
 
Development and Non-Invasive Monitoring of Tissue-Engineered Cardiovascular Implants 

 
 
 
 
 
 
 

Von der Medizinischen Fakultät 
der Rheinisch-Westfälischen Technischen Hochschule Aachen 

zur Erlangung des akademischen Grades eines Doktors der Theoretischen Medizin 
genehmigte Dissertation 

 

 
vorgelegt von 

Saurav Ranjan Mohapatra, M. Sc. 

aus 

Kendupalli (Indien) 
 
 
 
 
 
 
 
 

 
Berichter: Prof. Dr. med. dent. Christian Apel 

Univ.-Prof. Dr. med. Fabian Kießling 
 

 
Tag der mündlichen Prüfung: 08.05.2025 

 
 
 
 
 
 
 
 
 
 
 
 
 
Diese Dissertation ist auf den Internetseiten der Universitätsbibliothek online verfügbar



To my teachers 



List of publications 
 

Dissertation 
 

S. R. Mohapatra, E. Rama, C. Melcher, T. Call, M. A. Enezy-Ulbrich, A. Pich, C. Apel, F. 
Kiessling & S. Jockenhoevel: From In Vitro to Perioperative Vascular Tissue Engineering: 
Shortening Production Time by Traceable Textile-Reinforcement; Tissue Engineering and 
Re- generative Medicine; 2022, Volume 19. https://doi.org/10.1007/s13770-022-00482-0 

 
S. R. Mohapatra, E. Rama, M. P. Werner, T. Call, T. Loewenberg, A. Loewen, C. Apel, F. 
Kiessling & S. Jockenhoevel: Novel Bioreactor Design for Non-invasive Longitudinal 
Monitor- ing of Tissue-Engineered Heart Valves in 7T MRI and Ultrasound; Annals of 
Biomedical Engi- neering; 2024. https://doi.org/10.1007/s10439-024-03632-8 

 

D 82 (Diss. RWTH Aachen University, 2025) 

 
Others 

 
E. Rama, S. R. Mohapatra, C. Melcher, T. Nolte, S. M. Dadfar, R. Brueck, V. Pathak, A. Rix, 
T. Gries, V. Schulz, T. Lammers, C. Apel, S. Jockenhoevel, F. Kiessling: Monitoring the Re- 
modeling of Biohybrid Tissue-Engineered Vascular Grafts by Multimodal Molecular 
Imaging; Advance Science; 2022, Volume 9. https://doi.org/10.1002/advs.202105783 

E. Rama, S. R. Mohapatra, Y. Sugimura, T. Suzuki, S. Siebert, R. Barmin, J. Hermann, J. 
Baier, A. Rix, T. Lemainque, S. Koletnik, A. S. Elshafei, R. M. Pallares, S. M. Dadfar, R. H. 
Tolba, V. Schulz, J. Jankowski, C. Apel, P. Akhyari, S. Jockenhoevel, F. Kiessling: In Vitro 
and in Vivo Evaluation of Biohybrid Tissue-Engineered Vascular Grafts with Transformative 
1H/19F MRI Tracebale Scaffold; Biomaterials; 2024, Volume 311. 
https://doi.org/10.1016/j.biomateri- als.2024.122669 

 



ORIGINAL ARTICLE

From In Vitro to Perioperative Vascular Tissue Engineering:
Shortening Production Time by Traceable Textile-Reinforcement

Saurav Ranjan Mohapatra1 • Elena Rama2 • Christoph Melcher3 • Tobias Call1 •

Miriam Aischa Al Enezy-Ulbrich4 • Andrij Pich4 • Christian Apel1 •

Fabian Kiessling2 • Stefan Jockenhoevel1

Received: 28 April 2022 / Revised: 18 July 2022 / Accepted: 20 July 2022 / Published online: 6 October 2022
! The Author(s) 2022

Abstract
BACKGROUND: The production of tissue-engineered vascular graft (TEVG) usually involves a prolonged bioreactor

cultivation period of up to several weeks to achieve maturation of extracellular matrix and sufficient mechanical strength.

Therefore, we aimed to substantially shorten this conditioning time by combining a TEVG textile scaffold with a recently
developed copolymer reinforced fibrin gel as a cell carrier. We further implemented our grafts with magnetic resonance

imaging (MRI) contrast agents to allow the in-vitro monitoring of the TEVG’s remodeling process.

METHODS: Biodegradable polylactic-co-glycolic acid (PLGA) was electrospun onto a non-degradable polyvinylidene
fluoride scaffold and molded along with copolymer-reinforced fibrin hydrogel and human arterial cells. Mechanical tests on

the TEVGs were performed both instantly after molding and 4 days of bioreactor conditioning. The non-invasive in vitro
monitoring of the PLGA degradation and the novel imaging of fluorinated thermoplastic polyurethane (19F-TPU) were
performed using 7T MRI.

RESULTS: After 4 days of close loop bioreactor conditioning, 617 ± 85 mmHg of burst pressure was achieved, and

advanced maturation of extracellular matrix (ECM) was observed by immunohistology, especially in regards to collagen
and smooth muscle actin. The suture retention strength (2.24 ± 0.3 N) and axial tensile strength (2.45 ± 0.58 MPa) of the

TEVGs achieved higher values than the native arteries used as control. The contrast agents labeling of the TEVGs allowed

the monitorability of the PLGA degradation and enabled the visibility of the non-degradable textile component.
CONCLUSION: Here, we present a concept for a novel textile-reinforced TEVG, which is successfully produced in

4 days of bioreactor conditioning, characterized by increased ECM maturation and sufficient mechanical strength.

Additionally, the combination of our approach with non-invasive imaging provides further insights into TEVG’s clinical
application.

Keywords Tissue-engineered vascular grafts ! Electrospun scaffolds ! Non-invasive monitoring
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1 Introduction

Cardiovascular diseases often demand instant care but
producing a suitable solution quickly is highly challenging.

Replacement of diseased vessels with synthetic grafts or

autologous grafts are two main therapy options for these
life-threatening conditions. Several polymeric matrices

have been developed and studied for use as artificial grafts

in vascular applications, including polyurethane (PU),
expanded PTFE (ePTFE), and poly(e-caprolactone) (PCL)
[1–3]. With the aid of balloons and catheters, vascular

bypasses using autografts, artificial grafts, or vascular
stents have been widely studied [4–6]. Though clinically

established synthetic grafts are currently in use, the indi-

cations are limited to higher vascular diameters, and sus-
ceptibility to infections can lead to morbidity and mortality

[7–9]. In the past few years, tissue engineering has made

tremendous advancements, and both in vitro and in vivo
studies have been successfully realized [10]. In combina-

tion with polymer scaffolds and autologous cells, tissue

engineering has the potential to create body-own replace-
ment structures. Tissue-engineered constructs hold the

ability for self-repairing and remodeling [11].
Besides the advancement in vascular tissue engineering,

the long in vitro culture time remains a big challenge with

regard to a successful translation into clinics [12]. It has
been reported that TEVGs require two to three months of

culture to give a desired implantable condition [13–16]. To

serve an acute and subacute case of cardiovascular dys-
function this time is impractical. The conditioning time is

given not only to achieve higher cell density but also to

bring higher burst strength. An immature extracellular
matrix can lead to the development of life-threatening

aneurysms in short to medium term [17].

Previous studies have already shown that conditioning
the grafts in vitro with an oscillating pressure increases the

burst pressure over time. However, in those studies, the

graft had to be kept in a bioreactor for several weeks to
demonstrate suitable mechanical properties for implanta-

tion. Gui et al. and Stekelenburg et al. reported a burst

pressure of 913.3 ± 150.1 mmHg after 30 days of culture
under pulsatile stretching and 903 ± 123 mmHg after

28 days of in vitro culture, respectively [18, 19].

Two important factors have to be considered to make a
successful TEVG. The first factor that possesses the

mechanical stability of the TEVG must imitate the

robustness of a native vessel. Second, adhesive and con-
fluent endothelial cells in the lumen area to avoid throm-

bosis after implantation [20].

We have invented the concept of a textile-reinforced
biohybrid vascular graft and, till now, have successfully

applied this concept in vitro and in vivo [21–24]. However,

the current challenge is to reduce the bioreactor condi-

tioning time significantly to foster translation into the
clinic. We hypothesize that this could be achieved by either

adding an improved textile reinforcement and/or modifying

the hydrogel cell carrier. In the present study (Fig. 1), we
are employing a non-degradable textile poly(vinylidene

fluoride) (PVDF) mesh to give long-term structural support

to avoid aneurysm formation. The PVDF textile mesh is
coated with an electrospun poly(lactic-co-glycolic-acid)
(PLGA) layer to give temporary higher burst strength. The
nonwoven PLGA meshes fill up the gaps between textile

filaments and introduce microporosity to the graft. The

electrospun layer of PLGA has proven to be biocompatible
and biodegradable. Apart from that, it is cost-efficient and

easily producible [25–27].

Furthermore, we modified the fibrin matrix gel by add-
ing reactive amphiphilic copolymers, which are based on

N-vinylpyrrolidone (VP). N-vinyllactam-based polymers

have been proven biocompatible and possess specific
hydration properties [28]. Pich et al. have successfully

improved the mechanical properties of fibrin and thrombin-

based hydrogels by adding the poly(N-vinylpyrrolidone-co-
glycidyl methacrylate) (VP-co-GMA) copolymer [29]. We

hypothesize that the integration of this copolymer will

enhance the initial mechanical strength of the vascular
grafts.

Magnetic resonance imaging (MRI) is a non-destructive

approach and can be used in both in vitro and in vivo
monitoring. Cardiovascular functions can be broadly

investigated by the MRI device because of its optimum

contrast of soft tissues [30]. As discussed in a previous
study, the incorporation of MRI contrast agents could be

exploited as an additional technique to improve vascular

grafts’ visibility via non-destructive imaging [31]. Non-
destructive monitoring of implants provides not only real-

time diagnostics but also ensures patient safety. Mertens

et al. have successfully shown the enhanced visibility of
collagen scaffolds using ultrasmall superparamagnetic iron

oxide nanoparticles via 3 T MRI [32]. In addition, Rama

et al. have recently shown that after superparamagnetic
iron oxide nanoparticles (SPION)-labeling of their vascular

grafts’ textile scaffold, the longitudinal monitoring of the

degradation and remodeling of vascular prostheses is
accessible via multimodal imaging [33]. Furthermore, as a

valuable alternative to 1H MRI, Lammers et al. already

showed the potential that could result from the employment
of highly fluorinated thermoplastic polyurethane (19F-TPU)

as a novel material for tissue engineering applications [34].

Indeed, 19F-MRI techniques might provide useful insight,
especially for quantitative applications, thanks to the lack

of 19F signals in human or animal bodies.

In this study, we present tissue-engineered vascular
grafts, which would be ready to be transplanted after only
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4 days of bioreactor conditioning with well-suited

mechanical rigidity to allow implantation. We compared

three types of TEVG: (i) Non-coated TEVG: contains a
not-coated PVDF textile mesh and fibrin matrix hydrogel

along with cells (ii) Coated TEVG: contains an electrospun

PLGA coated PVDF textile mesh and fibrin matrix
hydrogel along with cells and (iii) Copolymer TEVG:
contains VP-co-GMA copolymer along with the coated

PVDF textile mesh, fibrin, and cells. The three variants of
TEVGs were mechanically tested and histologically ana-

lyzed instantly after molding (day 0) and after four days of

bioreactor conditioning (day 4). In addition to that, we
demonstrate the employment of novel imaging approaches

allowing the traceability and monitorability of vascular

grafts. Therefore, we aimed to employ non-invasive and
non-destructive 1H/19F MRI to investigate and monitor our

TEVGs’ integrity and remodeling. To this end, we also

introduced SPION and 19F-TPU into the textile scaffold of
our vascular grafts.

