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-decellularized adipose tissue
scaffolds enhance tissue engineering
vascularization in vitro

Mei Song,a Yu Zhou*b and Yi Liua

Scaffolds based on decellularized adipose tissue (DAT) are gaining popularity in the adipose tissue engineering

field due to their high biocompatibility and vascularizing properties. Previous studies involving decellularized

adipose tissue (DAT) scaffolds have not fully demonstrated their ability to induce in vitro vascularization of

engineered tissue. With the aim of developing a more effective adipose tissue engineering vascularization

technique based on DAT, we investigated the vascularizing potential of a vascular endothelial growth factor

(VEGF) delivery system utilizing a heparinized DAT (Hep-DAT) scaffold in vitro. To generate this system,

heparins were cross-linked to DATs with 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide and N-

hydroxysuccinimide. Encapsulated Hep-DATs were able to control the release of a significantly higher

amount of VEGF in vitro than non-heparinized DATs. Human bone marrow stromal cells (hBMSCs), when

seeded on these VEGF–Hep-DATs, differentiated into endothelial cells which expressed vascular

endothelial markers CD34 and VWF, thus resulting in accelerated vascularization of transplanted tissue as

compared to the control DAT-only scaffold. In conclusion, these studies demonstrate that VEGF–Hep-

DATs promoted greater tissue vascularization as compared to the DAT control scaffold and that VEGF–

Hep-DATs are an effective and biocompatible angiogenesis system.
1. Introduction

Since the National Science Foundation put forward the concept
of “tissue engineering” in 1987, research in this eld has
developed rapidly.1 However, to date, the number of tissue
engineering products that can be used clinically is limited to
just a few skins and cartilages.2 One of the main reasons for
these limitations is that a good technique for vascularization of
engineered tissue has been elusive thus far.3 In order to
construct an organized three-dimensional engineered tissue of
any volume, the key issue of early vascularization must be
considered. If internal blood circulation can not be established,
tissue engineering can only be limited to building thin tissue.
Therefore, in recent years, much attention has been invested in
developing improved techniques for the vascularization of
engineered tissue, though, not much progress has been made.

Currently, the main strategy for vascularizing engineered
tissue involves three steps: (1) choosing a reasonable scaffold
material, (2) maintaining sustained release of growth factors
within the material and (3) induction of differentiation of
plant cells.4 Ideally, the scaffold material should be biocom-
patible and degradable, and have a three-dimensional porous
eneral Hospital of the People's Liberation
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structure. While many useful attempts have been made to
create the ideal scaffolding material including the use of pol-
yglycolide acid (PGA), polyethylene terephthalate (PET), pol-
y(lactic-co-glycolic acid) (PLGA), polytetrauoroetylene (PTFE)
and collagen, hyaluronic acid, silk protein and other articial
polymer materials for tissue engineering research,5,6 these
scaffolds still have many issues with histocompatibility,
absorption rate and immune rejection, thus lacking clinical
utility. With a recent emphasis on the utilization of extracel-
lular matrix (ECM) as a biologically available source for scaf-
folding, some researchers have begun to shi their attention
to the extraction of scaffolds from the organism rather than
engineering them with articial polymers due to the enhanced
biocompatibility and biometrics of ECM. ECM is a naturally
occurring bio-derived material, which is prepared by removing
the cellular components from the organism's prototype tissue
using special physical and chemical methods. Studies have
shown that ECM's three-dimensional structure is not only the
ideal scaffold for supporting tissue organization and cell
growth, but also plays an imperative role in the induction and
regulation of cell adhesion, growth, proliferation and differ-
entiation, as well as promoting tissue repair and regenera-
tion.7,8 These biologically advantageous properties of ECM are
a necessary component in tissue repair and reconstruction.
Recently, a variety of adipose tissue ECM-based scaffolds from
decellularized adipose tissues (DATs) have been generated for
applications in adipose tissue engineering.9,10 Aer
This journal is © The Royal Society of Chemistry 2018
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decellularization, DAT scaffolds effectively retain the three-
dimensional structure of the original tissues and organs,
have a benecial biomechanical properties, good biocompat-
ibility, slow degradation process, providing a good micro-
environment for cell migration, proliferation, and
differentiation.9,11

Incorporation of growth factors in the scaffolding material
is essential due to their ability to induce vascularization, with
the most effective vascularizing growth factor being vascular
endothelial growth factor (VEGF). Biologically, VEGF promotes
endothelial cell proliferation, increases microvascular
permeability and induces angiogenesis. VEGF specically
promotes mitosis in vascular endothelial cells, regulates
angiogenesis and induces neovascularization, and is there-
fore, the most important cytokine for endothelial cell devel-
opment and the further differentiation and development of
endothelial cells to a vascular endothelial cells fate.12,13 The
ability of VEGF in promoting angiogenesis is important for
normal embryonic development as well as pathologic tumor-
igenesis,14 and has a potential value for applications in clinical
practice. A recent study incorporated VEGF into tissue-
engineered scaffolds by chemical binding to form a VEGF-
modied scaffold. When this VEGF-modied scaffold was
implanted into chicken chorioallantoic membrane, newly
generated blood vessels were increased throughout the scaf-
folding. When the VEGF-modied scaffold was implanted in
the subcutaneous tissue of the rat, the scaffold was remodeled
into subcutaneous tissue and promoted angiogenesis.15 The
affinity for heparin to the DAT scaffold surface may protect the
biological activity of VEGF in the microenvironment.16–19

