Carbohydrate Polymers 90 (2012) 1695-1703

Contents lists available at SciVerse ScienceDirect

Carbohydrate Polymers

journal homepage: www.elsevier.com/locate/carbpol

Comparative study of vascular prostheses coated with polycyclodextrins for
controlled ciprofloxacin release

N. Blanchemain®P-* Y. Karrout®?, N. Tabary®<, M. Bria®4, C. Neut®¢, H.F. Hildebrand -,
J. Siepmann®P, B. Martel ¢

3 Univ. Lille Nord de France, 59000 Lille, France

b INSERM U 1008, Controlled Drug Delivery Systems and Biomaterials, 59006 Lille, France

¢ Unité Matériaux Et Transformation (UMET), Ingénierie des Systémes Polyméres, Université de Lille 1, F-59655 Villeneuve D’Ascq, France
d Centre Commun de Mesure RMN, Université Lille 1, F-59655 Villeneuve d’Ascq, France

¢ INSERM U 995, Laboratoire de Bactériologie, Université Lille 2, F-59006 Lille, France

ARTICLE INFO ABSTRACT

Article history:

Received 12 June 2012

Received in revised form 20 July 2012
Accepted 21 July 2012

Available online 27 July 2012

A textile polyester vascular graft was modified with cyclodextrins to obtain a new implant capable of
releasing antibiotics (here ciprofloxacin, CFX) over prolonged time periods and thereby reducing the
risk of post-operative infections. In this study, we compared samples modified with native and modified
cyclodextrins, presenting different cavity sizes (3 or y cyclodextrins) and different substituent groups
(hydroxypropyl and methyl). Drug release was measured in water, phosphate buffer pH 7.4 and blood
plasma. The inclusion of CFX in the cyclodextrins cavities was observed in solution by two-dimensional

Keywords: . TH NMR spectroscopy and confirmed by 'F NMR measurements. Grafts modification with all cyclodex-
Polyester vascular prosthesis L . . : .
Cyclodextrins trins induced an increase of their sorption capacity towards CFX whose extent depended on the nature

of the cyclodextrin: a 4-fold and 10-fold increase was observed in the cases of hydroxypropyl cyclodex-
trins and methylated 3-cyclodextrin, respectively. Depending on the type of release medium and nature
of CD, different CFX release kinetics were obtained. The discussion highlighted not only the role of the
host guest complexation, but also that of the electrostatic interactions that occur between the anionic
crosslinks of the cyclodextrins polymers, and CFX that presents a zwitterionic character. The microbi-
ological assessment confirmed sustained CFX release in human plasma and demonstrated antibacterial
efficiency of CD modified prostheses against Staphylococcus aureus and Escherichia coli for at least 24 h
(compared to 4 h in the case of virgin grafts).
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Gaillard, 2007). The efficacy of the latter can significantly differ: for
instance rifampicin has been reported to be much more efficient

1. Introduction

Post operative infections in implant surgery are relatively
frequent. In the field of vascular surgery, they are declared in
approximately 6% of all cases, and induce mortality in 50% of the
cases if the infection is localized in aortic position (Bandyk & Esses,
1994; Hennes, Sandmann, Torsello, Kniemeyer, & Grabitz, 1996;
O’Brien & Collin, 1992). To overcome this problem, clinicians might
use vascular prostheses which locally release antimicrobial agents,
such as silver (Batt et al., 2008; Strathmann & Wingender, 2004),
single antibiotic drugs (Bergamini et al., 1996; Malassiney, Goéau-
Brissoniére, Coggia, & Pechére, 1996) or combinations of antibiotic
drugs (Javerliat, Goéau-Brissonniére, Sivadon-Tardy, Coggia, &
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than silver ions in the case of infected prostheses in a dog model:
Goeau-Brissonniére (Coggia, Goeau-Brissonniére, Leflon, Nicolas,
& Pechére, 2001) and Hernandez-Richter et al. (2003) showed a
disappearance of the infection (Staphylococcus aureus) when pros-
theses were impregnated with rifampicin. In contrast, the infection
persisted in the case of silver coated prostheses.

The antimicrobial agents are generally loaded onto the vascular
prostheses via interactions with collagen, gelatine or other hydro-
gels, which are commonly used to ensure the blood tightness of
the textile structures. However, collagen and gelatine are generally
degraded within a few days following implantation. Thus, the max-
imal release period of the antimicrobial agent is limited and cannot
cover the entire healing process.

