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Computationally Optimizing the
Compliance of Multilayered
Biomimetic Tissue Engineered
Vascular Grafts
Coronary artery bypass grafts used to treat coronary artery disease (CAD) often fail due
to compliance mismatch. In this study, we have developed an experimental/computational
approach to fabricate an acellular biomimetic hybrid tissue engineered vascular graft
(TEVG) composed of alternating layers of electrospun porcine gelatin/polycaprolactone
(PCL) and human tropoelastin/PCL blends with the goal of compliance-matching to rat
abdominal aorta, while maintaining specific geometrical constraints. Polymeric blends at
three different gelatin:PCL (G:PCL) and tropoelastin:PCL (T:PCL) ratios (80:20, 50:50,
and 20:80) were mechanically characterized. The stress–strain data were used to develop
predictive models, which were used as part of an optimization scheme that was imple-
mented to determine the ratios of G:PCL and T:PCL and the thickness of the individual
layers within a TEVG that would compliance match a target compliance value. The hypo-
compliant, isocompliant, and hypercompliant grafts had target compliance values of
0.000256, 0.000568, and 0.000880 mmHg�1, respectively. Experimental validation of the
optimization demonstrated that the hypercompliant and isocompliant grafts were not stat-
istically significant from their respective target compliance values (p-value¼ 0.37 and
0.89, respectively). The experimental compliance values of the hypocompliant graft were
statistically significant than their target compliance value (p-value¼ 0.047). We have
successfully demonstrated a design optimization scheme that can be used to fabricate
multilayered and biomimetic vascular grafts with targeted geometry and compliance.
[DOI: 10.1115/1.4042902]

1 Introduction

Cardiovascular disease (CVD) continues to be the largest cause
of death in the U.S. According to the American Heart Association,
as of 2014, 92.1 million American adults (more than 1 in 3) have
one or more type of CVD, which is also listed as the leading
underlying cause of 800,000 American deaths (1 out of every 3
deaths) [1]. The highest percentage of CVD-related deaths was
attributed to coronary artery disease (CAD). Approximately every
40 s, an American will have a myocardial infarction as part of
CAD [1]. It is estimated that 150,000 coronary artery bypass graft
procedures are performed in the U.S. annually [1]. As such, there
is an ongoing need for a suitable bypass graft for treatment of
CAD. Autologous grafts like the bilateral mammary artery, radial
artery, and the saphenous vein have been considered to be the
gold standard in obtaining total arterial myocardial revasculariza-
tion [2]. However, the 10-year patency in small-diameter autolo-
gous grafts like the saphenous vein was shown to be 55% [3].
Autologous graft failure factors include poor graft quality [4],
graft unavailability, lack of durability [5], and graft compliance
mismatch to the native vessel [6,7]. One alternative to autologous
grafts are tissue engineered vascular grafts (TEVGs), which can

be engineered to have specific geometric and mechanical specifi-
cations to compliance-match native tissue. TEVGs can also be
biocompatible, nonthrombogenic, and produced with good dura-
bility and deliverability.

Synthetic materials like Dacron and polytetrafluoroethylene
(PTFE) have been clinically used as bypass graft materials in
peripheral vascular surgery [8] and aortic root or ascending aorta
replacement [9]. However, small-diameter synthetic grafts have
shown poor patency rates due to acute thrombogenicity and anas-
tomotic intimal hyperplasia [6,10–12]. Some researchers have
attempted to make synthetic TEVGs less thrombogenic by modi-
fying the synthetic material [13,14], by adding growth factors and
proteins intraluminally to encourage endothelialization in situ
[15,16], or by growing an endothelial cell monolayer on the lumi-
nal surface of the small-diameter grafts in vitro before implanta-
tion [17–19]. However, TEVGs created from nonbiological
synthetic materials tend to be stiffer and have shown compliance
mismatch to native arteries [20,21], which can lead to anastomotic
intimal hyperplasia and subsequent graft failure [22].

Artery walls are comprised of three layers: the intimal layer
consisting of a monolayer of endothelial cells on an elastic basal
lamina, the medial layer, and the adventitial layer made up of
additional matrix and fibroblasts. The medial layer has an extrac-
ellular matrix (ECM) largely composed of concentric layers com-
posed of elastin fibers and smooth muscle cells (SMCs) [23].
These lamellar units are separated by type III collagen,
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microfibrils, proteoglycans, and glycoproteins [23–25]. The ECM
fibers are predominately circumferentially aligned to regulate and
facilitate vasoactivity, while also contributing to appropriate
mechanical anisotropy [26]. The medial layer ECM is the primary
determinant of biomechanical properties of the vessel and plays a
critical role in biological function, including their ability to bind
multiple interacting partners such as growth factors and cell signal
receptors [27]. Vascular ECM can also serve as a sequestration
and storage site for growth factors and cytokines that regulate cell
behavior and fiber deposition [26,28]. ECM-embedded proteins
provide instructional signals that induce, define, and stabilize vas-
cular cell phenotypes [25]. Therefore, mimicking the microstruc-
ture of native vascular is an important consideration in fabricating
vascular grafts.

Researchers have attempted to mimic ECM microstructure
using different fiber-like structure fabrication methods like ther-
mally induced phase separation [29–31] and electrospinning
[32–34]. Electrospinning is a fabrication method that involves cre-
ating nonwoven polymer fibers, which, when deposited on a cylin-
drical target, can create hollow cylindrical constructs. The process
of electrospinning is an attractive fabrication method, as it allows
control over dimensions and alignment of fibers, porosity, and
overall microstructure of the scaffold [35]. This allows researchers
to create structures similar to the vascular ECM, which would pro-
vide the necessary capacity for cell proliferation and healthy
remodeling [7,36]. It also offers the ability to modulate the
mechanical properties of scaffolds by changing different electro-
spinning parameters [37]. Some research groups have used elec-
trospinning to fabricate TEVGs from nonbiological synthetic
polymers like poly(ester urethane) urea [38,39] and polyurethane
[40]. Drawing from the composition of native tissue, one option to
create TEVGs is to use biological nonsynthetic polymers native to
the body. These biopolymers may have the potential to be more
biocompatible, biodegradable, and to encourage in situ cell migra-
tion, proliferation, and remodeling. There are several studies that
have investigated creating grafts by electrospinning biopolymers
including collagen [41–43] and collagen/elastin mixtures [44–47].