2 Materials and methods

2.1 Production of textile mesh

As already described in our previous publication [33], a

double-bar Raschel warp-knitting machine (Karl Meyer
Holding GmbH & Co. KG, Obertshausen, Germany) was

used to produce three different kinds of tubular meshes

structures from polyvinylidene fluoride (PVDF) (Lenzing

Plastics GmbH & Co. KG, Lenzing, Austria) multifilament
fibers (150 dtex, 48 filaments). To alter the inner diameters

of the tubular mesh structures, the number of used fibers

was varied (4, 6, and 10 fibers). The fabrication parameters
and effective arc per centimeter (EAC) value of the warp-

knitting process are shown in Table 1.

2.1.1 19F-TPU fiber fabrication

19F-TPU (Lubrizol, Wickliffe, Ohio, United States) multi-

filaments were produced via melt spinning (Fourné Poly-

mertechnik GmbH, Alfter, Germany). 19F-TPU pellets
were dried at 80 "C for 24 h prior to spinning using a

vacuum oven (Thermofischer Scientific, Waltham, MA,

Fig. 1 Schematic representation of the study design. A Electrospinning of the PLGA layer on the textile mesh, B Molding technique of the
TEVG, C The closed loop bioreactor, D Mechanical tests, E Non-invasive Imaging methods

Table 1 Warp-knitting process parameters for the tubular PVDF
mesh structures

Region of the mesh Chain notation of warp-knitting EAC value

Brim fibers 0-2-2-2-2-2-0-2-0-2-2-2-2-2-0/2//

0-0-2-0-2-0-0-0-0-0-2-0-2-0-0-
0//

6

Back part 2/2-2-0-2-2-2-4-2-2-2-0-2-2-2/4// 6

Front part 0-2-2-2-2-2-0-2-0-2-2-2-2-2-0/2// 6

Tissue Eng Regen Med (2022) 19(6):1169–1184 1171
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USA). For extrusion of the fibers, extrusion temperatures

(TE) of TE = 185–220 "C were used. The multifilament
spinnerets provided 10 circular shaped capillaries. The

spinning line setup consisted of a blow chamber, a mono

godget, two godget pairs, a heat channel as well as a winder
(SAHM 260XE, Georg Sahm GmbH & Co. KG, Eschwege,

Germany) for fiber collection. The heating channel was

placed between the two godget pairs and heated to a tem-
perature of 65 "C. VP 3 GA 661/19 (20 vol.-% in deinoized

water) was used as a spin finish for multifilament fabrica-
tion. Multifilaments could be produced at spinning veloc-

ities (vS) of vS = 130–144 m/min.

2.2 Electrospinning of SPION-labelled PLGA fibers

Warp-knitted meshes were coated with SPION-labelled
PLGA (Purasorb PLG 8523, Corbion Purac Gorinchem,

Netherlands) electrospun fibers for 10 min. Therefore, a

coaxial spinning head (Bioinicia SL, Paterna, Spain) with a
1400 lm shell capillary and a 580 lm core capillary was

used. For each spinning trial, the two used spinning dopes

(6 wt% PLGA (shell) and 6 wt% PLGA labeled with
0.2 wt% SPIONs (core), dissolved in methanol (MeOH,

neoLab Migge Laborbedarf – Vertriebs GmbH, Heidel-

berg, Germany) and chloroform (CHCl3, Carl Roth GmbH
& Co. KG, Karlsruhe, Germany) were prepared in a total

volume of 10 ml and stirred for 24 h at room temperature

until the PLGA was completely dissolved. The SPION
solution was added to the core solution directly before

execution of the electrospinning process and stirred until

reaching a homogenous solution. For coating, the PVDF
meshes, 30 cm of the structures were applied on a cylin-

drical collector. The tip to collector distance was set to

20 cm, and the printing head was driven continuously
along the PVDF mesh at a speed of 30 mm/s. The flow

rates of the core and shell solutions were set to 0.5 ml/h

and 1 ml/h during the spinning process. SPION labeled
PLGA fibers were spun at a voltage of ? 22 kV (emitter)

and - 20 kV (collector). All spinning trials were per-

formed at 25 "C and 30% humidity.

2.3 Scanning electron microscopy

For microfiber and graft observation, a scanning electron

microscope (SEM – 606 LV (JEOL, Tokyo, Japan) was

used. The operating voltage was set to 15 kV; images were
taken at 100-, 200-, 500- and 1000-fold magnification. To

avoid charging effects and ensure electrical conductivity,

the specimen was coated with a thin layer of Au/Pt before
measuring the SEM images.

2.4 Cell isolation

The human umbilical cord was collected in a transport
buffer solution beaker and kept at 4 "C for 4 h. The

umbilical cord was cleaned properly with PBS, and the

remaining blood clots were removed. To harvest the
smooth muscle cells, the arteries were isolated from the

cord and minced into small ring-shaped pieces with a

scalpel. The small pieces were distributed horizontally
inside a T75 cell culture flask and supplied with a fresh

DMEM medium (Thermofischer Scientific).

For the endothelial cells, the lumen of the HU artery was
soaked with collagenase (Thermofischer Scientific) for

30 min at 37 "C for incubation. After the collagenase

removal, the cells were cultured in the flask and supplied
with an endothelial basal medium (Promocell, Heidelberg,

Germany). The umbilical cord was collected from the

Gynecology Department at the University Hospital Aachen
in accordance with the human subjects’ approval of the

ethics committee (vote of the local ethics committee: ‘EK

2067).

2.5 Tissue-engineered vascular graft

To prepare the TEVG, a molding system was created as

described previously [21]. The molding system consists of

a molding cavity and a cylindrical core. The molding
cavity is made of a 6.4 mm inner diameter silicon tube

(Carl Roth), and a 3 mm solid steel rod was employed as

the core. Both ends of the mold were connected to
T-connectors with Luer-lock (Fleima Plastic, Wald-

Michelbach, Germany), which were used as sprue and

riser. Each sample of the TEVGs are 4 cm long, the inner
diameter is 3 mm, and the outer diameter is 6.4 mm. The

hydrogel inserted into the mold (375 ll/cm) was a com-

bination of fibrinogen (10 mg/ml) (Thermo Fisher),
thrombin (Sigma-Aldrich, Darmstadt, Germany), TBS

buffer (Thermo Fisher), CaCl2 (Sigma-Aldrich) and arterial

smooth muscle cells (10 9 106/ml). The polymerization
following the molding was confirmed, and the metal core

was removed afterward. The lumen was filled with arterial

endothelial cells at a concentration of 3 9 106/ml. Then
the TEVGs were constantly rotated at 1 rpm for 6 h, using

a modified peristaltic pump (Ismatec, Wertheim, Germany)

to equally distribute the endothelial cells on top of the
surface of the lumen. The copolymer TEVGs were pre-

pared separately, and along with the above-described fibrin

matrix gel, the VP-co-GMA copolymer solution (40 ll per
TEVG) was added. The copolymers were produced via

RAFT polymerization as described previously by Peng
et al. and Pich et al. [29, 35].

A custom-made close-loop bioreactor system was

designed to circulate the medium continuously. A
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123



centrifugal pump (Rs Pro, Plymouth, UK) was attached to

transport the media. A pressure sensor (Codan, Lensahn,
Germany) and a flow computer (Em-tec GmbH, Finning,

Germany) were attached to the bioreactor system. The

pressure was maintained from 80 to 120 mmHg, and the
flow rate was maintained from 50 to 200 ml/min. Addi-

tionally, a clamp (Bürkle GmbH, Bad Bellingen, Germany)

was installed to adjust the pressure within the system.

2.6 Synthesis of VP-co-GMA-copolymers via RAFT
polymerization

First, the RAFT agent Rhodixan A1 was synthesized as
described in the literature [36, 37]. Methyl 2-bromopropi-

onate (Sigma-Aldrich; 40 g, 234 mmol, 1 equiv.) was

dissolved in ethanol (300 ml). Potassium ethyl xan-
thogenate (Sigma-Aldrich; 43.1 g, 268 mmol, 1.1 equiv.)

was added stepwise under ice-cooling to the solution

within 45 min. Then, the solution was stirred at room
temperature for 3 h. The reaction mixture was then filtered

and concentrated at 40 "C at a pressure of 175 millibars.

Dichloromethane (Sigma-Aldrich; 600 ml) was added,
then the organic phase was extracted with demineralized

water (4 9 100 ml) before it was dried over magnesium

sulfate (Sigma-Aldrich) for 12 h. The solvent was removed
under reduced pressure. The RAFT agent was dried under a

high vacuum for 8 h.

The copolymers were synthesized via RAFT polymer-
ization as described previously by Peng et al. [29, 35]. The

synthesis was performed under an inert atmosphere. For a

copolymer with a target molecular weight of approximately
15 000 g/mol and a glycidyl methacrylate (GMA) content

of approximately 10 mol%, first, N-vinylpyrrolidone (VP,

TCI chemicals) and GMA (TCI chemicals) were purified
by vacuum distillation to remove the inhibitor. VP (4 g,

36 mmol, 1 equiv.) and the RAFT agent (0.063 g,

0.30 mmol) were dissolved in anisole (Sigma-Aldrich;
6 ml) and degassed with five freeze–pump–thaw-cycles.

Then, the reaction temperature was set to 60 "C. A GMA

solution (0.51 g, 3.6 mmol, 0.1 equiv.) in anisole (2 ml)
and an initiator solution (AIBN, 0.0099 g, 0.060 mmol,

0.002 equiv.) in anisole (0.4 ml) were prepared and

degassed with a nitrogen flow under ice-cooling for
30 min. To start the polymerization, the initiator solution

was added to the reaction mixture. The GMA solution was

added continuously by a syringe pump with a rate of
0.15 ml h-1 to the reaction flask. The mixture was cooled

down with liquid nitrogen after 24 h to stop the polymer-

ization. The copolymer was precipitated in diethyl ether
(400 ml) under ice cooling and dried under vacuum at

40 "C for 36 h.

2.7 Mechanical properties

To measure the burst strength, the TEVGs were cut and
opened into rectangular shaped 1cm2 samples and kept

inside a custom-made liquid-tight burst chamber. A pres-

sure sensor (Jumu, Munich, Germany), power supply unit
and data acquisition I/O device (National Instruments,

Austin, TX, USA) were assembled to detect the pressure

curve. The sample was kept in between two O-rings in the
burst chamber to confirm the proper sealing, and PBS

buffer was pumped into the chamber at the rate of 7.5 ml/

min via a peristaltic pump (Ismatec) until the sample burst.
The pressure courses were recorded via Labview software

(National Instruments).

2.7.1 Biaxial strength

To measure the biaxial strength, the TEVGs were cut and
sectioned into 1 9 1 cm samples. The samples were

clamped from both longitudinal and transversal directions

and were pulled from all four sides at a rate of 10 mm/min
until the failure point (Zwick Roell, Ulm, Germany). The

data were recorded via the test expert software (Zwick

Roell). The stress values were calculated by dividing the
force by area, and the strain values were calculated by

dividing the elongated length by the original length. The

young’s modulus (Y) values were calculated from the slope
of the stress–strain curve. The statistical analysis was

performed using one way ANOVA (mean ± SD) with

Tukey post hoc corrections.

2.7.2 Suture retention strength

The TEVGs samples were cut diagonally on one side

where the suture loop was placed. A size 7.0 suture

(Ethicon, USA) was placed 2 mm from the edge according
to the DIN EN ISO 7198-A.5.7.4.2.. One side of the TEVG

was clamped, and the suture was connected to the uniaxial

device (Zwick Roell) and pulled at a rate of 50 mm/min.

2.7.3 Statistical analysis for mechanical tests

For the above-mentioned mechanical tests, all samples

(sample size = 6) were analyzed by applying a one-way

analysis of variance(ANOVA) with Tukey post hoc cor-
rection using Origin Pro software (Northampton, MA,

USA).

