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neovascularization of SIS-repaired
abdominal wall by controlled release of bioactive
VEGF†

Rui Tang,‡ac Xin Wang,‡b Hanying Zhang,f Xi Liang,d Xueyi Feng,e Xiaoqiang Zhu,a

Xinwu Lu,b Fei Wuf and Zhengni Liu *a

Insufficient early neovascularization post-operation is thought to be the main reason of surgical recurrence

of porcine small intestinal submucosa (SIS)-repaired abdominal wall defects. The controlled release of

exogenous angiogenic growth factors (GFs) from biocompatible carriers is a possible way to solve this

problem. In the present study, dextran nanoparticles (DNPs) loaded with vascular endothelial growth

factor 165 (VEGF165) were pre-formulated by dual-aqueous phase separation method and then

electrospun into the poly(lactic-co-glycolic acid) (PLGA) polymer fibers. The aim of this material is to

release VEGF in a sustained manner with the degradation of PLGA and maintain its bioactivity

concurrently. The prepared VEGF/DNPs-PLGA membrane was sandwiched by dual-layer SIS to construct

a SIS-DNPs/VEGF-PLGA-SIS (SVDPS) composite scaffold. The in vitro study showed that the VEGF/

DNPs-PLGA obtained higher VEGF encapsulation efficiency as well as better release property and

bioactivity than the emulsion electrospun VEGF-PLGA and PLGA fibrous membranes by ELISA and

HUVEC proliferation. The in vivo study showed that the SVDPS composite scaffold promoted significantly

higher early therapeutic neovascularization within 2 weeks post-surgery than SIS-VEGF-PLGA-SIS (SVPS)

and SIS-PLGA-SIS (SPS) by immunohistochemical and immunoblotting examination.
1. Introduction

The application of meshes for repairing abdominal wall defects
caused by trauma, extensive surgical tumor resection, or
hernias has been widely accepted by surgeons. To date, both
synthetic and biological meshes (biomesh) are commonly
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available in the clinic. Biomeshes are biodegradable and
biocompatible extracellular matrices (ECM) that possess the
scaffold structure from animal sources. They possess the
potential for long-lasting repair of the abdominal wall defect
with fewer complications, while synthetics tend to cause infec-
tion, visceral adhesion and erosion,1–4 and even mesh-related
cancer.5 Among these biological scaffolds, porcine small intes-
tinal submucosa (SIS) has a three-dimensional (3D) structure to
facilitate cell seeding, migration, proliferation, and differenti-
ation.6–9 The scaffold is nally replaced by new site-specic
tissues without any residuum, which is dened as tissue
endogenous regeneration.10,11 The strength of the reconstructed
tissue depends on the balance between the rate of biological
scaffolds degradation and that of new tissue generated and
incorporated, replacing degraded scaffolds, also dened as
remodeling.12 If the remodeling process does not outpace the
degradation, later repair failure is inevitable. The neo-
vascularization of SIS is better than that of other sources of
biological scaffolds such as the pericardium and acellular
dermal matrix,13–15 which is a vital biological process in the
whole regeneration and remodeling process. However, the
short- or long-term bulge, herniation, or recurrence rate aer
SIS repair suggest that the neovascularization is still insufficient
for tissue regeneration.16–18 Therefore, improving the scaffold-
induced endogenous regeneration through rapid angiogenesis
This journal is © The Royal Society of Chemistry 2018
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within tissue-engineered constructs remains indispensable to
improve its clinical efficacy.

To promote early neovascularization of SIS, delivery and
controlled release of bioactive exogenous angiogenic GFs such
as vascular endothelial growth factor 165 (VEGF165) with a non-
toxic and degradable carrier is a practicable method. Poly(lactic-
co-glycolic) acid (PLGA) and other polymer materials are
frequently used to carry drugs or proteins in such a controlled
release system.19–21 However, to establish a successful PLGA-
based release system, GFs must be preserved from hazardous
conditions to avoid loss of bioactivity. It has been testied that
loading bare GFs into hydrophobic polymeric matrix directly
leads to a huge protein waste of up to 40%.22 Furthermore, the
delicate advanced structure of GFs is susceptible to the organic
phase and to water/oil or water/air interfacial tension,23–25 which
are known factors leading to protein denaturation.

Aqueous–aqueous freezing-induced phase separation (shor-
ted as “aqueous method” hereaer)25,26 has been used in our
previous study to prepare polysaccharide micro-particles or
nano-particles containing structurally delicate agents. GFs can
be encapsulated into the dextran nanoparticles (DNPs) and
formed GFs/DNPs without any contact with the water/oil inter-
face, organic solvents, or polymers by this aqueous method. The
pre-formulated GFs/DNPs can further be loaded into PLGA by
various techniques to form the structures or shapes of interest.
The aqueous method was used to release the proteins such as
granulocyte-macrophage colony-stimulating factor (GM-CSF),
granulocyte colony-stimulating factor (G-CSF), b-galactosidase,
myoglobin, bovine serum albumin (BSA) successfully,25 and
basic broblast GF (bFGF)27 from polymer carriers can be
controlled and their bioactivity is maintained.

In this study, to promote the early neovascularization of SIS-
repaired abdominal wall with controlled release of bioactive
VEGF, we rst embedded VEGF into DNPs to form VEGF/DNPs
via the aqueous method. The pre-formed VEGF/DNPs were
fabricated into PLGA bers (functioning as the VEGF carrier) via
co-electrospinning to fabricated a VEGF/DNPs/PLGA
membrane. Subsequently, the VEGF/DNPs/PLGA membrane
was sandwiched between two layers of SIS to construct
a composite scaffold and applied to repair abdominal wall
defect of a Sprague-Dawley (SD) rat model. The in vitro proper-
ties of the VEGF/DNPs/PLGA carrier, the bioactivity of VEGF
released from VEGF/DNPs/PLGA, and the in vivo effects of the
composite scaffold aer implantation were evaluated. We
hypothesized that VEGF could be released from VEGF/DNPs/
PLGA or the composite mesh in a sustained manner while
retaining its bioactivity. Moreover, early stage improved neo-
vascularization was achieved, followed by enhanced collagen
deposition and mechanical properties.

