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A great deal of effort has been made since the 1990s to enlarge the field of magnetic resonance imaging.
Better tissue contrast, more biocompatible contrast agents and the absence of any radiation for the patient
are some of the many advantages of using magnetic resonance imaging (MRI) rather than X-ray technol-
ogy. But implantable medical devices cannot be visualized by conventional MRI and a tool therefore needs
to be developed to rectify this. The synthesis of a new MRI-visible degradable polymer is described by
grafting an MR contrast agent (DTPA-Gd) to a non-water-soluble, biocompatible and degradable poly(e-
caprolactone) (PCL). The substitution degree, calculated by H nuclear magnetic resonance and inductively
coupled plasma-mass spectrometry, is close to 0.5% and proves to be sufficient to provide a strong and
clear T1 contrast enhancement. This new MRI-visible polymer was coated onto a commercial mesh for tis-
sue reinforcement using an airbrush system and enabled in vitro MR visualization of the mesh for at least
1 year. A stability study of the DTPA-Gd-PCL chelate in phosphate-buffered saline showed that a very low
amount of gadolinium was released into the medium over 52 weeks, guaranteeing the safety of the device.
This study shows that this new MRI-visible polymer has great potential for the MR visualization of

implantable medical devices and therefore the post-operative management of patients.

1. Introduction

Polymeric biomaterials are being increasingly used for biomed-
ical applications as implantable devices or drug delivery systems
[1-3]. As these biomaterials offer a great variety of structures,
and therefore possess a broad range of properties, they can be used
in a host of applications. One of the most important applications in
the biomedical field is the use of these polymers for medical de-
vices, especially prostheses. Such materials can be used for perma-
nent or temporary applications, depending on their structure [4-
6]. Unfortunately, all these polymeric materials are transparent
to X-rays and are invisible using magnetic resonance imaging
(MRI). This inability to visualize implanted material restricts any
evaluation of tissue integration and post-operative fixation, and
any determination of fate in the body [7].

A radio-opaque poly(e-caprolactone) (PCL)-based aliphatic
polyester has been developed in our laboratory in which a covalent
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link has been formed between a radio-contrast dye (typically io-
dine) and the polymeric backbone [8].

MRI is a non-ionizing technique that is widely used in clinical
practice, mainly because of its non-invasive nature, its capability
to produce high-definition images and its ability to depict
pathological tissues [9-12]. Image contrast is often enhanced by
using contrast agents [13,14] and this approach may be used to
visualize polymeric material. In a recent report, Kramer et al. have
reported the synthesis of surgical textile implant loaded with iron
oxide nanoparticles during the polyvinylidene fluoride threads
extrusion [15]. The resulting material was visualized by MRI using
the positive-contrast inversion recovery with on-resonant water
suppression sequence [16]. Positive contrast may also be gained
using conventional MRI sequences if paramagnetic agents, such
as gadolinium salts Gd(III), are used [17]. Unfortunately, gadolin-
ium salts are toxic and must be chelated [18]. Of all gadolinium
chelates, diethylenetriaminepentaacetic acid (DTPA) is the most
frequently used in medical imaging [19].

Several methods have been reported in the literature to design
macromolecular DTPA-Gd complexes. Applications of these new
contrast agents in blood pool imaging are focused on the
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modification of the pharmacokinetics [20], through chelating struc-
tures grafted onto water-soluble macromolecules [18,21-26].
However, these water-soluble macromolecular complexes are
rapidly excreted and cannot be used for the MRI visualization of
non-water-soluble implanted devices.

Very few studies have been conducted on the conjugation of
Gd(III) chelates to hydrophobic polymers. In some cases the con-
trast agent is dispersed within a polymeric matrix [27]. It can dif-
fuse out of the device and therefore enables only transitory
visualization, as for example with PLAGA microspheres [28]. In or-
der to overcome this drawback, a chelate of the contrast agent
should be covalently linked on a polymer chain, but this approach
requires the functionalization of the polymeric backbone prior to
the addition of the chelate. Jiang et al. [29] mentioned a surface
modification of a polymeric plate by plasma treatment with hydra-
zine followed by reaction of DTPA on the amine group. However,
the resulting hydrolysable amide bond may not be suitable for
the long-term visualization requirement. In addition, this method
is known to induce possible reactive pendant function rearrange-
ments on the surface, which can decrease the material’s reactivity
[30,31]. Another study referred to a hydrophobic poly(styrene-
maleic acid) (SMA) copolymer grafted onto a gadolinium (HEDTA
(hydroxylethylenediaminetetraacetic acid)) chelating agent [32].
In this case a potentially hydrolysable ester bond is created be-
tween the chelating agent and the polymer and this again may
not be suitable for long-term visualization.

