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A B S T R A C T   

Biohybrid tissue-engineered vascular grafts (TEVGs) promise long-term durability due to their ability to adapt to 
hosts’ needs. However, the latter calls for sensitive non-invasive imaging approaches to longitudinally monitor 
their functionality, integrity, and positioning. Here, we present an imaging approach comprising the labeling of 
non-degradable and degradable TEVGs’ components for their in vitro and in vivo monitoring by hybrid 1H/19F 
MRI. TEVGs (inner diameter 1.5 mm) consisted of biodegradable poly(lactic-co-glycolic acid) (PLGA) fibers 
passively incorporating superparamagnetic iron oxide nanoparticles (SPIONs), non-degradable polyvinylidene 
fluoride scaffolds labeled with highly fluorinated thermoplastic polyurethane (19F-TPU) fibers, a smooth muscle 
cells containing fibrin blend, and endothelial cells. 1H/19F MRI of TEVGs in bioreactors, and after subcutaneous 
and infrarenal implantation in rats, revealed that PLGA degradation could be faithfully monitored by the 
decreasing SPIONs signal. The 19F signal of 19F-TPU remained constant over weeks. PLGA degradation was 
compensated by cells’ collagen and α-smooth-muscle-actin deposition. Interestingly, only TEVGs implanted on 
the abdominal aorta contained elastin. XTT and histology proved that our imaging markers did not influence 
extracellular matrix deposition and host immune reaction. This concept of non-invasive longitudinal assessment 
of cardiovascular implants using 1H/19F MRI might be applicable to various biohybrid tissue-engineered im
plants, facilitating their clinical translation.   

1. Introduction 

Cardiovascular diseases (CVD), such as deep vein thrombosis, aortic, 
coronary artery, cerebrovascular, and peripheral artery disease, com
bined with longstanding diabetes and hypertension, as well as an ever- 
increasing aging population, are the leading cause of death worldwide 

[1,2]. Common surgical strategies for treating CVD include coronary 
artery bypass or major arterial reconstruction. Bypassing obstructed or 
aneurysmal vascular segments through an autologous graft, such as 
saphenous vein, radial, and mammary artery, is currently the preferred 
clinical treatment [3]. It does not trigger an immune foreign body re
action, preventing graft rejection, and already possesses a functional 
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endothelial layer that prevents thrombosis or excessive smooth muscle 
cell (SMC) proliferation. However, autologous grafts present a sub
stantial drawback, namely donor morbidity that prevents autografting 
[4]. 

Synthetic grafts, e.g., from expanded polytetrafluoroethylene 
(GORE-TEX), poly(ethylene terephthalate) (Dacron), and polyurethane 
(PU), are viable alternatives [5]. Currently, synthetic grafts dominate 
the global vascular grafts market with an estimated compound annual 
growth rate (CAGR) of 7.0 % from 2022 to 2030 (source: Grand View 
Research, Report ID: 978-1-68038-628-8). Despite their extensive use in 
standard clinical practice, synthetic grafts have many limitations as they 
tend to exacerbate chronic immune reactions, inflammation, calcifica
tion, thrombosis, and stenosis parallel to their inability to grow with the 
host organism, lack of remodeling, compliance mismatch, and limited 
application to >6 mm diameter blood vessels [6,7]. 

As a future alternative, biohybrid tissue-engineered vascular grafts 
(TEVGs) are being developed [8,9]. Their scaffolds often combine 
non-degradable and biodegradable materials to optimally balance 
scaffold durability and adaptability. Indeed, the presence of a perma
nent scaffold, albeit minimal, is needed to withstand blood pressure 
during in vivo implantation and ensure graft integrity, while the pres
ence of biodegradable materials is needed to facilitate scaffold growth, 
remodeling, and integration within the host organism. Notably, the 
degradation of these biodegradable materials induces mechanical stress, 
which in turn triggers extracellular matrix (ECM) production, thereby 
preserving the structural integrity of the graft and facilitating the 
restoration of native-like tissue. Additionally, this process allows for 
scaffold reshaping, preventing the formation of a too-rigid structure that 
could hinder the physiological integration and maturation of TEVGs. 
However, the production of native-like ECM is not always guaranteed 
since it depends on several interconnected mechano- and 
immune-driven processes. Key factors such as scaffold topography (pore 
and fiber size), scaffold chemical composition, and material degradation 
rate influence and are influenced by the ECM-cell interaction, 
matrix-bound vesicles-mediated ECM immunomodulatory effects, as 
well as integrin-mediated cell response, infiltration rate of T-cells and 
M2 macrophages [8,9]. The latter are fundamental for a functional 
endothelium, SMCs proliferation, and consequent release of 
pro-inflammatory cytokines and anti-inflammatory cytokines, i.e., IL-10 
responsible for ECM remodeling via matrix metalloproteinase-9. 

Due to the high flexibility of TEVGs to adapt to their environment, 
dysregulation and dysfunction may already occur during in vitro 
maturation as well as during the in vivo remodeling. Thus, regular 
monitoring of TEVGs’ in vitro and in vivo maturation is mandatory to e. 
g., avoid the implantation of dysfunctional systems, and early detect and 
treat rejection, acute/chronic inflammation, as well as loss of graft 
patency due to thrombosis and stenosis [10–13]. 

In this context, magnetic resonance imaging (MRI) is one of the most 
powerful diagnostic tools. Despite the higher costs and longer processing 
times associated with MRI compared to other routinely employed im
aging techniques (i.e., X-ray fluoroscopy and computed tomography), 
MRI offers a better soft tissue contrast and provides complementary 
functional information. Even though it is worth noting that CT tech
nology is currently strongly evolving towards higher sensitivity and 
specificity due to the introduction of single photon counting and spectral 
detectors, MRI further advantages are the lack of ionizing radiation, and 
the higher sensitivity imaging markers (micromolar range in compari
son to millimolar range in CT) [14,15]. Many 1H contrast agents are 
(pre)clinically employed, e.g., gadolinium (Gd)- or iron-based (i.e., 
superparamagnetic iron oxide nanoparticles, SPIONs), to acquire 
distinct tissue characteristics [16,17]. However, to enhance the speci
ficity for material detection, several studies headed their research to
ward the application of 19F MRI as a parallel alternative to 1H MRI [18]. 
The almost complete lack of endogenous 19F in the human body leads to 
an almost linear relationship between 19F content and measured signal 
[19,20]. Nevertheless, due to the limited signal sensitivity of current MR 

hardware (in the range of mM concentrations) and the low abundance of 
19F nuclei in vivo following exogenous administration, high concentra
tions of mobile 19F equivalent atoms are required. Commonly used flu
oropolymers, such as polyvinylidene fluoride (PVDF), 
polytetrafluoroethylene (PTFE), perfluoroalkoxy (PFA), fluorinated 
ethylene propylene (FEP), ethylene tetrafluoroethylene (ETFE), and 
ethylene chlorotrifluoroethylene (ECTFE), exhibit excellent character
istics for tissue engineering purposes. However, they are entirely un
suitable for 19F MRI applications given their high crystallinity, which 
results in a rapid decay of the MRI signal for mechanically rigid 19F 
atoms. Previous studies addressed this limitation by utilizing a novel 
highly fluorinated polymer, fluorinated thermoplastic polyurethane 
(19F-TPU), which possesses an amorphous structure and a large number 
of magnetically equivalent 19F atoms capable to vibrate freely [21,22]. 
19F-TPU differs from other MRI markers i.e., Gadolinium, which are 
detected through a change in relaxivity based on the chemical envi
ronment. Moreover, 19F-TPU offers several advantages, including 
biocompatibility, chemical inertness, and non-immunogenicity. 

To ensure non-invasive monitoring of TEVGs’ remodeling without 
losing track of their positioning and structural integrity, we here propose 
the combined use of permanent fibers (19F-TPU and PVDF) and a 
biodegradable component, poly(lactic-co-glycolic acid) (PLGA). This 
FDA-approved biodegradable polymer is known for its versatility, strong 
physical properties, high biocompatibility, tuneable physical properties, 
non-toxic degradation by-products, extensive research support, and 
clinical experience [23]. As shown in Fig. 1, we first incorporated oleic 
acid coated SPIONs into the core of the PLGA fibers and added 19F-TPU 
to the main PVDF tubular scaffold to compensate for their lack of MR 
visibility and monitorability. TEVGs were finally obtained by molding 
the textile scaffold with fibrin gel containing SMCs and endothelial cells 
(ECs). The incorporation of the selected MRI labels (SPIONs and 19F) 
ensured the non-invasive longitudinal monitoring of TEVGs via hybrid 
1H/19F MRI. This allowed efficient assessment of SPIONs-labeled PLGA 
fibers (SPION-PLGA) degradation over time and permanent monitoring 
of the positioning and integrity of the TEVGs both in vitro during 
bioreactor conditioning and in vivo as subcutaneous implants as well as 
abdominal aorta bypass in rats. Moreover, the excellent biocompati
bility of all textile components used in our model of TEVGs was thor
oughly investigated via cytotoxicity assays and histological analyses. 

