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Abstract—A novel tissue-engineered heart valve (TEHV) was
fabricated from a decellularized tissue tube mounted on a
frame with three struts, which upon back-pressure cause the
tube to collapse into three coapting “leaflets.”” The tissue was
completely biological, fabricated from ovine fibroblasts
dispersed within a fibrin gel, compacted into a circumferen-
tially aligned tube on a mandrel, and matured using a
bioreactor system that applied cyclic distension. Following
decellularization, the resulting tissue possessed tensile
mechanical properties, mechanical anisotropy, and collagen
content that were comparable to native pulmonary valve
leaflets. When mounted on a custom frame and tested within
a pulse duplicator system, the tubular TEHV displayed
excellent function under both aortic and pulmonary condi-
tions, with minimal regurgitant fractions and transvalvular
pressure gradients at peak systole, as well as well as effective
orifice areas exceeding those of current commercially avail-
able valve replacements. Short-term fatigue testing of one
million cycles with pulmonary pressure gradients was con-
ducted without significant change in mechanical properties
and no observable macroscopic tissue deterioration. This
study presents an attractive potential alternative to current
tissue valve replacements due to its avoidance of chemical
fixation and utilization of a tissue conducive to recellular-
ization by host cell infiltration.

Keywords—Heart valve, Tissue engineering, Pulse duplica-
tor, Decellularization.

INTRODUCTION

The concept of tissue engineering a heart valve was
proposed over 15 years ago, first as leaflets*® and then
as complete valves.'® Since then, several groups have
developed various strategies to develop a tissue-engi-
neered heart valve (TEHV), with considerable testing
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in animal models performed already.®®!1%2!:2327 The

pediatric patient population would most clearly benefit
from a TEHYV to replace the pulmonary valve (PV), the
valve most frequently indicated with congenital
defects, thereby obviating the need for multiple
placements with a larger prosthetic valve as the child
grows. However, a TEHV that could replace the aortic
valve (AV) in adults would, in theory, preclude the
necessity for life-long anticoagulation therapy needed
for mechanical valves, or the prospect of a replacement
tissue valve due to its eventual failure from calcifica-
tion. Unlike a pediatric TEHV, an adult TEHV, such
as the one proposed herein, can involve inert materials.

In the vast majority of the animal studies the
implanted TEHV has ultimately failed, with a common
failure mode being leaflet retraction (shortening) and/
or thickening. The progressive contraction of the tissue
by the transplanted cells, the cells used to fabricate the
tissue in vitro, has been implicated in several of these
studies.'®?” One remedy for this problem may be
decellularizing the tissue prior to implantation.”*® It
has been shown that decellularized small-diameter tis-
sue tubes implanted as arterial grafts undergo rela-
tively rapid (within  1-2 months), extensive
recellularization™*’ and favorable remodeling of the
extracellular matrix, including elastin deposition
within 6 months without any evidence of dilatation or
mineralization.”” Decellularization prior to implanta-
tion enables constructs to be fabricated using alloge-
neic cell sources as removal of cellular material renders
the tissue non-immunogenic.>* Furthermore, decell-
ularization also allows for long-term storage of the
engineered tissues without any appreciable loss of
mechanical properties.>*’ In this way, tissue fabrica-
tion can be moved off-line. The ability to engineer non-
immunogenic tissues from human cells that can be
stored and are thus available to patients ““off-the-shelf™
is an exceedingly attractive prospect.
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All TEHV designs to date have been based on the
creation of leaflets, either attached to a tube"!® or
created so as to be contiguous with the tube as it
formed.”!'”"' This is obviously motivated by the design
of semi-lunar valves such as the PV and AV. However,
there are several commercial bioprosthetic valves that
are based on the concept of valve action created by
diastolic backpressure causing the inward collapse of a
tube that is constrained at three points along the
periphery. For example, a design incorporating the use
of three sutured anchor points to form the equivalent
of three coapting leaflets between the points of con-
straint was first proposed by Cox et al.* Current tissue-
based valves commonly employ pieces of xenogeneic
pericardium sewn into a tube and placed around the
frame. In some cases tabs are placed at the three
commissures in order to allow for suturing of the valve
to the existing root so as to provide the needed con-
straints without the use of a frame.

