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A suitable valve scaffold is necessary to replace the pulmonary artery in congenital heart disease (CHD)

treatment, especially for children. For clinical and long-term success, biomechanics, biocompatibility,

functionality and growth potential should be together taken into consideration to construct a tissue-

engineered valve scaffold. In this study, a thermally induced phase separation (TIPS)-based strategy

combining a three-dimensional (3D) printing mold was utilized to rapidly fabricate poly(L-lactic acid)/

poly(L-lactide-co-3-caprolactone) (PLLA/PLCL) valve integrated scaffolds with a bionic structure. The

novel valve integrated scaffolds exhibited favorable mechanical properties, in comparison to the porcine

physiological pulmonary artery. Moreover, it satisfied functional performance in fluid, as demonstrated by

the computational fluid dynamics simulation results. H&E and Masson staining further confirmed its

excellent biocompatibility and vascularization in vivo, and fiber morphology and collagen production

indicated its abundant extracellular matrix (ECM) secretion as well. Hence, the overall results supported

that this original strategy was an efficient method to fabricate valve integrated scaffolds with potential

value for clinical application of complex CHD.
Introduction

A variety of complex congenital heart diseases (CHD) with
severe right ventricular outow tract (RVOT) obstruction or
RVOT interruption are a serious and increasing clinical burden
that affects patients at all stages and walks of life, which
requires surgical reconstruction of the pulmonary artery.1

Under normal physiological conditions, the pulmonary valved
artery maintains a unidirectional blood ow by opening and
closing valves. The valves allow blood to ow into the lungs
during systole and prevent back ow into the right ventricular
in diastole. An abnormal ow pattern has been suspected of
resulting in heart failure in the long term.2 In order to prevent
the reux of blood ow in the pulmonary artery, a valve conduit
replacement is considered to be the most prevalent treatment
approach for these diseases.
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A major criterion for a valve conduit substitution is that the
valves and conduit must mimic the physiological function of
the native pulmonary valve. The pulmonary valves consist of
three leaets with signicantly special geometries. Several
studies highlighted that the geometry of the valve leaets was
critical to efficient hemodynamics3,4 and durability.5 In addition
to geometry, spatial and mechanical property is also critical for
function. However, the site which bonded valve leaets with the
wall of conduit is signicantly more rigid,6–8 so it is important to
develop a substitution that valve leaets and the wall is inte-
grated. Conduit types include bioprostheses in Dacron tubes,
xenogras, and pulmonary homogras.9 Although pulmonary
homogra was usually the most effective alternative, it was
usually difficult to be favored due to the shortage of donors and
its propensity for obstruction and calcication.10 Simulta-
neously, the xenogra replacement has been oen limited by
the immunological reaction aer implantation. Even worse,
during the replacement therapy among children, the main
shortcoming of the biological valve conduit is the lack of growth
capability, repair and the remodeling of the substitute valve.
Therefore, the clinical utility of these valve conduit substitu-
tions is limited, particularly in growing children. There still
remains a clear clinical need for a functional valve scaffold.

Tissue engineering (TE)-based approaches have shown
tremendous potential to overcome these limitations by the
development of biodegradable scaffolds, which provide
biomechanical and biochemical properties competitive with the
RSC Adv., 2016, 6, 84837–84846 | 84837
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native tissue. Tissue engineered scaffolds aim at mimicking the
natural extracellular matrix (ECM) both structurally and func-
tionally to provide a suitable biophysiological microenviron-
ment for tissue regeneration.11 Thermally induced phase
separation (TIPS) was a simple and versatile method which
widely used for the fabrication of porous scaffolds for tissue
engineering and related applications.12–14 TIPS-based vascular
scaffolds have specic advantages because they can achieve
synergetic mechanics and biology function in accordance with
the requirements in the hemodynamic environment.15 Addi-
tionally, TIPS-based methodology can be trusted to obtain the
polymer scaffold with a controlled shape and size.