2.8 Magnetic resonance imaging

A PVDF warp-knitted structure was coated with 0.2% (w/

w) SPION-labeled PLGA and then combined with a dif-

ferent number of 19F-TPU fibers (Lubrizol, Wickliffe, OH,
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USA). The textile structures were embedded in 10% gelatin

(w/v) and then imaged in a Bruker BioSpec 70/20 USR 7T
MRI (Bruker BioSpin GmbH, Rheinstetten, Germany)

equipped with a dual-tuned 1H/19F transmit/receive vol-

ume coil. After obtaining the 19F-NMR spectra of the
samples, which showed two distinct peaks at - 84.92 and

- 78.18 ppm, the offset frequency was determined and set

at - 24.000 Hz.
An ultrashort echo time (UTE) sequence [repetition

time: 30 ms; echo time: 0.296 ms; flip angle: 15.0"; aver-
ages: 100; matrix size: 32 9 32; field of view: (40 9 40)

mm2; slice thickness: 5 mm] was used to image the 19F-

TPU fibers. In addition, an initial trajectory measurement
based on 1H was performed to reduce distortions caused by

the not-so-abundant 19F signal. Qualitative T2-weighted

(T2W) images were acquired using a fast spin echo
sequence [echo time: 80 ms; repetition time: 4000 ms].

The superimposition and the 3D-rendering of the 1H and
19F MRI images were obtained using the Imalytics Pre-
clinical Software (Gremse-IT GmbH, Aachen, Germany).

2.9 Immunohistochemistry

Based on the protocol described by Koch et al., Carnoy’s

solution was used to fix the samples [38]. Subsequently,
they were washed in ethanol, dehydrated using a dehy-

dration device (Leica TP 1020, Wetzlar, Germany), and

embedded in paraffin until further use. Paraffin sections
were cut at 5 lm thickness using a microtome (Microm

HM 430, Thermofisher Scientific). Before staining, the

samples were deparaffinized by serial dilution of xylol and
ethanol. Sequenza Staining racks (Thermofisher Scientific)

were used to hold in place the samples. 0.1% Triton X-100

aqueous solution containing 5% of normal goat serum
(NGS) (Agilent Dako, Santa Clara, CA, USA) was used to

block and permeabilize the tissues. Afterward, the primary

antibodies were incubated at 37 "C for 1 h, and the samples
were washed 3 times with PBS for 5 min and then incu-

bated with the respective secondary antibodies for 1 h.

After washing the samples 3 times, they were incubated
with DAPI (1:500) (Thermofisher Scientific) and mounted

with a fluorescent mounting medium (Agilent Dako). The

primary antibodies employed for the histological analyses
are monoclonal, anti-human alpha-smooth muscle actin (a-
SMA) (Sigma-Aldrich); monoclonal, anti-human CD31

(Sigma-Aldrich); polyclonal, anti-human type I collagen
(Acris Antibodies GmbH, Herford, Germany); polyclonal,

anti-human type IV collagen (Acris Antibodies GmbH);

polyclonal, anti-human elastin (Acris Antibodies GmbH).
The secondary antibodies are anti-mouse Alexa Fluor 488,

anti-mouse Alexa Fluor 594, and anti-rabbit Alexa Fluor

594 (Thermofisher Scientific). An Axio Imager M2 fluo-
rescence microscope equipped with an AxioCam MRm

Rev.3 camera (Carl-Zeiss, Oberkochen, Germany) with a

magnification of 20 9 was used to acquire the most rep-
resentative images of each stained section.

2.9.1 Quantitative analysis of immunohistology

All the images used for the quantification of collagen-1,

collagen-4, a-SMA, and CD31 were acquired using a fixed
exposure time for each channel. Subsequently, the images

were post-processed with the AxioVision software (Carl-
Zeiss) and quantified via ImageJ (NIH and LOCI,

University of Wisconsin) to ensure the same windowing

and thresholding.

2.9.2 Statistical analysis

All quantified data of histological samples (sample size =

3) were analyzed by applying one-way analysis of vari-

ance(ANOVA) with Tukey post hoc correction using Ori-
gin Pro software (Massachusetts, USA).

3 Results

3.1 Electrospinning and molding of the TEVGs

The observation of the orientation and deposition of the

fibers was performed by scanning electron microscopy
(SEM). The SEM images (Fig. 2A, B) confirm the fiber

spreading and the porosity caused by the electrospun

coating. There was no evidence of fiber agglomeration or
‘beads on string’ structure all over the textile scaffold.

After molding, the MR imaging confirms a concentric layer

of fibrin gel and PLGA ? SPION coating on the PVDF
mesh (Fig. 2C, D.

3.2 Mechanical strength of the TEVGs

The e-spun coated TEVGs and copolymer TEVGs show

significantly higher burst strength than the non-coated
TEVGs (n = 6) (Fig. 3E). The instantly molded TEVGs

(day 0) show lower burst strength whereas, after four days

of bioreactor conditioning (day 4), the burst strength shows
a notable increase. The highest burst strength achieved was

in the copolymer TEVGs at day 4 (617 ± 85 mmHg). The

burst strength value of the native artery was found to be
(1803 ± 26 mmHg).

All sets of TEVGs (n = 6) had higher suture retention

strength than the native artery (Fig. 3F). The bioreactor
conditioning (day 4 TEVGs) enhanced the suture retention

strength, but the electrospun coating does not play an

important role in amplifying the suture retention strength as
the increase is non-significant. However, the addition of
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Fig. 2 Electrospun PLGA coated TEVG. A, B SEM images of the PLGA and SPION coating on the textile mesh. C TEVG after molding. DMR
images showing the lumen area and the coating upon the textile mesh

Fig. 3 Mechanical properties of the TEVG. A Schematic and
representation of hole-like rupture on the TEVG after the burst test
between the fibers through the hydrogel. B Microscopic image of the
ruptured hole between the fibers. C The suture loop on a TEVG
sample. D Biaxial tensile test of a rectangular cut sample. E Burst
pressure measurement of the TEVGs. F Suture retention strength of

TEVGs. G Qualitative T2W images of SPION-labeled PLGA coating
after 0 and 4 days of bioreactor conditioning. The hypointense signal
generated by the SPION decreased over time, correlating with the
PLGA coating degradation. Statistical analysis was performed using
one way ANOVA (mean ± SD) with Tukey post hoc corrections (n.s
p[ 0.05, *p B 0.05, **p B 0.01, ***p B 0.001)
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copolymer on the TEVGs increased the burst strength

significantly (Fig. 3E). The signal of the SPION-labeled
PLGA coating was observed and qualitatively studied via

7T MRI. After 4 days of bioreactor conditioning, the

samples (n = 3) showed decreased signal intensity in
comparison to day 0 (Fig. 3G).

The axial strength of all TEVGs (non-coated, coated,

and copolymer) was found to be higher than the radial
strength. In comparison to the native artery, the TEVGs at

day 0 show a lower strength, whereas the TEVGs at day 4
(n = 6) show a higher strength in both the axial and radial

measurements. However, the difference is not statistically

significant in both cases (Fig. 4A, B). Though the coating
and copolymer addition in the TEVGs have no significant

impact on enhancing the biaxial tensile strength, it indi-

cates an increasing order. The highest tensile strength was
found on the day 4 of copolymer-based TEVGs, where

2.45 ± 0.58 MPa axial strength and 1.50 ± 0.18 MPa

radial strength were recorded.
The Youngs’s modulus of the native artery was found to

be 1.5 ± 0.81 MPa which was the lowest in comparison to

all sets of TEVGs (Fig. 8D). No significant differences
were observed between the day 0 coted, non-coated, and

copolymer samples. However, the highest young’s modu-

lus, 12.31 ± 3.17 MPa, was recorded on the copolymer
TEVG at day 4 samples.

3.3 Immunohistochemistry

TEVGs at day 0 showed low expression of collagen type I
and type IV and smooth muscle actin. The bioreactor

conditioning assisted in expressing the tissue maturation in

the TEVGs at day 4. A monolayer of endothelial cells was
found in all TEVGs, as evidenced by CD 31 staining.

Although the signal of CD31 staining in TEVGs at day 0

was not very intense but TEVGs at day 4 had qualitative
progress, and the endothelial layer could be observed

clearly (Fig. 5). From the Alpha smooth muscle actin

staining, sphere-shaped actin matrices were found near the
smooth muscle cells in the freshly molded TEVGs,

whereas in the matured TEVGs the geometrical shapes

were found to be elliptical or flattened, which were similar
to the native artery. Neither the coating nor the copolymer

addition has any negative effect on the morphology or

growth of the cells (Fig. 6).
The quantitative analysis of immunohistology showed

the native artery has the highest area percentage meaning

more ECM across all the stainings (Fig. 7A–D). The
TEVGs at day 0 have the lowest area percentage, and at

day 4 increased area percentage in collagen I, collagen IV,

alpha SMA, and CD 31 stainings, but the difference is
statistically insignificant.

Fig. 4 Biaxial test of the TEVGs. A) Axial strength, B) Radial strength. Statistical analysis was performed using one way ANOVA
(mean ± SD) with Tukey post hoc corrections (n.s p[ 0.05, *p B 0.05,**p B 0.01, ***p B 0.001)
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3.4 1H/19F Magnetic Resonance Imaging

As illustrated in Fig. 8A, a systematic study was carried

out to determine the ideal amount of 19F-TPU fibers needed
to generate an adequate signal-to-noise ratio (SNR).

Therefore, an increasing number of 19F-TPU fibers was

combined with vascular graft textile scaffolds, composed
of PVDF warp-knitted structure and 0.2% (w/w) SPION-

labeled PLGA. The superimposition of qualitative T2W

and UTE images showed both enhanced visibility of the

PLGA layer due to the SPION labeling and increased 19F
signal intensity corresponding to a higher number of 19F-

TPU fibers (Fig. 8B). Interestingly, both signals are con-

comitantly detectable and, most importantly, distinguish-
able without interferences. As additionally shown through

the 3D-rendering of the gelatin phantoms, the incorporation

of a higher number of 19F-TPU fibers determined a higher
SNR, hence a very detailed 3D reconstruction.

Fig. 5 Immunohistochemical analysis of the non-coated TEVGs in comparison to a native artery (human umbilical cord). A–C CD31, DAPI. D–
F Collagen 1, DAPI. G–I Collagen 4, DAPI. J–L Alpha SMA, DAPI. Scale bar 20 lm. The stars mark the lumen
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4 Discussion

In the present study, we describe a further developed

concept of our biohybrid textile-reinforced vascular graft to
significantly shorten the production time and yet increase

the mechanical strength and tissue maturation process. This

is an important step toward clinical translation. To achieve
this goal, we adopted two strategies which were success-

fully proved. The first hypothesis was that the initial burst

strength could be increased by the application of an addi-
tional, electrospun layer of biodegradable PLGA fibers and

the second was to integrate VP-co-GMA copolymer to

mechanically strengthen the hydrogel as a cell carrier. Both
strategies showed two-fold higher burst strength around

451 ± 81 mmHg than the non-coated TEVG

202 ± 24 mmHg when measured just after molding (day

0). After 4 days of bioreactor conditioning, the burst

strength of copolymer TEVG was reached
617 ± 85 mmHg (Fig. 3E), and the coated TEVG to

586 ± 125 mmHg. Gui et al. and Syedain et al. have

previously reported that the pulsatile flow while condi-
tioning in a bioreactor helps in bringing higher bursts

strength [18, 39]. Syedain et al. monitored the burst pres-

sure of their vascular graft over time. After one week of
cyclic flow, they burst at a pressure of about 270 mmHg

and then increased to 596 ± 28 mmHg and

1366 ± 177 mmHg after 3 and 5 weeks respectively. Yao
et al. has found burst pressure of 177 ± 5.3 mmHg on

double-layered fibrin based TEVG which was not biore-

actor conditioned and these TEVGs could be compared to

Fig. 6 Immunohistochemical analysis of the coated and copolymer TEVGs. A–D CD31, DAPI, E–H Collagen 1, DAPI. I–L Collagen 4, DAPI.
M–P Alpha SMA, DAPI. Scale bar 20 lm. The stars mark the lumen
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the day 0 TEVGs from our study [40]. Though the textile

mesh in our study gives the backbone to support and higher

mechanical strength but particularly the burst strength is
more affected by the fibrin gel and the electrospun coating.