2. Materials and methods 

2.1. Textile scaffold production 

2.1.1. PVDF mesh 
PVDF (Lenzing Plastics GmbH & co. KG, Lenzing, Austria) multifil

ament fibers (150 dtex, 48 filaments) were employed to produce a 
tubular textile scaffold using a double-bar raschel warp-knitting ma
chine (RIUS, COMATEX, Barcelona, Spain). 

2.1.2. Oleic acid-coated SPIONs 
Oleic acid-coated SPIONs were synthesized by thermal decomposi

tion based on a previously established protocol [24,25]. Briefly, 7.2 g of 
the iron (III) oleate and 18.4 g of oleic acid were dissolved in 50 mL of 
1-octadecene. Then, the mixture was heated to 100 ◦C and maintained at 
this temperature without reflux for 30 min. After degassing, fitting a 
reflux cooler, and purging the flask with argon, the reaction mixture was 
heated further to 340 ◦C with a heating rate of 3 ◦C min− 1 under argon 
atmosphere for 3 h. After cooling down to room temperature, the freshly 
prepared nanoparticles were precipitated by adding acetone to the flask. 
The mixture was sonicated, centrifuged and the supernatant was dis
carded. Finally, the washed nanoparticles were dispersed in hexane and 
methanol (1:6) and further centrifuged. Following several washing 
steps, one drop of oleic acid was added to the nanoparticles dispersed in 
hexane. 
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2.1.3. Electrospun SPION-PLGA fibers 
As described in a previously published protocol, a coaxial spinning 

head (Bioinicia SL, Paterna, Spain) with two coaxial arranged steel 
capillaries with inner diameters of 1400 μm (shell capillary) and 580 μm 
(core capillary) were used [12]. To obtain a core-shell fiber structure, a 
solution containing 6 % (w/w) PLGA labeled with 0.2 % (w/w) SPIONs 
was used for the core and one with 6 % (w/w) PLGA was employed for 
the shell. The SPION-PLGA fibers were spun at a voltage of +22 kV 
(emitter) and − 20 kV (collector) at 25 ◦C and 30 % humidity. Both 
spinning solutions were prepared by dissolving the PLGA in methanol 
and chloroform (MeOH, neoLab Migge Laborbedarf – Vertriebs GmbH, 
Heidelberg, Germany and CHCl3, Carl Roth GmbH & Co. KG, Karlsruhe, 
Germany). SPIONs were added to the core solution shortly before 
starting the electrospinning procedure. After placing the PVDF 
warp-knitted scaffold on a cylindrical collector, the spinning head, 
placed at a distance of 15 cm, was moved over the entire length of the 
meshes at a speed of 30 mm s− 1 with core and shell solutions’ flow rates 
set to 0.5 mL h− 1 and 1 mL h− 1. 

2.1.4. 19F-TPU fibers 
19F-TPU was purchased as granules from Lubrizol, Wickliffe, Ohio, 

United States, and dried at 80 ◦C for 24 h prior to spinning. To obtain 
multifilaments (68 dtex, 48 filaments) via melt spinning (Fourné Poly
mertechnik GmbH, Alfter, Germany), a blow chamber, multifilament 
spinnerets, heating godet and a winder were used with process tem
peratures ranging from 185 to 220 ◦C. 

2.2. TEVGs preparation 

2.2.1. Harvesting of syngeneic cells 
All animal experiments were approved by the German State Office 

for Nature, Environment and Consumer Protection (LANUV) North 
Rhine-Westphalia and performed in adherence to institutional guide
lines, EU Directive 2010/63, and the German federal law on the pro
tection of animals. All animals received humane care conforming to the 
principles of the “Guide for the Care and Use of Laboratory Animals” 
(8th Edition, National Institutes of Health (NIH) Publication, 2011, 
USA). The study was designed, executed, and reported in line with the 
“Animal Research: Reporting of In Vivo Experiments” (ARRIVE) guide
lines. Inbred Lewis male rats (Strain name: LEW/OrlRj, Janvier Labs, Le 
Genest Saint Isle, France) were chosen as the appropriate animal model. 

Inbred siblings share nearly identical genetic pools, allowing TEVGs 
containing cells harvested from one sibling to be implanted in another 
without causing inflammation or graft rejection. Furthermore, eutha
nizing one donor animal enables the collection of a maximum of cells 
and tissues, preventing the over-stressing of a single animal with both 
surgeries - cell and tissue harvesting followed by TEVG implantation. 
With a ratio of 1:3, cells harvested from one donor animal were used to 
produce 3 syngeneic TEVGs. ECs were derived from enzymatic digestion 
of the abdominal aorta, while adipose mesenchymal stem cells were 
derived from adipose tissue, an easily accessible source that provides a 
high yield of these cells. These cells display a smooth muscle-like 
phenotype after in vitro mechanostimulation in the bioreactor [26,27]. 

2.2.2. Harvesting of human cells 
The use of human samples was conducted in compliance with the 

Ethical Committee approval (EK 2067). Human umbilical cords were 
used to harvest human umbilical artery smooth muscle cells (HUASMCs) 
and human umbilical artery endothelial cells (HUAECs). 

2.2.3. Bioreactor conditioning of TEVGs 
TEVGs for in vitro testing were produced using human cells, while 

TEVGs intended for implantation into rats were produced using synge
neic cells from Lewis male rats. In detail, a silicon tube of 2.4 mm inner 
diameter (Carl Roth GmbH, Germany) and a metal rod of 1.5 mm 
diameter were used for the molding of the textile scaffold. As described 
in a previously published protocol, TEVGs containing human cells were 
produced using 10 mg mL− 1 fibrinogen (Calbiochem, Darmstadt, Ger
many), 40 U mL− 1 thrombin (Sigma, Steinheim, Germany), TRIS buffer, 
and 50 mM CaCl₂ (Sigma, Steinheim, Germany), and 10 × 106 HUASMCs 
mL− 1 and a total of 1.4 mL per cm graft were injected into the silicon 
tube containing the textile scaffold and the metal rod [12]. 3 × 106 

HUAECs mL− 1 and a total of 1 mL per cm graft were employed for the 
endothelialization of the TEVGs lumen, which was performed under 
constant rotation for 24 h. TEVGs underwent bioreactor conditioning for 
a maximum of 4–7 days. 

For all TEVGs, the employed bioreactor system consisted of i) a 500 
mL medium reservoir, ii) a peristaltic pump (MCP Process, Ismatec, Cole 
Parmer GmbH, Germany) to modulate the medium dynamic flow, and 
iii) flow and pressure sensors (Em-tec GmbH, Finning, Germany and 
Codan GmbH, Lensahn, Germany) to monitor flow and pressure within 
the system. 

Fig. 1. Schematic depiction of the study design (Created with BioRender.com).  
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The mechanical properties of our TEVGs were assessed, focusing on 
burst, biaxial, and suture retention strength, as described in a previously 
published protocol [22]. All tested parameters demonstrated that our 
TEVGs are characterized by sufficient mechanical strength. The pres
ence of 19F-TPU fibers sutured on the preexisting PVDF and PLGA textile 
scaffold are expected to not affect the prostheses’ mechanical properties. 

2.3. MRI longitudinal evaluation of SPION-PLGA fiber degradation 

A Bruker BioSpec 70/20 USR 7 T MRI scanner (Bruker BioSpin 
GmbH, Germany) equipped with a 1H transmit-receive volume coil with 
active detuning with an inner diameter of 82 mm and a bore length of 
112 mm was used to evaluate temperature (37 and 70 ◦C), static or 
dynamic culturing, and degradation process (hydrolysis or enzymatic) 
as main variables affecting PLGA degradation. A first set of samples 
(SPION-PLGA fibers) was incubated at different temperatures (37 and 
70 ◦C) and subjected to either static or dynamic culturing conditions for 
4 weeks. A second set of samples was incubated at fixed 37 ◦C, but 
exposed to i) a slightly acidic environment, ii) enzymes, iii) a combi
nation of both. All samples were imaged every one week. All MRI images 
presented in this study were acquired axially. Qualitative 1H-T2- 
weighted images were acquired using a fast spin echo sequence [Repe
tition time (TR): 2197 ms; Echo time (TE): 80 ms; echo spacing: 26 ms; 
acceleration factor: 8; matrix size; 180 x 180; Field of view (FOV): (25 x 
25) mm2; slice thickness; 5 mm; total acquisition time: 6 min]. The 
degradation of the SPION-PLGA coating was quantified by the decrease 
in transverse relaxation times (T2), measured using a 2D multi-slice, 
multi-echo spin-echo (MSME) sequence with a 90◦ excitation pulse 
followed by a train of equally spaced 180◦ refocusing pulses [TR: 3742 
ms; TE: 20 ms; echo spacing: 20 ms; echo images: 30; number of aver
ages: 4; matrix size: 100 x 100; FOV: (25 x 25) mm2; slice thickness: 5 
mm; total acquisition time: 25 min]. T2 relaxation times and the corre
sponding R2 relaxation rates (T2

− 1) were calculated using Imalytics 
Preclinical Software (Gremse-IT GmbH, Aachen, Germany) by fitting an 
exponential curve to the signal amplitudes as a function of the TE for 
each segmented region of interest (ROI). Equation (1) was used for the 
fitting of the exponential curve: 

M=M0 e−
TE
T2 + C (1) 

The offset (C) was included to account for a signal plateau created by 
noise or a component with slow signal decay. The relaxation rate R2 was 
calculated as the inverse of T2. 