2. Materials and methods
2.1 Materials

PLGA (monomer ratio: 50/50, Mw: 40 000) was obtained from
Lakeshore Biomaterials, Inc. (Birmingham, AL, USA). Dextran
(Mw: 6000–76 000) and polyethylene glycol (PEG) (Mw: 6000)
were from Sigma Chemical Co, (St Louis, MO, USA). N,N-
This journal is © The Royal Society of Chemistry 2018
Dimethyl formamide (DMF) and tetrahydrofuran (THF) of
analytical grade were obtained from Sinopharm Chemical
Reagent Co., Ltd, (Shanghai, China). Recombinant human
VEGF165 and VEGF enzyme-linked immunosorbent assay
(ELISA) kits were purchased from R&D Systems, Inc. (Minne-
apolis, MN, USA) and used according to the manufacturer's
instructions. Cell Counting Kit-8 assay kit (CCK-8) was from
Dojindo Molecular Technologies, Inc. (Kumamoto, Japan). A
human umbilical vein endothelial cell (HUVEC) line and EBM-2
medium were procured from the American Type Culture
Collection (Manassas, VA, USA). Mouse monoclonal anti-CD31
and rabbit polyclonal anti-broblast-specic protein 1 (FSP1)
were purchased from Abcam, Inc. (Cambridge, MA, USA).
Mouse polyclonal anti-CD68, BCA protein assay kit, and b-actin
antibody were obtained from Santa Cruz Biotechnology, Inc.
(Dallas, TX, USA). Goat anti-mouse and goat anti-rabbit IgG
horseradish peroxidase-linked secondary antibody was from
Boster Biosciences (Wuhan, China). Other reagents such as
0.5% sodium dodecyl sulfate (SDS) and 0.2% Triton X-100 were
provided by the Tissue Engineering Laboratory of Shanghai
Jiaotong University School of Medicine.
2.2 Preparation and characterization of SIS

Fresh jejunum was obtained from healthy 6 month-old pigs
(weight 100–120 kg) and prepared as previously described.14 In
brief, the mucosa, serosa, and tunica muscularis were
mechanically removed. The submucosa layer was chemically
treated with SDS and Triton X-100 sequentially for decellulari-
zation and then freeze-dried and sterilized with g-rays (25 kGy;
60 Co). For histological examination, monolayer SIS was stained
with hematoxylin and eosin (H&E).
2.3 Preparation of VEGF/DNPs

VEGF was encapsulated into dextran nanoparticles using the
aqueous method. The procedure was performed as previously
described.25,26,28 VEGF was rst dissolved into dextran aqueous
solution (5% (w/w)), and then added into PEG aqueous solution
(5% (w/w)) (mass ratio, VEGF: dextran: PEG ¼ 1 : 4000 : 40 000).
The two liquors were mixed by vortexing to form a clear solution
and the mixture was frozen at �80 �C for 12 h. The frozen
solution was then lyophilized for 24 h. At last, the dried powder
was washed with dichloromethane, and centrifuged
(12 000 rpm, 5 min, repeated 3 times) to remove PEG. The
VEGF/DNPs were collected and stored at 20 �C.

2.3.1 Encapsulation efficiency of VEGF and recovery effi-
ciency of DNPs. VEGF/DNPs were dissolved in phosphate buffer
saline (PBS) and the actual amount of encapsulated VEGF was
determined using an ELISA kit. Encapsulation efficiency is the
percentage of the genuine protein to theoretical protein, i.e.,
encapsulation efficiency ¼ (genuine protein recovered from
VEGF/DNPs/theoretical protein) � 100%. The recovery effi-
ciency is the percentage of the genuine weight of collected
VEGF/DNPs to the theoretical weight of VEGF/DNPs, i.e.,
recovery efficiency ¼ (genuine VEGF/DNPs/theoretical VEGF/
DNPs) � 100%.
RSC Adv., 2018, 8, 4548–4560 | 4549
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2.3.2 Scanning electron microscopy (SEM) for VEGF/DNPs.
VEGF/DNPs were characterized by using SEM (FEISIRION 2000
SEM system, Beaverton, OR, USA). Briey, the samples were
xed on ametal stub with electric conduction paste and sputter-
coated with gold. The morphology and size of the nanoparticles
were observed and images were taken.
2.4 Electrospinning of PLGA brous membranes

Three groups of PLGA membranes were fabricated: (a) for
VEGF/DNPs-loaded PLGA membrane (VEGF/DNPs-PLGA),
500 mg PLGA was dissolved using 2 mL of the mixed organic
solution of DMF and THF (v/v ¼ 1 : 3), then magnetically stir-
red until fully dissolved. The theoretical weight ratio of VEGF
and PLGA was set to 1 : 10 000; the amount of VEGF/DNPs
needed in this process was calculated according to the ratio
of VEGF versus dextranmentioned above. The VEGF/DNPs were
dispersed into PLGA solution, magnetically stirred (1000 rpm,
30 min), and then loaded into a 2 mL syringe. The syringe was
subsequently placed before the pump of an electrostatic
spinning machine (Yongkang Leye Science and Technology
Development Co., Ltd., Beijing, China). The distance between
the collection plate and the needle tip, the voltage, and the
feeding rate was set as 15 cm, 10 kV, and 1mL h�1, respectively.
(b) For VEGF-loaded PLGA membrane (VEGF-PLGA), VEGF was
rst dissolved in PBS to obtain a 0.5 mg mL�1 suspension,
gradually dropped into PLGA solution, and electrospun under
the same conditions of group a. (c) For blank PLGAmembrane,
the PLGA solution without VEGF and dextran was directly
electrospun.

