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ABSTRACT

A straightforward strategy is proposed to impattraitrobial properties to biodegradable poly(oxef2aane)
(poly(e-caprolactone) or PCL), which is based on the gngfbf pendant ammonium salts by “click" chemistry.
First, statistical copolymerization of 3-chloroosep2-one ¢-chloro<-caprolactone oaCleCL) with oxepan-2-
one g-caprolactone o£CL) was initiated by 2,2-dibutyl-2-stanna-Il,3-digeme (DSDOP). In a second step,
pendant chlorides were converted into azides bstimawith sodium azide (Naj\ Finally, quaternary
ammonium containing alkynes were quantitativelyeatith the pendant azide groups of PCL by the cepper
catalyzed Huisgen's 1,3-dipolar cycloaddition, hik a typical "click” reaction. An alternative tvetep
strategy based on the cycloaddition of the amimgaioing alkyne onto the pendant azides, followsgd b
guaternization turned out to be less efficient. @hBmicrobial activity was analyzed by the "shakftask
method" in the presence BEcherichia col(E coli).

Keywords: Click chemistry ; aliphatic polyester ; antimicrabpolymer

1. Introduction

Infection by bacteria is quite problematic in mdi®yds, including food packaging and hospital fimuné. These
micro-organisms are indeed pathogen and thus reigperior many diseases [1]. In order to get ridhafim,
biocides, i.e., chemicals that inhibit their growthmicro-organisms, have been made available emtarket
place, as alcohols [2], biguanides [3] and halogdeasing agents [4]. Recently, cationic agenth®f
guaternary ammonium type proved to be potentias@ptics and disinfectants [5] for a variety ohatal
purposes (e.g., preoperative disinfections anafgisiion of non critical surfaces). Salton et abgosed a five-
step mechanism for the antimicrobial action of ¢hagents [6]; (i) adsorption and penetration ofdbent into
the cell wall; (ii) reaction with the cytoplasmicembrane followed by its disorganization; (iii) léadx of
intracellular low molecular weight material; (ivigradation of the proteins and nucleic acids; ahavéll lysis
caused by autolytic enzymes. However, the actwitgll these compounds is temporary and thus regquir
repeated applications for a long time biocide eff€berefore, materials, including plastics, endowsth a
permanent antimicrobial activity, are a growingteeof the specialty biocides industry. Two typésnaterials
have to be distinguished depending on whetherdHdéige is temporarily trapped within the polym@&r9] or
permanently attached to the chains [10,11]. Dispersf a low molecular weight biocide, e.g., a heaetal [7]
or silver [8], within a polymer matrix is an exarapf the first type of materials whose major liida is the
possible migration and release of the antimicrofiak only way of preventing this undesired effemtsists in
chemically bonding the active molecule to the maffhen, the antimicrobial action relies on thetaoh
between the biocide and the micro-organisms. Thegeency of the effect depends of course on thmlisyeof
the bonding between the biocide and the polymepichy examples are polymers substituted by quatgrna
ammonium salts [12-15], phosphonium salts [16-1#] pyridinium cations [19,20]. As a rule, thesdarat
biocides interact with the negatively charged menbrof the bacteria, which is accordingly disrugad
disintegrated. Based on the second strategy, Lebair prepared quaternized poly(dimethylaminoethy
methacrylate) that exhibited an antimicrobial attiy21 ]. After use, this material is, however tregradable,
which may be a concern. Therefore, this work aitmeporting on the development of a polymer withigcide
activity during use and elimination by degradatdterwards. This kind of material could find applions in
hospital environment, e.g., as fibers in wound sires

Poly(oxepan-2-one) (poly{caprolactone) or PCL) is an aliphatic polyestawyweell known for
(bio)degradation. Nevertheless, a major limitat@P CL application is the lack of pendant reacfive¢tional
groups along the chains. The last decade witnegbsesiynthesis and ring-opening (co)polymerizatibs-o
caprolactone substituted by a variety of reactia@ugs, mainly iro- or y-position [22,23]. In a second step,
these reactive groups were involved in derivatimateactions [22], as illustrated by the Michaeaditidn of
thiols onto pendant acrylates [24], atom transdeliqal addition of terminal alkenes onto pendairites [25],
the addition of amines onto ketones [26], and #ierdication of pendant hydroxyls by carboxyliddsc[27].
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Recently, "click" chemistry, particularly the copgaediated Huisgen's cycloaddition of azides akgrads,
proved to be a very promising functionalization noet of PCL [22,28-30]. The reaction conditions wsoemild
(low temperature (35 °C) and short reaction tirh@} the grafting was quantitative, while the potgeshains
were not degraded at all. For instance, hydroselpblyca-tionic PCL was prepared by the reactioazide
containing PCL withN,N,Ntriethylprop-2-yn-1-ammonium bromide in the presenf Cul and triethylamine as
a catalyst [29,30]. This strategy was used inwsk, in order to impart an antimicrobial activity PCL