For potential clinical use, a valve scaffold for tissue engi-
neering should be biocompatible, nonthrombogenic, non-
immunogenic, and possess appropriate biomechanical
properties as well.16–18 The comprehensive property of a valve
scaffold depends essentially on the inherent quality of the
selected polymer.19 As one of the few polymers that can be
fabricated into nanobrous scaffold via TIPS technique, poly(L-
lactic acid) (PLLA) has been widely used due to its good
biocompatibility and biodegradability.20,21 Likewise, poly(L-lac-
tide-co-3-caprolactone) (PLCL) copolymers have attracted wide-
spread attentions for use in vascular tissue engineering owing
to its inherent elasticity and exibility.22–24 The nanobrous
scaffolds using PLLA/PLCL mixtures with appropriate compo-
sitions by TIPS showed desirable structural and mechanical
properties for viable vascular application.15

In this study, a TIPS-based method combining 3D printer
was developed to fabricate the tri-leaet valve integrated tubular
scaffold for surgical replacement of pulmonary artery. An
Fig. 1 (A) Design diagram of the assembled mold by CAD. A convex-s
a concave-shaped section (diameter 14 mm; length 40 mm) with a small
the connecting part. The bonding part was inserted into a tubular cover s
(B) Photo of the assembledmold produced by a 3D digital printer. (C) Sche
leaflet valve integrated tubular scaffold. The prepared PLLA/PLCL/THF m
cylindrical chambermold and phase separated at�80 �C for 12 h. Then th
leaflet valve integrated tubular scaffold was obtained through freeze-d
dynamics, the resultant valve scaffold was implanted subcutaneous into

84838 | RSC Adv., 2016, 6, 84837–84846
electronic data were acquired by computer aided design (CAD)
system to obtain a 3D-shape and size mold with accurate
geometry produced by the 3D printer within several processing
hours. Then a TIPS-based strategy was carried out to fabricate
a valve integrated scaffold combining with the 3D mold. The
structural and mechanical properties of the resultant scaffolds
were evaluated, and the potential application of such valve
scaffolds was also evaluated by computational uid dynamics
simulation with respect to their valuvalar performance. The
biocompatibility of gra in vivo was evaluated by subcutaneous
implantation in mice.
Materials and methods
Materials

PLLA (1.93 dL g�1 inherent viscosity) and PLCL (50 : 50, 1.5 dL
g�1 inherent viscosity) were purchased from Daigang Biomate-
rials Inc (Jinan, China). PLLA was puried by dissolving in
chloroform and recrystallized in ethanol and then dried for use.
Tetrahydrofuran (THF) were purchased from Sigma-Aldrich
(Shanghai) Trading Co., Ltd. (Shanghai, China). All other
chemicals were of analytical grade and obtained from Sino-
pharm Chemical Reagent Co., Ltd. (Shanghai, China).
Mold preparation by 3D printing technology

The mold was designed based on the geometry of a CAD design
diagram (Fig. 1A) and prepared using a 3D digital printer (Objet
260 Connex), which consisted of three parts: the convex and
pulmonary arterial trunk side mandrel portion (diameter 14
mm; length 40 mm), the mandrel part of concave and heart
haped section (diameter 14 mm; length 40 mm) was connected with
aperture (red arrow) of 0.1 mm. Corolla-like leaflets were processed at
caffold part (internal diameter 16 mm; thickness 1 mm; length 80 mm).
matic illustration of the experimental procedures for fabricating the tri-
ixture polymer solution was first poured into a pre-heated customized
e polymer scaffoldwas solvent exchangedwith ice/watermixture, a tri-
rying. After testing its valuvalar performance via computational fluid
nude mice.

This journal is © The Royal Society of Chemistry 2016
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chamber side (diameter 14 mm; length 40 mm), and the outer
part of the cylinder section (internal diameter 16 mm; thickness
1 mm; length 80.1 mm) (Fig. 1B). The convex-shaped section
connected concave-shaped section with a small aperture about
0.1 mm between the two parts. The nal mold was obtained by
inserting the combined central rod parts into a tubular cover
scaffold part, and was manufactured for the formation of tri-
leaet valve integrated tubular scaffold with the leaets in the
open position (Fig. 1B).