Collagen and elastin are fundamental components of vascular
ECM, which provide strength and elasticity to vascular tissue while
playing important roles in cell signaling. Some researchers have
questioned the efficacy of electrospinning collagen, arguing that
electrospinning collagen out of solvents may effectively denature
this biopolymer, resulting in the production of electrospun gelatin
[48]. Gelatin is a derivative of collagen, which has been found to be
a cost-effective readily available biodegradable biopolymer, which
our laboratory group has used to create electrospun and computa-
tionally optimized cylindrical constructs [49,50]. The soluble
monomer of elastin is tropoelastin, which is composed of alternat-
ing hydrophobic and hydrophilic domain structures crucial for the
process of crosslinking and overall mechanical behavior [51]. Tro-
poelastin is also a main functional component in wound healing
through chemotactic activity [52]. Obtaining the tropoelastin mono-
mer from various tissues has historically been highly inefficient as
it requires the perturbation of the fast natural crosslinking process
of tropoelastin into elastin [53]. However, the availability of large
quantities of highly purified human tropoelastin has only recently
become available through recombinant bacterial system expression
[54]. Researchers have successfully electrospun tropoelastin fibers
[55–57], while some have demonstrated that crosslinked electro-
spun fibers retain the monomer’s conformation, biological activity
[58], and low thrombogenicity of elastin [51]. Tropoelastin and
elastin have been described as one of the most elastic biosolid
materials [51], and our laboratory group has previously observed
that adding tropoelastin to gelatin constructs resulted in an
increased in elasticity and compliance.

It should be noted that noncrosslinked electrospun natural poly-
mers do not provide the necessary mechanical integrity for TEVG
applications and that these materials are not stable in aqueous sol-
utions as they can dissolve easily [48,59]. Some researchers have
resorted to using crosslinking agents that strengthen these

biopolymers and provide stability while retaining the elastic prop-
erties intrinsic to these materials [60]. Synthetic chemical cross-
linking agents like glutaraldehyde have been widely used to
crosslink electrospun biopolymers [45,50]. However, these bioma-
terials have been shown to promote cytotoxicity [61] and in vivo
calcification [62–64]. While one study has investigated different
methods of detoxifying glutaraldehyde-crosslinked materials [65],
others have searched for alternative crosslinking agents. One such
agent is genipin, a natural crosslinking agent that has been used to
crosslink different biomaterials. Similar to the crosslinking mech-
anism of glutaraldehyde [66], research has shown that genipin
reacts with free amino groups of amino acids like lysine, hydroxy-
lysine, or arginine within biological tissues [67]. This can result in
forming intramolecular and intermolecular crosslinks within pro-
tein fibers [68], which forms a crosslinked biomaterial that exhib-
its less cytotoxicity [69] and reduced calcification in vivo [65].

Studies investigating the mechanical properties of biopolymers
have shown that crosslinked natural materials lack the necessary
mechanical integrity when compared to native tissue [70–72]. Our
research group previously demonstrated that glutaraldehyde-
crosslinked gelatin/fibrinogen constructs lacked the necessary phys-
iological axial/circumferential deformability and mechanical
strength, even though they successfully compliance matched to por-
cine coronary artery [50]. One solution to overcoming this mechan-
ical limitation of biopolymer TEVGs is to add biocompatible
synthetic polymer to the composition of the construct. For example,
some researchers have created hybrid constructs by mixing colla-
gen with different synthetic polymers [73–75]. Polycaprolactone is
a common biocompatible biodegradable synthetic polymer, which
has been mixed with collagen [76,77], elastin [78,79], collagen\e-
lastin mixtures [80], gelatin [81], and tropoelastin [72]. These
hybrid scaffolds demonstrated additional mechanical strength and
stability, while retaining some of the elastic and biochemical prop-
erties of the biopolymers they contain.

Compliance mismatch between vascular graft and vascular tis-
sue has been shown to be detrimental to graft performance and
patency [82]. Researchers have determined a relationship between
compliance mismatch and the development of intimal hyperplasia
[21], possibly due to flow disturbances and disruption of chemical
transport in the fluid at the distal anastomosis [83,84]. Some
researchers have utilized finite element methods to analyze arte-
rial anastomoses to study the effects of graft compliance mis-
match [85], while other researchers have used computational fluid
dynamics analysis to understand the effect of graft diameter mis-
match [84,86]. Computational methods can be effective tools in
determining the appropriate geometry and material properties for
compliance matching grafts while saving time and resources.
Our research group has previously developed a computational/
experimental optimization scheme for compliance matching
native tissue by predicting the thickness and glutaraldehyde cross-
linking duration time of electrospun gelatin/fibrinogen cylindrical
constructs [50]. This program performed finite element simula-
tions using predicted mechanical properties by interpolating
between characterized properties of three crosslinking time points
for single-layered construct. However, native arteries have con-
centrically arranged matrix of alternating layers of elastin and col-
lagen. In an effort to match this geometry, this study aims to
create biomimetic multilayered TEVGs with alternating electro-
spun layers of porcine gelatin and human tropoelastin, which are
meant to be analogous to collagen and elastin, respectively. PCL
was chosen as a synthetic polymer to be added to our electrospun
gelatin constructs as a means of varying the stiffness of the indi-
vidual layers while providing mechanical support. Due to con-
cerns regarding the toxicity of the previously used glutaraldehyde,
we opted to use genipin as a crosslinking agent. We aimed to add
tropoelastin to the graft compositions for the purpose of increasing
the elasticity of our biomimetic TEVGs for better mechanical
optimization and deliverability. The overall purpose of this study
was to use our previously validated computational/experimental
scheme to predict the individual thicknesses and biopolymer/PCL
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ratios of alternating gelatin/tropoelastin layers to create a hybrid
(synthetic and nonsynthetic) biomimetic TEVG that is compliance
matched to rat abdominal aorta.

2 Materials and Methods

2.1 Rat Abdominal Aorta Tissue Acquisition and Prepara-
tion. All tissue acquisitions were performed in accordance with
approved protocols with the University of Pittsburgh Institutional
Animal Care and Use Committee. Male Sprague-Dawley rats
(n¼ 13, 175–235 g) were ordered and sacrificed. Within 1 h post-
mortem, each rat was dissected and the infrarenal abdominal aorta
was extracted. All connective tissues were removed and the sam-
ple was placed in 1� phosphate-buffered saline (PBS) pH 7.4
(Thermo Fisher Scientific, Waltham, MA) with 1% (v/v) Gibco
Penicillin–Streptomycin 10,000 U/mL (Thermo Fisher) and 1%
(v/v) Gibco Amphotericin B (Thermo Fisher) for 24–48 h post-
mortem at 4 �C before mechanical testing.

2.2 Electrospun Materials. Gelatin extracted from porcine
skin (Sigma-Aldrich, St. Louis, MO) and polycaprolactone with a
molecular weight �80,000 (Sigma-Aldrich) were dissolved in
1,1,1,3,3,3-hexafluoro-2-propanol (HFP) (Sigma-Aldrich) at ratios
of 80:20, 50:50, and 20:80 (referred to henceforth as 80G:20PCL,
50G:50PCL, and 20G:80PCL, respectively) to create 10% (w/v)
solutions. Human recombinant tropoelastin was acquired from
Protein Genomics (Sedona, AZ), which was produced by fermen-
tation of recombinant Escherichia coli containing pET21a and
expression induced by the addition of isopropyl b-D-1-thiogalacto-
pyranoside. Tropoelastin was solubilized from the lysed cells and
purified resulting in approximately 95% purity determined by
sodium dodecyl sulfate polyacrylamide gel electrophoresis. The
final product was tropoelastin lyophilized with polyethylene gly-
col (PEG) into a cake with an end concentration of 0.48 mg tro-
poelastin/1 mg of cake (referred to henceforth as tropoelastin).
Tropoelastin and PCL with a molecular weight �80,000 (Sigma-
Aldrich) were dissolved in HFP at ratios of 80:20, 50:50, and
20:80 (referred to henceforth as 80T:20PCL, 50T:50PCL, and
20T:80PCL, respectively) to create 10% (w/v) solutions.