The purpose of the work described herein was to synthesize a
new biodegradable MRI-visible polymer in order to provide a tool
for surgeons to locate implanted polymeric prostheses. This new
polymer needed to ensure that medical devices can be visualized
long term by MRI: (i) the polymer must be non-water-soluble in
order to remain immobilized on the surface, (ii) it should degrade
slowly to provide at least 1-year post-operative MRI visualization,
without permanently modifying the characteristics of the medical
device, (iii) visualization must be possible until the polymer has
completely degraded. Thus, the contrast agent should be linked
to the monomeric units in a non-cleavable manner to be finally re-
leased concomitantly with the degradation products. To meet
these specific requirements, a chelate of a contrast agent (DTPA)
was grafted onto a non-water-soluble, degradable and biocompat-
ible polymer by a covalent and non-cleavable bond. Poly(e-capro-
lactone) (PCL) was selected for its biocompatibility and FDA
approval, and because this polymer is known to be slowly de-
graded in the human body [4-6]. This polymer is not functional-
ized, but we have previously described a rapid, easy and versatile
method to chemically activate PCL chains in a polycarbanionic
form [33]. Briefly, this activation is achieved by using lithium diiso-
propylamide (LDA) as a non-nucleophilic strong organic base to re-
move one of the hydrogen atoms at the a-position on the carbonyl
groups. In a second step, electrophilic reactants are then bound to
the carbanionic sites.

Here, in this present study, we describe the synthesis of a new
MRI-visible polymer based on the grafting of a DTPA derivative onto
activated PCL, followed by the complexation of Gd3+ onto the grafted
DTPA. The characterization of all compounds, by-products and final
polymer are reported herein. In addition, the potential of this MRI-
visible polymer for biomedical applications was investigated by (i)
assessing the stability of the Gd3* polymeric complex and the poly-
mer coating on a polypropylene mesh, (ii) experimentally determin-
ing the device’s MRI visibility and its cytocompatibility.

2. Materials and methods

PCL (Mn = 42,500 g mol—!; Mw 65,000 g mol—!) was obtained
from Aldrich (St Quentin Fallavier, France), benzyl alcohol

(purity = 99%) and palladium on activated carbon (10% Pd) were
purchased from ACROS (Gell, Belgium). MgSO4+ and diethylenetri-
aminepentaacetic acid dianhydride (DTPA-diA) were supplied by
Carlo Erba (Milan, Italy) and were used as received.

Lithium di-isopropylamide (LDA) (2 M in tetrahydrofuran/n-
heptane); gadolinium(III) chloride hexahydrate, (99%), thionyl
chloride (SOCIz), dried tetrahydrofuran (THF); and dichlorometh-
ane, diethyl ether, methanol, dry dimethylsulfoxide were pur-
chased from Sigma-Aldrich (St Quentin Fallavier, France). All
chemicals and solvents were used without further purification, ex-
cept THF, which was treated over benzophenone sodium until a
deep blue color was obtained, and then distilled.

Polymer molar masses were determined by size exclusion chro-
matography (SEC) on a Waters Inc. system fitted with a PLgel 5 Im
mixed-C (60 cm) (Polymer Laboratories, Les Ulis, France) column
as stationary phase and a Waters 410 refractometric detector,
eluted with THF at 1 ml min—1. Typically, samples were dissolved
in THF at 10 mg ml—! and filtered through a Millex®-FH PTFE filter,
pore size 0.45 Im (Millipore Corporation, Billerica, MA, USA) and
20 11 of the polymer solution were injected. The SEC was calibrated
with poly(styrene) standards. A Waters PDA 2996 photodiode-ar-
ray detector was added on-line for the specific detection of aro-
matic groups.

ATR-FTIR spectra were obtained on polymeric films cast on NaCl
and recorded on a Perkin-Elmer Spectrum 100 FT-IR spectrometer
using attenuated total reflectance (ATR).

H NMR spectra were recorded in de-DMSO on an AMX300 Bru-
ker spectrometer operating at 300 MHz. Chemical shifts were ex-
pressed in ppm with respect to tetramethylsilane (TMS).

Relaxation times for polymers dissolved in de-DMSO were mea-
sured on an AMX400 Bruker spectrometer operating at 400 MHz.
T1 measurements were obtained using T1 inversion/recovery se-
quence. This analysis was carried out at 80 °C to facilitate the
molecular mobility of the polymer.

