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HIGHLIGHTS

� The predefined fiber alignment in

electrospun biodegradable heart valve

scaffolds did not lead to consistent

collagen organization in the predefined

direction.

� A tendency for higher regurgitation rate

and peak gradient was seen in the

aTEHVs.

� Biaxial tensile tests on the explanted

aTEHVs revealed loss of mechanical

integrity of the circumferentially aligned

fibers after 1 month.

� Isotropic mechanical properties were seen

in all explanted scaffolds at 6 and

12 months.

� Valve-to-valve variability was observed,

regardless of the study group, both on the

macroscopic and microscopic levels.
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In situ tissue engineering that uses resorbable synthetic heart valve scaffolds is an affordable and practical

approach for heart valve replacement; therefore, it is attractive for clinical use. This study showed no consistent

collagen organization in the predefined direction of electrospun scaffolds made from a resorbable supramo-

lecular elastomer with random or circumferentially aligned fibers, after 12 months of implantation in sheep.

These unexpected findings and the observed intervalvular variability highlight the need for a mechanistic un-

derstanding of the long-term in situ remodeling processes in large animal models to improve predictability of

outcome toward robust and safe clinical application. (J Am Coll Cardiol Basic Trans Science 2020;5:1187–206)

© 2020 The Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
H eart valves are living, dynamic tissues. In
both pulmonary and aortic valvular leaflets,
the organization of the collagen network in

the fibrosa layer remodels from a more random direc-
tion in embryonic and early postnatal stages into a
highly anisotropic, circumferentially aligned fibrous
network during childhood and adulthood (1). This
structural anisotropy results in a mechanical anisot-
ropy that is essential for proper valve functionality
(2,3). Disruptions of the collagen organization are
associated with valve pathologies and dysfunction (4).

Replacement of diseased valves with the current
clinically available nonviable valve prostheses leads
to a compromised quality of life and reduced life ex-
pectancy. The use of cell-free bioresorbable heart
valve prostheses has been proposed to overcome the
intrinsic limitations of traditional valve prostheses
(5–7). These types of prosthetic valves are designed to
trigger endogenous regeneration of the valve, directly
in situ (7,8). The approach of in situ tissue-engineered
heart valves (TEHVs) relies on endogenous coloniza-
tion of the implanted valve prosthesis by host cells,
followed by tissue formation and remodeling,
whereas the implanted valvular scaffold is gradually
resorbed (8,9). Although there are some data on the in
situ tissue engineering of heart valves using natural
materials, such as decellularized allografts, xeno-
grafts (10–12), or decellularized de novo engineered
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Recently, a preclinical study demonstrated the
proof of concept for this technology using electrospun
valvular scaffolds based on resorbable supramolecular
elastomers (5). In this study, the organization of the
newly formed collagen displayed a predominant
orientation in the radial direction, if any, rather than
the native-like circumferential collagen orientation.
Mimicking the native extracellular matrix organiza-
tion via endogenous regeneration in situ remains a
challenge due to the lack of understanding of the
remodeling processes that drive in situ valvular
regeneration. In an in vitro study, Foolen et al. (20)
reported on the competition between contact guidance
and strain avoidance, which suggested a dominant
influence of contact guidance on cellular orientation in
a collagenousmatrix. De Jonge et al. (21) demonstrated
that contact guidance exerted by electrospun scaffold
fibers resulted in cellular alignment and collagen
deposition parallel to the electrospun fibers. However,
it is unknown how fiber organization of a resorbable
valvular scaffold influences collagen alignment and
tissue regeneration processes in vivo.

The goal of this study was to investigate the in-
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circumferential direction in electrospun resorbable
synthetic pulmonary heart valves on valve function-
ality and the in situ formation and organization of
new tissue. We hypothesized that a bio-inspired
scaffold fiber orientation (i.e., circumferentially
aligned) would induce native-like matrix formation,
with collagen deposition in the direction of the scaf-
fold fibers due to contact guidance, which would
improve valve function and durability.

METHODS

VALVE PREPARATION AND SURGICAL IMPLANTATION.

We manufactured electrospun tri-leaflet valve scaf-
folds of ureidopyrimidinone-polycarbonate with
either a random fiber alignment (rTEHV) or with fi-
bers with a predominant alignment in the circumfer-
ential direction of the valve leaflet (aTEHV).
Electrospun tubular conduits were sutured onto a
crown-shaped polyether ether ketone supporting ring
(outer diameter 20 mm, inner diameter 18 mm) to
create a tri-leaflet valvular shape (Figures 1A and 1B),
as previously described in detail (5). The scaffold
microstructure was analyzed via scanning electron
microscopy (SEM), and fiber alignment was quantified
according to previously described algorithms (22).
In vitro valve functionality was evaluated in a hy-
drodynamic pulsatile duplicator system under phys-
iological pulmonary conditions in accordance with
the International Organization of Standardization
norms. The valves were sterilized by gamma irra-
diation (25 kGy; Synergy health, Venlo, the
Netherlands). Subsequently, 20 adult female Swifter
sheep underwent surgical orthotopic pulmonary
valve replacement. The animal experiments were
approved by the Animal Care Ethics committee of
the University Medical Centre Utrecht and were
performed in agreement with the current Dutch law
on animal experiments. Animals received Ascal (1
daily dose [dd] 80 mg orally; Ratiopharm, Ulm,
Germany) for 3 months. The scheduled follow-up
period was 1 month (n ¼ 2), 6 months (n ¼ 4),
and 12 months (n ¼ 4) in each group.

VALVE EVALUATIONS. We evaluated native cardiac
functionality using echocardiography at time of
implantation (transthoracic echocardiography [TTE]).
At time of implantation and explantation, the func-
tionality of TEHVs was evaluated with epicardial
echocardiography (under full anesthesia). During
follow-up, TTE was performed (at 2, 4, 6, and
9 months) in the animal dome while the animals were
fully awake. The explanted valves were
macroscopically evaluated, carefully resected from
the polyether ether ketone reinforcement ring, and
transected for further analysis according to a pre-
defined cutting scheme (Supplemental Figure S1).
Collagen organization was evaluated by picrosirius
red staining on longitudinal valve sections, imaged
with polarized light. En face collagen alignment was
assessed by confocal laser scanning microscopy. The
mechanical properties of the explanted valves and
the nonimplanted control scaffolds were determined
via biaxial tensile tests. Scaffold fiber resorption was
qualitatively analyzed with SEM and quantified in
terms of molecular weight by gel permeation
chromatography (GPC) on samples treated with
sodium hypochlorite (Clorox) to remove the tissue
and expose the remaining scaffold fibers. Tissue
formation and cellularization were assessed compre-
hensively by histology, SEM, biochemical assays
(DNA, collagen, elastin, and glycosaminoglycans).
Mineral deposition was analyzed with Von Kossa
staining. Details of the methods are reported in the
Supplemental Appendix.