2.3 Fabricating Electrospun Constructs for Material
Characterization. A commercial electrospinning device (IME
Technologies, Waalre, The Netherlands) was used to create all
electrospun constructs in this study. All solutions were loaded into
5 ml syringes (BD, Franklin Lakes, NJ), which were attached to
computer-controlled syringe pumps. The syringes were connected
to transparent PTFE tubing with a 1 mm inner diameter (ID) and
2 mm outer diameter (OD), which fed the solutions into the venti-
lated insulated electrospinning chamber. For the G:PCL solutions
and T:PCL solutions, the feeding PTFE tubing was fed through a
positively charged translating stage on the same horizontal level
as the target and above the target, respectively. All feeding PTFE
tubes were connected to a 0.6 mm ID hollow stainless steel dis-
pensing tips, which were all at a distance of 10 cm away from the
target. The two dispensing tips alternatingly translated back and
forth at a speed of 300 mm/s along a total axial distance of 10 cm.
The G:PCL and T:PCL solutions were dispensed at a rate of 100
and 30 lL/min, respectively. The electrospinning system included
a gas shield module (IME Technologies), which was utilized to
prevent the accumulation of biopolymer at both nozzles and stabi-
lize the electrospinning streams for increased reproducibility.
Additionally, an anti-static module (IME Technologies, Waalre,
The Netherlands) was used to electrically neutralize any electric
charge accumulated inside the electrospinning chamber, which
played a role in minimizing nonspecific fiber binding and increas-
ing throughput yield and quality. A voltage difference of 15 kV
was generated between both dispensing tips and a grounded rotat-
ing stainless steel rod with a 1.55 mm OD rotating at a speed of
300 rpm. The electrospinning chamber’s temperature and relative

humidity were controlled to be 2563 �C and 30 6 2%, respec-
tively. Polymeric solutions were dispensed to create electrospun
cylindrical constructs for each protein:PCL ratio for both gelatin
and tropoelastin (n¼ 3 for each ratio, 18 total). All constructs
were removed and placed in 0.5% (m/v) concentration of genipin
(Wako Chemicals USA, Inc., Richmond, VA) in 200 proof etha-
nol for 24 h at 37 �C for crosslinking. The concentration of the
genipin solution was chosen as a result of preliminary experimen-
tation that took into account information from existing literature
as well as the mechanical integrity and measured stiffness of pre-
liminary constructs. After crosslinking, the constructs were rinsed
with ethanol to remove the crosslinking agent and hydrated in 1�
PBS. The electrospinning setup is shown in Fig. 1.

2.4 Sample Imaging and Thickness Measurements. Repre-
sentative 0.5 cm long samples were taken from each of the fabri-
cated constructs and rat aorta samples and placed in plastic molds
filled with Fisher HealthcareTissue-Plus O.C.T. Compound
(Thermo Fisher Scientific). The molds were kept in a freezer at
�20 �C until frozen. Each sample was mounted in a Microm
HM550 cryostat microtom (Thermo Fisher Scientific) and cryo-
sectioned at a thickness of 40 lm and mounted onto glass slides.
The glass slides were imaged using a Nikon 90i Eclipse fluores-
cence microscope (Nikon Inc., Melville, NY). The autofluores-
cence signal of the fabricated constructs was collected through a
Cy3 filter cube (excitation at 545 nm; emission at 610 nm), while
the autofluorescence signal of the rat aorta media layer was col-
lected using a FITC filter cube (excitation at 494 nm; emission at
518 nm). All samples were imaged using both a Nikon Plan APO
4�/0.2 [infinity]/- WD 12.7 objective (Nikon) and a Nikon Plan
Apo 20�/0.75 DIC N2 WD 1.0 objective (Nikon). The NIS-ELE-

MENTS IMAGING software (Nikon) was used to determine an average
thickness measurement for each sample.

2.5 Tubular Biaxial Mechanical Testing. Mechanical testing
of the fabricated characterization constructs and the rat aorta sam-
ples were performed using an in-house custom-made microbiaxial
optomechanical device (MOD), which has been used extensively
by our laboratory group to mechanically characterize tubular and
planar biomaterials [49,87–92]. Briefly, both ends of each sample
were cannulated to 1 mm OD glass capillaries using suture and
super glue gel (Loctite). The cannulated sample was mounted into
the MOD bath filled with 1� PBS, which was kept at 37 �C, and
preconditioned axially (1 to 1.2 axial stretch) and circumferentially
(0 to 120 mmHg intraluminal pressure) seven times. For mechanical
testing, the constructs were axially stretched to 1.2 at 0.05 mm/s in
0.05 increments. At each axial stretch increment, the intraluminal
pressure was slowly increased from 0 to 120 mmHg at an approxi-
mate rate of 4 mmHg/s using the hydrostatic pressure from a refill-
able fluid saline bag filled with 1� PBS. During these tests, the
axial load was measured by the MOD system using 1000 g load
cells. The real-time construct axial stretch and OD were determined
by tracking small cyanoacrylate/ceramic powder markers placed on
the constructs, which were digitally tracked using a camera and
image processing software integrated into the MOD system. Each
mechanical test generated raw data including axial stretch, axial
load, OD, and intraluminal pressure.

2.6 Constitutive Modeling and Stress–Strain Surface
Averaging. The raw data generated by the MOD system and
thickness data measured by fluorescence imaging were used to
calculate strain and stress values for each sample in both axial and
circumferential directions. The equations used to calculate the
second Piola Kirchhoff stresses and Green strains are detailed in
our previous publication [49]. Briefly, Eq. (1) was used to calcu-
late the circumferential Green strain

Ehh ¼
1

2
kh

2 � 1
� �

(1)
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where Ehh and kh are the circumferential Green strain and the cir-
cumferential stretch ratio (unitless), respectively. Equation (2)
was used to calculate the axial Green strain

Ezz ¼
1

2
kz

2 � 1
� �

(2)

where Ezz is the axial Green strain and kz is the axial stretch (unit-
less). The circumferential and axial second Piola Kirchhoff

stresses (Pa) (Shh and Szz, respectively) were calculated using Eqs.
(3) and (4), respectively,

Shh ¼
rhh

ð1þ 2EhhÞ
(3)

Szz ¼
rzz

ð1þ 2EzzÞ
(4)

Table 1 Fung strain energy equation material constants, A2/A1 values, and R2 values for the average, upper, and lower limit data-
set for the G:PCL characterization constructs (80G:20PCL, 50G:50PCL, and 20G:80PCL) and the T:PCL characterization constructs
(80T:20PCL, 50T:50PCL, and 20T:80PCL). R2 values compare the Fung equation surface plots to the averaged surface data for all
three replicates for the respective experimental group. These material constants are determined based on a multivariable error
minimization function and as such are covariant for each dataset. In other words, the relative values of parameter c and the other
material constants may independently increase or decrease to achieve an adequate fit to the data. Therefore, the values of the c
parameter may not necessarily be consistent with the trend of the labels: upper limit, average, and lower limit.