Additionally, R2 colormaps were obtained after voxel-wise fitting of 
equation (1) using the ParaVision 7 preclinical imaging software (Bruker 
BioSpin GmbH, Germany). 

2.4. In vitro characterization of the textile scaffold and TEVGs by hybrid 
1H/19F MRI 

2.4.1. 19F-TPU characterization 
The Bruker 7 T MRI scanner equipped with a 1H/19F transmit-receive 

volume coil (72 mm of inner diameter and 112 mm of bore length) with 
active detuning was used. First, the 19F-TPU granules (Lubrizol, Wick
liffe, Ohio, United States) were tested alongside a water phantom. 
Subsequently, non-localized spectra of 19F were acquired with an 
NSPECT sequence [TR: 1000 ms; flip angle: 30◦; number of acquisition 
points: 10000; bandwidth: 353.87 ppm; averages: 30; total acquisition 
time: 30 s]. The spectra showed one defined peak at − 84 ppm and one 
smaller side peak at − 78 ppm, indicating that not all fluorine atoms in 
the 19F-TPU polymeric chain are equivalent. For all following 19F-TPU 
image acquisitions, the offset frequency was set to − 24.000 Hz from the 
1H peak. Prior to performing the ultrashort echo time (UTE) imaging, 
the gradient trajectories were measured using the 1H signal. 19F-UTE 
imaging [TR: 30.000 ms; Echo time (TE): 0.296 ms; flip angle: 15.0◦; 
averages: 30; matrix size: 32 × 32; FOV: (25 × 25) mm2; slice thickness: 

5 mm; total acquisition time: 9 min] was applied. Mean calculated 19F- 
TPU signal intensities within ROIs were measured and normalized to the 
standard deviation (σ) of the noise (measured in the background). 

Later, to assess the concomitant visibility of both 1H and 19F signals, 
MRI phantoms were produced by placing the obtained 19F-TPU threads 
and fibers in a 15 mL falcon tube filled with water. 19F signals were 
acquired using the 19F-UTE sequence mentioned above with 90 aver
ages. Qualitative 1H-T2-weighted images were acquired using a fast spin 
echo sequence [TR: 2197 ms; TE: 80 ms; echo spacing: 26 ms; acceler
ation factor: 8; matrix size; 180 x 180; FOV: (25 x 25) mm2; slice 
thickness; 5 mm; total acquisition time: 6 min]. Imalytics Preclinical 
Software (Gremse-IT GmbH, Aachen, Germany) was employed for all 
the image analyses. 

2.4.2. Enhancing 19F-TPU fiber visibility 
To find an optimum 19F-UTE image quality, i.e., good signal-to-noise 

ratio (SNR), while keeping overall scan time within reasonable limits, a 
systematic investigation was performed to determine the amount of 19F- 
TPU that needs to be incorporated in our vascular prosthesis textile 
scaffolds. Therefore, 1, 2, and 4 19F-TPU fibers were sewn on top of the 
prosthetic textile scaffold, which was initially composed of PVDF warp- 
knitted fibers and 0.2 % (w/w) SPION-PLGA coating. The samples were 
placed in a 15 mL falcon tube filled with water and monitored by 
employing the previously used 1H-T2-weighted and 19F-UTE sequences. 

2.4.3. Longitudinal monitoring of vascular prosthesis remodeling 
As shown in Fig. 3, 19F-TPU fibers were knitted onto the SPION-PLGA 

and PVDF textile scaffolds following three different designs (Design 1: 
four single 19F-TPU fibers positioned at quarter points; Design 2: two 
couples of 19F-TPU fibers positioned at half points; and Design 3: four 
couples of 19F-TPU fibers positioned at quarter points). With these three 
designs, we aimed to investigate whether the 19F SNR was influenced not 
only by the number of fibers within the FOV but also by their proximity 
or distance from each other. The samples were incubated in sterile PBS 
at 37 ◦C for 3 weeks. The same 19F-UTE and 1H-T2-weighted sequence 
parameters were employed as during the above-described phantom 
measurements. T2 relaxation times and the corresponding R2 relaxation 
rates (T2

− 1) were calculated as previously described for the SPION-PLGA 
fiber degradation study. 

2.4.4. Assessing the biocompatibility of the 19F-TPU fibers 
To investigate whether the novel 19F-TPU fibers were biocompatible 

with the cellular components present in our vascular prosthesis, an in 
vitro cytotoxicity XTT assay was performed. HUASMCs and HUAECs 
were separately cultivated in sterile 24 well plates (Thermofisher Sci
entific, Massachusetts, USA) upon confluency. Subsequently, the cells 
were exposed to sterile SPION-PLGA and 19F-TPU fibers using cell cul
ture inserts with a pore size of 8.0 μm (Corning GmbH, Kaiserslautern, 
Germany) for 24 h. A negative control consisted of HUASMCs and 
HUEACs exposed to empty inserts. The colorimetric assay was quanti
tatively measured using a Tecan Infinite® 200 microplate reader (Tecan, 
Männedorf, Switzerland). 

2.4.5. Longitudinal monitoring of TEVGs 
TEVGs were monitored by hybrid 1H/19F MRI immediately after 

endothelialization of their lumen (day 1) as well as after 3 and 7 days. 
Prior to the MRI measurements, the bioreactor tubings containing the 
TEVGs were disconnected and clamped to facilitate placing the samples 
within the MRI bore. The same MR sequences as mentioned before, i.e., 
1H-T2-weighted, 1H-T1-weighted, and 19F-UTE sequences for imaging 
and 1H MSME for T2-mapping, were employed. 

2.5. In vivo longitudinal hybrid assessment of implanted TEVGs 

2.5.1. Subcutaneous implantation 
Three inbred male Lewis rats (Janvier Labs, Le Genest-Saint-Isle, 
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France) of 12 weeks of age were employed for the evaluation and lon
gitudinal monitoring of our vascular prostheses. Anesthesia was induced 
with 4–5 vol% of isoflurane combined with an O2 flow rate of 4–5 L 
mL− 1 and maintained with 2.5–3 vol% of isoflurane and 1 mL− 1 of O2. 
After shaving the dorsum of the animals and applying an antiseptic 
spray, 2 mg kg− 1 of Ropivacaine was injected to ensure local anesthesia. 
SPION-PLGA coated PVDF scaffolds additionally labeled with 19F-TPU 
and containing syngeneic rat SMCs and ECs (TEVG_SPION-TPU) and 
their counterpart lacking SPIONs labeling (TEVG_TPU) were inserted in 
1.5 cm pouches obtained below the skin on the right and on the left part 
of the rat dorsum, respectively. The 1H/19F MRI longitudinal investi
gation was performed under isoflurane anesthesia on days 1, 7, 14, and 
21 after the subcutaneous implantation of the TEVGs. The animals were 
euthanized after 21 days to perform histological analyses. 

1H-T2-weighted and 1H-T1-weighted anatomical images were ac
quired using a T2-weighted fast spin echo sequence [TR: 1300 ms; TE: 
25 ms; echo spacing: 8.3 ms; acceleration factor: 8; matrix size: 180 x 
180; FOV: (70 x 70) mm2; slice thickness: 5 mm; total acquisition time: 4 
min] and a T1-weighted fast spin echo sequence [TR: 200 ms; TE: 2.9 ms; 
flip angle: 30◦; matrix size: 180 x 180; FOV: (70 x 70) mm2; slice 
thickness: 5 mm; total acquisition time: 5 min], respectively. T2 relax
ometry was performed using a MSME sequence [TR: 4123 ms; TE: 6.4 
ms; echo spacing: 6.4 ms; echo images: 40; number of averages: 1; 
matrix size: 144 x 80; FOV: (70 x 70) mm2; slice thickness: 5 mm; total 
acquisition time: 5 min]. To decrease the total scan time, the number of 
averages for the 19F-UTE sequence was decreased from 90 to 50 while 
maintaining sufficient SNR. 

