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ABSTRACT

This paper describes the synthesis of a novel grhpiti AB, triarm star-shaped copolymer with A = non-toxic
and biocompatible hydrophilic poly(ethylene oxigeEQ) and B = biodegradable and hydrophobic pely(
caprolactone) (PCL). A series of ABiarm star-shaped copolymers with different malac-weights for the
PCL block were successfully synthesized by a tistep-procedurei-Methoxy-w-epoxy-poly(ethylene oxide)
(PEO-epoxide) was first synthesized by the nucléopsubstitution ofa-methoxye-hydroxy-poly(ethylene
oxide) (MPEO) on epichlorohydrin. In a second stipp-methoxye,o'-dihydroxy-poly(ethylene oxide)
(PEO(OH}) macroinitiator was prepared by the selective blydis of thew-epoxy end-group of the PEO-
epoxide chain. Finally, PEO(OKjvas used as a macroinitiator for the ring-opempiolymerization (ROP) of-
caprolactonegCL) catalyzed by tin octoaote (Sn(Qgt)PEO-epoxide, PEO(Okland the AB triarm star-
shaped copolymers were assessetHb)MR spectroscopy, size exclusion chromatograj®8Q) and MALDI-
TOF. The behavior of the ABriarm star-shaped copolymer in aqueous solutias studied by dynamic light
scattering (DLS) and transmission electron micrpgd@ EM).
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1. Introduction

Over the last few years, most of the research bas bbcused on the synthesis of linear block capetg by
various polymerization methods. Nonlinear blockagmers have also attracted the interest of polymer
scientists to determine the effect of the macromdbg architecture of block copolymers on theirgedies [1].
Nonlinear block copolymers, such as branched palgnexhibit significantly different physicochemical
properties as compared to their linear counterpattsa similar molar mass [2-4]. Recently, someestigators
have paid attention to the synthesis and propesfilse star-shaped block copolymers, which aressgmtative
of branched polymers [5-11]. A typical example aftar-shaped block copolymer is the A& polymer
composed of one arm of the polymer A and two arhte@polymer B. The synthesis of ABtar-shaped
copolymers is largely described in the literatgrenerally by the combination of different polymetinn
techniques [12].

Two methods are typically used for the synthesistaf-shaped polymers, namely the "core-first" ‘@rch-first"
methods. The "core-first" method involves a polyizegion using a multifunctional initiator while the "arm-
first" method, linear polymer arms are coupled tawdtifunctional coupling agent [13]. Various s&gies have
been proposed to prepare block copolymers wittatimad nonlinear architectures, comprising PEO sedisn
and biodegradable PCL blocks [9,14-16]. These gopeis received a great interest for their enviromiade
biomedical and pharmaceutical applications [17-Irf8jeed, PEO is widely used for biomedical appiaret due
to its biocompatibility, low immunogenicity, higkekibility, hydrophilicity and lack of protein foirig [20]. On
the other hand, PCL has been extensively used mspamtant biomaterial for a wide variety of drugligery
carriers and biomedical devices due to its bioddajdity, versatile mechanical properties angoven
biocompatibility [21,22].

Amphiphilic block copolymers have attracted a digant attention due to their useful propertiesrsténg from
their rich phase separation behavior and resuitiregvariety of morphologies, both in the solidtstand in
selective solvents [23]. Polymer composition amdciural architecture are known to affect the bébraand the
morphology of micelles such as the size, shapeaggdegation number [24]. Moreover, amphiphilic staaped
block copolymers exhibit significant differencescimmparison with linear copolymers of the same ok
weight and composition, such as a smaller hydroaynaadius, lower solution and melt viscosities][25
Several amphiphilic star-shaped block copolymerprising hydrophobic biodegradable and hydrophilic
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biocompatible segments have been synthesized va#iitecular interest especially for biomedical apgions
[26-30]. For example, Meier et al. synthesized-staped amphiphilic copolymers, whose each arnbleck
copolymer based on PEO and PCL [31]. Later on, &iral. investigated micellar properties of simiéwck
copolymers as a function of the number of arms.[B2cently, other polymers based on PEO and aliphat
polyesters with more complex architectures have laéen made available [33-41]. That leads to ouivawion
to apply a novel synthetic route for the synthesiamphiphilic triarm star-shaped block copolymieased on
PEO and PCL. The "arm-first" method has been usékis work to prepare an ABtar-shaped copolymer,
whose the three arms are biocompatible and biodagte or bioeliminable. Poly(ethylene oxide mondrgkt
ether) end-capped by two hydroxyl groups has besigded as a macroinitiator for the polymerizatdéaCL
(Scheme 1). DLS and TEM analysis of the new biocatibfe star copolymers synthesized in this workehav
confirmed the micellization of these amphiphilicteréls in water.

