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A B S T R A C T   

Skin regeneration is hindered by poor vascularization, prolonged inflammation, and excessive scar tissue for-
mation, which necessitate newer strategies to simultaneously induce blood vessel regeneration, resolve 
inflammation, and induce host cell recruitment. Concurrent deployment of multiple biological cues to realize 
synergistic reparative effects may be an enticing avenue for wound healing. Herein, we simultaneously deployed 
SDF (stromal cell-derived factor)− 1α, VEGF (vascular endothelial growth factor)-binding peptide (BP), and GLP 
(glucagon like peptide)− 1 analog, liraglutide (LG) in core/shell poly(L-lactide-co-glycolide)/gelatin fibers to 
harness their synergistic effects for skin repair in healthy as well as diabetic wound models in rats. Microscopic 
techniques, such as SEM and TEM revealed fibrous and core/shell type morphology of membranes. Boyden 
chamber assay and scratch-wound assay displayed significant migration of HUVECs (human umbilical vein 
endothelial cells) in SDF-1α containing fibers. Subcutaneous implantation of membranes revealed higher cellular 
infiltration in SDF-1α loaded fibers, especially, those which were co-loaded with LG or BP. Implantation of 
membranes in an excisional wound model in healthy rats further showed significant and rapid wound closure in 
dual cues loaded groups as compared to control or single cue loaded groups. Similarly, the implantation of 
dressings in type 2 diabetes rat model revealed fast healing, skin appendages regeneration, and blood vessel 
regeneration in dual cues loaded fibers (SDF-1α/LG, SDF-1α/BP). Taken together, core/shell type fibers con-
taining bioactive peptides significantly promoted wound repair in healthy as well as diabetic wound models in 
rats.   

1. Introduction 

Skin injuries caused by trauma or burn pose enormous psycho-social 
challenges. While skin exhibits intrinsic healing capacity, complications, 
including infection and diabetes may hinder in situ repair. Certain dis-
eases, such as infection and diabetes may further worsen skin repair. 
Newer approaches aimed at improving vascularization via host cell 

mobilization may hold great promise for skin tissue engineering (TE). 
Angiogenic cues, such as vascular endothelial growth factor (VEGF) and 
basic fibroblast growth factor (bFGF) have been widely exploited for 
skin TE and shown to induce vascularization by promoting the migra-
tion, growth, and organization of endothelial cells (ECs) [1]. VEGF is an 
important angiogenic growth factor, which stimulates multiple phases 
of wound healing. However, it exhibits short half-life (~ 90 min) and 
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elevated levels of matrix metalloproteinases (MMPs) in chronic diabetic 
wounds further degrade growth factors (GFs), thereby necessitating 
frequent administrations [1]. Nonetheless, an overdose of VEGF may 
cause tumor-like vasculature formation, which necessitates additional 
bioactive cues to support VEGF-mediated tissue repair [2]. Short amino 
acid sequences, which may either replicate VEGF characteristics or re-
cruit VEGF in situ also show angiogenic potential [3]. Radisch et al. re-
ported significant re-epithelialization and wound closure in 
angiopoietin-1 derived peptide (QHREDGS) loaded dressings [4]. 
Similarly, Adini et al. discovered a 12-mer prominin-1-derived peptide 
(PR1P, herein named as BP), which significantly increased VEGF bind-
ing to ECs as well as increased angiogenesis by potentiating endogenous 
VEGF [5]. Moreover, BP promoted angiogenesis and tissue repair in 
different disease models, including excisional wounds, hind-limb 
ischemia, and damaged ligament tissues [6]. Nevertheless, bolus injec-
tion of BP or its simple encapsulation into fibers may hamper its utili-
zation, which requires alternative approaches to enable its sustained 
release at injury site [6]. Glucagon like peptide-1 (GLP-1) analog, lir-
aglutide (LG) has also been shown to promote the migration of several 
cell types, including keratinocytes and human umbilical vein endothe-
lial cells (HUVECs) and promote skin repair through the expression of 
angiogenic GFs [7,8]. Nonetheless, poor water solubility and short 
half-life (~ 13 h) of LG limits its application in TE. 