2.4.1 Encapsulation efficiency of PLGA membranes. To
determine the encapsulation efficiency, VEGF/DNPs-LGA and
VEGF-PLGA were respectively dissolved by DCM in a 2 mL
centrifuge tube, followed by centrifugation at 12 000 rpm for
5 min and repeated 3 times. The supernatant was aspirated and
the centrifuge tube was placed in a fume cupboard until DCM
evaporated. The residual sediment was dissolved with PBS. An
ELISA kit was used to detect VEGF content and the encapsula-
tion efficiency was calculated.

2.4.2 Morphology and structure of PLGA membranes. The
morphology and structure of PLGA membranes were deter-
mined by SEM. PLGA samples were placed on ametal stub, xed
with electric conduction paste, and sputter-coated with gold.
The substructure of different samples was observed and the
images were recorded. Furthermore, the water contact angle
was determined using a Kruss GmbH DSA 100 Mk 2 goniometer
(Hamburg, Germany).
2.5 Construction of sandwiched composite scaffold

PLGA-contained membranes were inserted into the two layers
of SIS (4 � 3 cm2) to construct different sandwiched
composite scaffolds. SIS-VEGF/DNPs-PLGA-SIS (SVDPS), SIS-
VEGF/PLGA-SIS (SVPS), and SIS-PLGA-SIS (SPS) were
prepared. To avoid any other exposure factors, no suture,
adhesive agent, or other mechanical measure was used for
scaffold xation.
4550 | RSC Adv., 2018, 8, 4548–4560
2.6 In vitro VEGF release from PLGA membranes

To assess the in vitro release kinetics of VEGF from different
groups, VEGF/DNPs-PLGA and VEGF-PLGAmembranes of equal
weight (10 mg) were placed in 10 mL of PBS at 37 �C and
agitated continuously at 150 rpm. The supernatant was
collected daily and fresh PBS of equal volume was added until
the 20th day. To determine whether SIS would affect the
controlled release of VEGF/DNPs-PLGA and VEGF-PLGA
membranes, we also assessed the release kinetics of SVDPS
and SVPS membranes. The amount of VEGF released from
different membranes was measured using the VEGF ELISA kit
and the release rate was calculated. The theoretical release ratio
is the percentage of the genuine weight of collected VEGF to the
theoretical weight of VEGF encapsulated in 10 mg VEGF/DNPs-
PLGA or VEGF-PLGA membranes.
2.7 In vitro cell proliferation and VEGF bioactivity assay

Sterilized SVDPS, VEGF/DNPs-PLGA, SVPS, VEGF-PLGA, PLGA,
and SIS were respectively cultured with 3 mL EBM-2 serum- and
cytokine-free medium at 4 �C, and agitated 3 days at 150 rpm.
The daily release solutions from separate groups were extracted
for two weeks to assess their effects on the proliferation of
HUVECs. The endothelial cells (ECs) were suspended in the
release solutions with 0.5% FBS and seeded in a 96-well plate
(20 000 cells per mL) and then incubated in CO2/air (5 : 95, v/v)
at 37 �C for 48 h without medium change. The proliferation
efficiency of HUVECs was tested using CCK-8 assay. A micro-
plate reader (Thermo Fisher scientic, Waltham, MA USA) was
used to assess the optical density (OD) at a wavelength of
450 nm.

The bioactivity of the VEGF recovered during the process was
also determined by assessing the proliferation effect on
HUVECs using CCK8 assay. The standard protein solution was
used in the bioactivity assay as a positive control.
2.8 In vivo evaluation of the composite scaffolds in an
animal model

This study was performed in strict accordance with the National
Institutes of Health's Guide for the Care and Use of Laboratory
Animals (NIH Publication N01-OD-4-2139, Rev. 2011) and was
approved by the Institutional review committee of Shanghai
Jiao Tong University School of Medicine (ID: SYXK 2008-0050,
Shanghai, China). The entire processes were approved and
carried out by Shanghai Key Laboratory of Tissue Engineering
(Shanghai, China). One hundred and twenty male Sprague-
Dawley rats (250 � 30 g) (SLAC National Rodent Laboratory
Animal Resources, Shanghai, China) were randomly divided
into four groups: SVDPS, SVPS, SPS, and SIS. An abdominal wall
defect was created and repaired instantly with the materials
previously prepared. Rats were euthanized at 1, 2, 4, 8, and 12
weeks post-surgery for gross observation, histological exami-
nation, and biomechanical tests.

2.8.1 Surgical procedure. Animals were anesthetized by
intraperitoneal injection of pentobarbital sodium (40 mg kg�1)
and then immobilized on the operating table, with the
This journal is © The Royal Society of Chemistry 2018
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abdomen shaved and disinfected with 0.5% povidone–iodine. A
3 � 2 cm2 full-defect except the skin was created. Meshes were
hydrated in sterile saline for 1 min before use. They were xed
using intraperitoneal underlay technique and sutured inter-
mittently with 3-0 polypropylene. The skin was interruptedly
closed with 4-0 polypropylene suture.

2.8.2 Macroscopic observation. Aer operation, any signs
of wound infection, dehiscence, hematoma, seroma, bulge, or
herniation were recorded. At each sampling time, six animals in
each group were randomly euthanized by overdose of pento-
barbital sodium. Visceral adhesion, including the area and
tenacity, was also evaluated according to the following criteria:
0, no adhesion; 1, surface area <25%, freed by blunt dissection;
2, surface area <50%, freed by aggressive dissection; 3, surface
area <75%, freed by sharp dissection; and 4, surface area
$75%.34 Ten random measurements of thickness over the
central area of the explant and its mean were noted in order to
calculate the proportional change in thickness. It was dened
as: the mean value measured at the time of sacrice – the
original thickness of the implant. The implant dimensions were
measured using a centimeter scale and recorded to assess any
subsequent intra-corporal contraction. The percentage of
contraction were recorded as the changes in dimensions/
original dimensions.