Group Dataset c (MPa) A1 A2 A3 A2/A1 R2

20G:80PCL Upper limit 77.9 0.051 0.26 0.044 5.2 0.99
Average 146.9 0.020 0.12 0.016 6.1 0.99

Lower limit 14.1 0.122 1.01 0.088 8.3 0.99
50G:50PCL Upper limit 93.7 0.012 0.065 0.009 5.6 0.98

Average 21.6 0.044 0.22 0.034 4.9 0.98
Lower limit 72.5 0.011 0.045 0.009 4.0 0.96

80G:20PCL Upper limit 70.9 0.003 0.027 0.001 9.5 0.98
Average 1.3 0.119 1.063 0.057 9.0 0.98

Lower limit 0.2 0.502 3.95 0.23 8.0 0.97
20T:80PCL Upper limit 302.2 0.024 0.063 0.015 2.6 0.81

Average 3.3 1.621 4.79 1.034 3.0 0.81
Lower limit 0.3 9.208 29.434 5.723 3.2 0.92

50T:50PCL Upper limit 57.2 0.073 0.260 0.047 3.6 0.80
Average 4.5 0.834 2.834 0.545 3.4 0.80

Lower limit 0.8 3.982 11.744 2.589 3.0 0.87
80T:20PCL Upper limit 319.7 0.004 0.021 0.002 5.1 0.99

Average 13.2 0.092 0.461 0.052 5.0 0.99
Lower limit 272.2 0.004 0.021 0.002 5.0 0.99

Fig. 1 (a) Representation of the electrospinning setup with two translating positively charged
dispensing nozzles and a rotating grounded mandrel, (b) IME Technologies commercial elec-
trospinning chamber, and (c) graphical representation of construct cross section showing the
alternating G:PCL and T:PCL layers
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where rzz and rhh are axial and circumferential Cauchy stresses,
respectively (Pa). The stress–strain data were fit to the following
modified Fung strain-energy constitutive equation [93]:

W ¼ c

2
eQ � 1ð Þ (5)

where Q ¼ A1Ehh
2 þA2Ezz

2 þ 2A3EhhEzz, W is the strain energy
density (Pa), and c (Pa), A1, A2, and A3 are material constants.
The axial and circumferential second Piola Kirchhoff stresses can
be derived from the strain energy density using the differentiations
shown by Eqs. (6) and (7), respectively [93]

Szz Ezz;Ehhð Þ ¼ @W

@Ezz
¼ c A2Ezz þ 2A3EhhÞ eQ

�
(6)

Shh Ezz;Ehhð Þ ¼ @W

@Ehh
¼ c A1Ehh þ 2A3EzzÞ eQ

�
(7)

For each mechanically tested replicate within each group, the
stress–strain data were fit to Eqs. (6) and individually using the
MATLAB multivariable minimization function, fmincon. Coefficient
of determination (R2) values and visual assessment were used to
evaluate the accuracy of these individual fits. This resulted in
stress–strain response surfaces of axial and circumferential second
Piola Kirchhoff stresses as a function of axial and circumferential
Green strains for each replicate. Both axial and circumferential
stress–strain response surfaces within each group were averaged
over the appropriate overlapping strains ranges. Upper limit and
lower limit response surfaces for each group were generated by
adding and subtracting one standard deviation from the average
responses surface, respectively. Finally, the average, upper limit
and lower limit stress–strain datasets were fit to Eqs. (6) and (7)
simultaneously to generate one set of constants for each response
surface for each group. The Fung constitutive model constants
with corresponding R2 values for all three response surfaces for
each group are shown in Table 1. Compliance values at zero axial
strain were calculated using the below equation [94]:

compliance mmHg�1
� �

¼ ðD120 � D70Þ=D70

50 mmHg
(8)

where D120 is the diameter of the vessel at 120 mmHg intralumi-
nal pressure (m) and D70 is the diameter of the vessel at 70 mmHg
intraluminal pressure (m).

2.7 Stress–Strain Predictive Model. To develop an optimi-
zation scheme that would determine suitable fabrication parame-
ters to produce a construct with desired mechanical properties, it
was necessary to develop a predictive model that could produce
stress–strain data for any protein:PCL ratio for both gelatin and
tropoelastin between the ratios already mechanically character-
ized. The averaged axial and circumferential response surface
data for all previously mentioned protein:PCL ratios (80:20,
50:50, and 20:80) for both gelatin and tropoelastin were used as
part of a weighted sum interpolation method. Specifically,
Lagrange interpolating polynomials [95] were used to interpolate
between stress–strain response data such that the actual character-
ized experimental data are recovered if protein percentage equals
20, 50, or 80 for both gelatin and tropoelastin. The interpolating
second order polynomials expressions for the three datasets are
shown in the below equation:

Shh Ehh; Ezz; Pð Þ ¼ N1 Pð ÞSð20Þ
hh Ehh; Ezzð Þ þ N2 Pð ÞSð50Þ

hh Ehh; Ezzð Þ

þ N3 Pð ÞSð80Þ
hh Ehh; Ezzð Þ

(9)

Szz Ehh; Ezz; Pð Þ ¼ N1 Pð ÞSð20Þ
zz Ehh; Ezzð Þ þ N2 Pð ÞSð50Þ

zz Ehh; Ezzð Þ

þ N3 Pð ÞSð80Þ
zz Ehh; Ezzð Þ

(10)

where P is the protein percentage between 20 and 80,
Shh Ehh; Ezz; Pð Þ, and Szz Ehh; Ezz; Pð Þ are the circumferential and
axial predicted stress–strain surface data for any protein

percentage between 20 and 80, respectively, S
ð20Þ
hh Ehh; Ezzð Þ,

S
ð50Þ
hh Ehh; Ezzð Þ, and S

ð80Þ
hh Ehh; Ezzð Þ are the circumferential

stress–strain surface data for the 80:20, 50:50, and 20:80 pro-

tein:PCL ratios, respectively, Sð20Þ
zz Ehh; Ezzð Þ, Sð50Þ

zz Ehh; Ezzð Þ, and

Sð80Þ
zz Ehh; Ezzð Þ are the axial stress–strain surface data for the

80:20, 50:50, and 20:80 protein:PCL, respectively, and N1 Pð Þ,
N2 Pð Þ, and N3 Pð Þ are Lagrangian interpolating polynomials
defined by the following equations:

N1 Pð Þ ¼ ðP� 50ÞðP� 80Þ
ð20� 50Þð20� 80Þ (11)

Fig. 2 A diagram illustrating the optimization scheme used in this study
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N2 Pð Þ ¼ P� 20ð Þ P� 80ð Þ
ð50� 20Þð50� 80Þ (12)

N3 Pð Þ ¼ P� 20ð Þ P� 50ð Þ
ð80� 20Þð80� 50Þ (13)

For any value of P between 20 and 80, the Lagrangian interpolat-
ing polynomials are used to calculate the appropriate weighted
contribution of stress–strain data at 80:20, 50:50, and 20:80 for
either protein. These equations were applied to both the G:PCL
and T:PCL datasets to calculate axial and circumferential
stress–strain datasets for each protein:PCL material separately.
These predicted datasets were fit simultaneously to Eqs. (6) and
(7) to produce one set of Fung constitutive model constants for
G:PCL and T:PCL at a specific biopolymer percentage for each
that were used in the optimization scheme.

