Bioactive Materials 5 (2020) 667-679

Ke Al

ADVANCING RESEARCH
EVOLVING SCIENCE

journal homepage: http://www.keaipublishing.com/biomat

KeAl
Contents lists available at ScienceDirect

Bioactive
Materials

Bioactive Materials

Gene-activated dermal equivalents to accelerate healing of diabetic chronic
wounds by regulating inflammation and promoting angiogenesis

Dong Lou™”, Yu Luo”, Qian Pang?,

Check for
updates

Wei-Qiang Tan"™"", Lie Ma™"

@ MOE Key Laboratory of Macromolecular Synthesis and Functionalization, Department of Polymer Science and Engineering, Zhejiang University, Hangzhou, 310027, PR

China

® Department of Plastic Surgery, Sir Run Run Shaw Hospital, Zhejiang University School of Medicine, Hangzhou, 310016, PR China

ARTICLE INFO

Keywords:

Gene-activated dermal equivalent
Vascular endothelial growth factor
Inflammation

Angiogenesis

Diabetic chronic wounds

ABSTRACT

Diabetic chronic wound, characterized by prolonged inflammation and impaired angiogenesis, has become one
of the most serious challenges in clinic and pose a significant healthcare burden worldwide. Although a great
variety of wound dressings have been developed, few of encouraged achievements were obtained so far. In this
study, the gene-activated strategy was applied to enhance sustained expression of vascular endothelial growth
factor (VEGF) and achieve better healing outcomes by regulating inflammation and promoting angiogenesis. The
gene-activated bilayer dermal equivalents (Ga-BDEs), which has good biocompatibility, were fabricated by
loading the nano-sized complexes of Lipofectamine 2000/plasmid DNA-encoding VEGF into a collagen-chitosan
scaffold/silicone membrane bilayer dermal equivalent. The DNA complexes were released in a sustained manner
and showed the effective transfection capacities to up-regulate the expression of VEGF in vitro. To overcome
cutaneous contraction of rodents and mimic the wound healing mechanisms of the human, a reformative rat
model of full-thickness diabetic chronic wound was adopted. Under the treatment of Ga-BDEs, speeding wound
healing was observed, which is accompanied by the accelerated infiltration and phenotype shift of macrophages
and enhanced angiogenesis in early and late healing phases, respectively. These proved that Ga-BDEs possess the
functions of immunomodulation and pro-angiogenesis simultaneously. Subsequently, the better regeneration
outcomes, including deposition of oriented collagen and fast reepithelialization, were achieved. All these results
indicated that, being different from traditional pro-angiogenic concept, the up-regulated expression of VEGF by
Ga-BDEs in a sustained manner shows versatile potentials for promoting the healing of diabetic chronic wounds.

1. Introduction

non-healing chronic wound. It means that DFU fails to progress through
the orderly phases of healing and is normally detained in a self-per-

As one of the most common and serious complications of diabetes
mellitus, diabetic foot ulcers (DFU), which are developed in almost 25%
diabetic patients, normally result in a chronic wound due to the im-
pairment of healing [ [1-3]]. More seriously, under the clinical treat-
ment of traditional wound dressings, 15-20% of DFU will deteriorate
and ultimately require amputation [4]. Therefore, it is of significant
importance to develop next-generation wound dressing to promote the
healing of DFU in clinic.

Being Different from normal cutaneous wound, the pathogenic triad
of DFU including neuropathy, ischaemia and inflammation, is fre-
quently occurred [5]. Among them, inflammation, characterized by a
low-grade inflammatory state pre-injury and a prolonged inflammatory
response post-injury, is detrimental to wound closure and results in a
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petuating inflammatory stage [6]. Moreover, because of non-enzymatic
glycation of vascular basement membranes of diabetic wound, impaired
angiogenesis is also happened and becomes one of the main reasons to
inhibit DFU healing [7]. Therefore, in a pathological view, the strate-
gies of modulating inflammation and promoting angiogenesis should be
effective and pertinent to accelerate healing of diabetic chronic
wounds.

As to angiogenesis, it is of great interest to explore the potential of
VEGF family. Many studies have shown that VEGF-A, produced in re-
sponse to hypoxia, is the most dominant pro-angiogenic factor in
normal healing wounds [8,9]. Its expression reaches a peak at 2-3 days
post-injury and persists at an elevated level for about one week [10].
However, in contrast to normal mice, the increase of VEGF for
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congenitally diabetic db/db mice after wounding is transient and not
sustained, and it fleetly plummets to barely detectable levels as gran-
ulation tissue forms [11]. Therefore, according to the positive results of
VEGF application in many pervious researches [12], a proper method to
increase VEGF expression should be feasible to promote healing of
diabetic chronic wounds.

As a biological marker of self-perpetuating inflammatory stage of
diabetic chronic wounds [13], the infiltration of excessive neutrophils,
which is responsible for cleaning off active growth factors, degrading
excess extracellular matrix and enlarging additional tissue destruction,
is always observed. Recent evidences suggest that neutrophil depletion
accelerates diabetic wound closure [14,15] and shuts down the in-
flammatory phase of healing [16]. Considering that neutrophils are
eventually engulfed by macrophages, the increasing uptake of apoptotic
neutrophils by macrophages would allow diabetic wound to enter into
the inflammatory phases [17]. A number of findings verify that neu-
trophils could directly release growth factors, such as VEGF [18,19] and
promote their own removal by monocytes and macrophages [20]. Be-
sides the angiogenesis effect, VEGF is also reported to increases vascular
permeability [21] and mediate chemotaxis of monocytes or macro-
phages via VEGF receptor flt-1 [ [22-24]]. Correspondingly, VEGFR-1
blockade disrupts peri-implantation decidual macrophage recruitment
and angiogenesis [25]. Considering all information above, it intensely
hints that, in early phase, physiological VEGF may exhibit the im-
munoregulatory functions via facilitating the recruitment of monocytes
and macrophages. Therefore, being different from traditional pro-an-
giogenic concept, the mechanisms of VEGF on accelerating wound
healing maybe versatile, including immunoregulation in early phase
and pro-angiogenesis in later phase. Therefore, up-regulating expres-
sion of VEGF in a sustained manner should be a promising strategy to
promote inflammation control and tissue repair of chronic wounds.

