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A B S T R A C T

The modification of biomaterials to comply with clinically employed monitoring techniques is a promising
strategy to support clinical translation in regenerative medicine. Here, multimodal imaging of tissue-engineered
vascular grafts (TEVG) was enabled by functionalizing the textile scaffold with ultrasmall superparamagnetic
iron oxide (USPIO) nanoparticles. The resulting MR-imageable grafts (iTEVG) were monitored non-invasively
throughout their whole life-cycle, from initial quality control to longitudinal functional evaluation in an ovine
model for up to 8 weeks. Crucial features such as the complete embedding of the textile mesh in the developing
tissue and the grafts’ structural stability were assessed in vitro using 1T-, 3T- and 7T-MRI scanners. In vivo, the
grafts were imaged by 3T-MRI and PET-CT. Contrary to unlabeled constructs, iTEVG could be delineated from
native arteries and precisely localized by MRI. USPIO labeling neither induced calcifications, nor negatively
affected their remodeling with respect to tissue-specific extracellular matrix composition and endothelialization.
Functionality was confirmed by MR-angiography. 18F-FDG uptake (assessed via PET-CT) indicated only transient
post-surgical inflammation. In conclusion, USPIO-labeling enables accurate localization of TEVG and opens up
opportunities for multimodal imaging approaches to assess transplant acceptance and function. Thereby, it can
support clinical decision-making on the need for further pharmacological or surgical interventions.

1. Introduction

Tissue engineering aims at solving unmet clinical needs by devel-
oping tissue and organs biologically and mechanically equivalent to the
healthy native ones. To this end, different paradigms have been pro-
posed with the ultimate common endpoint of obtaining autologous
living substitutes produced by the patient's own cells, endowed with the
potential of growth and remodeling [1–4]. The advancements in the
field of tissue engineering over the past decade have been tremendous
[5], resulting in a continuously growing number of preclinical studies

and in pilot clinical trials [6–12].
To enable a broad clinical translation of tissue-engineered con-

structs a concerted effort among academia, industry and certified
bodies is needed to foster convergence between scientific progress and
advancements in clinical, logistic and regulatory strategies. A funda-
mental aspect of this multifaceted challenge is the capability of non-
destructively monitoring the implants at the fabrication stage and after
implantation, to achieve pre-implantation in vitro quality assessment as
well as longitudinal evaluation of the in vivo performance.

To a certain degree non-invasive monitoring of implants can be
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performed with imaging technologies that are already routinely used in
the clinic [13,14]. This has the advantage of a faster clinical entry by
avoiding time-consuming validation and approval, and usually having a
faster acceptance by the clinicians. In this respect, particularly ultra-
sound, computed tomography (CT) and magnetic resonance imaging
(MRI) have been explored to advance the development of tissue-en-
gineered cardiovascular implants. Specifically, ultrasound has been
shown to be a valuable tool to monitor changes in extracellular matrix
production in vitro over time [15–18]. The application of different ul-
trasound modes to bioreactors for heart valves and vascular grafts
[19,20] provided information on the 3D geometry otherwise not ac-
cessible by conventional optical imaging as well as visualization and
quantitative evaluation of the flow through the construct, in real time
and throughout the entire in vitro fabrication phase.

CT-imaging was used to follow non-invasively the degradation of
non-cellularized synthetic vascular grafts developed for in situ tissue
engineering by Talacua et al. using polycaprolactone modified with a
novel iodinated CT contrast agent. The authors were able to measure
the volume and density of the graft and to assign the decrease in density
on CT images to the scaffold degradation [21].

Another widely clinically applied technique for non-invasive as-
sessment of the function and structure of the cardiovascular system is
MRI. MRI certainly offers the best soft tissue contrast of all imaging
modalities and a broad variety of tools to characterize tissues func-
tionally. MRI was, for example used to assess wall shear stress in tissue-
engineered vascular grafts [22]. Nevertheless, due to very similar soft
tissue properties of tissue-engineered constructs and native tissues,
contrast agents, such as ultrasmall superparamagnetic iron oxide
(USPIO) nanoparticles, 19F-containing compounds and gadolinium-
based complexes, often need to be incorporated to enable a proper
delineation of the implanted material [23–27]. USPIO particles have
been proposed for a wide range of applications including stem cells
tracking, cancer detection and drug delivery monitoring [28–31]. For
cardiovascular tissue engineering applications, aortic smooth muscle
cells (SMC) [32] and endothelial cells (EC) [33,34] were labeled with
USPIO to enable a non-invasive monitoring of tissue-engineered vas-
cular grafts within a clinically relevant time-window to assess eventual
endothelial damage after implantation.

Towards our goal of bringing biohybrid tissue-engineered vascular
grafts to the clinic, we established the technology and experimental
procedures to make them MRI-imageable to enable a clear delineation
of the grafts during the bioreactor cultivation and showed proof-of-
principle visualization of a USPIO-labeled graft implanted as arter-
iovenous shunt in adult sheep [35]. In this study, we built on our
previous efforts and further expanded the monitoring scheme with
positron emission tomography-computed tomography (PET-CT) using
fluordeoxyglucose (FDG) as a metabolic tracer [36] to monitor the
whole life-cycle of tissue-engineered vascular grafts non-invasively,
starting from in vitro quality control assessment to multimodal long-
itudinal evaluation of the grafts' functionality for up to eight weeks in
an ovine model. We combined data provided by MRI to monitor the
grafts’ localization and function, with data obtained by FDG PET-CT to
identify and eventually accurately quantify vascular inflammation.
Biohybrid grafts were fabricated with textile co-scaffolds labeled with
USPIO (iTEVG) and without any labeling (TEVG). Upon explantation,
the grafts were examined to evaluate the influence of the USPIO la-
beling on the tissue formation. Analyses included im-
munohistochemistry, quantification of collagen content and burst
strength determination. The presence of the USPIO clearly increased the
detectability of the vascular grafts by MRI enabling their precise loca-
lization without significantly affecting the extracellular matrix synth-
esis.

2. Materials and methods

The study design is schematically shown in Fig. 1. Autologous

tissue-engineered vascular grafts were prepared by a molding technique
using cells isolated from the ovine carotid arteries, fibrin gel compo-
nents and USPIO-labeled (iTEVG, n=6) or non-labeled (TEVG, n= 6)
textile meshes. The grafts were dynamically conditioned in vitro over
two weeks. Three grafts of each kind were implanted as carotid artery
interponates in the respective sheep for up to 8 weeks, while the re-
maining grafts were used for tissue analysis. Prior to implantation the
TEVG and iTEVG were visualized by 3T MRI for quality assessment. The
implants were followed up longitudinally by MRI at weeks 4 and 8, as
well as by PET-CT at weeks 1 and 3. After explantation, the tissue were
analyzed (immuno)histochemically and biochemically to evaluate
tissue composition and endothelialization.

A further set of grafts was prepared exclusively for MRI in vitro
characterization using different magnetic field strength MR systems (1,
3 and 7T) to investigate the feasibility to quantitatively evaluate re-
laxometric properties and assess the proper embedding of the textile
mesh in the tissue as quality control.

The animal experiment was approved by the governmental review
committee on animal care (84-02.04.2012.A351). Six healthy adult
sheep (Rhoen sheep or Rhoen sheep mixed breed) were used, for the
evaluation of three TEVG and three iTEVG. The animals were enrolled
from a disease-free barrier breeding facility, were housed in ventilated
rooms and allowed to acclimatize to their surroundings for a minimum
of five days before surgery. Animals were fasted overnight before the
surgical procedure, with water allowed ad libitum.

