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• A hybrid bi-layered tubular scaffold
were fabricated via a facile freeze-
drying combined with amidation.

• The mechanically matched scaffold
showed no unfavorable effects on vas-
cular cells and effective anti-acute coag-
ulation properties.

• A novel designed bi-layered vessel pre-
vents acute thrombosis effectively and
maintains excellent patency in a rabbit
model.
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A hybrid bi-layered vascular scaffold from heparin-grafted gelatin (Gel) and chitosan (CS) composite sponge
with porous fluffy inter structure exhibited higher hydrophilicity, stable mechanical properties, especially they
demonstrate excellent rapid endothelialization performance and effective anti-acute coagulation properties in
rabbit carotid artery model.
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Acute coagulation is one of the vexed problems in transplantation of small-diameter artificial blood vessel. Three-
dimensional porous heparin-modified gelatin (Gel)@chitosan (CS) tubular scaffoldwere successfully acquired by
using the method of freeze-drying combined with amination for application in tissue regeneration of blood ves-
sels. Initially, homogeneous gelatin solutionwas initially poured into a tubular mold and underwent a procedure
of vacuum freeze-drying to form a three-dimensional porous tubular skeleton. Chitosanwas used to loading hep-
arin (Hep)which is a kind of efficient anticoagulant. The Hep-loaded CS composite solutionwere poured into Gel
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tubular skeleton, following freeze-drying matched EDC-NHS crosslinking to form Gel@CS-Hep tubular scaffold
exhibited a three-dimensional structure and porous morphology. Then, poly(ester-urethane)urea/gelatin
(PU75) micro-nano fibers were electrospinning outside the Gel@CS-Hep tube as mechanical reinforcement
layer. The Gel@CS-Hep/PU75 tube showed higher hydrophilicity, stable mechanical properties as well as no
cytotoxicity on human umbilical vein endothelial cells. Importantly, the three-dimensional functional Gel@
CS-Hep/PU75 tubular scaffold shows a good rapid endothelialization performance and effective anti-acute coag-
ulation properties. Therefore, the developed Gel@CS-Hep/PU75 tube was proposed to be a potential scaffold for
remodeling vascular tissue.

© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

Small-diameter artificial blood vessels (inner diameter b 6 mm) are
increasingly needed in the clinic for coronary artery bypass grafting, arte-
rial colostomy and repairing of arterial injuries in limbs [1]. Usually, surgi-
cal or interventional transplants are often used to treat thrombus,
however, acute coagulation will take place after transplantation within a
week, especially for small-diameter blood vessel [2]. Anti-acute coagula-
tion and rapid endothelialization are the two huge challenges in small-
diameter vascular tissue engineering [3,4]. Therefore, how to make
small-diameter artificial blood vessels possess effective and controllable
anti-acute coagulation properties also is a major difficulty in vascular tis-
sue engineering. Low molecular weight heparin (LMWH, molecular
weight below6000D),which often used in clinical for anticoagulant ther-
apy, is a shorter polysaccharide compound isolated from standard hepa-
rin, which can inhibit platelet adhesion and aggregation, increases the
permeability of blood vessel walls, and regulates angiogenesis [5]. How-
ever, the disadvantage of LMWH is that it is not effective in oral adminis-
tration and has a short duration after administration [6,7]. Therefore, how
to design a small-diameter artificial blood vessel with suitable heparin
loading and stable sustained-release properties in one week are research
bottlenecks that need to be overcome.

To solve the above problems, some researchers have designed a va-
riety of heparin-functional vascular scaffolds based on the three-layer
structure of natural blood vessels and the idea of bionics [8–11]. Al-
though some studies in vitro have shown that the prepared vascular
scaffolds show good performance, but very few vascular scaffolds can
maintain the controllable anticoagulant effect. The key to the recon-
struction of vascular tissue successfully is not only to have effective
anti-acute coagulation that can get enough time for endothelialization
but also to have a three-dimensional structure that canwithstand exter-
nal pressure aswell as provide a hotbed for quickly rebuild the functions
of blood vessel [12,13].