Without specific pertinence with pathogenic mechanism of DFU, the
alone use of traditional skin equivalents, being in forms of films,
sponges, hydrogels and decellularized dermis, gives few of encouraged
results so far. Recently, biomaterials with the properties of pro-angio-
genesis [26] or anti-inflammation [27] have been applied to improve
diabetic wound healing. As discovered in clinic trial results, single dose
application of VEGF to wounds alone has limited success due to its short
half-life [12]. Repeated topical delivery of VEGF165 promoted rapid
reepithelialization and enhanced angiogenesis of diabetic wounds [12].
To overcome the disadvantages of short half-life of VEGF and incon-
venience of repeated delivery, delivering VEGF by gene-activated
strategy should be promising. It has been reported that the collagen/
chitosan scaffolds loaded with plasmid DNA encoding VEGF165 pro-
moted blood vessel formation and faster resorption of the scaffolds
[28,29]. Nowadays, most biomaterials therapeutics that focus on single
positive pathogenic aspect of diabetic wound healing, such as angio-
genesis or anti-inflammation, might have little or no effect on any
other. By the gene-activated skin equivalents, the sustained VEGF ex-
pression may not only be feasible to improve angiogenesis, but also to
regulate inflammation responses to prove its versatile capacity and
enhance regeneration outcomes.

Considering its biocompatibility and pro-regeneration effect
[28,29], bilayer dermal equivalents (BDEs), consisting of a collagen-
chitosan porous scaffold and a silicone membrane, were applied in this
study. It was further combined with the lipofectamine 2000/pDNA-
VEGF complexes to obtain a gene-activated BDE (Ga-BDEs). After the
establishment of type II diabetic rat model, a novel reformative full-
thickness diabetic chronic wound was created to prevent skin con-
traction and mimic humans major healing mechanisms of re-epithe-
lialization and granulation tissue formation. The abilities of in-
flammatory modulation, angiogenesis and tissue repair of Ga-BDEs
were assessed.
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2. Experimental
2.1. Materials

Lipofectamine 2000 was purchased from Invitrogen Corporation
(Carlsbad, CA). Plasmid DNA encoding enhanced green fluorescence
protein (pDNA-eGFP) was a gift from Dr. Jun Li, State Key Laboratory of
Diagnosis and Treatment for Infectious Diseases (China). Plasmid DNA
encoding human vascular endothelial growth factor-165 (pDNA-VEGF-
165) was donated from Dr. Ming Yu, The Fourth Military Medical
University (China). The plasmids were amplified in E. coli and purified
by Axygen Maxiprep Extraction kit (Axygen Biosciences, CA, USA) and
stored at —20 °C before use. Chitosan (molecular weight 250 kDa,
deacetylation degree 85%) was obtained from Haidebei Co., Ltd
(Qingdao, China). Collagen type I was isolated from fresh bovine
tendon as described previously [30]. Silicone membrane and the donut-
shaped silicone splint were fabricated by a medical grade silicone
product from Shanghai Xincheng Co., Ltd (Shanghai, China). Tissue
glue used in reformative full-thickness incisional model was produced
by Minnesota Mining and Manufacturing Company (3 M, USA). All
other reagents were of analytical grade and used as received. Milli Q
water was used throughout the experiments.

2.2. Preparation of lipofectamine 2000/pDNA complexes

The plasmid DNA solution of high concentration was diluted with
Opti-Minimum Essential Media (MEM) into a concentration of 600 pg/
mL. Then, the resulting solution was mixed with Lipofectamine 2000 at
a volume ratio of 1:1 by gentle vortex for 3 min. The mixture was
further incubated for 20 min at 37 °C to form the stabilized
Lipofectamine 2000/pDNA complexes.

2.3. Fabrication of gene-activated bilayer dermal equivalents (Ga-BDEs)

BDEs were prepared according to the procedures described pre-
viously [31]. Briefly, collagen and chitosan at a mass ratio of 9:1 were
dissolved in 0.5 M acetic acid solution to make a mixture with a total
concentration of 0.5% (w/v). Then the collagen-chitosan solution was
cross-linked by 0.04% (w/v) glutaraldehyde solution for 4 h at 37 °C.
The resulting mixture was injected into a mold, frozen at —20 °C
overnight, and then lyophilized for 24 h to obtain collagen-chitosan
scaffold. The silicone layer (with a thickness of 0.15 mm) was made
from a medical grade silicone membrane (Xincheng Co., Ltd, Shanghai,
China). Then, gelatin solution (10% w/v) was homogeneously spread
on the silicone layer with an amount of 10 pl./cm?, which acted as an
adhesive to integrate collagen-chitosan scaffold with the silicone layer
to form a BDE. After being sterilized by 75% (v/v) ethanol and suffi-
ciently washed with sterilized phosphate buffered saline (PBS, pH 7.4),
the extra water of BDEs were sucked quickly by sterilized gauze dres-
sing. Then, 100 pL suspensions of Lipofectamine 2000/pDNA com-
plexes, obtained in section 2.2, were injected into BDE by multi-point
injection method, which was followed by 2 h’ further incubation at 4 °C
to facilitate the adsorption of DNA complexes. Finally, the Ga-BDEs
were obtained and the eventual loading amount of DNA was about 3 ug
per BDE. Four types of BDEs were prepared in this study, i.e. the blank
BDEs, and the BDEs loaded with pDNA-VEGF (BDE + pVEGF), Lipo-
fectamine 2000/pDNA-VEGF complexes (BDE + L/pVEGF), and Lipo-
fectamine 2000/pDNA-eGFP complexes (BDE + L/pGFP), respectively.
The pDNA-eGFP was used as a control plasmid to study the potential
influence of non-functional DNA.