(Fig. 1). In a preliminary step, oxepan-2-on&éprolactone o¢CL) was copolymerized with 3-chlorooxepan-2-
one (-chloroe-caprolactone ouaCleCL), followed by the reaction of the pendant ctdes with sodium azide.
Finally, the pendant azides were involved in thésgen's cycloaddition dfl,N-dimethyl-N-prop-2-yn-1-
yloctan-1-ammonium bromide in a THF/DMF mixture3&t°C. This covalently modified PCL was actually
endowed with a biocidal effect by contact, as destraed toward&scherichia colbacteria.

Fig. 1. General scheme for the preparation of antimicroéBigL.

OOH o o
AN T
CH2C12 “Dspop 47 n S dmfx

cl

DMF ‘ NaN,
= + CH,
{,M W +- — h'j CH} W +
CuBr/base %Km
\\ CH,4
N Yelcn Jen
I 2 5 3

Br CH,

2. Experimental section
2.1. Materials

Toluene (Chem-lab), tetrahydrofuran (THF; Chem-laighloro-methane (C}€l,; Chem-lab)N,N-
dimethylformamide (DMF; Aldrich), sodium azide (Aidh), N,N-dimethylprop-2-yn-1-amine (Aldrich), 1-
bromooctane (Aldrich), copper(l) bromide (Aldrictliethylamine (Aldrich) were used as received.
Poly(aCleCL-co-¢CL) copolymers were prepared as reported elsewBérg Copper bromide (Aldrich) was
recrystallized in glacial acetic acid for one nigh2-Dibutyl-2-stanna-l,3-dioxepane (DSDOP) waspaired as
reported by Kricheldorf et al. [32]. The synthesisiCleCL was also reported elsewhere [31]. Toluene wesldr
by refluxing over a ben-zophenone-sodium mixture distilled under nitrogen.

2.2. Typical preparation of a pobi{l;cCL-co-¢CL)

Poly(@CleCL-co-eCL) (5 g) with 30 mol% ofiCleCL (12 mmol ofuCleCL) was dissolved in 15 ml of DMF in a
glass reactor, followed by the addition of 0.78.8 tnmol) of NaN. The reaction mixture was stirred at room
temperature overnight. DMF was evaporated in vatheresidual solid was dissolved in 15 ml of toleieand
the insoluble salt (NaCl) was removed by centrifigga(5000 rpm at 25 °C for 15 min). The copolymers
collected by evaporation of the solvent in vacuo.

2.3. Preparation oN,N-dimethyIN-prop-2-yn-1-yloctan-1-ammonium bromide

1-Bromooctane (7 g, 36.2 mmol) was added in a gksastor containing 20 ml of THF, followed by 3.6438.4
mmol) of N,N-dimethylprop-2-yn-1-amine. After 2 days at 50 k@& solvent was evaporated in vacuo at room
temperature. The ammonium salt was dissolved in @htFpurified by two repeating precipitation in
cyclohexane. The final yield was 81%.

'HNMR (CDCL): § = 4.8 (m, 2H, E,N", B), 3.6 (m, 2H, NCH,, D), 3.4 (m, 6H, 265, C), 2.9 (m, 1H, ECH,
A), 1.7-1.2 (m, 12H, 68,, E, F), 0.8 (m, 3H, B3, G) ppm.