STATISTICS. Values are reported as the mean � SD
per group or as median (25th and 75th percentiles).
Statistical analyses was performed (in cases, n > 6)
after testing for normality using the d’Agostoni and
Pearson omnibus test (GraphPad, La Jolla, California).
Pre-implantation scaffold characteristics were
compared between rTEHVs and aTEHVs via unpaired
Student’s t-test (aligned fiber fractions) or nonpara-
metric unpaired Student’s t-tests (Mann-Whitney)
(scaffold thickness and fiber diameter). Baseline
characteristics for the animal experiments at the time
of implantation (animal weight, native pulmonary
valve annulus) were compared between groups
(rTEHV vs. aTEHV) using an unpaired Student’s
t-test. Due to the low sample size, changes in animal
weight were only evaluated by comparing measure-
ments of all animals with the baseline weight using
the Wilcoxon test (nonparametric paired Student’s
t-test). Changes in leaflet length were evaluated be-
tween time points using a nonparametric unpaired
Student’s t-test (Mann-Whitney). The chi-square test
was used for comparing leaflet mobility (good vs.
reduced) as qualitatively analyzed by echocardiog-
raphy (SPSS version 25, IBM, Armonk, New York).
Statistical analysis for the biochemical assays and
GPC measurements were not taken into consider-
ation because of the limited sample numbers. Dif-
ferences were considered statistically significant
at p < 0.05.
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FIGURE 1 Scaffold Characterization Before Implantation

(A and B) Photographs of an electrospun valve after suturing onto the supporting ring. (C and D) Scanning electron microscopy (SEM) images of the electrospun

scaffolds with (C) random or (D) circumferentially aligned fibers. Scale bars, 200 mm. (E and F) Orientation histograms of the (E) random and (F) aligned scaffolds

showing the frequencies of fibers at angles between 0 and 180 degrees, with an angle of 0 degrees representing the radial direction and 90 degrees representing the

circumferential direction of the valve leaflet. A Gaussian curve with an additional baseline was fitted through the data (green curves), which was used to determine the

principal fiber angle and the aligned fiber fraction. (G and H) Average stress-strain curves (� SD in gray) in the circumferential (solid lines) and radial direction

(dashed lines) for the (G) random (random tissue-engineered heart valve [rTEHVs]) and (H) aligned valves (anisotropic tissue-engineered heart valve [aTEHVs]). (I)

Average scaffold thickness, (J) fiber diameter, (K) and aligned fiber fraction for rTEHVs (blue) and aTEHVs (red). **p < 0.01; ***p < 0.001.
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RESULTS

FABRICATION OF HEART VALVE SCAFFOLDS WITH

CIRCUMFERENTIAL FIBER ORGANIZATION AND

ANISOTROPIC MECHANICAL BEHAVIOR. SEM
analysis displayed a highly porous fibrous micro-
architecture for both rTEHV and aTEHV scaffolds
(Figures 1C and 1D). The average scaffold thickness
was 0.5 � 0.02 mm for both scaffolds (Figure 1I). The
average fiber diameter was slightly larger for the
aTEHVs compared with the rTEHVs (5.9 � 0.3 mm vs.
5.3 � 0.2 mm; p ¼ 0.002) (Figure1J). Quantification of
the extent of fiber alignment revealed a strong pre-
dominant fiber alignment in the circumferential di-
rection in the aTEHVs (Figure 1F). In contrast, the
rTEHVs displayed a main fiber orientation in the
radial direction (Figure 1E). However, the extent of
fiber alignment in the rTEHVs was significantly less
pronounced than that of the aTEHVs, as was evident
from the significantly lower aligned fiber fraction for
rTEHVs (0.56 � 0.03 vs. 0.71 � 0.01; p < 0.001)
compared with aTEHVs (Figure 1K). These results
were also reflected in the mechanical properties of
the valvular scaffolds, which demonstrated the
highest stiffness in the radial direction for the rTEHVs
and the highest stiffness in the circumferential di-
rection for the aTEHVs before implantation
(Figures 1G and 1H). In vitro functionality tests
demonstrated adequate functionality for both
rTEHVs and aTEHVs (Videos 1 and 2, respectively).

https://doi.org/10.1016/j.jacbts.2020.09.011


TABLE 1 Animal and Valve Characteristics at Time of Implantation and Explantation

rTEHV N aTEHV N All

Implantation

Animal weight (kg) 52.6 � 6.0 10 51.6 � 2.7 10 52.0 � 4.6

Native PV annulus (mm) 25.3 � 1.3* 10 24.1 � 1.1* 10 24.7 � 1.3

Explantation

Animal weight (kg)

1 month 51.75 (51.50�52.00) 2 52.5 (48.0�57.0) 2 53.3 (48.7�57.8)

6 months 57.75 (53.6�62.3) 4 55.0 (54.6�56.5) 4 55.3 (54.6�59.3)†

12 months 64.3 (58.6�72.9) 4 68.0 (61.5�74.5) 2 64.3 (60.4�74.8)‡

TEHV leaflet length (mm)

1 month 9.6 (�) 1 11.26 (10.52�11.99) 2 10.52 (9.61�11.99)

6 month 11.17 (9.45�11.74) 3 10.54 (9.81�10.96) 4 10.7 (9.82�11.40)

12 month 8.96 (7.46�10.13) 4 9.20 (8.45�9.96) 2 9.19 (7.84�10.02)§

Values are mean � SD (normal distribution) or median (25th to 75th percentile). *Significant difference between random tissue-engineered heart valve (rTEHV) versus
anisotropic tissue-engineered heart valve (aTEHV) (p < 0.05). †Significant difference between implantation and 6 months (p ¼ 0.008) and ‡implantation and 12 months
(p ¼ 0.031). §Significant difference between 6 and 12 months (p < 0.05).