2.4. Inspection of microstructure characterizations
Ga-BDEs without seeded cells were frozen and lyophilized directly.

Ga-BDEs with seeded cells were washed with PBS and then fixed with
4% (w/v) paraformaldehyde at 4 °C for 2 h. After being dehydrated
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through water-ethanol gradient solutions and ethanol-isobutanol gra-
dient solution, BEDs were dried by lyophilizing. Then, the BDEs spe-
cimens were sputter-coated with a thin gold layer and examined by
scanning electronic microscope (SEM, Hitachi, S-3000 N, Japan) with
an accelerating voltage of 25 kV.

2.5. Release of DNA complexes from Ga-BDEs

The release of DNA complexes from Ga-BDEs was examined by
conducting an in vitro release assay. Ga-BDEs were immersed into 2 mL
of sterile PBS at 37 °C. At the scheduled time intervals, 200 pL of the
supernatant was collected for analysis, and the same volume of fresh
PBS was replenished. The quantity of the released DNA was reacted
with Hoechst 33342 (Aladdin, China) and measured by a fluorometer
(LS55, PerkinElmer, UK) as described previously [32].

The transfection efficiency of the released DNA complexes was as-
sessed by using the GFP model plasmid and HEK293 cells. After the
cells were seeded at a density of 2 x 10* cells per well and cultured for
24 h, DNA complexes released at different time points were added into
culture medium with a ratio of 1 ug DNA/10* cells. Cells were collected
by centrifugation and were re-suspended to analyze the transfection
efficiency by a flow cytometry (FACS Calibur, BD Bioscience, USA).

2.6. Cell viability assay

The viability of seeded NIH 3T3 cells (Mouse embryonic fibroblast
cells) was analyzed by MTT assay. Briefly, four kinds of BDEs were
placed in 24-well plates respectively and 100 pL NIH 3T3 cell suspen-
sion, at a density of 5 x 10° cells/mL, was dripped onto the surface of
BDEs. After 4 h’ cell adhesion, the cell-seeded BDEs were transferred to
new plates to exclude cells directly adhered on the plate surface, and
further cultured in 500 pL of fresh medium at 37 °C in an atmosphere
containing 5% CO,. The culture medium was changed every 2 d if
necessary. At the scheduled time intervals, the culture medium was
replaced and supplemented with 60 pL. MTT solution (2.5 mg/mL MTT/
PBS) for further 4 h incubation. Then the medium was removed, and the
scaffolds were transferred to another culture well. 300 pL dimethyl
sulfoxide (DMSO) were added to dissolve the formazan crystals. 200 pL
supernatant were pipetted and placed in a 96-well plate to test the
optical density using a Microplate Reader (Bio-Rad, model 680, USA) at
a wavelength of 570 nm.

2.7. Invitro VEGF expression

VEGF expression of HUVECs (Human umbilical vein endothelial
cells) cultured on the gene-activated scaffolds in vitro was examined by
enzyme-linked immunoabsorbance assay (ELISA). At the scheduled
time intervals, the scaffolds were washed three times with PBS (pH 7.4)
and then homogenized in the lysis buffer (0.1 M Tris-HCl, 2 mM EDTA,
0.1% Triton X-100). The lysate was then centrifuged at 12,000 rpm at
4 °C for 5 min to collect the supernatant. The amount of VEGF was
determined by VEGF ELISA Kit (Bo Shi De Biotech Company, Wuhan,
China) according to the manual.

2.8. Animal experiments

Animal experiments were performed according to the Guidelines for
Animal Care and Use Committee of Zhejiang University. Sprague-
Dawley (SD) rats (male, six weeks old) were obtained from Zhejiang
Academy of Medical Sciences and maintained under standard light-dark
cycle at ambient temperature (23 * 2 °C) and humidity (55 = 10%).
After fed high-fat-diet (> 10% fat, > 25% sugar, > 2.5% cholesterol)
(Research diets, Boaigang Co., Ltd, Beijing, China) for 4 weeks, SD rats
were given a single injection of freshly dissolved streptozotocin (STZ,
40 mg/kg, Sigma) in a 0.1 M citrate buffer (pH 4.5) into peritoneum.
One week later, the rats with fasting random blood glucose levels

669

Bioactive Materials 5 (2020) 667-679

greater than 16.7 mmol/L were selected as the type II diabetic rats [33].
The blood glucose fluctuation and wound healing discrepancy between
control and diabetic rats were shown in Table S1 and Fig. S1. Briefly,
diabetic rats were anesthetized by intraperitoneal injection of 4% (w/
w) pentobarbital solution (0.2 mg/100 g) and sterilized with 5% po-
vidone-iodine. Four full-thickness excisional wounds with the diameter
of 8 mm were created symmetrically on the mid-dorsum with a biopsy
punch. After the implantation of BDEs, a donut-shaped silicone splint
(with a thickness of 1 mm) was fixed on each wound by sutures and
tissue glue (3 M) to prevent wound contraction. At the scheduled time
points of post-surgery, the macroscopic appearances of the wounds
were recorded with a digital camera (Meizu, Zhuhai, China). The tissue
specimens at each time interval were harvested.

2.9. Wound analysis

The images of the wounds at different time points after surgery were
analyzed by Image J software. The re-epithelization is normally re-
garded as the complete closure of a wound. In this study, to trace the
wound closure process, the ratio of the unhealing area (UA, i.e the un-
epithelization area) to the original wound area was recorded with the
healing time. Three parallel wounds at each time point were analyzed
to obtain the averaged unhealing ratio.

2.10. Histological examination

The harvested specimens were fixed with 4% paraformaldehyde at
4 °C overnight, and then dehydrated with a graded series of ethanol and
embedded by paraffin. The sectioned samples with a thickness of 5 pm
were performed with hematoxylin-eosin (H&E) or Masson's trichrome
stainings, and then visualized by the optical microscope (IX81,
Olympus, Japan).