13C NMR (CDCE): 6 = 85 (HG=C), 82 (HG=C-CH,N"), 77 (HG=C), 65 (N'CH,), 55 (CH-CH,-N"), 51
(2CHNM), 32, 30, 27, 24 and 23 (5614 (CH) ppm.
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2.4. Typical cycloaddition reaction bif,N-dimethyIN-prop-2-yn-1-yloctan-1-ammonium bromide onto
poly(@NseCL-co-¢CL)

Poly(@N3zeCL-co-eCL) (2 g) with 30 mol% ofiN3eCL (4.75 mmol ofuNzeCL) and 1.4 g (5.22 mmol) od,N-
dimethylN-prop-2-yn-1-yloctan-1-ammonium bromide were aditea glass reactor containing 5 ml of a 50/50
(v/v) THF/DMF mixture. Triethylamine (48 mg, 0.47mol) and 68 mg (0.475 mmol) of CuBr were then
added, and the reaction mixture was stirred atG3®F 2 h. The solution was concentrated in vaeund, the
copolyester was precipitated in distilled waterpider to get rid of the unreacted alkyne, andddinevacuo.

2.5. Click cycloaddition dfl,N-dimethylprop-2-yn-1-amine onto poly(@L-co-¢CL)

Poly(@N3zeCL-co-¢CL) (2 g) with 30 mol% ofiNzeCL (4.75 mmol oiaNzeCL) was dissolved in 5 ml of THF in
a glass reactoN,N-Dime-thylprop-2-yn-1-amine (0.430 g, 5.2 mmol) @&n@9 g of CuBr (0.475 mmol) were
added and the solution was stirred at 35 °C for Phe copolyester was precipitated in heptaneaféd and
dried in vacuo.

2.6. Quaternization of the pendant tertiary amgmoups of PCL

PCL (1 g) with 30 mol% of pendant amine (2.38 mnvads dissolved in 3 ml of THF in a glass reacter. 1
Bromooctane (0.55 g, 2.86 mmol) was added anddtutien was stirred at 50 °C overnight. The copstge
was collected by precipitation in heptane.

2.7. Antimicrobial assessment (shake flask method)

A freeze-dried ampoule &. coli (DH5a) was opened, the culture was picked up with aopipette and added
in 2 ml of a nutrient broth (Luria Bertani) (comjitamn for 1 Lof nutrient broth: 10 g bac-totrypton®g g of
extract of yeast, and sodium chloride), followedtgubation (Incubator shaker model G25; New Bra&yvi
scientific Co. INC; Edison, New Jersey, USA) at°87overnight. Then 200 pL of the culture was adiaetDO
ml of the nutrient broth and the bacterial cultweas incubated at 37 °C for 4 h. At this stage ctlieure of

E. colicontained approximately i@ells/ml (absorbance at 600 nm = 0.6) and was fetie anti-bacterial
test. In a 25 ml flask, a sample of UV sterilizegbolyester was dispersed in 9 ml of sterile salwaéer mixture
(8.5 g of sodium chloride in 1 Lof water milliQ &"Schott" bottle followed by sterilization at 12 for 20
min). Bacterial culture (1.0 ml) that contained %&@lls/ml was then added to this solution to rethehdesired
concentration (+10cells/ml) and the temperature of the flask wasietd at 37 °C. A blank solution was
prepared without copolyester by adding 1.0 ml efshme culture to 9 ml of sterile saline waterreular time
intervals, 100 pL samples were picked out, decsrahl dilution (until 16) was carried out by mixing 100 pL
with 900 pL of sterile saline water. Then, the $uing bacteria were counted by the spread platdatkt
Decimal dilutions (100 pL) were spread on a Pasfdhat contained LB agar. The Petri dishes weecabated
at 37 °C overnight. After incubation, the coloniesre counted.

2.8. Characterization techniques

Size exclusion chromatography (SEC) was carriedroliHF at 45 °C at a flow rate of 1 ml/min usingBD
S5200 autosampler liquid chromatograph equippeld aviBFD refractometer index detector 2000. Coluofns
PL gel of 5 um (19 10%, 10° and 100 A) were calibrated with polystyrene or PE&hdards. Size exclusion
chromatography (SEC) was carried out in DMF at@@f a flow rate of 1 ml/min using a Water 600
autosampler liquid chromatograph equipped withfizidintial refractometer index detector. Column$\Gfters
gel of 5 um (1810, 500 and 100 A) were calibrated with polystyretamdards’H NMR spectra were recorded
in CDCl; at 400 MHz in the FT mode with a Brucker AN 40@aratus at 25 °C. Infrared spectra were recorded
with a Perkin-Elmer FT-IR 1720X. The samples weneppared by slow evaporation of a copolymer soluiion
THF, onto NaCl windows. Thermal gravimetric anaty8§i GA) was carried out with a TA TGA Q500 appasatu
Differential scanning calorimetry (DSC) was carr@ad with a TA DSC Q100 thermal analyzer calibratetth
indium. Glass transition and melting temperaturesawneasured, after a first cooling (-80 °C) arating

(100 °C) cycle. Thermograms were recorded duriegsgtond heating cycle at 10 °C/min.