PV ¼ pulmonary valve.
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However, some pinning of the leaflets was observed
in the aTEHVs specifically, which might have been
caused by the higher stiffness and might have resul-
ted in undesired stress concentrations. Functional
readouts (effective orifice area, regurgitation fraction,
leakage, and closing volume) were in accordance with
International Organization of Standardization norms
(Supplemental Table S1). Although the closing vol-
ume exceeded International Organization of Stan-
dardization norms, this was likely an effect of the
porosity of the electrospun valves in the in vitro
conditions and did not necessarily reflect the in vivo
functionality, because the scaffold would be filled
with fibrin from the blood instantaneously.

IN VIVO PERFORMANCE OF rTEHVs AND aTEHVs.

Nineteen animals (95%) recovered well from the
surgical valve implantation procedure. One animal
died 1 day post-operatively due to complications in
the operating room (#1.4). Two animals (both
aTEHVs) were euthanized before their allocated time
point due to right heart failure caused by endocarditis
of their implanted valves (#12.7 and #12.8, after 1.5
and 9 months, respectively). For details of the base-
line and explantation characteristics, see Table 1. All
implanted TEHVs revealed none or mild regurgitation
on epicardial echocardiography directly after im-
plantation in the operating room. One aTEHV (#6.8)
showed an immobile leaflet that was maintained
during follow-up. No severe regurgitation was seen
during follow-up (performed in the stable while the
animals were fully awake). The aTEHVs showed a
trend of earlier and higher incidence of moderate
valve regurgitation in time on TTE (Figure 2M).
However, the epicardial echocardiogram evaluation
(under full anesthesia) at time of explantation was
not in line with the TTE results, which showed a trend
toward a higher level of valve regurgitation in the
rTEHVs (Figure 2N). The functional data of each
individual animal can be found in
Supplemental Table S2. The systolic transvalvular
peak pressure gradients increased over time in both
groups (Figure 2O). The noninvasive (echo) examina-
tions of the rTEHVs showed an overall increase of the
peak gradient between 2, 6, and 12 months, with a
mean from 15.2 � 3.5 mm Hg to 21.2 � 6.35 to 27.1 �
8.1 mm Hg. For the aTEHVs, the mean of the peak
gradient increased from 19.7 � 4.9 mm Hg to 23.6 �
6.83 to 34.1 mm Hg in the same period (Figure 2O).
The invasive pressure examination in the operating
room also showed an increase in the peak gradient in
all animals, except 2 with rTEHVs (#6.1 and #6.2). In
general, at 6 months, the rTEHV had a lower peak
gradient, as did the aTEHV, which ranged from 7 to
10 mm Hg versus 15 to 23 mm Hg (Supplemental
Table S3). Due to loss of 2 (50%) animals in the
aTEHV group, 12-month results were not conclusive.
However, overall results of the invasive and nonin-
vasive data revealed a trend in higher pressure
gradient in the aTEHVs.

Gross explantat ion eva luat ion . Macroscopic eval-
uation of the valves did not reveal an evident differ-
ence between the valve types (Figure 2, Supplemental
Figures S3 to S5). After 1-month follow-up, all valves
had smooth and pliable leaflets, and none of the
valves showed signs of (non-)structural valve deteri-
oration. At 6 months, 2 rTEHVs valves (#6.3 and #6.4)
had smooth and pliable leaflets, whereas 2 other
rTEHVs showed small (1 to 2 mm) irregularities (#6.1
and #6.2) (Supplemental Figure S6) and 1 sign of
leaflet retraction (#6.2) due to tissue overgrowth and
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FIGURE 2 Gross Morphology and In Vivo Functionality of Random (rTEHV) and Aligned (aTEHV) TEHVS

(A to C) Macroscopic images of representative valves from distal pulmonary artery view after 1, 6, and 12 months follow-up and (D to F) unfolded from

polyether ether ketone (PEEK) stent. (G to L) Echocardiography demonstrating adequate opening and closing of the presented valve leaflets at 1, 6, and

12 months indicated with yellow arrow. (M) Proportion of pulmonary regurgitation of implanted TEHVs during follow-up on transthoracic echocardiog-

raphy (TTE). (N) Epicardial echo evaluation at implantation and explantation. (O) Systolic peak pressure gradient during follow-up period (noninvasive