2.11. Immunohistochemistry and immunofluorescence staining

To investigate the cytological behaviors of macrophages and new-
formation of blood vessels, the macrophages recognizing markers F4/
80, M2 macrophages phenotype marker CD163 and endothelial cell
marker CD31 were detected by immunohistochemistry and immuno-
fluorescence staining. The paraffin sections (5 um) were deparaffinized
and washed three times in PBS (pH 7.4) for 5 min, and then blocked
with 5% serum for 30 min. The slides were subsequently exposed to rat
anti-F4/80 primary antibody (1:50, Santa Cruz, Texas, USA) and mouse
anti-CD31 primary antibody (1:50, Abcam, Cambridge, UK) at 4 °C
overnight, respectively. After being rinsed three times with PBS, the
slides were incubated with goat anti-rat and anti-mouse secondary
antibodies (1:200, Dako, CA, USA) at 37 °C for 30 min, and further
developed with 3, 30-diaminobenzidine tetrahydrochloride (DAB) so-
lution and finally counterstained with hematoxylin. Positive staining
was indicated by a brown color observed under an optical microscope
(IX81, Olympus, Japan).

Immunofluorescence was performed following the procedures de-
scribed previously [34]. Briefly, the paraffin sections (5 mm) were
deparaffinized, washed in PBS, blocked with 5% serum and incubated
overnight at 4 °C with rat anti-F4/80 primary antibody (1:50, Santa
Cruz, Texas, USA) and rabbit anti-CD163 primary antibody (1:50,
Abcam, Cambridge, UK). After rinsed with PBS, the slides were in-
cubated with rhodamine-conjugated goat-anti-rabbit secondary anti-
body and FITC-conjugated goat-anti-rat secondary antibody (1:50;
Dako, CA, USA) for 30 min. After washed three times in PBS, the cell
nuclei were stained by Hoechest (Beyotime, Shanghai, China) for
10 min at room temperature. Images were acquired with a fluorescence
microscope (IX81, Olympus, Japan).
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2.12. Western blotting analysis

Western blotting (WB) analysis was performed to quantify the
translation level of macrophages relevant proteins and newly-formed
blood vessels relevant proteins. In vivo samples were harvested and
frozen in liquid nitrogen until use. The frozen samples were completely
homogenized in RIPA lysis buffer (150 mM sodium chloride, 0.5%
Triton X-100, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate
(SDS), 50 mM Tris, pH 8.0) with protease inhibitors. The lysates were
then clarified by centrifugation at 12,000 rpm at 4 °C for 15 min, and
separated on SDS-PAGE. After being transferred to a polyvinylidene
fluoride (PVDF) membrane (Millipore, MA, USA), the proteins were
incubated overnight with antibodies and detected with an ECL (ECL
Western Blotting Substrate, Pierce, USA) system following treatment
with 5% milk powder in Tris buffered saline (TBS) to prevent non-
specific reaction. The specific antibodies used for this experiment were
mouse anti-VEGF primary antibody (Abcam, Cambridge, UK), mouse
anti-CD31 primary antibody (Abcam, Cambridge, UK) and goat anti-a-
SMA primary antibody (Abcam, Cambridge, UK), chicken anti-F4/80
primary antibody (Abcam, Cambridge, UK), rabbit anti-Arginase 1
primary antibody (Abcam, Cambridge, UK), rabbit anti-GAPDH primary
antibody (Abcam, Cambridge, UK).

2.13. Statistical analysis

Data were expressed as mean + standard deviation (SD). Statistical
analysis was performed by two-tailed student's t-tests between two
groups or by one-way ANOVA between more groups. The significant
level was set at p < 0.05.

3. Results and discussion
3.1. Gross view and microstructure of Ga-BDEs

As shown in Fig. 1A, Ga-BDE with a diameter of 8 mm was consisted
of two layers, i.e. the collagen-chitosan porous scaffold as the upper
layer and the silicone membrane as the lower layer. The bilayer mi-
crostructure was further presented by SEM images (Fig. 1B). It showed
that the pores of the collagen-chitosan scaffold were highly inter-
connected to form the porous and open-pore structure, which is more
suitable for cell infiltration and nutrition exchange. After the in-
corporation of DNA complex, the scaffold displayed the similar porous
structure and had an average pore size of about 101 = 20 um, which
was slightly smaller than that of the blank scaffold (115 #* 37 pm)
(Fig. 1C and D). From the enlarged SEM images, it was observed that
many particle-like lipofactamine2000/plasmid complexes with a size of
0.5-1 um were adhered on the pore walls of Ga-BDE (Fig. 1E and F).

3.2. Release pattern and in vitro transfection efficiency

The profile of the DNA complexes released from Ga-BDE was dis-
played in Fig. 2A. It showed that the incorporated DNA complexes
could be released in a sustained manner for at least 2 weeks. Based on
the slope, the release rate got slower as time goes on, and the rate was
high during the first few days. 50% of DNA complexes were released at
the first 3 days, and more than 80% at day 14 (Fig. 2A). The trans-
fection abilities of the released DNA complexes were assessed by GFP
model plasmid qualitatively. It showed that, compared to that of the
freshly prepared DNA complexes, the numbers of the GFP-positive HEK
293 cells became fewer and fewer with the increase of the releasing
time, indicating the declining transfection abilities along with release
time (Fig. 2B-E). The quantitative results by flow cytometry in Fig. 2F
showed that the in vitro transfection efficiency of the released DNA
complexes decreased from 56.5 to 13.4% accompanied by the gradually
declining release rate. It is worth noting that the released DNA com-
plexes still kept the transfection ability even at day 9 (Fig. 2F, E).