Fabrication of tri-leaet valve integrated scaffolds

The valve integrated scaffolds were fabricated by TIPS for
material characterization and in vitro studies. For valve scaf-
folds preparation, the special mold described above was used,
which theoretically produced valve integrated scaffolds with
dimensions of 14 mm inner diameters, 1 mm in wall thickness
and about 0.1 mm in valve thickness. As schematic illustration
of the experimental procedures shown in Fig. 1C, PLLA and
PLCL with satised weight ratios (40 : 60) were dissolved in THF
at 60 �C until homogeneous solutions (10% w/v) were obtained,
and then immediately poured into pre-heated customized mold
(60 �C). The obtained polymer blend solution was phase sepa-
rated at �80 �C for 12 h and then immersed into an ice/water
mixture to exchange THF for 48 h, changing the ice/water
mixture three times per 24 h. The polymer gel was removed
from water and subsequently freeze-dried for 48 hours. Thus
obtained the valve integrated scaffolds. Computational uid
dynamics (CFD) was employed to evaluate its performance, and
subcutaneous implant test was performed in mice ultimately
(Fig. 1C).

Valve scaffolds characterization

The PLLA/PLCL scaffolds were fractured aer being frozen in
liquid nitrogen for several minutes. The specimens were sputter
coated with gold using a sputter coater and then observed under
a scanning electron microscope (SEM) (JEOL JSM-5600, Japan)
at 10 kV. Image analysis soware (Image-J, National Institutes
of Health, USA) was applied to analyze the average ber diam-
eter (n ¼ 100) and the average pore diameter (n ¼ 100) under
lower magnication.

Mechanical properties

All samples were prepared for the same size (30 mm� 10 mm, n
¼ 6), and tensile mechanical properties were characterized by
a universal materials testing machine (3345, Instron, MA, USA)
at ambient temperature of 22 �C and a relative humidity of 50%.
A crosshead speed of 10 mmmin�1 was used for all the samples
tested until breakage, and a stress–strain curve was then
generated. The Young's modulus of each sample was calculated
based on the slope of the stress–strain curve. The walls of aortic
and pulmonary artery from porcine were used as controls.

Compression testing was performed on the tubular scaffolds
(10 mm of length, n ¼ 3) using the articial biological pipeline
compressed elasticity tester (LLY-06D, YuanMore, China), and
the compression speed was 0.2 mm s�1. For continuous
compression test, each data should be repeated 10 times.
This journal is © The Royal Society of Chemistry 2016
CFD & CSD analysis

The valve design should be satised with the mechanical
requirement for the valve movement. Therefore, the techniques
of computational uid dynamics (CFD) and computational
structural dynamics (CSD) were employed for the investigation
of hemodynamics, valve deformation and stress analysis. We
evaluated these properties under the average cardiac output of
child in one cardiac cycle (2 L min�1).

We assumed blood to be a Newtonian uid with constant
density (r ¼ 1060 kg m�3) and viscosity (m ¼ 4.0 � 10�3 Pa s).
The 3D incompressible Navier–Stokes equations were solved,
which are described as below,

8<
:

r
vU

vt
þ rðU$VÞU � mV2U þ Vp ¼ 0

V$U ¼ 0

(1)

where p is the pressure, U ¼ U(u1, u2, u3) is the velocity vector, r
and m are blood density and viscosity, and t is time. The stan-
dard k–3 model was employed to solve the complex turbulence
ows around valves.