Despite the relative success of engineered small-
diameter tissue tubes as arterial grafts, engineering a
large diameter tissue tube for use as a TEHV based on
the collapsing tubular heart valve design has not been
reported. In this study, we fabricated 22 mm internal
diameter (ID) tissue by entrapping ovine dermal
fibroblasts (oDFs) in a tubular fibrin gel and
mechanically constraining the cell-induced gel com-
paction with a mandrel to achieve circumferential fiber
alignment'? (ovine cells were used in prelude to a
preclinical study). This was followed by conditioning
in a pulsed flow-stretch bioreactor to stimulate colla-
gen production and achieve physiological mechanical
and functional properties.”® We then characterized
their function as a tubular TEHV in a pulse duplicator
system. The tissue tubes were first decellularized and
then mounted on a frame presenting three struts
machined from poly-etheretherketone (PEEK). The
tubular TEHVs were evaluated under pulmonary and
aortic flow conditions in a custom pulse duplicator
system, and short-term (1 and 2 M cycle) durability
tests were performed on two valves. They were also
subjected to mechanical, compositional, and histolog-
ical characterization and analyses.

MATERIALS AND METHODS

Engineered Tissue Tubes

oDF-seeded fibrin gel was formed by adding throm-
bin (Sigma) and calcium chloride in 20 mM HEPES-
buffered saline to a suspension of oDF (Coriell, from
one donor) in bovine fibrinogen (Sigma, F8630). The
final component concentrations of the cell suspension
were as follows: 4 mg/mL fibrinogen, 0.38 U/mL
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thrombin, 5.0 mM Ca ™", and 1 million cells/mL. Cell
suspensions were mixed and injected into a tubular glass
mold with a 22 mm ID mandrel pre-treated with a
solution of 5% Pluronic F-127 (Sigma, P2443) in dis-
tilled water. A Dacron® cuff was embedded on each end
of the gel to facilitate handling. Following gelation, the
tubes were cultured in DMEM supplemented with 10%
fetal bovine serum (FBS, HyClone), 100 U/mL peni-
cillin, 100 pg/mL streptomycin, 0.25 pug/mL amphoter-
icin B (Gibco), 2 pug/mL insulin (Sigma), 50 pug/mL
ascorbic acid (Sigma). After an initial 2-week matura-
tion period, the tubes were transferred to a custom
pulsed-flow-stretch bioreactor for an additional 3-week
maturation period as previously described.?® The flow-
stretch bioreactor employed for these studies included a
modification from previous designs'*?%; the tubes were
first mounted on a segment of latex tubing to provide an
inner support in order to prevent fibroblast-mediated
tissue necking and contraction during bioreactor mat-
uration. The final dimensions of each engineered tissue
tube were ~4 cm in length, 22 mm inner diameter, and
~800 um in thickness.

For decellularization, the tubes were rinsed in
phosphate-buffered saline (PBS) and incubated on an
orbital shaker at room temperature for 6 h with 1%
sodium dodecyl sulfate (SDS, Sigma) in distilled water.
The SDS solution was changed three times: at 30 min,
1, and 4 h. The tubes were rinsed in PBS and incubated
at room temperature with 1% Triton X-100 (Sigma) in
distilled water for 30 min, extensively washed with PBS
for 72 h, and then incubated in 2 U/mL deoxyribo-
nuclease (Worthington Biochemical, DR1) in DMEM
supplemented with 10% FBS for 4 h.

Valve Design

The decellularized 22 mm ID engineered tissue tube
was mounted onto a custom frame machined from
PEEK. The frame had an outer diameter of 19 mm
with a wall thickness of 1.5 mm. The crown of the
frame had a height of 16 mm. The engineered tissue
tube was cut to ~20 mm length, slightly longer than the
frame height, and secured to the frame using inter-
rupted 4-0 prolene sutures. The larger diameter tissue
tube compared to the frame diameter (22 vs. 19 mm)
was utilized to allow for full coaptation of the valve
during diastole.