Bioactive Materials 5 (2020) 667-679

3.3. Biocompatibility and in vitro VEGF expression

As one of main cell types participating in wound regeneration, fi-
broblast is reliable to evaluate the biocompatibility of Ga-BDE, due to
its large quantity and ubiquity in different healing phases. Hence, NIH
3T3 cells (Mouse embryonic fibroblast cells) were seeded into Ga-BDE
to observe morphology changes under SEM (Fig. 3A). Compared to the
un-spread morphology at day 1 (Fig. 3A a, b), NIH 3T3 cells showed the
more spreading morphology with radially extended pseudopodium
after 3 days' culture (Fig. 3A c, d), and appeared to be a fully-spreading
status to get large adherence area at day 6 (Fig. 3A e, f). Moreover, the
result of HE staining shows that the surface of scaffolds was full of NIH
3T3 cells, some of which even infiltrated into the scaffold deeply after
6d culture (Fig. 3B). The fluorescent images also presented the growing
status of NIH 3T3 cells on Ga-BDEs, showing that the multiplying
quantity, the increasing spread area and typical fusiform morphology
was appearing along with the culture time (Fig. 3C a-m). Furthermore,
the viabilities of the seeded cells were detected by MTT test to assess the
cytotoxicity of Ga-BDE quantitatively (Fig. 3D). The viabilities of NIH
3T3 cells in all BDEs increased monotonously with the culture time.
Although no significant difference was found between the four groups
at day 1 and 3, both BDE + L/pVEGF and BDE + pVEGF showed
significantly higher viability than those of blank BDE and BDE + L/
pGFP after 6 days’ culture.

As natural VEGF-receptor cells, HUVEC cells were chosen to assess
Ga-BDE's effect on VEGF expression. Fig. 3E displays the VEGF ex-
pressions of HUVECs cultured into different BDEs in vitro. In all four
BDEs, the amounts of the expressed VEGF augmented with the culture
time. At each interval, the up-regulated VEGF expressions of HUVECs in
BDE + L/pVEGF and BDE + pVEGF were significantly higher than
those of the other two groups, which should be attributed to the in vitro
transfection of VEGF plasmids. Furthermore, due to the protection and
effective delivery by Lipofectamine 2000, the VEGF expression levels of
BDE + L/pVEGF were always higher than those of BDE + pVEGF and
achieved about two-fold the expression levels after 6 days' culture
(Fig. 3E).

3.4. Reformative animal model and macroscopic observations of wounds

SD rat, one of the attractive rodents for wound healing study, was
chosen as the model animal in this study due to their availability, low
cost, and ease of handling. However, for most rodents, the major me-
chanism of wound closure is contraction, which is quite different from
that of human being, involving reepithelialization and granulation
tissue formation [35]. Considering these differences and trying to clo-
sely parallel with human wound healing process, in this study, we
brought in a reformative full-thickness incisional wound model. After
creating a full-thickness incisional wound on the dorsum of a diabetic
rat, a donut-shaped silicone splint was placed to prevent contraction,
fixed by sutures and tissue glue [35] (Fig. 4A and B). Wound healing
was evaluated by the ratio of unhealing area (UA) in the schematic
illustration of wound model (Fig. 4A). To avoid wound healing devia-
tion of different implantation sites, four BDEs (OBDE + L/pVEGF,
@BDE + pVEGF, @BDE + L/pGFP, @Blank BDEs) were randomly im-
planted. The typical healing processes and results of different groups
were presented in macroscopic observations (Fig. 4C-G). Although the
UAs of all BDEs decreased along with the healing time, BDE + L/
PVEGF always showed the best healing effects. As displayed in the
quantitative results of Fig. 4H, the unhealing ratios of BDE + L/pVEGF
were lower than 40 and 20% at day 9 and 15, respectively. An almost
complete healing (unhealing ratio < 5%) was observed at day 21, being
great ahead of all the control groups (Fig. 4 H).

3.5. HE stainings of wound sections

Wounds samples were harvested at day 3, 9, 15 and 21
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Fig. 1. Gross view and microstructure of Ga-BDEs. (A) Gross view and (B) SEM image of the gene-activated bilayer dermal equivalent (Ga-BDE). (C) is the SEM
image of blank collagen/chitosan scaffold. (D) and (E) are the SEM images of lipofactamine 2000/plasmid complex-loaded collagen/chitosan scaffold with different
magnifications. (F) is the enlarged view of the red rectangle area of (E) to show the adhered plasmid complexes.

postoperatively for histological analysis to investigate the effects of
different BDEs on wound healing (Fig. 5), and the corresponding semi-
quantitative results were summarized in Table 1. After 3 days post-
operation, it was observed that the newly-formed granulation tissue
had begun to grow into the edge of scaffolds for all the groups. For
BDE + L/pVEGF, there was no obvious gap between scaffold and host
tissue as shown in the other groups (Fig. 5A, E, I, M). Better granulation
tissue growth also brought more extracellular matrix (ECM) deposition,
appearing as dark and crimson staining, than control groups at day 9
(Fig. 5B, F, J, N; 5b, f, j, n). At day 15, following the indistinction of
scaffold edge and epithelial ingrowth, the breadths of the granulation
tissues began to decrease in all groups (Fig. 5C, G, K, O). It was

particularly evident in BDE + L/pVEGF, indicating that the sur-
rounding normal tissues developed towards the wound center rapidly
(Fig. 5C). Accompanying with more oriented ECM deposition and fi-
broblasts migration at day 21 (Fig. 5d), the area of reepithelialization in
BDE + L/pVEGF was extremely larger than those of the other BDEs
(Fig. 5D, H, L, P). It should be noted that much more cells with round-
nucleus, a typical character of inflammatory cells, were found to been
recruited to the injury site of BDE + L/pVEGF in the early healing
phase (Fig. 5a). More interestingly, these cells showed a nest-like dis-
tribution, being different from the normal distribution of inflammatory
cells (Fig. S2).
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Fig. 3. Biocompatibility evaluation and up-regulated VEGF expression. (A) SEM images of NIH 3T3 cells cultured on Ga-BDEs for 1 (a, b), 3 (c, d) and 6 days (e,
f). (b), (d) and (f) are the red rectangle-labeled areas in (a), (c) and (e) with higher magnifications, respectively. (B) H&E staining of the Ga-BDE after seeding NIH 3T3
cells for 6 days. (C) The fluorescence, bright-field, and the corresponding merge images of Ga-BDEs after seeding NIH 3T3 cells for 1 (a—d), 3 (e-h), and 6 days (i-m).
NIH 3T3 cells were stained by Calcein and Hoechst, respectively. (D) The viabilities of NIH 3T3 cells being cultured in different BDEs for 1, 3, and 6 days, respectively