Unlike cell-based approaches, in situ TE through the mobilization and 
recruitment of endogenous stem/progenitor cells may have great 
application prospects [10,11]. Chemokines like stromal cell-derived 
factor 1-alpha (SDF-1α) promote in situ TE via improved vasculariza-
tion and neo-tissue regeneration by recruiting multiple cell types, such 
as endothelial progenitor cells (EPCs) and smooth muscle progenitor 
cells (SMPCs) [9,12,13]. Tabata et al. observed significant skin repair, 
neovascularization, and epithelialization in excisional defects treated 
with SDF-1 overexpressing mesenchymal stem cells (MSCs) [10]. How-
ever, SDF-1α exhibits short half-life and is sensitive to MMPs and 
dipeptidyl peptidase-4 (DPP-4), which impede its application. 
SDF-1α-peptides were shown to overcome aforementioned limitations 
[14–16]. While endogenous cell recruitment may promote tissue repair 
through cellular differentiation or paracrine effect, additional cues may 

be needed to further support SDF-1-mediated in situ TE. Guo et al. 
observed EPCs recruitment, differentiation, and endothelialization in 
SDF-1α/VEGF loaded conduits [17]. Mooney et al. co-loaded VEGF and 
SDF-1 into alginate hydrogels to promote EPC recruitment and subse-
quent neovascularization [18]. Consequently, angiogenic cues like 
VEGF-binding peptide (BP) and LG may support SDF-1α-mediated in situ 
tissue repair by promoting differentiation or paracrine secretion of 
recruited cells, thereby inducing neovascularization [7,8]. Since 
difficult-to-heal diabetic and infected wounds show delayed healing due 
to poor vascularization and prolonged inflammatory response, com-
bined use of SDF-1α peptide and angiogenic cues (BP, LG) may hold 
great promise, which has not been explored yet. Consequently, the 
objective of this research was to discern the combined effect of SDF-1α 
and angiogenic molecules (BP, LG) to promote in situ repair of diabetic 
wounds (Scheme 1). We fabricated core/shell type poly(L-lactide-co--
glycolide)/gelatin (PLGA/Gel) fibers containing either single cues like 
SDF-1α, LG, and BP or dual cues, such as SDF-1α/ LG and SDF-1α/BP. 
Incorporation of bioactive cues into core part of fiber may preserve their 
bioactivity and afford a sustained release (Scheme 1). After evaluation of 
the preliminary biocompatibility of dressings, they were applied to 
excisional wound defects in healthy and diabetic rat models. Membranes 
loaded with dual cues evidently showed rapid wound closure. 

2. Experimental 

2.1. Materials 

Detail about materials has been summarized in Table S1 (Supporting 
Information). All other chemicals were of analytical grade and used as 
such without any further purification. 

2.2. Fabrication of core/shell fibers 

Core/shell fibers were fabricated by electrospinning (SS-3556 H, 
Yongkang Leye Technology Development Co., Ltd., Beijing, China) by 
using following parameters: co-axial needle, syringe pump size, 10 mL, 
voltage, 10 kV, flow rate, 0.1 mL/h and 1 mL/h for core and shell 

Scheme 1. Fabrication of core/shell fibers (A) and their application for cutaneous wound healing (B).  
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solutions, respectively, spinneret-to-collector distance, 10-cm, temper-
ature, 25 ◦C, humidity, 45–50%, and aluminum foil collector. The 
PLGA/Gel (7:3, w/w) and organo essential oil (OEO, 10 wt% with 
respect to the total polymer weight) were dissolved in HFIP to afford 
20% (w/v) shell solution, and stirred overnight at room temperature 
(RT). For core solutions, individual cues (LG, BP, SDF-1α, 1 mg, each) or 
dual cues (LG/SDF-1α or BP/SDF-1α, 1 mg, each) were dissolved in HFIP 
(1-mL) to fabricate P/G@L, P/G@BP, P/G@S, P/G@LS, and P/G@BPS 
membranes, respectively. For P/G (control group), HFIP and PLGA/Gel 
were used as core and shell solutions, respectively. Membranes were 
dried in vacuo for 3 days at RT. 

2.3. Morphology of fibers 

Membranes were sputter-coated with gold for morphological anal-
ysis by SEM (Hitachi, TM-1000, Japan). Average diameter of fibers 
(n = 100) was measured by Image J (v1.8.0, National Institutes of 
Health, USA). To discern core/shell morphology, TEM analysis was 
performed (JEM-2100, JEOL, Japan). 