Gd3* was quantified using an Element XR sector field ICP-MS
(inductively coupled plasma-mass spectrometry) at Géosciences
in Montpellier (Montpellier II University). Internal standardization
used an ultra-pure solution enriched with indium.

2.1. Synthesis and characterization of the MRI-visible polymer (DTPA-
Gd-PCL)

2.1.1. Synthesis of benzylated DTPA (Bn:-DTPA)

Commercial DTPA dianhydride (14 mmol, 5 g) was dispersed in
DMSO (20 ml) and benzyl alcohol (35 mmol, 3.6 ml) was added
dropwise for complete dissolution of the mixture within a few
hours. The reaction was monitored by infra-red analysis until com-
plete disappearance of the anhydride band at 1820 cm—1. After 5h
the DMSO was evaporated off and the residue precipitated in
diethyl ether before being washed several times with diethyl ether.

2.1.2. Chlorination of Bnz-DTPA (Bnz-DTPA-CI)

Bnz-DTPA (5.3 mmol, 3 g) was dissolved in thionyl chloride
(5 ml) and the reaction conducted at room temperature for 2 h un-
der a flow of argon. Thionyl chloride was then evaporated under
vacuum. Bnz-DTPA-Cl was used immediately for the next reaction
without any further purification.

2.1.3. Reaction of Bnz-DTPA-CI with PCL (Bnz-DTPA-PCL)

Typically, PCL (26.3 mmol, 3 g) was dissolved in anhydrous THF
(200 ml) by stirring in a reactor that had previously been dried
overnight. The solution was carefully kept under a flow of dry ar-
gon at —40 °C. A 2 M LDA solution (35 mmol, 17.5 ml) was poured
through a septum, while stirring, for 30 min. A solution of Bnz-
DTPA-CI (5 mmol, 3 g) in dry THF was then poured into the mix-
ture. After 30 min of reaction, the mixture was neutralized with



an aqueous solution of 0.1 N HCI to a pH of between 2 and 3, and
extracted twice with dichloromethane (200 ml). The combined or-
ganic phases were washed with distilled water (200 ml) and dried
on anhydrous MgSOa.. After filtration, the dichloromethane was
partially evaporated off in a vacuum and Bn:-DTPA-PCL was pre-
cipitated in methyl alcohol. Finally, dialyses were carried out using
Spectra/Por membrane tubing (cut-off: 3500 Da).

2.1.4. Deprotection of carboxylic acid groups

Bnz-DTPA-PCL (8 mmol, 1 g) was dissolved in THF (50 ml) con-
taining a 10% (100 mg) suspension of Pd/C. The reactor was placed
under 5 bars of Hz pressure for 3 days at room temperature with
vigorous stirring. The catalyst was removed by filtration on celite.
The solvent was partially evaporated off in a vacuum and deprotec-
ted DTPA-PCL was precipitated in methyl alcohol.

2.1.5. Complexation of gadolinium

DTPA-PCL (8 mmol, 1 g) was dissolved in DMSO (5 ml) and a
solution of gadolinium trichloride (0.8 mmol, 302 mg) in DMSO
(1 ml) was added dropwise. The complexation was carried out
for 48 h at room temperature while stirring. The DMSO was then
evaporated off, CHz2Clz (50 ml) was added and the organic phase
was washed twice with H20 (25 ml). The organic phase was dia-
lyzed against a mixture of MeOH/CH:Cl2 50/50 v/v. Finally, the
DTPA-Gd-PCL complex was recovered after precipitation in methyl
alcohol.

2.1.6. Titration of gadolinium

15.8 mg of DTPA-Gd-PCL were mineralized at 150 °C in nitric
acid (70%) for 12 h. The solution was then diluted in water (1/
1000) and analyzed by ICP-MS.

2.2. MRI evaluation

2.2.1. Formulation of MRI-visible meshes

A 33 cm monofilament polypropylene mesh (PP mesh, kindly
donated by COVIDIEN (Trevoux, France)), was coated using an
Infinity Airbrush system supplied by Harder & Steenbeck (Oststein-
bek, Germany). A solution of DTPA-Gd-PCL in acetone (1% w/v) was
sprayed under 3 bars of argon pressure onto the polypropylene
mesh from a distance of 5 cm. The mesh was dried in a vacuum
overnight and weighed to measure the amount of coated polymer.
The surface appearance of the coated mesh was characterized by
environmental scanning electron microscopy (ESEM) (Philips
XL30 ESEM, FEI Company, Hillsboro, WA) at a 10 kV accelerating
voltage and by optical microscopy (Stereomicroscope Leica MZ6
connected to an EC3 digital camera, Nanterre, France).

