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Abstract

Background Calcific aortic valve disease (CAVD) causes an increasing health burden in the 21 century due to aging
population. The complex pathophysiology remains to be understood to develop novel prevention and treatment
strategies. Microphysiological systems (MPSs), also known as organ-on-chip or lab-on-a-chip systems, proved promis-
ing in bridging in vitro and in vivo approaches by applying integer AV tissue and modelling biomechanical microen-
vironment. This study introduces a novel MPS comprising different micropumps in conjunction with a tissue-incuba-
tion-chamber (TIC) for long-term porcine and human AV incubation (pAV, hAV).

Results Tissue cultures in two different MPS setups were compared and validated by a bimodal viability analysis
and extracellular matrix transformation assessment. The MPS-TIC conjunction proved applicable for incubation peri-
ods of 14-26 days. An increased metabolic rate was detected for pulsatile dynamic MPS culture compared to static
condition indicated by increased LDH intensity. ECM changes such as an increase of collagen fibre content in line
with tissue contraction and mass reduction, also observed in early CAVD, were detected in MPS-TIC culture, as well
as an increase of collagen fibre content. Glycosaminoglycans remained stable, no significant alterations of a-SMA

or CD31 epitopes and no accumulation of calciumhydroxyapatite were observed after 14 days of incubation.

Conclusions The presented ex vivo MPS allows long-term AV tissue incubation and will be adopted for future
investigation of CAVD pathophysiology, also implementing human tissues. The bimodal viability assessment and ECM
analyses approve reliability of ex vivo CAVD investigation and comparability of parallel tissue segments with different
treatment strategies regarding the AV (patho)physiology.
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ey The calcific aortic valve disease (CAVD) characterizes a

Zf;&éei;p&?t?,jgce: degenerative obstruction of the aortic valve [1]. In 2019,
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spongiosa and the lamina fibrosa (Fig. 1). The calcifica-
tion process most frequently initiates at the fibrosa side
adjacent to the aorta [3, 4]. Valvular endothelial cells
(VEC) are located at the surface of the valve, while val-
vular interstitial cells (VIC) are dispersed in extracellular
matrix (ECM). VICs are responsible for tissue main-
tenance [5-8]. CAVD is caused by active processes in
which VICs experience pathological differentiation to
myofibroblasts or osteoblast-like cells. These modified
VICs actively deposit bone substrate. In parallel, passive
hydroxyapatite intercalation, e.g. after cellular apoptosis,
in between collagen fibres augments pathogenesis [9-20].

2D-cell culture models of human and porcine VECs
and VICs were conducted [9, 21-24]. Nonetheless, cell—
cell communication, ECM, biomechanical and -chemical
emulation were not represented physiologically [25]. Ani-
mal models are used but the in vivo approach held aber-
rant microanatomy, physiology and calcification potential
that impede result interpretation and transferability to
the human system [9, 15, 26—32]. Diverse ex vivo bio-
reactors were introduced to bridge in vitro and in vivo
approaches by reflecting diverse microenvironmental
parameters. 2D-tissue cultures in microphysiological
systems (MPSs) were established to elucidate calcifica-
tion pathways [24] including miRNAs [3] or to investigate
the effect of hypoxic environment [33]. In succession, tis-
sue culturing in MPSs was realized to model appropriate
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cell-cell and cell-matrix interaction as well as biome-
chanical and -chemical simulation. Tissue stretch, cul-
ture medium pressure, shear forces with side-specificity,
varying oxygen supply and dynamic incubation of aor-
tic valve cuttings or entire aortic roots were modelled
and performed for incubation periods of up to 56 days
(Table 1) [3, 4, 34—41]. The presented study introduces an
innovative MPS consisting of a pneumatic pump chip in
conjunction with a tissue incubation chamber (TIC). In
contrast to previous bioreactors, this novel system allows
incubation of integer porcine AV (pAV) and hAV tissue
cuttings of intermediate scale. The applied tissue of only
15 mm? allows several cuttings from the same AV to be
incubated in parallel as technical replicates. In case of
diseased AVs, mostly from human origin, the interme-
diate scaling provides the opportunity of choosing mac-
roscopically healthy AV regions instead of applying the
entire degenerated valve. VICs remain physiologically
dispersed in ECM, VECs surround the leaflet and the
MPS enables the application of adjustable biomechanical
force to achieve physiological model parameters [3, 6, 19,
41-47]. The MPS allows a great parameter diversity and
model adaption albeit construction and tissue implemen-
tation demand profound evaluation. Detailed ECM anal-
yses and a bimodal viability assessment are introduced to
investigate AV tissue transformation and survival follow-
ing long-term incubation [33, 48—54].
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Fig. 1 Three-layered aortic valve tissue in histology and schema: HE, Alcian blue and Movat Pentachrom stain illustrate dominating ECM
components in fibrosa, spongiosa and ventricularis layer of aortic valve leaflet covered with endothelial cells. Valvular interstitial cells are responsible

for ECM maintenance in non-diseased tissue (Scale bar: 100 um)
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Table 1 Diverse AV bioreactors intend to mimic biomechanical model properties

Bioreactor (model properties)

AV origin Incubation Reference

Tissue viability/apoptosis

[days]
Dynamic incubation

Stable and disturbed flow opposition Porcine 14 Fernandez Esmerats [3] Apoptosis Tunel Staining (anti- miR-483 induced
apoptosis by twofold compared with control)

Infective endocarditis model Porcine 1-2 Lauten [55] None

Simulation of AV coaptation Rattine 7 Maeda [44] None

Side-specific oscillatory and laminar flow Porcine 2 Mongkoldhumrongkul [42]  None

Pro-degenerative treatment Ovine 7 Niazy [35] None

Shear force, osteogenic medium Porcine 2-7 Rathan [4] Apoptosis Tunel staining (no apoptosis in either
the fibrosa or the ventricularis when exposed to
oscillatory shear)

Shear forces Porcine 5 Sucosky [56] Cell fragmentation, apoptotic bodies in DAPI
nuclear staining (no cell fragments or apoptotic
bodies)

Side-specific shear stress Porcine 4 Sun [37] Cell fragmentation, apoptotic bodies in DAPI, Apop-
tosis Tunel staining (No cell fragments or apoptotic
bodies were detected, but minor cellular apoptosis
via TUNEL assay in both tissue groups)

Pulsatile shear forces Porcine 1-3 Sun [38] None

Shear forces Porcine 2 Weston [57] None

Static incubation

Cyclic stretch (10-20%) Porcine 1-2 Balachandran [46] Anti-bromodeoxyuridine cell proliferation IHC,
Apoptosis Tunel Staining (Cell proliferation and
apoptosis increased in a cyclic-stretch magnitude-
dependent manner)

Pro-calcifying medium (Static incubation) Porcine 14 Chester [58] Caspase 3 apoptosis IHC (absence of apoptosis
after 14-days incubation in media alone; presence
of caspase- 3 in the calcified regions demonstrating
impact of apoptosis on calcification)

Cyclic stretch and pressure Porcine 2 Thayer [59] None

Pro-degenerative and -calcifying media Ovine 56 Weber [41] LDH-membrane integrity assay (27/56d), no lysis

(Static incubation) control: (LDH levels not elevated)

Cyclic pressure Porcine 2 Xing [60] None

Anti-myofibroblast, osteogenic medium Porcine 28 Zabirnyk [39] None

(Static incubation)

Material and methods

Tissue

PAV tissue was received from the local abattoir and com-
plies with all relevant national regulations and institu-
tional policies. The AVs were obtained from six months
old Landrace pigs. The valves were excised, washed in
PBS (Dulbecco’s phosphate buffered saline; gibco, USA)
and kept in ABAM [DMEM (gibco, USA) + 1% antibacte-
rial/ -mycotic solution (Sigma-Aldrich, USA)]. hAVs were
obtained in accordance with the tenets of the Helsinki
Declaration and approved by an equivalent committee
including informed consent (Ethikkommission der TU
Dresden, EK429102015). The valves were obtained from
the operating room following AV replacement, they were
conveyed to the laboratory immediately, washed in PBS
and kept in ABAM.

pAV tissue subsections were used for model evalua-
tion whereas hAV tissue sections were primarily used for
applicability investigation. Age, disease and calcification
level alterations in hAVs complicate model introduction.
Left-, right- and non-coronary cusps were randomly allo-
cated because of differences in collagen architecture [31].
Samples of 3x5 mm? were excised from the coaptation
margin of both pAVs and hAVs before subsections were
scaled to 10+ 0.5 mg (Fig. 2).

MPS-TIC setup

The MPS-TIC System is built up by interconnecting of
the two functional modules TIC and pump chip. The
TIC consists of two biocompatible polycarbonate (PC)
shells of cylindrical excavation that constitute an incuba-
tion chamber with a diameter of 6 mm and a length of
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Plates
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20 mm. The tissue is integrated into the TIC with a 3D
printed TPU-ring and the shells of the TIC are fluid tight
connected with a sealing ring and two M3 screws. Plug &
play modularity via LUER interfaces allows conjunction
with adoptable pneumatic pump chips via common clini-
cal tubes (inner diameter: 1.2 mm; Braun, Germany). The
pump chips are assembled from fused PC layers compris-
ing two functional compartments separated by a TPU
membrane. The lower compartment contains the culture
medium, valves and the pump chamber. The upper com-
partment contains pneumatic channels and interconnec-
tions to deflect the TPU membrane for pump actuation
[48]. To run the pump, the chip is inserted in one of four
support trays (MPSbase, Fraunhofer IWS, Germany;
Fig. 3) which are connected to the control unit (MPScon-
trol, Fraunhofer IWS, Germany; Fig. 3). Pulsatile pressure
and vacuum alternation of +250/ -150 mbar operates the

Lysis
Control

Triton X-100

Fig. 2 Experimental workflow TIC-MPS and control AV tissue culture: pAVs or hAVs (not shown) are excised, cut into 3 x5 mm.% specimens
and deployed to dynamic setup using a high flow (upper chip layout) or low flow (lower chip setup), static or lysis control that are incubated
in conventional 24-well culture plates (Scale bar: 5 mm)

two valves and the pump chamber granting directed cul-
ture medium propulsion [33, 48-50, 54].

Two pump chips are used to apply high and low flow
within the TIC. A low flow setup with an established
pump chip (pump chamber of 3 mm in diameter), was
operated with a frequency of 150 bpm to achieve most
physiological flow rates and shear forces [33, 50].

An up-scaled pump chip with a larger pump chamber
of 20 mm in diameter and a pump frequency of 30 bpm
was introduced for high flow AV incubation. Frequency
increase was limited to 30 bpm, because the enlarged
pump chip requires a longer period to fill with culture
medium compared to the low flow setup. To decrease
the pressure within the system, which is caused by the
up-scaled pump chip, an attenuator element was imple-
mented. The attenuation element also works as a bubble
trap within the flow setup to maintain the system air-free.