To overcome this limitation, recently a textile graft, function-
alized with cyclodextrins (CDx) has been proposed (Blanchemain
et al., 2005). The idea is to cover the textile fibers with a polymeric
coating allowing increased drug loading capacities and prolonged
periods of controlled drug release. CDX can be used in various
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ways to improve drug administration, in particular to improve the
bioavailability of drugs (Loftsson, Jarho, Masson, & Jarvinen, 2005).
Many studies have demonstrated the in vivo safety of modified
CDx, e.g. hydroxypropyl-B-cyclodextrin (HPBCD) and methyl-3-
cyclodextrin (MeBCD) (Frank, Gray, & Weaver, 1976; Irie & Uekama,
1997). In order to immobilize CDx on synthetic textiles (e.g.
polyesters and polypropylene) different techniques can be used,
such as electronic bombardment (Le Thaut et al., 2000) and plasma
treatments (Gawish, Matthews, Wafa, Breidt, & Bourham, 2007). In
the present study a “green chemistry process” has been applied,
based on a reaction of polyesterification between native or CDx
derivates and citric acid (CTR), leading to a crosslinked polymeric
network (named polyCTR-CDx) coating the textile fiber (Martel
et al., 2006). It has recently been shown that vascular prostheses
could be modified with five different types of cyclodextrins (3CD,
vCD, HPBCD, HPyCD and Me3CD), (Blanchemain et al., 2007a;
Blanchemain et al., 2011) without affecting either their mechanical
properties or their safety (Blanchemain et al., 2007b; Jean-Baptiste
et al., 2012). Also the importance of the amount of cyclodextrin
polymer (PolyCTR-MeBCD) loaded onto the vascular prostheses for
the resulting drug release profiles has been studied (Blanchemain
etal., 2011).

However, yetitis unclear how the type of cyclodextrin affects the
release patterns of an incorporated drug. Native CDx significantly
differ in size: aCDx exhibits the smallest cavity size (6 glucose
units), while yCDx is much larger (8 glucose units). Moreover, the
CDx can be chemically modified, e.g. substituted by hydroxypropyl,
methyl or other groups. Such modifications might significantly
affect the properties of the CDx, in particular their potential to inter-
act with drugs. The aim of this work was to better understand the
impact of the type of CDx on the ability to form inclusion complexes
with the antibiotic drug ciprofloxacin (CFX) and the consequences
on the drug loading capacity and drug release kinetics from CDx
modified vascular prostheses.

2. Materials and methods

Woven polyester [Dacron® yarns, poly(ethylene terephthalate),
PET] prostheses (Polythese®) were kindly donated by Perouse
Médical (Ivry-Le-Temple, France). Cyclodextrins (CDx) used in
this study were commercially available, B-cyclodextrin (3CD,
Kleptose®), hydroxypropyl-B-cyclodextrin (HPBCD, Kleptose®
HPB, MS=0.62) and 2-O-methyl-B-cyclodextrin (MeCD)
(Crysmeb®, DS=0.50) (Roquette Fréres, Lestrem, France); as
well as y-cyclodextrin (yCD, Cavamax® W8) and hydroxypropyl-
v-cyclodextrin (HPyCD, Cavasol® W8, MS=0.62) (Wacker,
Burghausen, Germany). The abbreviation CDx refers to all or
some of the CDx mentioned above. Citric acid (CTR) and sodium
dihydrogen hypophosphite (NaH,POy4, 2H,0) were Aldrich Chem-
icals (Saint Quentin Fallavier, France). Powder of ciprofloxacin
hydrochloride (Ciflox®, CFX) was a gift from Bayer Health Care
(Leverkusen, Germany).

2.1. Cyclodextrin finishing process and titration of carboxylic
groups

The textile functionalization with CDx was based on a pad-
dry-cure process previously reported (Martel, Morcellet, Ruffin,
Ducoroy, & Weltrowski, 2002; Martel, Weltrowski, Ruffin, &
Morcellet, 2002; Weltrowski et al., 1999). Samples of woven PET
prostheses (1.63 +0.12 g) were impregnated and roll-squeezed in
an aqueous solution containing CDx, catalyst and CTR, whose com-
position is reported as X/Y/Z, where X, Y and Z are related to the
weight in gram unit of CDx, catalyst and CTR, respectively, dis-
solved in 100mL of water. The fixation reaction occurred in a

thermo-fixation oven (Minithermo®, Roaches, UK) at 150°C dur-
ing 30 min as previously reported (Blanchemain et al., 2008). After
this treatment, all prostheses were thoroughly washed in a Soxhlet
extractor with hot water in order to remove the unreacted products.
All samples were preliminarily dried at 104°C and cooled down
to room temperature in a desiccator during 30 min. The degree of
functionalization (DF, unit wt%) is reported as the weight gain of
the samples according to the following equation:

mg —m;

DF = x 100 (1)

1

where m; and my denote the sample weight before and after treat-
ment, measured with a precision balance (+4 x 10~%g). In the
present study, the DF of the modified prostheses with CDx (PET-
BCD, PET-HPBCD, PET-y-CD and PET-HPyCD) was 18.0 + 0.5 wt%.
Issued from the polycondensation between CTR and CDx, the result-
ing coating polymer also carried residual free carboxylic functions
(Ducoroy, Bacquet, Martel, & Morcellet, 2008; Ducoroy, Martel,
Bacquet, & Morcellet, 2007). The amount of free carboxylic groups
on the vascular prostheses was determined using a calcium acetate
titration method (USP, 1995). Five hundred mg of vascular prosthe-
sis was placed in 50 mL of a calcium acetate solution (2 wt%) during
30 min under stirring (200 rpm). The mixture was titrated using a
0.05 N NaOH solution (indicator = phenolphthalein) (Kumar & Yang,
2002). The amount of free carboxylic functions was expressed in
mmol of COOH groups per gram of prosthesis and calculated as
follows:

N x Ve

COOH functions/prosthesis (nmol/g) = sample weight (g)

(2)

where N and V. denote the molarity of the NaOH solution (nmol/L)
and the equivalent volume (L), respectively.