3. Results
3.1. Synthesis of pobi{l;cCL-co-¢CL) copolymers

Two poly(@NzeCL-co-eCL) copolymers with 30 and 50 mol% @fcCL were prepared as schematized in Fig. 1
and detailed in Section 2. The molecular parameterseported in Table 1.

Table 1 Molecular characteristic features of podfscCL-co-¢CL)
Funzec (MOI%) M, (g/mol) (H NMR) M, (g/mol) (SEC)  m./M, (SEQ

51 23,000 22,000 15
26 17,000 19,000 15
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3.2. Derivatization of the pendant azide grouppaf/(aNsz¢CL-co-¢CL) into ammonium groups

A first route towards quaternary ammonium contagriffCL consists in grafting an alkyne substitutecby
tertiary amine onto the pendant azide groups of(pbl:sCL-co-¢CL) by the Huisgen's cycloaddition, followed
by the quaternization of the amine. Previoubly\-dimethylprop-2-yn-1-amine was successfully grafietb
poly(aNseCL-co-¢CL) without any degradation of the polyester cHai®,30]. In this work, 1-bromooctane was
used as the quaternization agent, because ammaaitions with one chain of eight carbon atoms arttl wi
chloride or a bromide counterion are known forhigher anti-bacterial activity [33,34]. According¥,N-
dimethylprop-2-yn-1-amine was cycloadded onto 30mof aN;cCL containing poly¢Nz;eCL-co-¢CL), in the
presence of 10 mol% of CuBr in THF at 35 °C, a®regul elsewhere [29]. The experimental resultseperted
in Table 2.

Tertiary amine containing PCL was then reacted waittexcess of 1-bromooctane in THF at 50 °C ovétnig
After precipitation in heptane, the copolyester waalyzed byH NMR. The coexistence of resonances at 7.7
and 8.6 ppm, assigned to the proton of the triadn@esubstituted by the non-quaternized and goated tert-
amine, respectively, was the evidence of partiakgunization, the yield being actually 76%.

Table 2 Cycloaddition oN,N-dimethylprop-2-yn-1-amine onto paiscCL-co-¢CL)

FuN3sCL or Famine Ivln (g/mOI) Mw/Mn

(H NMR) (mol%) (SEC in DMF) (SEC in DMF)
Poly(@NzeCL-co-eCL) 26 60,000 1.3
PCL-tertiary amine 26 64,000 1.3

3.3. Cycloaddition oN,N-dimethyIN-prop-2-yn-1-yloctan-1-ammonium bromide onto paNgCL-co-¢CL)

The cycloaddition of an ammonium containing alkpméo the pendant azide groups of pal¢sCL-co-¢CL) is
a more straightforward route towards the targesgitboic PCL.N,N-Dimethyl-N-prop-2-yn-1-yloctan-1-
ammonium bromide was first synthesized by quatatitin ofN,N-dimethylprop-2-yn-1-amine by 1-
bromooctane in THF at 50 °C for 2 dajld.NMR analysis of the crude reaction product shoted the
guaternization yield was 89%. The expedigb-dimethylN-prop-2-yn-1-yloctan-1-ammonium bromide was
purified by precipitation in cyclohexane, in whidte unreacted 1-bromooctane was soluble. The staiof
this ammonium salt was confirmed By NMR (Fig. 2).