Fig. 3 MPS-TIC Setup: A The MPS control unit enables regulation of pumping sequence and pneumatic pressure; B The high flow setup
is conjoined with the attenuation element (here shown without culture medium); C The AV tissue specimen is stitched to a TPU ring and inserted
into the tissue incubation chamber (TIC) (Arrows: flow direction [Q], scale bar: 1 cm). D Example of a stitched (TPU ring) pAV specimen prior

insertion in the TIC
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Fig. 4 Shear force calculation: A Navier Stokes derivation is used

to compute the shear forces inside a circular tube that act

on the AV-tissue specimen (t=wall shear stress, p=dynamic viscosity,

d=diameter, Q= flow rate)

Biomechanical computation

Micro-particle image velocimetry (PIV) was used to
measure peak media flow velocity. Micro-particle
suspension was propelled by the pneumatic pump
chip through a channel of predefined dimension
(3x0.25 mm?2 intersection) and particle migration was
tracked by high-speed Complementary Metal-Oxide
Semiconductor camera in conjunction with an invert-
ing microscope in the centreline of the channel [49, 61,
62]. Following, flow rates and shear forces according to
the pulsatile flow character were inferred. To approx-
imate shear forces acting on the AV tissue surface in
a circular channel, a derivation of the Navier—Stokes
equation has been applied (Fig. 4) [49, 63-65].

The small microchannel dimensions and slow culture
medium velocities inhere low Reynold numbers. Hence,
a laminar fluid character can be inferred [63]. The AV
specimen is located at the centerline of the TIC, equally
distributing culture medium flow (Q) on either side
(Fig. 3B).

Experimental setup

The incubation period for pAV tissue sections in pul-
satile dynamic vs. static culture was set to 14 days and
four experimental arms were determined. hAV tissue
specimens were incubated for 26 days to investigate
sterility maintenance and tissue survival. DMEM (Dul-
becco’s modified eagle medium; gibco, USA) containing
10% fetal calf serum (FCS; gibco, USA) and 1% penicillin
(10000 IU)/ streptomycin (10 mg) (P/S; Sigma-Aldrich,
USA) was used for AV tissue culture. Following experi-
ment termination, the AV tissue mass was determined
with a micro scale.

In the dynamic setups, AV tissues were sewed by non-
touch technique to a TPU ring and inserted into the TIC
(Fig. 3B) [33]. In high flow dynamic setup, the TIC was
connected to the novel, upscaled modular MPS pneu-
matic pump chip providing pulsatile flow rates of 77.4ul/s
at 30 bpm. 2.2 ml of culture medium were infused for
incubation. The additional volume resided inside the
attenuation element. In low flow dynamic setup, a com-
mon MPS pneumatic pump chip was connected to the
TIC and allowed dynamic incubation at pulsatile flow
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rates of 13.4 pl/s at 150 bpm [33, 48, 49, 54]. 2 ml of cul-
ture medium were applied for incubation.

The static control AV specimens were placed in 24 well
plates with 2 ml of DMEM culture medium each. Lysis
control samples were incubated in DMEM with 10% FCS,
1% P/S and 0.25% Triton X-100 (Serva, Germany) solu-
tion throughout the entire incubation period.

Bimodal viability assay

AV tissue viability was assessed by two independent via-
bility assays, a non-terminating resazurin reduction assay
(RR assay) on the one hand and a histological lactate
dehydrogenase (LDH) -viability stain on the other hand.

The RR assay is based on cellular uptake of non-fluo-
rescent resazurin which is consecutively reduced to the
fluorescent dye resorufin within viable cells [50, 66—70].
It was conducted at the beginning of the pAV experiment
and on days 4, 8, 10, 12 and 14 for all four experimen-
tal setups. Prior to the measurement, both dynamic and
static setup AV tissue specimens were transferred to a
new 24 well plate and rinsed with ABAM. Two millili-
tres of DMEM-resazurin solution (300 pM) were added
(Resazurin Sodium Salt; Stemcell, Canada). After 2 h of
incubation, the medium was transferred and 100 ul were
used for fluorescence assessment (Tecan Infinite 200 Pro
plate reader; A, 535 nm, A, 590 nm). The measured
arbitrary fluorescence units (FU) were relativized against
culture medium control. Rate of viability was inferred
by applying initial average FU results of each AV donor
as reference. The RR assay was conducted according to
preliminary validation measures [33, 50]. Every second
day, the TIC and MPS components were disinfected with
90% ethanol and static comparison 24 well plates were
exchanged to eradicate potential contaminations and
prevent cellular consolidation. The resazurin reduction
assay was equally applied every second day to evaluate
hAV tissue survival for 26 days.

To proof substrate penetration, native pAV specimens
were snap-frozen following the resazurin incubation
period, cryo-sectioned and immunofluorescence (A,
538-562 nm, A, 570-640 nm) of the assay product
resorufin was depicted. Average penetration depth was
computed by using three representative circumferentially
located AV regions in each pAV tissue subsection (Image]J
Software 1.8; n=23).

The LDH-stain is based on tetrazolium salt conver-
sion to blue-coloured formazan by viable cells. The result
designates site-specific tissue viability. Following 14 days
of incubation, pAV tissue specimens were embedded in
O.C.T. (Tissue-Tek Sakura, USA) and snap frozen before
being cryosectioned (12 pm). The staining procedure
described by Jidhn and Stoddart was adapted to AV tis-
sue properties [33, 52, 53]. To obtain two millilitres of
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staining solution, 0.53 mg Gly-Gly buffer (Sigma-Aldrich,
USA), 1341 mg Polypep (Sigma-Aldrich, USA) and 9.9 pl
lactic acid (90%; Sigma-Aldrich, USA) were added to 1990
ul of distilled water. The pH was titrated to a value of
eight by adding sodium hydroxide solution (NaOH, 5 M).
In the end, 3.5 mg nicotinamide adenine dinucleotide
(98%; Roche, Germany) and 6 mg nitrotetrazolium blue
chloride (>90%; Sigma-Alrich, USA) were added. Sam-
ples were defrosted for ten minutes and incubated with
the LDH-stain solution for 2.5 h at 37°C in light-absence.
Afterwards, slides were rinsed in 50°C clear tap water
and PBS followed by 4% phosphate buffered formal-
dehyde fixation (Liquid Production GmbH, Germany).
DAPI (4’,6-diamidino-2-phenylindole, Molecular Probes,
USA) intercalating nuclear stain was applied for twelve
minutes as nuclei counterstain. Samples were consecu-
tively scanned and semi-quantitative digital image analy-
ses were realized with Fiji using the colour deconvolution
plugin and user threshold values (Fiji Image] Software
1.8). AV sample surface was measured, absolute LDH-
stain positive area was assessed and staining intensity
measured with Fiji by establishing an intensity threshold
based on native AV average staining. Nuclear count was
determined after fluorescent DAPI counterstain.

ECM analysis

Parallel sections (5 um) of pAV specimens analysed for
LDH activity were stained to implement a detailed ECM
remodelling analysis. The stained area was semi-quanti-
tatively assessed with Fiji and relativized against tissue
cross-section area by using the colour deconvolution
plugin and user threshold values.

MOVAT pentachrome stain demonstrates a thorough
picture of ECM components and composition [35, 41, 59,
71]. Pentachrome stain was quantified with Fiji to calcu-
late glycosaminoglycans and collagen fibres. Picrosirius
red was used to investigate collagen fibre abundance [4,
21, 23, 72, 73]. The positive stained area was calculated
with Fiji. Alizarin red staining allows investigation of
AV tissue calcification [15, 19, 35, 41, 58, 74]. All histo-
logical stainings were performed according to standard
protocols.

Immunohistochemistry (IHC) staining procedures
were used to investigate physiological and/ or patho-
logical VEC and VIC differentiation. The A-2547 mouse
monoclonal a-smooth muscle actin (a-SMA) antibody
was applied (Sigma-Aldrich, USA; Dilution: 1:50000) [71].
Cluster of differentiation 31 (CD31) is expressed on the
surface of endothelial cells. VEC proliferation and migra-
tion in tissue culture systems can be monitored. The
mouse monoclonal MCA 1746GA CD31 antibody was
used (BioRad, USA; Dilution: 1:250) [71]. Endogenous
peroxidases were blocked with 1% hydrogen-peroxide
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solution and free epitopes kept unbound with 2.5% horse
serum (Vector laboratories, USA). Retrieval buffers
were not required because cryosections were used. The
anti-mouse immunoglobulin kit was used as secondary
antibody system (MP-7402 Vector laboratories, USA).
Positive stained AV areas were quantified with Fiji.

Statistical assessment

Experiments were performed with pAV (n=6) and with
hAV (n=3) tissues. The number of analysed samples is
mentioned in the results section but at least three indi-
vidual AV tissue specimens were assessed. Resulting
data were stated as mean *standard deviation. Hypoth-
esis testing for the assessment of statistical significance
was computed by variance analyses with one- or two-
way ANOVA and post-hoc analyses with Tukey multiple
comparison testing using the software PRISM (Graphpad
Software, Inc., USA). Null hypotheses (H,) were rejected
if p<0.05.

Results

MPS—TIC tissue culture

The TIC in conjunction with the pump chip allowed
operation within a common cell culture incubator con-
trolling humidity, temperature and pH. Due to modular
setup and periodic static viability assessment, both MPS—
TIC system and cell culture wells could be disinfected or
replaced every second day. Suture-based non-touch tis-
sue fixation within the TPU ring and insertion in the TIC
proved successful and sterility was maintained for up to
26 days until scheduled setup termination.

Particle image velocimetry

The larger pump chip that was used for high flow dynamic
setup was measured by particle image velocimetry (PIV)
revealing an elevated average flow rate of 77.4 pl/s and
shear forces of 0.1 dyn/cm? The anterograde peak flow
rate of 195.8 pl/s caused shear forces of 0.26 dyn/cm?
that are 6.5 times higher compared to low flow dynamic
setup peak shear forces. Retrograde peak flow rates of 56
ul/s caused shear forces of 0.07 dyn/cm? and an oscilla-
tory flow character (Fig. 5A). The low flow dynamic setup
provided an average culture medium flow rate of 13.4 ul/s
and shear forces of 0.017 dyn/cm? Simultaneously, peak
flow rates of 30.4 pl/s and shear forces of 0.04 dyn/cm?
were computed (Fig. 5B).