2. Experimental
2.1. Materials

g-CaprolactonegCL) (Adrich, 99%) was dried over calcium hydrideden stirring at room temperature for 48 h
and distilled under reduced pressure before udg(e®loylene oxide monomethyl ether) (MPB@Q ~ 2000

g/mol) was purchased from Fluka. NaH (dry, 95%rilal) was used without further purification.
Epichlorohydrin (99%, Janssen Chemical) was putifig distillation from calcium hydride under reddce
pressure. Tin (I) bis(2-ethyl-hexanoate) (Sn(Q®@A%%, Aldrich, 0.06 M solution in toluene) and &od
hydroxide (NaOH) were used as received. TolueneifGlab) was dried by refluxing from Na/benzophenone
for 48 h and distilled under nitrogen. All otherechicals were used as received.

2.2. Synthesis ef methoxye-epoxy-poly(ethylene oxide) (2)

PEO-epoxide was synthesized according to the fitexd42]. Briefly, 10 g (5 mmol) of MPEO was dribgt
three azeotropic distillations with toluene. The B@was dissolved in 50 mL of dried toluene beforadd
0.18 g (7.5 mmol) of sodium hydride. The solutioasvstirred at 30 °C for 2 h. About 2 mL (2.5 mnufl)
epichlorohydrin was then added to the solution taedmixture was stirred at 40 °C for 6 h. The PEOx@de
was precipitated in cool diethyl ether, filtered, @fashed with diethyl ether and dried under vaciafore to be
dissolved in dichloromethane (200 mL). The LLH, solution was washed twice with distillated wafetiowed
by drying over anhydrous magnesium sulfate. Afltnafion, PEO-epoxide was collected by eliminatafn
dichloromethane under reduce pressure (Yield = 97%)

'H NMR, 6 (TMS, ppm): 3.65 (m, 4H, OC}EH,), 3.37 (t, 3H, OCH), 3.11 (m, 1H, CKDCH,), 2.78 (t, 1H,
CHH'-OCH), 2.55 (m, 1H, CH'OCH), M, (NMR) = 2100 g/mol:

Mn(CES) = 1900 g/moM,/M,(CES) = 1.05.
2.3. Synthesis ef methoxyw,w'-dinydroxy-poly(ethylene oxide) macroinitiator (3)

Typically, 5 g (2.6 mmol) of PEO-epoxide 2 were panlinto 20 mL of a 1 M NaOH aqueous solution. The
reaction mixture was stirred at 50 °C for 17 h. Shkution was cooled to room temperature and thepHilized
overnight. The crude polymer was dissolved in diyene (30 mL) and the insoluble salt (NaOH) wésatied
off. PEO(OH) was recovered by precipitation in cool diethylegtHiltered and dried in vacuo at 40 °C
overnight (Yield 97%).

'H NMR, 6 (TMS, ppm): 3.65 (m, 4H, OCIEH, + 2 CHOH), 3.38 (t, 3H, OCHB M, (NMR) = 1800 g/mol:
Mn(CES) = 2000 g/moM,/M, (CES) = 1.10.

2.4. Typical synthesis of ABtar-shaped copolymers (4)

About 0.5 g (2.5 mmol) of PEO(OKlvas dried by three azeotropic distillations witthgdrous toluene. 0.6 mL
(5 mmol) of freshly distilledCL was then added. The solution was heated to Clifiefore to inject rapidly,
through a septum, 0.1 mL of 0.06 M Sn(Q&blution. After 48 h of polymerization at 110 %6e reactor was

cooled to room temperature and the reaction mixttae dissolved in toluene. The copolymer was ctdbby
precipitation in cool diethyl ether, filtration adying at 40 °C under vacuo overnight.
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Scheme 1. Synthesis of ABstar-shaped copolymers.
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2.5. Characterization techniques

