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Notes

Preparation of Ideal PEG Analogues with a by anionic polymerization is transformed into an ATRP initiator
Tunable Thermosensitivity by Controlled Radical (Scheme 1a). The latter can be obtained by coupling the hydroxy
Copolymerization of 2-(2-Methoxyethoxy)ethyl terminal functionality of PEG with either 2-bromo-2-methyl-

propionyl bromidé32526or 2-bromoisobutyric acié?®?? Such
an approach is not straightforward since it requires to work at
the interface between anionic polymerization and CRRdeed,
commercial-methoxyw-hydroxy-PEG polymers can be used
for such synthesi&}2223put in this case the molecular structure
of the PEG segment is only limited to commercially available
Geiselbergstrasse 69, Potsdam 14476, Germany compom_mds_ _(i.e., a limited range of moIeCl_JIar _vveight and
. o-functionalities can be bought). Another major disadvantage
Receied August 1, 2005 of such approach is the formation of a hydrolyzable ester linkage
Revised Manuscript Receed Noember 18, 2005 between the PEG segment and the ATRP initiator (thus, between
the PEG segment and the successive block grown by ATRP),
which is in most cases problematic for applications in aqueous
media.
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Introduction

Poly(ethylene glycol) (PEG) (also known as poly(ethylene
oxide) (PEO) depending on the synthetic conditions) is a cheap, ) ] )
neutral, water-soluble, biocompatible, FDA-approved polymer ~ The second approach directly polymerizes of a radically
and thus is probably the most widely applied synthetic polymer Polymerizable PEG macromonomer such as oligo(ethylene
in biotechnology and medicirfeFor instance, PEG is an glycol) methacrylate (OEGMA). The pioneering works of
excellent shielding agent for in vivo delivery of various bioactive Haddleton and co-workers and Armes and co-workers elegantly
compounds. Indeed, PEG allows a good solubility in physi- illustrate that such strategy is a very convenient alternative for
ological media and prevents the adsorption of plasma proteins,incorporating PEG in macromolecular architectures built by
which can trigger immune respond&Thus, PEG was exten- ~ CRP"#728 However, the PEG blocks formed via such a
sively used in delivery of either low molecular weight drugs, macromonomer approach are macromolecular brushes and
active peptides, proteins, or genetic matetidl. therefore possess all the intrinsic disadvantages of this class of

Different synthetic strategies exist for constructing PEG-based macromoleculed? First, it is often quite difficult to control
delivery vehicles. A first approach relies on the direct covalent Precisely the molecular structure of macromolecular brushes
conjugation of an active substance with PEG (a synthetic route (Chain length, molecular weight distribution) using CRP tech-
commonly known as PEGylation). The covalent linkage between niques?® Moreover, short macromolecular brushes often exhibit
both can be either stable (permanent PEGylation) or labile @ compact globular (or starlike) shape in solution, which also
(prodrug strategy). Another approach relies on the physical hinders further chemical reactions. For instance, in ATRP, it
entrapment of active substances in the protected internal regionsseems difficult to involve thes-halogen chain-end of macro-
(core, internal layer, hollow) of artificial nanocarriers (e.g., Molecular brushes in transformation reactions (chain-end func-
nanospheres, micelles, vesicles or polyplexes). For example tionalization or reinitiation).
nanocarriers obtained via the aqueous self-assembly of triblock A very interesting new alternative was recently suggested by
copolymers PEQ»-poly(propylene oxidep-PEC? (known com- Ishizone and co-workers, who investigated the anionic polym-
mercially as Pluronic) or diblock copolymers PHEGpolypep- erization of various methacrylates possessing rather short oligo-
tide®® have been extensively applied in life science. These classic(ethylene glycol) side chairf.In particular, they shown that,
PEO-based building blocks are typically prepared by anionic although possessing only two ethylene oxide units as side
ring-opening polymerization. However in the past few years, groups, polymers of 2-(2nethoxyethoxy)ethyl methacrylate
controlled radical polymerization (CRP) techniques such as atom (MEO,MA) were soluble in water at room temperature. Hence,
transfer radical polymerization (ATRP),nitroxide-mediated MEO,;MA would be also a particularly tempting monomer for
polymerization (NMP)° and reversible additionfragmentation preparing water-soluble segments by ATRP (or more generally
transfer polymerization (RAF) have been more and more by CRP) since this methacrylate is radically polymerizable,
considered as a straightforward alternative for preparing well- commercially available, possesses a chemical structure resem-
defined building blocks for life sciendé-1° In particular, ATRP bling PEG, and moreover leads to polymers with a linear
was proven to be a very versatile pathway for preparing PEG- architecture. Unfortunately, poly(2:¢ehethoxyethoxy)ethyl meth-
based amphiphile$:20-24 However, the possibilities of “PE-  acrylate) (PMEGMA) has a major limitation: it exhibits a lower
Gylation” are still very limited in ATRP. Two synthetic routes  critical solution temperature (LCST) in water around “Z53°
have been used in ATRP for incorporating PEG in macromo- which indeed completely prohibits in vivo applications. On the
lecular constructions (Scheme 1). The first one is a macroini- other hand, POEGMA macromolecular brushes usually exhibit
tiator approach, in which am-hydroxy-PEG segment prepared a much higher LCST in water due to their longer PEG side

chains (typically LCST is around S for POEGMA with side
* Corresponding author. E-mail: lutz@iap.fhg.de. chains of 8/9 ethylene oxide unit¥).Therefore, it is also

10.1021/ma0517042 CCC: $33.50 © 2006 American Chemical Society

Published on Web 12/21/2005
ublished on We CDV



894 Notes Macromolecules, Vol. 39, No. 2, 2006

Scheme 1. Various Synthetic Strategies Used in Atom Transfer Radical Polymerization for Incorporating Poly(ethylene glycol)

a. macroinitiator approach b. OEGMA macromolecular brushes c. copolymer approach (present work)
(example) (example)
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expectable that copolymers of MEKIA and OEGMA possess ~ 1000; 260 nm). For calibration, linear polystyrene standards (PSS,

higher LCST than 26C. The latter was recently suggested by Germany) were used.