2.4. Biocompatibility of membranes 

The biocompatibility was assessed by hemolysis assay, Boyden 
chamber assay, and scratch-wound assay in vitro [6]. The detailed pro-
cedures have been described in the supporting information. 

2.5. Subcutaneous implantation of membranes 

For preliminary biocompatibility, membranes were subcutaneously 
implanted in rats. 6-week-old SD rats were anesthetized by intraperi-
toneal (IP) injection of pentobarbital (45 mg.mL-1). Ultraviolet (UV)- 
sterilized membranes were implanted into the dorsal pocket of rats 
(n = 3). At day 14, membranes along with their surrounding tissues 
were explanted, fixed in neutral buffered formalin, embedded in 
paraffin, and sectioned. Hematoxylin and Eosin (H&E) and Masson’s 
Trichrome (MT) staining was performed following standard protocols. 

2.6. Implantation of membranes in a healthy rat model 

Animal experiments were performed following the guidelines of 

Shandong Provincial Hospital Affiliated to Shandong First Medical 
University, Shandong, China. 6-week-old SD rats (weight = ~ 180 g, 
Jinan Pengyue Biotech Inc., Jinan, China) were anesthetized by IP in-
jection of pentobarbital (45 mg.mL-1). Dorsal area was totally depilated 
by Na2S (8.0%, w/v) and four excisional defects (diameter, 10 mm) 
were created on the upper back of each rat. P/G, P/G@L, P/G@BP, P/ 
G@S, P/G@LS, and P/G@BPS membranes were implanted (n = 5, each 
time point). Untreated wounds served as controls. Fresh membranes 
were used every three days. Wound size and wound closure (%) were 
measured by using ImageJ software (National Institutes of Health, 
v1.8.0, USA) at day 0, 4, 7, 10, and 14 post-operatively. 

2.7. Implantation of membranes in a diabetic rat model 

Diabetes was induced by a single IP injection of 60 mg.kg-1 strepto-
zotocin (STZ) dissolved in sodium citrate buffer (pH = 4.5). At day 3, 
whole-blood was collected from the tail vein, and glucose level was 
monitored by using a complete blood glucose monitor (Sinocare 
Biosensor Co., Changsha, China). Rats with glucose levels higher than 
16.7 mM were transplanted with dressings similar to healthy model 
(n = 5, each time point). Wounds were imaged at day 0, 7, 14, and 21 
post-operatively. Blood glucose level and body weight were measured 
every three days. The wound area was analyzed by tracing the wound 
margins and calculated by Image J. The wound closure rate (%) was 
expressed as a percentage of the original wound area and calculated by 
Eq. (1): 

Wound area =
Et

E0
× 100% (1) 

The E0 and Et represent the wound size at day 0 and at designated 
time intervals, respectively. Scar length was calculated as the ratio be-
tween the distance covered by the epithelium and the distance between 
wound ends by using Image J. 

2.8. Histological analysis and immunofluorescence staining 

At each time point, animals were euthanized by carbon dioxide 
(CO2) asphyxiation; surrounding skin and muscle, including the wound 
areas were removed and processed for H&E and MT staining (applied to 
both the healthy and diabetic models). Explants from diabetic rats were 

Fig. 1. Morphological analysis of membranes. SEM micrographs (a), TEM micrographs (b), and diameter distribution (c) of fibers. Scale bars, 80 µm (a) and 1 µm (b).  
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also stained with immunofluorescence (IF) staining for CD31, alpha- 
smooth muscle actin (α-SMA), CD68, CD206, and picrosirius red 
(PSR). ImageJ software was used to quantify the numbers of positive 
cells or positive areas in each field of view. Main organs from diabetes 
model, including heart, liver, spleen, lung, and kidney were also 
analyzed by H&E staining. 

2.9. Statistical analysis 

Data were expressed as mean ± standard deviation. All data were 
analyzed by one-way ANOVA with Tukey’s post hoc tests. Statistical 
significance was considered at p < 0.05 and p < 0.01. 