Another key issue that affects the vascularization of DAT is
the ability of the seeded cells to differentiate. Bone Marrow
Stromal Cell (BMSC), which originate from mesoderm, have
been shown to differentiate into vascular structures such as
vascular endothelial cells20 and smooth muscle cells.21 In
addition, BMSCs are capable of secreting some angiogenic
growth factors such as VEGF.22 Previous reports have demon-
strated that BMSCs can increase the level of local VEGF
concentration in vitro and in vivo, and thereby promoting
localized blood vessels.23 Therefore, BMSCs could in fact be
the ideal seed cells for the promotion of tissue engineering
vascularization, the prospects of which would result in
extremely broad applications.

In this study, we prepared the decellularized adipose
tissue (DAT) by a modied freeze-thawing method and
modied the surface of the scaffold with heparin cross-linked
to VEGF in order to control the release of VEGF. We
hypothesized that these VEGF–Hep-DATs not only promotes
differentiation of BMSCs into vascular endothelial cells, but
also enhance angiogenesis, thus forming a vascular network.
2. Materials and methods
2.1 Materials

Unless otherwise stated, all chemicals used in the studies were
purchased from Sigma-Aldrich (St. Louis, Missouri, USA).
This journal is © The Royal Society of Chemistry 2018
2.2 Procurement of adipose tissue

Human adipose tissue was obtained from 8 healthy female
donors (20–40 years old patients) who had undergone routine
abdominoplasty at the Burns and Plastic Surgery Center of
General Hospital of Lanzhou Military Command of the People's
Liberation Army (Lanzhou, China) between October 2013 and
January 2014. Written informed consent was obtained from all
patients, and experiments were performed according to the
Human Research Guidelines by the Institutional Review Board
of General Hospital of Lanzhou Military Command of China.
The samples were transported to the Clinical Laboratories of
General Hospital of Lanzhou Military Command at room
temperature (RT) within 30 min.
2.3 Preparation of decellularized adipose tissue (DAT)

Preparation of the decellularized adipose tissue (DAT) by
modied freeze-thaw method: the abdominal skin was removed
from the subcutaneous adipose tissue and the adipose tissue
was then cut into 0.3 to 0.5 cm tissue blocks. The adipose tissue
was then rinsed thoroughly with sterile PBS to remove blood
impurities, and snap frozen in liquid nitrogen for 20 min.
Immediately following liquid nitrogen treatment, the adipose
tissue was transferred to a 37 �C water bath for temperature
recovery and this freeze/thaw cycle was then repeated 5 more
times. Adipose tissue was centrifuged at 1500 rpm for 10 min in
order to remove the upper layer of lipid droplets, followed by 3
washes with 70% ethanol and sterile PBS. The adipose tissue
was then treated with 0.05% trypsin, 0.05% EDTA, 20 ng ml�1

DNAse, and 20 ng ml�1 RNAse for 4 hours with mild oscillation,
followed by three-30 min washes with sterile PBS, and then
treated for 8 hours with isopropyl alcohol, followed by 3 more
30 min washes with sterile PBS. Finally, the adipose tissue was
incubated overnight at 4 �C in a 1% dose of streptomycin. All
the procedures are completed at 37 �C constant temperature in
an oscillation chamber of the gas bath and DAT were freeze
dried for 24 hours in a vacuum freeze dryer followed by disin-
fection with ethylene oxide at a low temperature.

For evaluation of biological properties of acellular matrix,
H&E staining, oil red O staining, and scanning electron
microscopy (SEM) were used to observe the effect of cell removal
and alterations to the matrix structure.

The DAT scaffolds were xed with 4% paraformaldehyde for
24 hours followed by dehydration with ethanol and then
embedded in Leica JUNG tissue-freezing medium. The
embedded tissue were then cut into 8 mm sections with the
Leicacm1850 frozen slicer. These sections were then utilized for
immunohistochemical and tissue staining procedures.

The expression of type IV collagen and LAMIN b1 protein in
DAT scaffolds were analyzed by immunouorescence (IF)
staining. The sections were pre-incubated at room temperature
for 1 hour in a 1% BSA blocking solution, and then the sections
were incubated overnight with the corresponding primary
antibody at 4 �C and washed three times with PBS. Then the
sections were incubated with uorescently labeled secondary
antibody at room temperature for 1 hour. Aer washing with
PBS, the sections were stained with DAPI.
RSC Adv., 2018, 8, 33614–33624 | 33615
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For oil red O staining, frozen DAT sections were allowed to
dry, followed by treatment with the oil red O solution (SIGMA
LOT: O1391) and allowed to react for 7 minutes at room
temperature. Dye solution was removed from the sections and
they were treated with 1% hydrochloric acid to activate the oil
red O solution for 3 seconds. Sections were then rinsed with
distilled water for 5 seconds to quench the reaction, counter-
stained with hematoxylin for 1 minute, rinsed in tap water for 2
minutes, sealed with gum arabic and observed under a micro-
scope. Red color indicated the presence of lipids.