2.1. Carotid artery harvest

After premedication with intramuscular atropine 1% (0.1–0.15mg/
kg) and xylazine 2% (0.15–0.2mg/kg), a two-lumen central venous line
was inserted in the left jugular vein. Propofol (3–4mg/kg) was ad-
ministered and endotracheal intubation was performed. The animal
was placed in the left lateral position. Anesthesia was maintained with
isoflurane (1.5 vol%) and fentanyl (45–90mg/kg/h). The operative
field was prepped and dressed. The right common carotid artery and
jugular vein were dissected over a length of approximately 10 cm. A
bolus of heparin (5000 U) was administered via the central line. A 6 cm
segment of the right common carotid artery was harvested from each
animal and immediately placed in sterile transport buffer (100mM
HEPES, 140mM NaCl, 2.5mM KCl, 10mM glucose, 1% antibiotic/an-
timycotic solution (penicillin G/streptomycin/amphotericin B; Gibco,
Karlsruhe, Germany); pH 7.4). Continuity of the carotid artery was re-
established with a thin-walled 6-mm diameter GORE-TEX® graft (W.L.
Gore & Associates, Newark, Delaware, USA), which was sewn in place
using running 6-0 polypropylene (Prolene®, Ethicon, Somerville, New
Jersey, USA). After careful hemostasis, the wound was closed in layers.
The administration of narcotic agents was discontinued. The animals
were extubated within 30min. Subsequently, the central venous line
was removed and the animals were transferred to the adjacent ob-
servation barn for the next 48 h. Thereafter, the animals were trans-
ferred to the institute farm until the graft implantation procedure.

2.2. Cell isolation and culture

Ovine carotid artery endothelial cell (EC) and smooth muscle cell
(SMC)/fibroblast (FB) isolation was performed as described previously
[37]. The carotid artery biopsy was washed with PBS, cannulated on
both ends and EC were obtained by collagenase type I treatment for
30min at 37 °C. The artery was carefully flushed with PBS to collect EC,
which were then seeded on gelatin pre-coated culture flasks. A SMC/FB
mixture was isolated by cutting 1mm thick tissue rings and placing
them in cell culture flasks. Outgrowing cells were observed after one
week. EC were kept in endothelial basal medium (EBM-2) supple-
mented with endothelial growth supplements (EGM-2) (Lonza, Co-
logne, Germany). SMC/FB were cultured in DMEM supplemented with
10% fetal calf serum (FCS) (Life Technologies, Karlsruhe, Germany).
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Cells were subcultured at a confluency of 80–90%. EC between passage
3 and 5 and SMC/FB between passage 4 and 6 were used to fabricate
tissue-engineered vascular grafts (TEVG) and imageable tissue-en-
gineered vascular grafts (iTEVG) for the in vitro and in vivo experiments.
Before experiments were conducted, their cellular phenotypes were
verified by immunohistochemical staining against alpha-smooth muscle
actin (α-SMA) and von Willebrand factor (vWf). SMC/FB had to be
positive for α-SMA and negative for vWF, EC had to show the opposite
results. Cells were seeded in 96-well plates, fixed with ice-cold me-
thanol (−20 °C) for 30 min and rehydrated in PBS. Subsequently,
blocking of unspecific epitopes and permeabilization of the cell mem-
branes was performed with normal goat serum (NGS; Dako, Hamburg,
Germany) in 0.1% Triton-PBS for 1 h. Cells were incubated for 1 h at
37 °C with the following primary antibodies: 1:400 mouse anti-a-SMA
(A 2547; Sigma, Steinheim, Germany) and 1:200 rabbit polyclonal anti-
human vWf (A0082; Dako). Secondary antibodies were incubated for
1 h at 37 °C: 1:400 mouse immunoglobulin G (H + L) (A 11005; In-
vitrogen) and 1:400 rabbit immunoglobulin G (H + L) (A11008; In-
vitrogen). The cells were counterstained with DAPI nucleic acid stain
(Molecular Probes) and visualized using a microscope capable of epi-
illumination (AxioObserver Z1; Carl Zeiss GmbH). Images were ac-
quired using a digital camera (AxioCam MRm; Carl Zeiss GmbH).

2.3. Fibrin synthesis

Lyophilized human fibrinogen (Calbiochem®, Darmstadt, Germany)
was dissolved in purified water (Milli-Q™; Millipore, Schwalbach,
Germany) and dialyzed with a cut-off membrane (Novodirect, Kehl,
Germany) of 6000–8000MW overnight against tris-buffered saline
(TBS; pH 7.4). Subsequently, the fibrinogen solution was sterilized by
filtration (0.22 μm filter) and the concentration was optically de-
termined by absorbance measurement at 280 nm using a spectro-
photometer (Tecan, Crailsheim, Germany). The fibrin gel component of
the vascular graft (5.0 mL in total) consisted of 2.5 mL of the fibrinogen
solution (10mg/mL), and the fibrin polymerization starting solution
composed of 1.75mL TBS containing 50× 106 carotid artery SMC/FB,
0.375mL 50mM CaCl2 (Sigma, Steinheim, Germany) in TBS and
0.375mL of thrombin (40 U/mL; Sigma, Steinheim, Germany).

2.4. USPIO synthesis and USPIO-labeled PVDF mesh production

USPIO-labeled PVDF warp-knitted mesh was fabricated as pre-
viously described [35]. USPIO nanoparticles were synthesized by co-
precipitation of ferrous (Fe2+) and ferric (Fe3+) salts under alkaline
aqueous conditions following a modified one-pot synthetic protocol,
which was published previously [38]. The resulting USPIO are known
to have a diameter of 5.5 ± 1.1 nm as determined by transmission
electron microscopy [38]. Lyophilized USPIO particles (0.2% (w/w))

Fig. 1. Study design. Schematic representation of the fabrication process for imageable USPIO-labeled and non-labeled (TEVG) tissue-engineered vascular grafts
(iTEVG) and experimental timeline for in vitro and in vivo graft monitoring.
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and PVDF granules (Solef®1006 by Solvay Solexis S.A.S., Tavaux,
France) were mixed in a rotatory mixing station (Stuart rotator drive
STR4, Bibby Scientific Ltd, United Kingdom) and subsequently pro-
cessed to fibers via melt-spinning using a single-screw lab-melt-spin-
ning machine (Fourné Polymertechnik GmbH, Germany). The fibers
were further processed into tubular warp-knitted structures on a double
Raschel warp-knitting machine (DDR 16 EAC/EEC, Karl Mayer Textil-
maschinenfabrik GmbH, Obertshausen, Germany). Fibers obtained with
(n=35) and without USPIO (n= 35) were analyzed by means of a
digital microscope (Keyence VHX 5000) to determine their diameter,
which was 20 ± 2 μm for both types.