Pulse Duplicator Testing

A customized pulse duplicator system was designed
based on a commercial wave generator and pump
(ViVitro Systems). The system is shown in Fig. 1. The
custom pulse duplicator loop consists of a reservoir,
valve mounting chamber, variable compliance
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chamber, and mechanical bi-leaflet valve to ensure
one-directional fluid movement. The system has pres-
sure transducers (ViVitro Systems) immediately above
and below the valve to allow for accurate pressure
measurements. Additionally, there is an electromag-
netic flow meter (Carolina Medical, 500 series flow-
meter) upstream of the valve to measure the flow rate
in both directions. A custom LabVIEW® program was
used to record flow rates and pressures. For testing, the
tubular TEHV was mounted in the valve chamber by
press-fitting into a custom-molded silicone rubber
tube. The silicone rubber tube ensures no paravalvular
leakage during the testing. The pulse duplicator loop
was run with PBS with 100 U/mL penicillin, 100 ug/
mL streptomycin added. Each valve was tested with
pressure conditions to mimic PV (30 over 20 mmHg
with diastolic transvalvular pressure of 11 + 3 mmHg)
and AV (120 over 80 mmHg with diastolic transval-
vular pressure of 100 + 15 mmHg) pressure condi-
tions. Pressure was controlled by changing the
downstream flow resistance, stroke volume, and up-
stream hydraulic pressure head.

During valve testing, end-on camera (Canon EOS T3i)
images were obtained at 60 fps for video capture. Images
extracted from the video were imported into ImageJ®
software to measure the open area of the valve during
systole to report the effective orifice area (EOA).

Additionally, valves were conditioned at 120 cycles/
min for ~1 million (n = 1) and ~2 million (n = 1) cycles
at pulmonary pressure gradients. The fatigue-tested
valves were visually inspected for deterioration.
Additionally, their mechanical properties were mea-
sured and compared to a non-fatigued sample.

Mechanical Testing

Tissue strips cut from the engineered tissue tube and
ovine pulmonary valve leaflets of dimension
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~2 mm x 10 mm were tested for tensile properties in
both the circumferential and radial directions with
respect to the valve “leaflets” (for the tubular valve,
the circumferential and radial directions of the “leaf-
lets” are the circumferential and axial directions of the
tube, respectively). Thickness was measured using a
digital caliper. Tissue strips were placed in compressive
grips, attached to the actuator arm and load cell of an
InstronMicroBionix (Instron Systems), and straight-
ened with an applied load of 0.005 N. This position
was used as the reference length of the strip. Following
six cycles of 0-10% strain conditioning at 2 mm/min,
strips were stretched to failure at the same rate. True
strain was calculated based on the natural log of the
tissue length divided by the reference length. The stress
was calculated as force divided by the initial cross-
sectional area. The tangent modulus (£) was determined
as the slope of the linear region of the stress—strain
curve prior to failure. The peak stress was defined as
ultimate tensile strength (UTS). Mechanical anisot-
ropy was defined as the ratio of the modulus of tissue
samples cut in the circumferential direction to the
modulus of samples cut from the tissue in the axial
direction.

Tissue Composition and DNA Analysis

The collagen mass content was quantified using a
hydroxyproline assay previously described®* assuming
7.46 mg of collagen per 1 mg of hydroxyproline. The
total protein content was measured using the ninhydrin
assay. The tissue sample volume was calculated using
the measured length, width, and thickness of the strips
(as described above for uniaxial testing). Collagen and
protein concentrations were calculated as mass per unit
volume. The cell content was quantified with a modi-
fied Hoechst assay for DNA assuming 7.7 pg of DNA
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FIGURE 1.

Pulse duplicator system used for testing the tubular TEHV under aortic and pulmonary conditions. A photograph of

the pulse duplicator system is shown in (a) and a schematic of the key components is shown in (b). To simplify the diagram, the
peristaltic pump seen in the photograph for pumping fluid from a collection chamber back to the reservoir is not included.
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per cell.'”” Cell concentration was calculated as the
number of cells per unit volume.

Histology and Polarized Light Imaging

Circumferential tissue strips were fixed in 4%
paraformaldehyde, embedded in OCT (Tissue-Tek),
and frozen in liquid N,. Cross sections of 9-um
thickness were stained with Lillie’s trichrome and pic-
rosirius red stains. Images were taken at 10x magni-
fication using a color CCD camera. For picrosirius red
staining, images were taken with the sections placed
between crossed-plane polarizers. Fiber alignment was
measured using a polarized light imaging method as
described previously.*

Statistics

For all experiments besides fatigue testing, n = 3 or
higher sample number was used. For fatigue testing,
measurements from each ‘“leaflet” on a single sample
were taken and compared to the same tissue that was
not subjected to fatigue testing. Statistical significance
of differences between two groups was determined
using Student’s 7 test. Any reference to a difference in
the “Results” and “Discussion” sections implies sta-
tistical significance at the level p < 0.05.