2.5.2. Aortic TEVGs implantation 
As a proof of concept, 2 Lewis male rats of ~350 g weight underwent 

laparotomy to insert TEVGs as aortic vascular grafts in the infrarenal 
region of the abdominal aorta. One animal received the TEVG_SPION- 
TPU, the other one TEVG labeled with only SPION-PLGA (TEVG_
SPION). Briefly, the animals received pre-surgery analgesia by 5 mg 
kg− 1 s.c. Injection of carprofen®. The analgesic effect was assured for at 
least 3 days after the surgery. After induction of the anesthesia by iso
flurane inhalation, the animals were intubated using a Viggo endotra
cheal tube (Viggo Medical Devices, New-Dehli, India) to ensure 
mechanical ventilation throughout the entire surgical procedure. After 
shaving and disinfecting the area of interest, the abdominal cavity was 
opened, and the abdominal aorta was exposed and separated. The 
TEVGs were sutured onto the native arterial wall. Subsequently, the 
patency of the vascular prosthesis was tested by ligating the abdominal 
aorta at the TEVGs insertion area and removing the upstream surgical 
clamp. The amount of lost fluid throughout the surgery was replaced by 
saline. The wound was sutured and disinfected, and the animals were 
monitored closely for the following days. 1H/19F MRI and ultrasound 
(US) were performed under isoflurane anesthesia on days 4, 11, and 18 
after the surgery (day 0). The animals were euthanized after 18 days to 
perform histological analyses. 

Respiratory gating was applied to the same MR sequences used during 
the previous in vivo study (subcutaneous TEVGs) to reduce motion arti
facts while monitoring TEVGs implanted in the infrarenal region of the 
abdominal aorta. US imaging was performed using a VEVO 3100 pre
clinical US system equipped with a linear-array-MX-250 transducer 
(FUJIFILM VisualSonics, Toronto, Ontario, Canada). The US investiga
tion was performed by placing the transducer perpendicularly to the floor 
and on the right side of the animal, allowing sagittal view of the TEVG and 
ligated rat abdominal aorta. The patency of the TEVGs as aortic vascular 
grafts in the infrarenal region of the abdominal aorta was assessed in B- 
mode at 21 MHz frequency, 4 % power, and 100 frames. Power Doppler 
US was used to detect blood flow within the implanted TEVGs at 16 MHz 
frequency, pulse repetition frequency 25 kHz, Doppler gain 36 dB, 100 % 
power, and 100 frames. The echo power was calculated as a percentage 
related to 100 % vascularity by drawing an ROI on TEVGs and ligated 
abdominal aortas using the VevoLAB software version 5.2 (FUJIFILM 

VisualSonics, Toronto, Ontario, Canada). 

2.6. Mass spectrometry investigation of SPION-PLGA fiber degradation 

Paraffin-embedded samples collected during in vitro and in vivo 
evaluation of our TEVGs were coated with α-cyano-4-hydroxycinnamic 
acid (Bruker Daltonic, Germany) as a matrix (10 mg mL− 1 dissolved in 70 
% ACN/0.2 % TFA). The coating process was performed using a MALDI 
imaging sprayer (HTX TM-Sprayer: TMSP-M3, HTX Technologies, USA). 
MALDI data were accumulated using a TOF-TOF-mass spectrometer 
(Rapiflex; Bruker-Daltonic, Bremen, Germany) equipped with a Smart
beamTM 3D laser with a 10 kHz repetition rate and controlled by the Flex- 
Control 4.0 (Bruker-Daltonic, Germany). Mass spectra were acquired 
with 1200 laser shots for each raster point and a digitizer rate of 5.0 GS s− 1 

in reflector-positive and a mass range of 300-3200 Da. 
Data analysis was performed using SCiLS Lab software (SCiLS Lab- 

2022b; SCiLS GmbH; Bremen, Germany) and Flex-Analysis 4.0 
(Bruker-Daltonic, Bremen, Germany). MALDI MSI raw data sets were 
converted to the SCiLS SL file format. The baseline was calculated by an 
iterative top hat, and normalization was performed based on the total 
ion count (TIC) method. Peptides were identified through the MS/MS 
spectra using the lift option of the Rapiflex mass spectrometer (Bruker- 
Daltonic, Bremen, Germany). The mass spectra were calibrated and 
annotated using BioTools 3.2 (Bruker-Daltonic, Bremen, Germany) in 
combination with SwissProt (University of Geneva, Switzerland) and the 
MASCOT 2.2 database (Matrix Science, London, UK) comparing exper
imental mass-spectrometric data with calculated peptide masses for 
each entry into the sequence database. 

2.7. Histology 

All the samples were fixed in Carnoy’s solution and embedded in 
paraffin blocks. A microtome (Microm HM 430, Thermofisher Scientific, 
Massachusetts, USA) was used to obtain 5 μm thick sections, which were 
later collected from a water bath using glass object slides (Thermofisher 
Scientific, Massachusetts, USA). Prior to adding the primary antibodies 
of choice, the samples were deparaffinized with xylene and ethanol, 
blocked and permeabilized using 5 % normal goat serum (Agilent Dako, 
Santa Clara, California, USA) mixed with 0.1 % Triton X-100 aqueous 
solution. The primary antibodies were incubated at room temperature 
for 1 h (anti-rat and human α-smooth muscle actin (αSMA), anti-rat and 
human elastin, anti-rat collagen I, anti-rat and human collagen III, anti- 
rat and human collagen IV, anti-rat F4/80, and anti-rat CD3; Acris An
tibodies GmbH, Herford, Germany; Abcam, Berlin, Germany; Thermo
fisher Scientific, Massachusetts, USA). After extensive washing with 
PBS, secondary antibodies were added at room temperature for 45 min 
(Alexa Fluor 488 and Alexa Fluor 594 labeled anti-mouse IgG and anti- 
rabbit IgG antibodies; Thermofisher Scientific, Massachusetts, USA). 
DAPI (Thermofisher Scientific, Massachusetts, USA) was used to stain 
the nuclei. The slides were mounted using a fluorescent mounting me
dium (Agilent Dako, Santa Clara, California, USA). A different protocol 
was used to stain F4/80 and CD3. After blocking and permeabilization, 
samples were incubated with anti-F4/80 or anti-CD3 (Bio-Rad, Düssel
dorf, Germany, and Abcam, Berlin, Germany) at room temperature for 1 
h. After washing, anti-Horseradish Peroxidase (HRP) secondary anti
bodies (Abcam, Berlin, Germany) were applied at room temperature for 
45 min. As following step, a Cy5 tyramine signal amplification (TSA)- 
conjugated dye (PerkinElmer, USA), diluted with an amplification 
diluent buffer (PerkinElmer, USA), was added for 10 min. DAPI (Ther
mofisher Scientific, Massachusetts, USA) was added for 5 min to stain 
the nuclei. After washing, the slides were mounted with Mowiol (Carl- 
Roth, Karlsruhe, Germany) mixed with DAPI (Merck, Germany). 

To perform H&E staining, samples were incubated with Eosin G 0.5 
% in water for 30 min, followed by extensive washing under running 
water for 20 min to stain the ECM components. Hematoxylin was added 
for 5 min to stain the nuclei (Eosin G 5 % and Hematoxylin, Carl Roth 
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GmbH, Karlsruhe, Germany). 
Masson’s trichrome and Von Kossa staining were performed using a 

Masson’s trichrome stain kit (Abcam, Berlin, Germany) and Von Kossa 
stain kit (Abcam, Berlin, Germany), respectively, following the in
structions of the manufacturer. 

2.8. Microscopy 

An Axio Imager M2 fluorescence microscope equipped with an Axi
oCam MRm Rev.3 camera (Carl-Zeiss, Oberkochen) with a magnification 
of 20× and Vectra® 3.0 Microscope Automated Quantitative Pathology 
Imaging were used to acquire representative images of stained tissue 
sections. Images were quantified via Fiji software (ImageJ, NIH) and 
inForm (Akoya Biosciences, Marlborough, Massachusetts, USA). 

2.9. Statistical analysis 

All in vitro samples were prepared and analyzed in triplicate (sample 
size = 3). For the in vivo subcutaneous study, power analysis was 
additionally performed using G* Power software (version 3.1.9.2) with a 
significance level of 0.05 (α err prob – type I error) and a statistical 
power of 0.8 (power 1-β err prob – type II error). This analysis indicated 
that 3 animals per group were necessary to ensure a significant differ
ence of 20 % with a standard deviation of 5 %. In adherence to the 
principles of the 3Rs, i) 3 animals were used (Reduce), ii) to allow each 
animal to serve as its own sample and control simultaneously, TEVGs 

labeled with both 19F-TPU and SPIONs were implanted on the right side 
of the animal dorsum, and control TEVGs labeled with only 19F-TPU 
were implanted on the left side (Reuse), and iii) syngeneic cells were 
harvested from these animals at the end of the longitudinal experiment 
to produce new TEVGs for future animal experiments (Recycle). 

