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1. Introduction

In situ tissue engineering (TE) represents 
a promising new therapeutic option for 
cardiovascular diseases and has been 
suggested to overcome shortcomings of 
currently used prostheses.[1–3] In this TE 
approach, a cell-free degradable scaffold 
is implanted, and in vivo cell repopula-
tion is intended. Cells differentiate at the 
implantation site where subsequently neo-
tissue is formed in vivo.[4–6] While neo-
tissue is formed, the scaffold degrades, 
and ultimately a native autologous substi-
tute remains.[7] In situ cardiovascular TE 
approaches place high demands on the 
properties of the scaffold implant. The 
scaffold should be a highly porous, non-
thrombogenic and biodegradable matrix, 
so that a 3D template is provided for cell 
adhesion, cell differentiation and tissue 
generation.[8] Initially, the cardiovascular 
implant should be able to bear all the 
mechanical loads and strains placed upon 
it, and over time the scaffold should safely 

For in situ tissue engineering (TE) applications it is important that implant 
degradation proceeds in concord with neo-tissue formation to avoid graft 
failure. It will therefore be valuable to have an imaging contrast agent (CA) 
available that can report on the degrading implant. For this purpose, a 
biodegradable radiopaque biomaterial is presented, modularly composed of 
a bisurea chain-extended polycaprolactone (PCL2000-U4U) elastomer and 
a novel iodinated bisurea-modified CA additive (I-U4U). Supramolecular 
hydrogen bonding interactions between the components ensure their inti-
mate mixing. Porous implant TE-grafts are prepared by simply electrospin-
ning a solution containing PCL2000-U4U and I-U4U. Rats receive an aortic 
interposition graft, either composed of only PCL2000-U4U (control) or of 
PCL2000-U4U and I-U4U (test). The grafts are explanted for analysis at three 
time points over a 1-month period. Computed tomography imaging of the 
test group implants prior to explantation shows a decrease in iodide volume 
and density over time. Explant analysis also indicates scaffold degradation. 
(Immuno)histochemistry shows comparable cellular contents and a similar 
neo-tissue formation process for test and control group, demonstrating that 
the CA does not have apparent adverse effects. A supramolecular approach to 
create solid radiopaque biomaterials can therefore be used to noninvasively 
monitor the biodegradation of synthetic implants.
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degrade and disappear. A timely and controlled degradation of 
the scaffold is a key element in in situ TE, as there has to be 
a balance between in vivo tissue formation and scaffold degra-
dation. If the scaffold degrades before sufficient load bearing 
tissue is formed, failure of the scaffold implant occurs with 
disastrous consequences. Accordingly, it would be valuable to 
be able to noninvasively image and monitor the degradation 
of implanted biomaterials in situ. For this, an imaging CA is 
required that can report on the status and fate of the (degrading) 
implant as a whole, and not merely on the CA itself.

Currently, the scope of noninvasive imaging in TE is mainly 
focused on tracking cells, on characterizing tissue response 
and on monitoring the function or patency of implants. Only 
a limited number of reports show the direct in vivo visualiza-
tion of the degradation of solid organic material implants suit-
able for in situ cardiovascular TE.[9–11] Furthermore, in other 
research, collagen scaffolds labeled with ultrasmall superpara-
magnetic iron oxide (USPIO) nanoparticles have been studied 
and implanted subcutaneously,[12] and poly(vinylidene fluoride) 
(PVDF)-based textile fibers combined with USPIOs have been 
surgically implanted into sheep as arteriovenous shunts after 
a bioreactor cultivation step.[13] Both systems could be imaged 
with MRI, but for the collagen scaffolds no degradation was 
observed, and for the PVDF-USPIO scaffolds no degrada-
tion is to be expected, as PVDF is nonbiodegradable. Various 
researchers have been successful in imaging the in vivo deg-
radation of polyester,[14–16] polyurethane-urea,[17,18] or collagen[19] 
scaffold implant materials, and have mainly used ultrasound 
elasticity imaging (UEI), but also ultrasound shear wave 
imaging (USWI), photoacoustic imaging and microscopy (PAI 
and PAM), and near-infrared fluorescence (NIRF) imaging.[9–11] 
All these techniques are very valuable, but also have drawbacks. 
For instance, UEI imaging requires that physical compression 
can be easily applied to the areas of interest, and NIRF imaging 
has a limited penetration depth.

In this study we have chosen the widely applied computed 
tomography (CT) as the noninvasive imaging technique to 
monitor implant degradation. CT contrast agents (CAs) are 
always based on high-Z (heavy) elements, such as iodine or 
barium, and are commonly used clinically. Water soluble iodi-
nated CAs are applied intravascularly to acquire arterial and 
venous angiograms, and also oil based CAs (e.g., Lipiodol) are 
known,[20–22] but neither of these two classes of CA are suitable 
for monitoring implant degradation in vivo, as both types of CA 
presumably give a fast leakage out of the biomaterial implant.

A variety of radiopaque polymeric CAs for various uses have 
been developed and reported.[23] For instance, highly radio-
paque salts or elements can be mixed-in with polymers, but 
this approach will have the disadvantage that materials become 
inhomogeneous and may suffer from deteriorated mechanical 

properties. Furthermore, most radiopaque salts or elements 
do not biodegrade, and remain in the body after implantation, 
thereby efficiently reporting on their position, but not on the 
fate or status of the implant. In other approaches, iodo-atoms 
are covalently attached to the polymer chain, for example by 
developing radiopaque monomers or by capping or postmodi-
fication of prepared polymers. Reported materials include, poly-
ether-polyurethanes,[24] poly(meth)acrylates,[25–27] biodegradable 
polycarbonates,[28,29] polyanhydrides,[30] polyester hydrogels,[31] 
and poly(ester-urethane)s.[32] Aldenhoff et  al. have reported 
that the 4-iodo benzoate CA groups that they have incorporated 
in their polymethacrylates are stable except when exposed to 
γ-irradiation.[33] None of the above polymers are both biodegrad-
able and elastomeric (rubber-like) at 37 °C.