'H NMR (400 MHz) spectra were recorded in CP®Ith Bruker AM 400 apparatus at 25 °C. Size exons
chromatography (SEC) was carried out in THF at@%fa flow rate of 1 mL/min using an SFD S5200
autosampler liquid chromatograph equipped with B 8fractometer index detector 2000. Columns (HRy€IL
5 um 16A, 10°A, 10°A, 100 A) were calibrated with polystyrene standaadd PEO standards, respectively.
MALDI-TOF spectra were recorded with a PerSeptivesBstem Voyager-DE STR MALDI-TOF spectrometer
equipped with 2 m linear and 3 m reflector flighbés and a 337 nm nitrogen laser (3 ns pulse). bfa=stra
were recorded at an accelerating potential of 20rkpositive ion linear or reflectron mode. Theadatere
processed with the Polymerix software. To gendtaasotopic distributions, the isotope calculatml of Data
Explorer (software supplied by Applied Biosystemss used. Dithranol (20 mg/mL THF) was used as @ixna
and no cationating agent was added. Polymer waslded in THF (1 mg/mL THF). A PEG standard with a
molecular weight of 1900 (1 mg/mL THF) was useddalibration, with dithranol as a matrix (20 mg/mHF)
and without additional cation. The samples for Cirfalysis were prepared by dissolution of 50 mdnef t
copolymer in 5 mL of DMF to obtain a solution of\t.% in polymer. This solution was then rapidly pedi into
20 mL of MilliQ. water under vigorous stirring. Tlagitation was maintained for 2 h. The solutionseve
transferred into porous membrane (porosity: 1008500 Da depending of the molecular weight of ti A
copolymer) and dialyzed against MilliQ water ovejrti The sample solutions were purified by passimgugh
a 0.2 um acrodisc filter aimed to remove aggregatelsdirt before analysis. Dynamic light scattering
measurements were performed using a Viscotek 802 &jiparatus and data were treated by Omnisize 3.0
software. All the measurements were carried o@6etC at a measurement angle of 90°. Samples for
transmission electron microscopy (TEM) were pregdme slow evaporation of the DLS solution on a feam
coated copper grid. The excess of solution was vethavith a filter paper. The samples were analyzithl a
Philips CM100 microscope equipped with a Gatan 6C® camera and transferred to a computer equipped
with the Kontron KS100 system.

3. Results and discussion
3.1. Synthesis ef-methoxys-epoxypoly(ethylene oxide) (2)

In the first step, MPEOM, ~ 2000 g/mol) was end-capped by an epoxy grotipeas-position in agreement
with a previously reported work [43]. For this pose, then-hydroxyl end-group of commercially available
MPEO was converted into sodium alkoxide by the tieaavith an excess of sodium hydride before to be
reacted with epichlorohydrin according to a nuclgtgpsubstitution mechanism. Toluene was usedraaction
medium in order to precipitate sodium chloride dyproduct and to shift the equilibrium towards &xpected
o-methoxye-epoxy-poly(ethylene oxide) [31]. After purificatiothe'H NMR spectrum of PEO-epoxyde was
recorded and the assignments of the different gmas realized (Fig. 1).
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Fig. 1. *H NMR spectrum of PEO-epoxide.
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The broad peak labeled as B at 3.65 ppm is a vmgllvk characteristic of the methylene protons cE®Rhain,
whereas the peak marked as A at 3.37 ppm, is diistinof the methyl protons from the methoxy endtgp.
Furthermore, théH NMR spectrum shows peaks, which are labeled & &d E at 3.15, 2.78 and 2.55 ppm,
respectively. These signals are attributed to piotef the epoxide end-group in agreement with ¥peeted
structure. The epoxy functionality was determingdHe'H NMR spectrum and is equal to 97% by the
estimation from the integral value of the peak su@faA (protons of the methoxy end-group at 3.3mppnd D
(protons of the epoxide end-group at 2.78 ppm) i@ &h). The molecular weight of PEO-epoxide waswaalted
by the Eq. (1):

Mnnwry = [(I/B/4)/15] x 44 + 31 + 57 B

where  andlp stand for the integral values of the peaks at B (CH-O of PEO repeating unit) and at 2.78
ppm (epoxide end-group), respectively. About 31 Bndbeing the molecular weight of the two functiona
groups at the chain-end (@B and -CH-epoxide), respectively. The Fig. 2 shows the SE®as of MPEO
before and after epoxidation.

Low molecular weight distributiondV,/M,)), 1.05 for MPEO and 1.05 for PEO-epoxide, respebtj were
observed (Table 1). Moreover, the average moleautéght, purity and chain-end functionalizationtioé
obtained PEO-epoxide were assessed in detail by[MAIOF. Indeed, MALDI-TOF is a valuable tool for
determining the absolute molecular values and sireiof polymers. The Fig. 3 shows the MALDI-TOF
spectrum of PEO-epoxide in the 1200-28M2mass range, revealing the expected 44 Da repdagpatding of
ethylene oxide. Moreover, the MALDI-TOF spectrunmfioms the presence of the epoxide group atilodain-
end. The number of the average molecular weilgh} displays a good agreement with the MALDI-TOF fesu
(Table 1). The theoretical molecular weigyt of the PEO-epoxide was calculated according tdedpe(2):

MnmaLpitor) = P X A+X +Y )

in which A is the mass of the repeating unit (ethylene oxipléy the number of repeating uni¥andY are the
mass of the end-groups (methoxy and methylene min@spectively).
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Table 1 Macromolecular characteristitics of functional PEO.