The expression of related proteins was observed under
microscope. The staining intensity of the samples was calcu-
lated and classied into weak expression (less than 50% of cells
showing intense staining) and strong expression (at least 50%
of cells showing intense staining). To avoid possible bias caused
by the selection of the elds to be examined, the samples were
evaluated by three independent blind-observers.

2.4 Heparin cross-linking and Hep-DAT characterization

Heparin cross-linking procedures were modied from the
previous methods.24 Heparin sodium salt (200 mg) was dis-
solved in 20 ml 0.1 M MES buffer (ThermoFisher Scientic, MA,
USA) and reacted with 3 M M1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) and 5 MMN-hydroxysuccinimide (NHS) for
20min at room temperature. Two pieces of hydrated DATs (180–
200 mg each) were then transferred to the reaction solution to
initiate cross-linking. Aer reacting for 16 hours at room
temperature, heparinized DATs were washed with 0.1 M
Na2HPO4 for 1 hour, followed by 3 washes with 4 M NaCl
(30 min each) and a nal 3 washes in distilled H2O (30 min
each). Cross-linked heparins were visualized by staining DAT in
0.1% toluidine blue solution (1 : 9 mixture of 1% toluidine blue
and 1% NaCl, pH 2–2.5) for 5 min.

The contents of the primary amine groups in the DATs were
assessed by incubation with 2,4,6-trinitrobenzenesulfonic acid.25

The amount of cross-linked heparins within Hep-DATs were
quantied by toluidine blue assay as previously described,26 the
basal staining absorbance of control DAT was subtracted from
the absorbance of Hep-DAT to remove the effect of background
staining. For both experiments, a series of diluted standards
(glycine for amino group detection and heparin for toluidine blue
assay) were used to generate standard curves for quantication.
Absorbance measured with a uorescence microplate reader
(Tecan Innite M200, Tecan Group Ltd, AG, Switzerland).

2.5 Determination of VEGF loading and release on Hep-DAT
scaffolds

For VEGF binding, 100 mg (wet weight) Hep-DATs were
immersed in 500 ml 0.09% NaCl containing 2 mg ml�1 VEGF for
overnight binding at 4 �C. Following VEGF binding, DATs were
washed 3 times (5 min each) in endothelial cell medium (EC
medium) containing basal medium and 5% fetal bovine serum
to remove the unbound VEGF. The amount of VEGF le in the
binding tube (VEGF(L)) and the total amount of VEGF washed
away (VEGF(W)) were assessed by ELISA. VEGF encapsulated by
DAT was quantied by the following equation: encapsulated
33616 | RSC Adv., 2018, 8, 33614–33624
VEGF (ng)¼ 1000� VEGF(L)� VEGF(W). For the in vitro release
assay, VEGF-binding Hep-DATs (n ¼ 3) were transferred to 24
wells plates (each well containing 1 ml EC medium) and incu-
bated at 37 �C. EC medium containing released VEGF was
collected at different time points during the incubation. DATs
were transferred to new wells containing 1 ml fresh medium
aer medium collection at each time point. Released VEGF was
quantied by ELISA (Peprotech, NJ, USA).

2.6 Identication and labeling of hBMSC

Human BMSC (hBMSC) were purchased from Cyagen Biosci-
ences Inc. (Guangzhou, China), and cell morphology was
assessed. hBMSC cell surface markers, such as CD29, CD34 and
CD44, were detected by ow cytometry, and the cell types were
determined. hBMSCs were then differentiated into adipogenic
and osteogenic lineages in vitro. Oil red O staining and alizarin
red staining were used for identication. The second and third
generation hBMSCs were used for subsequent experiments.
CellTracker Green-5-chloromethyluorescein diacetate
(CMFDA) powder (100 mg, ThermoFisher Scientic, MA, USA)
was thawed in 100 ml of dimethylsulfoxide (DMSO) solution. 1 ml
of the CMFDA solution was then diluted in 300 ml PBS. Third
generation hBMSCs were collected and centrifuged at 1200 rpm
for 5 min. The hBMSCs were then resuspended in 200 ml of DiI
working solution, allowed to stand at room temperature for 5 to
10 min, mixed with 7 ml PBS, and centrifuged at 1300 rpm for
5 min. The hBMSCs were resuspended in culture medium and
seeded on the scaffold. Scaffolds were analyzed by immuno-
uorescence on the second day.