measurements). PA ¼ pulmonary artery; RV ¼ right ventricle; other abbreviations as in Figure 1.
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consequent fusion of the lateral side of the leaflet
belly with the strut region. All aTEHVs showed small
irregularities (range 1 to 5 mm) on their leaflets or in
the commissure regions of the valves. Two aTEHVs
had mild signs of leaflet retraction due to curling of
the free edge to the pulmonary side (#6.6) or belly-
strut fusion (#6.8). One aTEHV (#6.5) showed a
5 mm tear perpendicular to the leaflet free edge
(Supplemental Figure S6). At 12 months, 3 rTEHVs
(#12.3, #12.6, and #12.4) showed small irregularities
on and tears in their leaflets. Moreover, a large
calcified nodule (11 � 17 � 11 mm) was seen on top of a
strut, connected with the pulmonary artery (#12.4)
(Supplemental Figure S5). One valve in this group
(#12.6) showed 2 small tears in 1 leaflet, near the
struts, of 4.5 and 2.6 mm in length. Also, retraction of
the leaflet due to tissue overgrowth and fusion of the
belly with the strut region was seen in this valve. One
rTEHV was not affected by signs of deterioration and
had pliable and smooth leaflets (#12.5). Both aTEHVs
at 12 months showed irregularities on their leaflets
(#12.1 and #12.2). Also, mild retraction of the leaflet
was seen in some due to adhesion of a small part of
the ventricular side of the leaflet near the commissure
with the strut region (#12.2) and/or curling of the free
edge to pulmonary side (#12.1) (Supplemental
Figure S6). The leaflet length (nadir: free edge)
decreased from an average of 10.7 � 1.2 mm and 10.6
� 0.9 mm at 1 and 6 months, respectively, to an
average of 9.1 � 1.0 mm at 12 months. The decrease
was significant over time (p < 0.001), but there was no
significant difference between the groups (9.2 �
1.1 mm vs. 8.9 � 1.4 mm for rTEHVs and aTEHVs,
respectively) (Table 1).
Col lagen or ientat ion . Picrosirius red staining with
polarized light imaging revealed that collagen fibers
with various degrees of maturity were heteroge-
neously distributed on top of and in the scaffold
layer in both groups (Figure 3). No clear fiber orien-
tation of collagen in the circumferential direction
was visible in either of the groups, in contrast to the
collagen fibers in native control valves, which
revealed a clear circumferential alignment of
collagen fibers in the fibrosa (Figure 3B). The
collagen in the TEHVs showed a particularly chaotic
organization in the hinge region. En face imaging of
the superficial tissue layers on the pulmonary and
the ventricular side of the leaflet using a viable
fluorescent collagen probe [CNA35-mCherry (23)]
revealed no apparent effect of the pre-imposed
scaffold architecture on collagen organization
(Figure 4, Supplemental Figures S7 to S9). However,
although the distribution of the fibers was homoge-
neous in the 6-month explantations, we observed a
bi-directional fiber distribution (with the radial di-
rection as the principle direction) in the superficial
tissue layers of the 12-month explantation, particu-
larly at the pulmonary side in both groups. No
consistent differences were observed between
rTEHVs and aTEHVs, although there were differ-
ences in the amount and alignment of collagen
deposition between the pulmonary and ventricular
sides of the leaflet, as well as between valves, both
within each group and between the groups. How-
ever, it should be noted that the imaging depth was
limited to the superficial layers of the leaflet, which
consisted of collagen deposits on top of the scaffold.
Hence, contact guidance by the scaffold fibers was
limited in these layers.
Biomechan ica l va lve leaflet evaluat ion . At
1 month, bi-axial tensile tests revealed a remarkable
decrease in the circumferential stiffness of the
aTEHVs, whereas there was no change in the radial
stiffness (Figure 5A). This resulted in a switch in the
anisotropy ratios, with a value of approximately 2
for the implanted scaffolds (i.e., circumferential
stiffness was twice the radial stiffness) to a value #1
at 1 month (Figures 5G and 5H). The mechanical
properties of the 1-month rTEHV explantation were
similar to those pre-operatively (Figure 5B). At
6 months, both types of scaffolds displayed a more
nonlinear mechanical behavior, with a decreased
stiffness in the low-strain regime (5% strain)
(Figures 5C and 5E) and an increased stiffness in the
high-strain regime (15% strain) (Figures 5D and 5F).
From 6 to 12 months, the rTEHVs showed an overall
decrease in stiffness (Figures 5C and 5D), whereas the
aTEHVs showed an overall increase in stiffness
(Figures 5E and 5F). At 6 and 12 months, the
circumferential stiffness was comparable to the
radial stiffness for both scaffold types, as evident
from the anisotropy ratios close to a value of 1 at
those time points (Figures 5G and 5H).

SCAFFOLD DEGRADATION AND NEOTISSUE

FORMATION. Qualitative assessment of scaffold
resorption over time revealed minimal fiber resorp-
tion at 1 month in both scaffold types, although mi-
nor pit formation was visible mainly in the aTEHV
group (Figures 6A and 6B). At 6 months, extensive
scaffold fiber degradation was observed in both
groups. This was even more pronounced at
12 months, with extensive localized degradation of
scaffold fibers. The fiber diameter did not signifi-
cantly change over time in both groups, but remained
slightly larger in the aTEHV group compared with the
rTEHV group (Figure 6C). The molecular weights of
the remaining scaffold material tended to decrease
over time, with a slight increase in the dispersity
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FIGURE 3 Collagen Alignment as Visualized by Picrosirius Red Staining With Polarized Light Microscopy

(A) Schematic representation of a longitudinal section of the valve leaflet with the respective regions indicated in the leaflet image collection, with radial and

circumferential directions as indicated. (B) Collagen alignment in the native sheep pulmonary valve leaflet for reference, revealing the 3-layered structure with the

fibrosa (f), spongiosa (s), and ventricularis (v). Circumferentially aligned fibers are oriented perpendicular to the field of view, appearing as speckle-like structures.

Radially aligned fibers are oriented parallel to the field of view, appearing as fiber-like structures. (C and D) Representative images of collagen alignment in the hinge,

belly, and tip regions of 12-month explantation in the (C) rTEHV and (D) aTEHV groups. Scale bars, 100 mm. Abbreviations as in Figure 2.
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index (Figures 6D to 6F). These trends were compa-
rable for both scaffold types, although the molecular
weight of the aTEHVs was lower than that of the
rTEHVs from before implantation throughout follow-
up due to batch-to-batch variability in the synthe-
sized polymer (Figures 6D and 6E).

Histopathological observations of the explanted
valve leaflets revealed that synthetic scaffold fibers
were present up to 12 months. At 6-month and
12-month follow-up, regions of active resorption by
giant cells were observed (Figure 7G). In some cases,
these active remodeling areas induced local leaflet
thickening, which was predominantly observed at
the hinge region of the leaflet but also visible in the
belly or tip regions of the leaflet. In terms of cellu-
larization, sparse cell populations were observed in



FIGURE 4 En Face Imaging of Collagen Alignment in the Superficial Layers on Either Side of the Leaflet

(A and B) Representative images of collagen staining (CNA35-mCherry) staining showing composed tile scans of the pulmonary side of half an (A) rTEHV and half an (B)

aTEHV leaflet, with examples of individual tiles. (C and D) Quantification of the tile scans resulted in orientation histograms for each side of the leaflet of each in-

dividual valve. Each line represents 1 valve; 90 degrees corresponds to the radial direction; 0 degrees corresponds to the circumferential direction of the leaflet.

Abbreviations as in Figure 2.
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either scaffold type at 1 month, progressively
increasing in density in both groups up to 6 months
and becoming stabilized at 12 months (Figures 7G and
7J, Supplemental Figures S10 to S13). A higher
number of cells was localized in the hinge region of
the leaflets, with a relatively lower cell density in
the belly and tip regions (Figure 7M). At 12 months,
both aTEHVs and rTEHVs showed regions with
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FIGURE 5 Explantation Mechanical Properties Over Time

(A) Average stress-strain curves of random (rTEHV) and (B) aligned (aTEHV) heart valves before implantation (scaffold) and at 1, 6, and 12 months follow-up. (C to F)