2.8.3 Histological and immunohistochemical examina-
tion. At euthanasia, the scaffold (40 mm) plus 5 mm of the
surrounding tissues at both ends were collected as the samples
(50 � 10 mm2). Samples were xed with 4% paraformaldehyde
for 24 h, dehydrated and embedded in paraffin, and sectioned
into 5 mm-thick slices. H&E staining was used to observe the
general morphology of the repaired site, including cell inl-
tration, tissue incorporation, angiogenesis, and inammation.
Qualitative assessment of collagen deposition was performed
using Masson trichrome staining. The total collagen content
was reported as a percentage of the aniline green staining
divided by the total tissue area of the section using Image J
soware (National Institutes of Health, Bethesda, MD, USA).29

Immunohistochemical staining was performed using Bond-
Max system (Leica, Wetzlar, Germany). Blood vessel density
was assessed by anti-CD31 antibody staining. Fibroblasts were
visualized by anti-FSP1 antibody staining.30 The host immune
response represented by macrophage inltration was evaluated
by anti-CD68 antibody staining. Quantication of the blood
vessels, broblasts, and macrophages was performed by count-
ing positively stained cells at 400�magnication. In each type of
staining, six randomized chosen elds in each section were
analyzed by two blinded investigators by using Image-Pro Plus
soware 6.0 (Media Cybernetics, Inc., Silver Spring, MD, USA).

2.8.4 Western blotting analysis. For immunoblotting anal-
ysis, proteins were extracted from the homogenates aer incu-
bation in lysis buffer containing protease inhibitors and
detergents, following centrifugation at 12 000 rpm for 10 min.
Protein concentrations were determined by using the BCA
protein assay kit. Equal amounts of protein were electrophoresed
by 10% SDS-PAGE and transferred to PVDF membranes. The
proteins were probed with CD31 and b-actin antibodies, followed
by incubation with the peroxidase-conjugated secondary
This journal is © The Royal Society of Chemistry 2018
antibody at 37 �C for 1 h. Themembrane was washed three times
and the protein bands were visualized. CD31 level was quantied
and normalized to b-actin bands by densitometry in Photoshop
8.0 (Adobe, San Jose, CA, USA).

2.8.5 Examination of mechanical properties. The in vitro
scaffolds (50 � 10 mm2, n ¼ 6 in each group) or in vivo explants
(50 � 10 mm2, n ¼ 4–6 in each group) were subjected to
mechanical tests using a biomechanical analyzer (Instron 4411,
Canton, MA, USA) and the length of tested samples was set at
10 mm between two grippers as previously reported.31,32 The
grippers were gradually moved apart at a speed of 10 mmmin�1

until complete rupture of tested tissue to generate the data of
maximal load (max load in Newton [N]). Young's modulus (MPa)
was calculated from the linear slope based on the created
stress–strain curves and the tensile strength was generated from
the maximal load divided by the cross-sectional area (MPa). The
stiffness (Newton per millimeter) was determined by calculating
the slope of the load (linear portion) vs. displacement plot. All
data were presented as mean � standard deviation.

2.9 Statistical analysis

Measurement data were recorded as mean� standard deviation
and analyzed by two-tailed student's t-test or one-way analysis of
variance followed by the Student-Newman-Keuls (SNK) post hoc
test. Ranked data were analyzed by using Kruskal-Wallis test.
SPSS version 19.0 soware (SPSS Inc., Chicago, IL, USA) was
used for statistical analysis. P < 0.05 was considered statistically
signicant.

3. Results
3.1 Characteristics of SIS

A monolayer of SIS was successfully prepared (Fig. 1A). H&E
staining revealed no remaining cellular nucleus inside (Fig. 1B).
Dual-layer SIS was constructed and cut into pieces of 4 � 3 cm2.
The max load, Young's modulus, tensile strength, stiffness of
the dual-layer SIS in vitro were 4.89 � 0.91 N, 3.82 � 1.30 MPa,
6.01 � 2.71 MPa, 4.88 � 1.01 N mm�1, respectively (Table 1).

3.2 Characteristics of VEGF/DNPs

VEGF/DNPs were successfully prepared by using the freezing-
induced phase separation method. The recovery and encapsu-
lation efficiencies were 90.42 � 8.76% and 65.94 � 9.93%,
respectively (p < 0.01), which were similar to our previous data.27

The results indicated that the aqueousmethod embedded VEGF
efficiently. SEM (Fig. 1C) showed that the nanoparticles pre-
sented a smooth surface and the size ranged from 200–1200 nm
with an average size of about 503.52 � 292.64 nm.

3.3 Characterization of the electrospun PLGA membranes

VEGF/DNPs-PLGA, VEGF-PLGA, and pure PLGA brous
membranes were successfully fabricated. The thickness was
0.11 � 0.02 mm. The substructure of PLGA membrane was
determined by using SEM (Fig. 1D–F). The protein encapsula-
tion efficiency of the VEGF/DNPs-PLGA membrane reached
37.64 � 13.45%, while that of the VEGF-PLGA membrane was
RSC Adv., 2018, 8, 4548–4560 | 4551



Fig. 1 Macro and micro appearances of various membranes. (A, left) SIS is thin and translucent with an irregular texture; (A, middle) electrospun
PLGA fibrous membranes with various contents show similar exterior appearances as in this figure, they were smooth and pure white; (A, right)
the sandwich composite mesh constructed by a PLGA membrane and dual-SIS shows no visual difference. (B) H&E staining of SIS shows no
remaining cell nucleus. Magnification: 100�, scale bar ¼ 100 mm. (C) SEM images of VEGF/DNPs. Magnification: 10 000�, scale bar ¼ 500 nm.
SEM images of PLGA membrane (D), VEGF-PLGA membrane (E), and VEGF/DNPs-PLGA membrane (F). Magnification (D–F): 3000�, scale bar ¼
5 mm.