N,N-Dimethyl-N-prop-2-yn-1-yloctan-1-ammonium bromide was theacted with the pendant azides of
poly(aNseCL-co-¢CL) containing 30 and 50 mol% aNscCL. This 1,3-dipolar Huisgen's cycloaddition is
commonly catalyzed by Cul, which is known as adiae and could accordingly distort the antimicrolésting
[35]. The “click" reaction was therefore catalyzsdCuBr instead of Cul. Accordingly, poty{l;eCL-co-¢CL)
was reacted with 110 mol% bfN-dimethyl-N-prop-2-yn-1-yloctan-1-ammonium bromide, 10 mol% of
triethylamine and 10 mol% of CuBr in THF at 35 #ter few minutes, the copolyester started to pitate as
result of the grafting of cationic groups that dexed the solubility in THF. Upon the addition ahRof DMF,
the homogeneity of the reaction medium was restdrbd progress of the reaction was monitored by IR
spectroscopy. Indeed, the adsorption intensityhbyazide at 2106 chdecreased, whereas that one by the
triazole ring at 1660 cthincreased in parallel. After 2 h, the IR analysiswed that the reaction was
complete. The copolymer was then precipitated itewyan order to get rid of the small excess ofdh@monium
salt, and analyzed Y4 NMR (Fig. 3).

Fig. 2.'"H NMR spectrum dfi,N-dimethyIN-prop-2-yn-1-yloctan-1-ammonium bromide.
o
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The'H NMR spectrum confirmed that the cycloaddition wasntitative. Indeed, the resonance at 3.8 ppm
typical of CH-N;disappeared completely and was replaced by a reamaace at 8.6 ppm characteristic of the
proton of the triazole ring. The assignment ofdtieer resonances is shown in Fig. 3. The molatifaof the
pendant ammonium catiorS,mmenium Was 27 mol% as calculated by Eq. (1), which igeary close agreement
with the molar fraction of the precurseX;eCL groups (26 mol%). The same conclusion is hetdHe
copolyester with 50 mol% afNcCL

Ic

4 X100 1)

Fammonium =

The cycloaddition of an alkyne substituted by amremmium cation onto polgfN;eCL-co-¢CL) is not only a
straightforward but also a very effective stratémgationic PCL.

It must be noted that the SEC analysis of thistpuety charged PCL is quite a problem because stidbing
adsorption during elution in an organic solvent arsblubility in water.

Fig. 3. 'H NMR spectrum of PCL containing 30 mol% of ammwnimomide.
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3.4. Thermal properties of functional PCL

PCL containing 30 mol% of chlorine, azide and &agtiamine is semi-crystalline, with quasi the sansdting
temperature (321 °C; Table 3}, is also comparable, with a slightly higher valugew the tertiary amine is the
substituent (Table 3). In contrast, PCL contair80gmol% of quaternary ammonium is amorphous. Fig. 4
compares the TGA profiles for the different copshges. Clearly, the thermal stability and the ddgtian
mechanism depend on the functional group, the |stadility being imparted by thert-amine substituent.

Fig. 4. TGA curves of the PCL substituted by 30 mol% féérint functional groups.
110

—— Poly(¢CleCL-co-cCL)
— = Poly(¢N:eCL-co-eCL)

PCL-terl amune i
- -~ PCL-quaternary ammonium

20

70

50

Weight (%)

10

0 100 200 360 400 500 600
Temperature (°C)



Published in: Polymer (2008), vol. 49, iss. 8, pp23-2028.

Status: Postprint (Author’s version)

Table3 T, and T, of the PCL substituted by 30 mol% of differentfiomal groups

Ty (°C) Tm (°C)
Poly(@CleCL-co-¢CL) -61 33
Poly(@NzeCL-co-¢CL) -59 31
PCL-tertiary amine -53 32

PCL-quaternary ammoniui-28

3.5. Antimicrobial activity

The dynamic shake flask method was used to agsesbility of the herein reported copolyestersitio k

bacteria. In these experiments, a samphd,bkdimethyl-N-prop-2-yn-1-yloctan-1-ammonium bromide and each
of the functional copolyesters, respectively, waraeken with 10 ml of a bacterial suspensiorf ¢eis/ml), for

20, 60 and 120 min at 37 °C. The viable cells snghspension were counted after dilution, and fapt

overnight incubation on agar plates. Bacterial sasjpn (10 ml) without copolyester was also analyae a
reference.