Because the material failure point of a burst test specimen

is similar to a pinhole (Fig. 3A, B), which is located in
between the knitted fibers, the integration of PLGA coating

and copolymer, therefore, increases the burst pressure. The

pressure supplied underneath the sample to burst the
sample could pass through the gel before it causes any

damage to the textile. However, without the textile support,

the fibrin gels are not strong enough and could lead to graft
failure. Our production technique of biohybrid vascular

graft has a design history, and we have already experi-

mented with the long-term bioreactor conditioning. Having

a similar construct, B. Tschoeke et al. has found
263 mmHg of burst pressure and 460 mmHg of burst

pressure after 14 days and 21 days of bioreactor condi-

tioning, respectively [22, 23].Wolf et al. have found
872 mmHg of burst pressure after 14 days of bioreactor

conditioning by further modifying the bioreactor [24]. The

burst strength increases when the TEVG is kept for a
longer time. However, the main goal here is to initially

enhance the burst strength before the complete ECM

maturation by modifying the hydrogel with a copolymer
and adding the extra electrospun layer. Doing more

Fig. 7 Quantitative analysis of the histology. A Collagen I, B collagen IV, C Alpha SMA D CD31. Statistical analysis was performed using one
way ANOVA (mean ± SD) with Tukey post hoc corrections (n.s p[ 0.05, *p B 0.05,**p B 0.01, ***p B 0.001)
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prolonged cultivation will shift our focus to achieving

higher and higher native-like burst strength, which is not

the immediate requirement in the clinic. The burst strength
we gained (617 ± 85 mmHg) only in 4 days is six-fold

higher than the systolic arterial pressure. The highest

reported blood pressure on any human is 370 mmHg [41].
Our next focus will aim towards further reducing the

bioreactor conditioning time and achieving peri-operative

implantation.The perioperative tissue engineering method
could become potentially the most vital approach to serve

acute vascular dysfunction.

The suture retention strength of TEVGs was even higher
than native artery because of the integrated textile rein-

forcement (Fig. 3F). The warp knitted textile mesh has a

loop-like structure, which helps in retaining the suture for a
longer time before failure. The bioreactor conditioning

further positively influenced the suture retention strength as

higher values were recorded on day 4 TEVG. The textile
scaffold being the major factor here, its influence mainly

determines the strength. Still, the combination of PLGA

coating and copolymer in the TEVGs also has a slight
impact, enhancing the suture retention strength. To obtain

precise data for future clinical study, a 7.0 ProleneTM

suture was used [42, 43]. Despite using small diameter
sutures our vascular grafts have shown much higher suture

retention strength than synthetic polymer-based vascular

grafts [13, 44]. Even very high suture retention strength
like 6.3 ± 2.8 N and 4.5 ± 1 N have been achieved by

Tschoeke et al. and Dimopoulos et al., respectively, in

different kinds of TEVGs [23, 45]. However, in these

experiments, 4.0 prolene suture ware was used, whereas in

vascular surgeries the use of 4.0 suture size has rarely been
found in literature and the size is too big to be employed in

small diameter vascular surgery. According to the DIN EN

ISO 7198, the suture size must be close to clinical rele-
vance to measuring the suture retention strength, hence a

7.0 size suture was used.

Though the tensile strength of vascular grafts has been
widely studied by other researchers, biaxial studies are not

found [46–48]. Some biaxial studies are done one after

another axis but not pulled from both sides at the same time
[49]. The axial strength of the TEVGs was higher than the

radial strength because of the textile structure. The rhom-

bus-like structure of the wrap knitting makes the axial
pulling angle lesser than the radial, therefore resulting in

higher tensile strength. The fibrin gel and the maturation

have a lesser effect on the biaxial test because most of the
strength develops from the textile mesh, unlike the burst

strength study. However, when compared to the native

artery, our TEVGs have similar tensile strength in both
axial and radial directions. Young’s modulus was also

significantly higher in TEVGs than in the native

artery(1.5 ± 0.81 MPa). The nondegradable PVDF textile
contributes more to the strength of the TEVGs, resulting in

higher elastic modulus. Inoue et al. have recently discussed

about the comparison of TEVGs with different native
arteries. They tested and found 5.41 ± 1.16 MPa of

Young’s modulus in raw TEVGs and after crosslinking by

Fig. 8 19F-TPU visibility via MRI. A Gelatin phantoms containing
0.2% (w/w) of SPION-labeled PLGA electrospun onto a PVDF warp-
knitted scaffold combined with a different number of 19F-TPU fibers.
B Transversal planes of superimposed grayscale T2W and ‘‘hot spot’’
UTE images show the increased 19F signal intensity correlating to a

higher number of 19F-TPU fibers. C 3D rendering of superimposed
1H/19F-MR images of the samples. D Young’s modulus of the TEVGs
and native artery. Statistical analysis was performed using one way
ANOVA (mean ± SD) with Tukey post hoc corrections (n.s
p[ 0.05, *p B 0.05, **p B 0.01, ***p B 0.001)
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glutaraldehyde, they found 7.65 ± 1.18 MPa.Along with

TEVGs, they have compared the young’s modulus of
native veins and arteries and found 1.5 MPa and 3 MPa,

respectively [50].

The production method of tissue-engineered grafts, the
bioreactor, and the conditioning strategy plays a vital role

in maintaining and growing the extracellular matrices

[30, 51–53]. The immunohistological analysis has proved
the development of essential extracellular matrices in just

4 days of bioreactor conditioning, thus, the molding tech-
nique and bioreactor used in the present study have a

supportive and positive impact. The electrospun layer and

copolymer have no negative impact on the ECM devel-
opment, and on the other hand, they also do not show a

further positive impact on ECM maturation, summarizing a

neutral effect. Previous studies have shown that in the
phase of tissue remodeling, the collagen amount could

increase, decrease or remain the same depending on their

enzyme activities [24, 52, 53]. In the present study, the
collagen has shown a very good maturation in the TEVGs

at day 4 than the TEVGs at day 0. The quantitative analysis

of immunohistology shows a significant difference between
native arteries and all sets of TEVGs across all the stain-

ings. Achieving a similar ECM to the native artery in just

4 days was neither our hypothesis nor expected. Substan-
tially shortening production time and yet having sufficient

mechanical strength with increasing ECM was our expec-

tation and the results obtained met our hypothesis.
In regards to the imaging approach, TEVG’s scaffold

traceability was demonstrated by MRI. The PLGA degra-

dation was monitored over 4 days and qualitatively anal-
ysed. The signal intensity was found to be weaker after

4 days of bioreactor conditioning, indirectly indicating the

degradation of the PLGA coating. The monitoring of the
degradation of this biocompatible TEVG component could

be used as an indirect marker to predict patient compliance

and ameliorate their outcomes [54, 55]. Subramanian et al.
and Prabhakaran et al. had also previously discussed about

the PLGA degradation in relation to tissue response

[55, 56]. However, these studies were carried out via
invasive imaging methods, thus after animal sacrifice or

termination of the experiment. On the other hand, as shown

in our previous publication, we recently proposed a novel
imaging approach that showed the replacement of the

degradable PLGA layer with new ECM deposition and the

monitoring of the onset of inflammatory reaction in a non-
invasive and non-destructive way [33]. Indeed, the longi-

tudinal monitorability of the SPION-labeled PLGA textile

component degradation was proved both in vitro and
in vivo without harming or sacrificing the animals until the

end of the experiment. Moreover, the ECM production and

TEVG’s endothelial functionality were also investigated
via non-invasive and non-destructive molecular MRI and

targeted ultrasound. In addition, also here in our study, we

showed the successful employment of this novel imaging
approach to qualitatively assess the SPION-labeled PLGA

layer degradation while TEVGs were still under bioreactor

conditioning.
On the other hand, we were able to develop a novel

textile scaffold by combining 19F-TPU and SPION-labeled

PLGA, proving the visibility and detectability of both
SPION-labeled PLGA and 19F-TPU fibers via 1H/19F MRI.

During the last decades, several new strategies and
approaches have been proposed to modify MRI scanners,

customize coils and software, and develop fluorinated

polymeric nanoparticles [57, 58] or metallic nanoparticles
[59], micelles [60], nanoemulsions [61], or mesoporous

silica spheres [62] as in vivo cell tracking and trafficking

system [63] or to be integrated into tissue-engineered
constructs [34, 64]. Therefore, the employment of non-in-

vasive multimodal imaging modalities, as such we

demonstrated herein to monitor the structure of our
TEVGs, might provide tremendous advantages in several

theranostic and therapeutic applications.

In conclusion, we here present a biohybrid tissue-engi-
neered vascular graft with a distinct shortage of production

time yet possessing sufficient mechanical strength. We

were able to prove that the initial burst strength of the
TEVGs can be enhanced by coating a layer of electrospun

PLGA onto a PVDF textile mesh and integrating a VP-co-
GMA copolymer into a fibrin cell carrier hydrogel.
Applying this strategy allows to reduce the bioreactor

conditioning time to 4 days instead of several weeks as just

in 4 days of conditioning, sufficient ECM maturation can
also be achieved.

Herein, we confirmed once again the increased visibility

of our TEVGs after SPION-labeling and non-invasive
qualitative assessment via 7T MRI. In addition, we

demonstrated the employment of a novel imaging

approach, which allowed the coupled visualization of
SPION-labeled and 19F-TPU fibers via 1H/19F-MRI with-

out interferences and overlapping of the signals.

In conclusion, the several strategies proposed through-
out this study to effectively shorten TEVGs bioreactor

conditioning time without jeopardizing their mechanical

strength and to develop novel non-invasive and non-de-
structive multimodal imaging approaches to increase the

visibility and monitorability of our vascular prostheses

might strongly foster the in vivo applicability of our model
of biohybrid tissue-engineered vascular grafts.
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Supplementary information: 
Table  S1:  p values obtained from the statistical analysis. Column 1 indicates the 

combinations, and the other columns (2-5) show the P value data for the performed 

tests. 
 

                    combinations P values 
 

Burst 
strength  

test 

Suture  
retention  
stregth 

axial s 
trength 

radial 
strength 

Coated TEVG day 0 ,  Not Coated TEVG day 0 1,36732 0.9479 1,00 0.99999 

CO-Polymer TEVG day 0,  Not Coated TEVG day 0 0,0790723 0.51739 0.99587 0.99992 

CO-Polymer TEVG day 0 , Coated TEVG day 0 0.95667 0.97741 0.99495 1 

Not Coated TEVG day 4 , Not Coated TEVG day 0 98,6148 0.0255 0.96804 0.80529 

Not Coated TEVG day 4,  Coated TEVG day 0 0.77632 0.23255 0.9639 0.89998 

Not Coated TEVG day 4 , CO-Polymer TEVG day 0 0.22348 0.71922 0.99993 0.93063 

Coated TEVG day 4,  Not Coated TEVG day 0 0,00194105 0.00636 0.83686 0.84742 

Coated TEVG day 4 , Coated TEVG day 0 0.03517 0.08015 0.82564 0.9283 

Coated TEVG day 4 , CO-Polymer TEVG day 0 0.27243 0.39229 0.99128 0.95269 

Coated TEVG day 4,  Not Coated TEVG day 4 69,3623 0.99821 0.99958 1 

CO-Polymer TEVG day 4,  Not Coated TEVG day 0 0,00112218 0.00244 0.6135 0.24159 

CO-Polymer TEVG day 4 , Coated TEVG day 0 0.00483 0.03586 0.59867 0.34481 

CO-Polymer TEVG day 4 , CO-Polymer TEVG day 0 0.05848 0.22314 0.92517 0.39716 

CO-Polymer TEVG day 4,  Not Coated TEVG day 4 0,73362 0.97421 0.9836 0.95434 

CO-Polymer TEVG day 4 ,  Coated TEVG day 4 0.9874 0.99985 0.99969 0.93276 

Native artery , Not Coated TEVG day 0 0 0.99964 0.68647 0.48046 

Native artery,  Coated TEVG day 0 0 0.79278 0.67211 0.61618 

Native artery , CO-Polymer TEVG day 0 0 0.29106 0.95524 0.67546 

Native artery , Not Coated TEVG day 4 0 0.00905 0.99281 0.99809 

Native artery , Coated TEVG day 4 0 0.00209 0.99996 0.99564 

Native artery ,  CO-Polymer TEVG day 4 0 77,61 1,00 0.9993 
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Top view of a TEVG: 