The natural extracellular matrix of blood vessels included three sub-
stances which all were secreted by adjacent cells: protein fiber, proteo-
glycan, and collagen [14]. These three components are combined by
chemical crosslinking or physical crosslinking, where collagen and elas-
tin provide mechanical support for the growth of host cells. Proteins
provide sites for each other to bind to other cells and promote cell
growth. Gelatin is a various functional group degradation product of col-
lagen (themain component of extracellular matrix) with good biocom-
patibility, low toxicity, low immune response, which can provide an
appropriate physiological environment for cell adhesion, proliferation,
migration or differentiation [15–17]. Wang et al. have fabricated vascu-
lar grafts that were consisted of a polyurethane fibrous outside-layer
and a gelatin-heparin fibrous inner-layer by bilayering electrospinning
technology [18]. Although the results shown that PU/gelatin-heparin
vascular grafts were less likely to cause thrombosis when used as a sub-
stitute for the small-caliber artificial blood vessels, the tiny pore size
brought by nanofibers is not suitable for the rapid growth of host cells.
Notably, a summary of previous studies of tissue engineering vascular
scaffolds, tissue remodeling in scaffolds after implantation can improve
the expression of elastin and collagen. This inspired us to remodel
cell-free scaffold with an interconnected porous structure that will
accelerate cell migration, infiltration and remodeling [19,20].

In brief, an ideal vascular scaffold for surgical or interventional treat-
ment of cardiovascular diseases should have ideal mechanical proper-
ties, compliance matching of autogenous vessels, effective and
controllable anti-coagulation properties, and excellent tissue compati-
bility. In the present research, we will focus on developing a Gel@CS-
Hep/PU75 three-dimensional tubular scaffold via facile freeze-drying
combined to amidation and electrospinning. The whole preparation
strategy is described in Fig. 1. The tubular scaffolds composed of elastic
hydrophilic PU75 nanofibers as the outside-layer and hemocompatible
three-dimensional porous Gel@CS-Hep as the inner-layer. The release
of heparin will show a highly effective anticoagulant effect, which
makes the tubular scaffold a potential candidate as a scaffold for artifi-
cial blood vessels.

2. Materials and methods

2.1. Materials

Poly(ester-urethane)urea (PEUU) with a weight average molecular
weight of 1.5 × 105 was synthesized as shown in previous research
[21]. Gelatin (Gel, type B from porcine skin) was purchased from
Sigma-Aldrich Chemical Reagent Co., Ltd. (Saint Louis, USA). Chitosan
(CS, medical grade, with a degree of deacetylation of ≥95% and viscosity
of 100–200 mpa‧s). Heparin sodium (Hep) with 99.8% purity was ob-
tained from Runcheng Biological Inc. (Shanghai, China). Other related
materials and solvents as shown in the attachment in support
information.

2.2. Preparation of gel@CS-Hep/PU75 tubular scaffold

2.5 g Gel was dissolved in 50 mL double distilled water with an op-
timized concentration of 5% (w/v). The prepared sticky Gel solution
was poured into the PTFE mold before a simple deaeration using ultra-
sonic. Then, the obtained assembly was freeze-drying under −80 °C
for 48 h. Finally, the prepared Gel tubes were soaked in 1-(3-
Dimethylaminopropyl)-3-ethylcarbodiimide hydro (EDC)/N-Hydroxy
succinimide (NHS) solution or EDC/NHS/Hep activated solution for
crosslinking or grafting, respectively, harvested Gel-E/N tube and Gel-
E/N-Hep tube.

CS mixed with Hep (4 wt% Hep relative to CS) was dissolved in
100 mL acetic acid solution (1 wt%) with an optimized concentration
of 3% (w/v). After that, the crosslinked Gel tubes (Gel-E/N tube) were
soaked in the sticky CS/Hep mixture solution following with inflating
processing and freeze-drying dispose of as above obtained the Gel@
CS-Hep tube.

Finally, blends of PEUU/gelatin with weight ratios of 75/25were dis-
solved in HFIP form 5% w/v solutions. The prepared mixture solution
was electrospinning on the surfaces of the Gel-E/N, Gel-E/N-Hep, and
Gel@CS-Hep tube to harvest the hybrid tubular scaffolds, respectively.
During the electrospinning process, a suitable steel rod was inserted
into the prepared vascular lumen and fixed in the collector. The outer

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Fig. 1. Schematic of preparation of Gel@CS-Hep tubular scaffold.
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layer of the vascular scaffold was prepared with a collection distance of
15 cm at 12 kV and a forward velocity of 1.0 mL/h. The prepared bilayer
tubular scaffoldswere dried under vacuum for at least 2 days to remove
residual solvent.

2.3. The degradation and heparin release of the prepared tubular scaffolds

The density of heparin of prepared tubular scaffolds was mea-
sured using the colorimetric method according to the previous re-
port [22,23]. According to the report, toluidine blue stain was
utilized in this research. The bilayer tubular scaffolds with heparin-
loading (Gel-E/N-Hep tube and Gel@CS-Hep tube) were immersed
in the toluidine blue solution at 37 °C for 12 h, then, the tubular scaf-
folds were washed with distill water. The degree to which the scaf-
fold turns blue represents the density of the scaffold grafted with
heparin.