Table 1 Mechanical properties of SIS, SPS, SVPS and SVDPS in vitro

Group n Max load (N) Young's modulus (MPa) Tensile strength (MPa) Stiffness (N mm�1)

SIS 6 4.89 � 0.91 3.82 � 1.30 4.01 � 2.71 4.88 � 1.01
SPS 6 5.07 � 0.81 4.13 � 0.98 3.08 � 0.62 4.91 � 1.49
SVPS 6 4.87 � 0.72 3.95 � 1.29 3.15 � 0.96 5.22 � 1.62
SVDPS 6 4.94 � 1.26 4.08 � 1.23 2.90 � 1.85 5.12 � 0.92

RSC Advances Paper
25.64 � 6.02% (p < 0.05). The encapsulation efficiency of the
VEGF/DNPs-PLGA membrane was much higher than that of the
VEGF-PLGA membrane, suggesting that VEGF was well pro-
tected by dextran. The water contact angles of VEGF/DNPs-
PLGA, VEGF-PLGA, and blank PLGA membranes were 119.7 �
5.43�, 136.1 � 8.68�, and 140.0 � 8.65�, respectively (p < 0.01),
indicating that the hydrophilic property of PLGA membrane
was also improved aer dextran was embedded inside.

3.4 Macroscopy and mechanical properties of the sandwich
composite scaffold

The sandwich composite scaffolds, SVDPS, SVPS, and SPS were
successfully constructed with consistent extrinsic features
4552 | RSC Adv., 2018, 8, 4548–4560
(Fig. 1A, right). All composite scaffolds were tested in vitro for
mechanical properties in comparison with SIS. Owing to the
inconsistent ductility and tenacity between PLGA and SIS, PLGA
broke earlier than SIS. As shown in Table 1, the mean max load,
Young's modulus, tensile strength and stiffness of SVDPS, SVPS,
SPS and SIS scaffolds showed no signicant difference among
groups (p > 0.01).

3.5 In vitro VEGF release

The in vitro release kinetics of VEGF from SVDPS, VEGF/DNPs-
PLGA, SVPS, VEGF-PLGA, and SIS are shown in Fig. 2. The
cumulative quantity of VEGF released from VEGF/DNPs-PLGA
and VEGF-PLGA membranes were 365.49 � 25.06 ng and
This journal is © The Royal Society of Chemistry 2018



Fig. 2 Cumulative release of VEGF from various PLGA membranes.
The release of VEGF/DNPs-PLGA membrane (green inverted triangle)
and SVDPS (red triangle) lasted 20 days, while that of VEGF-PLGA
(purple hexagon) and SVPS (blue rhombus) membrane only reached 14
days. The VEGF released from the two groups in the first 3 days
accounted for 44.39 � 4.72% and 67.25 � 13.00% of the total amount,
respectively. VEGF-PLGA showed a more severe burst release
phenomenon than the VEGF/DNPs-PLGA membrane. SIS (black
round) and SPS (Brown square) were used as controls.

Fig. 3 Determination of in vitroHUVEC proliferation (A) and bioactivity
of VEGF recovered from VEGF/DNPs-PLGA and VEGF-PLGA (B).
****P < 0.0001; ***P < 0.001; *P < 0.05.

Paper RSC Advances
175.86 � 10.56 ng, respectively (p < 0.01). This demonstrated
that 36.55 � 2.50% and 17.59 � 1.06% of the theoretically
loaded VEGF was released from the two groups within 21 days.
The cumulative quantity of VEGF released from SVDPS and
SVPS composite scaffolds were comparable to that of VEGF/
DNPs-PLGA and VEGF-PLGA membranes, which were 357.63
� 15.16 ng and 198.38 � 18.43 ng, respectively (p < 0.0001),
indicating that SIS did not signicantly affect the controlled
release of VEGF from PLGA membranes. The proteins in both
PLGA membranes were released in a sustained manner during
the test. However, VEGF-PLGA membrane showed a more
signicant burst release phenomenon that the VEGF/DNPs-
PLGA membrane in the initial stage. The VEGF released from
VEGF/DNPs-PLGA and VEGF-PLGA groups in the rst 3 days
accounted for 44.39 � 4.72% and 67.25 � 13.00% of the total
amount, respectively (p < 0.01), while it was 43.96 � 3.37%
and 59.59� 10.14% in the SVDPS and SVPS groups, respectively
(p < 0.05). VEGF was barely detected aer 14 days in VEGF-PLGA
and SVPS membranes, while VEGF release from VEGF/DNPs-
PLGA and SVDPS membranes was still detectable at 20 days.
3.6 In vitro cell proliferation and VEGF bioactivity

We further studied the effect of the released VEGF on HUVEC
proliferation. The released solution from SVDPS and VEGF/
DNPs-PLGA membranes potently induced cell proliferation
compared with that from the SIS groups within 14 days.
Although the SVPS and VEGF-PLGA release solutions also
promoted cell proliferation in 2 weeks, the efficiency decreased
aer 1 week when compared to that of the released solution
from SVDPS and VEGF/DNPs-PLGA groups (Fig. 3A). The VEGF
bioactivity results indicated that the proteins recovered from
the VEGF/DNPs-PLGA membranes showed a much higher
bioactivity than those recovered from VEGF-PLGA (Fig. 3B).
These results further conrmed that VEGF bioactivity could be
preserved aer encapsulation into the dextran nanoparticles
during the preparation process.
This journal is © The Royal Society of Chemistry 2018
3.7 In vivo evaluation of the composite scaffolds

3.7.1 Macroscopic observation. To evaluate clinical signs of
wound infection, seroma, or dehiscence in each group, animals
were observed daily post-surgery for the rst 14 days and twice
a week aerwards. In the rst week, seroma appeared in 5, 3, 4,
and 4 animals in the SVDPS, SVPS, SPS, and SIS group,
respectively (p > 0.05). No seroma was observed at 2 weeks post-
surgery. One rat in the SVDPS group died on the 6th day post-
surgery because of severe bleeding. It could be caused by the
failure of hemostasis in the operation aer the autopsy. One rat
in the SIS group presented with a large ventral hernia and severe
nutritional marasmus on the 7th day. The rat was euthanized
and autopsy indicated that the sutures unclamped, resulting in
bowel herniation and obstruction. Bulge was observed in 2
animals in the SPS group and in 4 animals in the SIS group
between 7 and 14 days. No bulge or herniation appeared in the
SVDPS and SVPS groups.