2.7 Growth of stem cells on scaffold

Hep-DAT scaffolds were placed in a 24-well plate with complete
medium, and incubated overnight at 37 �C, with 5% CO2. Aer
discarding the medium, 100 ml of CMFDA-labeled hBMSCs were
uniformly inoculated into the scaffold at 1 � 106 cells per mL.
Aer incubation for 48 hours, hBMSCs were seeded in VEGF–
Hep-DAT in the same manner. Cell growth was observed by
uorescence uptake on day 7 and day 14 following inoculation.
Frozen sections of the cell-seeded scaffolds were collected and
cell adhesion was observed under electron microscope.

The CCK-8 method was used to detect the cytoxicity of the
Hep-DAT and VEGF–Hep-DAT. The scaffolds were seeded with
hBMSCs and placed in a 24-well culture plate. DMEM medium
was added followed by incubation at 37 �C with 5% CO2 satu-
rated humidity incubator. Each following day, 10 ml of the CCK-
8 solution was added to each well, and aer 4 hours of incu-
bation the OD value at 450 nm was measured.

2.8 Differentiation of stem cells on scaffolds

CMFDA-labeled hBMSCs (100 ml of 1 � 106 cells per mL) were
inoculated on either Hep-DAT or VEGF–Hep-DAT scaffolds for 2
days, followed by incubation with serum-free culture medium
for 21 days. DATs were then embedded in Leica JUNG tissue-
freezing medium. Embedded tissue were cut into 8 mm
sections with the Leicacm1850 frozen slicer (Leicacm, Berlin,
GER). Sections were then blocked in a 1% BSA solution at room
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Hydrated DAT morphology (A) and DAT SEM analysis (B). H&E stained DAT frozen sections (C) and oil red O stained DAT frozen sections
(D). Immunofluorescent staining of fir collagen IV (green, E) and laminin b1 (red, F).

Fig. 2 (A) Toluidine blue staining of DAT (left) and Hep-DAT (right). (B) Infrared maps of DAT and Hep-DAT.
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temperature for 1 hour, followed by overnight incubation with
primary antibody against Von Willebrand Factor (VWF) (anti-
VWF, Abcam, Cambridge, USA). Sections were then rinsed
three times with PBS, incubated with Cy3 uorescently labeled
secondary antibody (Abcam), for 1 hour at room temperature,
Table 1 Biochemical properties of different types of DATsa

Type of DAT
Cross-linked with
EDC/NHS

Addition of
heparins

Amin

(nmo
wet w

Control DAT — — 261.5
Cross-linked DAT + — 192.7
Hep-DAT + + 150.8

a Quantication of amine group content, cross-linked heparins and encap
group, *p < 0.05, **p < 0.01 (compared to control DAT).

This journal is © The Royal Society of Chemistry 2018
washed again in PBS, and nally stained with DAPI and sealed
with anti-quencher sealer. The staining intensity of the samples
was calculated and classied as weakly expressed (less than
50% of the cells showing strong staining) or strongly expressed
(at least 50% of the cells showing strong staining). To avoid
e group content Cross-linked heparins Encapsulated VEGF

l/100 mg
eight)

(mg/100 mg
wet weight)

(ng/100 mg
wet weight)

� 14.2 — 42.7 � 5.0
� 19.9 — —
� 25.9* 43.8 � 3.7 121.2 � 12.4**

sulated VEGF in DAT scaffolds between treatment groups. n ¼ 3 in each

RSC Adv., 2018, 8, 33614–33624 | 33617
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Fig. 3 (A) VEGF encapsulation rate for DAT and Hep-DAT (B) VEGF cumulative release curve for DAT (dashed line) and Hep-DAT (solid line). (C)
VEGF release percentage curve for DAT (dashed line) and Hep-DAT (solid line) at various time points. *p < 0.05, **p < 0.01.
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possible biases caused by the selection of the elds to be
examined, the samples were evaluated by three independent
blind-observers.
Fig. 4 Characterization of cultured rat bone marrow mesenchymal s
fibroblast morphology (A) and were capable of differentiating into adip
medium and the accumulation of lipid into the intracellular vesicles was
osteogenic medium and stained with Alizarin Red S to show calcium d
hBMSCs markers was determined by flow cytometry (D). Scale bar: 100

33618 | RSC Adv., 2018, 8, 33614–33624
2.9 In vivo DATs transplantation and histological analysis

CMFDA-labeled hBMSCs (1 � 106 cells) were inoculated on
either Hep-DAT or VEGF–Hep-DAT scaffolds (0.3 � 0.5 cm2) for
3 days. Scaffolds were washed gently with PBS before
tem cells (hBMSCs). The cultured hBMSCs showed spindle-shaped
ocytes (B) and bone cells (B). HBMSCs were cultured in adipogenic
observed by staining with oil red O dye (B). HBMSCs were cultured in
eposition and mineralization in the monolayer (C). The expression of
mm.

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 (A and C) BMSCs were seeded on Hep-DAT for 7 and 14 days, respectively. (B and D) BMSCs were seeded on VEGF–Hep-DAT for 7 and 14
days, respectively. (E and F) Scanning electron microscope of frozen sections obtained from scaffolds. (G) Cytoxicity test for cell growth curve.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
O

ct
ob

er
 2

01
8.