Also, the vitro degradation of the prepared tubular scaffolds was
measured during 28 days. Briefly, the initial mass of the scaffold was
weighed before soaked in PBS. After that, the scaffold was dried and
weighed after taking out at the setting time point to analyze the degra-
dation degree.

Additionally, the heparin sodium standard curve is drawn according
to spectrophotometry, and then the heparin-loading tubular scaffold
was soaked in 50mL PBS for at least 7 days releases. Finally, the content
of heparin in the sustained release solution was calculated according to
the previously determined standard curve.

2.4. Testing of mechanical properties

Basic mechanical performance tests were conducted at room tem-
perature with a fixed stretching speed of 0.02 mm/min [24,25]. In
order to perform the ultimate radial tensile test, tubular specimens
were fixed at their cut ends. Five specimens per test were conducted.
The stress-strain curves would be recorded while the specimens were
extended to rupture.

2.5. Cell experiments and protein absorption evaluation

Human umbilical vein endothelial cells (HUVECs) were applied to
evaluate the cytocompatibility of tubular scaffolds [26]. For cell prolifer-
ation test, the tubular scaffolds were divided into small discs with a
14 mm diameter and HUVECs were seeded with a density of 1.0 × 104

cells/well. The viability and morphology of the proliferated cells were
assessed by Cell counting kit (CCK-8) assay and DAPI (blue)/rhoda-
mine-conjugated phalloidin (red) staining following themanufacturer's
protocol, respectively [27].

The sterilized Gel-E/N, Gel-E/N-Hep, and Gel@CS-Hep tube were co-
cultured with HUVECs for 12 h, 48 h and 144 h, respectively. At the set
time, the incubated tubular scaffolds were taken out from cell culture
medium, following with washed three times used PBS. Then, the three
types of scaffolds were incubated with 1 mL FBS at 37 °C for 24 h, and
the concentrations of FBS before and after adsorption were measured
at 280 nm by a protein detection system (GloMax Multi+ in vitro pro-
tein expression system).

2.6. Implantation in rabbits' carotid artery

Twelve male rabbits, weighing approximately 2.5 kg, were pur-
chased from Shanghai Slaccas Experimental Animal Co., Ltd., Shanghai,
China, and two rabbits were in reserve. The unilateral common carotid
artery replacementmodels on rabbitswere established for the research.
14 days after the tubular scaffolds were implanted, the Doppler
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ultrasonography (VisualSonics, Canada)was taken to evaluate the func-
tion of the implants, and then the transplants were harvested and used
for hematoxylin and eosin (H&E) staining and immunofluorescent
staining analysis.

2.7. Ethics statement

The present study has been approved by the Institutional Animal
Care and Use Committee (IACUC). The animal experimental protocols
comply with the policy of IACUC of Zhongshan Hospital, Fudan Univer-
sity. The ethical principles were followed throughout all experimental
procedures. All animal experiments were performed according to the
Animal Management Regulations of China (1988 and revised in 2001,
Ministry of Science and Technology).

2.8. Statistical analysis

In all the experiments, at least three samples were performed. Cate-
gorical variables are presented as frequencies and percentages, and con-
tinuous variables are expressed as mean ± standard deviation (SD).
One-way ANOVA statistical method was used to evaluate the signifi-
cance of the experimental data. Datawere analyzedwith SPSS statistical
package version 17.0 (SPSS Inc., Chicago, IL, USA), and a value of 0.05
was selected as the significance level, and the data were indicated
with (*) for p b .05, (**) for p b .01, and (***) for p b .001, respectively.
Fig. 2. Digital photographs and cross-sectional SEM images of scaffolds: (a) Gel-E/N tu
3. Results and discussion

As previous research reported, the smaller pore size of thewall of the
tubular scaffoldmay limit the infiltration of host cells aswell as limit the
regeneration and remodeling of the blood vessel wall [28,29]. Also, the
degradation rate of the tubular scaffold is the main factor, which could
dominate the effect of vascular reconstruction [30]. Moreover, the
long-term sustained host response would cause fibrosis, calcification
and intimal hyperplasia of the vascular scaffold [31–33].We also believe
that rapid degradation could provide more space for the penetration,
expansion, and formation of the extracellular matrix of the body cells.
Therefore, the vascular scaffold with a property of rapid degradation
will provide a larger three-dimensional space for cell infiltration, prolif-
eration, and extracellular matrix secretion.