2.2.2. MR imaging protocol

MR imaging experiments were performed on a Bruker Avance
DRX system (Bruker Biospin SA, Wissembourg, France) operating
on a Paravision (version 4.0) software platform (Bruker Biospin
SA, Wissembourg, France). The system was equipped with a
150 mm vertical super-wide-bore magnet operating at 7T, a
84 mm inner diameter shielded gradient set capable of 144 mT m—1!
maximum gradient strength and a 30 mm diameter birdcage reso-
nator. Powders (5 mg), modified or native PP meshes (1 cm?) were
embedded in a degassed 1% (w/w) agarose gel prior to imaging.
Gadolinium-free samples corresponded to a PP mesh and to a PP
mesh coated with DTPA-PCL. A positive control was prepared by
coating the mesh with Magnevist®. To test signal enhancement,
T1 weighting was introduced into the MR images using an inversion
pulse [34] in rapid three-dimensional (3-D) acquisition with relax-
ation enhancement (RARE) sequence (TR = 2000 ms; mean echo
time (TEm)=31.7ms; RARE factor=8; FOV=3X 3 X 1.5cm;

matrix 128 x128 x64). Inversion time was set at 1300 ms, suffi-
cient to allow canceling of the embedding gel.

2.2.3. Stability studies

Coated meshes were immersed in phosphate-buffered saline
(PBS) (Ref 70011, Gibco) at 37 °C with stirring at 130 rpm (Hei-
dolph Uniamx 1010) for 12 months. Aliquots of PBS solution were
taken at scheduled time points and directly analyzed by ICP-MS to
measure the amount of gadolinium released into the PBS. A posi-
tive control consisted of a mesh coated successively by Magnevist®
then PCL. At the end of the stability study, the gadolinium still
grafted onto the coated meshes was quantified after DTPA-Gd-
PCL degradation in HNOs as previously described.

2.2.4. In vitro cytocompatibility

The in vitro toxicity of the MRI-visible polymer was assessed by
measuring the adhesion and proliferation of human fibroblasts
(HFBs) on the surface of polymer films. The airbrush was used to
spray PCL and DTPA-Gd-PCL directly onto the bottom of untreated
24-well tissue culture plates (Falcon™, Becton Dickinson, Le Pont
De Claix, France) that were then dried in a vacuum overnight. Adhe-
sion after 15, 30 and 60 min and proliferation after 1, 4 and 7 days
were evaluated by MTT assay. In these adhesion and proliferation
tests, 50,000 or 20,000 HFB, respectively, were seeded in triplicate
into 1 ml of culture medium on the polymer surfaces. A polystyrene
tissue culture plate (TCPS) was used as control (Cellstar®, Greiner
Bio-One, Courtaboeuf, France). At scheduled time points, all non-
adherent cells were removed from the culture medium, the plate
was washed with Dulbecco’s phosphate buffered saline (DBPS),
and an MTT solution (250 11, 1 mg ml—tin DPBS) was added. After
3 h of MTT incubation, the reagent was removed, the plate was
washed with DPBS, and isopropyl alcohol was added to solubilize
the formazan, which was quantified at 570 nm on a spectropho-
tometer (Victor™X3multilabel plate reader, PerkinElmer).

All data points and standard deviations correspond to measure-
ments done in triplicate. Cell adhesion and proliferation results
were tested by one-way analysis of variance (ANOVA) followed
by a comparison of the means using the Student-Newman-Keuls
multiple range test. Statistical significance was set at p < 0.05.

To complete this study, an investigation - by live and dead stain-
ing and observations by scanning electron microscopy (SEM) - was
conducted of the morphology and viability of the cells on the coated
meshes (obtained by the airbrush technique using the protocol already
described) and compared with those of the cells on native meshes.

Briefly, disks (diameter = 1.5 cm) of native polypropylene
meshes (PP mesh), DTPA-Gd-PCL and genuine PCL coated meshes
were stirred for 2 h in a roller mixer at 33 rpm (supplied by Labo-
moderne, Paris, France) at 37 °C in tubes of culture medium

containing 400,000 HFB ml—!. The meshes were then removed,
washed with DPBS to eliminate non-adherent cells, and placed in
untreated 24-well tissue culture plates. After 5 and 10 days, a Pro-
moKine live/dead cell staining kit (PromoCell GmbH, Heidelberg,
Germany) was used to determine viability: 250 11 of live and dead
stain was added and the mixture was incubated with the meshes at
37 °C for 15 min. Cell viability was observed under a TE300 micro-
scope fitted with a DMX1200 digital camera (Nikon, Tokyo, Japan).