Tangent moduli in the low (5%) and high (15%) strain regions of the (C and D) rTEHVs and (E and F) aTEHVs. (G and H) Anisotropy ratios (circumferential stiffness/

radial stiffness) at (G) 5% and (H) 15% strain. Abbreviations as in Figure 2.
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multinucleated giant cells in the presence of the
synthetic fibers (Supplemental Figure S14). Endo-
thelial coverage was evident from 6 months on, and
it gradually progressed to a more complete endo-
thelium at 12 months, although exposed scaffold
fibers were still visible in some valves, particularly
near the free edge of the leaflet (Supplemental
Figures S15 and S16). Typically, the endothelial
coverage was observed to start near the hinge re-
gion. At 6 months, endothelialization was complete
in all valves in this region, both on the pulmonary
and the ventricular sides. In most of the valves, the
endothelial coverage had also extended to the belly
region at 6 months (Supplemental Figure S15),
although there were valves in which small regions
of scaffolds were still exposed, particularly at the
ventricular side. There was more variability be-
tween valves near the tip of the leaflet, which was
fully endothelialized at 6 months in a subset of the
valves, whereas others still had substantial parts of
the scaffold fibers exposed (e.g., valve #6.3; as also
shown in Supplemental Figure S15). At 12 months,
the endothelialization was more complete, with
typically full coverage of the hinge and belly re-
gions at both sides of the leaflet. Also at 12 months,
the endothelialization near the leaflet tip was vari-
able between valves and between the pulmonary
and ventricular side of the leaflet. Most of
the valves displayed complete endothelium at
12 months, but there were valves with patches of
various sizes with exposed scaffold fibers near the
tip (e.g., valves #12.4 and #12.1, as shown in
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FIGURE 6 Scaffold Degradation Over Time

(A and B) SEM images of Clorox-treated explantations of (A) rTEHVs and (B) aTEHVs, revealing progressive resorption of scaffold fibers. Scale bars, 50 mm; scale bars

insets, 20 mm. (C) Average fiber diameter over time, as determined from SEM images. (D) The number-averaged (Mn), (E) weight-averaged molecular weight (Mw), and

(F) the dispersity index (Mw/Mn) over time, as determined by gel permeation chromatography. Abbreviations as in Figures 1 and 2.
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Supplemental Figure S16). This was observed at
either side of the leaflet.

Extracellular matrix formation, including collagen
and elastin, was barely present after 1 month in both
groups (Figures 7A and 7D, Supplemental Figures S10
and S11). At 6 months, a collagen-rich neotissue
layer covered the scaffold, which was most pro-
nounced at the pulmonary side (Figures 7B and 7E,
Supplemental Figures S12 and S13). At 12 months, the
collagen fibers started to infiltrate and replace the
scaffold fibers (Figures 7C and 7F). Quantitative ana-
lyses did not reveal a statistically significant differ-
ence between groups or between leaflet regions for
the presence of collagen (Figure 7N). In the neotissue
layer, few and thin elastin fibers (grades 1 and 2)
(Supplemental Figure S2) were detected at 6 months
in both groups (Supplemental Figures S12 and S13).
They appeared as small localized groups of fibrils,
heterogeneously spread in the neotissue layer in all
regions of the leaflets or appeared as continuous fi-
bers at the pulmonary side. At 12 months, elastin was
present, with the same appearance (stage and
amount) in both groups (Figures 7I and 7L).
Biochemical analyses of the explantation demon-
strated an increase in DNA and glycosaminoglycan
content in the valvular leaflets from 1 to 6 months,
which remained stable up to 12 months (Figures 8A
and 8B). Collagen (hydroxyproline) content also
showed an increase from 1 to 6 months and tended to
increase from 6 to 12 months in both TEHVs
(Figure 8C). (Tropo)elastin was detected at 1 month
and tended to remain constant from 6 to 12 months
(Figure 8D).
Minera l depos i t ion . No mineral deposition was
seen in any of the explantations after 1 month of
implantation. At 6 months, the rTEHV and aTEHVs
explanted valves showed minor size mineral deposits
(50% vs. 100%). Two (50%) aTEHVs showed macro-

https://doi.org/10.1016/j.jacbts.2020.09.011
https://doi.org/10.1016/j.jacbts.2020.09.011
https://doi.org/10.1016/j.jacbts.2020.09.011
https://doi.org/10.1016/j.jacbts.2020.09.011
https://doi.org/10.1016/j.jacbts.2020.09.011
https://doi.org/10.1016/j.jacbts.2020.09.011


FIGURE 7 Histological Analyses of Random (rTEHVs) and Aligned (aTEHVs) Valves

Tile scans of collagen staining (picrosirius red) of the (A to C) rTEHVs and (D to F) aTEHVs at 1, 6, and 12 months, with 20� magnification of regions of interest as

indicated (scale bar tile scans, 1 mm; scale bars insets, 50 mm). (G to L) High-magnification images at the hinge (1), belly (2), and tip (3) regions of the 12-months

explantations, showing cell infiltration in all regions of the leaflet (hematoxylin and eosin [H and E]; nuclei in dark purple) (G and J) and deposition of extracellular

matrix components, such as collagen (Masson’s trichrome [MT]; collagen in blue, scaffold in white, cytoplasm in pink) (H and K), and elastin fibers (Elastica van Gieson

[EvG]; elastin; black arrows) (I and L). Scale bars, 50 mm. (M) Quantification of the cell density per leaflet region (hinge, belly, tip) over time. (N) Quantification of the

collagen distribution over time as pannus overgrowth on the pulmonary side (PS), inside the scaffold (Sc), or on the ventricular side (VS). Abbreviations as in Figure 2.
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FIGURE 8 Biochemical Composition of rTEHVS and aTEHVS

Amount of (A) DNA, (B) glycosaminoglycans (GAG), (C) hydroxyproline (HYP) as measures for collagen, and (D) (tropo) elastin. Abbreviations

as in Figure 2.
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sized deposits in the hinge region at this time point.
At 12 months, both scaffold variants showed micro
deposits. Three rTEHVs (75%) and 1 rTEHV (50%) had
macro deposits in their leaflets. Micro size deposits
appeared in 2 distinct morphological manifestations,
namely, in a vesicle form associated with apoptotic
cells or cells in osteogenic transformation process,
and as small elongated deposits, which were sug-
gested to be matrix calcifications. For details of
morphological manifestation and location of the
analyzed leaflet in the individual valves, see Figure 9.

DISCUSSION

In the present study, we hypothesized that, based on
the principle of contact guidance, bio-inspired scaf-
fold fiber alignment (in the circumferential direction)
would induce a more native-like organization of the
regenerated tissue. Surprisingly, any prefabricated
mechanical anisotropy was lost in all valves after
in vivo implantation. Moreover, our results did not
show consistent differences in the organization of the
regenerated collagen between rTEHVs and aTEHVs
after long-term follow-up, and there was substantial
valve-to-valve variability.