Considering the above, we have designed a bilayer small-diameter
tubular scaffold with a connectedmicroporous inner layer and dense fi-
brous outer layer: The intimal layer of vascular scaffold could be roughly
described as 5% gelatin homogeneous solution which was poured into
the PTFE molds and followed with freeze-drying and crosslinking-
grafting (as depicted in Fig. 1).

3.1. Morphology and surface wettability of scaffolds

It is necessary to characterize the microstructure of the tubular scaf-
fold due to the three-dimensional structure of prepared tubular
bular scaffold; (b) Gel-E/N-Hep tubular scaffold; (c) Gel@CS-Hep tubular scaffold.



Fig. 3. SEM images of inside and outside surface and water contact angle (images of drops captured at 0.5 s) of scaffolds: (a) Gel-E/N tubular scaffold; (b) Gel-E/N-Hep tubular scaffold;
(c) Gel@CS-Hep tubular scaffold.

Fig. 4. (a) Schematic illustration of the fabrication of micro-nano fibers of the tubular scaffold using an “8”-type syringe needle; (b) Cross-sectional digital photographs, (c) and (d) cross-
sectional SEM images, (e) digital photographs of outside surface, (f) and (g) surface SEM images of tubular scaffolds. The red arrows stand for microfiber and nanofiber, respectively.
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scaffolds easily been damaged after grafting or crosslinking [34,35].
From Fig. 2, it can be seen that gelatin could easily be fabricated into tu-
bular scaffolds with a three-dimensional microporous structure. The
colour of Gel@CS-Hep tubular scaffold (Fig. 2c) appeared faint yellow,
which mainly the colour of the chitosan coating on the gelatin, com-
pared with Gel-E/N tubular scaffold (Fig. 2a) and Gel-E/N-Hep tubular
scaffold (Fig. 2b). Compared the cross-sectional SEM images, Gel-E/N
tubular scaffold, Gel-E/N-Heptubular scaffold, and Gel@CS-Hep tubular
scaffold displayed a porous structure with a pore size of about
50–80 μm, allowing for cell in-growth. All in all, there were no gross de-
fects in the prepared Gel@CS-Hep tubular scaffold and it was macro-
scopically smooth, and the structures of the tube remain intact after
the crosslinking and grafting process. The crosslinking and grafting pro-
cess did not cause any visible morphological changes.

The microstructure of the inside and outside surface and surface
wettability of Gel-E/N tubular scaffold, Gel-E/N-Hep tubular scaffold,
and Gel@CS-Hep tubular scaffold were observed by SEM images and
water contact angle, respectively, as shown in Fig. 3. It is obviously
seen that three tubular scaffolds presented a smooth compact inner sur-
face and a porousfluffy outer surface. The smooth compact inner surface
would prevent blood oozing as well as the porous fluffy outer surface
would conducive to the regeneration and growth of vascular smooth
muscle cells. In Fig. 3c, the inside and outside surface for Gel@CS-Hep
Fig. 5. Formation mechanisms of (a): Gelatin-E/N molecule crosslinking with EDC/NHS solut
tubular scaffold were presented super hydrophilic properties compared
with the inside and outside surface of Gel-E/N tubular scaffold (Fig. 3a)
and Gel-E/N-Hep tubular scaffold (Fig. 3b), suggesting that coating of
chitosan might promote cell adhesion and migration.

Gel@CS-Hep/PU75 vascular scaffold was fabricated by electrospun
PU75 micro-nanofibers out of the Gel@CS-Hep tube using an “8”-type
syringe needle as shown in Fig. 4a. The morphology and dimensions of
the Gel@CS-Hep/PU75 vascular scaffold were characterized by SEM
(Fig. 4b-g). The two layers were tightly attached to each other without
apparent delamination (Fig. 4c, d). The inner wall thickness was ap-
proximately 500 μm, and the wall thickness of the PU75 nanofibers
was approximately 100 μm (Fig. 4b-d). Furthermore, the external
PU75 layer showed a homogeneous fibrous morphology with two dif-
ferent diameter distributions of several tens and thousands of nanome-
ters. The PU75 fibers provided sufficient and optimal mechanical
properties, which can satisfy the requirement for artificial vascular
replacement.
3.2. Chemical characterizations of crosslinking and grafting

Most researches were focused on the functionalization of intima of
vascular scaffolds that remain in blending or on the electrostatic interac-
tion between the carboxyl and primary amino groups [11,36–38].
ion and (b) CS-Hep molecule: crosslinking and grafting with EDC/NHS/heparin solution.
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However, most vascular scaffolds, which were intimal functionalization
via the above methods, cannot be harvested effective results for trans-
plantation. In the present research, unlike any other research and tech-
nology, two-step solution crosslinking modification was adopted to
regulate the preparation of the three-dimensional porous tubular scaf-
folds with the formation mechanisms shown in Fig. 5. By separately
controlling the molar ratio of the carboxyl and amino groups of gelatin,
chitosan, and heparin, a stable three-dimensional tubular scaffold can
be successfully prepared.