 D
ow

nl
oa

de
d 

on
 7

/1
5/

20
25

 5
:3

0:
49

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
transplantation. Sprague Dawley rattus norregicus were
purchased from (SJA Laboratory Animal Co, Changsha, China)
and surgical protocol was approved by the Institutional Animal
Care and Use Subcommittee of the Lanzhou Army General
Hospital. Hep-DAT or VEGF–Hep-DAT scaffolds were implanted
bilaterally into the subcutaneous tissue of the back of the
Sprague Dawley rattus norregicus. Aer 2 or 4 weeks of trans-
plantation, scaffolds and surrounding tissue were collected
from Sprague Dawley rattus norregicus from each experimental
group (n ¼ 5). Collected samples were xed in 10% formalin for
24 hours and then processed in Shandon Citadel 2000 auto-
matic tissue processor (ThermoScientic), followed by embed-
ding in paraffin and sectioning at 5 mm thickness. Hematoxylin
and eosin (H&E) staining was performed. For immunouores-
cence staining, sections were incubated in 0.05% Trypsin–EDTA
at 37 �C for 30 min for antigen retrieval. Immunohistochemistry
was performed to recognize VWF stained vascular network.
This journal is © The Royal Society of Chemistry 2018
2.10 RNA isolation and real time PCR

Recellularized Hep-DATs or VEGF–Hep-DATs (wet weight 50 mg, n
¼ 3) were collected and the total RNA was extracted using TRIzol
reagent (ThermoFisher Scientic, MA, USA). Reverse transcription
of 1 mg total RNA into cDNA was carried out with PrimeScript
RTreagentkit (Takara, Tokyo, JPN). Quantitative RT-PCR assay was
performed on a 7900HT PCR system (Applied Biosystems, Ther-
moFisher Scientic, MA, USA) according to the SYBR Premix Ex
Taq TM II kit protocol (Takara, Tokyo, JPN). Each reaction was
performed in triplicate, and the relative expression levels of mRNA
were calculated using the 2�DDCT method.27 The primer sequences
are as follows: VWF (forward: CCTTGACCTCGGACCCTTATG;
reverse: GATGCCCGTTCACACCACT);GAPDH(forward: GGAGCGA-
GATCCCTCCAAAAT; reverse: GGCTGTTGTCATACTTCTCATGG).
RSC Adv., 2018, 8, 33614–33624 | 33619
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Fig. 6 VEGF–Hep-DAT scaffold induces hBMSCs to differentiate into vascular endothelial cells in vitro. Cultured cells were labeledwith cell track
reagent CMFDA (green) and immunostained with anti-VWF (red). Nuclei were counterstained with DAPI (blue) (A and B). Values are expressed as
mean S.D. (n ¼ 3). VWF mRNA levels of the hBMSCs as analyzed by qPCR.
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2.11 Statistical analyses

The experimental results were analyzed with SPSS 16 soware
(IBM, NY, USA). Comparison between groups was performed using
a two-tailed paired t-test, variance analysis test, andMannWhitney
U test. GraphPad Prism soware was used for scientic mapping.
A p-value of < 0.05 was considered statistically signicant.

3. Results
3.1 Characterizations of DAT

Aer decellularization, highly hydrated DAT scaffolds were
generated (Fig. 1A). SEM analysis of the scaffolds revealed
a crisp cross-sectional network structure (Fig. 1B). H&E staining
on frozen sections demonstrated that the hydrated DAT was
mainly composed of loosely stacked acellular ECM networks
(Fig. 1C). No signicant quantities of nuclei or lipid droplets
were detected in the H&E or oil red O stained DAT samples
(Fig. 1C and D), indicating that residual nucleic acids and lipids
had been effectively removed. Both collagen IV (Fig. 1E) and
laminin b1 (Fig. 1F), immunostaining performed for the
detection of ECM proteins in the DAT, were both extensively
present on the scaffold, indicating that the main ECM compo-
nents of the basement membrane were well preserved during
the decellularization process.

3.2 Detection of cross-linked heparin

Aer cross-linking, the presence of heparin was visualized by
toluidine blue staining. The darker staining color of the Hep-
DAT indicated that a greater quantity of heparin was attached
(Fig. 2A). As quantied by the toluidine blue assay, the amount
of heparin linked to the DAT was nearly 43.8 � 3.7 mg per
100 mg wet weight (Table 1). The infrared spectra of the Hep-
DAT showed that the transmittance of the Hep-DAT at each
wavelength was higher than that of the DAT alone (Fig. 2B),
33620 | RSC Adv., 2018, 8, 33614–33624
indicating that the Hep-DAT can encapsulate a greater quantity
of heparin than the DAT. To further investigate the extent of
heparin cross-linking, the availability of primary free amine
group in different types of DATs was performed using a 2,4,6-
trinitrobenzenesulfonic acid assay. For the non-heparinized
DAT, the average free amine groups were 261.5 � 14.2 nmol
per 100 mg wet weight. Aer heparin cross-linking, this number
changed to 150.8 � 25.9 nmol for the Hep-DAT (p < 0.01) and
192.7 � 19.9 nmol (p ¼ 0.07) for the DAT that only underwent
self-cross-linking without heparin (Table 1). These results
suggest that while self-cross-linking within the DAT did not
signicantly alter the average free amine groups from the
original DAT, there was a signicant reduction of free amine
groups in the Hep-DAT, suggesting the cross-linked heparins
were occupying the free amine groups.
3.3 In vitro binding and release VEGF