We generated a computational mesh for numerical solution
of the equations describing the blood ow. The grid-generation
soware, ANSYS®-ICEM 14.5, was applied to discretize the
computational domain with tetrahedral grids. To nd the best
mesh for CFD analysis, we performed grid-independent veri-
cation. In the present study, we used total elements 2 623 893,
and the total nodes 628 176 for calculations. The nite volume
solver package ANSYS®-CFX 14.5 was applied to solve the
physiologic ow in the model. The CSD investigation was done
for the analysis of valve deformation and stress. The properties
of valve material were obtained by experiments. Young's
modulus and Poisson's ratio were set to 4.5 MPa and 0.45. The
simulation was performed by ANSYS®-ANSYS14.5. When the
relative variation of the calculated quantities between two
successive iterations was smaller than the pre-assigned
maximum residence 10�4, the calculation was considered
convergence for both CFD and CSD.
In vitro biodegradability

The PLLA/PLCL scaffolds were cut into tubes with 20 mm length
for biodegradability tests within a scheduled time (35 days). The
samples were placed in lipase solution (100 U mL�1) using a 37
�C temperature oscillation shaker. SEM was used to observe
morphological changes during the degradation process. The
mass remaining percentages were calculated using the
following equation by the gravimetrical method:

Mass remaining (%) ¼ W1/W0 � 100%

where W0 is the initial weight and W1 is the dry weight aer
biodegradation.
Subcutaneous implantation

All experimental protocols were approved by the Animal Care
and Experiment Committee of Shanghai Jiao Tong University
School of Medicine. Twenty male nude mice (7 weeks old) were
RSC Adv., 2016, 6, 84837–84846 | 84839
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Fig. 2 Morphological architecture of the resultant tri-leaflet valve
integrated tubular scaffold (A) and the SEM images of the cross-
section of PLLA/PLCL valve nanofibrous scaffolds (B), the corre-
sponding fiber diameter distributions (C) and pore diameter distribu-
tions (D) of PLLA/PLCL scaffolds.
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purchased from Shanghai Slaccas Experimental Animal Ltd.
(Shanghai, People's Republic of China), which were selected for
subcutaneous implantation in this experiment, and PLLA/PLCL
scaffolds were prepared for subcutaneous implantation in 10
weeks. Before implantation, the targeted scaffolds were steril-
ized with ethylene oxide. The mice were anesthetized by intra-
peritoneal injection of chloral hydrate (400 mg kg�1), and the
implantation sites on the back of mice were disinfected using
iodine solution. Two subcutaneous pockets were created using
a surgical scissor on each side of dorsa. One sample (14 mm in
inner-diameter, 20 mm in length) was implanted into each
pocket. Then the incisions were sutured.

Histological staining

Aer gross examination, the samples harvested from all the
groups were subjected to histological examinations. The
samples were xed in 4% paraformaldehyde, embedded in
paraffin, and then sectioned into 5 mm sections. The sections
were stained with hematoxylin and eosin (H&E), and Masson's
trichrome to assess tissue structure.

Statistics analysis

Statistics analysis was performed using origin 8.0 (Origin Lab
Inc., USA). All the values were averaged at least in triplicate and
expressed as means � standard deviation (SD). Statistical differ-
ences were determined by the analysis of one-way ANOVA and
differences were considered statistically signicant at p < 0.05.

Results
Preparation of mold

Before fabricating the nanobrous valve integrated scaffolds,
a specially designed mold was necessarily manufactured. Fig. 1A
and B shows the fabrication procedure of the specially designed
mold parts. Firstly, a diagram (Fig. 1A) was designed elaborately
by computer aided design (CAD) for the following 3D printing
process to obtain a customized mold. The shape of the convex or
concave parts in this model was designed to mimic the normal
form of the physiological tri-leaet in pulmonary valves, which
were wrapped by an isometric hollow conduit. Then the mold
assembled by three parts was precisely produced by 3D printer
within several hours (Fig. 1B). The mold, comprised of a convex-
shaped rod, a concave-shaped rod, and a tubular cover scaffold
part, was made by a type of special plastic, which could tolerate
extreme temperatures and had chemically inert with both PLLA/
PLCL and tetrahydrofuran. These characteristics played critical
roles in the process of following TIPS-based experimental
production. There was an annulus space between the rods and
tubular conduit for the formation of the valve scaffold wall. Two
rod-like parts were placed on a same section with a small aper-
ture for tri-leaets formation.