FTIR spectroscopy determines chemical bonds through the radiation
of electromagnetic waves to recognize materials and their interactions
in Fig. 6a-c. The characteristic peaks of the gelatin are observed at
1650 cm−1 and 1538 cm−1 for amide I and II, respectively. The spec-
trum confirmed the presence of C\\O stretching at 1079 cm−1 of
PEUU. The characteristic peaks at 3450 cm−1 or 1385 cm−1 were
assigned to the amino of gelatin (Fig. 6a and Fig. 6c). The characteristic
peaks at 2960–2860 cm−1 may to CH, CH2 and CH3 stretching of Gel,
Gel-E/N, Gel-E/N-Hep, or Gel@CS-Hep, respectively, in Fig. 6b. The crys-
talline structural analysis of Gel, Gel-E/N, Gel-E/N-Hep, andGel@CS-Hep
composite was explored through as shown in Fig. 6d, where crystalline
zones display diffuse diffraction peaks and amorphous regions show
broader ones. For Gel@CS-Hep, the formation of amide bonds of gelatin,
chitosan and heparin molecular chains during the crosslinking process
also affect the crystallization. After crosslinking and grafting, the differ-
ent peaks of Gel@CS-Hep at 2θ=30° becomes stronger, whichprobably
due to chitosan belong to the crystal materials, and the intermolecular
crystal structure was hardly been destroyed.

Due to the insensitivity of the FTIR andWAXRD technique or the fact
that the vibration bands of heparin are overlapped with those of chito-
san or gelatin, toluidine blue staining of tubular scaffolds were used de-
termined whether heparin was grafted in the vascular scaffold.
Toluidine blue adsorption assay showed the colour of Gel@CS-Hep tu-
bular scaffold changed from white to purple after heparin covalent im-
mobilization, confirmed the immobilization of heparin in the vascular
scaffolds as shown in Fig. 6e. The grafting concentration of heparin of
Fig. 6. (a)-(c) FTIR spectra curves and (d) X-ray diffraction pattern of Gel, Gel-E/N, Gel-E/N-Hep
(c) 1370–1400wavenumber rang; (e) Digital photographs of Gel-E/N tubular scaffold, Gel-E/N-
Hep tubular scaffold in wet states as indicated by the white arrow); (f) Density of heparin in t
Gel, Gel-E/N, Gel-E/N-Hep, and Gel@CS-Hep tubular scaffolds were
also quantified by toluidine blue assay [39], respectively, in Fig. 6 f.
The density of heparin on Gel, Gel-E/N, Gel-E/N-Hep, and Gel@CS-Hep
vascular scaffolds were 0.26 ± 0.13 μg/mm3, 1.01 ± 0.11 μg/mm3 and
1.72 ± 0.19 μg/mm3, respectively. Obviously, a relatively low amount
of heparin was observed on the Gel-E/N tubular scaffold with the phys-
ical absorption of heparin from Fig. 6 f. In addition, compared with the
density of heparin on the Gel-E/N-Hep tubular scaffold, the amount of
heparin on Gel@CS-Hep tubular scaffold was more, may due to the
more active amino sites of chitosan, which brought more chances for
chemical graft reaction. These results confirmed that the addition of chi-
tosan could increase the load of heparin of scaffolds and positively affect
the endothelialization and anticoagulation of scaffolds in vivo.