The results are presented as mean values ± standard deviations (SD). 
The analysis was performed using GraphPad Prism 8 (GraphPad Prism 
Software, San Diego, California, USA). The statistical comparison of two 
groups was performed using Student’s t-test, while for multiple group 
analyses, one-way ANOVA (one-tailed) with a post-hoc correction test 
(Tukey) was applied as recommended by the software. Statistical sig
nificance was considered for values p ≤ 0.05. 

For the in vivo implantation of TEVGs in the infrarenal region of the 
abdominal aorta, no group comparison and statistical significance were 
performed due to the use of only 1 animal per group. 

3. Results 

3.1. Characterization of 19F-TPU by hybrid 1H/19F MRI 

The highly fluorinated polymer 19F-TPU was intended to be used as 
permanent scaffold material. To better understand its MRI properties, it 
was first characterized in the form of rough granules, then as threads of 
approximately 3 mm, and finally as thin fibers of circa 1.5 mm diameter, 
as illustrated in Fig. 2A–C. The different production stages, from gran
ules to polymeric fibers, significantly influenced MRI visibility, as 

Fig. 2. Scaffold characterization with MRI. A-C) MR phantoms containing 19F-TPU in the form of granules (A), threads (B), and fibers (C) exhibit the same NSPECT 
spectra, but with background noise that is inversely proportional to the amount of 19F-TPU present in the sample. The 19F-UTE “hot iron” images overlaying on 
grayscale 1H-T2-weighted images reflects the 19F content within the phantoms. However, even for a single fiber, a distinct peak above the background noise is still 
detected. D) PVDF scaffolds coated with SPION-PLGA were additionally labeled with 1, 2, and 4 19F-TPU fibers, respectively. Hybrid 1H/19F MRI allows the detection 
of single 19F-TPU fibers also in combination with other textile components. The 19F signal improves if two or more fibers are positioned adjacently, due to the 
increase in 19F-TPU per voxel. E) 19F-UTE superimposed on 1H-T2-weighted images of VG_SPION-TPU, VG_SPION, and unlabeled VG show no interference or 
quenching between the two MR labels. F) Quantitative R2 analyses confirm that SPION-PLGA does not influence the 19F-TPU signal. All values were obtained in 
triplicates and are presented as means ± SD; One-way ANOVA with Tukey post hoc correction was applied to compare groups, indicating p > 0.05 as ns, p < 0.05 as 
*, p < 0.01 as **, p < 0.001 as ***, and p < 0.0001 as ****. Scale bar: 1 cm. 
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evidenced by the NSPECT spectra and the signal intensity obtained by 
19F-UTE sequences (granules: 17389 a.u.; thread: 6401 a.u.; fiber: 5144 
a.u.). However, a well-defined peak was still detected for single 19F-TPU 
fibers by 1H/19F MRI, and a clear “hot spot” 19F signal superimposed to a 
1H-T2-weighted image was obtained by image post-processing with 
Imalytics Preclinical software. 

Next, the 19F-TPU fibers were evaluated as permanent imaging labels 
of mixed scaffolds consisting of a degradable (PLGA fibers) and a non- 
degradable component (PVDF scaffold). In this context, different 19F- 
TPU fiber numbers and positions were considered to optimize scaffolds’ 
visibility in MRI (Fig. 2D). For this purpose, 19F-TPU fibers were knitted 
onto the pre-existing warp-knitted PVDF textile scaffolds, which were 
additionally coated with electrospun PLGA fibers. To increase the MRI 
visibility of the latter, otherwise lacking in contrast, 0.2 % (w/w) 
SPIONs were passively incorporated into the PLGA fibers’ core during 
the electrospinning process as described previously [12]. Hybrid 1H/19F 
MRI confirmed the visibility of single 19F-TPU fibers when combined 
with the other textile components, which may influence the detection of 
19F signal via susceptibility artifacts, i.e., blooming artifacts, that cause 
distortions or local signal changes. Furthermore, it was beneficial to 
cluster two or more 19F-TPU fibers to increase the 19F content per voxel 
(1 fiber: 5355 ± 49.7 a.u.; 2 fibers: 5821 ± 40.9 a.u.; 4 fibers: 7684 ±
29.6 a.u.), rather than having them evenly distributed over the scaffold. 

To exclude an influence of SPION-PLGA on the 19F-TPU contrast, we 
measured the 19F-TPU signal intensity and T2 relaxation rates (R2) of 
vascular grafts consisting only of textile scaffold without cellular com
ponents (VG). We produced different phantoms as follows: 1) VG con
taining both MR labels, SPIONs and 19F-TPU fibers (VG_SPION-TPU), 2) 
VG lacking the 19F-TPU (VG_SPION), 3) VG without SPIONs (VG_TPU), 

and 4) unlabeled VG consisting of only MRI non-visible polymers. As 
shown in Fig. 2E and F, the presence of the grafts’ components, espe
cially SPIONs, did not influence the 19F-TPU signal intensity (VG_SPION- 
TPU: 5128 ± 44 a.u vs. VG_TPU: 5711 ± 317.2 a.u.) and the presence of 
19F-TPU did not alter the R2 values of the samples (VG_SPION-TPU: 
349.8 ± 25.3 s− 1; VG_SPION: 317.7 ± 21.1 s− 1; unlabeled VG: 593.7 ±
5.6 s− 1). 

3.2. Longitudinal investigation of the vascular prosthesis by hybrid 
1H/19F MRI 

After it was ensured that both MR labels were concomitantly 
detectable without impairment, we performed additional in vitro ex
periments to evaluate temperature (37 and 70 ◦C), static or dynamic 
culturing, and degradation process (hydrolysis or enzymatic) as main 
variables affecting PLGA degradation. Faster PLGA fiber degradation 
occurred at higher temperatures. Dynamic culturing also accelerated 
PLGA fiber degradation, particularly evident at 37 ◦C. Although no 
statistically significant differences were observed among samples 
exposed to pH 5, trypsin, or the combination of both, a faster PLGA fiber 
hydrolysis was noted compared to statically conditioned samples 
(Fig. S1, Supporting Information). 

Subsequently, we investigated whether the resorption of SPION- 
PLGA fibers could be longitudinally monitored and the 19F signal of 
the permanent scaffold component (19F-TPU) remained stable. As pre
viously described, 19F-TPU fibers were knitted onto the SPION-PLGA 
and PVDF textile scaffolds following three different designs to further 
investigate the effects of SPION-PLGA degradation on 19F signal detec
tion (Fig. 3). 19F-TPU fiber signal intensities measured by 19F-UTE 

Fig. 3. Longitudinal evaluation of statically conditioned vascular prostheses. A) MR phantoms labeled with different numbers of 19F-TPU fibers positioned in three 
different ways (Design 1–3). 19F-UTE superimposed on T2-weighted images show no statistically significant changes in 19F-TPU fibers’ signal intensity after 3 weeks 
of monitoring. B) R2 colormaps superimposed to 1H-T2-weighted images show gradual degradation of the SPION-PLGA fibers in combination with 19F-TPU fibers 
(VG_SPION-TPU Design 1–3) and without (VG_SPION). R2 relaxometry confirms the SPION-PLGA degradation in comparison to the unlabeled counterpart. All values 
were obtained in triplicates and are presented as means ± SD; One-way ANOVA with Tukey post hoc correction was applied to compare groups. 
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sequence did not significantly change, indicating that the 19F-TPU 
remained stable over the observation period (Fig. 3A; Table S1, Sup
porting Information). In contrast, PLGA fibers degraded throughout the 
observation time, which is clearly visible in R2 colormaps superimposed 
to 1H-T2-weighted images (Fig. 3B; Table S1, Supporting Information). 
VG_SPION and unlabeled VG were used as additional negative controls 
(Fig. 3B; Table S1, Supporting Information). As postulated, the MR 
signal of 19F-TPU remained constant throughout the observation period 
and was not influenced by the degrading SPION-PLGA fibers. 

XTT cytotoxicity assays were employed to assess the biocompati
bility of the 19F-TPU fibers. As previously described, HUASMCs and 
HUAECs were exposed to the 19F-TPU and SPION-PLGA fibers. Cells 
exposed to empty cell inserts were used as a negative control. The XTT 
revealed no difference in cell viability between both 19F-TPU fiber 
exposed HUASMCs (100.3 ± 4.6 %) and HUAECs (97.3 ± 6.6 %) and 
unexposed negative control cells (HUASMCs: 101.4 ± 0.9 %; HUAECs: 
95.4 ± 5.2 %) (Fig. 4A). SPION-PLGA fibers were also biocompatible but 
insignificantly tended to lower cell viability, as it was expected due to 
the generation of acidic degradation products (SPION-PLGA HUASMCs: 
92.3 ± 3.2 %; SPION-PLGA HUAECs: 93.5 ± 9.7 %). 