2.5. Tissue-engineered vascular grafts fabrication and bioreactor
conditioning

Biohybrid vascular grafts were fabricated by injection molding with
a procedure adapted from a previously reported one [37]. Briefly, the
inner casting cylinder of the mold was either lined with the non-labeled
or USPIO-labeled PVDF mesh which was fixed in-between of two T-
connectors. Subsequently, the annular space between the inner (O.D.
5mm) and outer (I.D. 8mm) cylinders of the mold was filled with the
fibrin gel components. The fast polymerization of the fibrinogen pro-
vided a homogenous cell distribution throughout the graft. The inner
casting cylinder was removed after 45min and the graft was main-
tained in the outer cylinder. Subsequently, the graft in the outer cy-
linder was directly connected to a bioreactor system and transferred to
an incubator at 37 °C and 5% CO2 for dynamic conditioning. The flow
through the grafts was generated by a peristaltic pump (MCP-Process;
Ismatec) and was gradually increased from 20 to 200mL/min in 30mL/
min daily steps over a 7-day period. A flow resistance positioned distal
to the graft enabled the regulation of pressure to arterial levels
(120mmHg, systolic pressure; 80mmHg, diastolic pressure). The
pressure was monitored proximal to the graft by a pressure sensor
(Codan Medical GmbH), and recorded by a computer via an analog/
digital converter (USB6009; National Instruments). The bioreactor
tubing was composed of platinum-cured silicone peroxide (Ismatec),
with high gas transfer coefficients for both oxygen and carbon dioxide
to provide stable culture conditions.

After 7 days the graft in the outer cylinder was removed from the
bioreactor system for endothelialization of the graft's lumen.
3× 106 cells/mL were injected into the lumen and the graft was rotated
around its longitudinal axis at 1 round per minute for 6h to guarantee
homogenous EC attachment. Afterwards, the graft was reconnected to
the bioreactor system and conditioned for 7 more days following the
same protocol as in the first week. The culture medium used in the
bioreactor system for the first 7 days consisted of DMEM with 10% FCS,
1% antibiotic/antimycotic solution (ABM), 1.6 μL/mL tranexamic acid
(TA) (Cyklokapron- Injection solution 1000mg/mL; Pfizer Pharma
GmbH) and L-ascorbic acid-2-phosphate (1.0 mM; Sigma). After EC
seeding, the medium was replaced by a 50:50 (v/v) mixture of DMEM
and EGM-2 supplemented with 10% FCS, 1% ABM, 1.6 mL/mL TA and
L-ascorbic acid-2-phosphate.

2.6. Implantation of tissue-engineered vascular grafts

Following bioreactor conditioning, tissue-engineered vascular grafts
were implanted into the carotid artery of the same animals (n= 6) from
which the cells had been harvested. Each animal was placed in the right
lateral position, and the operative field was prepped and dressed. The
grafts were removed from the bioreactor within the operating theatre
and prepped for surgery. For implantation of the grafts, 4–5 cm of na-
tive left common carotid artery was excised, and a 4–5 cm section of the
tissue-engineered graft was sewn in place end-to-end, completing the
distal and proximal anastomoses using running 6-0 polypropylene.
Subsequently, the wound was closed and animals were transferred to
the observation barn the following morning.

2.7. Explantation of tissue-engineered vascular composite grafts

The vascular composite grafts were explanted at the predetermined
end points of eight weeks. At the scheduled end of the experiment, the
animals were euthanized with pentobarbital (50–80mg/kg; Marial
GmbH, Hallbergmoos, Germany). After explantation the grafts were
rinsed with PBS, carved longitudinally and inspected for thrombotic
deposits. After photo documentation, representative portions of the
explanted grafts were fixed in Carnoy's fixative for (immuno)histolo-
gical analysis or were processed for hydroxyproline assay.

2.8. Tissue analysis of tissue engineered vascular grafts

2.8.1. Immunohistochemistry
Non-specific sites on Carnoy's fixed, paraffin-embedded graft sec-

tions were blocked with 5% normal goat serum (NGS; Dako) in 0.1%
Triton-PBS for 1 h at room temperature (RT). Subsequently, sections
were incubated for 1 h at 37 °C with the following primary antibodies:
1:200 rabbit anti-type collagen I (R 1038; Acris); 1:25 rabbit anti-type
collagen III (R 1040; Acris); 1:200 rabbit anti-elastin (20R- ER003;
Fitzgerald); and 1:1000 mouse anti-a-SMA (A 2547; Sigma).

Afterwards, the sections were incubated for 1 h at 37 °C with either
rhodamine or fluorescein-conjugated goat anti-mouse or goat anti-
rabbit secondary antibodies: 1:400 rabbit type collagen I (A 11008;
Molecular Probes); 1:300 rabbit type collagen III (E 0432; Dako); 1:400
rabbit elastin (A 11008; Molecular Probes); and 1:400 mouse a-SMA (A
11005; Molecular Probes). Type collagen III signal was amplified by an
additional incubation with 1:1000 streptavidin/TRITC (RA 021; Acris).
The native ovine carotid arteries served as positive controls. As negative
controls, samples were incubated in diluent with the secondary anti-
body only. Tissue sections were counterstained with DAPI nucleic acid
stain (Molecular Probes). Additional negative controls were obtained by
staining for markers not specific for vascular tissue as explained in the
Supplementary Information. Samples were investigated with a micro-
scope equipped for epi-illumination (AxioObserver Z1; Carl Zeiss
GmbH). Images were acquired using a digital camera (AxioCam MRm;
Carl Zeiss GmbH).

2.8.2. Mechanical properties
Burst pressure experiments were performed by fixing a piece of each

vascular graft (1 cm2) onto a custom-designed burst chamber and ex-
posing it to increasing pressure by pumping PBS into the chamber by
means of a peristaltic pump. The tissue was placed on the outlet of the
chamber and was fixed by the chamber's lid. To avoid leakage and
tissue damage by sharp edges two rubber gaskets were used to sand-
wich the sample. The pressure was recorded by a pressure sensor device
(Jumo Midas pressure transmitter; JUMO GmbH & Co. KG) connected
to a computer running LabVIEW 7.1 (National Instruments
Corporation). The highest pressure measured before the point of
structural failure was recorded as the burst strength of the graft.

2.8.3. Quantification of collagen content (hydroxyproline assay)
For the quantitative analysis of collagen synthesis, the hydro-

xyproline content of overnight vacuum dried samples from each vas-
cular graft was determined as described by Reddy and Enwemeka [39].
After the samples were hydrolyzed by addition of 6M HCl and heat
treatment (18 h at 110 °C), buffered Chloramine-T reagent (60mM
Chloramine-T, 20% n-Propanol, 80% Acetate citrate buffer) was added
to oxidize the samples for 45min. Ehrlich's reagent (4-dimethylamino-
benzaldehyde, Fluka) was subsequently added and the samples were
incubated for 45min at 65 °C. After the development of a red con-
densation product, the absorbance was measured at 550 nm with a
Tecan plate reader (Infinite M200, Tecan Group Ltd.). A standard curve
of known amounts of trans-4-hydroxy-L-proline (Sigma) was used for
calibration and to quantify the results. Results are expressed as per-
centage of the collagen amount of the native ovine carotid artery.
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2.9. Magnetic resonance imaging in vitro