Bimodal viability assay

For long-term viability assessment of pAV tissue
specimens, the RR assay was applied immediately
after excision and after 4, 8, 10, 12 and 14 days in the
respective setup (Fig. 6A). Initial metabolic activity
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Fig. 5 Pulsatile dynamic culture medium propulsion: The pneumatic pump cycle is illustrated and the flow rates in high flow setup (A) and low flow
setup (B) were measured by particle image velocimetry (PIV). Cycle-specific shear forces were computed (filled circle: pneumatic pressure applied,

empty circle: vacuum applied; Abscissa: seconds)

was comparable due to prior mass scaling, even though
certain tissue heterogeneity was observed. After 4
days of incubation the high and low flow dynamic
setups revealed a significantly increased viability of
170+£30.78% and 157.2+17.27% (Fig. 6A) while stati-
cally incubated AV tissue sections exhibit an insig-
nificant increase in these initial reduction rates to
102.3+14.71%. Significant viability reduction was
observed after 8 days in statically incubated AVs with
a viability of 57.67 £23.03%. After 10 days, significant
viability reduction was assessed in low flow dynamic
setup with 70.33 +15.36%. After 12 days of high flow
dynamically incubation, a significantly reduced via-
bility of 69.17+12.24% was noted. At the end of the
experiment after 14 days, the low flow dynamic setup
conserved a viability of 45.17 +13.88% whereas static
comparison showed a viability of 36.33 +9.97%, reveal-
ing no significant difference between both conditions.
In contrast, the high flow dynamic setup in conjunction
with the large pump chip showed a significantly higher
viability of 64.67 +17.21% after 14 days. No resazurin
conversion was observed in the lysis control samples
after Triton X-100 (0.25%) treatment.

Tissue segments of hAVs were equally assigned high
flow, low flow dynamic setups, static and lysis controls.

The resazurin reduction assay was conducted every
second day for 26 days. Initial reduction rate indicated
comparability and in succession, a viability gain was
notable (Fig. 6B). On day 14, high flow dynamic setup
remained at an elevated reduction rate of 179.0 + 74.59%,
low flow dynamically incubated hAV tissue sections at
164.7+79.03% and static controls at 130.3+53.3%. No
significant viability difference between dynamic and
static setups was noted. RR assay results interpretation of
hAV tissue sections remain challenging because the over-
all resazurin reduction rate is approximately 2.5 times
lower compared to pAV tissue specimens. An effect that
is caused by significantly higher number of viable VICs in
pAV tissue [50]. Lysis controls did not reveal any reduc-
tion rate.

Efficacy of the resazurin reduction assay depends on
effective substrate penetration. The investigation via fluo-
rescence microscopy stated a peak resazurin concentra-
tion diffusion depth of 174.7 +43.87 pm (Fig. 7). Reduced
resazurin reduction in the consequence may moni-
tor merely superficial cellular enzymatic activity that
can depend on layer ECM density and individual tissue
subsection.

The LDH viability stain was conducted in parallel
with the RR assay. Cellular demise as shown by the RR
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Fig. 6 Resazurin reduction viability assessment in dynamic and static AV tissue culture: A pAV tissue specimens were incubated for 14 days.
Non-invasive resazurin reduction viability assessment was performed on days 0, 4, 8, 10, 12 and 14. (n=6); B hAV tissue sections were incubated

for 26 days. Resazurin reduction assays were conducted every second day. (n=3); C AV from dynamic setup stitched to the TPU ring after 2 h of static
viability assessment (two-way ANOVA; * p <0.05, vertical asterisks for respective setup)

assay with viability loss of more than 50% was not sup-  observed and the lysis control did not depict any stained
ported. Respective findings support the assumption of areas. On the other hand, tissue stain intensity was quan-
predominantly superficial cell death. On the one hand, tified and tissue shrinkage was normalized by relativizing
tissue viability was inferred from the absolutely stained the measured LDH-viability stain area against nuclei in
cross section area (Fig. 8B). No significant reduction was  the cross section. The result demonstrates the individual

Fig. 7 Visualization of native pAV tissue resazurin penetration: The dashed indicator bar displays peak penetration depth with high resorufin
concentration. A The fluorescing resazurin reduction product resorufin is visible in red. B The DAPI-stained nuclei impose blue-fluorescence (n=3,
representative samples shown, Scale bar: 200 um)
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cellular potential of substrate turnover, which can be
interpreted as metabolic activity. The metabolic activ-
ity increased significantly following high and low flow
dynamic incubation to 229.8 +135 and 233.6 £43.2 pm2
intensely positive stained area per nucleus compared to
values in native tissues of 72.45+11.95. The static con-
trol showed 121.9+3.41 um? intensely positive stained
area per nucleus (Fig. 8C). No significant increase was
observed in statically incubated AVs compared to native
control.

Histological analyses
After 14 days of pAV tissue section incubation, a sig-
nificant mass loss was detected for tissue samples in
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each setup except lysis controls. Initial tissue sections
were mass-normalized to 10+ 0.5 mg. pAV subsections
after 14 days of high flow dynamic incubation exhib-
ited a mass of 5.77 + 0.87 mg and low flow dynamically
incubated tissue of 4.07+0.46 mg. AVs from static
comparison depicted a mass of 5.97+1.33 mg and
lysis control gained mass to 10.93+0.5 mg (Fig. 9A).
The AV cross section area decreased significantly in
low flow dynamically and statically incubated samples
from 2.72 + 0.84 mm? to 1.05 + 0.42 and 1.27 + 0.61 mm?
respectively. Samples under high flow dynamic incuba-
tion showed no significant alteration with a surface of
1.85+0.67 mm? (Fig. 9B).
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Fig. 8 End-point viability assessment by LDH cryosection stain after pulsatile dynamic vs. static AV tissue culture: A LDH-viability stain performed
on pAV tissues at the beginning of the experiment and following 14 days of incubation under high flow dynamic, low flow dynamic, static and death
tissue conditions. (Left to right, representative samples shown, n=6, scale bar: 500 um); DAPI nuclear counterstain is visualized in the lower

part of the tissue section; B Positively stained areas were quantified and relativized against cross section surface; C Staining intensity variation

was metrically assessed by applying a colour threshold (two-way-ANOVA; * p <0.05; # p<0.1)
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Quantification of nuclei after DAPI staining was real-
ized to investigate nuclear density. All cultured tissues
exhibited a significant increase of nuclear count per
section area after 14 days of incubation compared to
native pAVs. Comparable nuclear density was observed
in lysis control. Native pAV tissue specimens depicted
908.3+324.6 nuclei/mm?, high and low flow dynami-
cally incubated pAV tissue subsections 2828 +971 and
2848 +754.9 nuclei/mm? respectively and static con-
trols 2673 +669.4 nuclei/mm? (Fig. 10B). Relativizing the
increased nuclear density against reduced AV cross-sec-
tion area resulted by contrast in non-significant elevation
of nuclear count (Fig. 10C).

Staining pAV tissue subsections with picrosirius red
reveal a higher abundance of collagen fibres at the level
of the fibrosa in native AV whereas only sparse colla-
gen is found in the centre of the AV and at the ventric-
ularis layer. After 14 days of incubation, dynamically
and statically incubated pAV tissue samples showed a
significant increase of collagen fibres by 71.97 +6.14%
positive cross section staining compared to native
AV specimens that exhibited 8.07+7.04% (Fig. 11A,
E). Cryo-fixed pAV tissue samples were stained with
MOVAT pentachrome for detailed ECM analyses. The
native pAV tissue section ventricularis layer contained
abundant elastin fibres, the spongiosa glycosaminogly-
cans and the fibrosa collagen fibres. The stain revealed
a maintained AV tissue stratification in dynamic and
static setups after 14 days of incubation (Fig. 11B, C).
Quantifying the yellow and the blue dye that represent
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collagen fibres and glycosaminoglycans respectively,
showed no significant difference between the dynamic,
static setup and native AVs (data not shown). Sporadi-
cally and non-systematically sponge-like ECM mor-
phology of pAV tissue specimens were detected e.g. in
the lysis control group (Fig. 11D). The alizarin red stain
did not depict any calcification in the native control or
in the setups after 14 days of incubation (Supplemen-
tary Fig. 1).

Immunohistochemistry staining of a-SMA revealed
no significant difference between 14 days incubated set-
ups and native control (Fig. 12A; Supplementary Fig. 2).
Preliminary experiments showed focal upregulations
of a-SMA epitopes after 21 days of incubation under
static conditions (Fig. 12B). The quantification of CD31
revealed an insignificant upregulation to 6.19+5.8%
positive stained cross-section area in statically incu-
bated AV specimens (Fig. 12D). Endothelial lining per-
sisted over the incubation period of 14 days. Certain
specimens, especially statically incubated, delineated
endothelial linings spanning over tissue folds (Fig. 12C).

Discussion

The calcific aortic valve disease (CAVD) resides among
the world’s most prevalent culprits of cardiovascular dis-
orders [1, 2, 75]. There is an implicit need of profound
investigation, especially because of lacking conservative
treatment options [1, 45]. Thorough understanding of
the multifactorial pathophysiological processes underly-
ing CAVD may provide novel prophylactic strategies for
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Fig. 9 Mass reduction and tissue shrinkage in AV tissue culture settings: A pAV tissue mass was measured at the beginning of the experiment
and after 14 days of incubation; B Cross section areas before and after the experiment (14 days) were opposed (n=6; two-way-ANOVA; * p <0.05;

no significance shown for lysis control)
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Fig. 10 Cellular density after pulsatile dynamic vs. static AV tissue culture: A Density alteration is visible in DAPI stained nuclei of native (0 days, left)
and statically incubated pAV tissue Sects. (14 days, right). B Cellular density was assessed and relativized against AV cross section area due to valvular
shrinkage (n=6, Scale bar: 300 um; two-way-ANOVA; * p < 0.05; no significance shown for lysis control)

people at risk as well as curative treatment options for
patients already suffering CAVD.

AVs are exposed to systolic blood pressures of up to 150
mmHg in hypertonic patients and blood flow volumes of
5 to 15 L per minute for a patient’s lifetime without any
interruption [76, 77]. Due to the complex and extreme
microenvironment of heart valves, it remains challenging
to introduce a physiological in vitro model system reflect-
ing these conditions. Application of 2D-cell cultures
allow basic experimental setups [9, 21-23, 26] but there
are non-representative model attributes such as physi-
ological cell-cell and cell-matrix interaction as well as
biomechanical and -chemical microenvironmental influ-
ences [6, 25, 41, 43, 58, 78]. Limitation of calcification in
contrary is possible by adding pro-calcifying or osteo-
genic media [79-81]. More realistic representation was
achieved using animal models but altered microanatomy
and absent/reduced calcification potential limited model
applicability [9, 15, 26-29, 31, 32, 45]. Pro-calcifying or
osteogenic substance-based induction is not possible in
animals but spontaneous AV calcification could be at
most observed in porcine samples, accelerated by supply-
ing high cholesterol and fat diet [28, 82—84]. Wild-type

mice and rabbits in parallel do not exhibit spontaneous
CAVD lesions [28].