After confirming the biocompatibility of the imaging labels incor
porated into the textile scaffold of our vascular prostheses and the 

decision that Design 2 is ideal with respect to manufacturing and MR 
signal, complete biohybrid tissue-engineered vascular grafts (TEVGs) 
were produced by molding the textile scaffold with fibrin gel containing 
HUASMCs and introducing HUAECs for the endothelialization of the 
lumen. To longitudinally investigate the 19F-TPU permanent MR signal 
and SPION-PLGA resorption, TEVGs were dynamically conditioned for 
0, 3, and 7 days. No statistically significant changes in terms of 19F-TPU 
fiber signal intensity were observed via 19F-UTE and 1H-T2-weighted 
images superimposition (day 0: 7818 ± 1158 a.u.; day 3: 7106 ± 712.4 
a.u.; day 7: 8701 ± 1196 a.u.) (Fig. 4B and C). Due to the presence of 
cellular components, a faster PLGA fibers degradation and, thus SPIONs 
release, was detected via a gradual decrease in the R2 values depicted via 
quantitative R2 colormaps (day 0: 4.8 ± 0.3 s− 1; day 3: 3.8 ± 0.3 s− 1; 
day 7: 2.7 ± 0.1 s− 1). The presence of cells and their metabolic and 
enzymatic activity contribute to the decrease in microenvironmental 
pH, which enhances the acidic hydrolysis of the PLGA fibers in com
parison to previous samples containing no cells. Further histological 
analyses were performed to assess the impact of the presence of 19F-TPU 
fibers on ECM components’ production and deposition within our 
TEVGs with a particular focus on collagen I, III, and IV, and αSMA 
(Fig. S1, Supporting Information). For all these matrix components, a 
gradual increase in production and deposition was observed on day 7 in 

Fig. 4. Evaluation of 19F-TPU biocompatibility and longitudinal monitoring of TEVGs under dynamic conditioning. A) Representative images of HUASMCs and 
HUAECs exposed to empty cell inserts, SPION-PLGA, or 19F-TPU fibers. XTT shows no statistically significant differences in cell viability in both types of cells among 
the three groups. B) 19F-UTE superimposed on grayscale 1H-T2-weighted images of TEVGs cultured for 7 days. C) 19F-TPU related MR signal intensities remained 
stable over time. D-E) R2 colormaps display gradual degradation of SPION-PLGA fibers. All values were obtained in triplicates and are presented as means ± SD; One- 
way ANOVA with Tukey post hoc correction was applied to compare groups, indicating p > 0.05 as ns, p < 0.05 as *, p < 0.01 as **, p < 0.001 as ***, and p < 0.0001 
as ****. Scale bar: 500 μm. 
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comparison to day 0 (no bioreactor conditioning). Furthermore, a 
comparably increasing presence of major ECM components was 
observed in TEVGs containing both SPION-PLGA and 19F-TPU (TEVG_
SPION-TPU) and TEVGs only labeled with SPION-PLGA (TEVG_SPION), 
again confirming the biocompatibility of the 19F-TPU fibers. Elastin 
production and deposition were additionally investigated (Fig. S2, 
Supporting Information). In contrast to the human umbilical artery, 
used as a positive control, no elastin fibers were present in all TEVGs, 
which is in line with previous findings [12]. 

3.3. Longitudinal in vivo evaluation of TEVGs by hybrid 1H/19F MRI 

To confirm the in vivo translatability of our imaging approach and to 
ensure the permanent visibility of the 19F-TPU fibers in vivo, three Lewis 
male rats were subcutaneously engrafted with TEVGs containing both 
MR labels, namely TEVG_SPION_TPU and TEVGs lacking SPIONs la
beling (TEVG_TPU). The latter were used as a negative control to 
investigate the influence of SPIONs on the visibility of the 19F-TPU fi
bers. As illustrated in Fig. 5A, the TEVG_SPION_TPU samples (in red) 
were subcutaneously implanted on the right side of the dorsum of the 
animals, while the TEVG_TPU counterparts (in blue) were engrafted on 
the left side. 19F-TPU fibers remained visible without significant changes 
in signal intensity by hybrid 1H/19F MRI with no differences between 
TEVG_SPION-TPU and TEVG_TPU indicating that the SPIONs did not 
affect the 19F MR signal (Fig. 5B; Table S2, Supporting Information). 
TEVG_SPION_TPU showed higher R2 values than the TEVG_TPU coun
terpart due to the substantial decrease in T2 generated by SPIONs 
(Fig. 5C; Table S2, Supporting Information). In comparison to the 
TEVG_TPU, whose R2 values remained constant, in TEVG_SPION_TPU, 
R2 progressively decreased throughout the observation time (Fig. 5C; 
Table S2, Supporting Information). The body weight of the rats, 
expressed in grams (g), was not altered over the examination period 
indicating that their well-being was not strongly impaired and high
lighting the biocompatibility of the implanted prostheses (Fig. 5D). 

TEVG_SPION-TPU and their TEVG_TPU counterparts were harvested 
at the end of the in vivo longitudinal MR investigation (Fig. 6C and D). 
TEVGs only labeled with SPION-PLGA (TEVG_SPION) and their unla
beled equivalent lacking all MR labels were used as additional negative 
controls (Fig. 6A and B). The latter were unpublished samples from a 
previous study [12]. Ex vivo immunofluorescence and histological an
alyses were performed to further investigate TEVG_SPION_TPUs’ impact 
on living organisms. Hematoxylin and eosin (H&E) stains show strong 
endogenous cellular infiltration and prosthesis colonization, facilitating 
its integration within the host organism (Fig. 6). The total amount of 
collagen was investigated via Masson’s trichrome staining in parallel to 
collagen III and IV, as major ECM components known to strongly in
fluence vascular prostheses functionality. An abundant presence of 
various collagen types was observed, highlighting the strong maturation 
process that TEVGs underwent in vivo. Since αSMA is important for the 
contractility of blood vessels and can influence the production and 
deposition of ECM components via paracrine signaling and mechanical 
interactions, syngeneic smooth muscle cells (SMCs), derived from 
mesenchymal adipose stem cells of donor animals, were incorporated 
into the fibrin gel of our TEVGs. αSMA was also strongly observed in all 
TEVGs. No statistically significant differences were observed among the 
samples for all analyzed markers, suggesting that our imaging labels do 
not disturb the remodeling process (Fig. S3, Supporting Information). 

To investigate the immune reaction of the host organisms toward our 
four models of TEVGs, the total number of macrophages (F4/80 positive 
cells) and T-cells (CD3 positive cells) was evaluated. After 21 days of in 
vivo implantation, a comparatively low number of immune cells was 
observed across all samples. The low inflammation and few phagocytic 
macrophages present within our samples can be attributed to the 
reduced presence of PLGA debris, which was also confirmed via MS (see 

Fig. S4, Supporting Information). Our TEVGs exhibited a lower immune 
response in comparison to synthetic grafts, known for their poor per
formance, compliance mismatch, and non-biocompatible composition 
[28–31]. Hence, synthetic grafts are characterized by graft failure rates 
between 70 % and 100 % at 10–15 years of long-term follow-up [32]. 