The vascular grafts to be implanted were measured in a clinical 3T
whole-body MR scanner (Philips Achieva, Best, The Netherlands) using
a custom-made small animal solenoid sense-receive coil (40 mm inner
diameter and 78 mm bore length; resulting in a 40 mm field of view)
(Philips Research Laboratories, Hamburg, Germany) for reception of
the signal together with the body coil for excitation. For the quality
control of the implants, the bioreactor circuit with the grafts was un-
coupled from the pump, transferred into the MR scanner, and mea-
surements were performed at the end of the cultivation phase, as close
as possible to the time of implantation. Transverse (T2) relaxation times
were measured in 2D scan mode using a multi-slice, multi-shot spin-
echo sequence (MSME) with a 90° excitation pulse followed by a train
of equally spaced 180° refocusing pulses [TR = 1500 ms, echo time
(TE) = 29 ms, number of echoes = 20, reconstruction ma-
trix = 112 × 112, voxel size = 0.2 × 0.2 mm, slice thick-
ness = 1 mm]. For T2* relaxometry, images at 32 echo times [TE
range = 14–168 ms] were acquired by using a multi-shot, multi-slice
fast-field gradient-echo sequence [TR = 549 ms, 11 ms interval be-
tween two echoes, reconstruction matrix = 192 × 192, voxel
size = 0.25 × 0.25 mm, slice thickness = 1 mm, 30° flip angle]. T2 and
T2* relaxation times (and corresponding R2 and R2* ratios) were cal-
culated by fitting an exponential curve to the signal amplitudes as a
function of TE for each segmented scaffold region using the Imalytics
Preclinical Software (Gremse-IT GmbH, Aachen, Germany) [40]. The
exponential curve includes an offset to account for a signal plateau
created by noise or a component with slow signal decay. Furthermore,
T1- and T2-weighted images were acquired using a T1-weighted turbo-
spin-echo (TSE) sequence [TR=500ms, TE=20ms, 0.30×0.23mm
voxel size, slice thickness= 1mm], and a T2-weighted TSE sequence
[TR=1000ms, TE=100ms, 0.25×0.25mm voxel size, slice thick-
ness= 1mm], whereas for PD-weighting, a multi-shot, multi-slice fast-
field gradient-echo (FFE) sequence [TE=4ms, TR=1000ms,
FA=60°, voxel size= 0.25× 0.25mm, slice thickness= 1mm] was
used.

An additional set of vascular grafts (iTEVG,n= 1 and TEVG, n= 1)
was exclusively evaluated in vitro with preclinical MRI scanners with
1T, 3T and 7T field strengths (Bruker, Ettlingen, Germany; 1T Icon and
the 7T Biospec 70/20 USR) at different locations along their axes
(n≥ 3). These grafts were prepared as described in section 2.5, how-
ever they were produced with a smaller diameter (3 mm inner diameter
instead of 5 mm as for the animal study) and with human smooth
muscle cells and endothelial cells isolated from umbilical arteries.
Furthermore, for these grafts, the bioreactor system was driven by a
microcentrifugal pump instead of a peristaltic one. For the 1T mea-
surements, a rat whole body volume coil (59/50 × 90 mm) was used.
T2-weighted scans at the 1T MRI were acquired by using a RARE (rapid
imaging with refocused echos) sequence [TR = 1600 ms, TE = 80 ms,
RARE factor = 8, averages = 6, matrix = 128 × 128, voxel
size = 0.125 × 0.125 × 1 mm]. For 7T T2w images, a TurboRARE
sequence was used [TR = 2500 ms, TE = 48 ms, RARE factor = 8,
averages = 4, matrix = 128 × 128, voxel size = 0.101 × 0.101 × 1
mm]. T2*-weighted images were generated using a FLASH sequence
[TR = 800, TE = 30 ms, FA = 18°]. For R2 determination, a MSME
sequence [TR = 3000 ms, TE = 20, number of echos = 30], and for
R2* determination a MGE (multiple gradient echo) sequence with
TR = 800 ms and TE = 4.5 ms [number of echos = 8, averages = 2,
FA = 50°] were applied. All 7T scans were obtained at identical matrix
size and resolution, using two different coil configurations: the 3D
images were acquired with the volume transmit/receive coil (86 mm
inner diameter; Bruker RF RES 300 1H 112/086 QSN TO AD); all other
measurements were performed with a planar surface coil for signal
reception (20 mm inner diameter; Bruker RF SUC 300 1H LNA AV3) in
combination with the volume coil for transmission. T2 and T2* re-
laxation times (and corresponding R2 and R2* ratios) were calculated

as described for 3T-MRI. The regions of interest (ROIs) were defined as
explained in Figs. S1 and S2.

2.10. In vivo longitudinal monitoring

The implanted grafts were longitudinally monitored by MRI and
FDG PET-CT for a period of 2 months (Fig. 1). FDG PET-CT imaging was
used to monitor inflammation 1 and 3 weeks post-implantation, MR
imaging was performed to visualize the biohybrid vascular grafts’ lo-
calization and functionality, as well as the textile-reinforcement in-
tegrity at 4 and 8 weeks post-implantation.

2.10.1. MRI
MR imaging of the implanted grafts was carried out under Xylazin/

Atropin anesthesia using a clinical 3T MR scanner, in combination with
PMS SENSE Head Spine Coil (Philips Research Laboratories, Hamburg,
Germany). Grafts were visualized using a proton-weighted multi-shot,
multi-slice fast-field gradient-echo (FFE) sequence [TE= 4ms,
TR=1000ms, FA=60°, FOV=60×22×60mm], and patency was
evaluated using a 3D T1-weighted FFE phase contrast angiography
(PCA) [TE=4ms, TR=10ms, FA=15°, averages= 2,
FOV=68×300×150mm, matrix= 512×265]. For in vivo R2 de-
termination, a turbo spin echo (TSE) sequence [TR = 1500 ms,
TE = 18.6–241.2 ms, FA = 90°, averages = 2, matrix size 80 × 80,
resolution = 0.96 × 0.96 × 1 mm] was used. Scans for R2* de-
termination were obtained using a FFE sequence [TR = 200 ms,
TE = 1.8–14.2 ms, FA = 30°, matrix = 112 × 112, averages = 10
resolution 0.86 × 0.86 × 2 mm]. As for the in vitro studies, T2 and T2*
relaxation times (and corresponding R2 and R2* ratios) were calculated
by fitting an exponential curve to the signal amplitudes as a function of
TE for each segmented scaffold region using the Imalytics Preclinical
Software (Gremse-IT GmbH, Aachen, Germany). Reliable evaluation
was possible for all but one iTEVG for which R2 could not be de-
termined for the 4 week time point because of insufficient scan quality
and for one animal with a TEVG, which was euthanized at week 4 as
explained in section 3.2.

2.10.2. PET-CT
Imaging was performed on a Gemini TF 16 PET/CT scanner (Philips

Medical Systems, Best, The Netherlands) which consists of a 16-slice
Brilliance CT scanner and a fully three-dimensional, time-of-flight
(TOF) capable PET scanner. The PET scanner is constructed with 28 flat
modules, each consisting of a 23×44 array of 4× 4x22 mm lutetium-
yttriumoxyorthosilicate (LYSO) crystals placed in a full ring. The
scanner bore has a diameter of 71.7 cm with active transverse and axial
field of views (FOV) of 57.6 and 18 cm, respectively for both the PET
and the CT component.

All animals were measured twice except one that was measured four
times. All animals received at least 2MBq 18F-FDG/kg body weight
(324 ± 44MBq 18F-FDG, range: 275–413 MBq). First a whole body
low-dose CT was performed without contrast medium for attenuation
correction purposes (scanning parameters: collimation 16× 1.5mm;
pitch 0.812; rotation time 0.4 s; effective tube current–time product of
30mAs; tube voltage of 120 kVp). Following the low-dose CT, a con-
trast-enhanced (300mg/mL, Ultravist 300; Bayer Schering Pharma)
arterial CT scan was performed by scanning the neck from the base of
the skull to the upper thorax. Subsequently, the venous phase was
measured for the whole body. Images were reconstructed with a slice
thickness of 5mm at overlapping increments of 3.5 mm, resulting in a
CT voxel size of 1.2× 1.2×3.5mm³. The image reconstruction algo-
rithm was a medium smooth soft-tissue kernel (windows center, 60;
windows wideness, 450). The static PET scan started 60min after the
intravenous injection of 18F-FDG with an acquisition time of 1.5 min per
bed position. Data were collected in list mode for all coincident events
along with their time stamps. For each animal, 14 to 17 bed positions
were acquired. PET slices of 4mm thickness (pixel size 4× 4mm) were
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reconstructed using the proprietary iterative BLOB–OS–TF algorithm
(number of iterations= 3, number of subsets= 33) which is provided
by the scanner's manufacturer. This results in a matrix size of
144×144 voxels per slice. A full correction for random coincidences,
scatter radiation, and attenuation was performed. Attenuation correc-
tion of PET data was based on the low-dose unenhanced CT data.