The meshes were further examined by SEM (Hitachi 400, Kre-
feld, Germany). After 5 and 10 days, the meshes were removed
from the culture medium and washed. Cells were fixed with 3.3%

glutaraldehyde in milloning phosphate buffer pH 7.2 for 1 h at
room temperature, followed by washings in milloning buffer. Fixed
samples were dehydrated in successive ethanol baths graded from
30% to 70%, followed by critical point drying with CO2. The meshes
were then sputter coated with ~ 10 nm of gold film then examined
under SEM using a lens detector with an acceleration voltage of
10 kV at calibrated magnifications.



3. Results and discussion
3.1. Synthesis and characterization of the MRI-visible polymer

DTPA was preactivated in an acyl chloride form (Bnz-DTPA-CI)
and reacted on the macropolycarbanion derived from PCL to yield
MRI-visible DTPA-Gd-PCL. The DTPA-Gd-PCL synthesis process is
presented in Scheme 1 (only substituted units are shown). As DTPA
is insoluble in organic solvents, it needed to be modified before the
reaction. To do this, DTPA dianhydride (1) was esterified with ben-
zyl alcohol in a quantitative yield to give Bnz2-DTPA, which is solu-
ble in organic solvents (i.e. THF) as well as in thionyl chloride,
which was used as a solvent in the next step.

Bnz-DTPA (2) purity was checked by HPLC and its structure was
determined by 'H NMR (Supplementary data 1) and ESI-MS
([M+H]* = 574.3 Da).

NMR peak assignments for Bn2-DTPA-were as follows: 2.9 ppm
(m, 8H, CH2-N); 3.4 ppm (s, 6H, CH2-COOH); 3.6 ppm (s, 4H,

HOOC

CH2-CO0-Bn); 5.1 ppm (s, 4H, CH2-Ph); 7.3 ppm (m, 10H, aromatic
protons).

Bn2-DTPA was then activated by reaction with thionyl chloride
at room temperature. The reaction was monitored by FTIR using
the acid chloride band at 1795 cm—! in the activated Bn.-DTPA-
Cl (3) (Supplementary data 2).

As Bnz-DTPA-CI is unstable, it was used immediately for the
next step without further purification, after evaporation of the
thionyl chloride. The presumed structure is composed of three acyl
chloride groups, but the number of acyl chloride groups on DTPA
was not determined.

At the same time, the macropolycarbanion based on PCL (5) was
prepared as described in a previous procedure [33], by the reaction
of LDA on PCL (4) in THF at a low temperature.

Bnz-DTPA-CI (3) was then reacted on the macropolycarbanion
as described in the experimental part to yield Bn2-DTPA-PCL (6),
which was recovered by precipitation in methyl alcohol then
filtered, washed with cold methyl alcohol, dried under vacuum
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and purified by dialysis in CH2Cl2/MeOH using tubes with a cut-off
~3500 Da.

Bnz-DTPA-PCL purity and molar masses were determined by size
exclusion chromatography (SEC) with dual refractometric/PDA
detection. The refractometer detects all species whereas PDA
provides the UV spectrum of the compound and detects the presence
of aromatic chromophores on the polymer backbone. 3-D SEC traces
of crude and purified Bnz-DTPA-PCL are shown in Fig. 1. These data
show that: (i) polymer (retention time 15.5 min) absorbed at a
wavelength above 250 nm, conclusively demonstrating that grafted
benzyl groups are present on the polymeric skeleton (genuine PCL
does not absorb at this wavelength); (ii) UV-absorbing small mole-
cules, detected at a retention time of around 26 min, are present in
the crude compound. After purifying by three successive dialyses
in CH2Clz, no residual UV-absorbing small molecules were observed
in the purified Bn2-DTPA-PCL (Fig. 1A).

The number average molecular mass of Bn2-DTPA-PCL (6) was
20 kDa instead of 42 kDa for genuine PCL. This decrease stems from
a break in the PCL chain during formation of the macropolycarbanion
[33].

NMR peak assignments for Bn2-DTPA-PCL (Fig. 2) are as follows:
1.3 ppm (m, 2H, CH2-CH2-CH2-0); 1.5 ppm (m, 4H, CO-CH2-CH2-
CHz-CH2-CH2-0); 1.9 ppm (m, 2H, CH2-CHR-CO); 2.2 ppm (m,
2H, CH2-CO0); 4.0 ppm (m, 2H, CH2-0); 4.3 ppm (m, 2H, CH:-0);
5.1 ppm (s, 4H, CH2-Ph); 7.3 ppm (m, 10H, CH aromatic).

