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a b s t r a c t

Interventional closure of intracardiac wall defects using occluder devices has evolved as a highly
attractive treatment option. However, incomplete and delayed healing reactions often result in a major
risk of residual defects, thromboembolism, or device fractures. Biodegradable living tissue engineered
occluder membranes (TEOMs) could provide autologous thromboresistant implants with growth and
remodeling capacities. PGA-P4HB composite matrices were seeded with human umbilical cord-derived
cells or vascular-derived control cells and exposed to static (n ¼ 19) or dynamic (n ¼ 13) conditioning.
Harvested TEOMs were integrated into occluder frameworks, exposed to crimping and delivered into
pre-formed defects of juvenile porcine hearts. Dynamically conditioned TEOM constructs showed higher
collagen formation in histology than static constructs with significantly higher stiffness moduli in
uniaxial tensile testing. Grating interferometry revealed substantial but inhomogeneous cone-like
degradation of the composite matrices in dynamic conditioning. The crimping and delivery proce-
dures resulted in no significant changes in macroscopy, histo-morphology, cellular viability, DNA or
hydroxyproline content, and scanning electron microscopy findings. Here, we present the in vitro
fabrication, crimping and experimental delivery of living human umbilical cord-cell derived TEOMs
based on composite matrices as a potential future autologous therapy of intracardiac wall defects.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years interventional closure of intracardiac wall
defects has evolved as a highly attractive alternative treatment to
surgical correction by preventing thoracotomy and cardiopulmo-
nary bypass [1e3]. For occlusion of the defects several different
ative Medicine, University of
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interventional devices have been developed [2]. In spite of the
evident differences in the outer implant design, all devices
comprise a metallic frame or meshwork and synthetic polymer
membranes. After deployment, the devices encounter a natural
foreign body response with transanastomotic tissue ingrowth and
coverage [3e5]. However, often these healing reactions are char-
acterized by incomplete and delayed incorporation of devices into
the cardiac tissue, which results in a major risk of residual intra-
cardiac defects, associated infections, thromboembolism, friction
lesions or fractures with device embolization [3,5]. In addition,
considering that these devices are implanted into young infants
with in principle high life expectancies, the potential long-term
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consequences related to the implantation of foreign body material
into a dynamically moving and growing heart for their cardiac
development and later adult cardiac functionality remains to be
elucidated. After interventional closure of the defect and coverage
by a continuous layer of endogenous tissue, the synthetic implants
are no longer necessary. Conversely, the synthetic device materials
lack the ability to grow with the developing infant’s heart and may
be potentially harmful for the recipients’ cardiac development and/
or functionality [3,6].

Tissue engineered living septal occluder membranes based on
fully biodegradable scaffold materials together with biodegradable
frame meshes could overcome these limitations by combining
robust, thromboresistant surfaces with fully biodegradable device
properties as well as an optimal healing environment with growth
potential composed of autologous vascular cells. The concept for
cardiovascular tissue engineering has been proven for heart valves
[7e13] and vascular grafts [13e15] by a series of studies involving
the in vitro fabrication as well as the experimental [16,17] and
initial clinical [18,19] in vivo investigation. For pediatric applica-
tions fetal progenitor cells have proven to be a promising autolo-
gous cell source [20e22]. In particular umbilical cord-derived cells
have gained significant attention as a unique autologous perinatal
cell source used to fabricate these constructs [23e26]. Importantly,
they do not only show favorable growth properties, they also have
a high clinical relevance due to their high accessibility and lack of
Fig. 1. Cellular phenotypes. Human umbilical cord Warthon’s jelly-derived cells revealed sm
partially for a-sma (A) similar to mature vascular-derived myofibroblasts (B, D, F).
additional cell harvest procedures [27]. The main focus of tissue
engineered heart valve- and vessel-development was the genera-
tion of native-like cardiovascular structures with proper function-
ality. Tissue engineered occluder membranes (TEOMs) would
require not only constructs with high mechanical resilience, but
also constructs that can undergo a strenuous crimping procedure
without significant cellular loss and/or bioengineered matrix
laceration in order to survive the harmful delivery procedures of
today’s minimally invasive interventional routes.

Here, we investigate the in vitro fabrication, crimping analysis as
well as experimental delivery of living human umbilical cord-cell
derived tissue engineered septal occluder membranes based on
composite matrices as a potential future autologous therapy of
intracardiac wall defects.