Morphology and structure of tri-leaet valve integrated
tubular scaffold

Fig. 1C represents the scheme of experimental procedure for
fabricating the PLLA/PLCL valve integrated scaffolds via TIPS
84840 | RSC Adv., 2016, 6, 84837–84846
technique. Ultimately, a tri-leaet valve integrated scaffold was
manufactured with multitudinous micropores. As shown in
Fig. 2A, the achieved valve scaffold was biomimetic completely,
whose valves and wall were well-formed. Inside the scaffold,
three separate leaets were appeared to be almost identical in
structure and quality, which were connected at the commissure.
The dimension of obtained valve integrated scaffold had been
measured, which revealed that the average inner diameter was
14 � 1 mm and wall thickness was 0.9 � 0.1 mm. Meanwhile, it
had a 0.1 mm average thickness for valves. In general, the
resultant valve integrated scaffold had a morphological archi-
tecture similar to the physiological valve vascular in order to
acquire excellent performance.

Fig. 2B shows the SEM micrograph of the prepared PLLA/
PLCL valve scaffold with a certain ratio of 40 : 60. The scaffold
exhibited nanobrous network structure with interconnected
micropores. Some study showed that cell inltration and the
formation of capillary-like structures were evidently promoted
on nanoyarn scaffolds with a larger pore size.25 In this way, our
scaffold provides a possibility for tissue regeneration of
pulmonary artery. Fig. 2C is the ber diameter distribution of
PLLA/PLCL valve scaffolds. The average ber diameter was 0.64
� 0.35 mm, demonstrating that it closely resembled the nano-
scale dimension of native ECM. Fig. 2D illustrates the pore size
distribution between bers in PLLA/PLCL valve scaffolds.
According to our observation, the pore size underwent a wider
distribution, ranging from 500 nm to 3000 nm. The averaged
pore diameter was about 1.50 � 0.67 mm.
Mechanical properties

The mechanical properties of the PLLA/PLCL valve integrated
scaffolds were characterized by tensile testing. Fig. 3A shows the
typical tensile stress–strain curves of PLLA/PLCL scaffolds, the
walls of aortic and pulmonary artery from porcine were served
This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Typical stress–strain curves of PLLA/PLCL scaffold and thewalls
of aortic and pulmonary artery from porcine (A). Histogram of elastic
modulus (B) and tensile strength (C) and ultimate strain (D) of PLLA/
PLCL scaffolds and the aortic and pulmonary artery from porcine.
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as controls. The tensile properties including elastic modulus,
tensile strength and ultimate strain were illustrated in Fig. 3B–
D, which were obtained from the stress–strain curves respec-
tively. As shown in Fig. 3B, the conduit part of PLLA/PLCL valve
scaffolds, pulmonary artery, and aortic have elastic moduli of
4.53 � 0.86, 1.08 � 0.14, 1.08 � 0.24 MPa, respectively. In terms
of tensile strength, PLLA/PLCL scaffold (0.56 � 0.04 MPa) was
between the pulmonary artery (0.38� 0.01 MPa) and aortic (0.67
� 0.19 MPa) (Fig. 3C). This indicated that our resulting PLLA/
PLCL scaffolds were signicantly more robust than a physio-
logical pulmonary artery, which could provide sufficient
mechanical support for blood pressure in the use of pulmonary
Fig. 4 Radial compression test results of PLLA/PLCL scaffolds under c
curves of one cycle along the loading direction; (B) multicycle stress–st

This journal is © The Royal Society of Chemistry 2016
valved artery replacement. However, the ultimate strain of
PLLA/PLCL scaffold was lower than that of aortic wall and
pulmonary artery (Fig. 3D).

