by the cytoskeleton, which mainly comprises
actin microfilaments, microtubules and intermediate filaments [61]. The
Rho family of small GTPases orchestrates cell migration through multiple
effects on the cytoskeleton [62]. The down-regulation of Ripor2 through
changes in actin or the microtubule network promotes cell migration.
Transcriptomic analysis revealed that calponin homologous
domain-containing protein (Limch)-1 was down-regulated in fibroblasts
cultured in conditioned medium from Ag-PCL/GelMA nanofibres. LIM
and Limch are involved in negatively regulating cell spreading and cell
migration [63]. Limch-1 activates the non-muscle myosin IIa complex by
promoting the phosphorylation of its regulatory subunit MRLC/MYL9,
positively regulates actin stress fibre assembly and stabilizes focal ad-
hesions [63,64]. Cytoskeleton rearrangement-related genes, such as
CD99, IQCD and RPGR, were up-regulated. This might have resulted in
constant crosstalk between actin, microtubules and intermediate fila-
ments, which would facilitate cell migration [61].

In summary, the multifunctional Ag-PCL/GelMA fibrous membranes
showed a remarkable potential for accelerating the healing of diabetic
wounds. By effectively impairing AGE-induced M1 polarization and
promoting immune-regulation of macrophage polarization towards the
M2 phenotype, the Ag-PCL/GelMA fibrous membranes efficiently
reduced inflammation, increased neovascularization and enhanced
collagen deposition and epithelialization, resulting in relatively satis-
factory healing results. Nevertheless, some important questions should
be addressed in future work. First, macrophages are thought to exist
along a spectrum of phenotypes with two extremes: classically activated
macrophages (M1) and alternatively activated macrophages (M2). The in
vivo status of activated macrophages probably lies on a continuum be-
tween these two extreme states. Subsets of macrophages should be
accurately regulated by design modifications of biomaterials. Second, a
macrophage and fibroblast co-culture system is needed to investigate the
interaction between macrophages and fibroblasts, such as whether the
macrophage phenotype is altered by fibroblasts.

5. Conclusions

In summary, we developed a bioactive antibacterial, anti-
inflammatory, moisturizing fibrous dressing for healing diabetic
wounds. The Ag-PCL/GelMA fibrous membranes efficiently impaired
AGE-induced macrophage M1 polarization and increased the number of
anti-inflammatory M2 macrophages, and their reparative secretions
significantly improved the migration of fibroblasts in vitro through a
paracrine mechanism. In vivo experiments demonstrated that the Ag-
PCL/GelMA fibrous membranes promoted diabetic wound healing by
regulating the inflammatory microenvironment and modulating the
activation state of macrophages, subsequently promoting neo-
vascularization and collagen deposition in the wound bed. Taken
together, Ag-PCL/GelMA fibres were found to promote diabetic wound
healing and exhibit remarkable potential in immunomodulation-related
wound therapy.
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