3. Results 

3.1. Morphological analysis 

Fig. 1 shows SEM and TEM micrographs of membranes. Bead-free 
fibers bearing a smooth surface were formed (Fig. 1A). TEM displayed 
core/shell morphology of fibers (Fig. 1B). The average diameter of fibers 
was 2.41 ± 0.71 µm, 2.01 ± 0.47 µm, 1.18 ± 0.28 µm, 0.92 ± 0.25 µm, 
2.66 ± 0.58 µm, and 3.14 ± 0.13 µm in P/G, P/G@L, P/G@BP, P/G@S, 
P/G@LS, and P/G@BPS membranes, respectively (Fig. 1C). 

3.2. Biocompatibility of membranes 

Preliminary biocompatibility of membranes was evaluated by 
different assays in vitro. All groups showed negligible hemolysis ratio (<
2%), which well-conforms international standard of < 5% of hemolysis 
[18]. 

Fig. 2. Cytocompatibility of membranes in vitro. Hemolysis ratio (a), proliferation of HUVECs (b), migration ratio of cells in a scratch-wound assay in vitro (c), OD 
value (590 nm) of the migrated cells in Boyden chamber assay (d), live/dead cell assay (e), Transwell migration assay (f), and scratch-wound assay in vitro (f). Scale 
bars, 300 µm (e–f) and 500 µm (g). 
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The CCK-8 assay showed an increase in cell proliferation over 7 days. 
There was insignificant difference among various groups in terms of cell 
proliferation at day 1 and 7. The PG@LS and PG@BPS showed slightly 
less cell proliferation than other groups at day 3 (Fig. 2b). Live/dead 
staining also showed good cell viability on all scaffolds without an 
obvious apoptosis for up to day 7 (Fig. 2e). 

In Boyden chamber assay, P/G recruited only a few numbers of 
HUVECs. In contrast, membranes containing SDF-1α, BP, and LG 
recruited significantly more number of cells (Fig. 2c, f). Similarly, in a 
scratch-wound assay, P/G@S, P/G@LS, and P/G@BPS exhibited 
remarkably higher migration of HUVECs at both 12 and 24 h (Figs. 2g & 
S2). 

3.3. Subcutaneous implantation of membranes 

H&E and MT staining of the native skin showed intact epidermis, 
hair follicles, well-organized collagen tissues, and blood vessels 
(Fig. S3). By day 14, while all subcutaneously implanted groups were 
populated with host cells, those containing SDF-1α (P/G@S, P/G@LS, 
P/G@BPS) exhibited more number of infiltrated cells (Fig. S4). Besides, 
MT staining revealed excessive infiltration of host cells as well as sig-
nificant regeneration of collagen and blood vessels in SDF-1α containing 
membranes (P/G@S, P/G@LS, P/G@BPS). 

3.4. Implantation of membranes in excisional defects in healthy rats 

Fig. 3 showed photographs of healed wounds and histological anal-
ysis over day 14. Wounds treated with bioactive dressings had sub-
stantially healed as observed by wound photographs and closure trace 
analysis (Fig. 3a). In contrast, wound healing was still ongoing in control 
and P/G groups, which exhibited partially healed wounds (Fig. 3a, d). At 
all-time points, wounds treated with bioactive dressings, especially, 
those with combination groups (P/G@LS, P/G@BPS) showed signifi-
cantly less wound size and substantial wound closure percentages than 
that of the control and P/G groups (Fig. 3d–e). 

H&E staining further revealed that wounds in control and P/G 
groups were not fully repaired by day 7 (Fig. 3b). As compared to other 
groups, wounds in P/G@BPS group showed a clean wound bed with 
mild inflammation in wound center and margin (Fig. 3b). By day 14, 
while all wounds exhibited re-epithelialization and granulation tissue 
regeneration, the control and P/G groups still showed inflammation in 
wound center (Fig. 3b). Furthermore, MT staining showed an intact skin 
in bioactive dressing groups at day 14 than other groups (Fig. 3c). 
Number of hair follicles and glands also showed an increasing trend with 
implantation time. 