In addition, the compression performance of the prepared
PLLA/PLCL scaffolds was observed. Fig. 4A shows the radial
compressive stress–strain curve for our scaffolds along the
loading direction. PLLA/PLCL scaffolds received the maximum
pressure of 0.51 N along with maximum compression distance,
and its elastic recovery rate was 75.53%. Fig. 4B is the multicycle
radial compressive stress–strain curves of 10 cycles on PLLA/
PLCL scaffolds. The maximum pressure was 0.59 N with an
elastic recovery rate of 79.40% at the rst cycle. When repeated
to the 10th, the maximum pressure was 0.50 N, and the elastic
recovery rate was 73.20%. Therefore, the PLLA/PLCL scaffolds
showed a desirable toughness when loaded with pressure.
Hemodynamics analysis

Valvular functioning of scaffolds was evaluated via the tech-
niques of computational uid dynamics (CFD) at a ow rate
closed to the average blood velocity of physiological pulmonary
artery in children. Fig. 5A shows the CAD geometry of our
designed valves. Fig. 5B displays the computational mesh for
numerical solution of the equations describing the blood ow.
Fig. 5C shows the streamline distribution at the instant of valve
opening. Obvious ow statuses were observed between the two
sides of the valve. At this state, there was a rapid ow smoothly
passing through the whole conduit along the ow direction.
Crucially, most of the reverse ow was effectively blocked
because of the tri-leaet valve, and a vortex developed at the
bottom of valve.

The structure of every single leaet was investigated using
the technique of computational structural dynamics (CSD). In
Fig. 5D, when valve was used to resist the back-ow, the
maximum deformation occurred around one quarter and three-
ompressing and releasing cycles. (A) Radial compressive stress–strain
rain curves of PLLA/PLCL scaffolds during repeated compressions.

RSC Adv., 2016, 6, 84837–84846 | 84841
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Fig. 5 Design evaluation by CFD and CSD. (A) Valve geometry designed by CAD; (B) mesh generation for numerical analysis; (C) streamline
distribution; (D) structural deformation; (E) stress distribution. TE means total element; TN means total node. Asterisks indicate the maximum
deformation positions. Circles indicate the higher-stress areas.
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quarter area of free edge inside, and midrange of free edge
outside, respectively. Accordingly, this tendency also emerged
in stress-analysis scope, as shown in Fig. 5E. It indicated
a rather remarkable fact that the corners of leaet also endured
relative higher stress when worked adequately.

In vitro biodegradability

SEM micrographs of PLLA/PLCL scaffolds aer degradation in
lipase solution for 7, 21 and 35 days are shown in Fig. 6A–C,
respectively. The structural integrity of the PLLA/PLCL porous
Fig. 6 SEM images of PLLA/PLCL scaffolds after biodegradation for 7
days (A), 21 days (B) and 35 days (C); bar ¼ 50 mm. (D) The corre-
sponding mass remaining of PLLA/PLCL scaffolds.

84842 | RSC Adv., 2016, 6, 84837–84846
scaffold changed during degradation process, which accompa-
nied with the outward diffusion of degradation products, and
mass loss of the scaffold (Fig. 6D).
Histological analysis aer subcutaneous implantation

PLLA/PLCL valve scaffolds were implanted subcutaneously into
nude mice for 10 weeks. Histological analysis of transverse
sections at the middle sites was performed by H&E staining and
Masson's trichrome staining (Fig. 7 and 8). As shown, host cells
migrated and inltrated into the scaffolds aer subcutaneous
implantation. A thin cell layer and brous encapsulation was
formed surrounding the gra wall (Fig. 7). Meanwhile, collagen
bers were produced on the surface of scaffolds by the inl-
trated cells, which were evaluated visually by the Masson's tri-
chrome staining in Fig. 7. As expected, the collagen production
increased gradually with time, and abundant collagen was
observed in the scaffolds at 10 weeks (Fig. 7C and D), which
could provide appropriate microenvironments for tissue
regeneration. In addition, lots of new capillaries were found
especially on the lumen surface of PLLA/PLCL scaffolds (Fig. 8).
Discussion

A suitable valve scaffold is necessary in a wide range of complex
cardiovascular malformations, especially in infancy and early
childhood. Widespread efforts have been made with decellu-
larized allogeneic valves, but they showed failure due to severe
shortage of donors and pathological calcication, particularly
in very young patients.26,27 Much worse, such valve scaffolds
This journal is © The Royal Society of Chemistry 2016
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Fig. 7 Typical H&E staining (A and B) and Masson's trichrome staining (C and D) images of PLLA/PLCL (40 : 60) valve scaffolds after subcuta-
neous implantation for 10 weeks. (A and C) 100�, bar ¼ 200 mm; (B and D) 200�, bar ¼ 100 mm.
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have no growth potential and do not exhibit regenerative
potential. Therefore, an appropriate valve vascular is urgently
needed to be developed and utilized.