2. Materials and methods

2.1. Cell harvest and isolation

Human umbilical cord cells were harvested as previously described [24e26].
After informed consent was obtained from the participants (approved by the Ethics
Committee [STV-95-2009]) fresh human umbilical cord tissue of healthy individuals
was collected. Briefly, human umbilical cord tissue obtained fromWharton’s jelly by
excision biopsy was minced into pieces of approximately 8 mm3 and placed into
culture dishes. Outgrowing umbilical cord-derived mesenchymal cells were
expanded up to the eighth passage in advanced DMEM (Invitrogen, Life Technolo-
gies, USA). Mature vascular-derived control cells were obtained from the vena
ooth muscle-like phenotypes with positive stainings for vimentin (C), desmin (E) and
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saphena [KEK-STV-21-2006]. All media were supplemented with 100 IU/l penicillin
and 10 mg/l streptomycin (P 0781; Sigma-Aldrich, St. Louis, USA), 10% Fetal Bovine
Serum (Invitrogen, Life Technologies, USA) and 2,5 mg/l Fungizone (Sigma-Aldrich,
St. Louis, USA).

2.2. Umbilical cord-derived endothelial cells

Human umbilical cord vein-derived endothelial cells (HUVEC) were isolated
using a collagenase installation technique. The umbilical cord veins were incubated
in 0.2% collagenase (Collagenase A, Roche Diagnostics GmbH, Mannheim, Germany)
dissolved in serum-free medium (EGM�-2; Lonza Group AG, Basel, Switzerland).
After 20 min, the cell suspension was centrifuged. Cells were cultured and
expanded in EGM-2 medium (EGM�-2) containing growth factors and supple-
ments (vascular endothelial growth factor, human fibroblasts growth factor, human
recombinant long-insulin-like growth factor-1, human epidermal growth factor,
gentamicin and amphotericin, hydrocortisone, heparin, ascorbic acid, and 2% fetal
bovine serum).

2.3. Phenotyping of cells

Isolated cells were characterized using immunofluorescence staining. Primary
antibodies used for characterizationof cellswere againsta-smoothmuscle actin (mM-
Fig. 2. Fabrication and delivery of TEOMs. After dynamic in vitro conditioning, the constructs
the metallic frame of the occluder devices (AeC, arrows indicate TEOM constructs on both o
SOM ¼ septal occluder membrane).
anti-human, clone 1A4, SigmaeAldrich, St. Louis, USA), desmin (mM-anti-human
desmin, clone D33, DakoCytomation, Copenhagen, Denmark), vimentin (mM-anti-
human vimentin, clone Vim 3B4, DakoCytomation, Copenhagen, Denmark), CD31
(mM-anti-human CD31, clone JC70A, DakoCytomation, Copenhagen, Denmark), and
von Willebrand factor (pR-anti-human von Willebrand factor, DakoCytomation,
Copenhagen, Denmark). Alexa 633 phalloidin and DAPI were used as control staining
(Invitrogen, Life Technologies, USA). Primary antibodies were detected with Cy-2 or
Cy-3 goat-anti-mouse and Cy-5 goat-anti rabbit antibodies (Jackson Immunoresearch
Laboratories Inc., West Grove, PA). For immunostainings cells were first washed with
PBS and then fixed with 4% paraformaldehyde in PBS for 10 min. Following a second
washing phase (PBS), they were blocked with 0.1 M glycine in PBS for 5 min and per-
meabilized in 0.2% TritonX-100/PBS for 10min. After blockingwith 5% goat serumand
1%bovine serumalbumin in PBS for 1 h, primaryantibodieswere addedand incubated
for 1 h at room temperature. After three washing steps with PBS (5 min), secondary
antibodies were added for 45 min. The specimens were washed again three times in
PBS for 5 min and mounted in 0.1 M TriseHCl, pH 9.5, and glycerol (3:7) containing
50 mg/mL of n-propyl gallate as anti-fading reagent.