In our approach to develop materials for cardiovascular in 
situ TE applications, we have selected synthetic thermoplastic 
elastomers (TPEs) for detailed exploration. These materials are 
relatively soft and are well known to retain their shape while 
enduring strain and stress, which features are common to and 
required for most cardiovascular tissue. Because of the syn-
thetic nature of these polymers, their properties can be tuned 
to meet specific requirements. For this imaging study we have 
chosen PCL2000-U4U as base biomaterial, a previously reported 
polyester with alternating polycaprolactone (PCL) soft block, and 
butylene bisurea (U4U) hard block segments in its macromo-
lecular structure. It has been found that PCL2000-U4U is an 
elastomeric, semicrystalline, noncytotoxic and biodegradable 
material that can be processed by electrospinning to achieve 
highly porous scaffolds.[34] Furthermore, we have designed and 
prepared a novel CT CA that has the same butylene bisurea 
group in its structure: the I-U4U material (see Figure 1 and the 
Supporting Information). Strong hydrogen bonding interac-
tions between the matching U4U bisurea groups incorporate 
the CT CA noncovalently into the PCL2000-U4U base biomate-
rial, thereby creating a supramolecular and modular radiopaque 
biomaterial. We have adopted this modular approach from ear-
lier work in which biomaterials with added function have been 
developed by combining base biomaterials with peptides, where 
both these components contained the supramolecularly inter-
acting bisurea (U4U) or ureido-pyrimidinone (UPy) motif.[35–39] 
Note that mixing bisurea components with nonmatching supra-
molecular motifs has been shown to give suboptimal anchoring 
of the components within the modular material[34–35] (see also 
the Supporting Information). In a further example, we have cre-
ated modular and supramolecular UPy-hydrogels that can be 
imaged with MRI.[40] Finally, in conjunction with and related to 
this work, we have closely examined the PCL2000-U4U biomate-
rial, particularly with regard to the characterization and mechan-
ical testing of electrospun meshes after in vitro degradation 
by exposure to enzymes and oxidative species,[41,42] the in vitro 
macrophage action on scaffold meshes,[43] and the in vivo use of 
electrospun scaffolds.[44] These studies have confirmed the non-
cytotoxic and elastomeric character of this synthetic material.

For the present study, we have fabricated radiopaque scaf-
folds by electrospinning the PCL2000-U4U elastomeric bio-
material together with the newly introduced I-U4U CT CA 
(Figure 1). The prepared porous scaffolds have been studied by 
scanning electron microscopy (SEM) and differential scanning 
calorimetry (DSC) to investigate the scaffold morphology and 
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the material morphology, respectively. The scaffolds have been 
implanted as aortic interposition grafts in rats (n = 24), where 
the test group of animals received grafts composed of PCL2000-
U4U and I-U4U, and the control group received grafts com-
posed of only PCL2000-U4U (n = 12 for both groups). The ani-
mals have been sacrificed at three time points (1 day, 14 days, 
and 1 month; n = 4 for all time points). Degradation of the syn-
thetic implants has been monitored noninvasively by CT scan-
ning, while explantation of the grafts allowed the investigation 
of scaffold degradation by GPC. The explants of both groups 
were also examined by (immuno)histochemistry to study the 
neo-tissue formation that had taken place during the implanta-
tion period.

2. Experimental Section

2.1. The I-U4U Contrast Agent and the PCL2000-U4U Elastomer

The synthesis and characterization of the I-U4U contrast agent 
is fully described in the Supporting Information section. Details 
on the PCL2000-U4U elastomeric biomaterial and its prepara-
tion can be found along with the details on methods that were 
used to characterize PCL2000-U4U (Supporting Information).

2.2. Fabrication of Aortic Interposition Grafts by Electrospinning

Three types of scaffold grafts with a total iodide content 
of 0, 11.4, and 15.2 wt%, respectively, were prepared by 
electrospinning.

2.2.1. Solutions for Electrospinning

A first solution was prepared by dissolving PCL2000-U4U at 
a concentration of 12.5 wt% in chloroform/methanol (1 wt% 
methanol), while for a second solution PCL2000-U4U and 
I-U4U were dissolved in the same solvent mixture at a concen-
tration of 12.5 and 4.8 wt%, respectively. A third solution was 
12.5 wt% in PCL2000-U4U and 7.3 wt% in I-U4U. These weight 
percentages were all weight of material per weight of solution.

2.2.2. Fabrication of the Scaffold Grafts

The three solutions (see above) were sealed in a container and 
were magnetically stirred for 4 h at room temperature so that 
homogeneous dissolution of PCL2000-U4U with or without 
I-U4U was ensured. Next, scaffolds were fabricated by electro-
spinning of the polymeric solutions (using IME Technologies 
electrospinning equipment). The electrospun fibers were col-
lected on a rotating cylindrical mandrel target that was 2.1 mm 
diameter in size to form a highly porous cylindrical object 
(tube). For all experiments, a flow rate of 25 µL min−1 was used. 
The solution was driven through a horizontally fixed nozzle, 
and toward the grounded rotating cylindrical collector that was 
held at a distance of 10 cm. A potential difference of 14 kV was 
applied between the nozzle and the target. During spinning, 
the temperature and humidity were kept constant at 23 °C and 
30%, respectively. Finally, the prepared tubes were dismounted 
from the mandrel and were cut into the scaffolds that could be 
used for implantation. The electrospun tubes were treated with 
70% ethanol by spraying and were then left to dry.

Figure 1. Schematic representation of the study. The polycaprolactone based elastomeric biomaterial PCL2000-U4U and the contrast agent I-U4U 
interact via supramolecular hydrogen bonding interactions between the bisurea (U4U) units (blue boxes), so that the iodinated species (purple circles) 
get incorporated into the modular radiopaque biomaterial. Simply mixing both components in the desired ratio in solution followed by electrospinning 
produces small caliber vascular grafts (photo). The in situ TE scaffolds are implanted as aortic interposition grafts in rats and are monitored in time 
using CT, visualizing their degradation noninvasively.
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2.3. Characterization of the Electrospun Scaffolds

2.3.1. DSC

Samples of the electrospun scaffolds with iodide contents of 0, 
11.4, and 15.2 wt%, as well as a neat I-U4U sample were ana-
lyzed by DSC using a TA Q-2000 machine. Melting transitions 
(Tm) were assessed in the first heating run (10  °C min−1) and 
were reported by their temperature peak, while glass transitions 
(Tg) were recorded in the second heating run (40 °C min−1).

2.3.2. SEM

An SEM (Quanta 600F) was used to observe the porous struc-
ture of the fabricated scaffolds with 0 and 11.4 wt% iodide 
content. SEM images were obtained before and after steriliza-
tion of the scaffolds. Prior to SEM analysis, the samples were 
mounted onto a holder and were sputtered with gold using a 
Cressington sputter coater. SEM images were taken at different 
magnifications using a 2 kV beam. The obtained images were 
analyzed with ImageJ software to assess the diameter of electro-
spun fibers and the wall thickness of the tubes.