(n = 3). (E) In vitro VEGF expression of HUVECs after being cultured in different BDEs for 1, 3 and 6 days (n = 3). * denotes statistically significant difference at
p < 0.05.
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typical macroscopic observations of the wounds treated by BDEs at different time points. (H) The percentages of UA of the wounds treated by BDEs at different time
points. Three wounds at each time point were analyzed to obtain the averaged unhealing ratio.

3.6. Macrophages analysis in early healing phase

Based on our hypothesis that VEGF can regulate inflammation by
recruiting monocytes and macrophages to phagocytize excessive neu-
trophils, it is necessary to figure out the main type and status of in-
flammatory cell in early healing phase. As anticipated, F4/80 positive
macrophages were found to be the main inflammatory cells infiltrated
into scaffolds in early healing phase (Fig. 6A a-d). Compared with other
control groups, BDE + L/pVEGF had the highest quantity of macro-
phages (190 =+ 11/field) at day 3, which was about triple of the
control groups (Fig. 6A a-d, 6C) and meant extensive macrophages in-
filtration in advance. It was also coincident with the highest F4/80
expression of wound treated by BDE + L/pVEGF (Fig. 6F and G). At day
9, although there was no significant difference on the absolute quan-
tities of macrophages between all groups (Fig. 6C), a declining trend of
macrophages quantity was found in BDE + L/pVEGF from day 3-9
(Fig. 6A a, e, C). It was obviously different from the rising trend of other
control groups (Fig. 6A b-d, f-h, C), meaning persistent macrophages
infiltration and aggregation.

Along with macrophages infiltrating in early healing phase, there
were also F4/80 negative and neutrophils-like cells with lobular nu-
cleus (Fig. 6A, the inserts in a-d with magnified details) being recruited
to the injury site. Its proportion (< 10%) was the lowest in BDE + L/
PVEGF groups at day 3, matching with the highest proportion of mac-
rophages (> 90%) (Fig. 6D). Similar to the variation tendency of
quantity in BDE + L/pVEGF, a declining trend of macrophages pro-
portion, from day 3 to day 9, was also found (Fig. 6D), which is opposite
to the rising trend of other groups. Moreover, F4/80 negative fibro-
blasts-like cells with fusiform nucleus were only found in BDE + L/
PVEGF group at day 9 (Fig. 6A e, insert with magnified detail). These
findings might hint the faster inflammation resolution and the earlier
initiation of repair stage in BDE + L/pVEGF.

Hence, F4/80 and CD163 immunofluorescence stainings were con-
ducted to determinate macrophage phenotypes. BDE + L/pVEGF al-
ways had the higher ratios of CD163 " macrophages, representing anti-

inflammation M2 phenotype, which is about twice as high as the other
controls no matter at day 3 or day 9 (Fig. 6B, E). Being not consistent
with the declining trend of quantity and proportion, the ratio of
CD163" macrophages rose markedly from day 3-9 in BDE + L/pVEGF
(10.8 = 3.2%to 26.8 = 5.8%) (Fig. 6B a, e, 6E), indicating the trend
of shifting from pro-inflammation to anti-inflammation, which was also
proved by western blotting analysis. Accompanying with up-regulated
expression of VEGF in early healing phase (Fig. 6F), increasing ex-
pressions of F4/80 and Arginase 1 (Fig. 6F, H), a main protein marker
for anti-inflammation macrophages phenotype were found in wound
treated by BDE + L/pVEGF. In consistence with the ratio change of
CD163" macrophages, BDE + L/pVEGF also obtained the biggest up-
regulated trend of Arginase 1 expression (Fig. 6H). Taking into con-
sideration the similar absolute quantities of macrophages between all
groups at day 9 (Fig. 6C), the highest relative expression of Arginase 1
in BDE + L/pVEGF group (Fig. 6H) would become more meaningful.
Considering all these findings above, it can be speculated that the
sustaining up-regulation of VEGF expression by Ga-BDEs promotes
more macrophages to be recruited earlier and subsequent shift of
macrophage phenotypes from pro-inflammation to anti-inflammation,
which is very helpful for the chronic wound to progress through the
proper repair stages or, in a sense, break self-perpetuating in-
flammatory stage.

Interestingly, in our study, under the treatment of Ga-BDEs, the
early infiltration of massive macrophages (Fig. 6A a, 6C), normally
indicating deteriorative inflammatory response in traditional concept,
were observed, with the timely phenotype shift of macrophages and
better regeneration outcome subsequently. Although a large of studies
put emphasis on accelerating tissue repair by down-regulation of in-
flammation response, the necessaries of pro-inflammatory molecules to
start and intensify the inflammation, have been demonstrated in some
cases [ [36-39]]. The immune-regulation on chronic wounds should not
simply divided into pro-inflammation and anti-inflammation, which
must be in a spatiotemporal-matching manner to reconstruct an effec-
tive regenerative microenvironment. Usually, excessive neutrophils, a
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Fig. 5. Histological analysis of wound sections treated by different BDEs. H&E stainings of the whole wounds treated by BDEs loaded with L/pVEGF (A-D),
PVEGF (E-H) and L/pGFP (I-L), and blank BDE (M-P) for different days, respectively. (a—d), (e-h), (i-1), and (m—p) are the H&E images with higher magnifications,
correspondingly.