2.2. NMR studies

1H spectra were recorded on a Ultrashield 9.4T (400 MHz)
Avance II, BRUKER spectrometer. The complexation between CDx
and CFX was studied by application of the continuous variation
method reported by Job (Connors, 1987; Gil & Oliveira, 1990),
which consisted of preparing 10~2mol/L stock solutions of CFX
and yCD or HPyCD solutions in D,0. Aliquots of both solutions
were placed in 5 mm diameter NMR tubes at different volume ratios
varying from 0/10 to 10/0 (CD/CFX) and mixed by sonication dur-
ing 20 min. The total volume in the tubes was kept constant at
600 L. The Job plot obtained allowed determining the stoichiom-
etry of the inclusion complex. The geometry and orientation of the
guest molecule in the CDx cavity were determined from the two-
dimensional Roesy experiments (Hwang & Shaka, 1992) displaying
the dipolar interactions between the host and the guest molecules
in the supramolecular assembly. The pulse for ROESY spinlock was
600 ms. Fluor NMR was also assessed to investigate the interactions
between the fluorinated quinolone and the CDx cavity. Inclusions
models were obtained from ACD/HNMR predictor and Raswin.

2.3. Drug sorption studies

Modified and virgin prostheses were cut into 10 mm diameter
disks (27.2 + 1.8 mg) and dipped into a CFX solution (2 g/L) during
4 h. The total amount of loaded drug was determined after desorp-
tion of the prostheses in a 0.05M sodium hydroxide solution (4 h
at 37°C). The latter treatment leads to a complete hydrolysis of the
CD polymer coating and the complete release of CFX from the pros-
theses. The CFX concentration in the supernatant was determined
at 271 nm using a UV-spectrophotometer (UV-1800, Shimadzu,
Marne La Vallée, France). Five replicates were performed.
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2.4. Drug release measurements

Drug loaded prostheses (27.54+ 1.6 mg) were placed into vials
filled with 10mL of purified water, phosphate buffer pH7.4
(United States Pharmacopeia 32) or human plasma (Etablisse-
ment Frangais du sang, Lille, France) in a horizontal shaker
(80rpm, 37°C) (Innova® 40, New Brunswick Scientific, Le Pecq,
France). At pre-determined time points, the supernatant solu-
tion was completely renewed and the drug content in the
withdrawn bulk fluid determined by UV-spectrophotometry (UV-
1800 Shimadzu) at A=271 and 280nm in phosphate buffer
and water respectively. All experiments were conducted in
triplicate.

2.5. Microbiological analysis

Microbiological tests were performed according to the stan-
dardized Kirby-Bauer method (Scott & Higham, 2003). Drug loaded
prosthesis samples (disc-shaped, 6 mm in diameter) were incu-
bated in 1 mL human plasma (Etablissement Fran¢ais du Sang, Lille,
France) for up to 24 h in a horizontal shaker at 80 rpm, 37°C. At
predetermined time points, samples were removed and placed
into plates containing Mueller Hinton agar seeded with S. aureus
(CIP224, collection strain) or Escherichia coli (strain L70A4 recently
isolated from a clinical sample), while the human plasma was col-
lected in a 5mL Eppendorf® vessel for HPLC analysis in order to
assess the drug amount released from the sample into the super-
natant. After 24 h incubation at 37 °C, the radius of the circular zone
with growth inhibition was measured around the disc samples.

o}

COOH

ww4%$

1697

These values are plotted as a function of the contact time with the
human plasma.

3. Results
3.1. Titration of the free carboxylic groups

Functionalization of the prostheses occurred by the in situ
reaction between citric acid and cyclodextrins, yielding a poly-
mer (polyCTR-CDx) whose structure was based on cyclodextrin
moieties linked to each other via esterified citric acid residues car-
rying free carboxylic groups (see Scheme 1). As a consequence,
the titration of these carboxylic functions can be used to charac-
terize the coating polymer (Ducoroy et al., 2008; Ducoroy et al.,
2007). Fig. 1 shows the concentration of free carboxylic groups (in
mmol/g) determined with vascular prostheses coated with the dif-
ferent types of CDx. In all cases the degree of functionalization
was 18 +0.5wt%. As it can be seen, PET samples functionalized
with native cyclodextrins (PET-yCD and PET-3CD) presented 325
and 341 nmol COOH groups per gram, thus, about 35% more
free carboxylic groups than prostheses modified with hydrox-
ypropyl cyclodextrins (PET-HPyCD and PET-HPBCD, containing
216 and 230nmol COOH groups per g). MeCD finished pros-
theses (PET-MeCD) showed intermediate free carboxylic group
concentrations. The difference in COOH content can be attributed
to different conversion rates of the acidic groups of CTR into ester
groups when the crosslinking agent came in contact with native
or modified CDx. These results indicate that hydroxypropyl CDx
more readily undergo esterification with CTR than do native CDx

H
‘ COOH
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COOH
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HO COOH

COOH COOH
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Scheme 1. Structure of the coating polymer consisting of CDx units, which are cross-linked with CTR via ester bounds, and bearing residual, free carboxylic functions.
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Fig. 1. Concentration of free carboxylic groups in the different functionalized vas-
cular prostheses.

and therefore the former present a lower amount of residual free
acidic functions. These results confirm previous reports demon-
strating that hydroxypropyl CDx exhibit higher reactivity than
native CDx: their fixation onto polyester supports occurred at lower
temperatures and more rapidly (Blanchemain et al., 2007a; Martel,
Morcellet, et al., 2002).