2.8 Optimization Routine. Our research group previously
developed a finite element optimization scheme that predicted the
thickness and crosslinking time of glutaraldehyde electrospun
single-layered gelatin/fibrinogen constructs that were compliance-
matched to porcine coronary arteries [50]. This optimization rou-
tine was adapted to predict the thickness and protein:PCL ratios of
alternatingly layered constructs to match the geometry and com-
pliance of rat aorta. Briefly, MATLAB (MathWorks, Inc.) code was
used to generate ABAQUS FEA (Dassault Systemes Simulia, John-
ston, RI) input files for a four-noded, reduced-integration, axisym-
metric element model using a hybrid formulation. The mesh
geometry consisted of a user-defined number of alternating
G:PCL and T:PCL layers. The element regions associated with
the G:PCL layers and the T:PCL layers were assigned appropriate
material constants generated by the previously mentioned predic-
tive model. ABAQUS then simulated the intraluminal pressurization
from 0 to 120 mmHg and the OD measurement was extracted at
70 and 120 mmHg, which was used to calculate the simulated
compliance value per Eq. (8). The open fit design parameters in
the optimization scheme included the thicknesses and the pro-
tein:PCL ratios for each of the G:PCL and T:PCL layers. The
fixed parameters included the total number of layers, construct ID,
and total thickness. The rat aorta ID and media layer thickness
values were averaged and used as the target ID and thickness val-
ues for the optimized grafts, respectively. Additionally, the aver-
age observed number of layers of elastin in rat aorta was chosen
as the fixed number of alternating layers for all optimized compli-
ance values. A construct total thickness computational tolerance
of 20% was deemed acceptable to allow for flexibility in the

optimization scheme. The MATLAB bounded optimization function
(fminsearchbnd) iterated while changing the open design parame-
ters until the difference between the predicted compliance value
from the finite element simulation and the target compliance value
fell within less than 1% of the target compliance. A summary of
the optimization scheme is shown in Fig. 2.

2.9 Compliance Matching and Optimization Model Vali-
dation. Multiple compliance targets were chosen to demonstrate
the flexibility of our model to compliance match to a wide range
of values. The optimized grafts targeted to compliance match the
average, the upper limit (one standard deviation added to the aver-
age), and lower limit (one standard deviation subtracted from the
average) measured compliance values were referred to as isocom-
pliant, hypercompliant, and hypocompliant optimized grafts,
respectively. The optimization scheme was run to determine the
design parameters necessary to create multilayered constructs that
compliance matched all three targets. The optimization results
were used to fabricate optimized grafts for all experimental
groups. To match the target layer thicknesses, the thickness data
from the characterization constructs were used to estimate the
appropriate volumetric flow rate that would result in the appropri-
ate G:PCL and T:PCL layer thicknesses. To evaluate the accuracy
of experimental individual layer thicknesses, cross section of the
fabricated grafts were imaged to determine the individual thick-
ness of each G:PCL and T:PCL layer. The relative error of indi-
vidual layer thicknesses according to the below equation:

% relative error ¼ target thickness� actual thickness

target thickness

����

���� (14)

The individual rat aorta thicknesses were subtracted from the OD
values extracted from the MOD experiments. Compliance values
and Fung constitutive model constants were determined for all
optimized grafts, for which stress–strain response surfaces were
generated.

2.10 Statistical Analysis. All values are presented as the
average 6 standard deviation unless otherwise specified. Two-
sample two-tailed t-tests were conducted comparing the IDs and
total thickness of optimized grafts to those of rat aorta. One sam-
ple two-tailed t-tests were conducted comparing the compliance
of optimized grafts to their respective target compliance values. A
Bonferroni correction was applied to the p-values of comparative
statistical tests to account for familywise error. For all
statistical tests, a critical p-value of 0.05 was used to determine
significance.

Fig. 3 Predicted circumferential stress–strain response surfaces for (left) G:PCL ratios and (right) T:PCL ratios of 80:20,
70:30, 60:40, 50:50, 40:60, 30:70, and 20:80
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3 Results

3.1 Material Characterization. The G:PCL characterization
constructs (80G:20PCL, 50G:50PCL, and 20G:80PCL) and the
T:PCL characterization constructs (80T:20PCL, 50T:50PCL, and
20T:80PCL) were mechanically characterized and the Fung con-
stitutive model constants, A2/A1 (measure of anisotropy) and R2

values are shown in Table 1.

3.2 Stress–Strain Predictive Model. For both gelatin and
tropoelastin, the developed predictive model was used to interpo-
late circumferential and axial stress–strain data for any ratio
between 80:20 and 20:80. Predicted circumferential and axial
stress–strain response surfaces for the G:PCL and T:PCL ratios
are shown in Figs. 3 and 4, respectively.

3.3 Rat Aorta and Optimized Graft Characterization. The
average ODs of the rat aortas (n¼ 13) were determined to be
1.2860.11 mm. The average rat aorta media layer thickness was
determined to be 5567 lm. The individual rat aorta thicknesses
were subtracted from the OD values and the average ID was deter-
mined to be 1.1760.15 mm. To match the ID of the optimized
grafts to the ID of rat aorta, the electrospinning mandrel target
was chosen to have an OD of about 1.17 mm. To qualitatively
match the number of elastin/collagen layers of rat aorta, the total
number of G:PCL and T:PCL layers was set at 12 layers (6 each).
Using the MOD system, the average compliance value of the rat
aorta was determined to be 0.00056860.000318 mmHg�1. Based
on this compliance range, the target compliance values for the
hypocompliant, isocompliant, and hypercompliant optimized
grafts were set at 0.000256, 0.000568, and 0.000880 mmHg�1,
respectively. The optimization scheme was utilized and the result-
ing G:PCL ratios, T:PCL ratios, and individual layer thicknesses
for all optimized experimental groups are shown in Table 2, which
were used to fabricate all optimized grafts.