To further investigate the VEGF binding and release ability of
Hep-DAT an in vitro release assay was performed. The encap-
sulation test demonstrated that the Hep-DAT could capture
more quality VEGF than control DATs (42.7 � 5.0 ng vs. 121.2 �
12.4 ng) per 100 mg wet weight (Fig. 3A, Table 1). The cumu-
lative release of VEGF from Hep-DATs was signicantly higher
than from control DATs at all tested time points (Fig. 3B). When
normalized to total encapsulated VEGF, the percentages of
released VEGF from the Hep-DAT were lower than those from
the control DAT in the rst 4 days (Fig. 3C). Compared to the
Hep-DAT, the control DAT released VEGF at very fast rate (more
than 40% encapsulated VEGF was released within 24 hours) and
quickly reached a release plateau by 48 hours (Fig. 3B and C).
These results demonstrate that Hep-DATs were able to encap-
sulate a signicantly higher amount of VEGF and better control
VEGF release in vitro than non-heparinized DATs.
This journal is © The Royal Society of Chemistry 2018
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Fig. 7 In vivo adipogenic studies and histological analysis. Morphology of control DAT (A and H) and VEGF–Hep-DAT (B and I) 2 weeks or 4
weeks post-transplantation, respectively. (C, D, J and K) H&E staining of frozen sections from recellularized control DAT (C and J) and VEGF–
Hep-DAT (D and K) samples (40� magnification). (E and M) Comparison of VWF stained area (% of total image area) between VEGF–Hep-DAT
and control DAT samples. (L) Comparison of angiogenesis count between VEGF–Hep-DAT and control DAT samples. Cultured cells were labeled
with the cell track reagent CMFDA (green) and immunostained with anti-VWF (red). Nuclei were counterstained with DAPI (blue) (F, G, N and O).
Values are expressed as mean � S.D. (n ¼ 3).
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3.4 Culture and identication of hBMSC

Cultured hBMSCs are typically spindle-shaped and exhibit
broblast-like morphology (Fig. 4A). hBMSCs express molecular
markers on their surface, including CD90 and CD105, but lack
the hematopoietic markers such as CD14 and CD34. In order to
determine the differentiation potential of hBMSCs, we induced
5th generation hBMSCs into osteocytes and adipocytes. The
adipogenic differentiation potential of hBMSCs could be
conrmed by the accumulation of red lipid droplets in the
cytoplasm within 2 weeks post-differentiation (Fig. 4B) and aer
2 weeks of incubation in the osteogenic medium, red mineral-
ized nodules could be detected in the cells (Fig. 4C), suggesting
that these cells are a pure pluripotent population of BMSCs.
3.5 Observation of growth of hBMSCs on VEGF–Hep-DAT
scaffolds

In order to track the growth of hBMSCs grown on the scaffold, we
used CMFDA to label the transplanted cells. Aer 7 days of culture,
the uorescent intensity of the cells on the Hep-DAT scaffold
(Fig. 5A) was signicantly lower than the uorescent intensity of
the cells on the VEGF–Hep-DAT scaffold (Fig. 5B). Some of the
transplanted cells on VEGF–Hep-DAT scaffold were adhered to the
EMC network (shown by the yellow arrow in Fig. 5B). Aer 14 days
of culture the number of cells on the Hep-DAT (Fig. 5C) and the
VEGF–Hep-DAT scaffolds (Fig. 5D) was signicantly higher than
what was observed at 7 days. While the transplanted cells on the
Hep-DAT scaffold were partially adhered to the EMC network,
most of the cells were still in suspension (as shown by the yellow
arrows in Fig. 5C). However, most of the transplanted cells on the
VEGF–Hep-DAT scaffold not only adhered to the ECM network (as
indicated by the yellow arrows in Fig. 5D) but also showed adhered
growth trends (as indicated by the yellow arrows), indicating that
the cell growth status of the VEGF–Hep-DAT scaffold was signi-
cantly better than that of the HEP-DAT. As revealed by scanning
electron microscope, the scaffold consisted of a crisp cross-
sectional network structure, the cells transplanted on the scaf-
fold were oval-shaped, and the adherent cells observed on the
VEGF–Hep-DAT scaffold were signicantly more than those on the
Hep-DAT scaffold (as indicated by the yellow arrows in Fig. 5E and
F). Cell proliferation experiments conrmed that cells on the
VEGF–Hep-DAT scaffolds grew fastest on the fourth day of in vitro
culture, and may be associated with the signicant VEGF release
peaks in the rst 48 hours of culture of the VEGF–Hep-DAT scaf-
fold (Fig. 3G) The proliferation rate of the VEGF–Hep-DAT scaffold
cells was signicantly higher than that of cells on the Hep-DAT
scaffold, indicating that the growth environment for the cells on
the VEGF–Hep-DAT scaffold is superior to that of the Hep-DAT.
3.6 The differentiation of hBMSCs on VEGF–Hep-DAT
scaffolds