To evaluate the quality of the repair, animals were eutha-
nized and the repair areas were visually observed in each group.
The adhesion level weakened gradually with time and the
adhesion surface and tenacity between groups showed no
signicant difference throughout the entire experimental
period (Fig. 4E and F, p > 0.05). The average thickness of the
explants in the SVDPS group was close to that of the SVPS and
SPS groups without signicant difference, while all of them
were signicantly thicker than that of the SIS group aer 1
month post-surgery (ESI Fig. 1,† p < 0.05). At 12 weeks aer
implantation, the surface area of the SVDPS and SVPS showed
contraction by 25 � 4% and 27 � 3%. Furthermore, the
surface area of SPS and SIS showed contraction by 29 � 5% and
25 � 3% compared with the areas of the original implants
RSC Adv., 2018, 8, 4548–4560 | 4553



Fig. 4 Characteristics of the implanted scaffolds. Macroscopy of the explants of SIS (A), SPS (B), SVPS (C), and SVDPS (D) at 3 months post-
operation. Black arrow indicates the remaining PLGA. (E and F) The adhesion area and tenacity showed no significant difference among the
groups.
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(12 cm2, p < 0.01). Whileras, there were no signicant variation
observed in among all the groups by 12 weeks aer implanta-
tion (ESI Fig. 2,† p > 0.05).

3.7.2 Histological and immunohistochemical examina-
tion. To further assess the repair efficiency at the histological
and immunohistochemical levels, the collagen deposition, the
density of blood vessels and the inammatory response were
assessed. Masson trichrome staining showed that SVDPS group
induced more intense collagen deposition from 2 to 12 weeks
than the other 3 groups (Fig. 5). In addition, both SVDPS and
SVPS explants showed a greater collagen deposition at the 4
week point than SIS and SPS groups (SVDPS, p < 0.05; SVPS, p <
0.01). At the last time point, 12 weeks aer implantation, there
were no differences exhibited among the SIS, SPS and SVPS (ESI
Fig. 3,† p > 0.05).

CD31 staining showed the density of capillary in the SVDPS
and SVPS groups were signicantly higher than that in the SIS
4554 | RSC Adv., 2018, 8, 4548–4560
group in the rst week post-surgery (162.06 � 30.12/mm2,
133.28 � 31.42/mm2, 95.32 � 40.01/mm2, and 90.49 � 37.08/
mm2, respectively; p < 0.0001). Moreover, the level of SVDPS
group was higher than that of SPS group (p < 0.001). In the
second week, the capillary density in the SVDPS group was
remarkably higher than all the other groups (p < 0.001) (Fig. 6I).
However, the vascular density in the SVPS group decreased to
a level similar to that of the SPS and SIS groups. From the fourth
week aer surgery, a similar density of vessels was observed
among all groups without statistical difference (Fig. 6A–H).

As shown by western blotting in Fig. 6J, the SVDPS group
showed prominent CD31 expression compared to the other
groups (p < 0.01), indicating higher levels of early vasculariza-
tion. Although VEGF was loaded into SVPS, no signicant
difference was observed when compared with the SPS and SIS
groups, and this may be due to the low encapsulation efficiency
and VEGF bioactivity in the SVPS group.
This journal is © The Royal Society of Chemistry 2018



Fig. 5 H&E (a-l) and Masson's trichrome staining (A–L) of different explants post-implantation. At 2 weeks, slow PLGA and SIS degradation, less
collagen deposition, and fewer newly formed blood vessels were observed at the interface between PLGA and SIS in the SPS (B,b) and SVPS (C,c)
groups, while rapid PLGA and SIS degradation, pronounced new collagen fibers, and newly formed blood vessels were observed at the interface
between PLGA and SIS in the SVDPS group (D,d). At 3 months, oriented bundles of collagen fibers with abundant blood vessels were observed
both at the joint and the central area in all groups (E–L,e-l), while less PLGA residues and inflammatory response was observed in the SVDPS
group (H,h: joint area; L,l: central area) when compared with the SVPS (G, g: joint area; K,k: central area) or SPS group (F,f: joint area; J,j: central
area). SIS (A,a; E,e; I,i) was used as a control. The black arrows and the white arrows indicate PLGA and SIS, respectively. Magnification: 100�, scale
bar ¼ 200 mm.
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FSP1 staining (Fig. 7) revealed that the maximum number of
broblasts was observed during the rst week post-surgery in all
groups without statistical difference. At 2 weeks post-surgery,
more broblasts were present at the repair site in the SVDPS
group when compared to the other groups (1349.65 � 334.37/
mm2, 898.64� 229.32/mm2, 975.95� 166.55/mm2, and 1008.45
This journal is © The Royal Society of Chemistry 2018
� 311.45/mm2, respectively; p < 0.0001). Intriguingly, Masson's
trichrome staining (Fig. 5a-l) revealed higher collagen deposi-
tion and less PLGA and SIS remnants in the SVDPS group when
compared with those in the SVPS and SPS groups from 2 to 4
weeks post-surgery, though the thickness of SVDPS explants was
similar to that of SVPS and SPS explants.
RSC Adv., 2018, 8, 4548–4560 | 4555



Fig. 6 Immunohistochemical staining for CD31 of SIS, SPS, SVPS, and SVDPS explants at 1 week (A–D) and 2 weeks (E–H) post-surgery. A greater
density of blood vessels was observed in the SVDPS group at 1 week (D) and 2 weeks (H) when compared with the SIS (A, E), SPS (B, F), and SVPS
groups (C, G). The black arrows indicate positive CD31. (I) CD31 positive vascular density at 12 weeks. (J) Western blot analysis confirmed that
CD31 was higher in the SVDPS group. Magnification: (A–D) 200�, scale bar ¼ 100 mm; (E–H) 100�. Scale bar ¼ 200 mm. ****P < 0.0001; ***P <
0.001; **P < 0.01; *P < 0.05.