Quantitative analysis was performed with the PMOD 3.1 software
package (PMOD Technologies Ltd, Zurich, Switzerland). Mean and
maximum standard uptake values (SUVmean and SUVmax, respec-
tively) were measured in seven different defined regions of interest (Fig.
S2): left common carotid artery including implant, right common car-
otid artery including GORE-TEX® implant, right and left jugular vein,
caudal part of left and right carotid artery and thigh muscle of the right
foreleg (reference region). All ROI were defined on the arterial and
venous contrast-enhanced CT scans and transferred to the co-registered
static PET scans.

2.11. Statistical analysis

All results are presented as average ± standard deviation. For
comparison of burst pressures and hydroxyproline contents, one-way
ANOVA was performed; for comparisons of R2, R2*(MRI), SUV (PET)
paired t-test was performed when different time points (for the same
animal) were analyzed, otherwise one-way ANOVA was performed.

For the in vitro evaluation of R2 and R2* a two way ANOVA was
performed to take into account the effect of USPIO presence and field
strength, while paired t-test was chosen to account for the effect of time.
When statistically significant differences were detected between group
means (n > 2) Bonferroni post-hoc test was performed for pair wise
comparisons. P≤ 0.05 was considered as significant. Analysis was
performed using SPSS (version 24.0, IBM, USA).

3. Results and discussion

3.1. In vitro characterization of the tissue-engineered vascular grafts

For each sheep either two TEVG or two iTEVG were fabricated by
injection molding of cell-containing fibrin followed by a two-week
cultivation in a bioreactor. One of the grafts was used for the analysis of
in vitro tissue development while the other one was implanted as carotid
artery interponate to evaluate its in vivo performance.

Shortly before implantation, the tissue-engineered vascular grafts
were imaged by 3T MRI, while enclosed in the bioreactor system, to
evaluate their shape, patency, contrast properties and relaxation rates.
The bioreactor system consists of silicone tubings for the circulation of
the medium and the housing of the TEVG, which can be easily detached
from the peristaltic pump and introduced into the MRI scanner, as done
in this study.

USPIO incorporation resulted in enhanced visibility in T1-, T2*- and
PD-weighted images (Fig. 2 B) and in a statistically significant increase
in R2* (Fig. 2C) in a clinical 3T MRI system, confirming the reprodu-
cibility and efficiency of USPIO textile labeling for in vitro structural
evaluation of the grafts [35]. The lumens of TEVG and iTEVG were
open and the 3D rendering of the USPIO-labeled mesh (Fig. 2 D) did not
reveal any signs of structural collapse. The complete embedding of the
mesh within the thickness of the graft's wall could also be confirmed by
MRI (Fig. 2 A). This is an important aspect in the quality control of the
implant as direct exposure of the textile to the blood might cause
thrombus formation. Such detailed evaluation could not be achieved
with other non-invasive monitoring techniques. Ultrasound imaging
has been applied to evaluate the overall structural integrity of TEVG in
vitro [20], however to achieve higher spatial resolution, ultrasound
transducers with high frequencies are needed. As these have low tissue
penetration depths, their application in closed bioreactor systems under
sterile conditions is challenging [41].

Another set of grafts (n(iTEVG)=1, n(TEVG)= 1) was prepared

exclusively for the evaluation in vitro at multiple locations along their
axes (n≥ 3) with MRI scanners operating at 1T and 7T, besides the
clinical 3T scanner. The 1T MRI imaging was employed and evaluated
as an easy applicable low cost imaging method to control successful
USPIO labelling and textile embedding in the graft. In all systems the
grafts were detectable, with the iTEVG giving a higher contrast (Fig. 3
A). Evaluation of the graft embedding was feasible for iTEVG at 1T,
although with a trade-off between scanning duration and resolution to
avoid keeping the graft for a long time in the scanner under non-op-
timal conditions. The in vitro quality control is, therefore, feasible even
in more basic MRI systems of tabletop size and without super-
conducting magnets. However, analysis of the grafts’ relaxometric
properties was only partially possible at 1T. While R2 quantification
indicated a significant difference (p < 0.05) between USPIO-labeled
(R2= 3.29 ± 0.06 s−1) and non-labeled TEVG (R2=3.14 ± 0.02
s−1), R2* evaluation could not be properly performed in the 1T system
because of field inhomogeneities of the permanent magnet.

For the 7T MRI, an additional quantitative analysis of R2 and R2*
relaxation rates was performed over a cultivation period of 14 days and
data were compared to those from 3T measurements. The R2 and R2*
rates obtained with the 7T scanner were significantly higher than those
at 3T for all grafts, with the values for iTEVG being almost 2.8 fold
higher. As already seen in the previous 3T measurements, the R2 and
R2* rates remained stable over time, with a significant difference be-
tween TEVG and iTEVG.

Fig. 3C shows a 3D rendering of an iTEVG after 7 days obtained in a
7T MRI system using the Imalytics Preclinical software, showing the
same capability to evaluate the structural stability of the graft as for the
3T system, but with a higher resolution. A shorter scanning time is a
further advantage of higher magnetic field systems such as the 7T MRI,
however these systems are currently not broadly available in the clinic.
Acquisition of T2-weighted images of the grafts with and without per-
fusion in the 7T scanner further showed patency of the grafts (Fig. 3 D).
These measurements were enabled by the use of a portable bioreactor
system we recently developed by implementing a centrifugal pump and
an ad-hoc developed controller [42]. The system was meant to address
logistic issues related to the transport of the tissue-engineered grafts so
that they are constantly under physiological flow and pressure condi-
tions to guarantee viability, stability and function prior to implantation.
The T2-weighted images allow to evaluate the homogenous embedding
of the USPIO particles into the mesh (Fig. S3) as well as the mesh po-
sition with respect to the graft's luminal side (Fig. S4).

Based on these findings, we conclude that benchtop 1T MRI scan-
ners may suffice to confirm scaffold labelling during the production
process. These devices are considerably cheap with respect to system's
price and maintenance costs, can be used in a normal laboratory en-
vironment and they are easy to handle. High-field devices as the pre-
clinical 7T MRI provide more quantitative and accurate results but are
costly and may not always be required for characterizing the vascular
scaffolds in vitro.

Tissue characterization included immunohistochemical stainings of
different extracellular matrix (ECM) proteins, biochemical evaluation of
the hydroxyproline content and measurement of the burst strength.
Immunohistochemistry of iTEVG and TEVG prior to implantation con-
firmed the good integration of the textile reinforcement in the vessel
wall. Stainings against collagen type I and type III showed deposition of
ECM proteins after 14 days of bioreactor cultivation (Fig. 4A–F), with
no detectable differences between iTEVG and TEVG. Furthermore,
elastin synthesis was observed (Fig. 4G–I) and the embedded cells were
positive for α-SMA in both types of tissue-engineered vascular grafts
(Fig. 4J–L). Negative controls are shown in Figs. S5–S7. The amount of
collagen, a main component of native vessels, of TEVG and iTEVG as
calculated from the hydroxyproline content was not statistically dif-
ferent (Fig. 4 M). The burst strength, a common value to characterize
the mechanical behavior of a tissue exposed to pressure, showed similar
results for TEVG and iTEVG (Fig. 4 N) supporting the observation that

F. Wolf, et al. Biomaterials 216 (2019) 119228

6



USPIO labeling had no negative effect on tissue development in vitro.
TEVG and iTEVG resisted a burst pressure of 872 ± 90mmHg and
873 ± 266mmHg, respectively, which is approximately 7-fold the
systolic arterial blood pressure and therefore adequate for implantation
in the systemic circulation. All grafts were easy to handle and suturable
as illustrated in Fig. 4 O, showing a freshly implanted graft immediately
after completion of distal and proximal anastomoses and before closure
of the wound.