In this study, a novel PLLA/PLCL nanober-based valve
integrated scaffold was fabricated by a TIPS-based strategy
combining with a 3D printing mold. The valve integrated
Fig. 8 H&E staining (A and C) and Masson's trichrome staining (B and
D) images of representative new capillaries regeneration in PLLA/PLCL
(40 : 60) valve scaffolds after subcutaneous implantation for 10 weeks.
“L” indicates the lumen of valve scaffold. Arrows indicates new capil-
laries. (A and B) 100�, bar ¼ 200 mm; (C and D) 200�, bar ¼ 100 mm.

This journal is © The Royal Society of Chemistry 2016
tubular scaffold exhibited desirable mechanical properties and
satised functional performance, supporting that the original
strategy is an efficient process for manufacturing biomimetic
valve scaffolds.

There are a lot of methods available for the fabrication of
scaffolds with a controlled shape and pore architecture, such as
three-dimensional (3D) printing, laser sintering, gas foaming,
phase separation, electrospinning, etc.12–14 Amongst these
various engineering approaches, thermally induced phase
separation (TIPS) is a facile way to prepare nanobrous scaf-
folds.28,29 The TIPS-based technique combined with controllably
shape are increasingly gaining importance for satisfying special
requirements for the microstructure and biofunction in tissue
engineering and other related applications. Therefore, taking
advantage of the characteristic of morphological plasticity,
a valve integrated scaffold (Fig. 2A) was successfully obtained to
mimic human pulmonary valved artery using TIPS based
strategy.

Replicating morphology and geometry of the native tissue
has been considered critical for manufacturing an appropriate
valve vascular substitute. A specic mold could be used in
a typical production process of TIPS, which could determine the
original structure including shape and size of target valve
conduit. For the most part, the mold obtained by traditional
machining methods only processed simple shapes such as
a cylindrical chamber mold.30,31 However, it could not meet our
requirements above. In our research, automatedmanufacturing
technology (3D printing) was conducted to fabricate particular
mold for a novel valve integrated scaffold with higher
RSC Adv., 2016, 6, 84837–84846 | 84843
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anatomical precision, and this process can be rapidly accom-
plished by building a optimized computer aided design (CAD)
models (Fig. 1A). Importantly, the property of completeness has
been a major focus in engineering valve scaffolds for ensuring
proper durability and hemodynamics. Therefore, a special mold
with interspace between corolla-like compositions and covering
conduit was designed to shape strong valve integrated scaffolds
via TIPS-based technique. Moreover, by using special printing
materials, all sections of the printed mold were transparent
enough to acquire observed achievement at any time for more
effective operation of experiment (Fig. 1B).

Polylactide and poly(L-lactide-co-caprolactone), as biocom-
patible and biodegradable polymers, have been applied
frequently in biomedical engineering,32,33 and approved by the
FDA in clinic. PLLA/PLCL scaffolds exhibited a biomimetic
nanobrous structure and indicated their good compliance and
resistance to permanent deformation as a potential vascular
gra in the component ratio of 40 : 60, which was identied as
the optimal candidate for tissue engineering application in
terms of elastic properties and structural integrity.15 In this
study, PLLA/PLCL scaffold fabricated by TIPS-based technique
showed excellent structural and mechanical properties, which
was robust enough to prop up for artery blood ow in the use of
pulmonary valved artery replacement. Hysteresis curves for
multicycle loading–unloading fatigue cycles showed slight
plastic deformations for PLLA/PLCL scaffold. Biomimetic
structure is a key characterization for an ideal valve scaffold,
because it could provide a biomimetic hemodynamics micro-
environment to maintain the normal uid of blood ow, espe-
cially in the unique position such as pulmonary artery.