N°  Sample Conversioft (%) M,>, (NMR) M.’ MALDI-TOF M,%, (SEC)  m,/m," (SEC)
la MPEO - 2000 n.d. 1800 1.05
1b  PEO-epoxide 97 2100 2000 1900 1.05
1c  PEO(diOH) 97 1800 2000 2000 1.10

3 Conversion was calculated By NMR spectroscopy (Fig. 1M, was calculated bH NMR spectroscopy according to Eq. (1M, was
determined by MALDI-TOF? M, were determined by SEC calibrated with PEO statelai./M, were determined by SEC calibrated with
PEO standards.

Fig. 2. Size exclusion chromatography curves of (ag®Rla, in Table 1), (b) PEO-epoxide (Ib, in Tali)e
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3.2. Synthesis of a-methoxyw'-dihydroxypoly(ethylene oxide) macroinitiator (3)

In a second step, PEO(OHyas prepared by the hydrolysis with NaOH of thexggring of PEO-epoxide. After
purification, PEO(OH)was analyzed b{H NMR, SEC and MALDI-TOF spectroscopy. THé NMR spectrum
of PEO(OH) after treatment with an aqueous solution of Na®lg.(4) is significantly different from th
NMR spectrum of PEO-epoxide (Fig. 1). Th€ NMR spectrum confirms the completeness of thg-tpening
of the epoxide by the complete disappearance ddireal of the epoxide protons labeled as C, DEadl 3.15,
2.78 and 2.55 ppm, respectively, in the Fig. 1.é\theless, the signals of the two £BIH formed after the
epoxide ring-opening were not detectable as theg Wielden by the peak of the gBlunits of PEO repeating
unit at 3.65 ppm. The number-average molecular ht@fPEO(OH) was determined bfH NMR from the

ratio of the integrals of the signal at 3.65 ppril{€© from PEO) and the signal at 3.37 ppm (OszHy SEC
with PEO standards and by MALDI-TOF, respectivaiaifle 1 ).

The SEC analysis of PEO-epoxide before and aftealkaline hydrolysis with NaOH shows tiha remains
unchanged with a slight shift towards highgrand a slight increase M, /M, (Table 1, Fig. 5).

Nevertheless, a second peak appeared at a lowemelume. This second population of PEO-chainseidainly
due to an unavoidable epoxide ring-opening by PEQ{@uring the hydrolysis. The Fig. 6 shows the MALDI-
TOF spectrum of the PEO(Oktnacroinitiator in the 1400-2608@/zmass range. Moreover, the MALDI-TOF
analysis shows only one populatioVgfMALDI = 2044 g/mol (Table 1). The MALDI-TOFMS spectrunsal
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showed an increase of the, dif 18 Da (Eqg. (2)), which confirmed the succeshfidrolysis of the epoxy ring by
NaOH of PEO-epoxide.

Fig. 3. MALDI-TOF spectrum (linear mode) for PEO-epoxitte {n Table 1).
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Fig. 5. Size exclusion chromatography curves of (a) Pi@xele (b, in Table 1), (b) PEO(OH{lc, in Table
1).
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Fig. 6. MALDI-TOF spectrum (linear mode) for the PEO(QH)acroinitiator (1c, in Table 1)
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Fig. 7. 'H NMR spectrum for the ABPEO(PCL) star-shaped copolymer in CDg1
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3.3. Synthesis of ABtar-shaped copolymers PEO(PGL#)

The AB; triarm star-shaped copolymers PEO(PGAkgre successfully synthesized by the ring-opening-
polymerization o&CL initiated by PEO(OH)in the presence of Sn(Og8s a catalyst. Different ratios of
eCL/macroinitiator were used to obtain different olyners with different PCL block molecular-weight$e
composition of the copolymer, structure and molaculeight were characterized ty NMR and SEC
analyses.