3.2. In vivo longitudinal monitoring of the tissue-engineered grafts by MRI
and PET-CT

Five out of 6 animals had an uneventful operative procedure and
survived until the predetermined study end point of 2 months with
patent grafts. Complications during the implantation procedure oc-
curred in one animal receiving a non-labeled TEVG. Specifically, during

the initial phase of the implantation, one of the clamps, used to define
the portion of vessel to be replaced with the TEVG, unexpectedly
opened after the carotid artery segment had been excised. This resulted
in the temporary loss of the implant in the operation wound and ex-
tensive manipulation to recover it. This probably caused significant
endothelial damage resulting in a thrombotic event. The graft was
found occluded by MRI four weeks after implantation. The animal also
suffered from severe respiratory complications and was euthanized
after the MRI examination. The quality of the MRI data for this animal
was unfortunately not high enough to enable reliable quantification.

The other implanted tissue-engineered grafts were followed in vivo
over an 8-week period according to the scheme shown in Fig. 1. Spe-
cifically: PET-CT was performed 1 and 3 weeks after implantation,
while MRI was performed after 4 and 8 weeks. The choice of the time
points for imaging was due to the limited availability of the clinically
used MRI and PET-CT systems. PET is one of the most sensitive

Fig. 2. 3T-MR characterization of TEVG (n = 3) and iTEVG (n = 3) prior to implantation. A) Photograph of an iTEVG after bioreactor conditioning (left) and MR
relaxometry with R2 mappings at three different sections to demonstrate mesh embedding in the grafts (right, scale bar = 1 mm). In this context, the red dots in the
R2 maps represent the USPIO in the mesh. B) Suitability of MR sequences for the visualization of USPIO-labeled grafts. T1-, T2*-, and PD-weighted images of TEVG
and iTEVG are shown on the left and right, respectively. As expected USPIO incorporation into the grafts leads to a decrease in signal intensity in all different MRI
images, being most pronounced in T2*-weighted ones, which are highly sensitive for magnetic susceptibilities. However, in T2*-weighted images USPIO in-
corporation also leads to artefacts that may disturb further MRI characterization of the vessel lumen and the surrounding tissue. These artefacts are much less
apparent in T1- and PD-weighted images; scale bar = 1 mm. C) Absolute quantification of the impact of USPIO incorporation into the meshes requires relaxometric
analysis. R2 and R2* relaxation rates of iTEVG are higher than for TEVG, which underlines the relevance of this labelling. D) 3D rendering of a T2-weighted MRI
dataset of a textile reinforcement in an iTEVG during bioreactor conditioning; scale bar = 1 mm. P < 0.05 was considered to represent statistical significance. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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molecular imaging techniques and has been used in the field of tissue
engineering to monitor cellular functionality, adherence as well as
metabolic activity in in vitro system [43,44]. In the vascular system,
increased uptake of 18F-FDG was reported as a sign of local in-
flammation [36,45,46]. With this technique, we detected a mild in-
flammation at the side of all the tissue-engineered grafts 1 week after
implantation as indicated by the arrows in Fig. 5 A, B. The resolution of
the PET images, however, did not allow for a precise attribution of the
signal to specific anatomical locations, therefore an overlay with con-
trast-enhanced CT was performed (Fig. 5C). For all TE grafts, 18F-FDG
uptake was slightly higher than in the contralateral artery where a
GORE-TEX® graft was implanted. However, the synthetic graft was
implanted at an earlier time point (when the carotid was biopsied to
obtain the autologous cells) and therefore probably not affected any-
more by post-interventional inflammation. In one of the iTEVG, there
was a noticeable increase in the average 18F-FDG uptake at week 3,
whereas in all other grafts, it stayed constant or decreased slightly, as
expected from the inflammatory response after surgery. The same an-
imal also presented a clearly higher 18F-FDG uptake at the GORE-TEX®

site with respect to week 1 and a slightly higher uptake at the carotid
artery site (Fig. 5 D, indicated by black arrows). No significant differ-
ence between the 18F-FDG uptake of TEVG and iTEVG was detected, nor
between those of GORE-TEX® grafts and the carotid arteries of the two
groups of animals at 4 and 8 weeks. It is known that iron-oxide nano-
particles can interfere with the biological activity of cells through the
production of reactive oxygen species (ROS), depending on their size,
concentration, surface charge, type of coating and functional groups
[47–49]. However, in our case, only a very limited amount of USPIO
could be in direct contact with cells, while the majority was embedded
in the non-biodegradable textile fibers, thus not accessible to the cells
over the time of the experiment.

MR imaging enabled longitudinal assessment of patency, position
and function of the tissue-engineered vascular grafts. iTEVG could be
visualized and precisely localized over time using PD-weighted MRI

(Fig. 6). USPIO-labeling resulted in significantly enhanced contrast and
maintained stability with only a small, non-significant decrease in the
relaxation rate over the duration of this study (Fig. 6 B). This is a clear
advantage of marking the textile scaffold as compared to the cellular
component. Long-term observation of SPIO-labeled cells might be
limited because of dilution of USPIO with cell divisions and decrease in
labeled cell density due to their migration and integration into the host
tissue [50] and extracellular deposition in tissues by active exocytosis
[51] or cell death [52]. Guzman and colleagues found that the relative
SPIO concentration was decreased by 50% every 3 days [50], however
the same authors and others [53] were able to detect cell clusters for
several weeks. An aspect to be considered is that deposited iron parti-
cles can be scavenged by macrophages, resulting in false MRI signals.
Terrovitis and colleagues reported that 3 weeks after stem cell trans-
plantation, few or no viable stem cells were present and that the sig-
nificant iron-dependent MRI signal was attributed to ferumoxide-con-
taining macrophages [52]. In this context it is noteworthy that Zhou
et al. were able to monitor by T2-weighted MR scans tissue-engineered
urethrae, which were fabricated by cellular sheets consisting of iron-
labeled stem cells, for up to 3 months in beagle dogs. The authors,
however, did not comment whether the iron was still located in the
original cells [54].