2.3.3. Porosity

Multiple scaffold samples were weighed accurately, and the vol-
umes of these electrospun scaffolds were assessed by measuring 
the outer diameter and the length of the scaffold by employing 
a digital caliper. The inner diameter of the scaffold was equal 
to the size of the mandrel (2.1 mm). The densities of the bulk 
materials were estimated by assuming a density of 1.15 g mL−1 
for PCL2000-U4U (PCL itself has a density of 1.15 g mL−1), and 
of 1.53 g mL−1 for I-U4U. This density estimation for I-U4U was 
based on the relative molecular weights of I-U4U (i.e., 922 Da), 
and of a corresponding and hypothetical molecule with one 
methyl and two ethyl groups instead of three iodide groups (i.e., 
615 Da) that was assumed to have a similar molecular volume as 
that of I-U4U. Finally, the density of this hypothetical molecule 
was estimated at 1.02 g mL−1 (dicyclohexyl-urea has a density of 
1.02 g mL−1). Given the measured weights and volumes of the 
scaffolds, and the estimated densities of the materials, one can 
(roughly) calculate the porosities of the scaffolds.

2.3.4. Water Exposure Leakage Test

Samples of the electrospun scaffold with 15.2 wt% iodide con-
tent were immersed and incubated in water (5 mg samples in 
5 mL water) at room temperature for a prolonged time. At sev-
eral time points (0, 2, 4, 8, 16, 36, 72, and 170 days) a sample 
of material was dried and measured with 1H NMR in CDCl3 
using dimethylformamide (DMF) as internal standard (Varian 
400 MHz NMR). The samples were also analyzed by gel permea-
tion chromatography (Varian/Polymer Laboratories PL-GPC 50, 
equipped with a Shodex GPC KD-804 column, using DMF with 
0.1% LiBr as the eluent, operated at 50  °C). At the end of the 
experiment the supernatant water was examined with high per-

formance liquid chromatography photo diode array mass spec-
trometry (HPLC-PDA/MS), which apparatus was a Shimadzu 
LC-10 AD VP series LC coupled to a PDA detector (Finnigan 
Surveyor PDA Plus detector, Thermo Electron corporation) and 
an ion-trap detector (LCQ Fleet, Thermo Scientific). Analyses 
were executed at 298 K using an Alltech Alltima HP C18 3 µ 
column using an injection volume of 2 µL, a flow rate of 0.2 mL 
min−1, and a MeCN in H2O gradient (from 5% to 100% MeCN, 
where both MeCN and H2O contain 0.1% formic acid).

2.3.5. Cytotoxicity Test

The electrospun scaffolds (0, 11.4, and 15.2 wt%) were incu-
bated in complete culture medium (DMEM from Gibco, sup-
plemented with 10 v/v% fetal bovine serum (FBS) and 1 v/v% 
PenStrep) at 37 °C and 5% CO2. Samples were extracted for 24 h 
in a weight per volume ratio of 20 mg scaffold per milliliter com-
plete medium. 3T3 mouse fibroblasts were seeded at a density a 
5 × 103 cells per well in a 96-well plate and were maintained for 
24 h under standard culturing conditions until cells were grown 
to 50% confluence. Next, the medium was removed and 3T3 
fibroblasts were cultured for an additional 24 h in the presence of 
100 µL of the filtered extract. Cells exposed to complete medium 
supplemented with 1 v/v% Triton-X 100 served as an internal 
control for cytotoxic conditions. The cytotoxicity was determined 
using a MTT cytotoxicity assay. Briefly, thiazolyl blue tetrazo-
lium bromide (MTT) (from Sigma) was dissolved in phosphate 
buffered saline to a concentration of 5  mg mL−1, filtered and 
further diluted in complete medium to a final concentration of 
1 mg mL−1. The extract medium was removed and replaced with 
50 µL of the MTT/culture medium. Fibroblasts were incubated 
for 2 h under standard culturing conditions before the MTT 
solution was removed and replaced with 100 µL of isopropanol 
(acidified with 0.04 m HCl) until all formazan crystals dissolved. 
Subsequently, the absorbance was measured at 570 nm (650 nm 
reference wavelength) on a Tecan Safire microplate reader. Cell 
viability was presented relative to that of 3T3 fibroblasts that 
were maintained in untreated culture medium during the course 
of the study, where this reference was set at 100% cell viability.

2.4. Implantation and Explantation of the Electrospun Scaffolds

2.4.1. Animals

The institutional Animal Care and Use Committee of the Uni-
versity of Utrecht, the Netherlands, approved all procedures. 
Twenty-four healthy male Sprague Dawley rats (300–400 g), pur-
chased from Charles River Laboratories, were housed in groups 
of 3 and were fed ad libitum. The environment was maintained 
at room temperature for 24 h with a light–dark cycle of 12–12 
h. Rats were divided in two groups, where the test group (n = 
12) received an aortic interposition graft composed of PCL2000-
U4U and I-U4U (iodide content 11.4 wt%), while the control 
group (n = 12) received an aortic interposition graft consisting 
of only PCL2000-U4U (iodide content 0 wt%). All 24 grafts were 
wrapped by a Gore-Tex shield. Grafts were explanted at day 1 
(n = 8), day 14 (n = 8), and after 1 month (n = 8).

Macromol. Biosci. 2020, 2000024
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2.4.2. Preparation of the Interposition Grafts

To prevent transmural and transanastomotic ingrowth of cells, 
all grafts were shielded with Gore-Tex.[5] An end-to-end anasto-
mosis was made to a 4 × 10 mm2 impenetrable Gore-Tex strip 
(Preclude Pericardial Membrane; Gore Medical) using inter-
rupted sutures (10-0 Ethilon, BV-4), distally and proximally 
of the electrospun tube. Additionally, Gore-Tex was wrapped 
around the electrospun tube creating an impenetrable outer 
layer (Figure 4).

2.4.3. Surgical Procedure

Animals were anesthetized using Isoflurane gas. A midline 
laparotomy was performed and the abdominal viscera were lat-
eralized for exposure of the inferior vena cava and the abdom-
inal aorta. After separation of the aorta from the inferior vena 
cava, the segment of the abdominal aorta between the renal 
arteries and the aortic bifurcation was occluded with micro-
vascular clamps. After transection of the aorta the scaffold, 
including the Gore-tex strips, was introduced with a proximal 
and distal end-to-end anastomosis using interrupted sutures 
(10-0 Ethilon, BV-4). Pulsatile flow distally to the graft in the 
aorta was confirmed after removal of the vascular clamps. All 
scaffolds were immediately exposed to arterial hemodynamic 
conditions. The abdomen was closed in two layers (3-0 Vicryl 
FS-2). There was no heparin administration during or after 
surgery. Buprenorphine was given intraperitoneally as postop-
erative analgesic. Before rats returned to their cages, they were 
assessed for evidence of acute graft thrombosis or hind limb 
paralysis.