A typical *H NMR spectrum for the star-shaped copolymer, medin CDC3, is shown in the Fig. 7. THé
NMR spectrum for the purified copolymer shows sigrnigpical of PEO and PCL. The methylene protons of
PEO were observed at 3.65 ppm (peak B) and thactaaistic methylene protons of PCL were detectetdGb
(peak A), 2.30 (peak D), 1.63 and 1.37 (peak Eg Nhof the PEO(PClytriarm star-shaped copolymers was
determined byH NMR and has been calculated by the Eq. (3):

Mn(NMR)PEO(PCL) = (lA/Z)/(lB/4) X DPpgox 114.14

+ Mimr)PEO(OH) 3)
wherel, and k stand for the integral values of the methylendége of PCL marked as A (Fig. 7) and for the
methylene protons of PEO at 3.65 ppm B. About 144sthe molecular weight @CL unit, DR:gois the degree

of polymerization of the PEO(OKand Mynme) PEO(OH) is the molecular weight of the macroinitiator. The
experimental degree oCL polymerization agrees well with the theoretizcalue (Table 2).

Table 2 Characteristics of the ABriarm star-shaped copolymers.

N°  Sample IMIJITe MZ(th) M (NMR) MuM.< (SEC)
2a PEO(PCL) 1 4 3000 2700 1.10
2b PEO(PCL) 2 8 4000 3700 1.35
2c  PEO(PCL) 3 17 6000 5700 1.10
2d PEO(PCL) 4 26 8000 7500 1.30

&M, (th) = [M]o/[1]o X M sc. + Mi[MPEO(OHY)).
® M, was calculated by '"H NMR spectroscopy accordinggo(3).
°MW/M, was determined by SEC calibrated by PS standards.
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Fig. 8. Size exclusion chromatography curves of (a) PEQ{@Lc, in Table 1), (b) PEO(PCLJriarm star-
shaped copolymer (2a, in Table 2).
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Fig. 9. TEM image of a micelle sample from a [PEO(P{Ejar block copolymer solution (2b in Table 2).
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The Fig. 8 shows the SEC curves of PEO(£a)d the AB star-shaped copolymer (la, in Table 1 and 2a, in
Table 2). The SEC analysis of the triarm star-stagppolymer showed a monomodal and narrow molecular
weight distribution. The values of eabty/M, for all the samples are listed in Table 2. It mrth noting that the
present strategy is based on the initiation of @ arms by two different hydroxyl groups (a prignand a
secondary alcohol). Thus, the initiation rate milgatdifferent for both arms leading to two PCL aohs
different length. Nevertheless, the comparisorhefitydrodynamic volumes measured by SEC of the A& -
shaped copolymer and linear PEO-b-PCL with an idehtomposition confidently confirms the star-sadp
AB, structure. Indeed, the hydrodynamic volume ofstae-shaped copolymer is lower than its linear
counterpart, thél, star-shaped,, linear ratio being equals to 0.8 which is sigmifit for copolymers of an
identical composition but different architectur84]. However, we presently cannot give further iletan the
relative length of both PCL arms.

The amphiphilic nature of ABstar-shaped copolymers enables them to self-assémadqueous solution. The
morphology of micelles was investigated by TEM. Hig. 9 shows TEM image of well-defined spherical
micelles in agueous media from the PEO(PGitar-shaped copolymer withvig~1000g/mol per arm for the
PCL block. Further investigation was carried oudlyS. The size distribution (Fig. 10) is bimodabathe
average diameter of the micelles, measured by dignlgght scattering, were in the range from 13.3.8% nm.

4. Conclusions

A series of AB triarm block copolymers were successfully synthegiby the ring-opening polymerization of
eCL. For this purpose, a well-defineemethoxye-epoxy-poly(ethylene oxide) was obtained by a ciogpl
reaction with epichlorohydrin. Thermethoxye,o'-dihydroxy poly(ethylene oxide) was prepared upon
selective hydrolysis of the epoxy ring of tiranethoxye-epoxy-poly(ethylene oxide). MPEO(OHyas
designed as a macroinitiator for the sequentialrotiad ring-opening polymerization eCL in the presence of
Sn(Oct). The various ratios afcaprolactone/hydroxyl were used to obtain copolgmweéth different PCL
block lengths. The ability of these amphiphilic RPGL), copolymers to form micelles in aqueous media was
investigated by DSL. By changing the length of tigdrophobic PCL block at constant content of hyditigp
PEO block in the copolymer, the size of the setfeasbled micelles could be modulated. Additionallych
copolymers exhibit well-defined biodegradabilitydamiocompatibility with an architectural diversfiyr various
biomedical applications including controlled detiyeand tissue engineering.
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