Analysis of the stained sections and cells was carried out using an inverted
fluorescence microscope equipped with a CCD camera (Leica Microsystems AG,
Heerbrugg, Switzerland). Image processing was performed using the Leica Appli-
cation Suite processing software (Leica Microsystems AG, Germany) and PhotoShop
(Adobe Systems, San Jose, CA).
(AeE) were excised from the deriving bioengineered sheets (F,a and b) and attached to
ccluder sides; F,c and d) for crimping (D, arrows) and delivery (E, *inter-atrial septum;
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2.4. Scaffold fabrication

Tube like-shaped matrices were fabricated from non-woven polyglycolic acid
meshes (PGA; thickness 1.0 mm; specific gravity 70 mg/cm3; Cellon, Luxembourg),
coated with 1.75% poly-4-hydroxybutyrate (P4HB; MW: 1�106; TEPHA Inc., USA) by
dipping into a tetrahydrofuran solution (THF; Fluka, Germany). After solvent evap-
oration, physical bonding of adjacent fibers and continuous coating was achieved.
P4HB is a biologically derived rapidly degradable biopolymer, which besides being
strong and pliable is thermoplastic (61 �C), and can be molded into three-
dimensional shapes. From the PGA-P4HB composite scaffold material, the septal
occluder matrices were fabricated by integrating the scaffold into a nitinol frame
that was fixated in a Plexiglas-tube for positioning in the biomimetic flow system
(length ¼ 29.5 � 0.6 mm; OD ¼ 20.2 � 1.6 mm, pfm AG, Germany). This connection
was achieved by attaching the scaffold matrix to the inner surface of the nitinol
frame using single interrupted sutures (5e0 Polypropylene, Ethicon, USA). After
vacuum drying for 24 h, the scaffolds were sterilized overnight by using ethylene
oxide (EtO) gas sterilization. The EtO was allowed to evaporate for 3 days and the
scaffolds were incubated in DMEM medium (Sigma-Aldrich, St. Louis, USA) for 24 h
to facilitate cell attachment by deposition of proteins. All media were supplemented
with 10% fetal bovine serum (Sigma-Aldrich, St. Louis, USA), 0.05% Pen/Strep
(P 0781; Sigma-Aldrich, St. Louis, USA) and 2.5 mg/L Fungizone (Sigma-Aldrich,
St. Louis, USA), adjusted to a pH of 7.4, buffered with NaHCO3 (Sigma-Aldrich,
St. Louis, USA) and sterilely filtered.

2.5. Cell seeding

Wharton’s jelly myofibroblasts (WMFs) were seeded onto composite matrices
(1.5 (n ¼ 2) up to 3.0 (n ¼ 7) � 106 cells/cm2 scaffold) using fibrin (Sigma-Aldrich,
St. Louis, USA) as a cell carrier. The concentration of Fibrinogen (10 mg/mL) and
Thrombin (10 IU/mL) was in accordance with the standard concentrations used in
cardiovascular tissue engineering [28]. After static incubation of seeded constructs
in advanced DMEM (Sigma-Aldrich, St. Louis, USA; 10% FBS; P/S supplement) for four
days, they were placed into a bioreactor flow system mimicking a pulsatile pressure
cardiovascular flow environment. The pulsatile flow was slightly increased over the
study period and DMEM medium was changed every 3e4 days. Constructs were
harvested after 7 and 14 days of biomimetic conditioning accordingly. For endo-
thelialization constructs were seeded with 1.0 � 106 cells/cm2 membrane and
Fig. 3. Microscale analysis of bioengineered occluder membranes. Static constructs (A: H&
formation in direct comparison to dynamically cultured constructs (C and E: H&E; D and F: M
remnant PGA-P4HB scaffold material in histology. In dynamically conditioned TEOMs, a pro
constructs were cultured for 2 additional days in EGM-2 medium (EGMTM-2; Lonza
Group AG, Basel, Switzerland; Medium B constructs).

2.6. Histological analysis

Qualitative analysis of tissue engineered constructs was performed using
histology and immunohistochemistry by H&E staining, Masson Trichrome staining
and stainings for a-smooth muscle actin (clone 1A4, Sigma-Aldrich, St. Louis, USA).
Sections were analyzed using an inverted light microscope and compared to native
tissues.

2.7. Grating interferometry

PGA-P4HB matrices as well as bioengineered constructs (n ¼ 2) were evaluated
using grating interferometry (GI). GI represents an X-ray imaging method that
exploits phase information in addition to absorption contrast. The experiments were
performed at the TOmographic Microscopy and Coherent rAdiology experimenTs
(TOMCAT) beamline of the Swiss Light Source (Paul Scherrer Institute, SLS, Villigen,
Switzerland [29];). A photon energy of 25 keV was selected by a double multilayer.

The experimental setup consisted of a phase grating downstream of the sample
that provides a rectangular-shaped interference pattern at the Lohmann distance
(here: 121 mm) [30]. At the position of the interference pattern an absorption
grating is used to analyze local lateral offset of the pattern, which are proportional to
the first derivative of the phase shift caused by the sample. This is done by laterally
scanning one grating with several steps over a fraction of the pitch of the absorption
grating and then analyzing the pixel-wise intensity distributions by a Fourier-based
approach [31].