H&E and MT staining micrographs were also evaluated for patho-
logical parameters and representative pictures have been marked 
(Fig. S5 & Table S2). P/G@BP groups showed complete epithelializa-
tion, dermal regeneration, appendages formation, and collagen 

Fig. 3. Membranes promoted wound healing in excisional defects in healthy rats. Representative photographs showing wound closure for up to 14 days (a). H&E (b) 
and Masson’s trichrome staining (c) of wounds center and margins at day 7 and 14. Wound size at each time point normalized with respect to the wound size at day 
0 (d). Wound healing rate concomitantly increased for up to day 14 (e). There was an insignificant difference among different groups in terms of the number of glands 
and hair follicles per hpf (f–g) at day 14 post-operatively. Scale bars, 2 mm and 4 µm (b–c). 
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regeneration, while lacked granulation tissue formation and inflamma-
tion 14 days post-operatively. The P/G@BPS group exhibited healed or 
preserved epithelialization as well as healed dermal regeneration and 
appendages formation, while granulation tissues and inflammation were 
either absent or were only mild. Similarly, P/G@LS group displayed 
moderate or preserved epithelialization, mild or focal granulation tis-
sues, moderate dermal regeneration, and moderate or healed append-
ages regeneration along with mild or focal inflammation. The P/G@BPS 
and P/G@LS groups also showed preserved collagen regeneration both 
at day 7 and 14. 

3.5. Implantation of membranes in excisional defects in a diabetic rat 
model 

We next ascertained the potential of dressings in a Type 2 diabetic rat 
model. Fig. 4 shows photographs of diabetic wounds and their histo-
logical analysis over 3 weeks. Body weight of rats gradually increased in 
all groups, while blood glucose level showed some fluctuations (Fig. 4d). 
Wounds in all groups displayed gradual healing over time; P/G@BP and 
P/G@BPS treated defects showed fast healing (Fig. 4e). Similarly, 
wounds treated with bioactive dressings groups showed significantly 
higher wound closure rate as compared to control and P/G group. 

By week 1, H&E staining of wound tissues in control and P/G groups 
manifested unhealed wound portions and incomplete epithelialization, 
especially, in the wound center (Fig. 4b). By week 2, sections from 
control and P/G groups still revealed unhealed wound portions as well 
as incomplete epithelialization. In contrast, wounds treated with 
bioactive dressings had significantly healed and exhibited epithelial-
ization. Intriguingly, wounds treated with the P/G@BP, P/G@LS, and P/ 
G@BPS membranes showed more number of blood vessels than other 
groups; P/G@BPS also exhibited significant hair follicle regeneration. 
By week 3, wounds in control, P/G and P/G@L groups were either 
healed incompletely or showed scar tissues, especially, in the wound 
center. Contrarily, P/G@S, P/G@LS, and P/G@BPS groups exhibited 

scarless tissue repair along with the clear wound bed, more number of 
blood vessels, and hair follicles. MT staining further showed regular and 
orderly collagen deposition as well as significant appendages formation 
(glands, hair follicles) in P/G@L, P/G@BP, P/G@S, P/G@LS, and P/ 
G@BPS treated wounds than that of the control and P/G groups 3 weeks 
post-operatively. 

H&E and MT staining micrographs were next examined for the extent 
of regeneration. Control group exhibited mild or focal epithelialization, 
dermal regeneration, appendages regeneration, while severe granula-
tion and inflammation 7 days post-operatively. P/G@BP, P/G@S, P/ 
G@BPS, and P/G@LS exhibited healed or preserved epithelialization, 
dermal regeneration, and collagen regeneration at all-time points 
(Table S3). The P/G@S and P/G@LS displayed no or mild inflammation 
at all-time points. The representative pictures have also been marked for 
pathological parameters (Fig. S6, Supporting Information). 

3.6. Blood vessel regeneration 

Fig. 5 shows co-staining of explants with CD31/α-SMA to ascertain 
blood vessel regeneration. Control and P/G groups showed many CD31+

cells, however, there were only a few number of CD31+/α-SMA+ blood 
vessels in the wound center at 1-wk. P/G@L and P/G@S displayed 
slightly higher number of CD31+/α-SMA+ blood vessels than control 
and P/G groups (Fig. 5a). The P/G@BP group showed more number of 
CD31+/α-SMA+ blood vessels as compared to control, P/G, and P/G@L 
groups. Noticeably, P/G@LS and P/G@BPS exhibited significantly 
higher number of CD31+/α-SMA+ blood vessels in the wound center. 
Quantitative analysis also revealed significantly higher numbers of 
blood vessels in P/G@BP, P/G@LS, and P/G@BPS than other groups by 
1-wk (Fig. 5b). P/G@BP, P/G@LS, and P/G@BPS groups showed the 
highest number of the matured blood vessels (CD31+/α-SMA+) than that 
of the other groups (Fig. 5c). 