2.4.4. Termination and Explantation

Prior to termination, animals were anaesthetized using a KXA-
mix consisting of ketamine/hydrochloride (Narketan, 100  mg 
mL−1), xylazine (Sedamun, 20 mg mL−1) and atropine (Atropine-
sulfate PCH, 1  mg mL−1). Rats received 0.2  mL/100 g KXA-
mix intraperitoneally. An abbocath was introduced in the left 
jugular vein or tail vein, so that nonionic blood pool contrast 
agent could be administered during CT scanning. After the CT 
scan was made (see below), the graft was carefully explanted. 
Explants were fixed in 4% formalin for immunohistochemistry. 
Explants used for subsequent GPC analysis were treated with 
undiluted Clorox solution (a 5.25% aqueous sodium hypochlo-
rite NaOCl solution) for 20 min, which was sufficient for the 
removal of integrated tissue. Thereafter these explants were 
rinsed with phosphate-buffered saline (PBS) and were left to 
dry for further analysis.[45]

2.4.5. GPC

The PCL2000-U4U reference material as well as recovered syn-
thetic materials from the Clorox treated explants (≈0.5 to 1 mg 
amount per sample) were dissolved in 0.75 mL DMF with 0.1% 
LiBr. The solutions were filtered over a 0.2  µm syringe-filter 

and analyzed in duplicate (two separate injections) on a Varian/
Polymer Laboratories PL-GPC 50 operated at 50  °C, equipped 
with a Shodex GPC KD-804 column, and using DMF with 0.1% 
LiBr as the eluent. Accordingly, the number averaged (Mn) and 
weight averaged (Mw) molecular weights as well as the mole-
cular weight distributions (polydispersities D = Mw/Mn) relative 
to PEG standards were determined. Standard deviations of the 
Mw values for the individual animals are given (from the dupli-
cate measurements). The averaged Mw values at every time 
point are also given, including the standard deviations on these 
averages.

2.5. CT Scanning

2.5.1. Procedure

CT acquisitions were performed on a 256-slice CT scanner, 
(iCT, Philips Healthcare, The Netherlands). The scan range 
included the entire body of the animal. Exposure parameters 
were 120  kV tube voltage and 500 mAs effective tube cur-
rent. First, imaging was done without the use of arterial con-
trast agent. Subsequently, all animals were injected iodinated 
nonionic contrast agent at a flow rate of 0.2  mL s−1 (Ultravist 
300 mg mL−1, iopromide, Bayer Healthcare, USA) through the 
left jugular vein or the tail vein. The images enhanced with 
arterial contrast agent were used to assess graft patency. Image 
acquisition was started after an 8 or 15 s delay. Images were 
reconstructed at 0.9 mm slice thickness with a 0.45 mm incre-
ment and were transferred to a dedicated workstation.

2.5.2. Volume and Length Measurements

Using the noncontrast enhanced images, the volume and the 
length of the PCL2000-U4U with I-U4U grafts were calculated. 
First 3D volume rendered images were generated using a 
custom image filter that included all voxels with a Hounsfield 
unit (HU) value higher than 175 HU. Using electronic tools, 
the graft was digitally excised and its volume measured.

2.5.3. Density Measurements

On standard noncontrast enhanced axial images, a circular 
region of interest (ROI) following the outer boundary of the 
graft was placed on the graft at three levels in its proximal, 
middle, and distal part. The mean signal intensity and standard 
deviation of signal intensities in the ROI were measured.

2.6. Histology

2.6.1. Immunohistochemistry

Explants were fixed in formalin 4% before preembedding in 1% 
agar (Eurogentec), followed by embedding in paraffin. Consec-
utive 4  µm sections were stained with hematoxylin and eosin 
(HE) for basic morphology and with PicroSirius red (PSR) for 
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detection of collagen. Immunohistochemical stains to detect 
macrophages were performed after antigen retrieval in citrate 
buffer using a monoclonal mouse anti-CD68 antibody (Serotec, 
MCA341GA, 1:400).

2.6.2. Quantitative Histologic and Immunohistological Analysis

Two investigators, who were blinded to the investigated groups 
and the time point of explantation, independently conducted 
the analyses. Sections were photographed using a Nikon E800 
microscope with ACT-1 software. For the measurement of 
the mean wall thickness and the mean lumen diameter, each 
slide was studied under a 2× objective lens. The cellularity was 
studied under high-power magnification (high-power field 
(hpf), 40× objective lens; area comprising 0.034 mm2). The 
total number of cells in four random hpf areas per PCL2000-
U4U tube (with or without I-U4U) was manually counted using 
ImageJ software.

Quantification of collagen content was performed with PSR 
stains and circularly polarized light. Per stained section, four 
random hpf fields were digitally photographed, and areas posi-
tive for collagen were marked and binarized. The positive areas 
were measured as a percentage of the total surface. A quan-
titative analysis of the immunopositive cells (CD68) of each 
stained slide was performed at four random hpf fields. The area 
of positive cells was measured within four hpf images as a per-

centage of the total from binarized images. The mean for four 
high power images was then calculated for each sample.

2.7. Statistical Analysis

Numerical data are presented as the mean ± standard deviation. 
Statistical differences were determined using a student’s t-test 
or a Mann–Whitney test for nonparametric data, using Prism 
(GraphPad Software). Kruskal–Wallis test was used to measure 
statistical differences in scaffold density. p  <  0.05 was consid-
ered statistically significant. Linear regression analysis was per-
formed to compare slopes.