RESULTS

Tubular TEHV Design and Development

The tubular TEHV was created by mounting a
decellularized engineered tissue tube onto a PEEK
frame (Fig. 2). The engineered tissue was tested for
tensile mechanical properties after decellularization.
The properties of the engineered tissue along with the
ovine pulmonary valve leaflet properties are shown in
Table 1. The engineered tissue was approximately
twice as thick compared to native leaflets; however, no
statistical difference existed in the UTS or Modulus.
The engineered tissue also displayed a mechanical
anisotropy comparable to the native leaflet (stress—
strain curves shown in Fig. 3). The tissue tube moun-
ted onto a frame was also imaged for alignment
(Fig. 4a). The polarized light imaging showed a strong
circumferential fiber alignment (Fig. 4b), consistent
with the mechanical anisotropy. The collagen and
protein concentrations of the engineered tissue were
also comparable to that of the native leaflets. The
DNA content was reduced by 97 £+ 1% during the
decellularization process for the engineered tissue.
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Pulse Duplicator Testing

Tubular TEHVs (n = 3) were tested in the pulse
duplicator loop at pulmonary and aortic conditions.
The values of key performance metrics are reported in
Table 2. For both pulmonary and aortic conditions, an
average flow rate of 5 LPM was used. Figure 5 shows
representative flow rate and pressure profiles for each
condition. There was a “water hammer” effect evident
during valve closure, which accounts for the negative
ventricular pressure observed immediately after valve
closure and its subsequent fluctuation. The pressures
recorded up-stream and down-stream of the valve
(blue and red lines) were averaged over three cycles
when the valve was completely open to report the
systolic pressure drop and when the valve was com-
pletely closed to report the diastolic pressure drop.
Both systolic and diastolic pressure drop values were
different between pulmonary and aortic conditions.
The EOA was comparable for both pressure condi-
tions. Representative images of the tubular TEHV
during a cardiac cycle are shown in Fig. 6. The
regurgitation volume (taken as the ratio of negative
volume to total cycle volume) was comparable between
pulmonary and aortic conditions, and only occurred
during the closing phase of the cycle. During the end
diastolic phase, negative flow rate was not observed,
indicating no leakage when the tubular TEHV was
fully closed.

Histological Evaluation

Decellularized engineered tissue tubes were fixed
and stained using Lillie’s trichrome and picrosirius red.
Figure 7a shows a representative trichrome image of
the tissue, with cell-produced collagen in green and
residual fibrin in red. Fibrin was observed near the
lumenal surface of the tissue, which was in contact
with the impermeable mandrel during static culture.
Consistent with the quantification of the residual DNA
within the constructs, Lillie’s trichrome staining indi-
cated the vast majority of cellular material was
removed. Figure 7b shows the picrosirius red staining
imaged under polarized light, with robust red staining
of organized and circumferentially aligned collagen
fibers. The fiber alignment observed under polarized
light imaging was consistent with the measured
mechanical anisotropy.

Cyclic Testing of the Tubular TEHV Over 1 and 2
Million Cycles

One tubular TEHV was fatigue tested under pul-
monary pressure conditions (average 8§ mmHg end-
diastolic pressure drop) at accelerated 120 cycles/min
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FIGURE 2. Schematic diagram of fabrication of a heart valve based on an engineered tissue tube. (a) An engineered tissue tube
with a polyester cuff embedded at one end is decellularized and mounted on a custom PEEK frame using prolene suture. An image
of the resulting engineered tissue tube-based valve with coapting (b) and open (c) leaflets is shown to demonstrate the valvular
function of the engineered tube mounted on a custom PEEK frame.

TABLE 1. Mechanical and compositional properties of the tubular TEHV.

Property Sheep PV leaflet Tubular TEHV
Thickness 0.36 £ 0.70 mm 0.80 £+ 0.04 mm
UTS (circumferential) 2.03 + 1.70 MPa 2.74 + 0.66 MPa
UTS (radial) 0.35 + 0.11 MPa 0.86 + 0.28 MPa
Modulus (circumferential) 3.20 + 0.82 MPa 3.49 + 1.02 MPa
Modulus (radial) 1.33 £ 0.24 MPa 1.94 £+ 0.57 MPa
Strength anisotropic index® 5.80 + 0.83 3.20 + 0.24
Modulus anisotropic index® 2.40 + 0.25 1.80 + 0.29
Collagen concentration 54 + 7 mg/cm?® 41 + 7 mg/em®
Protein concentration 83 + 2 mg/cm?® 78 + 17 mg/em?®
DNA content 96 =+ 8 million cells/cm® 3 + 1 million cells/cm®