To further investigate the in vivo feasibility of our imaging approach 
and study the performance and integration of our TEVGs within the host 
organism, two Lewis male rats underwent laparotomy and were 
engrafted with TEVG_SPION_TPU and TEVG_SPION in the infrarenal 
region of the abdominal aorta, respectively. The surgery occurred on day 
0, followed by MRI and US on days 4, 11, and 18 (Fig. 7A). The inner 
diameter of the TEVGs was further decreased to 1.5 mm to avoid a 
significant mismatch with the native vessel (Fig. 7B). As depicted in 
Fig. 7C, due to unexpected stiffness caused mainly by the four 19F-TPU 
fibers, the design of the TEVGs textile scaffold had to be changed 
accordingly, integrating only one 19F-TPU fiber. Furthermore, as evi
denced by the photo taken on day 18, the TEVGs retained their shape 
even though completely integrated within newly deposited ECM and 
remained functional and patent until the end of the experiment. As ex
pected, the MRI signal from the 19F-TPU fiber was visible only for 
TEVG_SPION_TPU, while no 19F signal could be detected for TEVG_
SPION. The 19F MRI signal intensity of TEVG_SPION_TPU remained 
constant without any changes throughout the 18 days of observation 
time (Fig. 7D and E: TEVG_SPION_TPU day 1: 5185 a.u.; day 18: 5781 a. 
u.). On the other hand, SPION-PLGA of both TEVG_SPION_TPU and 
TEVG_SPION displayed decreasing R2 values over time indicating 
degradable fibers resorption in both types of implanted TEVGs 
(Fig. 7D–F: TEVG_SPION_TPU day 1: 21.1 s− 1; day 11: 18.5 s− 1; day 18: 
14.5 s− 1; TEVG_SPION day 1: 19.2 s− 1; day 11: 17.7 s− 1; day 18: 14.6 
s− 1). Notably, it was increasingly challenging to visualize the TEVG_
SPION as the SPIONs signal gradually decreased, highlighting the sig
nificant advantage of labeling the grafts’ scaffold with the permanent 
19F-TPU fibers. As shown in Fig. 7G, Power Doppler US was performed to 
additionally investigate perfusion of our TEVGs. Blood flow within the 
TEVGs was confirmed by calculating the echo power (%) in the vascular 
graft and comparing it with the ligated abdominal aorta (Fig. 7H: 
TEVG_SPION_TPU and TEVG_SPION: 28.1 %; ligated abdominal aortas: 
1.9 %). As shown in Fig. 7I, the animals exhibited a reduction in body 
weights (g) by 10.3 % and 10.9 % for the rats implanted with TEVG_
SPION and TEVG_SPION_TPU, respectively. However, the weight loss 
can be attributed to the loss of fluids during surgery, a phenomenon 
observed in humans as well [33]. The well-being of both rats was re
flected by the stabilization of the body weight within 7 days 
post-surgery. Further ex vivo histological analyses were performed to 
investigate TEVGs remodeling and integration within the host organism 
as well as new ECM deposition and possible loss of graft patency or graft 
calcification (Fig. 7J). H&E, alongside immunofluorescence staining for 
collagen III, αSMA, and elastin revealed abundant new ECM. Notably, 
elastin-positive cells were exclusively observed in TEVGs implanted in 
the infrarenal region of the abdominal aorta. Further elastin deposition 
and maturation into fiber-like structures may be detectable after longer 
monitoring. This aligns with our previous findings, where no elastin 
production was observed during 14 days of in vitro bioreactor condi
tioning and 21 days of subcutaneous implantation of TEVGs, respec
tively [12]. These data suggest that only the intense interplay between 
stronger mechanical stresses induced by arterial blood flow, construc
tive signaling molecules (i.e., matrix-bound nanovesicles), and inflam
matory cells through the secretion of cytokines and growth factors 
stimulate a more intense remodeling of TEVGs, thus boosting an initial 
production of elastin. Von Kossa staining was additionally performed to 
investigate calcium deposits within the vascular prostheses and sur
rounding tissues. While Von Kossa staining detected calcification in the 
ligated rat abdominal aorta (RAA), no such deposits were observed 
within our vascular prostheses. 
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It is crucial to note that this study provides only mere initial evidence 
of the potential applications of our imaging approach. Further studies 
are necessary to statistically validate these initial findings on larger 
animal cohorts. 

4. Discussion 

The field of tissue engineering is evolving toward more complex and 
multifaceted 3D constructs to meet the needs of the highly heteroge
neous patient population. Here, TEVGs are promising as they enable 
high standardization on one hand, but also personalization, in vivo 
remodeling, and adaptation on the other. Furthermore, they can 
improve in vivo durability and reduce thrombogenic and adverse 
immunogenic effects, which often characterize fully synthetic grafts 
[34–37]. Biohybrid TEVGs are composed of a non-degradable synthetic 

scaffold and a biodegradable and biocompatible textile component to 
allow prosthesis maturation. In our previous work, we developed a 
comprehensive imaging approach to enhance the MRI visibility and the 
possibility for long-term monitoring of the resorption of our biode
gradable component, namely PLGA fibers, by passive incorporation of 
SPIONs [12]. We observed that the in vitro and in vivo resorption of the 
PLGA fibers correlated with the decrease of the R2 values indicating the 
release of the SPIONs. Nonetheless, once the SPION-PLGA fibers were 
entirely degraded, we lost the information regarding the positioning and 
structural integrity of the implanted TEVGs. Therefore, we here suggest 
extending our imaging approach by knitting non-degradable 19F-TPU 
fibers onto the pre-existing MRI inert PVDF scaffold. 

Another aspect worth considering is that the production of autolo
gous or syngeneic vascular grafts involves harvesting ECs and SMCs 
directly from patients. This approach offers immune compatibility, but 

Fig. 5. Longitudinal in vivo monitoring of TEVGs by hybrid 1H/19F MRI. A) Representative 1H-T1-weighted images, 19F-UTE superimposed on 1H-T1-weighted 
images, and R2 colormaps superimposed on 1H-T2-weighted images show the temporal evolution of 19F-TPU signal intensity and SPION-PLGA relaxometry 
throughout the 21 days of MR longitudinal monitoring. TEVG_SPION-TPU are encircled in red, whereas the samples highlighted in blue contain TEVG_TPU. B) The 
quantification of 19F-TPU signal intensities of TEVG_SPION-TPU and TEVG_TPU samples at the beginning and end of the experiment reveal no significant alterations. 
The violin plot shows the frequency distribution of the data, and its width corresponds with the approximate frequency of data points in each region. C) R2 
relaxometry shows the degradation of the SPION-PLGA compared to plain PLGA throughout the 21 days of observation. D) Animal body weight was not negatively 
affected by the surgical procedure and the implanted prostheses. All values were obtained in triplicates and are presented as means ± SD; One-way ANOVA with 
Tukey post hoc correction was applied to compare groups, indicating p > 0.05 as ns, p < 0.05 as *, p < 0.01 as **, p < 0.001 as ***, and p < 0.0001 as ****. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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also implies invasive biopsies, limited cell quantity, and expensive and 
time-consuming culturing. Pluripotent/multipotent stem cells present a 
valuable alternative. For example, mesenchymal stem cells (MSCs) have 
been used to derive SMCs via chemical and mechanotransduction signals 
to mimic the tunica media of native vessels and secret anti-inflammatory 
factors [38]. However, harvesting enough MSCs remains challenging, 

and moving toward progenitor cell in vivo maturation and differentia
tion requires a deeper understanding of their biointerfaces and cross
talks. These hurdles prompted interest in the production of in situ 
off-the-shelf implants. To confer immunocompatibility and 
off-the-shelf availability, grafts are processed via decellularization, 
depleting the cells but leaving the ECM architecture unmodified. 

Fig. 6. Ex vivo histological analyses evaluating the effects of 19F-TPU on ECM deposition and host reaction. A-B) Unlabeled TEVGs lacking both MR contrast agents 
used throughout this study (A) and TEVGs containing SPION-PLGA (TEVG_SPION, B) are used as negative controls. C) Vascular prostheses labeled with only the novel 
19F-TPU fibers (TEVG_TPU) were used as a supplementary negative control to exclude any additive, synergistic, or antagonistic effect between SPIONs and 19F-TPU. 
D) Representative images of complete TEVGs labeled with both MR contrast agents, i.e., SPION-PLGA and 19F-TPU fibers, (TEVG_SPION-TPU). H&E staining was 
performed to get an overview of ECM (in pink) and cell nuclei (in purple), highlighting the presence and infiltration of immune cells. The Masson’s trichrome staining 
complementary shows total collagen in light blue, while nuclei are stained in purple. Fluorescence images in the bottom rows show collagen III and IV, F4/80, and 
CD3 in red, respectively, αSMA in green, and nuclei (DAPI) in blue. For all stainings no significant differences are observed, indicating that SPIONs incorporation into 
PLGA and 19F-TPU does not change the body reactions after TEVGs implantation. Scale bar: 50 μm. The stars indicate TEVGs’ lumen. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Although the approaches of decellularization and recellularisation could 
potentially simplify the production of vascular prostheses, several 
studies suggested that decellularized scaffolds are more costly and could 
potentially elicit an immunogenic response, leading to graft failure, due 
to the presence of xenogeneic debris [39,40] Further research is needed 
to determine the most effective approach for achieving controlled tissue 
remodeling, scaffold degradation, selective cell recruitment, adhesion, 
and differentiation, leading to native-like tissues. 

Despite our promising results, 19F-TPU is characterized by elasticity 
and stickiness, hindering its spinnability. During our examinations, we 
observed that the stretching of the polymer during the production of 
thinner fibers is enough to cause a complete loss of 19F MRI signal 
(unpublished data). Even though no crystallization peak was observed in 
the differential scanning calorimetry (DSC) curves (unpublished data), 
we hypothesize that the heating and manipulation of the polymer 
through extruders, followed by cooling on winders, provoke confor
mational changes in the disposition of the 19F atoms, limiting their 
movements. To address this problem, further investigations will explore 
textile fibers composed of a19F-TPU core and an outer shell consisting of 
a polymer with excellent spinnability characteristics, such as PVDF or 
polyethylene terephthalate. 