3.2. NMR complexation studies

The formation of an inclusion complex between 3CD, Me[3CD,
and HPBCD and ciprofloxacin has been previously demonstrated
(Blanchemain et al., 2011). In all cases, 1/1 complexes were formed
by inclusion of the piperazinyl group of these CDx. In the present
study, we additionally investigated the complexation of CFX by yCD
and HPyCD. The Job plot shown in Fig. 2 indicates a maximum
centred at r=0.5 for the yCD/CFX complex, thus, 1:1 complex is
formed. The same result was obtained in the case of HPyCD (data
not shown). Furthermore, the ROESY spectra of CFX/CDx stoichio-
metric mixtures displayed in Fig. 3a and b show correlation tasks
that reveal dipolar interactions between H2 and H6 of the piper-
azinyl group of CFX with H3 of both, HPyCD and yCD, respectively.
Neither protons H5 of both CDx nor protons H3 and H5 of CFX
displayed any correlation tasks. This led us to propose the first
inclusion model presented in Fig. 4a, where the piperazinyl group
of CFX penetrates the yCD or HPyCD cavity.

In addition, it can be seen in Fig. 3c that H3 and H5, the inner
protons of the cavity of yCD also displayed dipolar interactions with

10 T
8 1 ®
=
m -
= 6 R?=0.994
£
-)K% 4 1
3
> 2 ] °
0 T L
0 0,5 1
[YCDI/([yCDIJ+[CFX])

Fig. 2. Continuous variation plot (Job plot) of the yCD/CFX system.

proton H9 present on the quinolone part of CFX, and with H13 situ-
ated in an intermediate position between the carboxylic group and
the tertiary amine of CFX bearing the cyclopropyl group. This indi-
cates that CFX could also be included in yCD via its side terminated
by the carboxylic acid as shown in Fig. 4b. Hence, two different 1:1
complex geometries may coexist in the case of yCD/CFX mixtures.

The fluor NMR spectra reported in Fig. 5, show the shift of the
signal after addition of BCD in stoichiometric ratio. This variation
revealed a change of the environment of the fluorine atom which is
due to the inclusion of the carbon ring of the fluoroquinolone group
of CFX inside the cavity. As it can be seen in Fig. 5, a shift of the
fluorine signal varying from 32 to 38 Hz was observed with all the
investigated CDx/CFX complexes, except for yCD/CFX. In the latter
case a shift of only 12 Hz was observed. This result confirms the
above mentioned hypothesis that two types of yCD/CFX complexes
co-exist. Two sites of the drug can be included in the cavity: the
piperazinyl and the fluoroquinolone group on one hand, and the
heterocyclic ring of the quinolone on the other hand.

3.3. Drug loading onto the prostheses

Upon exposure of PET-BCD, PET-yCD, PET-HPBCD and PET-
HPyCD samples to an aqueous CFX solution (2g/L) for 4h, the
total amount of CFX loaded onto the device was determined by UV
spectrophotometry at 270 nm (Fig. 6). Generally, the CFX loading
onto native and methylated CDx finished PET prostheses was much
higher than that onto control samples, and onto yCD and HPyCD
finished PET prostheses. A 9-10 fold increase of the CFX loading
was observed comparing PET and PET functionalized with native
CDx. This factor decreased to 3-4 fold in the case of hydroxypropyl
CDx. As discussed above, the presence of the hydroxypropyl groups
involves a higher crosslinking degree of the polymeric network
(due to their higher reactivity towards citric acid). At the same
time, the presence of the hydroxypropyl groups on the primary
and the secondary rims of the macrocylic structure of CDx may
also favor intramolecular reactions with citric acid (as illustrated
in Scheme 2), resulting in the presence of a bulky group limiting
the accessibility of the CD cavity for CFX.

3.4. Ciprofloxacin release

Fig. 7 illustrates the absolute (left hand side) and relative (right
hand side) CFX release rates from virgin and PET-BCD, PET-yCD,
PET-HPBCD and PET-HPyCD modified prostheses in water, phos-
phate buffer pH 7.4 and human plasma, respectively (note the
different scaling of the x-axes). Clearly, drug release from virgin
prostheses occurred within a few minutes in all media. In con-
trast, modified prostheses liberated CFX within 50 to more than
80 days in pure water. Though, CFX release was less sustained in
phosphate buffer pH 7.4 and plasma as it occurred within a few
hours. The influence of the nature of the immobilized cyclodextrin
on the sustained release effect depended on the composition of the
release medium. On the one hand, the best results were obtained
with HPBCD system that released 80% of its loaded drug within 75
days, against 3 days for Me3CD and «yCD in PBS. In blood plasma,
the later supports released 80% of their loaded drug within and 8.5
and 6 days, respectively. So the best system was based on HPbCD in
water, and MebCD and gCD in natural and synthetic physiological
media.

3.5. Microbiological tests

The antibacterial efficiency of CFX loaded PET prostheses func-
tionalized with CDx was compared to the PET prostheses as control.
The antibacterial activity of the prostheses functionalized with
CDx is prolonged (at least 24 h), whereas the activity of the PET
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Fig.4. Schematic representation showing the structure of the HPyCD/CFX and yCD/CFX complex via the piperazinyl group (a) and yCD/CFX complex via the carboxylic group
(b).