The antimicrobial activity oN,N-dimethyl-N-prop-2-yn-1-yloctan-1-ammonium bromide was firstetrmined.
According to Kanazawa et al., a quaternary ammorgantaining polymer showed a biocidal activity iater,
when the biocide concentration was 3.5 £ M[36]. Therefore, 1 mg (0.035 mmol) bfN-dimethyl-N-prop-2-
yn-1-yloctan-1 -ammonium bromide was added to 1@ftthe bacterial solution. However, 2 h later hiacide
effect was detected, consistent with the obsemdtioKawabata et al. that ammonium cations weredetve
in the monomeric form than in the polymeric onghatsame concentration [37]. Expectedly, high iiaic
activity was reported when the concentration waseiased up to 17.5 x T (Fig. 5).

In the next step, the inhibition of growth Bf coli by cationic PCL was investigated. For sake of camspa,
the same concentration of ammonium used by Kanaeaak was also used in this work. Therefore, 2xdflof
PCL with 30 mol% of ammonium (0.003 mmol) were adltte 10 ml of the bacterial solution. Data in Fég.
show the absence of biocidal effect at this comed¢ioh. The reason might be due to the insolubdityhe
copolyester in water, such that the majority ofdin@monium cations was not available to contact hébteria.
In line with this tentative explanation, the amoahtopolyester was increased until a biocide éffeas
observed. At least 50 mg (0.065 mmol) was needeth$erve a moderate biocidal effect. A further éase of
up to 126 mg of the copolyester (0.164 mmol) imil®f the bacterial solution allowed all the batzteo be
killed within 1 h. Remarkably, PCL with 30 mol% gfiaternary ammonium was more active thaN-
dimethylN-prop-2-yn-1-yloctan-1-ammonium bromide, at the sammonium concentration, although the
monomeric ammonium was soluble in water in conti@sihe polymeric counterpart. For instance, 50(thg75
mmol) of N,N-dimethylN-prop-2-yn-1-yloctan-1-ammonium bromide was unablkill bacteria within 2 h in
contrast to 126 mg of cationic PCL (0.163 mmol} ttiled all the bacteria within 1 h. This obseleatis thus
in qualitative agreement with the observations riggbby N. Kawabata et al. about the comparative
antimicrobial activity of monomeric and polymerimemonium species [37].

Fig. 5. Plots of log(E. coli survivors) versus exposumeditowards nod), 1 mg A), 10 mg ), 50mg ¢) of
N,N-dimethyIN-prop-2-yn-1-yloctan-1-ammonium bromide.
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Fig. 6. Plots of log(E. coli survivors) versus exposumadtifor cationic PCL (30 mol% of
dimethyoctylammonium) no) 2.5 mg 6);10 mg (A ); 50 mg ¢) and (V) 126 mg.
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In order to confirm that the antimicrobial activitgsults from the contact of the bacteria with¢bpolyester and
not from ammonium salts that would be releasedylaydiysis of the polyester chains, the solutioresitd
after the antimicrobial test, was analyzed by Ud. Bl absorption characteristic of a triazole subgtd

ammonium was observed. The reported biocidal eféetttus a contact effect between the copolyestér a
bacteria.

In order to check that the copolyester and not eopptalyst residues is at the origin of the bieadfect, 1 mg
(0.005 mmol) of copper iodide, the highest possiloletamination, was dissolved into 10 ml of a baate
solution. After 120 min of contact, 100 pL of tlsislution was spread on a Petri dish that contaliridgar. No
biocide effect was detected after an overnightliation. Consistently, the antimicrobial activitytog
copolyesters cannot be accounted for by residudseafopper catalyst.

One of the last questions to be addressed is tov kmavhich extent the quaternization of tertiaryiaen
substituents is needed for a polymer to exhibimiimicrobial activity. In this respect, Igna-toetal. reported
that non-quaternized pory(dimethylamino methacejlatas active although less than the quaternizesiore
[38]. In this work, 33 mg of PCL with 30 mol% ofrtiary amine (0.065 mmol of tertiary amine) wereled to
10 ml of the bacteria suspension. A biocidal attiwas also observed, all the bacteria being kilgtiin 20
min (Fig. 7). This anti-bacterial activity was stigingly higher than that one of the cationic cauptrt, which

needed 60 min for all the bacteria to be killeti@ligh the amount of ammonium (0.163 mmol) was higen
the tertiary amine used in the test (0.065 mmol).