Hemodynamics plays a vital role in driving and maintaining
cardiovascular development.34 In vitro experimental investiga-
tion is an essential to analyze valves dynamics and structure.
CFD simulations have been employed to hemodynamic
parameters estimation, in vivo blood characteristics and
measurements, anatomically precise geometries and boundary
layer conditions.35 In our simulation, we used a physiological
pulmonary artery ow velocity, which enables us to analysis ow
phenomena in a bionic uid environment, for imitating the
particular subject like pulmonary artery. During corresponding
diastolic phase, tri-leaet valve was put into good use to block
the regurgitation, which could efficiently lead relief of right
heart ventricle when used by CHD patients. Besides, CSD-
technique also exploited to assess the structure of every single
leaet. According to the results, the maximum deformation and
stress were conceivably appeared at relative center of free edge.
It was noteworthy that the corners of valve, where exactly were
the conjunctions with valve and conduit wall, also overloaded
with stress. This theory evidence could provide exactly guidance
for design and further optimization of valve integrated
scaffolds.

A biodegradable polymer-based scaffold must be able to
maintain suitable degradation rates. PLLA/PLCL scaffold
undergoes bulk degradation through hydrolysis of the ester
linkages. Aer some time, the extent of crosslinking is
decreased enough to allow for the outward diffusion of degra-
dation products, resulting in a loss of mass and structural
84844 | RSC Adv., 2016, 6, 84837–84846
integrity of the scaffold. However, a long-term degradation
experiment for the PLLA/PLCL scaffold would be worth imple-
menting in further study.

In addition, our previous study has indicated the excellent
biocompatibility of the scaffold, which demonstrated good
cellular attachment, spreading, proliferation, and phenotypic
maintenance for endothelial cells seeded PLLA/PLCL
scaffolds.15

In vivo test is the most direct and effective way for biological
evaluation of valve scaffolds. Cell inltration is the initial step
in subsequent regeneration and remodeling progress of
vascular gras in the long term, such as vascularization, ECM
secretion and deposition.36 Macroporous architecture is crucial
for vascular scaffolds, which can provide sufficient space for cell
migration, matrix deposition, and tissue formation.37 Our
results have conrmed this viewpoint from the in vivo aspect.
Aer subcutaneous implantation of PLLA/PLCL scaffolds into
nude mice, increased cellularity was observed in the explants,
presumably reecting the advantage of porosity and favorable
biocompatibility of PLLA/PLCL scaffolds for future potential
clinical applications. The success of regeneration requires
matrix production by the cells in vivo. Our results also demon-
strated an increased collagen concentrations and new capil-
laries regeneration, which showed the functionality of
inltrated cell and the neovascularization of PLLA/PLCL scaf-
folds in vivo. The developed valve integrated scaffold made
a breakthrough for pulmonary valved artery prosthesis
construction. Collagen production and tissue regeneration in
vivo could overcome the restriction of a homogra valve
conduit. Hence, such PLLA/PLCL scaffolds could be potential
valve vascular substitutes for pulmonary valved artery replace-
ment. Further transplantation research for the nanobrous
valve integrated gras would be worth implementing in big
animals.

Conclusions

In this study, we present a facile TIPS method to prepare a novel
nanobrous valve integrated scaffold with PLLA/PLCL in an
optimal ratio of 40 : 60 as potential pulmonary valved artery
substitute. The structure and architecture of the resultant valve
integrated scaffolds could mimic native pulmonary valves, and
the mechanical properties could afford the arterial pressure of
pulmonary artery. The outcomes evaluated by the computa-
tional uid dynamics (CFD) simulation system showed that
regurgitation during corresponding diastolic phase was effec-
tively blocked. Furthermore, the scaffolds exhibited abundant
collagen production and new capillary regeneration aer
subcutaneous implantation for 10 weeks, suggesting the
potential value of the novel PLLA/PLCL valve integrated scaf-
folds for complex congenital heart disease.
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