1700 N. Blanchemain et al. / Carbohydrate Polymers 90 (2012) 1695-1703

BCD/CFX complex

T T T T T
-1210 -1212 -1214 1218 -1218 ppm

40 1 el
522
30 1 275 28.7
N
T 20 {
=
S 12.4
10 4
0 ; : : ,
) ) o ) )
& S S S S
X N Q¥ K R
<+ < N\ N\ N
© © <+ <+ 3
Q (&) @)

Fig.5. Chemical shift of the fluorine peak of CFX upon complexation with cyclodex-
trin (1:1 CEX/CD complex, 102 M).

prostheses was 4-5 h at best (Fig. 8). On the two bacterial stains, no
significant difference was observed between the four CDx at day 1.
The CFXloaded PET prosthesis was less efficient on S. aureus (Fig. 8a)
than on E. coli (Fig. 8b) due to the specific spectrum of activity of
the chosen antibiotic.

4. Discussion

It was recently shown that vascular prostheses functionalized
with CDx have the capacity to release a drug in a controlled man-
ner over prolonged periods of time (Blanchemain et al., 2008).
The release kinetics of the drug depends on several factors, in
particular the quantity of CDx polymer fixed onto the prosthesis
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Fig. 6. Amount of CFX loaded onto virgin and CD treated prostheses expressed in
mg/g; sorption time=4h.

(Blanchemain et al., 2011). The aim of the present study is to inves-
tigate the impact of the nature of the CDx chosen among native,
methylated and hydroxypropyl derivates. The size of the CDx cav-
ities (BCD, yCD), the nature of their substituents (hydroxypropyl
or methyl groups) and their degree of substitution can be expected
to affect the affinity of the drug to the polyCTR-CDx fixed onto the
prostheses as well as the resulting drug release kinetics.

CFX was selected in this study because of its widespread use in
the field of the vascular surgery and also for its affinity to CDx. A
1:1 inclusion complex between CFX and 3CD and HP3CD has been
reported by Jianbin (Jianbin, Liang, Hao, & Dongpin, 2002; Jianbin,
Dongpin, Li, & Huang, 2004) and we recently showed the same type
of inclusion with Me3CD. The present study additionally demon-
strates identical inclusion complexes of the 1:1 type between CFX
and the following CDx: 3CD, HPBCD, Me3CD and HPyCD. In these
cases, all CDx encapsulate the piperazinyl group and the fluorinated
ring of the quinolone of CFX. In contrast, in the case of yCD, the com-
plex (being also of the 1:1 type as displayed by the Job plot), ROESY
NMR measurements indicate that also the part of the quinolone
bearing the carboxylic acid function can enter the CDx cavity. The
results obtained by the ROESY sequence were confirmed by the
observation of the fluorine NMR spectrum showing a weaker shift
of the fluorine signal of CFX in the presence of yCD compared to the
four other CDx. This can be explained by the larger size of the yCD
cavity compared to 3CD, that should offer more possibilities for the
fitting with the guest molecule. Indeed, NMR data showed that the
presence of the hydroxypropyl substituents of HPyCD prevented

Scheme 2. Intramolecular reaction between two hydroxypropyl groups of CDx and citric acid yielding a “self bridged” cyclodextrin.
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the encapsulation by the carboxylic end, but allowed the inclusion
through the piperazinyl group, like 3CD and its derivates do.

The titration of the free carboxylic functions present on the
samples displayed higher contents of COOH groups on prostheses
treated with native and methylated CDx than prostheses treated
with BCD and HPyCD. As all samples have been treated using
the same curing conditions (160°C during 30 min), these results
demonstrate that CDx present a different reactivity towards cit-
ric acid. In fact, CDx substituted with hydroxypropyl groups are
more reactive than their parent native cyclodextrins. This is con-
sistent with literature reports (Martel, Weltrowski, et al., 2002).
It has previously been demonstrated that hydroxypropyl CDx can
be fixed onto polyester and polyamide (El Ghoul et al., 2007) tex-
tile supports at temperatures and time of thermofixation inferior
to those applied to native CDx. For these reasons the first studies
that we reported on vascular prostheses involved hydroxypropyl
cyclodextrins (Blanchemain et al., 2007a; Blanchemain et al., 2008;
Jean-Baptiste et al., 2012; Martel, Morcellet, et al., 2002), due to
softer reaction conditions lowering the risks of thermal degradation
of the polyester.

The origin of the higher reactivity of hydroxypropyl CDx
is probably the better accessibility of the hydroxypropyl sub-
stituent towards citric acid. As a consequence, the reaction of

esterification is more complete and polyCTR-HPBCD and polyCTR-
HPvyCD present areduced amount of free COOH groups compared to
native or methylated cyclodextrin based polymers. Another conse-
quence of this feature is that both types of polymers should present
a higher crosslinking degree, due to a higher extension of the esteri-
fication, therefore the polymer network is probably more dense and
the access to the cavities probably reduced. This latter phenomenon
can also be emphasized by the possible intramolecular reaction
between two hydroxyl groups of the hydroxypropyl substituents
and citric acid resulting in a intramolecular bridge that could hinder
the cavity access to the host molecule (Scheme 2).