Figure S 1 

 
 
 
Figure S1:: Top view of a TEVG after molding 
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Abstract
The development of cardiovascular implants is abundant, yet their clinical adoption remains a significant challenge in the 
treatment of valvular diseases. Tissue-engineered heart valves (TEHV) have emerged as a promising solution due to their 
remodeling capabilities, which have been extensively studied in recent years. However, ensuring reproducible production 
and clinical translation of TEHV requires robust longitudinal monitoring methods.
Cardiovascular magnetic resonance imaging (MRI) is a non-invasive, radiation-free technique providing detailed valvular 
imaging and functional assessment. To facilitate this, we designed a state-of-the-art metal-free bioreactor enabling dynamic 
MRI and ultrasound imaging. Our compact bioreactor, tailored to fit a 72 mm bore 7 T MRI coil, features an integrated 
backflow design ensuring MRI compatibility. A pneumatic drive system operates the bioreactor, minimizing potential MRI 
interference. The bioreactor was digitally designed and constructed using polymethyl methacrylate, utilizing only polyether 
ether ketone screws for secure fastening. Our biohybrid TEHV incorporates a non-degradable polyethylene terephthalate 
textile sca"old with fibrin matrix hydrogel and human arterial smooth muscle cells.
As a result, the bioreactor was successfully proven to be MRI compatible, with no blooming artifacts detected. The dynamic 
movement of the TEHVs was observed using gated MRI motion artifact compensation and ultrasound imaging techniques. In 
addition, the conditioning of TEHVs in the bioreactor enhanced ECM production. Immunohistology demonstrated abundant 
collagen, α-smooth muscle actin, and a monolayer of endothelial cells throughout the valve cusp. Our innovative methodol-
ogy provides a physiologically relevant environment for TEHV conditioning and development, enabling accurate monitoring 
and assessment of functionality, thus accelerating clinical acceptance.

Keywords Tissue engineering · Bioreactor · Cardiovascular implants · Non-invasive imaging · 7T MRI

Introduction

The unmet clinical needs caused by cardiovascular dis-
eases such as endocarditis and calcification have led to a 
substantial increase in heart valve replacements worldwide. 
Traditional prosthetic heart valves, though e"ective, have 
notable limitations, including thrombosis risk, structural 
deterioration, and lack of growth potential in younger 
patients. Mechanical valves, while durable, require lifelong 
anticoagulation, which raises the risk of bleeding. Alter-
natively, bioprosthetic valves are susceptible to structural 
deterioration, especially in younger patients, often leading 
to the need for reoperation [1, 2]. Consequently, cardiovas-
cular tissue engineering has emerged as a promising solution 
to address these challenges, aiming to replicate the struc-
ture, function, and dynamics of native heart valves while 
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promoting long-term integration and functionality within the 
body [3–6]. However, integrating tissue-engineered valves 
into the recipient’s body is highly complex. It poses crucial 
challenges, such as the degradation of synthetic sca"olds 
and the remodeling and maturation of the engineered tis-
sue. For this reason, the translation of the various existing 
concepts into clinical applications has not yet taken place. 
To assess the safety and performance of a newly developed 
implant, it is important to monitor the entire life cycle. This 
starts with the in vitro conditioning phase to observe quality 
parameters to define release criteria and ends with clinical 
follow-up examinations of the implant in the patient.

In recent decades, cardiovascular MRI and ultrasound 
have emerged as non-invasive, radiation-free alternatives for 
valvular heart conditions, providing detailed valve images 
and precise stenosis/regurgitation assessment [7]. While 
non-invasive tests like ECG and auscultation remain e"ec-
tive, their outcomes hinge on both physician and patient [8].

With the objective of advancing biohybrid tissue-engi-
neered implants for clinical application, our research group 
demonstrated the MR imaging of tissue-engineered vascular 
grafts both in vitro and in vivo [9]. Subsequently, we pre-
sented the imaging concept of monitoring the deposition of 
extracellular matrix (ECM) components and the onset of 
potential inflammatory reactions in vascular grafts in 7 T 
MRI and ultrasound imaging modalities [10, 11].

MRI o"ers distinct advantages over other imaging modal-
ities like CT and X-rays for in vitro heart valve imaging. It 
provides excellent soft-tissue contrast and greater penetra-
tion depth, allowing for highly detailed and accurate assess-
ments of heart valve structures. In addition, MRI does not 
involve ionizing radiation, which is beneficial for potential 
human applications. However, it is important to note that 
CT technology is continuously evolving, with improvements 
in resolution and imaging speed making it an increasingly 
competitive option, despite its reliance on radiation [12–14]. 
Recognizing the increasing demand for comprehensive valve 
replacement solutions, we have extended these imaging tech-
niques to the evaluation of heart valves. However, imag-
ing of heart valves presents distinct challenges compared to 
vascular grafts due to their intricate structure and dynamic 
movement.

Several attempts have been made to create bioreactors 
for conditioning heart valves [15–20], where designs were 
adapted primarily for the movement of the valves and pro-
viding a suitable environment for overall cell growth.

Karim et al. developed a tissue reactor for decellulariz-
ing porcine heart valves and then recellularizing them with 
human vascular cells, optimizing conditions to withstand 
cyclic pulmonary pressures [21]. Te"t et al. engineered a 
bioengineered heart valve and bioreactor that maintained 
cell viability for up to 2 weeks, focusing on sustaining 
pressure and flow conditions [22]. Similarly, Syedain et al. 

created fibrin-based heart valves and bioreactors, emphasiz-
ing their ability to endure cyclic pulmonary pressures [23]. 
However, none of these studies incorporated non-invasive 
imaging techniques like MRI. In contrast, our bioreactor 
integrates MRI capabilities, providing a significant advan-
tage by enabling detailed, non-invasive monitoring of valve 
function and tissue growth, thus enhancing the overall evalu-
ation and management of the bioreactor system.

Voss et al. (2022) have recently made remarkable func-
tional bioreactors, but they were equipped with an actuator 
motor to open and close the valve, which does not qualify 
for MRI modality [24]. Even though there are previous 
approaches that used pneumatic drives [25, 26], they also 
did not have any non-invasive imaging possibility.

Non-invasive imaging like MRI offers the ability to 
acquire multiple types of imaging contrasts, and dynamic 
MRI enables real-time monitoring of physiological pro-
cesses. 7 Tesla (7 T) MRI has emerged as a potential tool for 
cardiovascular imaging due to its ability to provide higher 
spatial resolution and tissue contrast than 3 T MRI [27], 
allowing for clear visualization of complex structures [28].

Therefore, our focus was on conducting tests using lab-
sized and small animal-sized MRI devices (with a bore 
diameter of 70 to 75 mm). This approach allows for the 
exploration of small tissue-engineered heart valves, which 
is particularly relevant for studying young patients. The 7 T 
MRI o"ers clear advantages over lower field strengths like 
3 T or 1.5 T, including superior resolution, higher signal-to-
noise ratio (SNR), and enhanced soft-tissue contrast. These 
benefits enable much finer visualization of lesions, more pre-
cise detection of small anatomical details, and better assess-
ment of subtle movements, which are crucial for detailed 
imaging studies. In the design of a small-bore bioreactor, 
we implemented an integrated backflow design, facilitating 
circulation from the ventricle to the aorta within a single 
cylindrical structure. The bioreactor comprises three essen-
tial chambers: the observation chamber for examining the 
valves, the fixation chamber for securing the valves, and the 
air chamber for compressing air.

The TEHVs were fabricated by combining medical-
grade polyethylene terephthalate (PET) textile and fibrin 
matrix gel along with human arterial smooth muscle cells 
and were sutured on a silicon conduit (Fig 1a–b) as previ-
ously described [24, 29]. To improve the detectability of the 
TEHVs in MRI, the PET sca"old was coated with super-
paramagnetic iron oxide nanoparticles (SPION)-labeled 
polylactic glycol acid (PLGA) electrospun fibers.

In this study, we present a novel bioreactor design for 
the conditioning of aortic tissue-engineered heart valves 
(TEHV) that supports multi-modal imaging (Fig 1 c–e). We 
demonstrate the MRI compatibility of our bioreactor without 
encountering blooming artifacts, allowing for clear obser-
vation of the dynamic movement of TEHVs using gated 
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MRI motion artifact compensation and ultrasound imaging 
techniques. Furthermore, our bioreactor’s role in enhancing 
extracellular matrix (ECM) production within the TEHVs by 
mimicking the physiological conditions of the human body 
by precisely controlling factors like fluid flow, temperature, 
 CO2 concentration, and pressure within the bioreactor was 
confirmed through immunohistological analysis, revealing 
abundant collagen, α-smooth muscle actin (α-SMA), and 
endothelial cell monolayers across the valve cusp.

Where ultrasound o"ers real-time insights into structural 
aspects and immediate changes, and MRI complements the 
analysis by providing detailed anatomical and functional 
information over longer timeframes, the synergy between 
these two imaging modalities enhances the overall under-
standing of tissue development, allowing researchers to 
make informed decisions during the design and optimiza-
tion of tissue engineering strategies. In addition, this setup 
can also be transferred to translational implant develop-
ment and enable an entire implant life-cycle management 
to ensure patient safety. Looking ahead, this bioreactor 
serves as a ‘Blackbox’ capable of gathering and interpreting 
critical information such as ECM remodeling and material 

degradability, previously unknown, thus advancing our 
understanding of implant performance and longevity.

Materials and Methods

Production of Textile Mesh

The tubular textile mesh was produced from medical-
grade polyethylene terephthalate (PET) multifilament yarn 
on a DR 16 EEC/EAC double-face Raschel warp knitting 
machine (Karl Mayer GmbH). The yarn had a yarn count 
of 78 dtex and consisted of 24 filaments. The yarn type was 
Fully Drawn Yarn (FDY) with 100% PET composition, and 
the breaking load of the yarn was 334 g, and the breaking 
elongation was 30%. A tull-filet pattern was employed while 
manufacturing, along with a needle gauge of E30 (equivalent 
to 30 needles per inch) and a course density of 15 stitches 
per centimeter. To create the tubular structure, 52 PET yarns 
were processed, and this structure was thermostabilized at 
200 °C for 8 min on a metal rod before it was ready to be 
molded.

Fig. 1  Study design. a Molding of a tissue-engineered heart valve 
with the combination of fibrin, thrombin, and arterial smooth mus-
cle cells. b Tube-in-tube-like structure and suturing of the heart valve 

inside a silicon conduit. c Setup of the metal and electronic free bio-
reactor. d Ultrasound setup for the bioreactor. e Bioreactor and its 
elongated setup outside the MRI room
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Electrospinning of SPION-Labeled PLGA Fibers

Polylactic-co-glycolic acid (PLGA) (Purasorb PLG 8523, 
Corbion Purac Gorinchem, Netherlands) was dissolved in 
chloroform and methanol. The SPION particles were syn-
thesized as described in Ref. [30] and were then mixed for 
24 h with the PLGA solution at room temperature. The 
combination of both PLGA and SPION solution was loaded 
into a coaxial electrospinning needle (Bioinicia SL, Paterna, 
Spain) and was electrospuned for 10 min in a custom-made 
device. Electrospinning was performed in a constant climate 
chamber (Binder GmbH, KBF 720) at 25 °C and less than 
30% humidity. The motor for the rotation was applied to 
the platform for horizontal movement. The mandrel with 
the PET textile was attached to it via a PEEK (polyether 
ether ketone) connector. A plastic holder on the open side 
stabilizes the mandrel. The aluminum mandrel (13- and 
15-mm diameter) and PEEK connector were custom-made. 
For each sample, a 15-cm-long PET mesh was set on the 
collector rod for spinning. The stand-o" distance between 
the collector and nozzle tip was set to 20 cm, and the motor 
speed was 30 mm/s. The flow rates at the core were 0.5 ml/h 
and at the shell 1 ml/h during the spinning process. At the 
nozzle, + 22 kV (emitter) and the collector, − 20 kV, were 
applied during the spinning.