Fig. 7 Immunohistochemical staining for FSP-1 of SIS (A), SPS (B), SVPS (C), and SVDPS (D) explants at 2 weeks post-surgery. A greater density of
fibroblasts was observed in the SVDPS group compared with that in the SIS, SPS, and SVPS groups. (E) Quantification of fibroblasts at 12 weeks.
Magnification: 400�. Scale bar ¼ 50 mm. ****P < 0.0001; ***P < 0.001.
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Macrophages were stained (Fig. 8) to assess the inamma-
tion induced by implants. PLGA-involved materials induced
more severe inammatory response than SIS in 8 weeks
(p < 0.001), while no signicant difference was observed among
the SVDPS, SVPS, and SPS groups.

3.7.3 Mechanical property analysis. In this study, the
maximal load, Young's modulus, tensile strength and stiffness
4556 | RSC Adv., 2018, 8, 4548–4560
serve as the parameters for mechanical property analysis. In the
rst week post-surgery, statistical analysis showed no signi-
cant difference in the max load, Young's modulus, tensile
strength and stiffness among four groups (Fig. 9, ESI Table 1,†
p > 0.05). For in vivo mechanical properties, the max load,
tensile strength and stiffness of SVDPS, SVPS, SPS and SIS
decreased signicantly in the rst week (p < 0.05). Although
This journal is © The Royal Society of Chemistry 2018



Fig. 8 Immunohistochemical staining for CD68 of SIS (A), SPS (B), SVPS (C), and SVDPS (D) explants at 12 weeks post-surgery. (E) Quantification
of CD68 positive macrophages at 12 weeks. The scaffolds in the PLGA-involved groups induced more severe inflammatory response than those
from the SIS group at 8 weeks, while it was reduced at 12 weeks. Magnification: 400�. Scale bar ¼ 50 mm. ****P < 0.0001; ***P < 0.001.

Fig. 9 Mechanical property analysis of the explants. Quantitative analyses of max load (A), Young's modulus (B), tensile strength (C) and stiffness
(D) among SVDPS, SVPS, SPS and SIS groups at 1, 2, 4, 8 and 12 weeks post-implantation time points. *P < 0.05, **P < 0.01, ****P < 0.0001.
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Young's modulus decreased, it showed no statically signicance
between the different groups. However, the reported values do
not actually represent the strength of the explants, but rather
represent the degree of integration at the interface with the
surrounding tissues, because all explants failed at the joint area
at 1 week aer implantation.

Aer 1 week post-surgery, the mechanical properties of all
scaffolds started to gradually increase (Fig. 9, ESI Tables 1–5†),
consistent with the collagen ber deposition. From the second
week, almost all samples were broken in the central area, which
indicated that the tissue incorporation had improved. As shown
This journal is © The Royal Society of Chemistry 2018
in Fig. 9A, the max load at 2 weeks post-implantation for SVDPS
explants was statistically higher than that of SVPS, SPS, and SIS
explants. Thereaer, from 4 to 12 weeks post-surgery, no
signicant difference was observed among four groups as
revealed by statistical analysis (p > 0.05).

As revealed in Fig. 9B and ESI Tables 1–5,† the Young's
modulus at 2 weeks post-surgery for SVDPS, SVPS, SPS, and SIS
groups showed no signicant difference (p > 0.05). At 4 weeks
post-surgery, the Young's modulus of SVDPS group was signif-
icantly higher than that of SIS group (p < 0.001). Moreover, at
both time points of 8 and 12 weeks post-surgery, the Young's
RSC Adv., 2018, 8, 4548–4560 | 4557
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modulus of SVDPS group signicantly higher than that of SPS
and SIS groups (p < 0.001). In addition, the value of SVPS group
was also signicantly higher than that of SIS group (p < 0.05).

As revealed in Fig. 9C and ESI Tables 1–5,† the tensile
strength at 2 weeks post-surgery for SVDPS, SVPS, SPS, and SIS
groups showed no signicant difference among four groups (p >
0.05). At 4 weeks post-surgery, the tensile strength of SVDPS
group was signicantly higher than that of SPS and SIS groups
(p < 0.05). And at 8 weeks post-surgery, the tensile strength of
SVDPS group was signicantly higher than that of SVPS and SIS
groups (p < 0.05). At 12 weeks post-surgery, SVDPS group was
signicantly higher than that of SPS and SIS groups (p < 0.05).

As revealed in Fig. 9D, the stiffness at 2 and 4 weeks post-
surgery for SVDPS, SVPS, SPS, and SIS groups showed no
signicant difference among four groups (p > 0.05). At 8 weeks
post-surgery, the stiffness for SVDPS, SVPS, SPS, and SIS groups
were respectively 8.25� 1.67 Nmm�1, 6.43� 1.64 Nmm�1, 5.99
� 2.14 N mm�1 and 4.38 � 1.18 N mm�1 (ESI Table 4†) and the
stiffness of SVDPS group was signicantly higher than that of
SPS and SIS groups (p < 0.05). At 12 weeks post-surgery, the
stiffness for SVDPS was signicantly higher than that of SVPS,
SPS, and SIS groups, which were respectively 8.67 � 1.32 N
mm�1, 6.88 � 1.25 N mm�1, 6.49 � 1.78N mm�1 and 4.76 �
1.12 Nmm�1 (ESI Table 5,† p < 0.05). In addition, the stiffness of
SVPS group was also signicantly higher than that of SIS group
(p < 0.05).

4. Discussion

Previous studies reported that neovascularization could be
induced by either transplantation of mesenchymal stem
cells33,34 or sustained delivery of angiogenic factors.35,36 With
regard to large abdominal wall defects, it is more emergent and
complicated for the isolation, proliferation, and seeding of
autologous stem cells. Hence, we considered that the intro-
duction of exogenous pro-angiogenic GFs is a more feasible
measure. So a novel controlled release system consisting of
PLGA (as the GF carrier), dextran (as the GF protective agent),
and VEGF is developed. In this system, VEGF was encapsulated
and protected by DNPs without any contact with the organic
solvent and polymer solution or exposure to high temperatures.
Compared to the emulsion method, VEGF bioactivity was
retained even aer the formulated VEGF/DNPs were further
electrospun into the PLGA membrane, as demonstrated by the
stimulation HUVEC proliferation in vitro. Furthermore, the
VEGF/DNPs-PLGA membrane in which VEGF was protected by
dextran presented no severe burst release and a controlled
release kinetic of nearly 20 days. However, VEGF was released
from VEGF/PLGA membranes within a short duration of
approximately 14 days. These ndings conrmed that our
system could effectively protect VEGF bioactivity and allowed
VEGF controlled release.