Fig. 4. Implantation of membranes in a full-thickness excisional skin defect model in diabetic rats for up to 3 weeks. Untreated wounds served as controls. 
Representative photographs showing wound size (a). H&E staining (b) and Masson’s trichrome staining (c) of wound center and margin. (d) Blood glucose and body 
weight of rats receiving different membranes. Wound size at each time point normalized with respect to day 0. Wound closure rate (%) (f). Number of glands (g) and 
hair follicles (h) per hpf by day 21. Scale bars, 2 mm and 4 µm (b–c). 
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3.7. Immunomodulation 

To explore immunomodulatory effect, explants were stained for 
CD68+ and CD206+ macrophages (Fig. 6). There was insignificant dif-
ference among groups for CD68+ macrophages by week 1. Contrarily, P/ 
G@BP, P/G@S, P/G@LS, and P/G@BPS treated wounds displayed more 
number of CD206+ macrophages than that of the control and P/G groups 
at week 1. By week 3, P/G@BP exhibited significantly less number of 
CD68+ macrophages than other groups (Fig. 6a–c). However, there was 
an insignificant difference among groups for CD206+ macrophages at 3- 

wk. The P/G@BP groups also exhibited higher ratio of CD206+/CD68+

macrophages as compared to other groups at 3 weeks post-operatively 
(Fig. 6d). These data indicated that bioactive dressings may have an 
immunomodulatory effect, which may have implications for earlier 
wound repair. 

3.8. Deposition of collagen 

Collagen deposition was ascertained by PSR staining. By week 1, all 
groups exhibited negligible collagen deposition in the wound center 

Fig. 5. Angiogenesis at wound centers and margins of diabetic rat model at day 7 and 21 receiving different membranes. IF staining of α-SMA (green) and CD31 (red) 
at day 7 and 21 (a), Scale bars, 2 mm and 500 µm. Number of blood vessels (b), and mature blood vessels (c) in the wounds at day 7 and 21. 
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(Fig. 7). While control, P/G, P/G@L, and P/G@BP groups exhibited 
disorganized collagen regeneration mainly at the wound edges, P/G@LS 
and P/G@BPS groups displayed accumulation of collagen even at 
wound edges. Strikingly, by 3 weeks, groups that received bioactive 
membranes (e.g., P/G@L, P/G@BP, P/G@S, P/G@LS, and P/G@BPS) 
showed nice regeneration of collagen at the wound center than control 
and P/G groups, which only showed marginal collagen deposition 
(Fig. 7a). Bioactive dressings enabled collagen regeneration even in the 
wound center by 3 weeks, thereby indicating their potential to improve 
re-epithelialization over untreated and P/G groups. 

Moreover, histological analysis of main organs like heart, liver, 
spleen, lung, and kidney from all groups did not reveal significant al-
terations by week 3, demonstrating the safety of dressings (Fig. 7b). 

4. Discussion 

Neovascularization may improve viability and functionality for skin 
TE. As skin regeneration is a dynamic process, multiple GFs have been 
harnessed to facilitate regeneration of damaged skin tissues. VEGF de-
livery in skin models improved neovascularization and granular tissue 
formation [1,19]. Similarly, SDF-1α enhanced wound healing by 
recruiting different types of cells, including BM-MSCs, CD34+ EPCs, and 
HSCs and promoting neovascularization in healthy and diabetic rat 
models [20]. Penn et al. observed significant wound closure in SDF-1 
protein treated wounds in Yorkshire pigs than sham or control [20]. 
However, protein-based therapies are limited due to extensive degra-
dation and short half-life when a bolus form of GFs is delivered in vivo. 
Short amino-acid sequences capable of replicating function of their 
full-length proteins may obviate abovementioned limitations [5,14–17]. 
We and others reported notable effects of angiogenic BP and LG as well 
as SDF-1α; BP induced anti-inflammatory response, neovascularization, 
and re-epithelialization in healthy and diabetic wound models, LG 
promoted skin repair in bacterial-infected wounds, and SDF-1α 