No edema around the implants was observed. Five out of 6 tissue-
engineered vascular grafts were confirmed to be freely perfused for up
to 2 months post implantation by phase-contrast angiography (PCA),
whereas all GORE-TEX® grafts were significantly or completely oc-
cluded by thrombus formation (Fig. 6 A) as also confirmed by visual
inspection on the explanted grafts (Fig. 9 D). MRI of USPIO-labeled
implants enabled their precise localization within the native artery as
shown in Fig. 7 A and B. With respect to scans of the native artery in
proximity of the anastomoses, a clear drop of the MRI signal was de-
tected for the length of the iTEVG (Fig. 7 E). A meticulous investigation
of the implant, as also demonstrated in Fig. S8, could be advantageous
to properly localize and attribute events such collapse, aneurysm and

Fig. 3. MR characterization of TEVG and iTEVG prior to implantation at different magnetic field strengths. A) MR visualization using T2-weighted images for TEVG
(top) and iTEVG (bottom) in 1T (left), 3T (middle) and 7T (right) MR scanners; scale bar = 1 mm. B) Quantitative analysis of R2 and R2* relaxation rates in 3T and
7T MR scanners for longitudinal evaluation of the grafts after 7 and 14 days in bioreactor conditioning. C) 3D rendering of a textile reinforcement in an iTEVG during
bioreactor conditioning using a 7T MR scanner; scale bar = 5 mm. D) MR visualization using T2-weighted sequences for iTEVG under static (left) or flow (right)
conditions; scale bar = 1 mm. P < 0.05 was considered to represent statistical significance. Data points represent the average R2* and R2 values for three different
locations along the longitudinal axis of iTEVG (n = 1) and TEVG (n = 1) grafts.
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thrombus formation to the graft or to the native vessel, which can fa-
cilitate decision-making with respect to pharmacological or surgical
interventions. The exact delineation of the grafts’ proximal and distal
anastomoses was not possible by MRI of non-labeled grafts and by PET-
CT for any of the grafts (Fig. 7C, D).

Ideally, the detailed information about the anatomical localization
and function of the grafts provided by MRI is combined with PET to
accurately monitor implant-associated inflammation. In comparison to
CT, MRI offers the advantage of not requiring ionizing radiation and
enabling angiography without contrast agents. At the time of study, a
hybrid PET-MRI system was not available for animals of the size of
sheep. Nevertheless, the importance of multimodal imaging could be
exemplary shown in one of the animals for which PET-CT follow-up was
logistically possible at additional time points. A drastic increase in the
PET signal was detected at the side of implantation, six weeks after
surgery (Fig. 8A–C). Here, the overlay of the PET data with the

corresponding contrast enhanced CT data allowed the precise locali-
zation of the PET signal and revealed that, unexpectedly, an acute
thrombotic event occurred in the jugular vein while the tissue-en-
gineered vascular graft was not affected (Fig. 8E–G). Longitudinal
monitoring in the following weeks indicated a clear decline of the PET
signal and partial reopening of the vessel (Fig. 8 D, H). Inflammation
can be detected within the first 3–4 weeks as a result of the operative
intervention and the physiological remodeling of graft material and
surrounding tissue. Furthermore, we cannot exclude trauma at the
implantation site due to accidental collision. Infection, thrombosis and
host versus graft reactions are further potential causes of inflammation.
However, these would not be temporary and lead to loss of function of
the graft without additional therapy. Therefore, the latter reasons are
less probable to have caused inflammation in the case shown in Fig. 8,
where the grafts were still functional after explantation and did not
show peculiarities in histology. However, it would be of highest

Fig. 4. Immunohistological, biochemical and mechanical analysis of tissue-engineered grafts prior to implantation. Staining against collagen type I (A–C) and
collagen type III (D–F) revealed collagen synthesis during bioreactor conditioning. Elastin synthesis was detectable (G–I) and the majority of cells within the graft
wall stained positive for α-SMA (J–L). A freshly explanted ovine carotid artery was used as positive control. Asterisks indicate the vessel lumen. Graphs illustrating
the collagen content of TEVG (n= 3) and iTEVG (n=3) in relation to ovine carotid artery (M) and the burst strength (N). Macroscopic appearance of the graft at
implantation (O) before final closure of the wound. Scale bars: A-I= 100 μm, J-L= 200 μm.
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importance to detect and treat such serious complications. Thus, ima-
ging is recommended at 3–4 weeks, when the postoperative in-
flammation should have decreased to baseline. In case of persistent or
increasing inflammation follow up monitoring should be performed and
will help to assess the efficacy of therapeutic interventions.

The importance of multimodal imaging for the evaluation of tissue-
engineered implants has been also shown by Stacy et al. who demon-
strated the non-invasive assessment of matrix metalloproteinase ac-
tivity to evaluate the remodeling process of TEVG implanted in a
growing large animal model by hybrid single photon emission CT
(SPECT)/CT imaging [55].

3.3. Tissue analysis of explanted tissue-engineered grafts

Post-explantation tissue analyses included macroscopic assessment
of the explant lumen and the histological, immunohistochemical, bio-
chemical, as well as mechanical evaluation of the tissue properties.
Macroscopic evaluation of the explants’ luminal surfaces showed no
signs of thrombus or aneurysm formation and smooth transitions at the
anastomoses (Fig. 9A–B). No differences could be observed between
USPIO-labeled and non-labeled implants.

Immunohistochemical staining proved the formation of an en-
dothelial cell monolayer lining at the luminal side of all explanted
tissue-engineered vascular grafts (Fig. 9E–H). Van Kossa staining de-
monstrated large calcified areas in all GORE-TEX® control grafts, which

were implanted as carotid artery interposition grafts at the contralateral
side when biopsies for cell isolation were harvested. All tissue-en-
gineered vascular grafts were free of any calcific deposits (Fig. 9I–L).

Explanted tissue-engineered vascular grafts stained positive for
collagen type I and III (Fig. 9M–R). Furthermore, in vivo tissue ma-
turation led to a significant increase in elastin deposition throughout
the vessel wall (Fig. 9S–U). Elastin synthesis in vivo has been shown for
decellularized vascular grafts as a marker for remodeling [56], clearly
supporting the potential of these grafts. However, to the best of our
knowledge, a native-like internal elastic lamina has not been reported
and the contribution of the synthesized elastin to the tensile mechanical
properties of the grafts still needs to be demonstrated.

The vast majority of cells in the vessel wall stained positive for α-
SMA and were oriented in the circumferential direction as in the native
artery (Fig. 9V–X).

Using the hydroxyproline assay an increased collagen content was
found in both the TEVG and the iTEVG resulting from extensive in vivo
tissue remodeling, reaching even higher values than those of the native
carotid artery (Fig. 9 Y). This is often observed in tissue-engineered
vascular substitutes in the course of their in vivo integration, in-
dependent of the fabrication strategy used to produce them [56–61].
Studies have shown that the collagen content can increase, remain
constant or even decrease over time depending on the matrix me-
talloproteinase activity defining the stage of the remodeling/healing
process [22,55,57,60]. However, the collagen content in the iTEVG was

Fig. 5. PET-CT monitoring. Whole body PET of sheep models 1 and 3 weeks after A) TEVG (n=3) and B) iTEVG (n= 3) implantation; black arrows indicate the site
of implantation; C) Contrast enhanced PET- CT images of sheep necks 1 and 3 weeks after TEVG and iTEVG implantation into the left carotid artery; red arrows
indicate occluded GORE-TEX® grafts; white arrows indicate TEVG and iTEVG; D) Quantification of 18F-FDG uptake at the implantation site of TEVG, iTEVG and
GORE-TEX® grafts and at the caudal part of the left carotid artery; black arrows indicate the values relative to one animal. P < 0.05 was considered to represent
statistical significance. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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not significantly higher than in TEVG, indicating, that the introduction
of the USPIO particles into the textile did not significantly influence the
tissue remodeling, while enabling the monitoring of the graft, sup-
porting the quality control in the in vitro phase and the functional as-
sessment in vivo.