The acidic functions mentioned above may display ionic inter-
actions with drugs carrying basic amino groups and play a role in
the adsorption release properties of the supports. This is especially
the case of CFX which carries a piperazinyl and a quinolone group,
that present one secondary and two tertiary amino groups which
are in their salt form in the conditions of the release experiments.
Consequently, the loading of such amino containing drugs onto the
prostheses can be expected to occur not only through host-guest
complexation into the CD cavities, but also via acid-base interac-
tions.

Indeed, this was confirmed by the results of the loading capac-
ity tests that displayed a superior capacity of the native CDx and
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Fig. 8. Antimicrobial activity of virgin and CD finished prostheses loaded with CFX
against: (a) Staphylococcus aureus, (b) Escherichia coli. Evolution of the size of the
inhibition zone as a function of the contact time with plasma. 0J, virgin PET; A, 3CD;
0, ¥YCD; O, HPBCD; x, HPYCD; -, Me3CD.

MeCD functionalized prostheses despite the same functionaliza-
tion degree of all prostheses (18 wt%) meaning that samples carried
the same order of magnitude of CDx content. So the major dif-
ference between all samples stood in their COOH groups content,
which can explain the important differences in the amounts of CFX
loaded onto prostheses modified with hydroxypropyl CDx and the
other prostheses.

A large influence of the nature of the release medium on the
kinetics of the release of the antibiotic was observed. The pres-
ence of ions in phosphate buffer pH 7.4 and of ions and organic
compounds in plasma may play a competitor role towards the
CFX/CDx inclusion complexes and explain why the total release of
the drug occurred within 50-80 days in water compared to only a
few hours in phosphate buffer pH 7.4 and plasma. This highlights
the importance of the ionic phenomena in the interactions between
CEX and polyCTR-CDx. In addition, due to the zwiterionic charac-
ter of ciprofloxacin the prosthese-drug interactions, also depend
on the pH of the medium. As a matter of fact, at acidic pH, both
piperazinyl and carboxylic functions of CFX are protonated, yield-
ing a cationic character to the drug. On the contrary, at pH 7.4
applied in the study, chosen for mimicking the physiologic con-
ditions, the carboxylic groups are transformed into carboxylate
groups, and CFX presents an anionic character (Hernandez-Borrel
& Montero, 1997). As a consequence, electrostatic repulsion effects
occur between CFX and the carboxylate functions carried by the
crosslinks of the CDx polymer and this should contribute to the
faster release observed in PBS and blood plasma, compared to pure

water medium. This phenomenon has been recently underlined in
a paper dealing with cyclodextrin-agar hydrogels for ciprofloxacin
delivery (Blanco-Fernandez, Lopez-Viota, Concheiro, & Alvarez-
Lorenzo, 2011).

The biological evaluation shows a prolonged antibacterial activ-
ity of the five functionalized prosthesis (for more than 24h)
compared to the virgin prosthesis loaded with CFX (4h) on
two strains (S. aureus, E. coli). However, no significant difference
between the different functionalized prostheses was observed.
The antibacterial activity persists over 24 h, while the quantity of
released CFX fell below the detection limit of the applied ana-
lytical method. This clearly indicates that a sufficient quantity of
CFX remains on the prosthesis, efficient against the bacteria, even
after 24 h. Thus, the proposed functionalized prostheses are likely
to offer a protection against infections not only during the first
hours, but during the first day after surgery when the post operative
infectious risk is highest.

5. Conclusion

In this work, five different cyclodextrins were fixed onto a vas-
cular graft for the sustained release of ciprofloxacin. The size of the
CDx cavities (3CD, yCD), the nature of its substituents (hydrox-
ypropyl or methyl groups) was the first topic of the discussion.
Firstly, we evidenced through advanced NMR studies the complex-
ation of CFX with BCD, yCD and HPyCD. Then we investigated the
influence of the nature of the immobilized CDx on the sorption
capacity of the supports. The best results were obtained with 3CD,
vCD and Me3CD, compared to HPBCD and HPyCD. Release tests
showed the most marked sustained release effect with HPBCD in
pure water, while Me[3CD and yCD gave the best results in synthetic
and natural physiological media. Therefore the drug-prostheses
interactions were not only discussed in terms of host-guest com-
plexation, but also in terms of ionic and acid-base interactions due
to the presence of carboxylate functions in the structure of the CDx
polymer.

The zwiterionic nature of CFX was identified to be at the origin
of all those phenomena. Importantly, this paper evidenced that the
nature of the cyclodextrin was a key parameter in the process of
functionalization of a medical device for the control of the sorp-
tion and release of a drug. In particular, the native or methylated
[3CD will be good candidates for the vascular application especially
thanks to the higher sorption capacity, in order to limit post oper-
ative infections or to treat a resumption of vascular graft infection.
Nevertheless, through in vivo tests it will be necessary to take into
account the potential local toxicity effects due to the high quantity
of loaded CFX on the prosthesis.

Funding

This work was supported by grants from Perouse Medical (Ivry-
Le-Temple, France).

References

Bandyk, D. F., & Esses, G. E. (1994). Prosthetic graft infection. The Surgical Clinics of
North America, 74, 571-590.