MPSs have been introduced using 2D-cell cultures
as well as 3D-tissue cultures. These bioreactors allow
long-time incubation under dynamic conditions and
simulation of biomechanical properties such as specific
shear forces, pressure, mechanical drag together with
biochemical replication of tissue hypoxia and applica-
tion of pro-calcifying media (Table 1) [3, 4, 16, 34-41,
48, 49, 78, 85-87]. Because of the immense diversity in
AV tissue implementation und numerous adaptations of
certain physiological parameters, MPS became a major
bridging element between 2D-cell cultures and animal
models with the aim to better reflect the human in vivo
situation and reduce animal experiments to a reasonable
amount [34]. Nevertheless, there is a persisting challenge
regarding result convergence with human pathophysiol-
ogy [30]. Still the application of MPS is limited in regula-
tion of shear forces, pressure or the simulation of clinical
factors such as chronic kidney disease. By selective adap-
tion of medium condition the MPS models can be further
improved and the dynamic incubation in human blood
is envisioned. In addition, until now, there are no MPSs
systematically applying hAVs or tissue segments. Due to
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Fig. 11 Collagen quantification and tissue laminae after pulsatile dynamic vs. static AV tissue culture: A pAV tissues were stained with picrosirius
red at the beginning of the experiment and after 14 days of high and low flow dynamic, static and lysis incubation conditions to reveal collagen
fibres (left to right, representative samples shown, n=3, scale bar: 500 um); B MOVAT pentachrome stain was applied to assess trilaminar tissue
stratification (C). A sponge-like ECM configuration appeared in lysis control (D); E Collagen fibres were quantified according to picrosirius red stain

and relativized against cross section surface (two-way-ANOVA; * p <0.05)

limited access of the material this can be advantageously
achieved in the presented intermediate MPS-setup.

Novel MPS-TIC system

The presented study describes a novel MPS for inter-
mediate sized AV tissue incubation of both porcine and
human origin under pulsatile dynamic conditions cou-
pling the pneumatic pump system to tissue incubation
chamber. Static incubation inheres model disadvan-
tages because biomechanical simulation of extreme AV
microenvironment is not reflected [39, 41, 58]. AV tissue
segments of intermediate size were applied that allow
yielding of four to five samples per leaflet in parallel. In
consequence, technical replication is granted as well as

improved comparability under various setup regimes.
Beside higher material costs, larger scaled setups that
apply entire AV roots require evaluation in respect of
inter-individual differences between valve donors [35].
Feasible incubation periods of 14 — 26 days already pose
the potential for reliable CAVD pathogenesis and inves-
tigation of substance intervention. Given the fact that
CAVD develops over decades, it is presumable that short-
term in vivo and in vitro model systems still are critically
limited and MPS culture periods of 14 to 26 days should
be extended best possible. Furthermore, AV remodelling
depends on biomechanical influences, also referred to as
mechanotransduction. The impact was proven by various
in vivo and ex vivo setups [4, 25, 35, 38, 57]. Continuous,
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Fig. 12 o-SMA and CD31 immunohistochemistry staining of dynamic vs. statically cultured AV tissue sections: A Statically incubated pAV specimen
after 14 days is shown (left, n=3, representative sample shown); B Preliminary AV incubation setups under static conditions demonstrated increased
focal a-SMA expression after 21 days; C CD31 epitopes of pAV tissue specimens are stained after 14 days of static incubation. The magnification
shows neo-endothelial lining; D Quantification of CD31 expression (n =3, scale bar: 200 um; two-way-ANOVA; * p < 0.05)

non-pulsatile flow for example leads to increased aor-
tic wall thickness, smooth muscle content and collagen
quantity in human aortae. The elastin content reduces
and results in increased vessel stiffness [88]. The novel
MPS proved applicable for tissue incubation under
dynamic pulsatile conditions. The low flow dynamic
setup achieved peak shear forces of 0.04 dyn/cm? [33]. In
contrary, there are physiological shear forces of approxi-
mately 0 to 79 dyn/cm2 acting on the lamina ventricula-
ris and -8 to 10 dyn/cm?2 at the level of the lamina fibrosa
in hAVs [4, 37, 40, 42, 56, 89, 90]. To realize physiologi-
cal shear forces, a larger pump chip was developed and
applied in high flow dynamic setup. It allowed peak shear
forces of 0.26 dyn/cm2, still not reflecting in vivo condi-
tions but already realizing a 6.5 folds increase. Since the

larger pump chip evacuated culture medium volume
critically for system integrity, an attenuation element was
implemented also allowing airless MPS culture by acting
as a bubble trap.

Bimodal viability assessment

Reliable viability assessment is required to avert bias
or data misinterpretation caused by tissue proliferation
or mortification. The bimodal approach of introduc-
ing both a non-invasive resazurin reduction assay and
a histological LDH-based viability stain complements
current viability estimations based on apoptotic frag-
mentation [37, 56], TUNEL assessment [3, 4, 37] or
LDH membrane integrity assay [41]. Latter was applied
by Weber et al. but failed applicability in AV tissue
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segments, due to insufficient assay sensitivity of LDH
solute and solvent ratio [33, 50]. Resazurin reduction
has been applied in 2D-, 3D- cell and tissue cultures
[68, 69, 91-93]. Substrate diffusion limitations [44, 69]
led to a thorough evaluation and protocol adaptation
[50].

The resazurin reduction assay enabled a non-inva-
sive instrument of AV tissue viability assessment and
demonstrated an advantageous viability in high flow
dynamic setup. Limitation of insufficient resazurin pen-
etration depth may depend on AV layer distribution
and therewith varying cellular density that in turn can
depend on the heterogeneity of individual AV subsec-
tion excised from leaflet coaptation region. Sonnaert
et al. computed a resazurin diffusion depth of 700 um,
but artificial scaffolds (7i6Al4V) were used instead
of AV tissue [69]. Maeda et al. in parallel emphasised
the importance of AV coaptation and associated tis-
sue stretch for diffusion potential [44]. Passive oxygen
diffusion range of unloaded AVs, for example, reaches
only a depth of 100 pum at a valvular thickness of 300 —
700 pm [94, 95]. In situ AV coaptation leads to surface
increases up to 20 — 30%, reducing thickness and facili-
tating diffusion [96]. AVs exist on the verge of hypoxia
under physiological conditions and any alteration such
as fibrotic thickening may hamper the sensitive equi-
librium [44, 97]. The missing coaptation and reduced
stretch conditions in the presented setup also may be
the reason for limitations in resazurin diffusion. In con-
sequence, tissue fixation perpendicular to the culture
medium flow is projected to allow valvular coaptation
and stretch forgery. The peaking reduction rate on day
four in dynamically incubated AVs tissue setups may
result from increased cell stress but remains to be elu-
cidated in ongoing experiments. It can also be a result
of increased endothelial cell metabolism due to culture
conditions. Beside assay limitations, resazurin assay
offers a non-invasive possibility to monitor metabolic
activity and surveillance of AV tissue cell viability espe-
cially necessary for long-term culture.

Incubation of hAV tissue subsections for 26 days
proved equally applicable, sterility was maintained and
tissue survival demonstrated by absolute resazurin
reduction. For the first time in general, it was possible to
realize hAV tissue incubation within a MPS under bio-
mechanical conditioning. Nonetheless, the viability gain
throughout the experiment and especially within the first
two weeks requires additional investigation. Aggravated
diffusion potential in diseased AVs may have led to VEC
and VIC recovery under ex vivo conditions.

In addition, tissue culture samples are removed from
the dynamically incubation during RR-assay and parallel
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MPS-TIC disinfection. This interruption can lead to
reduction of viability. After intense characterization of
MPS-TIC culture process presented frequent repeti-
tion of RR-assay will be reduced or omitted for ongoing
investigations.

The LDH-viability stain was implemented to investigate
profound AV tissue viability in an end point analysis also
allowing estimation of cellular density and ECM analy-
ses of parallel cryosections. Quantification of stained
cross sections lacked larger non-viable tissue areas and
resulted in a maximum viability reduction of less than
10%. A significant increase of staining intensity and cel-
lular density were noted in high and low flow dynamic
setups as well as in statically incubated AVs. Concomi-
tant tissue mass and cross-section area in these samples
decreased significantly. Relativizing increased cellular
density with reduced AV cross-section area revealed no
significantly altered cell number compared to native tis-
sue. Hence, excessive cellular proliferation is disproved
and ECM remodelling of contraction and reduction over
14 days of incubation can be assumed. Relating stain-
ing intensity with cell number delineates significantly
increased dye intensity in dynamic setups. Therefore, an
elevated metabolic rate in dynamically incubated AVs
and abstained significant cell death are suggested. The
initial resazurin-based viability estimation could there-
fore not be confirmed by LDH-viability stain and may be
explained by insufficient substrate penetration conjoined
with superficial cellular decay. These results emphasise
the importance of multimodal viability assessment in
upcoming ex vivo MPS applications. Otherwise, pivotal
bias may be inherent to future AV tissue investigation,
also because AV cell death, especially apoptotic VICs,
were described to be responsible for calcification-core
constitution in CAVD [9, 98-100].

Former observations of broad central tissue mortifi-
cation in static controls proved non-reproducible [33].
Most likely, unfavourable AV tissue contraction and
subsequent diffusion deterioration were responsible for
the observation (n=6). Also culture dependent limi-
tation of oxygen diffusion in AV tissue statically incu-
bated with covering medium or oxygen consumption
are relevant [101] and can depend on individual speci-
men. Choosing non comparable locations from hetero-
geneous AV architecture for sampling may constitute
another explanation [31]. The phenomenon may occur
again and must be considered in respect of result inter-
pretation. The analysis of entire tissue culture specimen
by staining every histological section of the sample is
envisioned to define the impact of cutting depth and
realize an impression of LDH viability in the 3D tissue
structures.
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ECM analyses

The elucidation of CAVD pathophysiology requires a reli-
able ex vivo model system. Because biomechanical and
-chemical equilibrium changes after AV explantation,
it is mandatory to evaluate morphological AV transi-
tions. In the presented study, trilaminar ECM structure
maintenance was proven by MOVAT pentachrome stain
which coincides with published findings [4, 12, 35, 39, 41,
59]. Occasional alteration of the ECM structure may be
explained by varying collagen fibre architecture in each
individual AV and the respective tissue subsection [31].
pAV tissue specimens experienced shrinking and mass
decrease in dynamic and static culture. Zabirnyk et al.
described similar observations and consequently applied
antimyofibroblastic medium to prevent AV contraction
[39]. The success of this intervention suggests myofi-
broblastic VICs to be responsible for contraction. The
observed mass decrease in MPS-TIC culture in paral-
lel suggests limited synthetic activity of VICs. Thayer et
al. [59] distinguished varying differentiation patterns of
VICs in pathogenesis. The fibroblast-like phenotype is
responsible for ECM maintenance, the myofibroblast-
like differentiation enables contractility and ECM syn-
thesis and smooth-muscle-like VICs are defined solely
by contractility without matrix synthesis [15, 59, 102].
Although smooth-muscle-like VIC differentiation fits tis-
sue contraction and mass reduction, subclassification is
not supported by an increase of a-SMA expression. Miss-
ing induction indicates absent VIC differentiation after
14 days of incubation. Initial pAV tissue samples inves-
tigated after 21 days of static incubation in contrary,
exhibited a-SMA-positive cells. These preliminary results
have to be proven in upcoming investigations. Alterna-
tively, reduced stretch, pressure and shear forces in the
presented ex vivo MPS-TIC system are suggested to pro-
voke tissue contraction and shrinkage realized by tissue
inherent strain and already existing VICs of myofibro-
blast phenotype [39]. Mass reduction in parallel may be
caused by an imbalance of fibrotic and proteolytic pro-
cesses induced by matrix metalloproteinases (MMP) and
tissue inhibitor of MMP-activity as well as TGE-f altera-
tion [17, 19, 103, 104]. Changes in tissue water content
due to incubation in the artificial culture medium and
concomitant potential increase of tissue stiffness will be
contextualized.