The samples were embedded in 2% agarose gel within an Eppendorf cylinder for
mechanical fixation. The tomography scan was performed with 1601 projections
over 180� and 8 phase steps over 2 periods. The total scan time was approximately
1.5 h. Multi-slice information was combined in three-dimensional images and
different stages of the TEOM constructs were compared.

2.8. Quantitative tissue analysis

Septal occluder membranes were minced, lyophilized, and analyzed by
biochemical assays for total DNA content as an indicator for cell number,
E, B: Masson Trichrome, A-D: scale bar w60mm) showed substantially lower collagen
asson Trichrome; E-F: scale barw120mm). Both, static and dynamic constructs, showed
nounced a-SMA positive layer was detectable (G-H).



Fig. 4. Grating interferometry 3D microscale analysis. Before dynamic conditioning
TEOMs showed a dense composite scaffold meshwork in GI-reconstruction (A) and in
slice images (B, scale bar w400mm). In the contrary, dynamic constructs revealed clear
but inhomogeneously distributed zones of scaffold degradation (C, blue circles) with
a cone-like formation of these degradation zones after three weeks in the flow
bioreactor (C). Between the degraded PGA-P4HB meshwork zones of neo-tissue were
visible (D and E; yellow arrows; scale bar w200mm). (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of this
article.)
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hydroxyproline (HYP) content as an indicator for collagen, as well as for glyco-
saminoglycanes (GAG) content. For measuring the DNA amount, the Hoechst dye
method [32] was used with a standard curve prepared from calf thymus DNA
(Sigma-Aldrich, St. Louis, USA). The GAG content was determined using a modified
version of the protocol described by Farndale et al. [33] and a standard curve
prepared from chondroitin sulfate derived from shark cartilage (Sigma-Aldrich,
St. Louis, USA). HYP was determined with a modified version of the protocol
described by Huszar et al. [34].

2.9. Biomechanical analysis

The mechanical properties of the TEOMs were determined in triplicate by
uniaxial tensile tests. The TEOMswere cut along their axis and spread out in order to
generate samples. These samples were cut in longitudinal direction with a cutting
tool made of razor blades separated with 2 mm spacer blocks. The dimension of the
samples was of approx. 2 mm � 20 mm. The tensile tests were performed on
a custom-built miniature tension machine. This mechanical test setup consists of
a linear horizontal motor (PI M-505 4PD, Physik Instrumente GmbH, Germany) and
a 10 N load cell (force transducer KAW-S, AST Mess- & Regeltechnik, Germany). The
whole experimental setup was controlled by a LabView (LabView, National Instru-
ments, USA) program code.

The samples were mounted in two parallel clamps with an initial chuck width of
12 mm. The interior of the clamps was coated with sandpaper to improve soft-tissue
gripping. After preconditioning of ten cycles, monotonic strain to failure tests were
performed under displacement controlled conditions, with a displacement rate of
0.12 mm/s which corresponds to an elongation rate of 1% nominal strain per second.
The force-displacement data were sampled with a frequency of 15 Hz and were
afterward converted into tensionestrain curves. The nominal strain values were
calculated by dividing the current length of the samples by their initial length and
subtracting 1. The accurate width was determined for each sample by image anal-
ysis. Nominal tension values (measured force divided by the initial width of the
sample) were preferred to the nominal stress values because of the inhomogeneous
thickness of the material.

2.10. Simulated delivery and crimping analysis

For evaluation of the effect of the delivery procedure on the structural
integrity of autologous bioengineered septal occluder membranes (n ¼ 3), tissue
engineered constructs were delivered experimentally into pre-formed inter-
atrial septum defects of porcine juvenile hearts ex vivo. For this purpose, engi-
neered membranes were crimped by folding along the axial sheath axis to
a radial diameter of 5.0e8.0 mm. The engineered constructs were left in crimped
state for 15 min at 25 �C, which represents a clinically relevant time frame. After
delivery, the effects of crimping on tissue integrity of the bioengineered
membranes and on cell viability were analyzed by histology, immunohisto-
chemistry, life-dead assay (LIVE/DEAD� Viability/Cytotoxicity Kit, Invitrogen, Life
Technologies, USA) and biomechanical assays and compared to non-crimped
control constructs.