Scanning Electron Microscopy

For a comprehensive qualitative analysis of the fiber ori-
entation, scanning electron microscopy (Thermo Fisher 
Scientific Inc., Quattro S) images were taken. The samples 
were coated (Leica Camera AG, High Vacuum Sputter 
Coater, EM SCD 500) either by gold palladium or graphite 
to prevent the charging of the surface. The operating volt-
age was set to 10 kV. Images were taken at 100-, 500-, and 
1000-fold magnification. A gold–palladium coating was 
employed to enhance the signal-to-noise ratio during sec-
ondary electron detection mode (SE). To mitigate charging 
e"ects and guarantee electrical conductivity, a thin layer of 
Au/Pt was applied to the specimens before conducting SEM 
image measurements. SE mode images were captured with 
an electron acceleration voltage of 10 kV, utilizing an Ever-
hart–Thornley detector (ETD) in a high vacuum setting at 
a distance of 15 cm. The precautionary step of coating the 
specimens with a thin layer of Au/Pt was taken to prevent 
charging e"ects and ensure optimal electrical conductivity 
during the SEM image measurement process.

Cell Isolation

Smooth muscle cells and endothelial cells were isolated 
from human umbilical cords under the approval of the 
ethics committee of the human subjects (vote of the local 

ethics committee: 'EK 2067). A transport bu"er solution 
was prepared to transport the human umbilical cord. The 
umbilical cord was kept at 4 °C for 4 h before the isola-
tion in the transport bu"er. To remove the remaining blood 
clots, the umbilical cord was thoroughly cleaned with PBS 
via an irrigation cannula. The two arteries from the umbili-
cal cord were harvested, and all the unwanted tissue was 
removed carefully with tweezers. As described before [11, 
31, 32], for the collection of smooth muscle cells, the arter-
ies were extracted from the cord and finely chopped into 
small ring-shaped sections using a scalpel. These small seg-
ments were then evenly distributed horizontally within a T75 
cell culture flask. Once the arterial rings were slightly dry 
and stable on the surface, they were fed with fresh DMEM 
medium (Thermo Fisher, Germany) containing antibiotics. 
Since the flask was not coated with gelatin, it was unsuitable 
for endothelial cells, which were washed away during the 
medium change the following day. Small colonies of SMCs 
were observed in 2 to 3 days, and 70–80% confluency was 
achieved in 7 to 10 days.

To isolate endothelial cells, the lumen of the HU artery 
was filled with collagenase (Thermo Fischer, Germany) by 
a cannula and incubated at 37 °C for the collagenase enzy-
matic reaction to happen for 30 min. Following the removal 
of collagenase, the cells were cultured in a flask and supplied 
with an endothelial basal medium (Promocell, Germany). 
The flasks were coated with gelatin, which was responsible 
for cell attachment to the surface. Cell colonies were con-
firmed the following day, and confluency was achieved in 
a week.

Design and Production of the Bioreactor

The bioreactor was designed using computer-aided design 
(CAD) software (Autodesk, California, USA) and produced 
from polymethyl methacrylate (PMMA) by CNC machine. 
The bioreactor was divided into three distinct chambers, 
each designed for a specific function (Fig 2c). The first 
chamber, known as the fixation chamber, was where the 
TEHV was fastened. This chamber operated analogously to 
the ventricle of the heart, simulating the conditions that the 
valve would experience in vivo.

The second chamber, referred to as the observation cham-
ber, functions similarly to the aorta of the heart. It includes 
an ultrasound window, which allows for real-time monitor-
ing of the valve. In addition, MRI images were captured 
from this chamber, providing detailed insights into the 
valve’s performance, hence its designation as the observa-
tion chamber.

The third chamber, the air chamber, contained only 
compressed air and no other medium. The pressurized 
air in this chamber exerts a force on a membrane, which 
in turn propels the medium from the fixation chamber 
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through the TEHV, e"ectively simulating the flow of the 
medium through a heart valve. All chamber’s outer diam-
eter was set to 70 mm as the coil in the MRI system had 
a 72 mm diameter. The inner diameter of each chamber 
was designed according to their di"erent application, as 
mentioned in Fig 2a, d, and e.

The transparent nature of PMMA makes it suitable for 
qualitative observations of the conditioning. All parts of the 
bioreactor except the screws and membrane were sterilized 
by low-temperature hydrogen peroxide gas plasma (ASP 
Global Manufacturing GmbH, STERRAD 100S Sterilization 
System). To assemble all the chambers of the bioreactor, 20 
M4x20 and 10 M4x8 polyether ether ketone (PEEK) and 6 
M4x50 polyamide PA screws were used. Pieces of silicone 
membrane (thickness 0.44 mm) (Wacker Chemie AG) were 
cut to fit between the air and fixation chamber and between 
the observation chamber and observation window (Fig. 2g).

To avoid leakage, sealing rings were inserted at the con-
tact areas of the remaining bioreactor parts. Three and two 
nozzles (Sang-A, straight hose nozzle 8 mm R 1/8" male 
thread PA) were added on the lid and the floor, respectively. 

The threads of the nozzles were covered by Teflon film to 
prevent leakage.

Tissue-Engineered Heart Valve

Two cylindrical structures were engaged to make the TEHV. 
One is a silicon conduit that acts as a housing of the valve, 
and another is a tubular sca"old, which is the leaflets. This 
structure is based on a tube-in-tube concept, where the 
leaflets were stitched into a silicone housing conduit (Fig 
1b). The valve was molded in a 3D-printed veroclear mold 
where the hydrogel and cells were injected (Fig 1a, S1). The 
hydrogel matrix was prepared by combining 50% fibrinogen 
(10 mg/mL), 7.5% thrombin (40 U/mL), 7.5% 50 mM CaCl2 
in Tris bu"er solution (TBS), and human umbilical artery 
smooth muscle cells. The cell density was 10 %  106 cells/
mL in a total 2 mL volume of fibrin gel for every valve. 
After the injection molding and the fibrin gel were allowed 
to polymerize completely, the TEHVs (n = 3) were statically 
conditioned for 7 days, following the procedures outlined 
by Moreira and Weber [29]. During this static phase, the 

Fig. 2  Computer-aided design of the bioreactor chambers. a The 
observation chamber with an integrated backflow. b Side view of the 
observation chamber showing the vertical cross-section. c Assembly 

of all chambers of the bioreactor. d Side view of air chamber. e Side 
view of fixation chamber. f Top view of the observation chamber. g 
The ultrasound window cap. All the dimensions are in mm
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culture medium is continuously cycled through a reservoir 
with gas exchange filters, ensuring a stable environment for 
the cells, although the valve is not yet exposed to dynamic 
flow conditions. This static conditioning phase is crucial 
for the initial growth and maturation of the ECM, making 
the valve more resilient and better prepared to withstand 
the stresses of dynamic flow introduced later in the process.

After the static culture, the valves were endothelialized 
inside a 50 mL falcon tube with an endothelial cell den-
sity of 3 %  106/mL. To culture, both endothelial cells and 
smooth muscle cells, a combination of both mediums was 
used along with supplements. The bioreactor medium con-
sisted of 500 mL of DMEM along with 50 mL fetal bovine 
serum, 5 mL antibiotics, 308 mg Vitamin C, and 1712 &L 
tranexamic acid, and 500 mL of Lonza EGM (Lonza Group 
AG, EGM-2 Microvascular Endothelial Cell Growth 
Medium-2 BulletKit, CC-320) with supplements and 
308 mg of Vitamin C. The bioreactor runs for 7 days and 
is driven by a pressurized air system. A magnetic control-
lable valve (ODE-Magnetventile/SFS-Fluid Systeme GmbH, 
magnetic valve, 21A2ZV45D) was connected to a pressured 
air supply that provides a pressure of 1 bar and to the nozzle 
on the floor of the bioreactor. The second outlet of the air 
chamber is connected to a second controllable valve (ASCO 
Power Technologies, microfluidic valve, PVG202A203V.24/
DC), which has an open end on the other side. Both valves 
were connected to a DAQ box to control the valves via the 
LabView program.

The bioreactor is positioned within an incubator main-
tained at 37 °C and a  CO2 concentration of 5% (CB 210, 
BINDER GmbH, Germany). The bioreactor culture medium 
was manually changed every 3 days.

Magnetic Resonance Imaging

The bioreactor setup was the only component placed inside 
the MRI room (Figs. 1e, 5a), with all electronic equipment 
and controls kept outside to avoid interference with the 
MRI. Compressed air required for the valve’s operation was 
delivered through specific air-pressure-carrying tubes, which 
connected the external air supply to the bioreactor inside 
the MRI room. This arrangement ensured that the bioreac-
tor could function e"ectively within the MRI environment 
without compromising the imaging quality or the integrity 
of the electronic systems.

TEHVs were monitored using a Bruker BioSpec 70/20 
USR 7  T MRI scanner (Bruker BioSpin GmbH, Ger-
many). To reduce movement artifacts, a breathing patch 
was secured on top of the ultrasound membrane to syn-
chronize MR data acquisition to the mechanically induced 
cardiac cycles. First, the positioning and the MRI visibil-
ity of the valve were assessed by T2-weighted sequences, 
which were acquired axially and coronally using a fast spin 

echo sequence [repetition times (TR): 209.4 ms; echo time 
(TE): 2.8 ms; flip angle: 50°; averages: 4; matrix size; 360 
x 360; field of view (FOV): (50 x 50)  mm2; slice thickness; 
1 mm]. Subsequently, gradient-recalled echo pulse or cine 
sequences of the heart valves, consisting of multiple static 
images rapidly displayed in a continuous loop, were acquired 
[TR: 11.02 ms; TE: 3.9 ms; flip angle: 10°; repetitions: 4; 
oversampling: 100; movie frames: 15; matrix size; 256 x 
256; FOV: (50 x 50)  mm2; slice thickness; 1 mm]. Imalytics 
Preclinical Software (Gremse-IT GmbH, Aachen, Germany) 
was employed for image analyses. The maximum opening 
area of the valves was calculated using the Image J (NIH, 
USA) software.

Ultrasound

Ultrasound was performed using a VEVO 3100 ultrasound 
system equipped with a linear array-MX-250 transducer 
(FUJIFILM VisualSonics, Toronto, Ontario, Canada). The 
transducer was placed vertically onto the bioreactor win-
dow positioned on top of the heart valves. The small cav-
ity of the US window was filled with water to decrease the 
acoustic impedance. The heart valves were imaged in bright 
field mode at 21 MHz frequency and 100 frames. VevoLAB 
software version 5.2 (FUJIFILM VisualSonics, Toronto, 
Ontario, Canada) was used for image analyses.