Fluorescence images of the cross section of fabricated opti-
mized grafts were used to determine the actual thickness values,
which were compared to the optimized target values. The average
G:PCL layer thickness relative error (%) for the hypocompliant
(n¼ 3), isocompliant (n¼ 3), and hypercompliant (n¼ 3) were
30.067.3%, 12.768.7%, and 27.1568.7%, respectively. The
average T:PCL layer thickness relative error (%) for the hypocom-
pliant, isocompliant, and hypercompliant was 16.068.8%,
15.668.5%, and 33.265.7%, respectively. The average ID values
for the hypocompliant, isocompliant, and hypercompliant grafts
were 1.0460.01 mm, 0.8660.07 mm, 0.9260.05 mm, respec-
tively. The IDs of the isocompliant and hypercompliant grafts
were significantly lower than that of rat aorta (p-value¼ 0.002
and 0.001, respectively), whereas the ID values of the hypocom-
pliant grafts were not statistically different than that of rat aorta
(p-value¼ 0.25). The average wall thickness values for the hypo-
compliant grafts, isocompliant grafts, hypercompliant grafts were
5764 lm, 5968 lm, and 5666 lm, respectively. The total wall
thickness of the hypocompliant, isocompliant, and hypercompli-
ant grafts were not statistically different than that of rat aorta (p-
value> 0.99 for all). Fluorescence images of cross section of the
optimized grafts and graphs demonstrating the ID values and
thickness values of the optimized grafts are shown compared to
rat aorta in Fig. 5.

3.4 Optimized Compliance and Mechanical Characteriza-
tion. The compliance values of the hypercompliant optimized
grafts (0.001060.00020 mmHg�1) and isocompliant optimized
grafts (0.0005660.000051 mmHg�1) were not statistically differ-
ent than their respective target compliances (p-value¼ 0.37 and
0.89, respectively). The compliance values of the hypocompliant
optimized grafts (0.0001760.000055 mmHg�1) were statistically
different than their respective target compliance value (p-val-
ue¼ 0.047). The average compliance values are shown in Fig. 6.

Table 2 Optimization scheme predicted results for G:PCL and T:PCL layer ratios and thicknesses for individual layers for all opti-
mized graft groups

Predicted individual layer thickness (lm)

Optimized
experimental group

Predicted
G:PCL layer ratio

Predicted
T:PCL layer ratio G1 T1 G2 T2 G3 T3 G4 T4 G5 T5 G6 T6 Total

Hypercompliant 75:25 68:32 7 5 7 5 8 5 8 5 7 5 7 5 74
Isocompliant 71:29 48:52 6 5 5 5 6 5 7 5 6 5 7 5 67
Hypocompliant 35:65 28:72 5 5 9 5 9 5 9 5 8 5 9 5 79

Fig. 4 Predicted axial stress–strain response surfaces for (left) G:PCL ratios and (right) T:PCL ratios of 80:20, 70:30, 60:40,
50:50, 40:60, 30:70, and 20:80
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The Fung equation constants, R2 values and A2/A1 values for the
upper limit, average, and lower limit dataset for each of these
groups are shown in Table 3. The average circumferential and
axial stress–strain Fung-fit responses surfaces for the hypocompli-
ant, isocompliant, and hypercompliant optimized grafts (n¼ 3 for
each) and rat aorta (n¼ 8) are shown in Figs. 7 and 8,
respectively.

4 Discussion

Electrospun cylindrical hybrid constructs comprised of various
G:PCL and T:PCL ratios were mechanically characterized. The
mechanical data were used to develop a stress–strain predictive
model, which could predict the mechanical properties of any ratio
G:PCL and T:PCL between 80:20 and 20:80 using Lagrangian
polynomial interpolation. The predictive model was used as part
of an optimization scheme to determine the appropriate pro-
tein:PCL ratios and thicknesses, which were then used to fabricate
G:PCL/T:PCL alternatingly layered constructs that could compli-
ance match to rat aorta. The alternating two-nozzle electrospin-
ning method produced optimized grafts with distinct G:PCL and
T:PCL layers for all three target compliances (Fig. 5). These opti-
mized grafts had G:PCL and T:PCL layers with thickness

percentage relative errors averages of less than 30.0% and 33.2%,
respectively. Mechanical characterization of the optimized grafts
showed that the optimization scheme was successful at
compliance-matching grafts with higher gelatin and tropoelastin
content. Specifically, the optimization model successfully deter-
mined the appropriate protein:PCL ratios and layer thickness con-
figurations to properly match the compliance of hypercompliant
(75G:25PCL and 68T:32PCL) and isocompliant (71G:29PCL and
48T:52PCL) grafts. However, the experimental results showed
that the optimization scheme overestimated the compliance of the
hypocompliant grafts, which had lower gelatin and tropoelastin
content (35G:65PCL and 28T:72PCL).

As expected, the mechanical data generated from the pure
G:PCL and T:PCL characterization constructs, and consequently
the predictive model, showed that as the gelatin and tropoelastin
content increases the material became less stiff and exhibited
higher deformability (Figs. 3 and 4). Our laboratory group had
previously demonstrated in preliminary experiments (data not
shown) that electrospinning cylindrical constructs composed of a
blend of tropoelastin and gelatin crosslinked with glutaraldehyde
allowed for greater elasticity, deformability, and compliance com-
pared to that made of exclusively gelatin. We had expected that
any T:PCL ratio would be less stiff than G:PCL with the same

Fig. 5 (a) 43 and 203 fluorescence images of representative samples of the hypocompliant, isocompliant, and
hypercompliant optimized grafts and rat aorta. Scale bar indicates 50 lm for all images. (b) Inner diameter and (c)
total thickness of the hypocompliant, isocompliant, and hypercompliant optimized grafts compared to rat aorta.
Error bars indicate one standard deviation. Asterisk indicates statistical significance of difference compared to rat
aorta using two-sample two-tailed t-test (p-value < 0.05).
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protein:PCL ratio, and hence, that tropoelastin would be used to
help tune the optimized grafts to become more compliant. How-
ever, T:PCL materials were stiffer than G:PCL of the same pro-
tein:PCL ratio in both circumferential and axial directions (Figs. 3
and 4). Additionally, the T:PCL materials were the only ones to
strain-stiffen in the axial direction compared to their respective
G:PCL equivalent (Fig. 4). This may be due to a difference in
crosslinking mechanism between glutaraldehyde and genipin.
Whereas our previous crosslinking method consisted of exposing
constructs to glutaraldehyde vapor phase, our genipin crosslinking
procedure involved submerging our electrospun constructs in a
0.5% genipin solution in ethanol (m/v). Since a portion of the tro-
poelastin cake is comprised of PEG, it may be possible that the
electrospun PEG fibers dissolved in the ethanol. This may have
resulted in a higher degree of crosslinking on T:PCL materials,
due to an increase in crosslinking site availability, compared to
the G:PCL materials, which did not contain PEG. Another expla-
nation of this behavioral discrepancy may be due to how differ-
ently genipin interacts with gelatin compared to tropoelastin. It
may be necessary to investigate other crosslinking nontoxic meth-
ods that could better utilize the elastic nature of tropoelastin. It is
important to note that for both gelatin and tropoelastin, as protein
content increased so did the anisotropic behavior as indicated by
A2/A1 values for both the G:PCL and T:PCL materials. This
could be due to a higher diversity of fiber diameters in materials
with higher protein content. The results also show that the IDs of
the optimized grafts with higher protein content were lower com-
pared to those with lower protein content. Although all optimized
grafts were electrospun on the same mandrel with a fixed OD to
match rat aorta ID, only the hypocompliant optimized graft had an
ID not statistically different than that of rat aorta. The decrease in
ID of the hypercompliant and isocompliant could be attributed to
a compressive effect of the genipin crosslinking, which only
affected the protein component of the graft. Mandrels with larger
ODs may be necessary in order to match IDs of rat aorta for opti-
mized grafts with higher percentages of protein to account for the
crosslinking shrinking effect. Another solution to this problem
could be crosslinking the graft while it is still on the mandrel so as
to keep the graft ID equal to the OD of the mandrel.