2.11. Live dead assay

Analysis of cell viability was performed by using a life-dead assay (n ¼ 6; LIVE/
DEAD� Viability/Cytotoxicity Kit, Invitrogen, Life Technologies). This assay
discriminates live from dead cells by simultaneous staining with green-fluorescent
calcein to indicate intracellular esterase activity and red-fluorescent ethidium
homodimer to indicate loss of plasma membrane integrity. The samples were
analyzed directly after staining under the confocal microscope (Leica SP5, Leica
Microsystems, Heerbrugg, Switzerland). Image processing was performed by using
the Leica Application Suite (Leica Microsystems) and PhotoShop (Adobe Systems,
San Jose, CA). Quantification of the calcein signal was performed by ImageJ (ImageJ
1.44p, NIH, USA).

2.12. Scanning ion conductance microcopy (SICM)

SICM allows high-resolution, non-invasive probing of the surface of unfixed
living cells and was used for identification of cellular crimping effects on the
engineered construct surfaces. Briefly, the pipette mounted on a piezo stage is
moved over the cell while maintaining a fixed distance from the surface. This is
achieved by a feedback control keeping the ion current flowing through the
pipette to the cell surface constant. The glass nanopipette is a sensitive probe
that detects ion current and uses the current as an interaction signal to control
the vertical (z-axis) position of the cell relative to the pipette tip. In our exper-
iments we used hopping probe ion conductance microscopy (HPICM) without
continuous feedback [35,36]. Instead, at each imaging point, the pipette
approaches the sample from a starting position that is above any of the surface
features. The reference current is measured while the pipette is well away from
the surface. The pipette then approaches until the current is reduced by a pre-
defined amount, usually 0.25e1%. Typically, even at a 1% reduction of the
current, the pipette is still at a distance of about one inner pipette radius from
the surface. The z-dimension actuator then withdraws the pipette away from the
surface and the sample is moved laterally to the next imaging point. By
continuously updating the reference current while the pipette is away from the
surface, the method automatically adjusts for any slow drifts in the pipette
current. SICM analysis was performed on samples of minor manipulation, major
manipulation as well as untreated control samples.
2.13. Statistical analysis

Quantitative data are presented as mean � standard deviation. For statistical
comparison of the ECM and the live dead results a ManneWhitney U test was
performed. For analysis of biomechanical data a student’s t-test was used. All
P-values were two-tailed and a P< 0.05was considered statistically significant (SPSS
Inc., Chicago, IL, USA).
3. Results

3.1. Morphology and phenotype of isolated cells

Outgrowing Wharton’s jelly myofibroblasts (WMFs) expressed
high levels of vimentin and desmin (Fig. 1C and E). a-smooth
muscle actin was only partially expressed in expanded WMFs
(Fig. 1A). This morphology and staining pattern of surface markers
is characteristic for smooth muscle-like cells and reflects a pheno-
type comparable to myofibroblasts isolated from the saphenous
vein (Fig. 1B, D and F).



Video 1.
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3.2. Analysis of the bioengineered septal occluder membranes:
macroscopic appearance

After successful isolation, WMFs were expanded and seeded
onto composite scaffolds for dynamic conditioning for 18 (n ¼ 5) or
24 (n ¼ 4) days. Saphenous vein-derived control constructs were
treated equally and conditioned for 18 days (n ¼ 4). Control
constructs were cultured under static environment and harvested
accordingly (n ¼ 19). The conduit-like constructs were intact and
Video 2
pliable (Fig. 2A) with neo-tissue densely covering the bio-
engineered tubes independent of the conditioning protocol used.
Circular membranes could be successfully excised from the
conduits and attached to the occluder device framework without
macroscopic laceration of the constructs (Fig. 2B and C). Excised
TEOM constructs could then be successfully used for crimping
analysis (Fig. 2D) and simulated delivery (Fig. 2E). A detailed
illustrative explanation of the TEOM fabrication steps is provided in
Fig. 2F.
.