@Strength anisotropic index is defined as the ratio of UTS in circumferential to radial direction.
PModulus anisotropic index is defined as the ratio of modulus in circumferential to radial direction.

was evident (Figs. 8a and 8b). The fatigued valve tissue
had thickness of 0.70 & 0.05 mm compared with
0.80 &+ 0.04 mm for control tissue. The UTS
. (1.9 £ 0.3 MPa) and modulus (3.2 4 0.6 MPa) of the
fatigued tissue were not different from the non-fati-
gued tissue (Table 1) indicating no change in
mechanical properties over 1 million cycles. A tubular
TEHYV from a second set of engineered tissue tubes was
subjected to the same fatigue test, along with periodic
- r r T l-—-‘ UV light treatment of the medium reservoir to ensure
0.0 0.2 0.4 0.6 0.8 1.0 sterility, for approximately two million cycles. Again,
Strain (%) there was no evidence of altered valve function or gross
. . . tissue changes, except for some thinning of tissue in

FIGURE 3. Stress-strain curves of a representative engi- . . ; .
neered tissue tube tested in tension in the circumferential Con.tdCt with the three frame §truts. ‘The reg}on from
(black) and radial (red) directions. Gray lines represent the behind the strut was also sectioned into a circumfer-
regions from which the modulus was calculated. ential strip and mechanically tested. Its thickness was
one-half the “leaflet” thickness (0.39 & 0.02 vs.
for a total of 1,036,800 cycles. After harvest, the valve 0.78 &+ 0.04 um) and exhibited approximately the
was visually inspected for tears near its edges and near same break force (4.6 = 0.44 vs. 4.2 £ 0.37 N). The
the suture locations. No macroscopic tissue damage functionally relevant failure tension (break force
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FIGURE 4. Polarized light imaging of the tubular TEHV. (a) An image of a frame-mounted valve that was used for polarized light
imaging. (b) The resulting alignment map indicates underlying commissural fiber alignment present within the engineered tube
valve’s “leaflets” (red segments indicate the local average direction and strength of alignment based on polarimetry).

TABLE 2. Pulse duplicator testing of the tubular TEHV.

Pulmonary conditions Aortic conditions

Systolic AP 0.7 £ 0.5mmHg 2.7 & 1.0 mmHg
Diastolic AP 111 £ 27 mmHg 100 + 15 mmHg
Average flow rate 51+ 1.5LPM 55+ 1.0 LPM
Peak flow rate 10.9 £ 0.1 LPM 12.7 + 1.4 LPM
EOA? (%) 95 + 1 96 & 2
Regurgitant fraction (%) 414+38 51+45

8Effective orifice area (EOA) percentage is with respect to a cir-
cular orifice with radius equal to the frame inner diameter (19 mm).

normalized to length) was thus no different
(1680 £ 175 vs. 1760 £ 16 N/m) although the thinner
tissue contacting the strut possessed approximately
twice the UTS (4.4 + 0.70 MPa vs. 2.3 £ 0.12 kPa).

DISCUSSION

Herein we describe a novel tubular TEHV design,
where a decellularized engineered tissue tube is
mounted on a frame with three struts to create tri-
leaflet valve function. This design circumvents the
challenges associated with tri-leaflet valve fabrication
using complex 3D molds'®'? and joining leaflets to a
root. It also leverages the commercial success of the
tubular valve design, which uses chemically cross-
linked xenogeneic pericardium sutured into a tube.*

Following in vitro culture and decellularization, the
engineered tissue tube displayed tensile mechanical
properties and anisotropy similar to native PV tissue.
The UTS and modulus of the engineered tube tissue
were not different from values for ovine pulmonary
valve leaflets. The mechanical anisotropy was primar-
ily due to alignment of collagen fibers as seen with
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polarized light imaging of bulk fibers and picrosirius
red staining of collagen fibers. While substantial vari-
ability is present in the literature data on heart valve
mechanical properties across different species, the de-
cellularized engineered tissue has tensile strength
comparable to human AV and PV leaflets.” In addi-
tion, the collagen concentration of the engineered tis-
sue was 76% of native valve tissue; however, the
difference was not statistically different.