In previous work, we fabricated and characterized
glutaraldehyde-crosslinked gelatin/fibrinogen constructs, which
were limited in deformability and mechanical integrity [49]. Our
current study added PCL to the graft composition, allowing axial
strains beyond the 0.17 limit exhibited by some gelatin/fibrinogen
grafts previously fabricated [49]. This was achieved while still
compliance matching to the different compliance range values of
rat aorta. It should also be noted that most values of the anisotropy

indicator A2/A1for the protein:PCL grafts in our current study
increased compared to that of the previous study. Few researchers
have reported fabricated layered constructs compared to a biologi-
cal native sample. Huang et al. created a triple-layered vascular
graft composed of two synthetic polymers (PCL and PEG) using a
combination of E-Jet 3D printing and electrospinning [96]. The
authors found that their layered grafts, which had thicknesses on
the order of 700 microns, had higher burst strength and tensile
strength to abdominal aortas from Sprague Dawley rats. While the
study by Huang et al. did not report on compliance measures, it is
unlikely that their grafts compliance matched rat aorta, because of
the observed higher thicknesses and synthetic polymer composi-
tion. Yu et al. developed a biomimetic hybrid small-diameter vas-
cular graft at different ratios of polyurethane and fibroin [97].
Similar to our study, they demonstrated that the mechanical prop-
erties (Young’s modulus and ultimate strength) could be changed
by varying the ratio of the synthetic polymer to the natural poly-
mer. The focus of this study was mainly on the suitability of the
graft for endothelialization and did not compare the mechanical
properties of the graft to native tissue. In contrast, the thicknesses
of our optimized grafts in this study were not statistically different
from that of our target biological sample, and we have demon-
strated that at least two of our optimized graft experimental
groups compliance matched their target compliance value. None-
theless, future studies are necessary to determine the suitability of
the graft for endothelialization and cell culture.

Few researchers have attempted to compliance match vascular
grafts to native tissue. Nezarati et al. fabricated electrospun differ-
ent poly(carbonate urethanes) and evaluated the effect of changing
thickness and microstructure on the compliance of the constructs
with IDs and thicknesses on the order of 5 mm and 400 lm,
respectively [98]. This study attempted to tune the compliance of
their synthetic constructs (0.000660.00006 mmHg�1) to exceed
that of human saphenous vein (0.0004460.00008 mmHg�1)
mechanically characterized in other literature [99]. Soletti et al.
fabricated a bilayered vascular graft using both electrospinning
and thermally induced phase separation and were compared
mechanically to native human saphenous veins (hSV) and porcine
internal mammary arteries (IMAs) [100]. The compliance values
of the grafts were measured to be 0.0004660.00005 mmHg�1 and
were considered similar to both hSV and porcine IMAs without
matching geometric dimensions of native tissue. These
compliance values were similar to those of the isocompliant
optimized grafts in our study, which measured at 0.00056
60.000051 mmHg�1. However, the geometrical dimensions of
the grafts in the study by Soletti et al. (4.7 mm ID with 490 lm
thickness) were larger than the small diameter rat aorta, as they

Table 3 Fung strain energy equation constants, A2/A1 values, and R2 values for the average, upper, and lower limit dataset for the
hypocompliant, isocompliant, and hypercompliant optimized grafts and rat aorta. R2 values compare the Fung equation surface
plots to the averaged surface data for all three replicates for the respective experimental group. These material constants are deter-
mined based on a multivariable error minimization function and as such are covariant for each dataset. In other words, the relative
values of parameter c and the other material constants may independently increase or decrease to achieve an adequate fit to the
data. Therefore, the values of the c parameter may not necessarily be consistent with the trend of the labels: upper limit, average,
and lower limit.

Group Dataset c (MPa) A1 A2 A3 A2/A1 R2

Hypocompliant Upper limit 188.21 0.046 0.17 0.029 3.7 0.99
Average 149.40 0.048 0.19 0.029 4.0 0.99
Lower limit 122.98 0.047 0.21 0.027 4.5 0.99

Isocompliant Upper limit 1.35 1.033 9.62 0.487 9.3 0.97
Average 1.55 0.865 7.92 0.399 9.2 0.96
Lower limit 2.23 0.587 5.31 0.264 9.1 0.92

Hypercompliant Upper limit 154.93 0.011 0.062 0.006 6.0 0.86
Average 64.34 0.024 0.14 0.014 5.8 0.85
Lower limit 74.92 0.020 0.12 0.011 5.9 0.83

Rat aorta Upper limit 136.08 0.011 0.038 0.005 3.4 0.98
Average 1.10 0.850 2.66 0.371 3.1 0.98
Lower limit 0.005 31.805 50.11 9.433 1.6 0.90
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were meant for the larger dimensions of hSV and porcine IMAs.
In another study, Soletti et al. fabricated electrospun synthetic
grafts with IDs and thicknesses similar to that of Lewis rat abdom-
inal aorta [101]. However, in this case, the compliance values of
their synthetic grafts were significantly lower than that of meas-
ured Lewis rat aorta. This mismatch shown in the literature
between native tissue and grafts, in regards to geometry and com-
pliance, highlights the importance and significance of having
strategy to tune compliance by adding natural polymers while also
controlling geometrical parameters. As mentioned, this was suc-
cessfully demonstrated by our optimization scheme as presented
in this study.

There are few studies that have also electrospun recombinant
human tropoelastin [45,58,72]. In one study, Wise et al. fabricated
an electrospun bilayered construct by sequentially delivering

tropoelastin and T:PCL [72]. Similar to our study, Wise et al.
added tropoelastin to PCL to fabricate cylindrical constructs and
determined mechanical properties like compliance, burst pressure,
and elastic modulus. Their constructs had two layers, with only
one outer hybrid layer of tropoelastin:PCL at one ratio of 80:20
with a thickness and ID on the order of 300 lm and 3 mm, respec-
tively. The compliance value of their construct was on the order
0.0008 mmHg�1, which they demonstrated was not statistically
different than that of human IMAs but was different from that of
human saphenous vein. Their study did not show how changing
the T:PCL ratio can tune the compliance of their constructs to
match different compliance ranges nor did they perform biaxial
mechanical characterization and constitutive modeling. They
were, however, able to show that these layered tropoelastin/
T:PCL grafts had the mechanical integrity and biocompatibility to
be successfully implanted in an animal model for one month.
Although these grafts were crosslinked with glutaraldehyde
instead of genipin, these results exhibit the suitability of our mate-
rials to be used for a functional vascular graft in future studies.