Table 1
Tissue responses to the implanted BDEs.
Time Sample Granulation tissue Epithelial ingrowth Inflammatory cell Fibroblasts
3d BDE + L/pVEGF + + +++ ©
BDE + pVEGF B + ©
BDE + L/pGFP B ® + ®
Blank BDE > > + ©
9d BDE + L/pVEGF ++ + + + ++ +
BDE + pVEGF ++ + ++
BDE + L/pGFP + + + ++
Blank BDE + + + ++
15d BDE + L/pVEGF + +++ + ++
BDE + pVEGF ++ + ++ +
BDE + L/pGFP ++ + ++ +
Blank BDE ++ + ++ +
21d BDE + L/pVEGF > +++ [ +++
BDE + pVEGF + ++ + ++
BDE + L/pGFP + + + ++ +
Blank BDE ++ + ++ +

BDEs: collagen-chitosan/silicone membrane bilayer dermal equivalents.
The scores were made from less (+) to abundantly present (+ + +).
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Fig. 6. Macrophages analysis and western blotting test. (A) Immunohistochemical staining of F4/80 of the wounds treated by different BDEs for 3 (A, a-d) and 9
days (A, e-h). The inserts of (A, a-d) are the corresponding detail with higher magnification to show F4/80 negative neutrophils-like cells with lobular nucleus. The
insert of (A, e) shows the F4/80 negative fibroblasts-like cells with fusiform nucleus. (B) Triple immunofluorescence of wounds sections treated by different BDEs for
3 (B, a-d) and 9d (B, e-h). Statistics of the quantities (C) and proportions (D) of macrophages, and the proportions of CD163* macrophages (E) in different groups at

day 3and 9 (n

>

3). (F) Western blotting (WB) of VEGF, F4/80, and Arginase 1 expressions of the wounds treated by different BDEs at different time points. (G, H)

Densitometry analyses of the Western blots of F4/80 and Arginase 1 (n = 3). * denotes statistically significant difference at p < 0.05.

biological marker of self-perpetuating inflammatory stage [13], were
removed by monocytes and macrophages [20]. It means that early and
sufficient macrophages infiltration may exert anti-inflammation effect
by suppressing excessive neutrophil. As one best representation of this
mechanism, resolvins are reported to blunt excessive polymorpho-
nuclear neutrophil (PMN) infiltration [40,41] and promote macrophage
phagocytosis [40,42]. A number of findings verify that neutrophils
could directly release growth factors, such as VEGF-A [18,19] and
promote their own removal by macrophages [20]. Hence, early up-
regulation of VEGF expression by BDE + L/pVEGF in our study
(Fig. 6F), which simulates macrophages recruitment, is likely to en-
hance neutrophils (Fig. 6A, the inserts) removal to weaken its negative
effect, and makes it easier for diabetes chronic wounds to continue the
subsequent healing phases.

3.7. Pro-angiogenic effect of Ga-BDEs

To characterize the effects of different BDEs on angiogenesis during
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wound healing, CD31 immunohistochemistry staining and semi-quan-
titative analysis of the newly-formed vessels was performed in Fig. 7. At
all the time points except for day 21, BDE + L/pVEGF had the highest
vessel densities compared to those of the other groups (Fig. 7Q). Unlike
the other control groups in which the densities of blood vessels sus-
tainedly increased along with the implantation time from day 3 to day
15, BDE + L/pVEGF showed a peak of blood vessel density (96 = 8/
mm?) at day 9 uniquely, which was about twice as many as the control
groups (Fig. 7Q, E-H black triangle). With the further increase of im-
plantation time, the densities were declined to 78 = 7 and 54 * 8/
mm? at day 15 and 21, respectively. (Fig.7Q). Interestingly, the mature
vessels with disc-shaped and nuclei-lack erythrocyte (Fig. 7E, I, M, red
arrows) were found in BDE + L/pVEGF from day 9, much earlier than
the other control groups, in which no mature vessel was found until day
21 (Fig. 70, P, red arrows) and even some rounded-nucleus in-
flammatory cells were still detected (Fig. 70, P, black arrows). The
expression levels of CD31 and a-SMA were analyzed by WB (Fig.7R, S,
T). The darkest band of CD31 was found in the group of BDE + L/
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Fig. 7. Pro-angiogenic effect of different BDEs. Inmunohistological stainings of CD 31 of the wounds treated by different BDEs for 3 (A-D), 9 (E-H), 15 (I-L), and
21 days (M-P). Red and black arrows show mature vessels with erythrocyte flow and the inflammatory cell being recruited from circulation, respectively. (a, e, i, m)
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vessels. (Q)The statistic numbers of the newly-formed blood vessels (CD31 ™ positive stainings) per mm? (n = 6). (R) WB of CD31 and a-SMA expressions of the
wounds treated by different BDEs at different time points. (S, T) Densitometry analyses of the Western blots of CD31 and a-SMA (n = 3). * denotes statistically

significant difference at p < 0.05.
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PVEGF at day 9, which were consistent with the semi-quantitative re-
sults of blood vessel density (Fig. 7Q). It should be noted that BDE + L/
PVEGF showed the highest expression of a-SMA, a marker for smooth
muscle cells wrapping mature vessels, at day 9,15 and 21 (Fig. 7R, T),
which account for the finding of functional vessels with erythrocyte
(Fig. 7E, I, M, red arrows) and indicate the effect of BDE + L/pVEGF on
accelerating mature of new-formed blood vessels.