Lillie’s trichrome staining indicated substantial
residual compacted fibrin near the lumenal surface of
the tissue tubes employed in these studies. It is
hypothesized that this is a result of the impermeant
lumenal supports used during both static and biore-
actor maturation (glass and latex, respectively) and the
nutrient gradients that result across the tissue thickness
due to a lack of lumenal culture medium contact. It
would be desirable in future studies, and for in vivo
evaluation, to employ a tissue displaying homogenous
remodeling throughout the tube thickness. This could
likely be achieved through enhanced nutrient transport
during bioreactor maturation via microporation of the
latex support tubing in order to enable transmural
nutrient delivery originating from the lumenal surface.

To date, TEHVs made from a variety of biode-
gradable polymers and cell types have been evaluated
as pulmonary valve replacements in the sheep model.
More recently, implant studies have also been per-
formed using a primate model.** While the data pro-
vide valuable insights regarding the important
considerations to take into account for the develop-
ment of tissue engineered heart valves, most studies
have failed to show long-term durability and adequate
function. One common failure mode has been associ-
ated with progressive leaflet shortening resulting from
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FIGURE 5. Pulse-duplicator testing of the tubular TEHV.
Representative pressure-flow traces acquired under pulmon-
ary (a) and aortic (b) conditions.

the contractile nature of the transplanted cells.'®*’ In
order to address this, removal of the contractile cells
prior to implantation by decellularization has been
proposed as a viable solution with both biological and
synthetic polymer-based tissue engineered valves. This
approach also presents the potential for recellulariza-
tion of the leaflets or valve conduit prior to implan-
tation with non-contractile, matrix-producing cells.”*°
For this reason, and the prospects of vastly increased
commercializablity and clinical utility, decellularized,
engineered tissue tubes were used in these studies.
While several cell sources provide a viable option for
creating engineered tissue, extensive work in our
1lab?6-283931:35 has shown the dermal fibroblast to be a
promising option with the advantage of being a readily
available source. In current experiments, 3% of the
DNA remained after decellularization as quantified
with the Hoechst assay. Additional treatment with
deoxyribonuclease could reduce residual DNA further.
It remains to be seen if a 3% residual will induce a
significant immune reaction. In allogeneic decellular-
ized implants possessing 14% residual DNA, no
immune reaction was reported.'®

The tubular TEHV was tested in a pulse duplicator
system for hydrodynamic performance of the valve

under both pulmonary and aortic conditions. Two
critical metrics during the systolic phase are pressure
drop across the valve and effective orifice area. There is
a paucity of reported data for pulse duplicator testing
of TEHVs. Therefore, reported data for commercial
bioprosthetic valves made from porcine AV leaflets
and bovine pericardium were used for comparison. For
the tubular TEHVs, the values shown in Table 2 are
comparable, if not superior, to reported data. For
example, a commercial valve made from fixed bovine
pericardium with 19 mm diameter displayed a systolic
pressure drop of 10-16 mmHg and EOA of
1.4-1.5 cm? (53%, based on a 19 mm circle).* For
valves fabricated from porcine leaflets, the reported
values are 25 mmHg and 1.1 cm?, respectively.!' A
likely reason for the low pressure drop and large EOA
seen with the tubular TEHV is the physiological stiff-
ness of the (non-fixed) engineered tissue used here; all
commercially available bioprosthetic valves undergo
chemical fixation to eliminate tissue immunogenicity,
which significantly increases their stiffness.”*2°

Optimization of the frame design and method for
mounting the tissue therein plays a critical role in the
hydrodynamic properties of the valve’s function, spe-
cifically, minimization of reverse flow and backpres-
sure needed for prompt valve closure. For the tubular
TEHYV, the regurgitant fraction was approximately 5%
under both aortic and pulmonary conditions, a value
that is comparable to most commercially available
bioprosthetic valves.!! The comparable regurgitant
fraction indicates that the tubular TEHV exhibits a
normal closure time. Based on the lack of reverse flow
during the diastolic phase of the cycle, it can also be
concluded that when the tubular TEHYV is completely
closed, there is no regurgitation, indicating an accept-
able seal of the engineered tissue tube around the
PEEK frame.