Collagen content increased significantly in both
dynamic and static setups according to picrosirius red
stain and tendentious in MOVAT pentachrome stain. In
congruence with Weber et al., occasional “sponge like”
matrix transformation was found after 14 days of incu-
bation in all experimental setups [41]. The histological
morphology appears akin to myxomatous AV degenera-
tion, a process characterized by AV thickening, fibrosa
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disruption, ECM loosening, collagen fibre type VI frag-
mentation, acid mucopolysaccharide accumulation and
also VIC activation to myofibroblast phenotype [105,
106]. pAV tissue section thinning, intact fibrosa, absence
of a-SMA expression and preservation of collagen fibres
however contradict myxomatous phenotype in the pre-
sented study. The observed ECM transformation rather
exhibits early-state CAVD properties, which in contrary
are characterized by collagen fibre accumulation together
with elastin reduction leading to increased AV stiffness
and altered hemodynamic properties [13-15, 17, 19, 43].
Since elastin fibres are described to be fragmented and
reduced in CAVD pathogenesis, histological evaluation
of dynamically and statically incubated pAV tissue speci-
mens is projected. Mechanotransductive regulation of
glycosaminoglycans was demonstrated previously as well
but abstained significant alteration in this study following
dynamic or static incubation [38, 57].

Furthermore, disrupted endothelium, VIC prolifera-
tion and activation characterize CAVD pathogenesis
[9-11, 13-15, 17, 43]. In the presented study, endothe-
lium integrity was largely maintained but occasional
disruption may still constitute earliest CAVD-specific
lesions. IHC staining of VEC epitope CD31 trended to
higher expression in the samples following static incuba-
tion, in which bridging of endothelial linings over tissue
folds were striking. This phenomenon did not occur in
dynamically incubated AVs and emphasises lacking tis-
sue stretch under static conditions. An increased frac-
tion of intact VECs may consecutively sustain improved
VIC renewal by endothelial-to-mesenchymal transi-
tion (EndMT), VIC-VEC interaction and VEC-driven
AV protection [107, 108]. AV contraction in parallel
with endothelial covering may also aggravate diffusion
properties and provoke central tissue mortification as
observed in previous setups [33]. Preliminary datasets
reveal a trend for lower mRNA-expression of TGF-f in
dynamically cultured (kigh flow setup) porcine AV tissue
specimen compared to static culture (data not shown).
Nevertheless, in all cultured samples the value was higher
than in the original native tissues. This can impact pro-
cesses such as EndMT [109], which was not investigated
in detail so far for the presented system. EndMT markers
are regulated time dependent and there is no consensus
for an exact molecular and functional definition of the
mechanism [110]. Ongoing work examines expression
profiles of porcine AV tissue specimen cultured in the
MPS-TIC with statically cultured and native counterparts
in detail also comparing markers for EndMT. In addition,
MPS limitations in shear forces can lead to the induction
of EndMT. Low shear stress in comparison to pathologi-
cal high shear forces but also steady vs. oscillatory shear
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forces resulted in alteration of EndMT-marker expression
[110-112].

Objective of a dynamic pulsatile AV tissue culture
MPS is the maintenance of physiological AV tissue via-
bility and ECM organization [113]. In addition, the MPS
should allow disease state mimicry by directed aberrant
biomechanical modulation avoiding pro-calcifying or
-degenerative additives to investigate related processes.
Examination of substance intervention for CAVD proph-
ylaxis or regression are resulting challenges [113, 114].
Biomechanical parameters of dynamically incubated
AV tissue as described in this study accomplished early-
disease state ECM reorganization in parallel with ele-
vated metabolic activity. Underlying cellular regulation
processes are currently under investigation by mRNA
expression profile analyses.

Future adaptations should include an improvement of
biochmechanical simulation. Shear forces acting on the
AV for example will be increased by reducing the inner
diameter of the TIC cylinder or adjusting the pump
chip dimensions. More physiological shear forces with
simulation of the aortic (low oscillatory shear forces)
vs. ventricular side (high unidirectional shear) can lead
to better tissue homeostasis and keep VEC morphology
and expression patterns near the native state [115]. This
can further improve AV tissue viability and maintenance
in the MPS-TIC culture. Improved larger pump chip for
the high flow dynamic setup already approximated the
extreme and complex AV microenvironment but further
approach remains necessary. System pressure adapta-
tion combined with a novel tissue fixation strategy per-
pendicular to the fluid vector can allow mimicry of cusp
opening, closing and competent coaptation. Therefore,
increased substrate diffusion properties essential for tis-
sue viability should be obtained and physiological mecha-
notransductive requirements can be met. Hypoxia has a
potential impact on AV pathogenesis following fibrotic
tissue thickening in early CAVD and can be simulated
using an oxygenator connectable to the MPS-TIC sys-
tem. Especially the possibility of implementation and
detailed assessment of hAV tissue is advantageous in the
presented MPS-TIC, still with the limitation that vary-
ing age, pathology and valve integrity aggravate results
interpretation.

Conclusion

The presented study introduces the novel bioreactor
MPS-TIC for incubation of AV tissue samples and a
bimodal viability assessment together with an ECM anal-
ysis protocol. Particularly, hAV tissue section incubation
in an MPS was demonstrated for the first time. AV tissue
culture constitutes a bridging element between in vivo
and in vitro experimental setups. In addition, it allows to
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resolve 2D cell culture model limitations such as interac-
tion of cellular subpopulations by tissue application even
of human origin. The biomechanical simulation is indis-
pensable for investigation of CAVD (patho)physiology
that is highly affected by mechanotransductive processes
and is envisioned to be further adjusted.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513036-023-00377-1.

Additional file 1: Supplementary Figure 1. AV tissue calcification after
pulsatile dynamic vs. static tissue culture: pAVs were stained with Alizarin
red to investigate valvular calcification at the beginning of the experiment
and after 14 days of high and low flow dynamic, static and lysis incubation
conditions. Calcified hAV was used after explantation as positive control.
(left to right, n=3, scale bar: 200 pm).

Additional file 2: Supplementary Figure 2. Expression of a-SMA and
CD31 in pAV tissue after pulsatile dynamic vs. static tissue culture: pAVs
(high flow dynamic, low flow dynamic, static and death tissue conditions,
14 days; left to right, representative samples shown) were stained via
immunohistochemistry to verify expression of the respective marker. No
significant differences were detected for a-SMA expression. Rate of CD31
positive signal was significantly higher in statically incubated samples
(shown in Figure 12; scale bar: 500 um).

Acknowledgements

Special acknowledgement is entitled to the excellent technical assistance

of Dominic Salminger, Jonas Posorski, Jennifer Mittag and Maria Feilmeier.
Cryosections were prepared and images were acquired in the Biopolis Dresden
Imaging Platform at BIOTEC/CRTD — Light Microscopy Facility and the MTZ-Core
Facility Cellular Imaging (CFCI) with the assistance of Dr. Hella Hartmann, Ellen
Geibelt, Dr. Anja Walther and Silke Tulok.

Authors’ contributions

CD, MW: conception of the work; CD, MW, SMT, FrS: design of the work; MW,
AS, EV, CD, AJ: data acquisition and analysis; CD, MW: interpretation of data;
FIS, FrS; BS, CD: creation of MPS components and chips used for the work; CD,
MW, KM, SMT: have drafted the work or substantively revised it. CD and MW
contributed equally.

Funding

Open Access funding enabled and organized by Projekt DEAL. The research
was funded byDeutsche Stiftung fir Herzforschung(consumables and student
assistance).

Availability of data and materials
The datasets used and/or analyses during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

Human aortic valves were obtained in accordance with the tenets of the
Helsinki Declaration and approved by an equivalent committee including
informed consent (Ethikkommission der TU Dresden, EK429102015).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.


https://doi.org/10.1186/s13036-023-00377-1
https://doi.org/10.1186/s13036-023-00377-1

Dittfeld et al. Journal of Biological Engineering

(2023) 17:60

Received: 15 May 2023 Accepted: 14 September 2023
Published online: 28 September 2023

References

1.

20.

Arastéh K, Baenkler H, Bieber C. Innere Medizin [Internet]. Reihe D,
editor. Innere Medizinpie. Stuttgart: Georg Thieme Verlag; 2018. p.
131-155. Available from: https://eref.thieme.de/10.1055/b-005-145255.
Coffey S, Roberts-Thomson R, Brown A, Carapetis J, Chen M, Enriquez-
Sarano M, et al. Global epidemiology of valvular heart disease. Nat Rev
Cardiol. 2021;18(12):853-64.

Fernandez Esmerats J, Villa-Roel N, Kumar S, Gu L, Salim MT, Ohh M,

et al. Disturbed flow increases UBE2C (Ubiquitin E2 Ligase C) via Loss of
miR-483-3p, inducing aortic valve calcification by the pVHL (von Hip-
pel-Lindau Protein) and HIF-1a (Hypoxia-Inducible Factor-1a) pathway
in endothelial cells. Arterioscler Thromb Vasc Biol. 2019;39(3):467-81.
Rathan S, Ankeny CJ, Arjunon S, Ferdous Z, Kumar S, Fernandez Esmer-
ats J, et al. Identification of side- and shear-dependent microRNAs
regulating porcine aortic valve pathogenesis. Sci Rep. 2016;6:1-16.
https://doi.org/10.1038/srep25397.

Leopold JA. Cellular mechanisms of aortic valve calcification. Circ
Cardiovasc Interv. 2012;5(4):605-14.

Hsu CPD, Hutcheson JD, Ramaswamy S. Oscillatory fluid-induced
mechanobiology in heart valves with parallels to the vasculature. Vasc
Biol. 2020;2(1):R59-71.

Ohukainen P, Ruskoaho H, Rysa J. Cellular mechanisms of valvular thick-
ening in early and intermediate calcific aortic valve disease. Curr Cardiol
Rev. 2018;14(4):264-71.

Chen JH, Simmons CA. Cell-matrix interactions in the pathobiology of
calcific aortic valve disease: critical roles for matricellular, matricrine,
and matrix mechanics cues. Circ Res. 2011;108(12):1510-24.

Rutkovskiy A, Malashicheva A, Sullivan G, Bogdanova M, Kostareva A,
Stenslekken KO, et al. Valve interstitial cells: the key to understanding
the pathophysiology of heart valve calcification. J Am Heart Assoc.
2017,6(9):1-24.

Alushi B, Curini L, Christopher MR, Grubitzch H, Landmesser U, Amedei
A, et al. Calcific aortic valve disease-natural history and future therapeu-
tic strategies. Front Pharmacol. 2020;11(May):1-12.