3.3. Mechanical properties of tubular scaffolds

For vascular replacement, the extreme challenge is to withstand the
pressure of arterial blood flow after implantation in situ. For this reason,
more replacementswere prepared usingmaterials with bettermechan-
ical properties [40,41]. However, the materials with better mechanical
properties limited the growth of host cells due to the lasting degrada-
tion cycle. Therefore, we choose macroporous natural material as the
inner layer of the vascular scaffold, which is beneficial to the previous
growth of the host cell and nanofiber as the outer layer plays a role in
mechanical support. Mechanically matched scaffolds are fundamental
for vascular tissue regeneration. Representative radial stress-strain
curves and Young's modulus of Gel-E/N tubular scaffold, Gel-E/N-Hep
tubular scaffold, and Gel@CS-Hep tubular scaffold are presented in
Fig. 7a, b. The results showed that themodulus of theGel@CS-Hep tubu-
lar scaffold (3.59 ± 1.25 MPa) was similar to that of radial arteries
(2.68 ± 1.81 MPa) [17]. It is clearly that Young's modulus of Gel-E/N-
Hep tubular scaffold, and Gel@CS-Hep tubular scaffold significant de-
creasedwhile comparewith Gel-E/N tubular scaffold. After crosslinking,
the molecular chain is woundmore tightly, which increases the elastic-
ity of the scaffold and reduces Young's modulus. The decrease of
, and Gel@CS-Hep: (a) 400–4000wavenumber range; (b) 2800–3000wavenumber range;
Hep tubular scaffold, and Gel@CS-Hep tubular scaffold (toluidine blue staining of Gel@CS-
he prepared tubular scaffolds.



Fig. 7.Mechanical properties of prepared tubular scaffolds: presentative radial tensile results of Gel-E/N tubular scaffold, Gel-E/N-Hep tubular scaffold, Gel@CS-Hep tubular scaffold, and
Gel@CS-Hep/PU75 tubular scaffold under wet conditions: (a) radial stress-strain curves, (b) Young's modulus, (c) digital photographs of initial shape and fractured shape of Gel-E/N
tubular scaffold, Gel-E/N-Hep tubular scaffold, and Gel@CS-Hep tubular scaffold; (d) and (e) radial stress-strain curves of Gel@CS-Hep/PU75 tubular scaffold, (f) digital photographs
showing the shape change effect during radial stretching.
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Fig. 8. (a) Mass remaining of Gel-E/N tubular scaffold, Gel-E/N-Hep tubular scaffold, and Gel@CS-Hep tubular scaffold immersed in pH= 7.4 PBS (n=5); (b) In vitro releases of heparin
from Gel-E/N-Hep tubular scaffold and Gel@CS-Hep tubular scaffold with similar mass of heparin in pH= 6.8 PBS (n = 5).

Fig. 9. (a) CCK-8 assay of the proliferation viability of HUVECs cultured onto coverslips, Gel-E/N tubular scaffold, Gel-E/N-Hep tubular scaffold, and Gel@CS-Hep tubular scaffold,
respectively; (b) Protein absorption results and (c) SEM images of Gel-E/N tubular scaffold, Gel-E/N-Hep tubular scaffold, and Gel@CS-Hep tubular scaffold after 4 days culture. Red
arrows in (c) indicate the HUVECs.
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Young's modulus also proves that scaffolds have good anti-deformation
performance after implantation in vivo. As shown in Fig. 7c, the zone of
breaks of scaffold is all located in themiddle of the sample, whichmeans
this fracture test is effective. As the red frame is shown in Fig. 7a, the
Gel@CS-Hep tubular scaffold showed two breaks, the first one occurred
at 2.8% strain due to the break of the CS-Hep matrix, and the second
break occurred around 11.8% strain, which stands for the break of gela-
tin matrix. Compared to Gel-E/N tubular scaffold, the crosslinking-
grafting process leads to an prominent increase of tensile strength,
Young's modulus and an obvious decrease of elongation at break of
the Gel-E/N-Hep tubular scaffold and Gel@CS-Hep tubular scaffold in
wet conditions. After crosslinking by EDC/NHS and heparin grafting,
the tensile strength was about 290 kPa, which was less than Gel-E/N-
Hep tubular scaffold. This may due to the dense molecular network
structure that is formed during the crosslinking and grafting process,
which changes the hardness of the tubular scaffold.

To further evaluate the mechanical properties of the Gel@CS-Hep/
PU75 tubular scaffold, radial stretching was executed at a fixed rate of
0.05 mm/min (Fig. 7d, e). Gel@CS-Hep/PU75 tubular scaffold showed
two fracture curves. The curve of the first stage presented a decreasing
twisted trend and the curve of the second stage with a quick decreasing
trend and finally rupture. Scilicet, the Gel@CS-Hep/PU75 bilayered tu-
bular scaffold showed two obvious breaks, the first one occurred at
2.4%–13.0% strain due to the break of Gel@CS-Hep layer, and the second
break occurred at around 83.0% strain, which stands for the break of
PU75 nanofiber layer. In a word, the results of this part about the Gel@
CS-Hep/PU75 tubular scaffold indicated that the mechanical properties
are close to the biomechanics of natural vessels, which plays a key role
in maintaining long-term patency after transplant.
Fig. 10. DAPI (blue)/rhodamine -conjugated phalloidin (red) staining assay of HUVECs cells
culturing for 2 days, respectively.
3.4. Degradation in vitro and heparin sustained release properties