The ultimate goal for the tubular TEHYV is recellu-
larization in vivo and for the invaded host cells to then
remodel the engineered tissue and regulate its repair
and homeostasis indefinitely. Implantation of similarly
fabricated 4 mm diameter engineered tissue tubes as
femoral grafts into sheep revealed extensive recellu-
larization after 2 months without a change in mid-
graft diameter.”” Therefore, fatigue testing of the
tubular TEHV for much longer times, as is done for
bioprosthetic heart valves, is not relevant. Preliminary
fatigue testing at pulmonary conditions corresponding
to 2 weeks duration in vivo (one million cycles) showed
neither change in the mechanical properties of the
tubular TEHV nor evidence of tissue degeneration.
After the equivalent of 4 weeks (two million cycles),
there was evidence of tissue thinning where contacting
the three frame struts. The mechanical testing data of
this thinned tissue (similar break force, twice the UTS)
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(c)

(b)

(d)

FIGURE 6. Images of the tubular TEHV undergoing testing in a pulse duplicator system. The valve orifice during peak systole is
shown in (a). Following systole, the tubular TEHV ““leaflets” begin to rapidly close as the downstream pressure increases (b, c).

Coaptation results during diastole (d).

Lillie’s Trichrome {{5)]

FIGURE 7. Histological analysis of engineered tissue tubes. Lillie’s trichrome (a) and picrosirius red (b) staining of a decellu-
larized 22 mm ID engineered tissue tube. The scale bar in (a) is 200 xm and applies for both images.

suggests the thinning was thus likely due to compres-
sion between the PEEK frame and the outer wall of the
pulse duplicator system and not due to fatigue induced
degeneration. This suggests that the non-fixed tissue
can be implanted and sustained for the weeks prior to
extensive recellularization expected in vivo, but that
eventual recellularization will be crucial to mainte-
nance of the collagenous matrix. Whether and how
recellularization occurs in the ‘leaflets” (e.g., from
cells derived from the host tissue or blood), which have
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no analog in the femoral grafts made from similarly
prepared decellularized tissue that exhibited extensive
recellularization after 2 months without a change in
mid-graft diameter,” will require implantation studies.

Historically, the ovine model has been employed in
the preclinical evaluation of heart valve replacements.
In preparation for implantation of the valve design
described herein, oDFs were used for tissue fabrication
in order to delineate the in vivo function of these valves
using decellularized, allogeneic tissue in the absence of
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FIGURE 8. Macroscopic observations of a tubular TEHV subjected to 1 M cycles in a pulse duplicator system. The valve was
mounted on the custom frame (a) and fatigue-tested using the pulse duplicator system. Following fatigue testing, the tissue tube
was removed and cut longitudinally for macroscopic inspection (b). The locations of the frame support struts are indicated with the

white arrows in both images.

immunosuppressive therapy. Ultimately, the insights
gained from such studies would be used to guide
development of an analogous therapy using human
cells in order to translate these studies to a clinical
setting.

Overall, testing of the tubular TEHV indicates its
potential as a PV or AV replacement. If the “leaflets”
of these mounted 22 mm ID engineered tissue tubes
show recellularization in vivo, as has been observed for
the same tubes made in 4 mm ID size for allogeneic
femoral grafts in sheep,?” without tissue retraction and
with maintenance of valvular function in animal
studies, the present design may be suitable for adult
valve replacement. Future designs could possibly
incorporate a biodegradable plastic frame or a tissue
tube sewn directly into the orthotopic valve position.
These two alternative approaches might enable the
TEHYV to grow with the patient, which is desired for
pediatric valve replacements.

CONCLUSIONS

The data presented here describe the ability to uti-
lize a decellularized engineered tissue tube obtained
from mechanically constrained fibrin gel compaction
and remodeling by allogeneic dermal fibroblasts, for
function as a TEHV. The decellularized engineered
tissue tubes display compositional and mechanical
properties similar to those observed in native ovine
heart valve tissue, including a high degree of mechan-
ical anisotropy that is characteristic of the aortic root
and valve leaflets. Hydrodynamic performance of the
tubular TEHV in a pulse duplicator system was com-
parable to commercial bioprosthetic valves, with a
small transvalvular pressure gradient and regurgitant
fraction, as well as an effective orifice area approaching
unity. Durability of the tubular TEHV for the time
expected for substantial recellularization in vivo
(4 weeks) was demonstrated. This study demonstrates
the feasibility of generating a functional TEHV by
mounting a decellularized engineered tissue tube onto
a custom frame.
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