Fig. 5. Biomechanical properties of dynamic TEOM constructs (TEOM: A–B) were
compared to native tissue (native) and the PGA-P4HB scaffold alone (scaffold) (A).
Tangential stiffness moduli at high strain revealed a significant difference between
statically conditioned samples (static), dynamically conditioned samples (aDMEM)
and dynamically conditioned constructs cultured in EGM-2 after endothelialization
(EGM-2, B). The composite scaffolds were characterized in longitudinal and circum-
ferential direction to detect intrinsic anisotropy and the tension-strain curves were
compared (C).
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3.3. Histology and immunohistochemistry

Tissue engineered occluder membranes (TEOMs) grown under
static conditions (control constructs) demonstrated cellular
ingrowth but little tissue formation in H&E staining (Fig. 3A) and
little production of extracellular matrix (ECM) with Trichrome-
Masson-staining (Fig. 3B). In contrast, constructs of all bioreactor
groups (18/24d) showed substantial tissue formation with
production of ECMs (Fig. 3CeF). In detail, Trichrome-Masson-
staining highlighted collagen formation at the outer layers
(Fig. 3D and F), whereas in the center, loosely arranged ECM with
scaffold remnants was detectable (Fig. 3D, arrows represent
residual scaffold). a-SMA positive cells were present in superficial
layers of both, static and dynamic, constructs. However, in
dynamically conditioned TEOMs the a-SMA positive layer was
more pronounced and deeper (Fig. 3G and H).

3.4. Grating interferometry

For three-dimensional analysis of in vitro tissue formation and
degradation of the composite matrix grating interferometry (GI)
was performed before and after dynamic conditioning of the TEOM
constructs. In comparison to the unconditioned constructs (Fig. 4A
and B, Video 1), the conditioned TEOM samples (Fig. 3CeE, Video 2)
revealed clear tissue formation embedded into remnants of the
PGA-P4HB scaffoldmeshwork. The signal for the composite scaffold
was reduced after 14 days of dynamic conditioning suggesting
degradation of the composite matrix components as confirmed by
histology (Fig. 3AeD). Interestingly, in the three-dimensional GI-
reconstruction this scaffold degradation was not homogeneously
distributed but revealed cone-like formations of almost completely
degraded zones (Fig. 4C, blue circles) versus areas with full matrix
integrity indicating a cluster-like tissue maturation within the
bioengineered TEOMs.

3.5. Biomechanical properties

To characterize the biomechanical performance of TEOMs after
static and dynamic conditioning, representative samples were
analyzed using uniaxial tensile testing. While tensionestrain
curves of the PGA-P4HB composite matrix showed a steep increase
of tension with higher strain, tensionestrain behavior of TEOMs
approximated to that of native reference tissue (Fig. 5A). However,
despite this general similarity, the stiffness of native tissue was
substantially lower than in bioengineered membranes indicated by
only a slight increase in tension for higher strains as characteristic
for native biological material. When comparing the tangential
stiffness moduli at high strain [HS-Modulus (HSM); High strain
stiffness: N/mm], the HSM of dynamically conditioned samples
(24d; n ¼ 3) was significantly higher than the HSM of statically
conditioned samples (P ¼ 0.012; Fig. 5B). This implies that the
biomimetic conditioning increases the high strain stiffness of the
TEOMs due to evolving tissue formation. Interestingly, also
culturing of dynamically conditioned constructs in EGM-2 after
endothelialization resulted in a significant decrease of high strain
stiffness. In addition, the PGA-P4HB composite matrix showed
anisotropic tension-strain behavior in longitudinal versus circum-
ferential direction (P ¼ 0.017; high strain stiffness) and all results
were presented in consideration of this intrinsic matrix anisotropy
(Fig. 5C).

3.6. Crimping analysis e macroscopy and histology

TEOMs were crimped in a custom-made crimping device,
introduced into a delivery system and deployed into pre-formed
atrial septal defects of porcine juvenile hearts. Histological anal-
ysis after crimping and simulated delivery included comparison
after crimped (n ¼ 4) versus uncrimped (n ¼ 4) TEOMs is shown in
Fig. 6AeF. H&E as well as Trichrome-Masson-staining revealed
integrity of the a-SMA positive luminal collagen layer after
crimping and simulated delivery. No signs for impairment of the
constructs’ integrity on the histological level, such as holes or
fractures, could be identified. Also macroscopically no signs of
impairment or inhomogeneity could be identified. However, in
histology the impression of a distinct compaction of the TEOM
constructs during crimping could be seen when compared to the
uncrimped controls of the same conduit patch (Fig. 6E and F).

3.7. Crimping analysis e scanning electron microscopy

After crimping and simulated delivery TEOM surfaces were
analyzed using scanning electronmicroscopy (SEM). In SEM the cell
arrangement corresponded to the flow direction of the dynamic
flow environment of the bioreactor (Fig. 6GeJ). Similar to histology,
also SEM revealed no structural impairment, such as cracks or
holes, of the crimped construct surfaces (Fig. 6H and J). In addition,
no changes on the cellular level on the construct surfaces could be
identified.