The degradation properties of the Gel-E/N tubular scaffold, Gel-E/N-
Hep tubular scaffold, and Gel@CS-Hep tubular scaffold were tested after
immersed in pH = 7.4 PBS. As shown in Fig. 8a, there was approxi-
mately 49% mass loss for Gel@CS-Hep tubular scaffold degraded in
28 days, while therewas nearly 40% and 43%mass loss for Gel-E/N tubu-
lar scaffold andGel-E/N-Hep tubular scaffold, respectively. The degrada-
tion process of the Gel@CS-Hep tubular scaffold contains three stages:
the erosion of chitosan, skeleton fracture of the gelatin tubular scaffold
and the overall collapse of the scaffold. A dramatic decrease in weight
before day2 could bedue to the fracture of themolecular chain between
chitosan, which coating on the surfaces of the gelation skeleton. The
weight decreased rapidly from approximately the fifth day to the four-
teenth day, which can be attributed to the decomposition of the main
structure of the scaffold. For chemically grafted scaffolds, the degrada-
tion properties and drug release profiles are closely linked.

For the sustained release of heparin, PBS with a pH of 6.8 was
adopted. This is because human blood tends to be acidic when thrombus
and other vascular diseases occur, and the release rate of heparin under
this condition is more representative. By simulating the heparin release
effect in such extreme cases, we demonstrated that the designed scaffold
was effective in pathological environment. As illustrated in Fig. 8b, more
than 50% of loaded heparin was released on the third day. After that, the
Gel@CS-Hep tubular scaffold demonstrated a faster release in compari-
son with Gel-E/N-Hep tubular scaffold in 7 days about 78% loaded hepa-
rin was released. Tracing back to the heparin-loading efficiency of the
Gel@CS-Hep tubular scaffold in Fig. 6f, this tubular scaffold will be an ef-
fective artificial intima to resist acute coagulation.
on the surfaces of Gel-E/N scaffold, Gel-E/N-Hep scaffold, and Gel@CS-Hep scaffold after



11W. Yao et al. / Materials and Design 194 (2020) 108943
3.5. Biocompatibility assay of the prepared tubular scaffolds in vitro

Although gelatin possessed good biocompatibility, the introduction
of a crosslinking will increases the cytotoxicity of the prepared tubular
scaffold during crosslinking [18]. Some studies have also confirmed
that the residue of the crosslinking inside scaffolds would limit cell pro-
liferation andmigration. So it is necessary to test the biocompatibility of
the developed Gel@CS-Hep tubular scaffold. In vitro proliferation mea-
sured by CCK-8 assay of human umbilical vein endothelial cells
(HUVECs) after 1, 4, and 7 days after cultured on the surfaces of Gel-E/
N tubular scaffold, Gel-E/N-Hep tubular scaffold, and Gel@CS-Hep tubu-
lar scaffold (n = 3 for each group) is shown in Fig. 9a. From the histo-
gram, HUVECs adhered to the surfaces of all tubular scaffolds and
coverslips without a significant difference in cell numbers after one
day of culture. After four days or seven days of culture, the number of vi-
able cells on both the Gel-E/N-Hep tubular scaffold and the Gel@CS-Hep
tubular scaffoldwasmore than that on theGel-E/N tubular scaffold. Pro-
tein plays an important role in cell survival and adhesion, Fig. 9b shows
the results of protein adsorption of all tubular scaffolds. The protein ad-
sorption of all tubular scaffolds increased as time goes on. Compared
with Gel-E/N tubular scaffold and Gel-E/N-Hep tubular scaffold, Gel@
CS-Hep tubular scaffold was able to absorb more protein at the same
Fig. 11. (a) Surgical implantation of Gel@CS-Hep/PU75 bilayered tubular scaffold implanted in r
Gel@CS-Hep/PU75 bilayered tubular scaffold for 14 days implantation (red=CD31/scaffold; blu
and red dashed shiny lines indicate the boundary of outer layer and inner layer of implanted t
time, indicating that Gel@CS-Hep tubular scaffold possessed stronger
sustained protein absorption ability. Link with the morphology and
wettability results of tubular scaffolds in Fig. 2 and Fig. 3, which may
be due to the fact that during the long-term contact with the protein,
Gel@CS-Hep tubular scaffold is more likely to absorb the protein into
the inside of scaffold, while the proteins are mostly located on the sur-
face of other scaffolds.