Batt, M., Jean-Baptiste, E., O’Connor, S., Bouillanna, P. J., Haudebourg, P., Hassen-
Khodja, R,, et al. (2008). In situ revascularisation for patients with aortic graft
infection: a single centre experience with silver coated polyester grafts. Euro-
pean Journal of Vascular and Endovascular Surgery, 36, 182-188.

Bergamini, T. M., Mc Curry, T. M., Bernard, J. D., Hoeg, K. L., Corpus, R. A,, James, B. E.,
et al. (1996). Antibiotic efficacy against Staphylococcus epidermidis adherent to
vascular grafts. The Journal of Surgical Research, 60, 3-6.

Blanchemain, N., Chai, F., Haulon, S., Krump-Konvalinkova, V., Traisnel, M., Morcellet,
M., et al. (2008). Biological behaviour of an endothelial cell line (HPMEC) on
vascular prostheses grafted with hydroxylpropylbeta-cyclodextrine (HPB-CD)
and hydroxypropylgamma-cyclodextrine (HP(-CD). Journal Material Sciences —
Material in Medicine, 19, 2515-2523.



N. Blanchemain et al. / Carbohydrate Polymers 90 (2012) 1695-1703 1703

Blanchemain, N., Haulon, S., Boschin, F., Marcon-Bachari, E., Traisnel, M., Morcellet,
M, et al. (2007). Vascular prostheses with controlled release of antibiotics—Part
1. Surface modifications with cyclodextrin of PET vascular prostheses. Biomolec-
ular Engineering, 24, 149-153.

Blanchemain, N., Haulon, S., Boschin, F., Traisnel, M., Morcellet, M., Martel, B., et al.
(2007). Vascular prostheses with controlled release of antibiotics—Part 2. In vivo
biological evaluation of vascular prostheses treated by cyclodextrins. Biomolec-
ular Engineering, 24, 143-148.

Blanchemain, N., Haulon, S., Martel, B., Traisnel, M., Morcellet, M., & Hildebrand, H. F.
(2005). Vascular PET prostheses surface modification with cyclodextrin coating:
Development of a new drug delivery system. European Journal of Vascular and
Endovascular Surgery, 29, 628-632.

Blanchemain, N., Karrout, Y., Tabary, N., Neut, C., Bria, M., Siepmann, J., et al. (2011).
Methyl-B-cyclodextrin modified vascular prosthesis: Influence of the modifica-
tion level on the drug delivery properties in different media. Acta Biomaterialia,
7,304-314.

Blanco-Fernandez, B., Lopez-Viota, M., Concheiro, A., & Alvarez-Lorenzo, C. (2011).
Carbohydrate Polymers, 85, 765-774.

Coggia, M., Goeau-Brissonniére, O., Leflon, V., Nicolas, M. H., & Pechére, J. C. (2001).
Experimental treatment of vascular graft infection due to Staphylococcus epider-
midis by in situ replacement with a rifampicin-bonded polyester graft. Annals of
Vascular Surgery, 15,221-229.

Connors, K. (1987). Binding constants: The measurement of molecular complex stability.
New York: Wiley.

Ducoroy, L., Bacquet, M., Martel, B., & Morcellet, M. (2008). Removal of heavy metals
from aqueous media by cation exchange nonwoven PET fabrics modified with
beta cyclodextrin and polycarboxylic acid. Reactive and Functional Polymers, 68,
594-600.

Ducoroy, L., Martel, B.,Bacquet, M., & Morcellet, M. (2007). lon exchange textiles from
the finishing of PET fabrics with cyclodextrins and citric acid for the sorption of
metallic cations in water. Journal Inclusion Phenomena and Macrocyclic Chemistry,
57,271-277.

El Ghoul, Y., Martel, B., Morcellet, M., Campagne, C., El Achari, A., & Roudesli, S.
(2007). Mechanical and physico-chemical characterization of cyclodextrin fin-
ished polyamide fibers. Journal Inclusion Phenomena and Macrocyclic Chemistry,
4,7-52.

Frank, D. W.,, Gray, ]J. E., & Weaver, R. N. (1976). Cyclodextrin nephrosis in the rat.
The American Journal of Pathology, 83, 367-382.

Gawish, S. M., Matthews, S. R., Wafa, D. M., Breidt, F., & Bourham, M. A. (2007).
Atmospheric plasma-aided biocidal finishes for nonwoven polypropylene fab-
rics. I. Synthesis and characterization. Journal of Applied Polymer Science, 103,
1900-1910.

Gil, V. M. S, & Oliveira, N. C. (1990). On the use of the method of continuous varia-
tions. Journal Chemistry Education, 67, 473-478.

Hennes, N., Sandmann, W., Torsello, G., Kniemeyer, H. W., & Grabitz, K. (1996).
Infection of a vascular prosthesis—A retrospective analysis of 99 cases.
Der Chirurg: Zeitschrift fiir alle Gebiete der Operativen Medizen, 67, 37-
43,

Hernandez-Richter, T., Schardey, H. M. Wittmann, F., Mayr, S., Schmitt-
Sody, M., Blasenbreu, S., et al. (2003). Rifampicin and Triclosan but not
silver is effective in preventing bacterial infection of vascular Dacron
graft material. European Journal Vascular Endovascular Surgery, 26, 550-
557.