Biomechanical behavior is essential for native
heart valve function, and various manufacturing
techniques have been used to mimic this in prosthetic
heart valves (24). The use of a nature-inspired, well-
defined scaffold microstructure to guide in situ tissue
regeneration was reported by various studies
(18,25–29). Several studies demonstrated the ability
to manufacture heart valve scaffolds with aniso-
tropic, native-like mechanical characteristics (30–32).
For example, Saidy et al. (33) recently described the
development of heart valve scaffolds with a highly
defined biomimicking micro-architecture using melt
electrowriting. D’Amore et al. (34) reported on
the fabrication of synthetic heart valve scaffolds
with bioinspired geometry, microstructure, and



FIGURE 9 Mineral Deposits by Von Kossa Staining

(A to D) Images of mineral deposition, indicated by arrows, in (A and C) rTEHV and (B and D) aTEHVs after 6- and 12-month follow-up. Inset shows representative

examples of micro deposits, as variant A; micro noduli (insets A2, B2, D1, and D2) or variant B; affected extracellular matrix components (insets A1, B1, C1) and macro

size mineral deposits (C2). Individual data of mineral deposition after (E) 1, (F) 6, or (G) 12 months implantation, presented as color-code expression (green: not present

and red: present) on the presence of micro (variant A and B) or macro size minerals deposits for different valve locations (hinge, belly, and tip). (Scale bar tile scans,

500 mm; scale bars insets, 50 mm). Abbreviations as in Figure 2.
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mechanical properties using an electrodeposition
technique. Short-term in vivo evaluation of bio-
inspired valves was reported by Capulli et al. (29).
They showed the ability to manufacture biomimetic
heart valve scaffolds with anisotropic mechanical
characteristics by jet-spinning of poly-4-
hydroxybutyrate with gelatin. Subsequently, they
evaluated the valves using a transcutaneous implan-
tation technique and assessed functionality in an
orthotopic pulmonary position in a sheep model for 15
h. Reimer et al. (18) reported on cell-free valves
created from fibrin hydrogel implanted in orthotopic
pulmonary position in lambs. These valves showed
native-like anisotropic mechanical properties, with
the modulus being approximately 4 times stiffer in
the circumferential direction compared with the
radial direction. The valves functioned well up to
8 weeks in vivo, after which their insufficiency index
worsened due to weakness of the suture lines in the
design, according to the investigators. Using compu-
tational modeling, Loerakker et al. (35) demonstrated
that anisotropic mechanical properties in TEHVs, in
addition to geometry, could have a profound effect on
valve functionality and mechano-transduction.
Moreover, Serrani et al. (36) recently described a
predominant circumferential fiber alignment in
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synthetic heart valve scaffolds that was optimal for
valve functioning, based on an in silico model. How-
ever, none of these studies evaluated the effect of
native-like scaffold architecture in heart valves on
neotissue regeneration and organization during long-
term follow-up.

Our present results revealed that imposing a pre-
defined scaffold fiber orientation did not lead to the
desired control over the alignment of newly formed
collagen in engineered long-term implanted heart
valves. This was mainly reflected in the changes in
mechanical properties. The higher stiffness in the
circumferential alignment in the aTEHV group before
implantation was lost as early as after 1 month
in vivo, although sample size (n ¼ 2) was limited for
this follow-up time. Nevertheless, the decrease in
stiffness in the circumferential direction in these
valves was consistently measured for all valves
beyond the 1-month follow-up time as well. The
rTEHVs also displayed a certain degree of scaffold
anisotropy before implantation, with a preferred fiber
direction in the radial direction as a consequence of
the electrospinning process for this specific supra-
molecular elastomer. This mechanical anisotropy in
the rTEHVs was also lost after 6 months in vivo, from
which point on, all valves displayed isotropic me-
chanical properties. This was consistent with our
previous study, in which any minor anisotropy in
implantation mechanical properties was no longer
detectable after 6 months (5). After implantation, the
mechanical functionality of the valves was deter-
mined by the combination of resorbing synthetic
scaffold fibers and the newly formed tissue. The
observed decrease in stiffness indicated an unex-
pected loss of integrity of the circumferentially
aligned fibers in the aTEHVs, as well as in the other
valves beyond 6 months in vivo. This might point to
either physical breakage or (accelerated) degradation
of the aligned fibers. Although there were no
apparent differences between the aTEHV and rTEHV
groups in SEM and GPC analysis, it should be noted
that these analyses only represented a highly local-
ized section of the leaflet, which might explain why
no differences between the groups were detected in
the SEM analysis. In addition, GPC data are important
to evaluate molecular changes in the material that is
leftover, but the data are not indicative of the extent
of scaffold resorption (e.g., in terms of mass loss). In
previous studies that used in situ TEHVs based on
supramolecular elastomers, a highly heterogeneous
degradation of scaffolds with the most pronounced
degradation in macrophage and/or foreign body giant
cell-rich regions was reported (5,6,37). Therefore,
although SEM and GPC are valuable to qualitatively
assess the mechanisms of resorption, the mechanical
tests provide a more representative image of scaffold
resorption in the leaflet and its consequence for valve
function.