Fig. 9c shows surface and cross-section SEM images of HUVECs pro-
liferation after seeding on different scaffolds at days 4 culture. It can be
seen that the HUVECs were equably deposited onto the surfaces of scaf-
folds (as red arrows indicated). From cross-section SEM images, a thin
layer of cells has formed on the surface of tubular scaffolds as well as
the wall of tubular scaffolds still maintains the three-dimensional po-
rous structure.

In Fig. 10, from the fluorescence microscopy staining images for day
2 of HUVECs proliferation, the cells have a similar shape, and the cells on
the surfaces of the Gel@CS-Hep tubular scaffold are spreadmore homo-
geneously, as well as presentingmore pseudopods. After 4 days culture,
the number of cells of the Gel@CS-Hep tubular scaffold was statistically
significant (*p b .05) comparedwith Gel-E/N tubular scaffold and Gel-E/
N-Hep tubular scaffold, indicating that Gel@CS-Hep tubular scaffold en-
hanced cell growth and proliferation. This may due to the existence of
abbit carotid artery; (b) H&E staining image, (c)-(f) immunofluorescent staining images of
e=nucleus; green=α-SMA). Black arrows in (b) indicate the outer layer and inner layer
ube; “L” indicates lumen in (c)-(f).
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amino on the surfaces of chitosan which provides a positive charge site
for facilitating cell attachment as well as the three-dimensional porous
structure of the Gel@CS-Hep tubular scaffold is similar to the skeleton
of the extracellularmatrix, which is adapt for cell growth. This is also ev-
ident from SEM micrographs of the Gel@CS-Hep tubular scaffold
exhibiting uniform porosity in Fig. 2 and Fig. 3, which is the prerequisite
for the proliferation of cells over the scaffold material.

3.6. Anti-coagulation and endothelialization after transplantation in situ

The prepared Gel@CS-Hep/PU75 bilayered tubular scaffold with good
suitability and pliability under wet conditions has been replaced onto the
rabbit's carotid artery for effective end-to-end anastomosis. Fig. 11a ex-
hibits the surgical implantation of the Gel@CS-Hep/PU75 bilayered tubular
scaffold with a size of 2 mm in inner diameter and 10 mm in length into
the carotid artery of a New Zealand white rabbit. The two-dimensional
Doppler performed to evaluate the patency rate showed that all 10
(100%) Gel@CS-Hep/PU75 bilayered tubular scaffold (Fig. S1) was patent.
Hematoxylin and eosin (H&E) staining image implanted for 14 days pre-
sented in Fig. 11b. At 14 days, the intercommunicatingmacroporous struc-
ture of the scaffold allowed extensive blood penetration into the inner
layer of the scaffold wall (as shown in the middle of the red dotted line),
which will provide a favorable microenvironment for endothelial cells ad-
hesion. In order to detect the formed vascular tissue, immunofluorescent
staining for endothelial cells and smoothmuscle cellswere performed. Im-
munostaining confirmed that the lumen of the scaffold was completely
covered by CD31 positive cells (Fig. 11c-e),whichwas similar to the native
arteries' arrangement [42], although its compactness was lower than that
in native arteries (Fig. S2). These experimental results indicate that such
a bilayered tubular scaffold shows the potential favorable rapid endotheli-
alization performance for anti-acute thrombosis, though the smoothmus-
cle layer cannot be reconstructed quickly (Fig. 11f).

4. Conclusion

In summary, in the present work, a new functional Gel@CS-Hep/
PU75 bilayered tubular scaffold composed of fluffy interlayer was pre-
pared. The inter layered of functional tubular scaffold shows 0° water
contact angle at 0.5 s, mechanical properties close to native vessels'
with a similar radial stress-strain curves and Young's modulus of
3.59 ± 1.25 MPa, as well as a porous structure with a pore size of
about 50–80 μm conducive to cell growth. More importantly, the hepa-
rinized microstructure could induce rapid adhesion of endothelial cells
in vivo, in which the regenerated tunica intima was well organized on
the surfaces of the scaffolds the lumen of the scaffold that is similar to
the native arteries. This new strategy may bring cell-free small-
diameter vascular scaffolds closer to clinical application, providing a
new possibility for clinical small vessel transplantation.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.matdes.2020.108943.
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