VEGF is a mitogen to ECs and acts specically and potently
on ECs to induce their migration, proliferation, and the
formation of new vessels.37 We further determined the in vivo
angiogenic efficiency of the exogenous VEGF released from
VEGF/DNPs-PLGA and VEGF-PLGA and veried the role of early
4558 | RSC Adv., 2018, 8, 4548–4560
vascularization. In the rst 2 weeks post-implantation, the
SVDPS membrane showed a signicant potential in promoting
angiogenesis when compared with the other three groups.
However, only an intermediate level of new microvessels at 1
week was observed in the SVPS group in which VEGF was
unprotected. The physiological growth rate of newly developing
neovessels is slow and it is estimated to be no faster than 5 mm
h�1.38 Sufficient blood supply cannot be completely achieved by
the natural ingrowth of blood vessels from the surrounding
tissues.39 In the present study, early neovascularization was
successfully established by controlled release of exogenous
VEGF in the SVDPS group within 2 weeks, indicating that VEGF
bioactivity was efficiently preserved by our method.

The formation and growth of new tissues are decisively
dependent on the rapid establishment of a sufficient blood
supply, which provides with a continuous blood ow for the
delivery of oxygen and nutrients and for the elimination of
waste products.40 In the present study, Masson's trichrome
revealed an interesting difference among the groups. The
SVDPS group presented signicantly higher collagen content
than the SVPS, SPS and SIS groups from 2 to 12 weeks.
Futhermore, SVPS group also showed a greater collagen depo-
sition at the 4 week point than SIS and SPS groups. It indicated
that VEGF releasing actually improved the collagen deposition,
and the effort was enhanced more intensively owing to the
DNPs in SVDPS group. New collagen are matured and remod-
eled from pre-collagen that is initially secreted by broblasts.
Thus, we assessed broblast inltration by immunohisto-
chemistry and conrmed that the number of broblasts, was
signicantly higher in the SVDPS group within 2 weeks, while
no signicant difference was observed among all groups at
other time points. Because VEGF cannot directly induce bro-
blasts proliferation, we consider that their propagation was
indirectly promoted by increased blood supply. High level of
vascularization not only promoted new tissue regeneration, but
also accelerated the degradation of the implants.13 Early
angiogenesis in the SVDPS group led to increased inltration of
host cells and, consequently, quicker SIS degradation when
compared to the other groups. Our results proved that sufficient
early neovascularization provoked by VEGF release from SVDPS
signicantly enhanced the speed of new tissue ingrowth as well
as implant degradation.

Successful repair of abdominal wall defect depends on
sufficient mechanical properties to prevent postoperative
herniation or bulge. If the processes of new tissue regeneration
and remodeling outpace mesh degradation, the herniation or
bulge rate would be signicantly reduced. The difference in new
tissue regeneration and remodeling was reected by the
difference in mechanical properties of examined tissue
samples. In this study, the mechanical examination at 1 week
aer operation showed that all explants failed at the junction of
the scaffolds and the surrounding tissues, indicating that new
tissue regeneration and remodeling is insufficient, thus the
mechanical properties of all samples were weak at this time
point. At the second week post-surgery, the max load of SVDPS
at 2 weeks post-surgery was signicantly higher than that of the
other groups. The Young's modulus, tensile strength and
This journal is © The Royal Society of Chemistry 2018
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stiffness were also stronger than those of the other groups in the
irregular periods, although the difference was not statistically
signicant at some time point. These mechanical properties
indicates that new tissue regeneration and remodeling were
signicantly enhanced in SVDPS group since 2 weeks post-
surgery, which was consistent with collagen deposition. These
mechanical properties were also reected by the amount of
bulges post-surgery. Bulges was observed in 2 and 4 animals in
the SPS and SIS groups between 7 and 14 days post-surgery,
respectively, while no herniation or bulge was observed in the
SVDPS and SVPS groups. This was mostly because the early
therapeutic angiogenesis induced fast new collagen deposition
and tissue remodeling, which transcended the degradation of
materials. According to this result, we believe that early neo-
vascularization in the rst 2 weeks post-surgery is crucial and
indispensable for successful abdominal wall defect repair.

A previous study indicated that PLGA induced obvious post-
surgery inammation when compared to SIS.6 Inammation
may cause visceral adhesion, seroma formation, and may even
play a role in new vessel formation. In our study, levels of
inammation represented by macrophage aggregation was
enhanced in SVDPS, SVPS, and SPS groups when compared to
the SIS group at 2 weeks and gradually decreased with time,
while no signicant difference was observed among these
PLGA-involved groups. Both adhesion and seroma formation
showed no statistical difference among groups, indicating that
the inammation provoked by PLGA was acceptable. Moreover,
similar levels of inammation demonstrated that inammation
does not signicantly inuence angiogenesis when compared
with the introduction of exogenous VEGF.

5. Conclusion

In summary, we exploited a carrier to obtain a sustained release
of bioactive VEGF to improve early neovascularization of SIS
repaired abdominal wall. In vitro, VEGF showed sustained
release properties and better bioactivity and stability under the
protection of dextran. In vivo, early neovascularization were
promoted by the VEGF released from the composite scaffold
and consequently, the collagen deposition, tissue remodeling
were improved accordingly. The mechanical properties in vari-
able quantities were also improved in different periods. This
system may be considered to modify the original SIS to
a bioactive material and such types of modications may
improve the clinical efficacy of abdominal wall defect repair in
the near future.
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