facilitated neo-vessel formation and host cell recruitment [6,8,16]. 
Nevertheless, mere encapsulation of bioactive cues into fibers may 
confine their bioactivity. While, abovementioned cues exhibit distinct 
functions, their synergistic effects were not explored. Herein, we lever-
aged co-axial electrospinning to afford core/shell type fibers. Since 
diabetic skin repair is relatively slower than normal wounds, incorpo-
ration of BP, LG, and SDF-1α into core may ensure long-term release; 
dual cues can also be incorporated separately into core and shell parts to 
realize spatio-temporal release, which has previously been shown to 
promote tissue repair [21]. Microscopic analysis revealed core/shell 
type morphology of fibers. 

Since dressings directly interact with wound tissues, biocompati-
bility evaluation is of considerable significance. Bioactive cues may lose 
their bioactivity due to harsh processing conditions during electro-
spinning. In vitro biological assays showed negligible hemolysis ratio 
and cytocompatibility as well as tube formation and migration of 
HUVECs, which corroborated our prior reports [8,16,21,22]. Previously, 
we incorporated varying concentrations of LG (0.05, 0.10, 0.15%, w/w) 
in PLGA/Gel fibers, which showed good cell growth over time [8]. Yu 
et al. prepared PLGA/Gel fibers with 5% (w/v) LG, which improved 
proliferation, tube formation, and migration of HUVECs and were 
ascribed to LG-mediated VEGF production [23]. Similarly, we prepared 
PLGA/Gel fibers containing different content of BP (0.002, 0.02, 
0.2 mg), which displayed concentration-dependent effect to promote 
tube formation in ECs and wound healing in vitro [22]. Besides, we 
immobilized BP on the surface of PCL/Gel fibers, which also promoted 
growth, tube formation, and migration of HUVECs [6]. BP is a 12-mer 
peptide sequence, which potentiates VEGF in situ and augments its 
signaling within local wound microenvironments [5,24]. SDF-1α is a 
potent chemoattractant of multiple cells and has been shown to promote 
vascularization and tissue repair in different injury models [1,9,14–17, 
20]. P/G@S, P/G@LS, and P/G@BPS groups showed significant 
migration of HUVECs in both scratch-wound assay and Boyden chamber 

Fig. 6. Inflammatory response at wound center and margin of diabetic rat model receiving different membranes at day 7 and 21. IF staining for CD68 (green) and 
CD206 (red) at day 7 and 21 (a). Number of CD68+ macrophages (b), CD206+ macrophages (c), and CD206+/CD68+ macrophages (d). Scale bars, 2 mm and 500 µm. 
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assay, which is also in agreement with above reports. 
Since wound healing is a dynamic process, multiple GFs and cells 

participate in repair process [1,25]. Injury leads to overexpression of 
chemoattractants, which drive endogenous cell recruitment [11,12,22]. 
However, due to MMPs, GFs undergo degradation [10,14,15]. We and 
others previously reported that exogenous BP mediates its therapeutic 
effects via VEGF and its receptors (VEGFR) and enhances VEGF 
recruitment and stabilization in vivo, thereby inducing neo-
vascularization [6,22]. Besides, LG and SDF-1α were shown to promote 
tissue repair by inducing neo-vessel regeneration and stem cell recruit-
ment, respectively [8,16]. Implantation of membranes in subcutaneous 
and excisional defect models in healthy rats showed profound recruit-
ment of host cells and rapid wound closure in SDF-1α containing groups, 
especially those loaded with dual cues (P/G@LS, P/G@BPS), which may 
be ascribed to synergistic effect of SDF-1α with LG and BP. Previously, 
GFs, such as VEGF and bone morphogenetic protein-2 (BMP-2) have 
been used with substance P and SDF-1α to harness synergistic effect [2, 
17,18,26,27]. Consequently, endogenous recruitment of host cells and 
neovascularization may have played a pivotal role for wound healing. 
We think that the SDF-1α can recruit host cells, while BP and LG can 
improve angiogenesis, both of these processes may act concertedly to 
improve skin repair [5,8,17]. 