3. Results and Discussion

3.1. Synthesis of the I-U4U Contrast Agent and Material 
Characterization

The I-U4U bisurea CA was synthesized starting with the reac-
tion of racemic 2-ethyl-1-hexylamine with butane diisocyanate 
to prepare the mono-urea intermediate 1, that was isolated 
as an oil (Scheme  1). The activated building block 2 was pre-
pared from 2,3,5-triiodo-benzoic acid in two steps according 
to a reported procedure.[46] The cyclic and branched aminol 3, 
that is in fact a mixture of isomers, was amine protected with 

Scheme 1. Synthesis of contrast agent I-U4U. Reagents and solvents: i) chloroform, acetonitrile; ii) oxalylchloride, DMF, dichloromethane; iii) chlo-
roform, pyridine; iv) di-tert-butyl dicarbonate, DIPEA, isopropanol; v) 2, dichloromethane; vi) TFA, dichloromethane; vii) 1, DIPEA, dichloromethane.
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a Boc-group and was thereafter connected to the benzoyl pyri-
dinium chloride 2 to prepare the ester building block 5, which 
intermediate was isolated in a 65% yield after column chroma-
tography. Deprotection of the Boc group using TFA in dichlo-
romethane gave the TFA-salt product of 6, that was coupled to 
isocyanate 1 to arrive at the CT-CA end product I-U4U. After 
purification I-U4U was isolated in a 35% yield. I-U4U was well-
soluble in organic solvents such as for example chloroform.

The PCL2000-U4U material base material was prepared suc-
cessfully, with NMR data matching those from literature,[34] and 
with recorded molecular weights being sufficiently high (Mw = 
63.4 kDa, Mn = 31.7 kDa; D = 2.0). The bulk material showed 
similar mechanical properties to those reported, as tensile tests 
on cast films gave a Young’s modulus of E = 15.9 ± 0.4 MPa, a 
strength at break (and UTS) of σ-break = 27 ± 3 MPa, a strain at 
break of ε-break = 1001 ± 98% and a tensile toughness of UT = 
154 ± 21 MPa.

3.2. Preparation and Characterization of the Electrospun 
Scaffolds

Radiopaque vascular grafts were prepared by incorporating con-
trast agent I-U4U into the PCL2000-U4U biomaterial, simply 

by mixing these two components in solution with subsequent 
electrospinning. Reference PCL2000-U4U grafts without I-U4U 
were also prepared. Grafts with inner diameters that match 
those of native aortas of rats were prepared (2.1  mm). The 
scaffold materials were designed and fabricated to contain 0, 
27.7, and 36.9 wt% I-U4U, respectively, corresponding to scaf-
fold grafts with 0, 11.4, and 15.2 wt% iodide contents, respec-
tively. Molar ratios between the bisurea groups of I-U4U and 
PCL2000-U4U in the two modular biomaterials thus were ≈1:1 
and ≈8:5, respectively.

The wall thickness of the scaffolds was in the 0.3 ± 0.1 mm 
range, as determined by SEM. The fiber structure and the ori-
entation in the electrospun scaffolds was also studied using 
SEM. Figure 2 shows the outer surfaces of the scaffolds. The 
scaffolds were porous, with the PCL2000-U4U reference mate-
rial showing a more homogeneous structure of fibers and open 
spaces, with clustered fibers being less abundant than in the 
iodinated PCL2000-U4U/I-U4U material. For both the refer-
ence and the iodinated scaffolds, fibers on the inner surfaces 
of the grafts showed a more flattened appearance (not pic-
tured) as compared to the fibers seen at the outer surfaces. The 
mean fiber diameter in the reference PCL2000-U4U scaffolds 
was 4.5  ±  0.5  µm, while the electrospun PCL2000-U4U grafts 
containing 11.4% iodide showed fiber diameters of 4  ±  1  µm 

Figure 2. SEM images of scaffolds electrospun from chloroform/methanol (1 wt% methanol). All pictures show the outer surfaces of the scaffold tubes. 
A,B) Reference PCL2000-U4U grafts without iodide and C,D) iodinated PCL2000-U4U/I-U4U grafts with 11.4 wt% iodide, A,C) before and B,D) after 
sterilization with ethanol/water. The full lengths of the white bars represent 400 µm (for overviews) and 100 µm (for insets), respectively.
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(Table  1). Sterilization did not influence the overall structure. 
The calculated porosities of the scaffolds with 0, 11.4, and 
15.2 wt% iodide contents were about 65%, 62%, and 66%, 
respectively.

Thermal analysis using DSC was performed to investi-
gate the morphology of the modular materials. The reference 
PCL2000-U4U scaffold showed a weak and broad melting tran-
sition at 54 °C (ΔH = 1.2 J g−1) for the crystalline PCL domains, 
and another broad melting transition at 119 °C (ΔH = 11.6 J g−1) 
for the melting of the U4U bisurea aggregates. A glass transi-
tion at −56  °C was recorded for the amorphous phase of this 
material. The PCL2000-U4U/I-U4U iodinated biomaterial scaf-
folds with 11.4 and 15.2 wt% iodide displayed broad and weak 
melts at 54 °C (ΔH = 1.0 J g−1) and 56 °C (ΔH = 1.4 J g−1), respec-
tively, melting transitions for the U4U stacks at lowered tem-
peratures of 104 °C (ΔH = 9.1 J g−1) and 105 °C (ΔH = 6.5 J g−1), 
respectively, and Tg at −56 and −57  °C, respectively. The neat 
and solid I-U4U contrast agent itself showed a weak and broad 
melting transition at 53 °C (ΔH = 4.0 J g−1).

Incubation in water of the selected radiopaque scaffold with 
the highest amount of iodide (15.2 wt% content), at room tem-
perature and over a period of 170 days, did not change the com-
position of the material as assessed by 1H NMR analysis on 
dried scaffold samples. The molecular weight of the PCL2000-
U4U material also remained constant over the 170 day testing 
period. The water that was exposed to the iodinated scaffold 
remained clear over time and did not contain any solutes that 
could be traced back to PCL2000-U4U or I-U4U, as assessed by 
HPLC-PDA/MS.

None of the investigated scaffold grafts showed cytotoxic 
effects, indicated by the MTT-assay using 3T3 fibroblasts 
(Figure  3). Particularly, addition of I-U4U, either 11.4 or 15.2 
wt%, did not cause an adverse effect on the observed cell 
viability.

3.3. Implantation and CT Scanning

The iodinated scaffolds with the lowest iodide content of 11.4 
wt% were selected for implantations (Figure 4). Of the 24 ani-
mals, 2 animals did not survive due to intraoperative bleeding 
near the Goretex-electrospun tube anastomosis. The mean 
operation time was 1 h and 26 min with a mean vascular clamp 
time of 39 min. Postoperative complications did not occur for 
the 22 surviving animals, with no signs of infections or hind 
limb paralysis.