Successful MRI visualization of iron oxide nanoparticle-loaded
hernia meshes has been reported in preclinical and clinical trials, where

the postoperative mesh deformation and associated loss of total mesh
surface could be reliably determined [62–65]. As in the present study,
PVDF fibers were used to produce the textile meshes. It is our strategy
to use a non-degradable mesh to avoid long-term loss of functionality as
dilation, aneurysm formation and structural deterioration are main
failure mechanisms of tissue-engineered vascular grafts [4,66]. How-
ever, the USPIO labeling is not limited to non-biodegradable materials

Fig. 6. In vivo MRI longitudinal monitoring. A) MRI scan of the region of interest with anatomical details and corresponding MRI angiography; B) MR images of
TEVG, iTEVG and GORE-TEX® grafts 4 and 8 weeks post-implantation; scale bar = 5 mm. C) Quantification of R2* and R2 relaxation rates of TEVG and iTEVG after 4
(n(iTEVG) = 3, n(TEVG) = 2) and 8 weeks (n(iTEVG) = 3, n(TEVG) = 2); D) MR angiography of the grafts presented in B. The complete lack of MRI signal in the
GORE-TEX® graft is due to the thrombotic occlusion of the graft; scale bar= 5 cm. P < 0.05 was considered to represent statistical significance.
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and ongoing work in our groups aims at developing imageable bior-
esorbable textiles. The concept followed in this study relies on the
passive embedding of the USPIO particles during polymer fiber extru-
sion. However, other tissue-engineering approaches for vascular grafts

could also benefit from USPIO-enabled MRI monitoring as, for example,
decellularized vessels [67]. The USPIO-labelling of such collagen-rich
matrixes can be achieved by covalent conjugation of carboxyl-functio-
nalized USPIO particles to collagen via carboxyl-to-amine crosslinking

Fig. 7. Precise localization of an iTEVG in vivo by MRI. A) Schematic representation of the implantation site. B) The presence of the USPIO allowed to distinguish
between the tissue-engineered vascular graft and the native vessel (two outer scans in the sequence); scale bar= 5mm. This same precision could not be achieved for
C) TEVG or D) by PET-CT; scale bar= 5mm. E) MRI relative signal intensity for the scans shown in B and C, with respect to the signal in the outer scans of the
sequences.
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or alternatively by covalent conjugation of amine-functionalized US-
PIOs using EDC/NHS chemistry (1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC); n-hydroxysuccinimide (NHS)) as shown by Mer-
tens et al. for collagen-based scaffolds [27]. With such a procedure,
however, the particles will be in direct contact with the cells.

Non-invasive monitoring of in vivo hydrogel degradation by MRI
was successfully achieved with USPIO-labeled cellulose nanocrystal/
silk fibroin hydrogels during cartilage regeneration in a rabbit cartilage
defect model for 3 months [68]. A gadolinium-based complex was
covalently linked to an injectable hyaluronic acid hydrogel to enable
T1- and T2-weighted MRI [69]. Bakker and colleagues recently devel-
oped a gadolinium-based MRI contrast agent designed to supramole-
cularly interact with an ureidopyrimidinone-based hydrogel to enable
high-quality imaging, as demonstrated after targeted intramyocardial
hydrogel injection in a pig heart [70]. Recently, a naturally derived
hemin-L-lysine (HL) complex was used to label hybrid templates com-
posed of collagen type I reinforced with degradable polymers that were
subcutaneously implanted in mice. This enabled the longitudinal vi-
sualization by MRI with good contrast and in correlation with scaffold
remodeling [71]. Alternatively to 1H MRI as performed in this study,
19F MRI can also be applied to image vascular scaffolds if novel
fluorinated polymeric materials are incorporated that possess magne-
tically visible 19F atoms with high mobility, enabled by the amorphous
structure of the polymers [72].

CT has also been employed to follow the fate of implanted acellular
scaffolds as in the case of electrospun vascular grafts in rats [21], and
alginate and agarose hydrogels in mice [73]. In both studies, the scaf-
fold material had to be doped to be distinguishable from the sur-
rounding soft tissue. Forton et al. used highly radiopaque gadolinium
oxide nanocrystals and were able to follow the implants over 23 weeks
by serial microCT with a resolution higher than the one achievable by
MRI. The implant elicited a typical mild foreign body reaction, no
leaching out or dissolution of the gadolinium oxide was detected,
however blood work revealed reduced hematopoiesis. While extra-
polation to humans and clinically used X-ray systems is not straight-
forward, the reported X-ray induced effect is rather worrisome and also
the long term tissue deposition of the highly toxic gadolinium requires
further investigation [73]. Furthermore, in comparison to MRI, the

tissue contrast of CT is worse and thus, it will be difficult to use this
imaging modality to monitor the remodeling of the scaffolds in vivo,
which often is an important indicator of their long term functionality.
Further imaging modalities to follow the fate of implanted tissue-en-
gineered scaffolds are ultrasound and photoacoustic imaging [74].
While ultrasound can favorably be used to monitor the functionality of
a tissue-engineered vascular graft as well as its anatomical integrity
(e.g. wall thickness or aneurysm formation), photoacoustic imaging can
also provide insights into blood oxygenation in the implant as well as its
microvascularization. However, both modalities suffer from user de-
pendence and limited reproducibility, which need to be considered,
particularly when performing longitudinal observations in larger ani-
mals and humans.

Overall, the modification of materials to render them compatible
with clinically applied techniques represent a realistic strategy to ad-
vance the adoption of the grafts in the clinic in a fast way with the
approval of the clinicians. We here showed that labeling textiles with
USPIO enables the longitudinal monitoring of tissue-engineered vas-
cular grafts in vitro and in vivo.

4. Conclusions

We here show the fabrication and in vivo evaluation of imageable
textile-reinforced biohybrid vascular grafts. The grafts underwent re-
markable remodeling within 8 weeks and showed excellent function-
ality. Our results demonstrate the non-invasive longitudinal monitoring
of these constructs with techniques widely applied in the clinic. We
were able to combine MR data on the localization and function of the
graft with molecular PET data on macrophages-mediated inflammation.
The capability of obtaining more accurate and complete information by
multimodal imaging is a critical aspect towards the translation of tissue-
engineered vascular grafts to the clinical settings.

Data availability

The data associated with this manuscript is available upon request
to the corresponding authors.

Fig. 8. Longitudinal monitoring by PET-CT. A-D) PET images showed a drastic increase in the uptake of 18F-FDG at week 6. E) CT provided higher resolution images
with respect to PET, however exact localization of the PET signal was only possible through contrast-enhanced CT-PET overlays (F–H). The presence of the TEVG
could be excluded as cause of the inflammation. The white arrows indicate the jugular vein where a thrombus is evident at week 3, followed by an acute in-
flammation (week 6) which faded away by week 10 with partial opening of the vessel.
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Fig. 9. Macroscopic view of the luminal surface of the explanted grafts and tissue analysis. A-D) No thrombus formation was evident in TEVG and iTEVG, whereas the
GORE-TEX® controls showed significant thrombus formation and occlusion. E-H) Endothelial coverage of the luminal surface was observed in tissue-engineered
vascular grafts by CD 31 staining. Arrow heads indicate the endothelial layer; I-L) Calcifications were not detected in tissue-engineered vascular grafts by van Kossa
staining, whereas GORE-TEX® control grafts showed massive calcific depositions (arrow heads). M−O) Staining against collagen type I, P-R) collagen type III and
S–U) elastin revealed extensive tissue remodeling in vivo; V-X) The vast majority of cells in the vessel wall stained positive for α-SMA. A freshly explanted ovine
carotid artery was used as positive control. Asterisks indicate the vessel lumen. Scale bars: E-H=50 μm, I–U=100 μm, V-X=200 μm; Y) Collagen content as
percentage of that of the native carotid artery for TEVG (n=2) and iTEVG (n= 3).
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