Immunohistochemistry

The Carnoy’s solution was used to fixate the samples based 
on the previously published protocol described by Koch et al. 
[33], which is a mixture of ethanol, chloroform, and acetic 
acid. Afterward, the samples were washed in ethanol for 
30 min, followed by dehydration using a dehydration device 
(Leica TP 1020, Wetzlar, Germany). The specimens were 
subsequently embedded in para'n for storage until further 
use. Sections of para'n, with a thickness of 5 µm, were cut 
using a microtome (PFM medical, Germany). Preceding the 
staining process, the samples underwent depara'nization 
through a sequential dilution series of xylol and ethanol. The 
Sequenza Staining racks (Thermofisher Scientific, Massa-
chusetts, USA) were employed to secure the samples in posi-
tion. To block and permeabilize the tissues, a 0.1% Triton 
X-100 aqueous solution containing 5% normal goat serum 
(NGS) from (Agilent Dako, Santa Clara, California, USA) 
was utilized. Subsequently, the primary antibodies were sub-
jected to an incubation period at 37 °C for 1 h, followed by a 
triple wash with PBS for 5 min each. The samples were incu-
bated with the corresponding secondary antibodies for 1 h. 
Following another round of triple washing, the samples were 
incubated with DAPI (1:500) from (Thermofisher Scientific, 
Massachusetts, USA), washed three times with PBS, and 
finally mounted using a fluorescent mounting medium from 
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(Agilent Dako, Santa Clara, California, USA). The primary 
antibodies utilized for the histological analyses were directed 
against anti-human CD31 (Sigma-Aldrich, Darmstadt, Ger-
many), anti-human alpha-smooth muscle actin (α-SMA) 
(Sigma-Aldrich, Darmstadt, Germany), and anti-human type 
I collagen (Acris Antibodies GmbH, Herford, Germany). 
The secondary antibodies, namely anti-mouse Alexa Fluor 
488 and anti-rabbit Alexa Fluor 594, were sourced from 
Thermofisher Scientific (Massachusetts, USA). The immu-
nohistology images were acquired using an Axio Imager M2 
fluorescence microscope (Carl-Zeiss, Oberkochen), with a 
magnification of 5x for the overview of the cusp and 20x for 
the detailed image of the cusp.

Results

Electrospinning and Molding of the TEHVs

The PET textile sca"old and the non-woven electrospun fib-
ers from the SPION-labeled PLGA were visible under a light 

microscope (Fig 3a, b). However, to observe the orientation 
and deposition of the fibers, scanning electron microscopy 
(SEM) was performed. The SEM images (Fig 3d) confirmed 
the uniform fiber distribution and the porosity achieved with 
the electrospun coating. No evidence of fiber agglomeration 
was found. The porosity of the PET sca"old was calculated 
by area measurement in a microscope (Keynce, O"enbach, 
Germany). The porosity was 49.5% in the textile sca"old 
(n = 3, SD = 0.47).

Bioreactor Design and Setup

The limited space imposed by the 72-mm diameter MRI 
coil prevented the inclusion of peripheral tubing, which is 
essential for ensuring a connection between the ventricu-
lar and atrial block. Consequently, an integrated backflow 
system was successfully designed to circumvent this need 
for peripheral connection (Fig 2a–c). As shown in Fig 4d, 
the whole bioreactor appears as a single cylinder because 
the connection between the ventricular and aorta block was 
fully integrated, which successfully resulted in placing the 

Fig. 3  Textile mesh and the electrospun coating. a Wrap-knitted PET 
textile mesh showing the multifilament threads and tull-filet pattern. 
b The textile sca"old after electrospun coating by SPION-labeled 
PLGA solution. c A molded tube of fibrin, thrombin, and cells before 

it is placed and sutured inside the silicon conduit. d Scanning electron 
microscopy of the electrospun fibers representing the fiber distribu-
tion
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bioreactor in the MRI coil. The bioreactor was designed to 
have an outer diameter of 70 mm to fit in the MRI coil and 
have 1 mm on each side for free movement.

The cardiac cycle was represented in two phases: during 
the diastolic phase, as the membrane moved downward, the 
cell culture medium flowed from the ‘atrial’ reservoir into 
the ‘ventricular’ chamber of the bioreactor, passing through 
a non-return valve that mimicked the mitral valve function. 
In the subsequent systolic phase, the membrane was pneu-
matically pushed upward, displacing the medium through 
the ‘aortic’ valve into the ‘aorta’, and from there, it returned 
to the atrial reservoir, which also acted as a windkessel, 
simulating aortic compliance.

The closed-loop bioreactor system (Fig 4a) did not show 
any leakage. The mechanical valves of the pressurized air 
system were reliable. The tubing system between the biore-
actor and medium reservoir tended to collect air, which was 
then removed manually afterward. The complete opening of 
the TEHV was achieved by considering three important fac-
tors: (1) the amount of pressure supplied to the air chamber, 
(2) geometry, and (3) the suturing positions of the valve. In 
our in vitro experiments, valves opened fully at a ventricular 
pressure of 20-40 mmHg.

Magnetic Resonance Imaging

Upon placing the bioreactor within the MRI coil (Fig 5a), 
the initial localizer MRI sequence revealed the placement 
of the valve and the designated imaging area of interest (Fig 

5b). Gated MRI ensured that the images were acquired at 
consistent and predetermined points in the cardiac or res-
piratory cycle, allowing for clearer and more accurate visu-
alization of moving heart valves (Fig 5e, f). The breathing 
patch (Fig 5c) was utilized in this study to detect the cardiac 
cycles of the TEHV, which were imposed by the pressure 
supplied through the air chamber. This enabled the perfor-
mance of gated MRI, which is fundamental for minimizing 
motion artifacts and obtaining high-quality images. Con-
sequently, the MRI image acquisition was synchronized to 
the breathing rate, which was set to 70 per minute (Fig 5d).

For qualitative analysis of TEHVs, T2-weighted images 
were acquired in coronal, sagittal, and axial planes, suc-
cessfully showing the positioning and dynamic function of 
the valve (Fig 6a–f). The maximum valve opening area was 
calculated in comparison to the area of the silicon conduit. 
The average opening area of the TEHVs (n = 3) was deter-
mined to be 71% (108.78  mm2) when measured from axial 
MR images (Fig 6c) and 77% (122.82  mm2) when measured 
from sagittal MR images (Fig 6f). These measurements were 
taken by comparing the opening area to the original diam-
eter area of 15 mm. The standard deviation was 0.85 for the 
axial measurements and 3.08 for the sagittal measurements. 
All the samples were tested on day 7 of the dynamic con-
ditioning. These sequences were acquired in both axial and 
coronal orientations employing a fast spin echo sequence, 
and this detailed approach provided a comprehensive assess-
ment of the valve’s spatial orientation and visibility within 
the MRI.

Fig. 4  Bioreactor setup with circuits. a The bioreactor setup inside 
the incubator shows the components like the pressure sensor, flow 
sensor, and pneumatic drive channels. b Representative pictures of 
the complete opening and closing of the valves when observed from 

the top. c The circuit and data acquisition (DAQ) device that runs the 
bioreactor. d The assembly of the bioreactor shows the chambers and 
their fittings
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By analyzing the forward and backward volumes dur-
ing single cycles and calculating the regurgitation factor in 
accordance with ISO 5840-1, we determined that the regur-
gitation factor was 12.29% (n = 3, SD = 0.85).

Following this initial examination, we further refined 
our evaluation by employing gradient-recalled echo pulse 
sequences, commonly known as cine sequences, specifi-
cally focusing on the heart valves. These sequences consist 
of multiple static images that were rapidly displayed in a 
continuous loop, o"ering a dynamic portrayal of the car-
diac valves. The imaging approach allowed us to capture 
intricate details of the heart valves in motion, facilitating a 
comprehensive understanding of their dynamic behavior and 
structural integrity.

Ultrasound

The dynamic functionality of TEHVs within the bioreac-
tor was comprehensively tracked using brightfield-mode 
ultrasound, as depicted in Fig. 6g–i. The transducer was 

positioned vertically above the ultrasound window, which 
was a membrane located 2 cm from the heart valves. To 
reduce acoustic impedance, the small cavity between the 
membrane and the outer area of the ultrasound window 
was filled with water. Gray scale values at the opening 
frames were measured at 144.41 ± 33.42 (a.u), and at clos-
ing frames, they were measured at 164.5 ± 37.55 (a.u). This 
imaging modality facilitated qualitative observation of the 
opening and closing cycles of the TEHVs, providing valu-
able insights into their dynamic performance.

Immunohistochemistry

The results of immunohistological staining displayed the 
expression of collagen I and smooth muscle actin through-
out the cusp of the valve, particularly in close proximity to 
the nuclei (Fig 7a–c). A monolayer of endothelial cells was 
found on the border of all the TEHV cusps evidenced by 
CD31 staining (Fig 7b). Furthermore, the TEHVs were qual-
itatively compared with native porcine aortic heart valves 

Fig. 5  Dynamic magnetic resonance imaging. a The bioreactor going 
inside the 7 T MRI coil and the blue tubes are the inlet and outlet of 
pneumatic connections. b Localizer sequence shows the placement of 

the valve in MRI. c The breathing patch on the top of the ultrasound 
window. d The respiratory graph observation during the MRI scans. 
e–f Observation of the opening and closing of the valve in the MRI
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(Fig 7d–f). The TEHVs were not negatively a"ected by the 
electrospun coating of SPION-labeled PLGA.

An overview observation of the entire cusp of the TEHV 
shows two di"erent types of cell density areas. The first one, 
as depicted in Fig 8a, shows the area where the hydrogel was 
present, and the second type (Fig 8b) shows the area where 
the multifilament textile was present.

Discussion

In this study, we designed and constructed a bioreac-
tor with a focus on magnetic resonance imaging (MRI) 
and ultrasound (US) compatibility. This was achieved 

by refraining metal components, integrating backflow 
design, and incorporating a US-compatible membrane, 
enabling comprehensive imaging of implant behavior 
without interference. We produced small tissue-engineered 
heart valves (TEHVs) with a 15 mm diameter, with a spe-
cific focus on research for young patients. The TEHVs 
were produced using polyethylene terephthalate (PET) 
as the non-degradable backbone of the textile sca"old, 
poly(lactic-co-glycolic acid) (PLGA) as the biodegrad-
able and biocompatible textile component, and fibrin gel 
containing smooth muscle cells (SMCs) and endothelial 
cells (ECs). The TEHVs were dynamically conditioned in 
a custom-made MRI-compatible bioreactor (Fig. 4, S2) 
and monitored using MRI and ultrasound imaging, with a 

Fig. 6  MR and ultrasound imag-
ing of the TEHVs. a–c Axial 
views of the TEHVs in both 
T2-weighted, cine sequence, 
and maximum opening area. 
d–f Sagittal view of the 
TEHVs in both T2-weighted, 
cine sequence, and maximum 
opening area. g The bioreactor 
setup is on the ultrasound bench 
where the transducer is on a 
movable axis. h Opening frame 
of the TEHVs. i Closing frame 
of the TEHVs
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focus on assessing implant safety and optimizing life-cycle 
management.

Several heart valve bioreactors have already been reported 
in the literature. For example, Amadeo et al. showed a heart 
valve bioreactor consisting of a decellularized porcine peri-
cardium, in which they were able to achieve successful cell 

seeding. However, this model was a perfusion-assisted bio-
reactor, and the achieved flow of 0.03 ml/min is not an opti-
mal human diastolic blood flow rate. The perfusion syringe 
contained 6 ml of medium, which was changed every 72 h, 
which is also not an appropriate volume to functionalize a 
heart valve [34]. A similar attempt was made by Ott et al. 

Fig. 7  Immunohistolgy analysis of the TEHVs in comparison to porcine aortic valve. a–c Nuclei (blue), collagen I (green), CD31 (red), α-SMA 
(red). d–f Porcine aortic valve as native control

Fig. 8  Cell distribution over the 
cusp. a Cell dense areas of the 
TEHVs. b Multifilament textile 
areas. c Overview of the TEHV 
cusp
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with decellularized rat hearts cultured in a perfusion biore-
actor system under organ culture conditions [35]. Several 
other studies reported the use of functional bioreactors to 
condition heart valves [16, 36]. However, to advance heart 
valves toward clinical implementation, there is a critical 
need for robust, longitudinal, non-invasive analysis that can 
ensure safety and facilitate regulatory approval processes 
more e"ectively.