In most previous studies, the pro-angiogenesis effect of VEGF was
more focused while the inflammation regulating effect in early healing
phase was not paid attention to. In the traditional view, inflammatory
cells infiltration was accompanyed by granulation formation, angio-
genesis and increase of vascular permeability after wound was created.
However, not synchronizing with the extensive infiltration of in-
flammatory cells in early healing phase (Figs. 5a and 6A a), the for-
mation of new blood vessels obviously lagged behind the inflammation
process in wound treated by BDE + L/pVEGF. As inflammatory cells
have infiltrated the whole wound and BDEs, new blood vessels, stained
by CD31 (Fig. 7a black triangle) only took place infrequently on the
edge of BDE + L/pVEGF (Fig. 7a black dotted line) at day 3. Dis-
tinguished from the decreasing tendency of macrophages from day 3-9
(Fig. 6C and D), the quantity of new-formed blood vessels increased
markedly and got a peak at day 9 (Fig. 7Q). Till macrophages decreased
and gradually shifted to anti-inflammation phenotype, new-formed
blood vessels augmented distribution range and grew into BDEs (Fig. 7e
black triangle). Conceivably, the unparalleled even diverging relation-
ship between macrophages infiltration (Fig. 6C and D) and blood ves-
sels neogenesis (Fig. 7 a, e, Q), which is not conforming to the tradi-
tional knowledge, suggested the intrinsic versatile characters of VEGF
and possible different mechanisms for inflammation regulation and pro-
angiogenesis.

Indeed, it's reported that these two functions are mediated via dif-
ferent VEGF trans-membrane receptors, KDR (VEGFR2) and flt1
(VEGFR1) [ [22-24]]. Monocytes, in contrast to endothelium expres-
sing VEGFR2 mainly, express only VEGF receptor flt-1. VEGFR-1 null
(flt-1 — /—) mutant embryos die because of an overgrowth of vascular
endothelial cells [43]. Mice with deletion of VEGFR-1 Tyrosine Kinase
(TK) domain (Flt-1 TK—/—) are viable and have normal blood vessel
development, but have altered macrophage migration [44]. Therefore,
in normal physiological conditions, these two functions mediated via
different VEGF receptors may relatively independent and com-
plementary. It explains the limited effect of single dose application of
VEGF to wounds in a sense [12]. It suggests that the sustaining up-
regulation of VEGF expression in wounds treated by BDE + L/pVEGF
can match different spatiotemporal requirements of inflammation reg-
ulation and pro-angiogenesis to construct an effective regenerative
microenvironment.

3.8. Assessment of tissue remodeling by Masson's staining

Under the regulation effects of VEGF on inflammation regulation
and pro-angiogenesis, the better regeneration outcomes should be ob-
tained concomitantly. After the treatment by BDEs for 2-3 weeks, the
wounds got access to a remodeling stage. As the representative out-
comes, the newly-deposited collagen and keratin were detected by
Masson's trichrome, which stains collagen in blue, keratin in red and
nuclei in red/brown, respectively. For the group of BDE + L/pVEGF, a
continuous keratin-positive layer with a red-strip shape at day 15 and
almost intact epidermal layer at day 21 were observed (Fig. 8A, E; black
arrows indicate the edges of the keratin-positive layers). Comparably,
other groups resulted in the fragmentary and smallish keratin-positive
layers, indicating that no complete epidermal layer was formed even at
day 21 (Fig. 8B-D, F-H black arrows). With the gradual decay of
granulation tissue, the process of tissue remodeling developed towards
the wound center. For the wounds treated with BDE + L/pVEGF, BDE
was degraded acceleratedly from top to bottom and from outside to
inside. Renascent collagen replaced the BDE and deposited much better,
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more continuous and extensive, in the healing region under renascent
epidermal layer (Fig. 8E blue stain). About 4 weeks postoperation, BDE
would be completely absorbed in the BDE + L/pVEGF group. While,
fewer collagen was observed for the wounds treated with the other
three BDEs (Fig. 8F-H blue stain). Beyond augment amount of de-
position, the newly-formed collagen became more oriented and regular
in BDE + L/pVEGF group (Fig. 8 a, e), reminding accelerated wound
healing and better regeneration outcome than other groups (Fig. 8 b-d,
f-h).

As a representation of chronic wounds which sustains egregious
length of time (usually taken to be more than three months) [45],
diabetes chronic wound is traditionally considered as the results of the
pathogenic triad including neuropathy, ischaemia and inflammation
[5]. Without pertinence to multi pathogenic factors, traditional artifi-
cial skin equivalents obtain few encouraged achievement, even com-
bined with single drug delivery strategy. Ideal skin equivalent for dia-
betes chronic wounds should be easy-operating, effective and covering
multiple pathogenic factors. Being different from traditional knowledge
of VEGF, a main endothelial mitogen for pro-angiogenesis, its effects on
the recruitment and phenotype modulation of macrophages are rarely
considered [46,47]. Overcoming the defects of the short half-life of
direct-used growth factors and inconvenience of repeated delivery,
VEGF gene-activated bilayer dermal equivalents (Ga-BDEs) was proved
to be a promising method for diabetes chronic wounds in this study, by
its easy-preparation and versatile capacities, including immunoregula-
tion and pro-angiogenesis.

4. Conclusions

By loading L/pVEGF complexes into BDEs, Ga-BDEs for promoting
the repair of diabetic chronic wounds were constructed. The loaded
DNA complexes were released from the collagen-chitosan porous scaf-
fold in a sustained manner. The in vitro transfection capacities of the
released DNA complexes to up-regulate the expression of VEGF per-
sisted till for more than 9 days. Being proved good biocompatibility, the
Ga-BDEs were transplanted to the full-thickness diabetic chronic
wounds. Accompanying speeding wound healing, the accelerated in-
filtration and phenotype shift of macrophages and enhanced angio-
genesis were observed in early and late healing phases, respectively.
Finally, the better regeneration outcomes were achieved in the aspects
of oriented collagen deposition and faster reepithelialization. All these
results prove that Ga-BDEs can promote the healing of diabetic chronic
wounds by modulating immune responses and enhanced angiogenesis,
and will show a great potential for chronic wound healing in clinical
application in future.
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