The iodinated grafts with 11.4 wt% iodide were clearly vis-
ible on CT images. At day 1, a high-density signal was seen 
(Figure  5A,D,E). Grafts had a mean length of 6.4  mm, and a 
mean diameter of 3.6  mm. The Goretex at the proximal and 

distal side of the electrospun tube and the Goretex wrapped 
around the whole graft could not be assessed on the CT images. 
Because of the similar radiopacity of PCL2000-U4U and soft 
tissue, the control grafts without iodide were not visible on 
CT images (Figure  5B), only its lumen could be evaluated on 
contrast enhanced scans (Figure  5C). All grafts were patent 
(Figure 5C,E).

Axial CT images as recorded in time clearly showed that the 
contrast disappeared (Figure 6A–C), especially when comparing 
the image at day 1 with that at day 30. Coronal CT images con-
firm this observation (Supporting Information). The measured 
CT contrast volume of the implanted grafts decreased signifi-
cantly in time (Figure 6D), as before implantation the iodinated 
grafts had a volume of 6.01 mm3, while at day 30 a volume of 
2.56 mm3  ±  1.67 mm3 was recorded (p  = 0.035). Intermediate 
points seemed to display a decrease in average value (5.16 
mm3 ± 1.9 mm3 at 1 day, and 4.3 mm3 ± 1.1 mm3 at day 14), The 
CT contrast density of the scaffold was quantified by measuring 
HU on axial images (Figure 6E), and over time an inhomoge-
neous decrease of this density was observed. The mean density 
at day 30 was significantly lower when compared to those at day 

Table 1. Compiled electrospinning conditions and results.

Scaffold Conditions Results

Conc.a) [wt%] Voltage [kV] I.d.b) [mm] Wall thickness [mm] Porosity [%] Fiber thickness [µm]

PCL2000-U4U 12.5 14 2.1 0.3 ± 0.1 65 4.5 ± 0.5

PCL2000-U4U + I-U4U 12.5 + 4.8 14 2.1 0.3 ± 0.1 62 4 ± 1

a)From chloroform with 1 wt% methanol; b)Inner diameter of graft, diameter of mandrel.

Figure 3. Cell viabilities as determined using an MTT assay, where 3T3 
fibroblasts have been exposed to complete culture medium after it had 
been incubated with electrospun meshes of 1) PCL2000-U4U, 2) PCL2000-
U4U/I-U4U (11.4 wt%), and 3) PCL2000-U4U/I-U4U (15.2 wt%). The cell 
viability is presented relative to the cell survival observed for fibroblasts 
that were maintained in untreated medium (reference blank B), and that 
was set at 100%. Exposure to Triton-X 100 surfactant has been used as a 
further control (C).
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Figure 4. Schematic representation of the surgical procedure. From left to right: the abdominal aorta (red) is prepared free from the inferior vena 
cava (blue); after occlusion with vascular clamps the abdominal aorta is transected; implantation of the interposition graft composed of impenetrable 
GoreTex and electrospun PCL2000-U4U with or without I-U4U; removal of the vascular clamps, and wrapping of a GoreTex sheet around the graft. 
This animal model has been developed to induce ingrowth of circulating cells from the blood stream only, thereby mimicking the human situation.[5,57]

Figure 5. CT images of the aortic interposition grafts in rats, 1 day after implantation. A) Overview; aortic interposition graft composed of PCL2000-
U4U and I-U4U (11.4 wt% iodide). B,C) Control PCL2000-U4U graft and D,E) test PCL2000-U4U/I-U4U graft, B,D) before and C,E) after administration 
of arterial CT contrast agent (iopromide, “Ultravist”). Bars indicate 2 cm.
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1 (p < 0.001) and day 14 (p < 0.001). Furthermore, standard devi-
ations increased with the largest deviations seen at t = 14 days.

3.4. Implant Degradation Analysis

The PCL2000-U4U material recovered from explants was 
analyzed by GPC to record its molecular weight (Table  2), to 
thereby assess if PCL2000-U4U had degraded while being 
implanted. In multiple cases, and especially for explants that 
had been implanted for 30 days, the synthetic implant mate-
rial had degraded completely as no material could be traced. In 
these cases, obviously, no GPC analyses could be conducted. 
After 1 day, eight out of eight explant samples gave recovered 
material that could be analyzed, while after 14 days five out of 
six explant samples, and after 30 days, (only) three out of eight 
explants gave some recovered synthetic material for analysis. 
Derived from the limited available molecular weight data in 
Table  2, it seems that the PCL2000-U4U material lowers in 
molecular weight in time.

3.5. (Immuno)Histochemical Analysis

The explanted grafts showed no stenosis or thrombosis (Figure 7, 
HE staining). One month after implantation grafts had dilated. 
The mean diameter increased over time with 2.09  ±  0.09  mm 

and 2.20 ± 0.46 mm at day 1, 2.56 ± 0.12 mm and 2.33 ± 0.47 mm 
at day 14 and 2.81  ±  0.62  mm and 2.88  ±  0.25  mm at day 30, 
for the implants in the I-U4U test group and the non I-U4U 
control group, respectively. The wall thickness of the implanted 

Figure 6. CT images, volumes and densities of implanted aortic interposition grafts over time. Axial images at t = A) 1 day, B) 14 days, and C) 30 days 
post implantation. D) Volumes measured on CT images showing a significant decrease after 30 days (p = 0.035) relative to t = 0. E) Densities as meas-
ured on axial images, at t = 1 day, t = 14 days and t = 30 days, and at proximal (P), mid (M), and distal (D) sections in the graft. The wider standard 
deviations seen at day 14 after implantation indicate more inhomogeneous densities.

Table 2. Weight averaged molecular weights (Mw) as determined by GPC 
analysis of PCL2000-U4U material as recovered from explants. Values are 
in kDa. Dispersities D (Mw/Mn) gave little deviation with values between 
1.8 and 2.4 for all samples (data not shown). It is indicated when no 
material (n.m.) for GPC analyses was recovered, when the animal had 
died (–), and when 1 instead of 2 GPC measurements were performed 
due to too little material being recovered (*). Day 0 represents the Mw of 
PCL2000-U4U prior to implantation.

Mw data from GPC Day 0 Day 1 Day 14 Day 30

Test group with 
I-U4U

54.8 ± 0.0 53.4 ± 0.3 51.3 ± 0.8

53.1 ± 0.4 48.1 ± 1.3 27.6 ± 0.7

54.6 ± 0.6 – n.m.

51.1 ± 0.1 38.8 ± 4.2 n.m.

