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integrity. [ 1,12 ]  Previously fabricated scaffolds for tissue engineered 
heart valve (TEHV) have had some limitations including plastic 
deformation, [ 13 ]  high stiffness (e.g., non-woven scaffolds), [ 14–16 ]  
non-anisotropic properties (e.g., homogeneous structural–
mechanical properties in fi brin gels), [ 17,18 ]  low stability, and lack of 
suturability (e.g., hydrogel-based scaffolds). [ 19,20 ]  

 The functionality of heart valve tissue is derived from its com-
plex architecture. Recently, signifi cant attempts have been made to 
recapitulate this complexity in vitro while providing a suitable envi-
ronment for cell proliferation and ECM production. [ 6,12,20,21 ]  Sev-
eral of these studies have fabricated scaffolds for TEHV by using 
synthetic materials. For example, Gottlieb et al. used non-woven 
scaffolds composed of polyglycolic acid (PGA) and poly- L -lactic acid 
(PLLA) as TEHV. Despite promising results in vitro, these scaffolds 
stiffened in vivo over time. [ 22,23 ]  In another study, Masoumi et al. 
generated highly elastic microfabricated poly(glycerol sebacate) 
(PGS) scaffolds for TEHV. The fabricated elastomers had an anisot-
ropy and elastic modulus similar to native pulmonary heart valves 
(≈4 MPa). However, the application of microfabricated PGS scaf-
folds for TEHV were limited by their non-fi brous structures and 
the absence of interconnected micropores within 3D constructs to 
support tissue formation. [ 6,21 ]  

 Our group recently fabricated elastic fi brous scaffolds 
containing random fi bers by electrospinning PGS and 
poly(caprolactone)(PCL) to produce TEHV constructs. [ 12,13 ]  The 
fabricated electrospun PGS/PCL scaffold had an elastic modulus 
in the range of 8.5 MPa that mimicked the mechanical stiffness 
of the native heart valve. [ 13 ]  In addition, these composites sup-
ported the attachment and growth of porcine valvular interstitial 
cells (VICs) and increased the production of collagen compared 
to pure PCL. [ 12 ]  However, these scaffolds were unable to simu-
late the anisotropic characteristics of the native heart valve. 

 In addition to the fabrication of suitable TEHV scaffolds, the use 
of appropriate cell types may play an important role in heart valve 
regeneration. VICs have been used for engineering heart valves 
due to their presumed ability to synthesize appropriate ECM. [ 6,12 ]  
However, in previous studies, nonhuman VICs have been used, 
which other studies have shown, can differ from human VICs in 
phenotypic and biochemical responses. [ 13,24 ]  Therefore, it is impor-
tant to study the interaction of human VICs and biomaterials 
when designing scaffolds for clinical applications. 

 In this study, we aimed to fabricate elastic PGS:PCL scaffolds 
using directional electrospinning to induce human aortic VICs 
proliferation and maturation. We hypothesized that PGS:PCL scaf-
folds containing aligned fi bers could provide anisotropic mechan-
ical properties similar to native heart valves. The engineered com-
posites are expected to provide biocompatibility, durability, and 
biodegradability. The tunable mechanical properties of fabricated 
PGS:PCL scaffolds provide the ability to mimic heart valve leafl ets 
with various mechanical properties. The capability of fabricated 
composites to support viability, attachment, proliferation, and pro-
tein expression of aortic human and porcine VICs was assessed.   

 2.     Results and Discussion 

 In this study, directional electrospinning was used to fabri-
cate scaffolds with aligned fi bers, which enhanced mechan-
ical properties of anisotropy. As the anisotropic mechanical 

characteristics of heart valves primarily rely on the microstruc-
ture of aligned collagen fi bers existing in each layer of the heart 
valve leafl ets, [ 11,25 ]  it is necessary to study and understand cel-
lular behavior and function on the engineered scaffolds, to 
assess the degree to which the anisotropic fi brous structure of 
native tissue is reproduced.  

 2.1.     PGS:PCL Scaffold Structure and Mechanics 

 PGS has shown promising biological characteristics for sup-
porting VICs yet its mechanical strength cannot withstand the 
pressures in the heart valve. [ 6 ]  As a result, combining PGS with 
another biocompatible synthetic polymer with higher mechan-
ical properties can be an alternative approach for engineering 
heart valve scaffolds. [ 12 ]  Previously, our lab used electrospin-
ning to develop PGS:PCL composite scaffolds with tunable 
stiffness. This process does not require post-processing (pho-
tocrosslinking or thermal curing) as opposed to other PGS 
blended fi brous scaffold fabrication techniques such as pho-
topolymerizing acrylated PGS [ 26,27 ]  and coaxial electrospinning 
of PGS/PLLA blends. [ 28 ]  However, the fabricated PGS:PCL con-
structs were minimally elastic (less than 5%) and non-aniso-
tropic. [ 12,13 ]  In this study, we modifi ed the fabrication technique 
to create PGS:PCL scaffolds with anisotropic characteristics 
and enhanced mechanical properties while maintaining cell 
functionality. It is expected that both the microstructure and 
mechanical properties of engineered scaffolds, resembling the 
native heart tissue, affect cellular behavior.  