Fig. 7. Plots of log(E. coli survivors) versus exposunagtifor the controlf) and the copolyester containing 30
mol% of azideq) and tertiary amine Y).
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This discrepancy with the previous work by Ignateval. is only apparent because PCL with 30 mdi% o
guaternary ammonium was sticking on the bottonhefflask in contrast to PCL with 30 mol% of terji@mine
that was finely dispersed in the bacterial soluod thus offered a much larger surface area dhcowith
bacteria and accordingly a higher biocidal activitithough the quaternized and non-quaternizedatgramine
containing PCL were compared at the same nominaeasttration of ammonium and tertiary amine,
respectively, no reliable conclusion about the igialcactivity can be drawn, because of a compladéferent
aggregation state of the copolyester chains innwate

Since sodium azide is a common disinfectant foewat was important to test the effect of the azidntaining
PCL againsk. coli.So, 28 mg (0.066 mmol) of polyil;eCL-co-¢CL) with 30 mol% ofaN;eCL were added to
10 ml of the bacterial solution. No biocidal effeeis, however, observed after 2 h of contact.

Finally, it might be argued that the positive dmicterial tests result from the absorption of thetéria on the
polymer surface, without being actually killed.drder to evaluate the validity of this hypothe#i®, cationic
PCL was separated from the bacterial solutionettid of the test and transferred into 10 ml ofient broth.
After one night of incubation at 37 °C, the solati@mained clear consistent with a negligible groait
bacteria. This observation gave credit to the rimsegption of living bacteria onto the polymer sagand thus
to the biocidal activity of the cationic PCL.

4. Conclusions

"Click" chemistry is a very effective route for theafting of ammonium cations onto PCL previouslydified
by pendant azides, the purpose being to impartteatierial properties to this biodegradable alighadlyester.
Remarkably, the one-step grafting of alkynes stisti by an ammonium salt was more efficient thmntivo-
step grafting of alkynes bearing a tertiary amwlofved by quaternization. Moreover, as pointediout
previous papers, the "click" Huisgen's cycloadditi@s the major advantage of being carried outmwehy
mild conditions that preserve the length of theypsler chains. The biocidal effect of PCL graftgd b
ammonium cations was established by the 'shakk rfleethod'. Moreover, it was shown that quaterniratf
the pendant tertiary amines was not mandatory @ir ® be endowed with a substantial biocidal eff€re
main objective of this work was to develop a polymich exhibits a permanent biocide activity dgrirse
and degrade afterwards. Although PCL is very wetikn for its biodegradability, a detailed investiga of the
biodegradability of the ammonium containing polgestsynthesized in this work is mandatory and deun
current investigation in our laboratory. This wiskeyond the scope of this paper and will be riggor
elsewhere in the near future. The thermodynamicibilgy with other (co)polymers, such as ABS and@® is
also a remarkable property of PCL. The next stehisfwork will investigate whether these miscible
(co)polymers can be made antimicrobial by blenditityy or coating by cationic PCL or PQt-eationic PCL
copolymers.

Acknowledgments

The authors are indebted to the "Politique sciiepté fédérale” for general support to CERM in ttafe of the
"PAI V/03: Supra-molecular Chemistry and SupramolacCatalysis". R.R. thanks the "Fonds pour la
Formation a la Recherche dans I'Industrie et l&dture" (FRIA) for a fellowship. C.J. and P.L. d@hercheur
Qualifié" by the "National Fund for Scientific Reseh" (FNRS).

References
[1] Takai K, Ohtsuka T, Senda Y, Nakao M, Yamani§fdatsuoka J, et al. Microbiol Immunol 2002;46:85-

[2] Morton HE. Alcohols. In: Bloch SS, editor. Degction, sterilization, and preservation. 3rd Rdiladelphia, PA: Lea & Febiger; 1983.
p. 225-39.

[3] De Biase S. Riv Ital Stomatol 1980;49(9):597760

[4] Bloomfield SF. Chlorine and iodine formulatioris: Ascenzi JM, editor. Handbook of disinfectaatel antiseptics. New York, NY:
Marcel Dekker, Inc.; 1996. p. 133-58.

[5] Frier M. Derivatives of 4-amino-qunaldinium aBehydroxyquinoline. In: Hugo WB, editor. Inhibiticand destruction of the microbial
cell. London, England: Academic Press, Ltd.; 1971107-20.