An in vitro model was established to demonstrate the effect of
VEGF–Hep-DAT sustained-release VEGF on endothelial cell
differentiation. We performed IF for the vascular endothelial
cell marker VWF on the scaffold graed cells.28 The results
showed that the green uorescent labeled stem cells on the
33622 | RSC Adv., 2018, 8, 33614–33624
Hep-DAT scaffold did not co-express VWF (Fig. 6A) protein
labeled with red uorescent cy3. However, the green uorescent
labeled stem cells on VEGF–Hep-DAT scaffold co-expressed
VWF (Fig. 6 B) protein labeled with red uorescent cy3 (co-
expressing cells were yellow) aer 21 days of culture. qPCR
results demonstrated that VWF mRNA expression levels were
increased more than 5-fold from cells obtained from the Hep-
DAT scaffolds as compared to cells obtained from control
DATs (Fig. 6C). These results showed that VEGF–Hep-DAT
scaffolds are capable of inducing hBMSCs to differentiate into
vascular endothelial cells through sustained release of VEGF
and stimulate the expression of vascular endothelial cell marker
VWF in hBMSCs, thus accelerating the angiogenesis of trans-
planted tissue.
3.7 In vivo DATs transplantation and histological analysis

To investigate the in vivo angiogenic potentials of hBMSCs and
VEGF–Hep-DAT, we transplanted the scaffolds with seeded
hBMSC subcutaneously on the back of animals. Aer 2 weeks,
transplanted VEGF–Hep-DAT could be clearly identied without
obvious volume shrinkage (Fig. 7B), whereas the volume of the
control Hep-DAT was dramatically reduced (Fig. 7A) at the same
time, the similar results was obverse at 4 weeks aer transplant
the scaffold into animals. The volume of VEGF–Hep-DAT scaf-
folds were greatly preserved compared to the control (Fig. 7H
and I). In addition, hematoxyl in staining on the VEGF–Hep-
DAT samples revealed that an abundant quantity of cells
(purple dots, Fig. 7D) inltrated into the scaffold compared to
Hep-DAT scaffolds(purple dots, Fig. 7C). In addition, these
dispersed cells started to form early vascular-like structures
(Fig. 7D, indicated by red arrows)at rst 2 weeks transplant. At 4
weeks, the collected VEGF–Hep-DAT scaffold were recellular-
ized and displayed highly vascularized tissue-like morphology
(Fig. 7K, indicated by red arrows) compared to Hep-DAT
scaffolds(Fig. 7J, indicated by red arrows). To further examine
angiogenesis, we carried out IF for the vascular endothelial cell
marker VWF on the scaffolds. VWF expressing hBMSCs were
widely detected within the VEGF–Hep-DAT scaffold (Fig. 7F),
while very few VWF positive cells were detected in Hep-DAT
(Fig. 7E). At 4 weeks post-transplantation, more cells were
found in the VEGF–Hep-DAT scaffolds (Fig. 7L) being positive
for VWF (Fig. 7N and O) as compared to those at 2 weeks post-
transplantation. Some VWF-expressing endothelial cells were
aligned together to form the vascular (Fig. 7M).
4. Discussion

At present, the study of vascularization of engineered tissue
mainly focuses on the mechanism of angiogenesis. Achieve-
ment of vascularization of the tissue organ is thought to be
accomplished through construction of the cell-material-growth
factor complex and mimicking the microenvironment in vitro.29

DAT is a recently developed scaffold that has wide-ranging
applications for adipose tissue engineering. Previous tech-
niques based on direct transplantation of cells on DAT scaffolds
failed to induce vascular formation at a high level, suggesting
This journal is © The Royal Society of Chemistry 2018
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that simply implanting adipose-derived stem cells (ADSC)on
DAT scaffolds may not be sufficient to induce large amounts of
angiogenesis. This is most likely due to complex environmental
signals or hypoxia conditions in the body that limit the differ-
entiation of ADSC into vascular endothelial cells. In contrast to
the transplantation cells, we developed a VEGF-controlled
release system based on Hep-DAT to induce angiogenesis. The
VEGF–Hep-DAT scaffold achieved sustained and stable angio-
genesis by controlling the slow release of growth factors in vitro
subsequently inducing differentiation of hBMSCs to an endo-
thelial cell fate where they expressed the vascular endothelial
marker VWF, thereby accelerating the vascularization of trans-
planted tissue.