Although it was not possible to elucidate the exact
mechanism that caused the overruling of the pre-
imposed scaffold architecture in this study, we spec-
ulated that the observed changes in mechanical
behavior were most likely a combination of (acceler-
ated) scaffold degradation and the hemodynamic
loads, especially considering that all valves in either
group attained an isotropic material behavior from
6 months on. It is possible that the altered mechanical
loading due to the imposed mechanical anisotropy
caused physical breakage of aligned scaffold fibers.
However, this was not evident from the in vitro fatigue
tests, because the valves typically showed a different
failure mode in vitro (macroscopic tearing at the
commissure). Moreover, although traditional in vitro
functionality tests are important to study initial valve
functionality, they cannot account for the in situ
remodeling processes that the valves undergo upon
implantation, the latter being particularly important
for these types of resorbable valves, as opposed to
permanent prostheses. We previously excluded that
mechanical loading alone had an influence of the
degradation of the supramolecular elastomeric scaf-
folds as used in this study (38). Therefore, it is most
likely our observations were a combined result of
mechanical loading and potentially accelerated scaf-
fold resorption. The latter was supported by recent
in vitro work by Wissing et al. (39), who reported on a
micro-architecture�dependent degradation of elec-
trospun scaffolds by human macrophages. In that
study, an increase in the macrophage-induced oxida-
tive scaffold degradation was observed in elastomeric
scaffolds with a large fiber diameter (approximately
6 mm) and an aligned fiber orientation, similar to the
architecture of the aTEHVs used in the present study.
Concurrently, the supramolecular polymer used to
fabricate the valves in this study was previously
demonstrated to be mainly susceptible to oxidative
degradation (40). This was confirmed by the qualita-
tive assessment of local scaffold degradation via SEM
on our valves, which displayed extensive fiber cleav-
age from 6 months on. The speculation that local me-
chanical cues, like stresses and strain, dominated the
endogenous remodeling processes over the pre-
imposed scaffold anisotropy was in line with previ-
ously reported findings of the vascular scaffolds used
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by Zhu et al. (41). They revealed that successful guid-
ance of in situ neotissue organization by circum-
ferentially aligned fibers could only be achieved in
compliant arterial grafts with appropriate mechanical
loads but not in stiff arterial grafts with aligned fibers,
because the former was associated with favorable
macrophage polarization and extracellular matrix
deposition by contractile vascular smoothmuscle cells
(41). Similar observations were recently reported by
Kryhauw et al. (42), who showed that the predefined
circumferential alignment of scaffold fibers in vascular
grafts did not lead to the desired control over tissue
formation in vivo. A substantial part of the endoge-
nously formed neo-tissue was deposited as a pannus
layer on top of the scaffold, rather than in between the
scaffold fibers. In these superficial layers, contact
guidance by the scaffold was expected to be limited
and the alignment of the collagen in those layers was
likely to be influenced by the local mechanical loads.
These included the wall shear stress on the surface of
the leaflet, which was recently shown to affect
collagen organization in an in vitro model (22). Nu-
merical modeling of the transient local stresses and
strains in aTEHVs and rTEHVs, as well as compre-
hensive phenotypical analysis of the associated local
cellular infiltrates (including immune cells) (43) would
be of great added value to further elucidate the com-
bined effects of microstructure and hemodynamic
loads on the regenerative processes in the valves.

In general, all valves showed a progressive and
ongoing transformation from synthetic scaffold to
viable tissue, as exemplified by progressive scaffold
degradation and increases in DNA, glycosamino-
glycan, and collagen, similar to previous reports (5,6).
This was also reflected by the explantation mechani-
cal properties, which generally transitioned from a
predominantly linear (scaffold-dominated) to a more
nonlinear (more native-like) stress�strain behavior
for both scaffold types. More specifically, the elastic
moduli at low strains decreased over time, which was
indicative of scaffold degradation, whereas the elastic
moduli at high strains increased, which was indica-
tive of tissue deposition. It should be noted that there
was still abundant scaffold material at 12 months,
which was in line with our previous results (5). A
longer follow-up time is warranted to investigate how
the valve will function and develop when the syn-
thetic scaffold material is completely resorbed. In
general, the observed process of endothelialization in
this study was similar to our previous study (5),
although in the present study, endothelialization
tended to be more complete at the ventricular side at
6 months compared with this previous work.
The overall stiffness at 12 months tended to be
higher for aTEHVs compared with that of rTEHVs.
Because there were no apparent differences in
collagen amount and organization, we speculate that
this might have been caused by differences in
collagen cross-link density between rTEHVs and
aTEHVs. This was previously shown to directly
correlate to valve biomechanical behavior (44).
However, it is not clear as to why the stiffness of the
aTEHVs was higher as that of the rTEHVs at
12 months, considering that the stiffnesses were
similar at 6 months; similar remodeling after that
point should be expected. We speculate that it might
have been caused by transient differences in the
opening and closing dynamics of the aTEHVs
compared to that of the rTEHVs, although this re-
quires further research. This speculation is supported
by the finding of extensive degradation of both the
polymer and its alignment at 6 months (Figure 5)
combined with the finding that collagen deposition
within the polymer was not observed until 12 months
(Figure 6). In addition, all valves displayed relatively
high pressure gradients caused by a mismatch in the
size of the valve and the annulus. Although the valves
in both groups showed an increasing trend in pressure
gradient over time, which was not statistically sig-
nificant, the aTEHV group showed an overall trend of
higher systolic pressure gradients, which might have
been caused by the tendency for increased leaflet
stiffness in this group. Considering a stable pulmo-
nary valve annulus and animal weight increase in
12 months in the rTEHV and aTEHV groups, respec-
tively, the increasing trend for the systolic pressure
gradients over time, in general, was at least partially
explained by somatic growth of the animals. No se-
vere regurgitation was seen on TTE during the study
in any of the animals. However, epicardial echo at
time of explantation did show 2 valves with severe
regurgitation. This discrepancy could be due to the
supine position of the sheep and a fully opened tho-
rax in which the epicardial echo was performed.
Thoracotomy is known to alter thoracic pressure and
cardiac filling (45) and a concomitant decrease in
mean arterial pressure (46) and valve function.
Therefore, the TTEs during follow-up were consid-
ered the most reliable results in the clinically most
relevant conditions. The main reason to perform
epicardial echo was to evaluate the valve leaflet
mobility, which in our hands, was easier in an
epicardial window. Based on the TTE, the aTEHVs
showed earlier signs of moderate regurgitation.

Interestingly, we detected substantial amounts of
(tropo)elastin in the explanted valves, although this
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only led to marginal formation of mature elastic fi-
bers. Functional elastic fiber formation is a complex
process that entails the incorporation of cross-linked
tropoelastin packages into a microfibrillar network
(47). Unexpectedly, most valves in this study also
displayed various degrees of mineralization, from 6-
month follow-up. We thought these were calcium
deposits. This was in contrast to our previous work, in
which no signs of calcification were observed in any
of the valves after 12 months in the sheep model (5).
The cause of this discrepancy remains to be eluci-
dated, although it is important to note that the valves
in the present study were fabricated from a different
kind of polymer, with a higher stiffness. We are
currently investigating if the observed mineralization
was a purely material-dependent phenomenon or
whether it was related to local hemodynamic loads.
Moreover, the synthetic valves in our previous study
were seeded with fibrin gel before implantation.
Previous studies proposed that cross-linked fibrin had
anti-thrombogenic properties (48) and that it stimu-
lated the polarization of macrophages toward a pro-
regenerative (M2) type (49). Based on these reports,
it is plausible that the pre-seeded fibrin played a
protective role in preventing valvular calcification in
our previous study, although this warrants further
research. These discrepancies in outcome, compared
with our previous study, emphasize that minor ma-
terial modifications can have large effects on the
in vivo remodeling, including adverse remodeling
events (e.g., calcification).