Hybrid 1H/19F MRI is typically susceptible to chemical shift artifacts 
due to the difference in resonance frequencies between 1H and 19F 
nuclei, leading to misregistration or misalignment of the images, and 
signal interference due to the presence of both nuclei in the same region 
of interest [41,42]. Moreover, the combination with iron-based contrast 
agents (i.e., SPIONs) can produce artifacts due to magnetic field in
homogeneities and iron susceptibility to magnetic fields, leading to 
geometric distortions, signal voids, and blooming effects [43]. These 
artifacts can affect image quality and interpretation, potentially 
compromising the diagnostic accuracy of MRI scans. Additionally, the 
lower gyromagnetic ratio and relaxation properties of 19F MRI, which 
lead to lower sensitivity and thus, longer measurement times, along with 
the need for custom-built radiofrequency coils tuned to the 19F reso
nance frequency (40.05 MHz/T), have limited the 1H/19F MRI clinical 
application to date [19,20]. However, as evidenced by our in vitro and in 
vivo investigations, the combination of our oleic-acid coated SPIONs 
with 19F-TPU fibers does not cause any relevant interference or artifacts, 
highlighting the potential of our approach to foster 19F MRI clinical 
translation. 

In our study, a double-tuned 1H/19F volume coil with limited 
sensitivity to 19F compared to other coil designs was used. Here 
improved MRI hardware, pulse sequences, broadband amplifiers, coils, 
and post-processing and image reconstruction software may help us to 
reduce the scan time and increase 19F MRI sensitivity in the future. For 
example, different groups already suggested to modify the quadrature 
mode of birdcage coils, employing shingled-leg coil design, combining 
two coils using magnetic coupling, inserting shields and dielectric ma
terials into the coil design, or using PIN-diodes switches [44–47]. 

19F MRI could also be combined with other non-invasive and non- 

destructive imaging modalities, such as US, positron emission tomog
raphy (PET), and single-photon emission computed tomography 
(SPECT), providing precise quantification, high sensitivity, functional 
information, low background, and high resolution without expected 
interference. For example, studies already showed the potential of a 
hybrid 19F MRI and PET approach for precise and accurate imaging of 
inflammation, or 19F MRI and SPECT to improve diagnostic accuracy 
and guided therapy [48,49]. Furthermore, as already published by 
different groups, the combined application of 19F MRI and US might also 
provide valuable insights into the integrity or disruption of the vessel 
endothelial lining, hyperplasia of the intima, development of athero
sclerosis and thrombosis by foam cell formation, and acute or chronic 
inflammation [50–54]. 

The biocompatibility of our labeled TEVGs was demonstrated in 
vitro, in vivo, and ex vivo via XTT assay, visual assessment of the post- 
surgery incisions, and histology results. Despite SPIONs’ desirable 
characteristics, such as biodegradability and tailorable accumulation 
and retention time, they are known to potentially induce reactive oxy
gen species (ROS) formation if not coated with biocompatible materials. 
ROS formation can potentially cause cell-cell signaling interference, 
gene transcription alteration, necrosis, and apoptosis [55]. Previous 
studies conducted by our group investigated scaffolds labeled with iron 
oxide nanoparticles (SPIONs and ultrasmall superparamagnetic iron 
oxide nanoparticles, USPIOs) via in vivo hybrid positron emission 
tomography-computed tomography (PET-CT) and ex vivo immunoflu
orescence analyses showing no in situ inflammation or differences with 
the unlabeled counterparts [13,56]. Furthermore, in line with previous 
findings by Rama et al. our follow-up study demonstrates that PLGA 
fibers labeled with SPIONs, coated with oleic acid to avoid aggregation, 
toxicity, and immunogenicity, do not elicit an inflammatory reaction 
upon in vivo implantation [12]. As recently reported, the employment of 
oleic acid as a coating material of iron nanoparticles protects cells from 
SPIONs-induced ROS and cell death [57]. Nonetheless, further studies 
are still required to evaluate long-term SPIONs toxicity toward different 
cells and tissues and, consequently, identify the most effective strategy 
to engineer SPIONs’ surface and coating [58]. 

19F-labeled polymers or contrast agents are widely investigated as 
fluorine is chemically inert and, based on current knowledge, non- 
immunogenic [59,60]. Although fluorine is known to interact with 
calcium, abundant in bones and teeth, 19F-TPU fibers, not exposed to the 
lumen of the vascular prostheses, are not expected to undergo significant 
metabolism and biotransformation. However, the calcification of 
non-degradable polymers has been described as a significant issue 
affecting the function and long-term durability of vascular implants 
[61–63]. Therefore, further studies are deeply needed to investigate the 
potential calcification within our TEVGs in a longer monitoring period. 

Fluorinated surfaces are also well-known for their non-adhesive na
ture. They possess very low surface energy, which makes them highly 
hydrophobic and minimizes interactions with polar molecules, 
including water, proteins, and cells [64,65]. This non-adhesive property 

Fig. 7. Longitudinal in vivo monitoring of TEVGs implanted in the abdominal aorta. A) Schematic representation of the timeline of the animal experiments. B) Photos 
of a TEVG before implantation with inner diameter of 1.5 mm, wall thickness of 0.7 mm, and length of 4 cm, with the latter being decreased during the surgery at the 
discretion of the surgeons. C) TEVG implanted in the infrarenal region of the abdominal aorta labeled with only one 19F-TPU fiber at day 0 and day 18. D) 
Representative 19F-UTE superimposed on 1H-T1-weighted images show the permanent signal provided by the 19F-TPU fiber. At the same time, R2 colormaps 
superimposed on 1H-T2-weighted images demonstrate the SPION-PLGA degradation over time. E) The quantification of 19F-TPU signal intensity of the TEVG_SPION- 
TPU confirms no significant change. F) R2 relaxometry indicates the degradation of the SPION-PLGA in both TEVG_SPION_TPU and TEVG_SPION. G) Power Doppler 
US displays blood flow within the TEVGs. H) The echo power calculated from the Power Doppler videos indicates blood flow only within the TEVGs. I) A reduction of 
the animals’ body weight was observed after surgery explained by the loss of liquids during the laparotomy. The animals started to stabilize and regain weight after 
the first week post-op. J) H&E (ECM in pink and nuclei in purple) as well as collagen III (in red), αSMA (in red), and elastin (in green) exhibit significant deposition of 
new ECM components and graft integration within the host organism. Dotted lines have been used to highlight the location of the intima where possible, aiming to 
clarify that αSMA and elastin are not expressed in the tunica intima of vessels but within the media. The presence of a small tunica intima may be attributed to 
underdevelopment within our TEVGs and damage in the ligated rat abdominal aorta (RAA). Von Kossa staining (calcification in black) depicts no calcium deposits 
that might impair the functionality of the vascular prostheses. In contrast, initial calcium deposits were observed in the ligated RAA, highlighted by the black arrows. 
H&E overview scale bar: 600 μm; Collagen III, αSMA, and elastin scale bar: 50 μm; Von Kossa scale bar: 200 μm. The stars indicate TEVGs’ lumens. (For interpretation 
of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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might yield advantages, such as reduced hyperplasia of the intima, risk 
of blood clot formation, stenosis, thrombosis, and inflammation, as well 
as negative implications, such as reduced cell-material interactions, 
which can be detrimental when designing materials for TE. Thus, to 
avoid hindering cell attachment and growth as well as TEVGs integra
tion within the host organism, we opted to use 19F-TPU fibers as an MRI 
label instead of producing a textile scaffold completely consisting of 
19F-TPU. Furthermore, the chemical, physical, and morphological 
properties of the TEVGs textile scaffold’s surface might also play an 
important role in cellular response upon implantation. Different studies 
have extensively explored tailoring polymer characteristics, such as 
wettability, hydrophobicity, adhesivity, and topography, to influence 
protein adsorption, cell attachment, function, and matrix formation 
while also reshaping cytokine profile and immune cell activation, which 
is pivotal for maintaining a balance between wound healing, tissue 
regeneration, and implant rejection [8,66]. In this regard, our TEVGs, 
with and without 19F-TPU fibers, were found to evoke a comparable 
number of infiltrated immune cells, similar ECM content, and no altered 
cellular behavior, indicating no cellular toxicity and a comparable im
mune system response most probably due to balanced wettability, hy
drophobicity, adhesivity, and overall biocompatibility of our TEVGs, 
even with the inclusion of 19F-TPU fibers within the textile scaffold. 
Nonetheless, further studies are still needed to fully characterize 
19F-TPU from a material point of view and functionalize its surface to 
achieve enhanced biocompatibility via controlled adhesion and specific 
cell-material or material-material interactions. 

5. Conclusions 

In this manuscript, we introduce a concept for the complementary 
non-invasive longitudinal assessment of cardiovascular implants using 
1H/19F MRI. Our approach makes TEVGs visible by biocompatible MRI 
labels, enabling simultaneous monitoring of the degradation and 
remodeling process while preserving essential information about the 
positioning and structural integrity. Moreover, we demonstrate the 
feasibility of imaging TEVGs with an inner diameter of 1.5 mm that can 
be produced and implanted in the rat abdominal aorta. This highlights 
that our TEVGs may even be used for small human vessels, such as the 
coronary arteries. Our approach is applicable in vivo and holds promise 
for enhancing clinical translation by offering an innovative and specific 
non-invasive monitoring method for textile scaffolds. 
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