Since wound healing is impaired in diabetes, which is further exac-
erbated by poor vascularization, bioactive cues capable of promoting 
neovascularization may hold great promise [28,29]. All studied bioac-
tive cues (BP, LG, SDF-1α) have been shown to promote skin repair in 
diabetic models [22,23,30]. BP induced wound healing in healthy and 
diabetic rat models by recruiting VEGF and promoting 

anti-inflammatory phenotype of macrophages [22]. Besides, BP has 
been shown to promote vascularization and tissue repair in multiple 
injury models, including choroidal neovascularization, hind-limb 
ischemia, and degenerated ligament tissues, which were ascribed to its 
potentials to promote VEGF stabilization as well as increased prolifer-
ation, migration, and organization of ECs [5,6,31]. Similarly, LG pro-
moted diabetic skin repair by increasing VEGF production of HUVECs 
while downregulating the level of miR-29b-3p; the latter was mediated 
by AKT/GSK-3β/β-catenin pathway [23]. SDF-1α is a potent cytokine, 
which can mobilize and recruit host cells, and promote tissue repair by 
inducing the differentiation of recruited cells into targeted lineages or 
promoting paracrine effects [17,32]. We also observed rapid wound 
closure and evidently higher vascularization in diabetic wound model in 
P/G@BP, P/G@LS, and P/G@BPS groups; the latter also exhibited sig-
nificant hair follicle regeneration. Similarly, bioactive dressing groups 
showed scarless wound healing manifesting significant appendages 
regeneration than control and PG group. Moreover, P/G@BP, P/G@LS, 
and P/G@BPS displayed more number of CD206+ cells than other 
groups, which is indicative of their immunomodulatory potential [33, 
34]. The higher wound closure in dual cues loaded groups may in part be 
ascribed to obviously higher neovascularization and 
immune-modulation in these groups, which is also in agreement with 
previous literature [22,23,30,31]. As mentioned before, while SDF-1α, 
BP, and LG were previously shown to promote diabetic wound healing, 
their combined effect was not studied. 

This research has also some limitations. First, while we deciphered 
morphology of membranes by SEM and TEM as well as indirectly 
assessed the stability and bioactivity of incorporated cues, 

Fig. 7. Collagen maturation and visceral toxicity of diabetic rat model receiving different membranes. (a) Picrosirius Red (PSR) staining at day 7 and 21, Scale bars, 
400 µm. (b) H&E-stained sections of main organs collected from diabetic rat model after different treatments for 21 days. Scale bars, 400 µm. 

M. Shafiq et al.                                                                                                                                                                                                                                  



Colloids and Surfaces B: Biointerfaces 223 (2023) 113140

10

characterization of the membrane for kinetics release, loading effi-
ciency, chemical composition, wettability, degradation profile, me-
chanical stability, permeability yet remain to be done. Second, while 
different cell types participate in skin repair (fibroblasts, keratinocytes, 
ECs), we only exploited HUVECs for biological assays [35]. Evaluation 
with other cell types yet remains to be done. Third, as ROS and bacterial 
species obscure wound healing, determination of anti-oxidative and 
antibacterial properties is warranted [36]. Fourth, mechanistic insight 
about the synergistic effect between LG/SDF-1α or BP/SDF-1α needs to 
be further deciphered [37]. 

5. Conclusions 

Altogether, we fabricated core/shell fibers to reveal synergistic effect 
of LG or BP along with SDF-1α; the latter was used owing to its ability to 
mobilize/recruit endogenous cells, while LG and BP were exploited to 
further support tissue repair due to their evident angiogenic effects. 
Membranes containing SDF-1α peptide (P/G@S, P/G@LS, P/G@BPS) 
showed higher cell migration and wound healing in vitro as well as 
induced more cell infiltration in a subcutaneous model in rats than other 
groups. Dual peptides loaded membranes (P/G@BPS) also displayed 
significant wound closure than untreated wounds or those treated with 
P/G or single bioactive cues. P/G@BP and P/G@BPS membranes also 
induced fast healing in a diabetic wound model in rats; P/G@LS and P/ 
G@BPS were superior to the other groups in skin appendages (hair 
follicles and glands) and CD31+/α-SMA+ blood vessels. Core/shell fibers 
containing bioactive peptides significantly promoted wound repair in 
healthy as well as diabetes wound models, which may have implications 
for wound repair as well as other related disciplines. 
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