Blaser MC, Kraler S, Luscher TF, Aikawa E. Multi-omics approaches

to define calcific aortic valve disease pathogenesis. Circ Res.
2021;128:1371-97.

Akat K, Borggrefe M, Kaden JJ. Aortic valve calcification: basic science to
clinical practice. Heart. 2009,95(8):616-23.

Zheng KH, Tzolos E, Dweck MR. Pathophysiology of aortic stenosis and
future perspectives for medical therapy. Cardiol Clin. 2020;38(1):1-12.
https://doi.org/10.1016/j.cc.2019.09.010.

Hutcheson JD, Aikawa E, Merryman WD. Potential drug targets for cal-
cific aortic valve disease. Nat Rev Cardiol. 2014;11(4):218-31. Available
from: http://www.nature.com/articles/nrcardio.2014.1.

Bowler MA, Merryman WD. In vitro models of aortic valve calcification:
Solidifying a system. Cardiovasc Pathol. 2015;24(1):1-10. https://doi.org/
10.1016/j.carpath.2014.08.003.

Chester AH, Grande-Allen KJ. Which biological properties of heart
valves are relevant to tissue engineering? Front Cardiovasc Med.
2020;7:63.

Dweck MR, Boon NA, Newby DE. Calcific aortic stenosis: a disease of
the valve and the myocardium. j am coll cardiol. 2012;60(19):1854-63.
https://doi.org/10.1016/jjacc.2012.02.093.

Kostyunin AE, Yuzhalin AE, Rezvova MA, Ovcharenko EA, Glushkova TV,
Kutikhin AG. Degeneration of bioprosthetic heart valves: update 2020. J
Am Heart Assoc. 2020;9(19):1-19.

Kostyunin AE, Yuzhalin AE, Ovcharenko EA, Kutikhin AG. Development
of calcific aortic valve disease: do we know enough for new clinical
trials? J Mol Cell Cardiol. 2019;132(May):189-209.

lop L. Toward the effective bioengineering of a pathological tissue

for cardiovascular disease modeling: old strategies and new frontiers
for prevention, diagnosis, and therapy. Front Cardiovasc Med.
2021;7(March):1-22.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33

34

35.

36.

37.

38.

39.

40.

42.

Page 17 of 19

ChuY, Lund DD, Doshi H, Keen HL, Knudtson KL, Funk ND, et al. Fibrotic
aortic valve stenosis in hypercholesterolemic/hypertensive mice. Arte-
rioscler Thromb Vasc Biol. 2016;36(3):466-74.

LaHaye S, Majumdar U, Yasuhara J, Koenig SN, Matos-Nieves A, Kumar
R, et al. Developmental origins for semilunar valve stenosis identified in
mice harboring congenital heart disease-associated GATA4 mutation.
DMM Dis Model Mech. 2019;12(6):dmm036764.

Miller JD, Weiss RM, Heistad DD. Calcific aortic valve stenosis: Methods,
models, and mechanisms. Circ Res. 2011;108(11):1392-412.

Tsang HG, Cui L, Farquharson C, Corcoran BM, Summers KM, Macrae VE.
Exploiting novel valve interstitial cell lines to study calcific aortic valve
disease. Mol Med Rep. 2018;17(2):2100-6.

Alonso JL, Goldmann WH. Cellular mechanotransduction. AIMS Bio-
phys. 2016;3(1):50-62.

Tsang HG, Rashdan NA, Whitelaw CBA, Corcoran BM, Summers KM,
MacRae VE. Large animal models of cardiovascular disease. Cell Bio-
chem Funct. 2016;34(3):113-32.

Jannasch A, Schnabel C, Galli R, Faak S, Buttner P, Dittfeld C, et al.
Optical coherence tomography and multiphoton microscopy offer
new options for the quantification of fibrotic aortic valve disease in
ApoE—/— mice. Sci Rep. 2021;11(1):1-14. https://doi.org/10.1038/
$41598-021-85142-4.

Sider KL, Blaser MC, Simmons CA. Animal models of calcific aortic valve
disease. Int J Inflam. 2011;2011(Ldl):1-18.

Guerraty MA, Grant GR, Karanian JW, Chiesa OA, Pritchard WF, Davies
PF. Hypercholesterolemia induces side-specific phenotypic changes
and peroxisome proliferator-activated receptor-y pathway activa-

tion in swine aortic valve endothelium. Arterioscler Thromb Vasc Biol.
2010;30(2):225-31. Available from: https://www.ahajournals.org/doi/10.
1161/ATVBAHA.109.198549.

Goody PR, Hosen MR, Christmann D, Niepmann ST, Zietzer A, Adam M,
et al. Aortic valve stenosis: from basic mechanisms to novel therapeutic
targets. Arterioscler Thromb Vasc Biol. 2020;40:885-900.

Rock CA, Han L, Doehring TC. Complex collagen fiber and mem-

brane morphologies of the whole porcine aortic valve. PLoS One.
2014,9(1):1-9.

Sim EKW, Muskawad S, Lim CS, Yeo JH, Lim KH, Grignani RT,

et al. Comparison of human and porcine aortic valves. Clin Anat.
2003;16(3):193-6.

Winkelkotte M, Schmieder F, Behrens S, Salminger D, Jannasch A,
Matschke K, et al. Micro-Physiological-Systems enable investigation of
hypoxia induced pathological processes in human aortic valve cells
and tissues. Curr Dir Biomed Eng. 2021;7(2):45-8.

Amrollahi P, Tayebi L. Bioreactors for heart valve tissue engineering: a
review. J Chem Technol Biotechnol. 2016;91(4):847-56.

Niazy N, Barth M, Selig JI, Feichtner S, Shakiba B, Candan A, et al.
Degeneration of aortic valves in a bioreactor system with pulsatile flow.
Biomedicines. 2021;9(5):1-16.

Sapp MC, Krishnamurthy VK, Puperi BS, Bhatnagar S, Fatora G, Mutyala
N, et al. Differential cell-matrix responses in hypoxia-stimulated aortic
versus mitral valves. J R Soc Interface. 2016;13(125):20160449.

Sun L, Rajamannan NM, Sucosky P. Design and validation of a novel
bioreactor to subject aortic valve leaflets to side-specific shear stress.
Ann Biomed Eng. 2011;39(8):2174-85.

Sun L, Rajamannan NM, Sucosky P. Defining the role of fluid shear stress
in the expression of early signaling markers for calcific aortic valve
disease. PLoS One. 2013;8(12):e84433.

Zabirnyk A, Perez MDM, Blasco M, Stenslakken KO, Ferrer MD, Salcedo
C, etal. A novel ex vivo model of aortic valve calcification a preliminary
report. Front Pharmacol. 2020;11:1-7.

Yap CH, Saikrishnan N, Yoganathan AP. Experimental measurement of
dynamic fluid shear stress on the ventricular surface of the aortic valve
leaflet. Biomech Model Mechanobiol. 2012;11(1-2):231-44.

Weber A, Pfaff M, Schéttler F, Schmidt V, Lichtenberg A, Akhyari P.
Reproducible in vitro tissue culture model to study basic mechanisms
of calcific aortic valve disease: Comparative analysis to valvular intersti-
tials cells. Biomedicines. 2021;9(5):474.

Mongkoldhumrongkul N, Latif N, Yacoub MH, Chester AH. Effect of
side-specific valvular shear stress on the content of extracellular matrix
in aortic valves. Cardiovasc Eng Technol. 2018;9(2):151-7.


https://eref.thieme.de/10.1055/b-005-145255
https://doi.org/10.1038/srep25397
https://doi.org/10.1016/j.ccl.2019.09.010
http://www.nature.com/articles/nrcardio.2014.1
https://doi.org/10.1016/j.carpath.2014.08.003
https://doi.org/10.1016/j.carpath.2014.08.003
https://doi.org/10.1016/j.jacc.2012.02.093
https://doi.org/10.1038/s41598-021-85142-4
https://doi.org/10.1038/s41598-021-85142-4
https://www.ahajournals.org/doi/10.1161/ATVBAHA.109.198549
https://www.ahajournals.org/doi/10.1161/ATVBAHA.109.198549

Dittfeld et al. Journal of Biological Engineering

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

(2023) 17:60

Tandon |, Ozkizilcik A, Ravishankar P, Balachandran K. Aortic valve cell
microenvironment: considerations for developing a valve-on-chip.
Biophys Rev. 2021;2(4):041303.

Maeda K, Ma X, Hanley FL, Riemer RK. Critical role of coaptive strain in
aortic valve leaflet homeostasis: use of a novel flow culture biore-
actor to explore heart valve mechanobiology. J Am Heart Assoc.
2016;5(8):e003506.

Rajamannan NM, Moura LM, Best P. Bench to bedside defining calcific
aortic valve disease: osteocardiology. Expert Rev Cardiovasc Ther.
2020;18(5):239-47. https://doi.org/10.1080/14779072.2020.1757431.
Balachandran K, Sucosky P, Jo H, Yoganathan AP. Elevated cyclic

stretch alters matrix remodeling in aortic valve cusps: Implications

for degenerative aortic valve disease. Am J Physiol - Hear Circ Physiol.
2009;296(3):756-64.

Bogdanova M, Zabirnyk A, Malashicheva A, Semenova D, Kvitting

JPE, Kaljusto ML, et al. Models and techniques to study aortic valve
calcification in vitro, ex vivo and in vivo. An overview. Front Pharmacol.
2022;13:1-25.

Behrens S, Schmieder F, Polk C, Schéps P. PDMS free modular plug and
play construction kit for the development of micro-physiological sys-
tems. Proc. SPIE 11637, Microfluidics, BioMEMS, and Medical Microsys-
tems XIX, 1163700. 2021;20:10. https://doi.org/10.1117/12.2585203.
Kolanowski TJ, Busek M, Schubert M, Dmitrieva A, Binnewerg B, Poche
J, et al. Enhanced structural maturation of human induced pluripotent
stem cell-derived cardiomyocytes under a controlled microenviron-
ment in a microfluidic system. Acta Biomater. 2020;102:273-86.
Dittfeld C, Winkelkotte M, Behrens S, Schmieder F, Jannasch A, Matschke
K, et al. Establishment of a resazurin-based aortic valve tissue viability
assay for dynamic culture in a microphysiological system. Kiipper J-H,
Krtiger-Genge A, Jung F, editors. Clin Hemorheol Microcirc [Internet].
2021;79(1):167-78. Available from: https://www.medra.org/servlet/alias
Resolver?alias=iospress&doi=10.3233/CH-219112.

Gantenbein-Ritter B, Potier E, Zeiter S, Van Der Werf M, Sprecher CM, Ito
K. Accuracy of three techniques to determine cell viability in 3D tissues
or scaffolds. Tissue Eng - Part C Methods. 2008;14(4):353-8. Available
from: www.liebertpub.com.

Jahn K, Stoddart MJ. Viability Assessment of Osteocytes Using Histologi-
cal Lactate Dehydrogenase Activity Staining on Human Cancellous
Bone Sections. In: Methods in molecular biology (Clifton, NJ) [Internet].
2011. p. 141-8. Available from: http://link.springer.com/10.1007/978-1-
61779-108-6_15.