3.8. Crimping analysis e viability

In order to assess the cellular viability of the TEOMs throughout
the crimping procedure, samples of crimped and uncrimped
constructs were analyzed using a cell viability assay and quantified
using confocal microscopy-based fluorescence quantification
(n ¼ 6). When directly comparing crimped versus uncrimped
samples of the same conduit no significant changes in cellular
viability could be identified (P¼ 0.19; Fig. 7A, C andG).Moreover, no



Fig. 6. Crimping analysis. TEOMs were crimped and compared to uncrimped reference samples using H&E stainings (AeD), Masson Trichrome stainings (E and F) and SEM surface
analysis (GeJ).
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differences were seen when comparing constructs based on
umbilical cord-derived WMFs with TEOMs based on mature
vascular-derived cells (Fig. 7AeD). In contrast, Triton-X 100 pre-
treated TEOM samples revealed lack of viable cells within the
constructs and served as negative controls with significant decrease
in fluorescence (vs. untreated samples P < 0.025; Fig. 7EeG).
Fig. 7. Cell viability after crimping. Bioengineered occluder membranes based on
human umbilical cord cells (hUC cells; A) and human vena saphena-derived control
cells (hVS cells; B) were crimped and analyzed using live-dead assay (C and D). Triton-
X 100 pre-treated samples served as negative controls (E and F). Fluorescence signal
intensity of crimped versus uncrimped samples showed no significant differences (G;
n.s. ¼ not significant; * significant for the P < 0.05-level corrected for Bonferroni).
3.9. Crimping analysis e extracellular matrix analysis

For qualitative assessment of TEOM samples extracellular
matrix (ECM) analysis for determination of DNA, glycosaminogly-
cans (GAG), hydroxyprolines (HYP) was performed before and after
crimping. After crimping DNA values were not significantly
different from values before crimping (P ¼ 0.91; Fig. 8A). The
amount hydroxyprolines (HYP) per mg tissue slightly increased
during the crimping procedure (Fig. 8C). However, the differences
were not significant (P ¼ 0.61) and may represent an artifact of the
tissue compaction reported above. For the glycosaminoglycan
(GAG) content per mg tissue no significant changes were seen after
the crimping procedure (P ¼ 0.11; Fig. 8B).

3.10. Crimping analysis e SICM

For identification of crimping-related destruction on the endo-
thelial cell level scanning ion conductance microcopy (SICM) was
performed before (Fig. 9A) and after manipulation of unfixed
representative samples of TEOMs (n ¼ 3, static constructs). After
a first crimping phase involving minor manipulation of the
constructs, no effects of the crimping procedure could be identified
on the SICM level. However, after a pronounced crimping, involving
compression by a metallic device, clear destructive cell borders
could be identified by SICM in the region of themaximum exposure
confirming the principal feasibility of SICM for detection of cellular
crimping effects on bioengineered surfaces (Fig. 9B,C).
Fig. 8. Extracellular matrix changes during crimping. The contents of DNA (A), gly-
cosaminogycanes (GAG; B) and hydroxyprolines (HYP; C) were measured before and
after crimping of TEOM constructs and compared (n.s. ¼ non significant; * significant
for the P ¼ 0.05-level).
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4. Discussion

Intracardiac wall defects, such as ASDs (atrium septum defects)
or VSDs (ventricular septum defects), represent common congen-
ital cardiac pathologies with an incidence of 0.6% in live births [37].
Today’s routine clinical treatment involves transcatheter deploy-
ment of septal occluder devices that consist of a metal framework
and synthetic fabrics. The fabric materials in clinical use comprise
permanent synthetic materials including polyurethane [38],
expanded polytetrafluroethylene [2], or Dacron [1] as well as
Fig. 9. Scanning ion conductance microscopy. SICM analysis revealed no detectable
changes on the surface of endothelialized constructs after minor manipulation. Only
after severe mechanical manipulation of the constructs involving compression by
metallic devices, destructive effects on the cell margins of endothelial layers were
detectable when comparing pre- (A) and post-manipulation (BeC).
bioresorbable materials such as collagen type I [5]. These materials
aim at induction of a natural foreign body response with tissue
ingrowth from the defect periphery with sufficient defect coverage
[3e5]. While, representing a promising concept with recent clinical
success, these healing reactions are often characterized by incom-
plete and delayed incorporation of devices into the cardiac tissue,
which results in a major risk of residual shunts, perforations,
associated infections, arrythmias, thrombus formation, friction
lesions or fractures with device embolisation [1,3,5]. In addition,
permanent unresorbable implants may also obstruct potential
transseptal approaches for future treatment of acquired heart
disease [5]. Considering that these devices are implanted into
young patients with high life expectancies, the potential long-term
consequences of these devices as part of a dynamically moving and
growing system for the infant’s cardiac development remains
unknown. Importantly, these synthetic device materials lack the
ability to grow with the developing infant’s heart and may be
potentially harmful for the recipients’ cardiac development and/or
later functionality. This suggests that after a defect closure and
coverage by continuous layers of endogenous tissue, the synthetic
implants are no longer necessary [3,5,6]. Besides stimulating the
development of biodegradable frameworks [6], this has also stip-
ulated the generation of biodegradable or even cell-seeded fabrics
providing optimal remodeling surfaces. This could allow for
a complete and fast incorporation of the devices into stable autol-
ogous tissue, representing a major prerequisite for the develop-
ment of totally biodegradable devices, which resolve once this state
has been reached.

