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Coronary heart disease is a leading cause of death among Ameri-
cans for which coronary artery bypass graft (CABG) surgery is a
standard surgical treatment. The success of CABG surgery is
impaired by a compliance mismatch between vascular grafts and
native vessels. Tissue engineered vascular grafts (TEVGs) have
the potential to be compliance matched and thereby reduce the
risk of graft failure. Glutaraldehyde (GLUT) vapor-crosslinked
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gelatin/fibrinogen constructs were fabricated and mechanically
tested in a previous study by our research group at 2, 8, and
24 hrs of GLUT vapor exposure. The current study details a com-
putational method that was developed to predict the material
properties of our constructs for crosslinking times between 2 and
24 hrs by interpolating the 2, 8, and 24 hrs crosslinking time data.
MATLAB and ABAQUS were used to determine the optimal combina-
tion of fabrication parameters to produce a compliance matched
construct. The validity of the method was tested by creating a
16-hr crosslinked construct of 130 um thickness and comparing its
compliance to that predicted by the optimization algorithm. The
predicted compliance of the 16-hr construct was 0.00059 mm
Hg™ ! while the experimentally determined compliance was
0.00065 mm Hgil, a relative difference of 9.2%. Prior data in our
laboratory has shown the compliance of the left anterior descend-
ing porcine coronary (LADC) artery to be 0.00071 = 0.0003 mm
Hg™'. Our optimization algorithm predicts that a 258-pum-thick
construct that is GLUT vapor crosslinked for 8.1 hrs would match
LADC compliance. This result is consistent with our previous
work demonstrating that an 8-hr GLUT vapor crosslinked con-
struct produces a compliance that is not significantly different
from a porcine coronary LADC. [DOI: 10.1115/1.4032060]
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Introduction

In 2010, cardiovascular disease (CVD) was present in more
than one third of the U.S. population over the age of 20, and
accounted for 787,650 American deaths [1]. Of these deaths, nearly
half of all cases point to coronary heart disease as the underlying
cause. CABG surgery is a common treatment for coronary heart
disease and is the process in which autologous vessels or vascular
grafts are used to bypass diseased vessels [2]. Current CABG meth-
ods are inadequate as many grafts suffer from an increased risk of
thrombosis and graft failure due to intimal hyperplasia caused by a
compliance mismatch between the artery and graft [2,3].

TEVGs are a potential solution to the aforementioned issues
associated with bypass graft surgery as they can be engineered to
have a compliance that matches that of the native vessel and also
to be nonthrombogenic, biocompatible, nonimmunogenic, and
infection resistant [4]. In order to design a compliance-matched
TEVG, it is a logical first step to try to mimic the material and
microstructure of a native vessel. Coronary arteries consist pri-
marily of smooth muscle cells (SMCs) embedded in an extracellu-
lar matrix of collagen and elastin fibers [3]. Previous research has
suggested that electrospinning layers of collagen and elastin tissue
to create vascular constructs are the viable option to replicate the
biomechanical properties of vascular tissue [5-7]. Our research
group has successfully electrospun and characterized nonsynthetic
biopolymer vascular grafts using gelatin and fibrinogen. The
effect of crosslinking time via exposure to GLUT vapor on their
mechanical behavior was also characterized [4]. Because compli-
ance matching with the host artery is of critical importance in
graft design [2,3,8], a computational technique has been devel-
oped to predict the compliance of our constructs based on the
thickness of the construct and the duration of crosslinking time.
Predictability of material properties is useful for compliance
matching and improving viability of implanted grafts, while also
being cost and time effective. The purpose of this technical brief
is to detail the method behind the computational optimization of
thickness and crosslinking time to achieve a vascular graft com-
pliance matched to porcine LADC artery.

Methods

Electrospun Construct Fabrication. Our research group has
previously fabricated tubular constructs using gelatin extracted
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Fig.1 Electrospinning setup

Fig. 2 MOD being used to test a gelatin/fibrinogen tubular
construct

from porcine skin (Sigma-Aldrich, St. Louis, MO) and fraction I
bovine fibrinogen (Sigma-Aldrich) at a ratio of 80:20 gelatin:fibri-
nogen dissolved in 1,1,1,3,3,3-Hexafluoro-2-propanol (HFP)
(Sigma-Aldrich) at 10% w/v. This solution was dispensed through
a 23 gauge stainless steel dispensing needle on a 5 ml BD syringe
loaded into a NE-100 single syringe pump (New era pump sys-
tems Inc., USA). A 15kV voltage difference was applied between
the dispensing tip and a 1.6mm OD mandrel rotating at 25
RPM and translating at 10 mm/s. The voltage difference caused
the biopolymer solution to be deposited onto the mandrel, forming
a tubular construct. This electrospinning setup can be seen in
Fig. 1 [4].

These constructs were then removed from the stainless steel rod
and suspended in the air in a chamber containing 25% (v/v) liquid
GLUT. Three experimental groups with three replicates each were
created and allowed to crosslink for 2, 8, and 24 hrs before
mechanical testing [4]. These constructs were used as the basis for
the present study.