Stoddart M, Furlong P, Simpson A, Davies C, Richards R. A comparison of
non-radioactive methods for assessing viability in ex vivo cultured can-
cellous bone: technical note. Eur Cells Mater. 2006;12:16-25. Available
from: http://ecmjournal.org/journal/papers/vol012/pdf/v012a02.pdf.
Busek M, Griinzner S, Steege T, Steinfelder C, Schmieder F, Klotzbach

U, et al. Microfluidic system for in-vitro hypoxia assays. Microfluid
BioMEMS, Med Microsystems XV. 2017;10061:1006110.

Lauten A, Martinovi¢ M, Kursawe L, Kikhney J, Affeld K, Kertzscher U,

et al. Bacterial biofilms in infective endocarditis: an in vitro model to
investigate emerging technologies of antimicrobial cardiovascular
device coatings. Clin Res Cardiol. 2021;110(3):323-31. https://doi.org/
10.1007/500392-020-01669-y.

Sucosky P, Padala M, Elhammali A, Balachandran K, Jo H, Yoganathan AP.
Design of an ex vivo culture system to investigate the effects of shear
stress on cardiovascular tissue. J Biomech Eng [Internet]. 2008;130(3).
Available from: http://asmedigitalcollection.asme.org/biomechanical/
article-pdf/130/3/035001/5771889/035001_1.pdf. [cited 2020 Nov 10].
Weston MW, Yoganathan AP. Biosynthetic activity in heart valve

leaflets in response to in vitro flow environments. Ann Biomed Eng.
2001;29(9):752-63.

Chester AH, Sarathchandra P McCormack A, Yacoub MH. Organ

culture model of aortic valve calcification. Front Cardiovasc Med.
2021:8(October):1-15.

Thayer P, Balachandran K, Rathan S, Yap CH, Arjunon S, Jo H, et al. The
effects of combined cyclic stretch and pressure on the aortic valve
interstitial cell phenotype. Ann Biomed Eng. 2011;39(6):1654-67.

Xing Y, Warnock JN, Zhaoming H, Hilbert SL, Yoganathan AP. Cyclic
pressure affects the biological properties of porcine aortic valve leaflets
in a magnitude and frequency dependent manner. Ann Biomed Eng.
2004;32(11):1461-70.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

75.

76.

77.

78.

79.

80.

Page 18 of 19

Busek M, Polk C, Albrecht T, Marx U, Konig J, Sonntag F. Automated
micro-PIV measurement in lab-on-a-chip systems. Biomed Tech.
2012;57(SUPPL. 1 TRACK-E):927-30.

Lindken R, Rossi M, GroRe S, Westerweel J. Micro-Particle Image Veloci-
metry (PIV): Recent developments, applications, and guidelines. Lab
Chip. 2009,9(17):2551-67.

Huber D, Oskooei A, Casadevall Solvas X, Andrew Demello, Kaigala GV.
Hydrodynamics in cell studies. Chem Rev. 2018;118(4):2042-79.

Huber D, Oskooei A, Casadevall Solvas X, DeMello A, Kaigala G V. SUP-
PORTING INFORMATION Hydrodynamics in cell studies.

Schimek K, Busek M, Brincker S, Groth B, Hoffmann S, Lauster R, et al.
Integrating biological vasculature into a multi-organ-chip microsystem.
Lab Chip. 2013;13(18):3588-98. Available from: www.rsc.org/loc. [cited
2021 Mar 9].

Adan A, Kiraz Y, Baran Y. Cell Proliferation and Cytotoxicity Assays.

Curr Pharm Biotechnol [Internet]. 2016;17(14):1213-21. Available
from:http://www.eurekaselect.com/openurl/content.php?genre=artic
leissn=1389-2010&volume=17&issue=14&spage=1213.

Bonnier F, Keating ME, Wrébel TP, Majzner K, Baranska M, Garcia-Munoz
A, et al. Cell viability assessment using the Alamar blue assay: a compar-
ison of 2D and 3D cell culture models. Toxicol Vitr. 2015;29(1):124-31.
https://doi.org/10.1016/j1iv.2014.09.014.

Mundargi R, Venkataraman D, Kumar S, Mogal V, Ortiz R, Loo J, et al.
Novel sensor-enabled ex vivo bioreactor: a new approach towards
physiological parameters and porcine artery viability. Biomed Res Int.
2015;2015:1-8. Available from: http://www.hindawi.com/journals/bmri/
2015/958170/.

Sonnaert M, Papantoniou |, Luyten FP, Schrooten J. Quantitative Valida-
tion of the Presto Blue™ Metabolic Assay for Online Monitoring of Cell
Proliferation in a 3D Perfusion Bioreactor System. Tissue Eng - Part C
Methods [Internet]. 2015;21(6):519-29. Available from: https://pubmed.
ncbi.nlm.nih.gov/25336207/. [cited 2021 Jan 23].

Riss TL, Moravec RA, Niles AL, Duellman S, Benink HA, Worzella TJ,

et al. Cell Viability Assays. Assay Guid Man. 2004;(Md):1-25. Available
from:http://www.ncbi.nlm.nih.gov/pubmed/23805433.

Dittfeld C, Haase M, Feilmeier M, Jannasch A, Buttner P, Plotze K, et al.
Movat Pentachrom stain reveals unexpected high osteogenesis rate

in aortic valves. Acta Histochem. 2017;119(5):533-7. https://doi.org/10.
1016/j.acthis.2017.05.006.

Tuladhar SR, Mulderrig S, Della Barbera M, Vedovelli L, Bottigliengo D,
Tessari C, et al. Bioengineered percutaneous heart valves for transcath-
eter aortic valve replacement: a comparative evaluation of decellular-
ised bovine and porcine pericardia. Mater Sci Eng C. 2021;123:111936.
Whittaker P, Kloner RA, Boughner DR, Pickering JG. Quantitative assess-
ment of myocardial collagen with picrosirius red staining and circularly
polarized light. Basic Res Cardiol. 1994;89(5):397-410.

Dittfeld C, Reimann G, Mieting A, Bittner P, Jannasch A, PItze K, et al.
Treatment with XAV-939 prevents in vitro calcification of human valvu-
lar interstitial cells. PLoS One. 2018;13(12):1-21.

Rajput FA, Zeltser R. Aortic valve replacement. StatPearls [Internet]
Treasure s StatPearls Publ 2021 Jan 2020 Aug 15 [Internet]. 2020; Avail-
able from:https://www.ncbi.nlm.nih.gov/books/NBK537136/?report=
printable.

Grissmer S. Herzminutenvolumen. In: Behrends J, Bischofberger J,
Deutzmann R, Ehmke H, Frings S, Grissmer S, et al,, editors. 3., vollst.
Georg Thieme Verlag KG; 2016. Available from:https://eref.thieme.de/
ebooks/15021504/ebook_1502150_SL62145327BT-DualeReihePhysi
ologie.

Hinterseer M, Knez A. Arterielle Hypertonie. In: Baenkler H-W, Bals R,
Goldschmidt H, Hahn J-M, Hinterseer M, Knez A, et al., editors. 4., vollst.
Georg Thieme Verlag KG; 2021. Available from:https://eref.thieme.de/
ebooks/cs_16173863#/ebook_cs_16173863_section_qqs_mg1_bpb_
20210323150138343BT-KurzlehrbuchinnereMedizin.

Wang K, Man K, Liu J, Liu'Y, Chen Q, Zhou Y, et al. Microphysiological
Systems: Design Fabrication, and Applications. ACS Biomater Sci Eng.
2020,6(6):3231-57.

Yip CYY, Chen JH, Zhao R, Simmons CA. Calcification by valve interstitial
cells is regulated by the stiffness of the extracellular matrix. Arterioscler
Thromb Vasc Biol. 2009;29(6):936-42.

Gu X, Masters KS. Regulation of valvular interstitial cell calcification

by adhesive peptide sequences. J Biomed Mater Res Part A [Internet].


https://doi.org/10.1080/14779072.2020.1757431
https://doi.org/10.1117/12.2585203
https://www.medra.org/servlet/aliasResolver?alias=iospress&doi=10.3233/CH-219112
https://www.medra.org/servlet/aliasResolver?alias=iospress&doi=10.3233/CH-219112
https://www.liebertpub.com
http://link.springer.com/10.1007/978-1-61779-108-6_15
http://link.springer.com/10.1007/978-1-61779-108-6_15
http://ecmjournal.org/journal/papers/vol012/pdf/v012a02.pdf
https://doi.org/10.1007/s00392-020-01669-y
https://doi.org/10.1007/s00392-020-01669-y
http://asmedigitalcollection.asme.org/biomechanical/article-pdf/130/3/035001/5771889/035001_1.pdf
http://asmedigitalcollection.asme.org/biomechanical/article-pdf/130/3/035001/5771889/035001_1.pdf
https://www.rsc.org/loc
http://www.eurekaselect.com/openurl/content.php?genre=article&issn=1389-2010&volume=17&issue=14&spage=1213
http://www.eurekaselect.com/openurl/content.php?genre=article&issn=1389-2010&volume=17&issue=14&spage=1213
https://doi.org/10.1016/j.tiv.2014.09.014
http://www.hindawi.com/journals/bmri/2015/958170/
http://www.hindawi.com/journals/bmri/2015/958170/
https://pubmed.ncbi.nlm.nih.gov/25336207/
https://pubmed.ncbi.nlm.nih.gov/25336207/
http://www.ncbi.nlm.nih.gov/pubmed/23805433.
https://doi.org/10.1016/j.acthis.2017.05.006
https://doi.org/10.1016/j.acthis.2017.05.006
https://www.ncbi.nlm.nih.gov/books/NBK537136/?report=printable
https://www.ncbi.nlm.nih.gov/books/NBK537136/?report=printable
https://eref.thieme.de/ebooks/1502150#/ebook_1502150_SL62145327BT-DualeReihePhysiologie
https://eref.thieme.de/ebooks/1502150#/ebook_1502150_SL62145327BT-DualeReihePhysiologie
https://eref.thieme.de/ebooks/1502150#/ebook_1502150_SL62145327BT-DualeReihePhysiologie
https://eref.thieme.de/ebooks/cs_16173863#/ebook_cs_16173863_section_qqs_mg1_bpb_20210323150138343BT-KurzlehrbuchInnereMedizin
https://eref.thieme.de/ebooks/cs_16173863#/ebook_cs_16173863_section_qqs_mg1_bpb_20210323150138343BT-KurzlehrbuchInnereMedizin
https://eref.thieme.de/ebooks/cs_16173863#/ebook_cs_16173863_section_qqs_mg1_bpb_20210323150138343BT-KurzlehrbuchInnereMedizin

Dittfeld et al. Journal of Biological Engineering

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

9.

97.

98.

99.

(2023) 17:60

2010;9999A(1):NA-NA. Available from: https://onlinelibrary.wiley.com/
doi/10.1002/jbm.a.32660.