Stem cells are an early undifferentiated cell with pluripotent
differentiation potential and self-replicating ability. Stem cells can
be divided into embryonic stem cells (ESC) and adult stem cells
using genetic techniques.30 Embryonic stem cells are a pluripotent
cell line derived from human or animal embryonic cell masses or
primitive reproductive crests. They can differentiate into all cells
types from the inner, middle and outer layers, and can remain
undifferentiated when cultured in vitro.31 Adult stem cells are
undifferentiated cells present in various tissues and organs, which
have the potential to differentiate into a variety of cells and tissues,
but lose their ability to differentiate in vitro over time. hBMSC
belong to a kind of adult stem cell that can not only differentiate
into hematopoietic stromal cells, but can also differentiate into
a variety of other hematopoietic cells including vascular endothe-
lial cells, thereby promoting vascularization in vitro. hBMSCs not
only have high proliferative, self-renewal and multi-directional
differentiation potential, they are also easy to isolate, cultivate
and proliferate. hBMSCs also easily facilitate the introduction and
expression of foreign genes, and maintain the potential of multi-
directional differentiation in the process of long-term culture.
Multi-directional differentiation potential is considered to be one
of the most important biological characteristics of MSCs. In vitro
differentiation and production of a large number of vascular
endothelial (precursor) cells is a key link for the treatment of
clinical cell transplantation, repairing damaged vascular intima,
promoting vascular regeneration of ischemic injury organs or
constructing tissue engineered blood vessels and complicated
organ tissue engineering vascularization.32

According to our results, DAT was effectively generated and had
good preservation of ECM proteins like collagen IV and laminin
(Fig. 1), which are proteins that constitute themain portions of the
basement membrane in biological adipose tissues.33 The presence
of ECM proteins (like collagens) suggest that there would be
abundant free amine groups for heparin cross-linking.16,24 As
a natural VEGF-binding molecule, heparin can serve as binding
and release platforms for VEGF.24 Even DAT may contain a certain
amount of endogenous heparin-like molecules (such as heparan-
sulfate).34 However, the endogenous growth factor binding sites of
DAT alone may not be enough to retain sufficient amounts of
VEGF for inducing effective angiogenesis. Hence, we cross-linked
exogenous heparin to the DAT to further enhance its VEGF
retention and controlled release ability. Aer cross-linking with
NHS and EDC, attached heparin could be directly visualized by
toluidine blue staining (Fig. 2A).17,35
This journal is © The Royal Society of Chemistry 2018
As shown in the VEGF release assay, Hep-DAT was able to
signicantly absorb VEGF (Fig. 2B) and release VEGF more
sustainably in vitro than non-heparinized DAT (Fig. 3A and B).
These improved growth factor binding and controlled release
capacities are critical for inducing effective angiogenesis, as
studies have shown that the effectiveness of tissue vasculari-
zation depends to a large extent on the availability of cytokines
and their in vivo control release mode.

We further evaluated the in vitro vascularization of the
system. The endothelial cell marker VWF was observed 14 days
aer hBMSCs were cultured on the ECM network of the VEGF–
Hep-DAT, indicating that VEGF–Hep-DATs in vitro had a signif-
icantly higher potential for promoting tissue vascularization
than control DATs.

In conclusion, our in vivo studies have shown that VEGF–
Hep-DAT are not only biocompatible, but have the potential for
promoting tissue vascularization during adipose tissue engi-
neering. This system is highly applicable for clinical use
because it can be conveniently constructed through a simple
chemical modication on adipose tissue collected from fat
aspiration.36 In addition, it can be used directly without the
need for transplanting exogenous stem cells, which further
reduces the cost of production and potential tumor formation
associated with long-term expansion of stem cells.37
5. Conclusion

In this study we demonstrated that VEGF cross-linked to Hep-
DAT is effective in promoting tissue vascularization in vitro.
The system can be easily produced by degellation of adipose
tissue and subsequent heparin cross-linking. In vitro, due to the
affinity and protective effect of heparin on growth factors, the
biological activity of VEGF can be protected by graing heparin to
the surface of the DAT scaffold followed by loading of VEGF. This
method ensures that the sustained release of VEGF was achieved
in an in vitro microenvironment. Hep-DAT was able to encapsu-
late very high amounts of VEGF in vitro due to its propensity for
strong water absorption and porosity. Thus, Hep-DAT bound
VEGF more strongly and controlled release of VEGF greater than
non-heparinized DAT. Slow release of VEGF from the Hep-DAT
could also effectively induce stem cells to form new blood
vessels without causing a signicant host response, thus
inducing within the scaffold sustained and stable angiogenesis.
VEGF-bound Hep-DAT are also effective as scaffolds for engi-
neered tissues in vitro, as they are biocompatible and injectable
angiogenesis system. These studies demonstrate that the use of
a sustained-release VEGF scaffold system can promote tissue
engineered vascularization to greater effect, thus enhancing their
clinical applicability. In the future, we plan to utilize this tech-
nique to construct entire articial tissues and organs in vitro.
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