Average 59.3 ± 0 53.4 ± 1.7 46.8 ± 7.4 39.4 ± 16.7

Control group 
without I-U4U

49.0 ± 0.1 n.m. 44.7*

59.3 ± 0.5 – n.m.

47.4 ± 0.4 50.2 ± 0.6 n.m.

48.3 ± 0.4 65.5 ± 1.8 n.m.

Average 63.4 ± 0.3 51.0 ± 5.6 57.8 ± 10.8 44.7
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scaffolds did not change over time. At day 1, wall thicknesses 
of 0.29 mm ±  0.03 mm and 0.27 ±  0.03 mm were seen in the 
test group and in the control group, respectively. At day 14, thick-
nesses of 0.21 ± 0.06 mm were observed in the test group and of 
0.26 ± 0.07 mm in the control group. Finally, after 30 days a wall 
thickness was measured of 0.22 ± 0.04 mm in the test group and 
of 0.21 ± 0.05 mm in the control group. According to the above, 
dimensions of the implants altered in the same fashion for both 
groups over time. Furthermore, in the control group and the test 
group, cells penetrated and spread immediately after implanta-
tion into and over the entire thickness of the graft. At day 1 a 
limited number of cells had infiltrated the graft (10 ± 12 cells per 
hpf in the test group and 2 ± 1 cells per hpf in the control group) 
(Figure  7, HE staining second row; Figure  8A). This number 
increased to 60 ± 12 cells per hpf at day 14, and 90 ± 20 cells per 
hpf at day 30 in the test group. In the control group this number 
increased to 93 ± 19 cells per hpf at day 14, and 113 ± 22 cells per 
hpf at day 30. Over 30 days the number of cells increased sig-
nificantly in both the test group (p = 0.03) and the control group 
(p = 0.03). The number of cells in the test group compared to 
that in the control group seemed somewhat lower at the 14 day 
time point, but in fact did not significantly differ at each time 
point (Figure 8A).

At day 1 cellular infiltrate consisted mainly of neutrophilic 
granulocytes. In a second healing phase CD68 positive cells 
(macrophages) infiltrated the graft (Figure  7, CD68 staining; 
Figure  8B). At day 1 a positive area fraction was seen of 
0.03% ± 0.03% in the test group compared to 0.17% ± 0.02% in 
the control group. At day 14 an area fraction of 1.51% ± 0.57% 

in the test group compared to 0.88%  ±  0.63% in the control 
group was seen. This area increased further to 2.76% ±  1.41% 
and 2.02% ± 0.75% at day 30 in, the test and the control group, 
respectively. A significant increase in CD68 positive cells was 
seen from day 1 to day 30 in both the test group and the con-
trol group (p  = 0.02 for both groups). The area fraction did 
not differ significantly for the test group as compared to the 
control group at all time points (Figure 8B). The collagen sur-
face produced by day 30 was similar in both groups with an 
area fraction of 1.26%  ±  1.03% in the test group compared to 
1.15%  ±  0.63% in the control group (p  = 0.85) (Figure  7, PSR 
staining; Figure 8C).

The histology data attest that the implanted synthetic mate-
rial degrades in vivo in time. Particularly, the histology pictures 
show heterogeneously sized white areas in all panels (Figure 7, 
HE and CD68 stainings). These white areas indicate synthetic 
material,[5] in this case PCL2000-U4U with or without added 
I-U4U CA. Clearly, the white areas are smaller and far less 
abundant in the explants after 30 days of implantation than in 
the other explants.

3.6. Discussion

We have developed a new CT-imaging contrast agent I-U4U 
that has a 41 wt% iodide content and that can be used for moni-
toring the degradation of cardiovascular substitutes used in in 
situ tissue engineering. I-U4U is decorated with an ester moiety 
to increase its possibilities for in vivo degradation and has 

Figure 7. Histology of explanted iodinated and control grafts at day 1, 14, and 30. Applied are HE staining, CD68 for macrophages and PSR for col-
lagen. Black bars indicate 300 µm (first row HE), 20 µm (second row HE and CD68), and 50 µm (PSR). The Supporting Information provides these 
pictures in enlarged format.
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branching groups on either side of the U4U bisurea moiety to 
make it well-soluble in organic solvents, enabling its processing 
from solution, notably for electrospinning purposes. I-U4U can 
simply be mixed and processed with PCL2000-U4U to create 
a supramolecular and modular radiopaque biomaterial. The 
PCL2000-U4U component is an elastomeric and tough material 
(E = 16 MPa; UT = 154 MPa; ε-break = 1000% for bulk material), 
which type of soft materials can be considered for cardiovas-
cular TE as alternative to frequently applied hard, brittle and 
nonelastic polyester materials such as PCL, PGA, or PLA. For 
example and comparison, electrospun PCL is often used in 
TE,[47] and as a bulk material it shows an E-modulus of 250 to 
450 MPa [48] and an ε-break of ≈80%.[49] These high moduli do 
not correspond well with those of blood vessel tissues of var-
ious mammals, including humans, as these E-moduli are in the 
range of 0.1 to 5 MPa.[50] Strains endured by human arteries are 
typically 10% to 15%.[51] Given these data, electrospun PCL2000-
U4U meshes show agreeably matching E-moduli of 0.5 to 
2 MPa at 5% to 15% strains.[42]

Examining the morphology of the modular PCL2000-U4U/I-
U4U materials using DSC has shown that the two components 
are intimately mixed in the U4U hard phase of the segmented 
thermoplastic elastomer (TPE) material. This can be derived 
from the observation that the melting transition of the U4U 
stacks in the hard phase changes from 119 °C for PCL2000-U4U 
to 105 °C for PCL2000-U4U with added I-U4U. Apparently, the 
U4U units of both components interact with each other and 
together form a heterogeneous U4U hard phase. In contrast, 
the Tg does not change upon I-U4U addition, as it remains at 
≈−56 °C, indicating that the I-U4U material does not mix into 
the PCL amorphous soft phase. Similar findings have been 
reported in a morphology study on comparable modular TPE 
materials based on PCL1250-U4U and a supramolecular filler 
component with 2-ethylhexyl groups flanking not one but both 
U4U urea groups.[36] For these modular materials, the U4U 
hard phase was shown to consist of nanofibers ≈5 nm in diam-
eter, indicating mixing of U4U-groups along these fibers. This 
study also showed that U4U-filler contents as high as 60 mol% 
gave modular materials with somewhat higher E-moduli, but 
with, importantly, retained elastomeric properties.