 2.1.1.     Fabrication and Chemical Characterization of Microfi brous 
PGS:PCL Scaffolds 

 Our composite materials contained PGS, which facilitated cell 
attachment and growth, and PCL, which provided mechanical 
support. Random or aligned fi bers were fabricated by using dif-
ferent electrospinning collectors ( Figure    1  A). To align fi bers, 
two parallel aluminum electrodes bordering a Tefl on sheet col-
lector were employed, whereas random fi bers were produced 
on an aluminum electrode plate. We fabricated electrospun 
PGS:PCL scaffolds at various ratios of PGS and PCL including 
2:1,1:1, 1:2, and 1:4. The chemical characterization of these 
compositions, as well as PGS pre-polymer, and pure PCL were 
assessed using FTIR analysis (Figure  1 B,C). Two primary bands 
were detected at 1726 cm −1  (stretching vibrations of the car-
boxyl (C O)) and 1180 cm −1  (stretching vibrations of the ether 
groups (C O)) in the PCL spectrum. Other bands such as C O 
stretching vibrations at 1050 cm −1 , symmetric C H stretching 
at 2865 cm −1 , and C O and C C stretching at 1296 cm −1  were 
observed in the spectrum corresponding to PCL. [ 29 ]  The PGS 
pre-polymer spectrum consisted of methylene groups (C H) 
at 2933, 2908, and 1390 cm −1 . The ester band was present at 
stretching vibration C O bonds at 1173 cm −1 , and the strong 
carbonyl stretching bonds (C O) at 1732 cm −1  were also exhib-
ited in the spectrum along with the weak absorption bonds at 
930 and 1300 cm −1  confi rming the presence of aliphatic acid 
(sebacic acid) in the polymer. [ 30,31 ]  All of the characteristic 
bands of PGS are overlapped with PCL bands with the excep-
tion of a peak at 1228 cm −1  ascribed to C O groups. Hydroxyl 
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groups were present at approximately 3200–3500 cm −1  but were 
overshadowed by the amplitude of the much larger peaks pre-
sent in the spectrum. Though the different polymer composi-
tions grant different mechanical features, described later, their 
chemical properties do not differ considerably even after brief 
immersion in NaOH to promote scaffold hydrophilicity prior 
to in vitro tests.    

 2.1.2.     Physical Characteristics of PGS-PCL Scaffolds 

 The porosity of scaffolds has a critical role in cell–cell and cell–
matrix interactions. The presence of pores facilitates oxygen 
and media diffusion throughout the scaffold and provides 
an increased surface area for cell attachment. [ 32 , 33 ]  The pore 
sizes of aligned and random fi ber scaffolds were measured by 
SEM and compared for different combinations of PGS:PCL 
( Figure    2  A–D). The aligned fi ber scaffolds with higher con-
centrations of PGS had lower viscosity and fewer polymer 
chain tangles. This surface tension affected the processing 
and resulted in beads and spindles [ 13,34 ]  and less aligned fi bers 
in the 2:1 polymer ratio (Figure  2 A). As the PGS:PCL ratio 
decreased, the pore size increased in the aligned fi ber scaffolds 
(Figure  2 C). In addition, there was a two-fold increase in the 
aligned fi bers’ size with increasing PCL concentration, that 
could be due to the larger relative molecular size of PCL com-
pared to PGS (Figure 2D).  

 Engineered composite heart valve replacements should ide-
ally provide temporary mechanical support while allowing 
for the generation of new ECM by the transplanted and host 
cells. To allow for the growth and remodeling of the fabricated 
valves by VICs and surrounding tissue, the scaffold is required 

to degrade at predictable loss rates. [ 1,12 ]  The degradation of 
aligned fi bers was studied as a function of bulk weight loss 
over a period of 10 days (Figure  2 E). The degradation rate of the 
scaffolds was ratio dependent where the greater the PGS:PCL 
ratio the faster the degradability. These observations were in 
agreement with other reports where PCL had a resident time in 
vivo on the order of a few years whereas PGS degraded within 
weeks to months. [ 35–37 ]  As shown in Figure  2 E, the degradation 
rate (wet weight loss) changed from 18% for the (1:4) ratio to 
about 40% for the (2:1) ratio. The scaffold wettability was also 
tested, and indicated that all ratios of fabricated PGS:PCL scaf-
folds were highly hydrophilic as water drops rapidly penetrated 
and spread through all tested compositions, enabling facile cell 
seeding but precluding contact angle measurement (data not 
shown). 

 Normal leafl et opening and closure during blood fl ow are 
dependent on the anisotropic mechanical characteristics of 
the leafl et. [ 1,6 ]  Polymers with different properties spun in a 
defi ned manner, could be employed for the replacement of 
these native valves if their mechanical features could be made 
to coincide. Here, we used uniaxial tensile testing to charac-
terize the mechanical properties of the scaffolds under external 
stress. Representative stress–strain curves for all the ratios of 
the PGS:PCL scaffolds with random fi bers were compared 
( Figure    3  A). Representative stress–strain curves for the 1:1 
and 1:4 PGS:PCL scaffolds tested along (PD) or perpendicular 
(XD) to the direction of the aligned fi bers were also compared 
(Figure  3 B). The stress–strain curves for the random fi bers 
exhibited a small linear region followed by a signifi cant defor-
mation known as creep (starting from approximately 8% strain). 
However, for aligned fi bers, less deformation and creep were 

   Figure 1.    Schematic diagram of scaffold fabrication process and polymer composition. A) Two electrospinning techniques were used to design the 
scaffolds with random and aligned fi bers. The random fi bers were collected on a cylindrical metal plate and aligned fi bers were collected between two 
aluminum electrodes. The randomly deposited fi bers resulted in a random cellular orientation and aligned fi bers resulted in cell alignment. B) Molecular 
structure of PGS and PCL representing the ester bonds and alkaline groups. C) FTIR spectra of the fi brous scaffolds with different ratios of PGS:PCL 
(2:1, 1:1,1:2, and 1:4) compared with pure PCL and pure PGS sheets. 
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