Another important finding of this study was the
observed valve-to-valve variability, regardless of the
study group. This variability was observed both on
the macroscopic and the microscopic levels
(Supplemental Figures S3 to S5). Macroscopically, at
1 month, all valves showed pliable and smooth
leaflets, whereas from 6 months on, we saw valves
with pliable, intact leaflets, as well as valves with
small tears and/or irregularities. We saw some minor
extent fusion of the belly of the leaflet with its
surroundings in some of the valves. From a me-
chanical point of view, these leaflets were vulnerable
to tearing due to inhomogeneous distribution of the
loads. Microscopically, variability between valves
was evident in terms of the collagen deposition and
alignment, as well as in extent of cellularization
(Supplemental Figures S3 to S5). Such variability
between implantations was also observed in previ-
ous studies using resorbable synthetic TEHVs
(5,6,37), as well as in vascular grafts (50). For
example, a recent study by Fioretta et al. (37) dis-
played variability between valves of the same type,
but also between leaflets within the same valve in
minimally invasively delivered supramolecular elas-
tomeric valves. This so far unexplained and unpre-
dictable variability is a critical point of attention
with respect to the translation of this technology
into a robust and safe clinical treatment. Although it
is possible that variations in systemic conditions
between animals contribute to causing variability,
minor variations in the scaffold fabrication proced-
ure and the implantation might also have large
consequences in vivo. This was exemplified by the
study by Emmert et al. (16), who showed that
misplacement of valves or suboptimal valve geome-
try could lead to strain distributions over the valve
that stimulated adverse remodeling (e.g., leaflet
retraction), rather than functional remodeling.
Moreover, this study highlighted the power of
computational modeling to predict in vivo remodel-
ing. However, it should be noted that that specific
computational model did not account for the pres-
ence of synthetic scaffold material, and thus, was
not directly applicable to predict the in vivo
remodeling of synthetic TEHVs. To achieve the
latter, inspiration might be drawn from in silico
models as recently described by Szafron et al. (51,52)
to predict in situ remodeling of resorbable synthetic
blood vessels. These models do account for the in-
fluence of a synthetic scaffold and the associated
inflammatory response on the formation and
remodeling of tissue. However, as also highlighted in
these studies, mechanistic in vitro data aimed to
elucidate the balance among inflammation and
scaffold degradation, and tissue formation in well-
controlled mechanical conditions (53–55) is required
to serve as input for such models to improve their
predictive power.
STUDY LIMITATIONS. The present study had several
limitations. Due to financial and ethical constraints,
the sample size per group was small, making it diffi-
cult to draw strong conclusions. Nevertheless, avail-
ability of long-term in vivo data on resorbable
synthetic heart valves are limited, and, as such, the
observations in this study valuably contributed to our
overall understanding of in situ heart valve tissue
engineering using resorbable synthetic valves. In an
effort to maximize the information gained from this
study, we opted for a rather broad set of analyses,
including mechanical tests, SEM, GPC, en face imag-
ing, histology, and biochemical assays. However,
because the available material from a single valve was
limited, the inherent consequence was that it was not
possible to perform all these analysis on each leaflet
of the valve, which could be important to assess
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: In

situ tissue engineering has gained more and more

attention for heart valve replacement therapy. Im-

plantation of a bare degradable valve scaffold is an

affordable and practical application, and therefore,

attractive for clinical use. However, to get the valve to

the patient, knowledge of the in vivo interactions be-

tween the passive (scaffold microarchitecture) and

active (hemodynamic loads) cues need to be unrav-

eled. This will enable us to optimize the architecture of

the neo-tissue that is formed. This study showed that

pre-alignment of the fibers of the scaffold alone using

this polymeric material was not able to guide the neo-

collagen alignment in a more native-like direction.

TRANSLATIONAL OUTLOOK: In the effort to

control the engineering of a living heart valve, we

need a thorough understanding of how cells respond

and interact with the scaffold material and environ-

mental in vivo circumstances. It remains difficult to

identify the relative importance of each (or combina-

tions) of the involved factors. The observed cases of

variability between valves, which is concurrent to

previous reports, is an important point of attention in

terms of safety for clinical translation. This also holds

for the observed cases of adverse remodeling (i.e.,

calcification), although it remains to be elucidated to

what extent the observed mineralization will lead to

clinically relevant safety issues. In silico experiments,

which are driven by in vitro and in vivo obtained data,

might be helpful to more reliably predict in vivo out-

comes. In addition, the body of long-term in vivo data

for resorbable synthetic valves is relatively small to

date. Obtaining additional in vivo data with more

extensive analysis of the in vivo processes will be

indispensable, and longer follow-up times are war-

ranted to establish the functionality and remodeling

of the valves when all synthetic scaffold material has

been resorbed, albeit its practical, financial and ethical

limitations.
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variability, as previously suggested (37,56). More-
over, because the results were unexpected, the un-
derlying processes largely remain to be elucidated,
because they require dedicated analyses for which
the study was not designed a priori. One of our ave-
nues of research is aimed at a much more extensive
histopathological analysis of the explantation mate-
rial to map the local inflammatory and regenerative
processes using a recently reported dedicated sheep-
specific antibody panel (43). Finally, although the
microstructural design of the aTEHVs in this study
was inspired by the circumferential direction of
collagen in the native valve fibrosa, our design was
highly simplified because it only captured the fibrosa
layer of the valve, but not, for example, the ven-
tricularis, with radially aligned elastin. More sophis-
ticated, layered, bio-mimicking TEHVs are under
development by other groups (33,34), and it would be
highly interesting to investigate their long-term
in vivo behavior.

CONCLUSIONS

The effect of the predefined scaffold architecture did
not lead to the desired control over the organization
of regenerated tissue, as governed by the in vivo
remodeling processes. These unexpected findings
highlight the need for a more in-depth understanding
of the long-term in situ remodeling processes in large
animal models to improve predictability of outcome
and allow for rational scaffold design.
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