We have selected the PCL2000-U4U/I-U4U scaffolds with 
the lowest investigated iodide content of 11.4 wt% for the in 

vivo imaging and implantation studies. First, because it has 
been assessed that radiopacity in bulk materials is sufficient at 
iodide contents of at least 3–5 wt%,[33] and given the porosities 
of the prepared electrospun scaffolds (≈60–65%), the 11.4 wt% 
scaffolds should be suitable with contents of ≈4.0 to 4.6 w/v%. 
Second, preliminary CT imaging tests showed that scaffolds 
with the iodide content of 11.4 wt% were indeed clearly visible.

The addition of I-U4U to PCL2000-U4U did not influence 
the cytotoxicity of the electrospun material nor did it seem to 
alter the cellular behavior within matrices of the material. Our 
results demonstrate that electrospun grafts of the test group 
(PCL2000-U4U with added I-U4U) and the control group (only 
PCL2000-U4U) are noncytotoxic to fibroblasts, and in vivo give 
similar trends in cellular adherence, infiltration and differentia-
tion. Data are most comparable when considering the complete 
30 days period of the implantation experiment, while some 
deviations (albeit not significant) were seen after 14 days. Also, 
the collagen production in these electrospun matrices is com-
parable. In both test and control group the number of cells and 
the amount of collagen increased over time. Gross morphology 
seen on HE stained slides showed initial adherence of neutro-
philic granulocytes, followed by an influx of macrophages (con-
firmed with CD68 staining). In time, more myofibroblasts were 
seen which subsequently resulted in production of collagen 
after one month, which was confirmed with PSR staining. 
These results are comparable to other histological findings in in 
situ TE studies where colonization and subsequent remodeling 
of a biodegradable synthetic graft into neo-arteries has been 
investigated.[52–55] For our vascular implants, no differences in 
the measured wall thicknesses of the grafts of the test group 
and control group were observed. A trend toward an increase 
in graft diameter was monitored for both groups, implying that 
the grafts had not retained their original shape, and had dilated.

The in vivo scaffold degradation could be imaged and 
monitored noninvasively with CT scanning for the PCL2000-
U4U/I-U4U test group. Both the imaging volume and density 
decreased significantly from day 1 to 30, while the density 
changed from a homogeneous to an inhomogeneous signal. 
Consequently, I-U4U material disappeared from the implanta-
tion site and eroded and/or degraded over the 30-day period. 
However, the ultimate fate of the I-U4U material was not spe-
cifically investigated in this study. Obviously, the reference 

Figure 8. Comparative histology results from the explanted iodinated test grafts and the control grafts without CA. A) Cellularity at different time points 
as measured per hpf. B) Area fraction CD68 positive cells as a function of time. C) Matrix formation as quantified with collagen measurements after 
30 days.
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PCL2000-U4U grafts were not seen by CT-imaging, and CT-
imaging of the modular PCL2000-U4U/I-U4U implants only 
registered material that contained iodine atoms. Therefore, 
scaffold degradation was also assessed by examining recov-
ered synthetic material from explant samples. Here, it was 
observed that after 1 day of implantation, all explant samples 
contained synthetic PCL2000-U4U material for GPC analysis, 
while after 30 days of implantation no synthetic scaffold mate-
rial was traced for the majority of the explants. Furthermore, 
GPC showed a loss in molecular weight for PCL2000-U4U, 
and histology analyses showed less abundant and smaller syn-
thetic implant fragments over time. These scaffold degradation 
results qualitatively correspond with the observed decrease in 
CT imaging signal in time: the loss in CT-contrast coincides 
with a loss of PCL2000-U4U material in the explants. Appar-
ently, I-U4U and PCL2000-U4U co-degrade and/or co-erode 
(see also the Supporting Information). To demonstrate a pre-
cise quantitative correlation between scaffold volume and den-
sity on CT images on one hand and scaffold degradation on 
the other, however, and to thereby investigate if PCL2000-U4U 
and I-U4U erode and degrade at (exactly) the same rate, studies 
involving more animals or studies involving larger grafts using 
larger animal models should be performed.

This study shows that the degradation of PCL2000-U4U as a 
porous vascular graft, i.e., in the constant presence of blood and 
with the constant action of strains, occurs fast and within the 
time frame of about 1 month. In contrast, when PCL2000-U4U 
was investigated as subcutaneous implants in rats, the material 
remained present for a longer time, up to at least the last inves-
tigated time point (42 days), albeit that the implant was a solid 
thin film (400 µm) and not a porous film.[34] When using porous 
structures for cardiovascular in vivo TE, it is presumably better 
to use materials that are degrading more slowly than PCL2000-
U4U, allowing more time for neo-tissue to form and mature. 
In a study on heart valve TE we have therefore used PC-BU, 
a sequence controlled material similar to PCL2000-U4U, albeit 
with polyhexylcarbonate instead of PCL-ester soft blocks.[56]

Finally, note that our results have been obtained using 
an animal model that only allows infiltration of cells into the 
porous implant from the blood stream, so as to mimic the situ-
ation in humans.[57] Goretex sheets have been employed for this 
purpose. Presumably, Goretex will not be applicable in clinical 
settings.

4. Conclusion

Our results demonstrate that electrospun and implanted 
PCL2000-U4U vascular grafts with modularly added I-U4U con-
trast agent are clearly visible on CT images. Volume and den-
sity of the grafts can be measured and monitored conveniently. 
A decrease in CT signal was observed in concord with scaffold 
degradation. In a more general sense, this study shows that 
innovative biodegradable radiopaque materials can be designed 
and prepared by modularly combining base biomaterials with 
CT contrast agents, with both these components containing 
strongly interacting supramolecularly matching motifs, such 
as, e.g., U4U groups. The supramolecular interactions result 
in biomaterials with intimately mixed and properly anchored 

components that in vivo can co-erode and co-degrade. Conse-
quently, imaging will not merely report on the CA only, but 
on the degrading implant as a whole. Accordingly, this supra-
molecular and modular approach can be applied to develop 
alternative, and possibly improved, radiopaque (bio)materials 
as compared to the solid implant materials that are currently 
used in CT imaging, such as material/metal or material/salt 
mixtures (that are usually inhomogeneous and/or nonbiode-
gradable), or materials that are obtained by postmodification or 
capping procedures (that usually have less controlled molecular 
structures and/or have sacrificed material properties). Taken 
together, the presented concept of creating solid radiopaque 
biomaterials in a modular and supramolecular fashion can be 
used to noninvasively monitor and image the biodegradation of 
synthetic implants.
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