Herndndez-Borrel, J., & Montero, M. T. (1997). Calculating microspecies concentra-
tion of zwitterion amphoteric compounds: Ciprofloxacin as example. Journal of
Chemical Education, 74, 1311-1314.

Hwang, T. L, & Shaka, A. ]J. (1992). Cross relaxation without TOCSY: Transverse
rotating-frame Overhauser effect spectroscopy. Journal of American Chemical
Society, 114,3157-3159.

Irie, T., & Uekama, K. (1997). Pharmaceutical applications of cyclodextrins. IIl. Tox-
icological issues and safety evaluation. Journal of Pharmaceutical Sciences, 86,
147-162.

Javerliat, I, Goéau-Brissonniére, O., Sivadon-Tardy, V., Coggia, M., & Gaillard, J. L.
(2007). Prevention of Staphylococcus aureus graft infection by a new gelatin-
sealed vascular graft prebonded with antibiotics. The Journal of Vascular Surgery,
46,1026-1031.

Jean-Baptiste, E., Blanchemain, N., Martel, B., Neut, C., Hildebrand, H. F., & Haulon,
S. (2012). Safety, healing, and efficacy of vascular prostheses coated with
hydroxypropyl-B-cyclodextrin polymer: Experimental in vitro and animal stud-
ies. European Journal Vascular Endovascular Surgery, 43, 188-197.

Jianbin, C., Dongpin, M., Li, J., & Huang, S. (2004). Preparation and study on the novel
solid inclusion complex of ciprofloxacin with HP3-CD. Spectrochimica Acta Part
A, 60,729-734.

Jianbin, C., Liang, C., Hao, X., & Dongpin, M. (2002). Preparation and study on the
solid inclusion complex of ciprofloxacin with 3-CD. Spectrochimica Acta Part A,
58,2809-2815.

Kumar, V., & Yang, Y. (2002). HNO;3;/H3PO4-NaNO, mediated oxidation of
cellulose—Preparation and characterization of bioabsorbable oxidized celluloses
in high yields and with different levels of oxidation. Carbohydrate Polymers, 48,
403-412.

Le Thaut, P., Martel, B., Crini, G., Maschke, U., Coqueret, X., & Morcellet, M. (2000).
Grafting of cyclodextrins onto polypropylene nonwoven fabrics for the man-
ufacture of reactive filters. 1. Synthesis parameters. Journal of Applied Polymer
Science, 77,2118-2125.

Loftsson, T., Jarho, P., Masson, M., & Jarvinen, T. (2005). Cyclodextrins in drug deliv-
ery. Expert Opinion on Drug Delivery, 2, 335-351.

Malassiney, P., Goéau-Brissoniére, O., Coggia, M., & Pechere, ]. C. (1996). Rifampicin
loading of vascular grafts. The Journal of Antimicrobial Chemotherapy, 37,
1121-1129.

Martel, B., Blanchemain, N., Boschin, F., Haulon, S., Delcourt-Debruyne, E.,
Hildebrand, H. F.,, et al. Patent, FR2877846A1 (2006), EP1824531 (2006),
W02006051227A1 (2006), US2008254094.

Martel, B., Morcellet, M., Ruffin, D., Ducoroy, L., & Weltrowski, M. (2002). Finishing
of polyester fabrics with cyclodextrins and polycarboxylic acids as crosslinking
agents. Journal of Inclusion Phenomena and Macrocyclic Chemistry, 44, 443-446.

Martel, B., Weltrowski, M., Ruffin, D., & Morcellet, M. (2002). Polycarboxylic acids
as crosslinking agents for grafting cyclodextrins onto cotton and wool fab-
rics: Study of the process parameters. Journal of Applied Polymer Science, 83,
1449-1456.

O’Brien, T., & Collin, J. (1992). Prosthetic vascular graft infection. The British Journal
of Surgery, 79, 1262-12677.

Scott, C. P., & Higham, P. A. (2003). Antibiotic bone cement for the treatment of
Pseudomonas aeruginosa in joint arthroplasty: Comparison of tobramycin and
gentamicin-loaded cements. Journal of Biomedical Material Research, 64B, 94-98.

Strathmann, M., & Wingender, ]. (2004). Use of an oxonol dye in combination with
confocal laser scanning microscopy to monitor damage to Staphylococcus aureus
cells during colonisation of silver-coated vascular grafts. International Journal of
Antimicrobial Agents, 24, 234-240.

U.S. Pharmacopoeia & the National Formulary: USP 23-NF18. (1995). United States
Pharmacopoeia.

Weltrowski, M., Morcellet, M., & Martel, B. Patent, FR 99/01967 (1999),
PCT/FR00/00378 (2000), US 09 913,448 (2001).



	Comparative study of vascular prostheses coated with polycyclodextrins for controlled ciprofloxacin release
	1 Introduction
	2 Materials and methods
	2.1 Cyclodextrin finishing process and titration of carboxylic groups
	2.2 NMR studies
	2.3 Drug sorption studies
	2.4 Drug release measurements
	2.5 Microbiological analysis

	3 Results
	3.1 Titration of the free carboxylic groups
	3.2 NMR complexation studies
	3.3 Drug loading onto the prostheses
	3.4 Ciprofloxacin release
	3.5 Microbiological tests

	4 Discussion
	5 Conclusion
	Funding
	References