The substitution degree was calculated from the 'H NMR ratio:

OCHgzprotons of PCL
Sd Va

Aromatic protons

integration of aromatic peakd7:3 ppmb
integration of OCHzpeak of PCLO4 ppmbp

Considering that all the aromatic species are derived from Bnz-
DTPA-PCL in the purified compound (see above), the substitution de-
gree is 0.5-2%. This low substitution ratio (usually around 10% with
this method) is probably a consequence of both steric hindrance and
the instability of Bnz-DTPA-CI, which is rapidly hydrolyzed.

To obtain a chelating effect, Bn2-DTPA-PCL needed to be depro-
tected in order to recover carboxylic acid groups. Benzyl esters
were cleaved by catalytic hydrogenolysis in THF, in the presence
of Pd (10%) on charcoal. The efficiency of the deprotection was
checked by 'H NMR, which showed that all benzyl groups had dis-
appeared from DTPA-PCL (7). The number average molecular mass
of DTPA-PCL was 17 kDa and polydispersity index was 2.

DTPA-PCL (8 mmol, 1 g) was dissolved in DMSO (5 ml) and a
solution of gadolinium trichloride (0.8 mmol, 302 mg) in DMSO
(1 ml) was added dropwise. The complexation was carried out
for 48 h at room temperature while stirring. The DMSO was then
evaporated off, CHz2Cl2 (50 ml) was added and the organic phase
was washed twice with H20 (25 ml).

Retention time (min)

0 5 10 18 20 25 20 &
Retention time (min)

The organic phase was dialyzed against a mixture of MeOH/
CH:Cl2 50/50 v/v. Finally, the DTPA-PCL complex was recovered
after precipitation in methyl alcohol.

The last stage of the synthesis consisted complexing with gad-
olinium, which was carried out by reacting excess GdCls with
DTPA-PCL (substitution degreex]1.5%) in DMSO at room tempera-
ture. Free gadolinium was eliminated by successive washings with
H20 and dialysis in MeOH/CH2Cl. 50/50 until no gadolinium was
detected by inductively coupled plasma-mass spectrometry (ICP-
MS). The amount of gadolinium chelated to the DTPA-Gd-PCL
was measured by ICP-MS. A substitution ratio of 0.3-0.8% was ob-

tained, showing that only =~20-55% of the gadolinium had chelated
to the grafted DTPA. The incompatibility of the water-soluble GdCls
salt and the hydrophobic polymer may explain this poor complex-
ation ratio.

3.2. MR characterization

3.2.1. DTPA-Gd-PCL relaxation time T1 measurements

The effect of grafted gadolinium was measured by determining
the T1 relaxation time for hydrogen atoms on the PCL backbone. As
expected, data in Fig. 3 show that the longitudinal relaxation time
T1 of the hydrogen atoms on DTPA-Gd-PCL was significantly lower
than that in genuine PCL. Moreover, T1 decreased concomitantly
with the gadolinium substitution ratio on the PCL skeleton. With
regard to the protons on the methylene in the c-position (Fig. 3a,
CH2-CH:-CH:2-0), T1 varied from = 1.5 s in genuine PCL to 0.85 s
in DTPA-Gd-PCL with a 0.3% substitution ratio and to 0.59 s in
DTPA-Gd-PCL with a 0.8% substitution ratio. The same impact of
gadolinium complexation was also observed for the other protons
in DTPA-Gd-PCL.

3.2.2. MR-imaging of DTPA-Gd-PCL

Fig. 4 illustrates the T1 signal enhancement provided by DTPA-
Gd-PCL (substitution ratio of 0.3%) in the form of a powder and
after being coated onto a commercial mesh used in the repair of
genital prolapse. Negative controls for the powder consisted of
DTPA-PCL and genuine PCL, whereas a positive control was based
on a Magnevist® solution. The negative controls did not elicit any
T1 enhancement, while intense T1 effects were observed for both
the positive control (Magnevist®) and DTPA-Gd-PCL. Because the
Magnevist® diffused in the gel, a positive effect was observed for
the entire medium. In the case of the DTPA-Gd-PCL sample, the
grafted contrast agent elicited a significant T1 effect that was local-
ized on the polymer powder area, without any diffusion into the
medium.

DTPA-Gd-PCL was then coated onto commercial polypropylene
meshes (33 cm) using an airbrush system. This yielded to
homogenous and regular films that did not alter mesh shape or

Fig. 1. 3-D SEC chromatograms of Bnz-DTPA-PCL solutions in THF containing free Bn2-DTPA (A) or Bnz-DTPA-PCL (B).
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integrity (Supplementary data 3). DTPA-Gd-PCL was seen to pos-
sess appropriate filmogenic properties on polypropylene mesh
without any breaking or peeling, and this was regardless of the
amount of polymer sprayed on the meshes.