Mechanical Testing. A microbiaxial optomechanical device
(MOD) has been used by our laboratory to characterize the me-
chanical properties of various soft tissues [9-14]. This device,
shown in Fig. 2, is capable of stretching tubular samples longitudi-
nally while also applying an intraluminal pressure and recording
the axial load, intraluminal pressure, circumferential strain, and
axial strain. Six different protocols were performed on each speci-
men. After preconditioning, the intraluminal pressure was
increased from 0 to 120 mm Hg with constant axial loads of 0, 10,
and 30 g. The axial load was then increased from O to 30 g with
constant intraluminal pressures of 0, 70, and 120mm Hg
[4,15,16].

Material Properties. The compliance of the constructs was
defined according to Eq. (1) [4]
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where D159 and Dy are the diameters of the construct at an intra-
luminal pressure of 120 mm Hg and 70 mm Hg, respectively.

Data from the mechanical testing were fit to a four-parameter
Fung-type strain energy model [4,15]

W="C(e2-1) @)
2
0 = AiEjy + AEL + 2A3EgE: ?3)

where W represents the strain energy density and ¢ (kPa), A, A,
and A; are material constants, Egyy is the circumferential Green
strain, and E,, is the axial Green strain. The second Piola-
Kirchhoff stresses for the above constitutive relationship are

Soo = c(A1Egg + A3E..)e? )
S.: = ¢(ArE.. + A3Epg)e? ®)

where Sy is the circumferential second Piola-Kirchhoff stress and
S.. represents the axial second Piola-Kirchhoff stress. The 2-, 8-,
and 24-hr crosslinked constructs were found, on average, to have
the constants shown in Table 1 for the Fung-type constitutive
model [4].

Prediction of Material Properties. A method was developed
to predict the mechanical behavior of constructs for any crosslink-
ing time between 2 and 24 hrs without building and testing new
constructs. This was achieved by interpolating the existing data
for 2, 8, and 24 hrs of crosslinking. Interpolation of stress—strain
response surfaces was performed using the following equations:

2 2
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In these expressions, ¢ is crosslinking time while A, B;, C, and D,
are constants determined by fitting all of the data for the 2-, 8-,
and 24-hr crosslinked constructs separately for Sgg and S... This
exponential form was chosen because the exponential Fung-type
constitutive model was successfully used with these constructs
previously [4]. Note that Egs. (6) and (7) do not form a constitu-
tive model for use in finite element simulation. The purpose of
these response functions is to approximate what experimental
stress—strain data would be for any arbitrary level of GLUT vapor
crosslinking time, 7, between 2 and 24 hrs. Examples of these
surfaces for crosslinking times of 2, 4, 8, 12, 16, and 24 hrs are
shown in Fig. 3. It is apparent from the figure that as crosslinking
time increases, the constructs become stiffer both circumferen-
tially and axially, as expected [4]. Note that this model is valid for
any value of crosslinking time between 2 and 24 hrs. After these
response surfaces are generated, the constants for the Fung-type
constitutive model are determined by simultaneously fitting the
data from the response surfaces to Egs. (4) and (5). Finally, these
constants are then used to define the material properties for a
finite-element simulation.

Table 1 Constants for constitutive model at 2, 8, and 24 hrs of
crosslinking time, as seen in Ref. [4]

Crosslinking time C (kPa) Ay Ay As R?

2 hrs 31.0 24.0 7.3 2.6 0.90
8 hrs 49.1 16.7 7.9 3.0 0.88
24 hrs 83.6 22.6 12.1 4.1 0.96
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Fig. 4 Example of an axisymmetric tube with fixed boundary
conditions at the top and bottom and an applied pressure, P, on
the inner surface. The tube has inside diameter (ID) and thick-
ness t. The dotted line is the line of axisymmetry.

Finite Element Simulation. MATLAB was used in conjunction
with finite element analysis software ABAQUS to generate and mesh
the geometries used in the optimization. An axisymmetric model
with four-noded, reduced-integration, axisymmetric, solid elements
with hybrid formulation was used. Figure 4 shows the boundary
value problem that was solved (iteratively) by ABAQUS.

Optimization. Our laboratory has previously written custom
MATLAB code to interact with ABAQus without opening the graphi-
cal user interface [17,18]. A MATLAB—ABAQUS optimization routine
was developed that simulates pressurized constructs as seen in
Fig. 4 and extracts the diameter at 70 and 120 mm Hg to calculate
the compliance. With each iteration, a different combination of
thickness and material properties are sent to ABAQuUS. The gradient
based bounded optimization function fminsearchbnd is used in
MATLAB to push the objective function (the difference between the
compliance predicted by the current iteration and the desired com-
pliance) to zero by updating the values of thickness and crosslink-
ing time for the next iteration. A bounded optimization function is
used to limit the thickness to a physiologically reasonable range
and to allow only crosslinking times between 2 and 24 hrs. The
simulation continues to update until the predicted compliance is
sufficiently close to the desired compliance (see Fig. 5).