In the present work, we built on our previous e"orts 
where we used the concept of biohybrid tissue-engineered 
constructs, which consist of fibrin, human cells, and a non-
degradable textile sca"old [9, 11]. PLGA fibers were addi-
tionally labeled with SPIONs to enhance MRI visibility of 
the valves and allow for dynamic monitoring of their com-
plex movement. PET was chosen as the sca"old due to its 
proven biocompatibility, uniformity, mechanical strength, 
and abrasion resistance [37]. Similarly, PLGA was selected 
for its proven biodegradability and biocompatibility [38]. 
Furthermore, the degradation rate of PLGA can be precisely 
controlled by adjusting the lactic-to-glycolic acid ratio, pro-
viding additional flexibility in tailoring the coating’s lifes-
pan to suit specific clinical requirements. This versatility, 
combined with PLGA's well-established safety profile and 
mechanical properties, made it the most suitable choice 
for our coating application, especially when compared to 
slower-degrading polymers [39, 40].

Upon production, the heart valve undergoes condition-
ing within a bioreactor (Fig 4d), facilitating optimal flow 
while regulating pressure and temperature. This bioreactor 
is meticulously engineered to provide electronic feedback 
(Fig 4c) through integrated sensors. Moreover, non-invasive 
imaging techniques are employed to dynamically visualize 
its function. In our current study, we present the design of a 
bioreactor with dual objectives: first, to foster tissue matura-
tion in a tissue-engineered heart valve, and second, to enable 
observation of the valve via MRI and ultrasound modalities.

In the clinic, aortic valve diseases are diagnosed by echo-
cardiography, CT, ultrasound, and MR imaging, which also 
need to be studied thoroughly in research to observe the 
remodeling. For tissue conditioning in TEHVs, an adequate 
environment and specific process parameters are essential. 
To monitor the conditioning TEHVs, a heart valve bioreactor 
is equipped with multifunctional setups like motors, pressure 
sensors, flow sensors, temperature sensors, and many more 
tubular connections for input and output supply. However, 
this complicated setup generally contains electronic instru-
ments and metal-containing devices, making it a bottleneck 
to perform MRI. The characterization of implants through 
molecular imaging provides the most suitable tool to study 
implant behavior before they go to transplantation [41]. 
Backflow is critical in heart valve bioreactors as it a"ects 
valve e'ciency and durability by simulating physiological 
regurgitation. We have installed a non-return valve (Fig 4d) 

to prevent the medium from flowing back into the chamber. 
By analyzing the flow profile, we calculated the regurgita-
tion factor to be approximately 12.29%. In the future, we 
plan to apply Doppler flow data to analyze our regurgitation 
using the ultrasound membrane window in our system.

Bioreactors with mechanical pistons and motors with 
gear head assembly were also reported before by Miller 
et al. [42], which could cause the opening and closing of 
the valve but limited monitoring and molecular imaging 
ability. Voss et al. and Moreira et al. produced bioreactors 
with ultrasound windows but involved actuators to move the 
membrane, for which the MR imaging ability was restricted 
[24, 29]. We reported a pneumatic system where an elon-
gated tube supplies the air pressure from outside the MRI 
room (Fig 1e, 5a). With the pneumatic system, the com-
pressor and controller were kept outside the MRI room, and 
the compressed air reached the bioreactor, which avoided 
the metal and electronic interference with the MRI. Though 
the air pressure-actuated heart valve reactor was previously 
reported by Beelen et al, the bioreactor was very big and 
complex to get inside a 7 T MRI coil [43]. Furthermore, our 
integrated backflow design not only makes the bioreactor 
more compact but also circumvents geometric complexi-
ties. Initially, we attempted to fasten the bioreactor using 
brass and polyamide screws. However, we encountered 
challenges with brass screws producing artifacts in imag-
ing and polyamide screws proving insu'cient due to their 
low mechanical strength, leading to wear after a single use. 
This limitation prompted us to transition to PEEK screws, 
which o"ered superior mechanical properties and durabil-
ity for sustained performance within the bioreactor system. 
The primary novelty of our bioreactor lies in its ability to 
dynamically image a heart valve under 7 T MRI, a feat that 
has not been previously reported. The 7 T MRI represents 
state-of-the-art technology, currently used only in preclinical 
testing due to its very small-bore diameter.

Our innovation addresses this limitation by designing 
a compact bioreactor that houses all necessary equipment 
internally without relying on external tubular connections 
between the ventricular chamber and aorta. We introduced 
an integrated backflow technology that allows the medium 
to circulate internally, enhancing functionality while fitting 
within the confined space of the 7 T MRI.

As shown in Fig 5b, the valves were initially scanned 
with the localizer sequence to bring them to the required 
position where the valve was visible. The static images were 
taken with the T2-weighted sequence, where the valves were 
studied qualitatively. Previously, we have proven static non-
invasive imaging in tissue-engineered vascular grafts where 
the structure was enclosed with cylindrical silicon tubes [10, 
11].

Compared to vascular grafts, heart valves are more 
complex and dynamic. Therefore, in the current study, 



395Novel Bioreactor Design for Non-invasive Longitudinal Monitoring of Tissue-Engineered Heart…

the dynamic movement was studied by executing a cine 
sequence where the valves could be seen moving, most 
importantly, the complete opening and closing (Fig 5e, 
f). Moreover, from a future perspective, MR fingerprint-
ing (MRF) could provide enhanced tissue diagnosis, treat-
ment monitoring, and tissue characterization. MRF is a new 
approach that allows simultaneous measurement of multiple 
tissue properties in a time-e'cient manner by varying acqui-
sition parameters, such as radiofrequency flip angle, TR, and 
k-space sampling trajectory [44].

Moroz et al. described how dynamic MRI could answer 
many clinical questions and allow the study of physiologi-
cal properties in both normal and diseased tissue constructs 
[45]. We included a breathing patch (Fig 5c) at the ultra-
sound window membrane, which showed the breathing rate 
and allowed motion compensation to avoid motion artifacts. 
The breathing patch typically consists of a sensor or device 
placed on the patient’s chest or abdomen to monitor respira-
tory motion. The information from the breathing patch is 
then used to trigger the gating of MRI sequences, ensuring 
that images are acquired at specific points in the breath-
ing cycle. The heart valve’s maximum opening area was 
observed to range from 70 to 80% compared to its silicone 
housing (Fig 6c, f), potentially influenced by the valve’s 
smaller size (15 mm diameter). E"ective suturing tech-
nique is critical for optimizing valve opening and closure 
dynamics, suggesting that enhancements in suturing meth-
ods could further improve performance. In healthy adults, 
the e"ective orifice area (EOA) of the aortic valve typically 
ranges from approximately 2.5 to 3.5  cm2, which is essential 
for distinguishing normal valve function from pathological 
conditions [46, 47]. For prosthetic heart valves, the EOA 
varies based on the type of valve. For example, Firesten-
berg et al. reported EOAs ranging from 1.3 to 2.1  cm2 for 
bioprosthetic valves [48], while Amarelli et al. found EOAs 
between 1.5 and 2.0  cm2 for mechanical prosthetic valves 
[49]. Similarly, Buchanan et al. discussed transcatheter aor-
tic valve implantation (TAVI) with EOAs also ranging from 
1.5 to 2.0  cm2 [50]. To express these values as a percentage 
of the fully open area of a normal valve, the following for-
mula can be used: Opening Percentage = (E"ective Orifice 
Area/Anatomical Orifice Area) % 100 [51]. For instance, if 
a patient has an anatomical orifice area of 3.5  cm2, an EOA 
of 2.0  cm2 would represent approximately 57% of the fully 
open area of a normal valve. Given that the anatomical area 
typically ranges from 2.5 to 3.5  cm2, the percentage range 
for prosthetic EOAs would be around 37% to 84% of the 
normal valve’s opening area.

The ultrasound results show that the TEHV could be 
observed and imaged dynamically (Fig 6 g–i). Though 
ultrasound imaging-assisted bioreactor has been found in 
the literature, the image quality was found to be distorted 
due to the thicker membrane and stand-o" distance of the 

transducer from the valve [24, 29]. Hurtado–Aguilar et al. 
previously constructed a PMMA bioreactor and utilized 
ultrasound probes to visualize TEHVs. However, the thick-
ness of the reactor wall (ranging from 5 to 15 mm) led to 
compromised image quality [52]. To address this issue and 
achieve better visualization of the valves, we designed a 
dedicated ultrasound window featuring a 0.44 mm-thick 
membrane secured with PEEK screws (Fig 4d). The use of a 
21 Hz transducer combined with a highly elastic membrane 
enabled easy localization of the valve and yielded high-
quality images (Fig 6g–i). Ultrasound analysis, leveraging 
gray-scale values, o"ers insights into collagen distribution 
and formation. Kreitz et al. conducted an analysis correlating 
gray-scale values from ultrasound scans of cell-embedded 
fibrin gels with hydroxyproline content, demonstrating a 
strong association with collagen formation in heart valves, 
which was consistent with histological findings [53]. This 
approach can be applied within our bioreactor system and 
in future longitudinal studies to assess collagen propagation 
and provide valuable data on tissue development over time. 
Further, longitudinal studies are needed to assess whether 
our novel bioreactor model and selected conditioning param-
eters support in vitro ECM production and deposition, which 
could be non-invasively monitored by correlating ultrasound 
gray values with subsequent histological analysis.

The immunohistology analysis meets the hypothesis of 
having high cell density and high expression of collagen and 
smooth muscle actin. As depicted in Fig 7, TEHVs exhibit 
abundant collagen and smooth muscle actin production, with 
cellular and extracellular matrix (ECM) morphology compa-
rable to that of the native heart valve when observed quali-
tatively. Further denser ECM can be achieved by prolonged 
bioreactor conditioning. Nevertheless, our objective is also 
tied to reducing the conditioning duration to expedite the 
availability of the valves in clinical settings. The heart valve 
cusp overview reveals two distinct tissue density regions, 
illustrated in Fig 8a–c, wherein one area exhibits high den-
sity while the other displays a wider blank space. To better 
understand the phenomena, Fig. 8c and Fig. 3 need to be 
compared, where the structure of the wrap knitted textile 
shows the gap between the fibers. The space between the 
fibers contained most of the hydrogel, which acted as a cell 
carrier, and the multifilament fibers caused the blank wide 
spaces in immunohistological analysis.

To summarize, the successful translation of TEHVs into 
clinical practice necessitates a comprehensive approach 
to monitoring their integration dynamics and long-term 
performance. Non-invasive and radiation-free imaging 
modalities emerge as indispensable tools in this endeavor, 
o"ering unparalleled insights into the implant’s life cycle 
from fabrication through to patient follow-up evaluations. 
By implementing advanced imaging techniques along-
side innovative tissue engineering and bioreactor setup 
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strategies, the implants can pave the way for safer and 
more e'cacious solutions in cardiovascular regenerative 
medicine. Looking forward, the new bioreactor presents 
opportunities to explore a wide range of imaging applica-
tions for assessing ECM dynamics, sca"old degradation, 
and relevant markers, providing critical insights into tissue 
maturation and implant performance.

Our study introduces an innovative bioreactor capable 
of conditioning a biohybrid heart valve and facilitating 
multi-modal imaging, including dynamic imaging using 
a 7  T gated MRI and a 21  Hz ultrasound probe. The 
adaptation of integrated backflow design and pneumatic 
control makes the bioreactor physiologically capable of 
being studied dynamically in a 72 mm bore MRI device. 
Using a combination of non-degradable sca"olds and cell 
carrier hydrogels, we have shown a high cell density of 
the heart valve, confirmed by immunohistology. Conse-
quently, our imaging approach and bioreactor design have 
the potential to greatly enhance quality control during the 
crucial transition from advanced in vitro bioreactor matu-
ration to the initial in vivo implantation of cardiovascular 
implants. Ultimately, this work could contribute signifi-
cantly to advancing clinical applications and improving 
patient safety.
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Supplimentary data: 
 
 

 
 
Figure S1: The mold and suturing of the heart valve: a) CAD images of different parts of the 
mold b) Suture points of the heart valve with the silicon housing c)The mold after 3Dprinted 
and fastened d)The heart valve inside a silicon housing after suture 
 
 

 
 
Figure S2: Principles of the bioreactor function in systolic phase and diastolic phase 
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