Fig. 4G shows that gadolinium-free coated mesh did not elicit
any contrast enhancement. In comparison, the DTPA-Gd-PCL
(Fig. 4H) coated mesh was clearly visible in the agarose gel. The
mesh’s “whitening effect” is due to positive T1 signal enhancement.

No free gadolinium diffused into the medium, showing that it re-
mained complexed to the polymer skeleton.

Similar studies on Magnevist®-coated meshes underlined the
importance of the effective grafting of the contrast agent onto
the polymer backbone. MR images of Magnevist® powder showed
T1 signal enhancement in all the release media after a few minutes,
resulting from the rapid diffusion of highly soluble free DTPA-Gd
(data not shown).



Fig. 4. MR images of polymers: PCL powder (A) and DTPA-PCL powder (B) as negative controls, a solution of Magnevist® as positive control (C) and DTPA-Gd-PCL powder (D).

Optical microscope images of commercially available native mesh and DTPA-Gd-PCL-coated mesh (E and F) and their MR images (G and H).

3.2.3. In vitro stability of the DTPA-Gd-PCL chelate

In vitro stability studies were carried out in PBS to detect any
release of free toxic gadolinium [35,36] and to evaluate long-term
MR visualization (Fig. 5). To avoid adverse effects in the body, it
was important to determine whether any gadolinium was released
from the MRI-visible prosthesis. With regards to the removal of
carboxylate group, one can postulate that the stability of the com-
plex could be modified and, consequently, a stability study must be
performed. Given that grafted polymers were not water-soluble
and thermodynamic and kinetic constants are measured in aque-
ous solution, the stability of the complex was studied by titrating
the gadolinium released in aqueous medium by ICP-MS (induc-
tively coupled plasma-mass spectrometry).
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Fig. 5. (A) Release of gadolinium from a mesh coated with a mixture of Magnevist®/
PCL (-N-) and from a mesh coated with DTPA-Gd-PCL (-&-). (B) MR images of DTPA-
Gd-PCL-coated meshes at TO and after 24 and 52 weeks of stability testing in PBS at
37 °C.

A control, based on a mixture of Magnevist® + PCL, was pre-
pared containing non-grafted DTPA-Gd. This mixture was prepared
to demonstrate that a simple dispersion of a contrast agent in a
polymeric matrix cannot allow a long-term MRI visualization. In-
deed, total release of the contrast agent was observed within a
few days: 878 lg of the initial 885 1g of Gd were released in the
first week. By contrast, grafting of the DTPA onto the polymer pre-
vented the release of gadolinium. Indeed, only 7 lg of gadolinium
were released in 12 months, which correspond to 3% of the initial
amount of Gd on the coated mesh.

Moreover, this release is very insignificant compared to the sus-
pected Gd3* decomplexation after Gd-based contrast agent injec-
tions. In vitro studies performed in human serum suggested that
up to 2% of Gd3* were decomplexed from Magnevist® (correspond-
ing to 3.1 mgl—'of plasma) after only 15 days of incubation [37].

The persistence of T1 signal enhancement on DTPA-Gd-PCL
coated meshes was also assessed. Fig. 5B shows that the MR signal
was maintained for a period of at least 52 weeks. These results cor-
roborate the gadolinium release data and suggest that an implant-
able medical device coated with DTPA-Gd-PCL could be visualized
by MRI for at least 1 year.

It is important to specify that the MRI visualization of these
meshes (3 X 3 cm) required the coating of 2 mg of polymer, thus
corresponding to a maximum of 100 1g of gadolinium. This value
is much lower than the required clinical amount of gadolinium in-
jected in a patient before MRI scanning, which is 1.5 g for
Magnevist®.

3.3. In vitro cell cytocompatibility

Two studies were performed to assess the cytocompatibility of
PCL-Gd-DTPA: an evaluation of human fibroblast adhesion and
proliferation on polymer films to determine whether this polymer
is suitable for cell culture, and an assessment of human fibroblast
colonization on a coated mesh to mimic the wound healing
process.

Fig. 6 shows the adhesion (15, 30 and 60 min.) and proliferation
(1, 4 and 7 days) of human fibroblasts (HFBs) on DTPA-Gd-PCL
compared to native PCL and TCPS. HFB adhesion and proliferation
were quantified by MTT assay that reflects the number of living
cells present on a surface at a given time. It may be concluded from
Fig. 6A that the surface of the new MRI-visible polymer did not
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Fig. 6. MTT results illustrating cell viability on TCPS (positive control, [ll) compared with PCL (| ) and DTPA-Gd-PCL (M) films after adhesion (A) and proliferation (B) tests. The

w shows a statistical significant difference (ANOVA p < 0.05, Student-Newman-Keuls test).