In the attempt to develop artificial heart valves and vascular
structures especially by means of tissue engineering, a plethora of
biodegradable scaffold materials has been evaluated [3]. These
includede among otherse decellularized tissue-derived materials,
synthetic/polymeric substances including electrospun scaffolds,
biological-polymeric hybrid scaffolds, fibrin gels, and collagen-
based scaffolds involving different cross-linking methods
[39e41]. In the field of septal occluder systems, the BioSTAR�
device was one of the first attempts of constructs with fully
degradable fabrics, comprising slowly degradable acellular porcine
intestinal collagen type I. This device has been broadly evaluated
experimentally [42] and introduced into clinical practice [43e45].
In vivo, this novel type of devices demonstrated promising initial
results with low perioperative complications [45] and adequate
material function [43]. As a further technical advancement fully
biodegradable systems e involving resorbable fabrics and frame-
works were generated and evaluated in vivo. In a first pilot trial the
devices demonstrated good integrity andmechanical strength up to
1month post deployment [6]. However, also in these biodegradable
fabric systems moderate to severe residual shunting at the
implantation site was observed in up to 60% of cases after full
degradation of the fabric post implantation [5].

In the strive for further improvements Jux et al. [3] were the first
who created autologous cell-seeded devices in vitro using skin-
derived fibroblastic cells onto collagen-coated fabrics. After in vivo
implantation they reported more complete and firmer ingrowth of
occluder devices underneath a thicker layer of young granulation
tissue 1month after delivery. In the contrary to acellular devices, the
cell-seededdeviceswere fully coveredbyhost tissue leaving none of
the fabric or metal exposed. In spite of these promising results, Jux
et al. reported device thrombogenicity as well as an extensive
damageof the cytolayerduring simulateddelivery including cellular
loss and loss of viability of >60% of the remaining cells limiting the
clinical applicability of the proposed concept [3,46].

Conversely, tissue engineered living septal occluder systems
could combine the advantages of biodegradable constructs with
the advantages of endothelialized thromboresisant implants. In
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addition, these bioengineered membranes may represent robust
constructs providing native-like mechanical properties as well as
an optimal healing environment composed of autologous vascular
cells. Although this concept seems favorable, the mechanical,
morphological and cellular integrity of TEOM constructs during
the crimping procedure, as an essential part of the occluder
delivery, seems indispensable for the future clinical realization of
the concept. In the presented investigation crimping analysis and
simulated delivery of TEOMs was performed revealing no
detectable changes in histology, SEM, cell number (DNA) and
collagen levels (HYP). Also the viability of cells did not decrease
significantly during crimping and simulated delivery as indicated
by live-dead analysis. Although the HYP/mg level increased
during crimping, this most likely represented an artifact of the
mechanical compaction evident during the intense crimping
procedure as indicated by histology. Morphological changes of the
endothelial cells after crimping could be identified in SCIM anal-
ysis only when applying crimping conditions using direct
mechanical manipulation usually not evident in an implantation
scenario. However, this still suggests that the endothelial coverage
of tissue engineered occluder membranes represents the weakest
part of the constructs being potentially prone to laceration during
crimping and delivery.
5. Conclusions

Here, we present the in vitro fabrication, crimping and experi-
mental delivery of living autologous human umbilical cord-cell
derived TEOMs based on PGA-P4HB composite matrices as
a potential future autologous therapy of intracardiac wall defects.
Future experimental in vivo studies are mandatory and will have to
evaluate the clinical feasibility of the presented technology with
regards to long-term defect closure and safety.
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