Renato M, Bertacco E, Franchin C, Arrigoni G, Rattazzi M. Proteomic
analysis of interstitial aortic valve cells acquiring a pro-Calcific profile.
Methods Mol Biol. 2013;1005:95-107.

Gerrity RG, Natarajan R, Nadler JL, Kimsey T. Diabetes-induced acceler-
ated atherosclerosis in swine. Diabetes. 2001;50(7):1654-65.

Gerrity RG, Naito HK, Richardson M, Schwartz CJ. Dietary induced
atherogenesis in swine. Morphology of the intima in prelesion stages.
Am J Pathol. 1979,95(3):775-92.

Natarajan R, Gerrity RG, Gu JL, Lanting L, Thomas L, Nadler JL. Role

of 12-lipoxygenase and oxidant stress in hyperglycaemia-induced
acceleration of atherosclerosis in a diabetic pig model. Diabetologia.
2002;45(1):125-33.

Busek M, Kolanowski T, Griinzner S, Steinfelder C, Guan K, Sonntag F.
Microfluidic system for enhanced cardiac tissue formation. Curr Dir
Biomed Eng. 2017;3(2):367-70.

Dittfeld C, Winkelkotte M, Schmieder F, Behrens S, Salminger D,
Jannasch A, Matschke K, Sonntag F, Tugtekin SM. Tissue-Incubation-
Chamber provides enhanced viability of porcine aortic valve tissue in
dynamic long-term culture. Circulation. 2021;144:A10535. https://doi.
0rg/10.1161/circ.144.suppl_1.10535.

Jenke A, Kistner J, Saradar S, Chekhoeva A, Yazdanyar M, Bergmann AK,
et al. Transforming growth factor-B1 promotes fibrosis but attenu-
ates calcification of valvular tissue applied as a three-dimensional
calcific aortic valve disease model. Am J Physiol - Hear Circ Physiol.
2020;319(5):H1123-41.

Ambardekar AV, Hunter KS, Babu AN, Tuder RM, Dodson RB, Linden-
feld J. Changes in aortic wall structure, composition, and stiffness

with continuous-flow left ventricular assist devices. Circ Hear Fail.
2015;8(5):944-52.

Berry JL, Steen JA, Koudy Williams J, Jordan JE, Atala A, Yoo JJ. Bioreac-
tors for development of tissue engineered heart valves. Ann Biomed
Eng. 2010;38(11):3272-9.

Sucosky P, Balachandran K, Elhammali A, Jo H, Yoganathan AP. Altered
shear stress stimulates upregulation of endothelial VCAM-1 and ICAM-1
in a BMP-4- and TGF-B1-dependent pathway. Arterioscler Thromb Vasc
Biol. 2009,29(2):254-60.

Ren X, Tapias LF, Jank BJ, Mathisen DJ, Lanuti M, Ott HC. Ex vivo non-
invasive assessment of cell viability and proliferation in bio-engineered
whole organ constructs. Biomaterials [Internet]. 2015;52(3):103-12.
Available from:https://linkinghub.elsevier.com/retrieve/pii/S014296121
5000782.

Caralt M, Uzarski JS, lacob S, Obergfell KP, Berg N, Bijonowski BM, et al.
Optimization and critical evaluation of decellularization strategies to
develop renal extracellular matrix scaffolds as biological templates

for organ engineering and transplantation. Am J Transplant [Internet].
2015;15(1):64-75. Available from: https://onlinelibrary.wiley.com/doi/
10.1111/ajt.12999.

Zhou X, Holsbeeks |, Impens S, Sonnaert M, Bloemen V, Luyten F, et al.
Noninvasive real-time monitoring by alamarBlue® during in vitro
culture of three-dimensional tissue-engineered bone constructs. Tissue
Eng - Part C Methods. 2013;19(9):720-7.

May-Newman K, Mendoza A, Abulon DJK, Joshi M, Kunda A, Dembitsky
W. Geometry and fusion of aortic valves from pulsatile flow ventricular
assist device patients. J Heart Valve Dis. 2011;20(2):149-58.

Dasika SK, Kinsey ST, Locke BR. Reaction-diffusion constraints in living
tissue: effectiveness factors in skeletal muscle design. Biotechnol
Bioeng. 2011;108(1):104-15.

Balachandran K, Sucosky P, Yoganathan AP. Hemodynamics and mecha-
nobiology of aortic valve inflammation and calcification. Int J Inflam.
2011;2011:1-15.

McMurtrey RJ. Analytic models of oxygen and nutrient diffusion,
metabolism dynamics, and architecture optimization in three-
dimensional tissue constructs with applications and insights in cerebral
organoids. Tissue Eng Part C Methods. 2016;22(3):221-49.

Hutcheson JD, Blaser MC, Aikawa E. Giving calcification its due: recogni-

tion of a diverse disease: a first attempt to standardize the field. Circ Res.

2017;120(2):270-3.
Jian B, Narula N, Li QY, Mohler ER, Levy RJ. Progression of aortic valve
stenosis: TGF-31 is present in calcified aortic valve cusps and promotes

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

.

12,

113.

114.

115.

Page 19 of 19

aortic valve interstitial cell calcification via apoptosis. Ann Thorac Surg.
2003;75(2):457-65.

Hutcheson JD, Goettsch C, Rogers MA, Aikawa E. Revisiting cardiovas-
cular calcification: a multifaceted disease requiring a multidisciplinary
approach. Semin Cell Dev Biol. 2015;46:68-77. https://doi.org/10.1016/.
semcdb.2015.09.004.

Place TL, Domann FE, Case AJ. Limitations of oxygen delivery to cells

in culture: an underappreciated problem in basic and translational
research. Free Radic Biol Med. 2017;113:311-22. https://doi.org/10.

1016/j freeradbiomed.2017.10.003.

Taylor PM, Batten P, Brand NJ, Thomas PS, Yacoub MH. The cardiac valve
interstitial cell. Int J Biochem Cell Biol. 2003;35(2):113-8. Available from:
https:/linkinghub.elsevier.com/retrieve/pii/S1357272502001000. [cited
2022 Aug 26].

Heymans S, Schroen B, Vermeersch P, Milting H, Gao F, Kassner A, et al.
Increased cardiac expression of tissue inhibitor of metalloproteinase-1
and tissue inhibitor of metalloproteinase-2 is related to cardiac fibrosis
and dysfunction in the chronic pressure-overloaded human heart.
Circulation. 2005;112(8):1136-44.

Lindsay MM, Maxwell P, Dunn FG. TIMP-1: a marker of left ventricular
diastolic dysfunction and fibrosis in hypertension. Hypertension.
2002,40(2):136-41.

Abdelazeem B, Hollander RM, Gresham TM, Gjeka R, Kunadi A. Aortic
valve insufficiency due to myxomatous degeneration: a case report and
literature review. AME Case Reports. 2022;6:10-10.

Hu C, Wang Q, Xue H, Hong H, Shi J, Dong N, et al. The pathomecha-
nism of human myxomatous valvular degeneration at the mechanical
and cellular level. Rev Cardiovasc Med. 2021;22(2):513-9.

Farrar EJ, Huntley GD, Butcher J. Endothelial-derived oxidative stress
drives myofibroblastic activation and calcification of the aortic valve.
PLoS One. 2015;10(4):1-19. https://doi.org/10.1371/journal.pone.01232
57.

El-Hamamsy |, Balachandran K, Yacoub MH, Stevens LM, Sarath-
chandra P, Taylor PM, et al. Endothelium-dependent regulation of

the mechanical properties of aortic valve cusps. J Am Coll Cardiol.
2009;53(16):1448-55.

Ma X, Zhao D, Yuan P, Li J, Yun Y, Cui Y, et al. Endothelial-to-mesen-
chymal transition in calcific aortic valve disease. Acta Cardiol Sin.
2020;36(3):183-94.

Islam 'S, Bostrom Kl, Di Carlo D, Simmons CA, Tintut Y, Yao Y, et al. The
mechanobiology of endothelial-to-mesenchymal transition in cardio-
vascular disease. Front Physiol. 2021;12.

Balachandran K, Alford PW, Wylie-Sears J, Goss JA, Grosberg A,
Bischoff J, et al. Cyclic strain induces dual-mode endothelialmesen-
chymal transformation of the cardiac valve. Proc Natl Acad Sci U S A.
2011;108(50):19943-8.

Mahler GJ, Frendl CM, Cao Q, Butcher JT. Effects of shear stress pattern
and magnitude on mesenchymal transformation and invasion of aortic
valve endothelial cells. Biotechnol Bioeng. 2014;111(11):2326-37.
Ingber DE. Human organs-on-chips for disease modelling, drug devel-
opment and personalized medicine. Nat Rev Genet. 2022;23(8):467-91.
Ribas J, Sadeghi H, Manbachi A, Leijten J, Brinegar K, Zhang S, et al.
Cardiovascular organ-on-a-chip platforms for drug discovery and
development. Appl Vitr Toxicol. 2016;2(2):82-96. Available from: www.
liebertpub.com/aivt.

Deb N, Ali MS, Mathews A, Chang YW, Lacerda CMR. Shear type and
magnitude affect aortic valve endothelial cell morphology, orientation,
and differentiation. Exp Biol Med. 2021;246(21):2278-89.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://onlinelibrary.wiley.com/doi/10.1002/jbm.a.32660
https://onlinelibrary.wiley.com/doi/10.1002/jbm.a.32660
https://doi.org/10.1161/circ.144.suppl_1.10535
https://doi.org/10.1161/circ.144.suppl_1.10535
https://linkinghub.elsevier.com/retrieve/pii/S0142961215000782
https://linkinghub.elsevier.com/retrieve/pii/S0142961215000782
https://onlinelibrary.wiley.com/doi/10.1111/ajt.12999
https://onlinelibrary.wiley.com/doi/10.1111/ajt.12999
https://doi.org/10.1016/j.semcdb.2015.09.004
https://doi.org/10.1016/j.semcdb.2015.09.004
https://doi.org/10.1016/j.freeradbiomed.2017.10.003
https://doi.org/10.1016/j.freeradbiomed.2017.10.003
https://linkinghub.elsevier.com/retrieve/pii/S1357272502001000
https://doi.org/10.1371/journal.pone.0123257
https://doi.org/10.1371/journal.pone.0123257
https://www.liebertpub.com/aivt
https://www.liebertpub.com/aivt

	Challenges of aortic valve tissue culture – maintenance of viability and extracellular matrix in the pulsatile dynamic microphysiological system
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Material and methods
	Tissue
	MPS-TIC setup
	Biomechanical computation
	Experimental setup
	Bimodal viability assay

	ECM analysis
	Statistical assessment

	Results
	MPS—TIC tissue culture
	Particle image velocimetry
	Bimodal viability assay
	Histological analyses

	Discussion
	Novel MPS-TIC system
	Bimodal viability assessment
	ECM analyses

	Conclusion
	Anchor 25
	Acknowledgements
	References