Fig. 7. SEM and fluorescent microscopy pictures of native PP meshes (A and D), PCL-coated meshes (B and E) and DTPA-Gd-PCL-coated meshes (C and F) after 5 days of
proliferation. Live and dead staining (D, E and F) highlights viable cells (green) and dead cells (red) (scale bars represent 200 1 m).

impede fibroblast adhesion. The fibroblasts rapidly adhered to
TCPS and DPGA-Gd-PCL after only 15 min, and longer adherence
times did not significantly increase the number of cells present
on the surface. Cell adherence to native PCL was significantly low-
er, which may be due to PCL’s marked hydrophobicity and the de-
gree of crystallinity hampering the cell adherence process. Fig. 6B,
illustrating HFB proliferation, shows better cell growth on DTPA-
Gd-PCL than on TCPS and PCL. MTT results after 1, 4 and 7 days cor-
responded to 0.36, 0.68 and 1.1 for TCPS compared with 0.36, 1.8
and 3.4 for DTPA-Gd-PCL. DTPA-Gd-PCL would therefore appear
to be suitable for the growth of human fibroblasts.

Fig. 7 shows SEM and fluorescent microscopy images of meshes
after 5 days of HFB proliferation. As it can be seen in frame pictures
A and D, taken after 5 days of incubation, native PP meshes were
poorly covered by cells and most of the HFB present are red stained
after live and dead staining, demonstrating a cytotoxic surface ef-
fect. No fibroblasts were attached to the surface of the mesh after
10 days (data not shown), indicating that native PP meshes are not
prone to in vitro colonization. By contrast, after 5 days of HFB pro-
liferation PCL- and DTPA-Gd-PCL-coated meshes were covered by
extensively spread cytoplasm cells, a typical morphology of normal
fibroblasts (Fig. 7B and C). After a 10-day incubation period, the
coated meshes were almost entirely covered by cells (data not
shown). These data were supported by vital cell staining after 5
and 10 days of incubation (after 5 days: Fig. 5D and F; after

10 days: data not shown). After 5 days, MRI-visible meshes were
covered by HFB, as shown by an elongated green cytoplasm, with-
out any signs of toxicity (no red staining). Cell morphology and via-
bility were similar on PCL-coated mesh, though more red-stained
HFB nuclei appeared to be present.

It may therefore be concluded, based on these in vitro cytocom-
patibility tests, that the surface of this new MRI-visible polymer
did not reduce either the adherence or the proliferation of human
fibroblasts, unlike TCPS or native PCL. Moreover, live and dead
studies supported by SEM observations showed that viable and
typically shaped fibroblast cells were colonizing the DTPA-Gd-
PCL coated meshes.

4. Conclusion

We have described the synthesis of a new MRI-visible, PCL-based
polymer for the visualization of implantable medical devices. This
polymer was prepared by covalent grafting DTPA onto the PCL back-
bone, followed by the chelation of gadolinium onto the grafted
DTPA. SEC, 'H NMR and ICP-MS analyses confirmed that the DTPA-
Gd complex was successfully attached to the PCL skeleton with a
substitution degree of 0.5%. This MRI-visible polymer was then
coated onto a commercially available polypropylene mesh. Suffi-
cient gadolinium was grafted onto the polymer to induce a strong



and clear T1 contrast enhancement. A DTPA-Gd-PCL-coated poly-
propylene mesh was MRI-visible in vitro for at least 1 year and only
atiny proportion (<3%) of the chelated gadolinium grafted onto the
polymeric backbone was released within this period. Moreover, in
vitro cytocompatibility assessments demonstrated that this poly-
mer may be used as a coating for implantable medical devices with-
out any negative impact on cell proliferation. This study has
demonstrated that a degradable MRI-visible polymer can be used
to visualize medical devices in vitro by MRI. This progress could be
a tool for surgeons to locate implantable medical devices by MRI.
In order to confirm the great potential of this polymer in the long-
term MRI visualization of medical devices, in vivo studies are under
investigation to test the biocompatibility of this new polymer and to
locate a DTPA-Gd-PCL-coated mesh after implantation in an animal.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version

Appendix B. Figures with essential colour discrimination

Certain figures in this article, particularly Figs. 1, 4, and 7, are dif-
ficult to interpret in black and white. The full colour images can be
found in the on-line version
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