[6] Salton MRJ. J Gen Physiol 1968;52:227-52.

[7] Nonaka T, Uemera Y, Enishi K, Kurihara S. J ABplym Sci 1996;62:1651-7.

[8] Ignatova M, Labaye DE, Lenoir S, Strivay D,di@e R, Jérdbme C. Langmuir 2003;19(21):8971-9.
[9] Kanazawa A, lkeda T, Endo T. J. Polym Sci PaRolym Chem 1993;31: 3003-11.



Published in: Polymer (2008), vol. 49, iss. 8, pp23-2028.
Status: Postprint (Author’s version)

[10] Ikeda T, Yamaguchi H, Tazuke S. Antimicrob AteeChemother 1984;26: 139-44.

[11] Broxton P, Woodcock PM, Gilbert P. J Appl Bexitl 1983;54:345-50.

[12] Gerba CP, Janauer GE, Costello M. Water R84 18(1):17-9.

[13] Hazzizalaskar J, Nurdin N, Helary G, Sauvetl@ppl Polym Sci 1993;50(4): 651-62.

[14] Isquith AJ, Abbott EA, Walters PA. Appl Micral) 1972;24(6):859-63.

[15] Hugues C, Bessy C, Bartolomeo P, MairgaillarEAr Polym J 2003;39(2): 319-26.

[16] Kanazawa A, lkeda T. Coord Chem Rev 2000;198:31.

[17] Cerichelli G, La Mesa C, Luchetti L, Mancini Gangmuir 2000;16(1):166-71.

[18] Kenawy ER, Adbdel-Hay FI, EI-Raheem A, El-Samsgry R, EI-Newehy MH. J Controlled Release 1998;88-52.
[19] Li GJ, Shen JR, Zhu YL. J Appl Polym Sci 2008(3):668-75.

[20] Li GJ, Shen JR. Polym Prepr (Am Chem Soc Doty Chem) 2001;42(2): 360-1.

[21] Lenoir S, Pagnoulle C, Detrembleur C, GallehiJérome R. J Polym Sci Part A Polym Chem 200@y4p14-24.
[22] Lecomte PH, Riva R, Schmeits S, Rieger J, Batsele K, Jérdome C, et al. Macromol Symp 2006;23D:65.
[23] Lou XD, Detrembleur C, Jérdme R. Macromol Re@ommun 2003;24:161-72.

[24] Rieger J, Van Butsele K, Lecomte PH, DetremblegH, Jérome R, Jérome C. Chem Commun 2005:274-6.
[25] Riva R, Lenoir S, Jérdbme R, Lecomte PH. Poly@(05;46:8511-8.

[26] Taniguchi I, Mayes AM, Chan EWL, Griffith L&Aacromolecules 2005;38: 216-9.

[27] Parrish B, Emrick T. Macromolecules 2004;383&%.

[28] Parrish B, Breitenkamp R, Emrick T. J Am Ch8or 2005;127:7404-10.

[29] Riva R, Schmeits S, Stoffelbach F, JérdmeJenhme R, Lecomte PH. Chem Commun 2005:5334-6.

[30] Riva R, Jérobme C, Jérdbme R, Lecomte PH. Maotecules 2007;40:796-803.

[31] Lenoir S, Riva R, Lou X, Detrembleur CH, J&® R, Lecomte PH. Macromolecules 2004;37:4055-61.
[32] Kricheldorf HR, Eggerstedt S. Macromol Cheny$1998;30:283-90.

[33] Ikeda T, Hirayama H, Suzuki K, Yamaguchi Hzlike S. Makromol Chem 1986; 187:333-40.

[34] Li G, Shen J, Zhu Y. J Appl Polym Sci 19985761-8.

[35] Gottardi W. lodine and iodine compounds. Itodk SS, editor. Desinfection, sterilization, arrdgervation. 4th ed. Philadelphia, PA:
Lea & Febiger; 1991. p. 151-66.

[36] Kanazawa A, lkeda T, Endo T. J Polym Sci PaRolym Chem 1993;31: 335-43.
[37] Kawabata N, Nishiguchi M. Appl Environ Micrali1988;54:2532-5.
[38] Ignatova M, Voccia S, Gilbert B, Markova N, Keri PS, Galleni M, et al. Langmuir 2004;20:107263-