Results

Both coefficient of determination (R?) values and visual assess-
ment were used to determine the validity of the surface model fit
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Fig. 5 Optimization program schematic

Table2 Constants and R? for Eq. (6)

A (kPa) B, B, Bs Bis™h)  BsGsH R

45,355.8 0.013 0.015 0.0097 0.00014 0.00053 0.84

Table 3 Constants and R? for Eq. (7)

C (kPa) Dy D, D5 Dy(s™ Ds(s™") R>

407.1 7.92 2.33 0.58 0.08 0.015 0.94

to the experimental data. Tables 2 and 3 show the constants that
were found to best fit the data and Fig. 6 shows visually how well
the response surfaces match the experimental data.

Verification of Material Property Prediction. To verify the
accuracy of the material properties predicted using the response
surface model, a 16-hr crosslinked construct was fabricated and
mechanically tested using the MOD. This construct had an outside
diameter of 1.12mm and thickness of 130 ¢ m. A simulation in
ABAQUs performed using the material properties generated by the
response surfaces predicted that such a construct would have a com-
pliance of 0.00059 mm Hg ' The actual compliance of the construct
tested was 0.00065 mm Hg ', giving a percent relative error of 9.2%.

Compliance Matched Construct. In a previous study by our
research group, porcine coronary artery data was collected and
used for comparison with our TEVGs [4,15]. Porcine LADC
arter?/ was found to have a compliance of 0.00071 = 0.0003 mm
Hg " [4]. A simulation was run to predict what thickness and
crosslinking time one of our gelatin/fibrinogen constructs should
have in order to compliance match the LADC. The simulation
result indicated that a construct 258 um thick with 8.1 hrs of cross-
linking would match the compliance of a LADC. Figure 7 shows
a plot of the objective function with each iteration and the final
parameters that are predicted to produce a compliance matched
construct. An animated version of this figure is available in the
online supplementary material.

Discussion

In summary, a method has been developed for predicting the
mechanical behavior, specifically the compliance, of our electro-
spun constructs for any thickness and for crosslinking times
between 2 and 24 hrs. It was predicted that a 258 um thick con-
struct with 8.1 hrs of crosslinking would match the compliance of
porcine LADC.

This corroborates the previous finding by our laboratory that an
8-hr crosslinked construct and LADC exhibit no statistical differ-
ence in compliance [4]. Previous compliance matching work has
been done by altering the chemistry of segmented polyurethanes
and the microarchitecture of the electrospun mesh in synthetic
grafts [3]. Additionally, Dargaville et al. modified the mechanical
properties of gamma radiation crosslinked small diameter electro-
spun synthetic scaffolds spun with L-lactide-co-trimethylene car-
bonate (LLA-TMC) fibers by using different percentages of TMC
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[19]. The present study is unique in the use of a computational
approach to predict the compliance of nonsynthetic grafts by alter-
ing the thickness of the graft as well as the length of crosslinking
time via exposure to GLUT vapor.

The accuracy of the compliance matching is limited somewhat
by the difficulty in electrospinning constructs of the exact desired
thickness. The electrospinning process can produce constructs
within =20 um from the goal thickness, which can lead to slightly
different material behavior than predicted. Furthermore, our labo-
ratory has shown that SMCs can be grown on gelatin/fibrinogen
fibers as used in the present study [20]. Seeded SMCs are likely to
have a significant impact on the mechanical properties of the gela-
tin/fibrinogen constructs [4]. In the future, it will be important
to quantify this effect in order to more accurately predict the
compliance of a construct in vivo.

In this study, the compliance matching program was used to
predict the compliance of 80% gelatin-20% fibrinogen constructs.
However, native vasculature contains alternating layers of elastin
and collagen, providing a combination of strength and compli-
ance. Our research group is currently working on improving the
durability and deformability of our constructs by electrospinning
alternating layers of gelatin/fibrinogen and tropoelastin into the
same construct. The necessary parameters in these layered

Transactions of the ASME



constructs will eventually be optimized to match the compliance
of native artery using an approach similar to that presented here.
Being able to control the individual thickness of each alternating
layer of gelatin/fibrinogen and tropoelastin will allow for a more
precise control over the compliance of the construct while also
providing a more biomimetic microstructural matrix organization.
It should be noted that although the present study optimizes the
thickness and crosslinking time for gelatin/fibrinogen constructs,
the flexibility of the computational approach presented here is
broadly applicable to the optimization of a variety of fabrication
challenges in tissue engineering. Computational prediction of
compliance is a cost effective way to determine the ideal geome-
try and crosslinking time for constructs that will be used in animal
trials. During preclinical in vivo trials, this method can be used to
aid in the fabrication of constructs that match the compliance of
native vessel in the current specimen, and could eventually be
applied to make patient specific compliance matched grafts based
on information derived from imaging of the patient’s vessel.
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