Some studies in the literature have utilized computational meth-
ods to characterize vascular constructs. A study by Jankowska
et al. used constitutive modeling to characterize the mechanical
behavior of human coronary artery using a Holzapfel constitutive
model at different stages of atherosclerosis [102], which could
prove useful in developing finite element models for vascular
grafts with the goal of targeting suitable mechanical properties.
There are few examples in the literature of studies that utilize
computational methods to predict vascular graft compliance. Sza-
fron et al. developed and performed a parametric computational
study of different parameters, like thickness and shear modulus,
on the compliance of a bilayered cylindrical construct [103]. This
study did not present experimental validation of their findings.
However, it did provide a wide range of insights into the parame-
ters important to vascular graft design. A study by Castillo-Cruz

Fig. 6 Target and actual compliance values of the hypocompli-
ant, isocompliant, and hypercompliant optimized grafts com-
pared to rat aorta compliance values. Error bars indicate one
standard deviation. Asterisk indicates significant difference to
target compliance value using one sample two-tailed t-test.

Fig. 7 Average circumferential stress–strain Fung-fitted response surface plots for the hypocompli-
ant, isocompliant, and hypercompliant optimized grafts as well as for rat aorta. Averaged data points
from all replicates are displayed for fit evaluation and visualization.
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et al. investigated the suitability of an analytical expression to
determine the compliance of a cylindrical construct made of Teco-
flex (polyurethane). Their analytical solution was successful at
compliance prediction based solely on the elastic modulus and
Poisson’s ratio of the polymer material, which was determined
through uniaxial tensile and compressive tests of the materials
[104]. Castillo-Cruz et al. used finite element analysis to predict
compliance using a four-noded axisymmetric model, similar to
the finite element technique presented in this study [104].
Although the material was modeled using a simple isotropic linear
elastic model, the finite element model was validated by predict-
ing the compliance values measured experimentally. The scope of
their study was limited to the prediction of the behavior of one
isotropic nonfibrous synthetic material. Our approach adds to the
current state of the art by combining a computational predictive
model with finite element-based optimization, anisotropic consti-
tutive modeling, and the prediction and validation of a multilay-
ered construct composed of biomimetic materials.

There are a number of limitations to this study. All finite ele-
ment simulations were performed at zero axial load. This was
done as our vascular grafts will initially be implanted into the
aorta of rats at near zero axial stretch. Therefore, our optimization
scheme did not take into account the axial mechanical properties
of the graft, which resulted in none of the optimized grafts having
axial stress–strain response surfaces qualitatively similar to rat
aorta. All optimized grafts exhibited noticeably stiffer behavior in
the axial strain range presented (Fig. 8). This axial behavior mis-
match was expected as the optimization scheme was focused on
compliance matching, which would most directly impact the
stress–strain behavior in the circumferential direction. Future
studies will investigate compliance matching grafts while also tak-
ing into account the axial behavior so as to match all mechanical
properties of rat aorta. One important factor in determining the
mechanical behavior of our fibrous constructs is fiber orientation,
which was not investigated in this study. Based on existing

literature [105–107], we believe that the rotational speed of the
target and the translational speed of the nozzles were both not
high enough to create aligned fibers. Instead, we assume that our
constructs were composed of random, nonwoven and nonaligned
fibers. Future studies should measure fiber orientation and diame-
ter distribution in an effort to explain the anisotropic behavior
exhibited by our constructs. We would also like to note that
although the optimization scheme did not take into account the
axial stiffness of our graft, our research group has successfully
implanted several optimized constructs interpositionally in rats at
zero axial stretch and have thus far shown adequate axial stability
and patency. Future studies should also study the interfaces and
interactions between the different G:PCL and T:PCL layers,
which could shed light on graft transluminal stability and potential
for layer delamination. The consideration of both fiber orientation
and the interactions between the layers of our graft will further
drive the microstructure and mechanical properties of our grafts
toward that of native tissue. One additional limitation to this study
is the low resolution in creating the relatively low layer thick-
nesses that are required to match the number of elastin layers of a
rat aorta, as thicknesses on the order of 5 lm are difficult to fabri-
cate in a controlled manner with our current electrospinning setup.
This may explain the overestimated compliance for hypocompli-
ant grafts, which had the highest percentage relative error for the
G:PCL and T:PCL materials (27.1568.7% and 33.265.7%,
respectively). Additionally, the predictive model used to fabricate
the hypocompliant grafts used mechanical data of materials that
exhibited low strain ranges due to the high synthetic polymer con-
tent. Finite element simulations may result in strains beyond what
is captured by the mechanical data and may therefore be less accu-
rate at predicting mechanical behavior. The accuracy of the pre-
dictive model is heavily dependent on the captured mechanical
data and strain ranges of the characterization constructs. There-
fore, it is important in future studies to conduct mechanical tests
that capture a broader range of strains and characterize other

Fig. 8 Average axial stress–strain Fung-fitted response surface plots for the hypocompliant, isocom-
pliant, and hypercompliant optimized grafts as well as for rat aorta. Averaged data points from all repli-
cates are displayed for fit evaluation and visualization.
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different types of synthetic and biological polymers blends that
would increase our capacity to simulate different strain and com-
pliance ranges. The circumferential stress–strain data were limited
by the arbitrary intraluminal pressure limit of 120 mmHg, which
resulted in circumferential maximum stress values significantly
smaller than that of the axial stresses. Future studies should
expand the availability of circumferential stress data by pressuriz-
ing all constructs beyond 120 mmHg to reach circumferential
stresses on the same order of magnitude as the axial stresses.
Finally, additional studies are necessary to evaluate important
mechanical and biological properties of our optimized grafts
such as permeability, burst pressure, and cell and blood
biocompatibility.

Our study is one of the first research efforts to use a computa-
tional/experimental optimization scheme to fabricate a multilay-
ered biomimetic vascular graft using protein analog to elastin and
collagen. We have demonstrated that these grafts can be designed
to compliance match to a wide range of compliance values. In this
study, we have replaced the use of glutaraldehyde with genipin in
an effort to reduce cytotoxicity. Our laboratory group is currently
investigating the biodegradability and biocompatibility of our
materials using vascular SMCs. We are also evaluating the effect
of the degradation of crosslinked proteins on the release profiles
of growth factors, which could be loaded into the optimized grafts
and influence the interaction of SMCs with the material. Further-
more, preliminary results have indicated that implanting opti-
mized layered grafts into the abdominal aorta of rats have resulted
in good patency. Overall, we have shown that we can tune the
mechanical properties of our hybrid grafts by varying the ratio of
protein to synthetic polymer using an optimization scheme that
can be used to target a specific compliance value while consider-
ing geometry. These methods are a stepping-stone toward the
design of a functional and clinically translatable tissue-engineered
vascular graft.
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