Kitano and co-workerd However, up to now, no systematic Cloud Point Measurementhe cloud points of the polymer

studies of these copolymers has been reported. solutions in water were measured on a Tepper TP1 photometer
The target of the present note is to illustrate that copolymers (Mainz, Germany). Transmllttange of pc;lymgr SO"fjt'O”S in de|on|zeolll

of MEO,MA and OEGMA could be ideal water-soluble blocks water at 670 nm was monitored as a function of temperature (ce

. . S - . ath length: 12 mm; one heating/cooling cycle at rate GiC1
for life science applications. Thus, we studied herein the ATRP Pninfl)_ g g g ¢y

of a series of P(ME@MA-co-OEGMA) containing increasing 1H NMR.H NMR spectra were recorded in CD@In a Bruker

amounts of OEGMA. In particular, the properties in aqueous DPX-400 operating at 400.1 MHz. Monomer conversions were
solution of P(MEQMA-co-OEGMA) copolymers were inves-  calculated fromtH NMR spectra by comparing the integrations of

tigated. the vinyl protons of the remaining monomers (5.56 and 6.12 ppm)
to the overall integration of the region 3:98.40 ppm where
Experimental Part resonate 2 protons of the remaining monomers and 2 protons of

. . the formed polymers. An overall monomer conversion was calcu-
Chemicals. 2-(2-Methoxyethoxy)ethyl methacrylate (Aldrich,  |3teq since t?ot)rq monomers MEKDA and OEGMA were assumed

95%), poly(ethylene glycol) methyl ether methacrylate (Aldrich, 1, hossess comparable reactivities. The molar fraction of OEGMA
M, = 475 g mot ), methyl 2-bromopropionate (MBP) (Aldrich, i, the p(MEQMA-co-OEGMA) copolymers was also calculated
98%), and 2,2bipyridyl (Bipy) (Fluka, 98%) were used as received.  om 114 NMR spectra by comparing the overall integration of the
Copper(l) bromide (Aldrich, 98%) and copper(l) chloride (ACros,  mathoxy protons of both MESMA and OEGMA (3.35-3.41 ppm)
95%) were washed with glacial acetic acid in order to remove any 4 the overall integration of the region 3:53.65 ppm where res-

soluble oxidized species, filtered, washed with ethanol, and dried. onate around 30 protons of OEGMA and 2 protons of ME®.
Example of Atom Transfer Radical Copolymerization of

MEO,MA and OEGMA. Copper bromide (13 mg, 0.09 mmol) ; i

and 2,2 bipyridy! (28.3 mg, 0.18 mmol) were added to a Schlenk Results and Discussion

tube sealed with a septum. The tube was purged with dry argon Table 1 shows the molecular structure and the properties of
for a few minutes. Then, a degassed mixture of 2-(2-methoxy- a series of P(ME@MA-co-OEGMA) copolymers prepared by
ethoxy)ethyl methacrylate (1.53 g, 8.1 mmol), poly(ethylene glycol) atom transfer radical copolymerization of ME®@A and
methyl ether methacrylate (431 mg, 0.9 mmol) and 2.4 mL of OEGMA. In this series, the initial molar fractions of MEKDA
ethanol was added through the septum with a degassed syringeand OEGMA monomers was variable, but an overall average
Last, methyl 2-bromopropionate (15.1 mg, 0.09 mmol) was added degree of polymerization of 100 was targeted in all cases.
with a microliter syringe. The mixture was heated at°@in an The copolymers were prepared at 8D in ethanol solution

oil bath for 3 h. After several hours, the experiment was stopped i, the presence of the homogeneous ATRP catalytic system
by opening the flask and exposing the catalyst to air. The final o, 0er(1) bromide/2,/2bipyridyl. These synthetic conditions
mixture was diluted in ethanol and passed through a short silica were first selected a{s a fast screening system since bromide-

column (606-200 mesh) in order to remove copper catalyst. Then, .
the filtered solution was diluted with deionized water and subse- based catalysts and polar protic solvents are both known to

oo h
quently purified by dialysis in water (Roth, ZelluTrans membrane, generate very fast ATRP kinetitd?® As expected, in such

molecular weight cutoff: 40006000). Last, water was removed conditions, homopolyme_rs or_copolym_ers o_f MEDA and
by azeotropic distillation with ethanol. The purified polymer POEGMA could be obtained in high yields in a rather short

appeared as a clear oM{ = 24 300 g mot%; My/M, = 1.57) time. However, the results of Table 1 underline major differences
Measurements and AnalysisSize Exclusion Chromatography ~between homopolymers of OEGMA (POEGMA) and P(MEO
(SEC) Molecular weights and molecular weight distributions were MA-co-OEGMA) copolymers. Indeed, in the case of POEGMA,
determined by SEC performed at 26 in tetrahydrofuran (THF) ~ experimental molecular weights measured by size exclusion
as eluent, using three /MZ-SDV columns with pore sizes of ~ chromatography were found to be much lower than theoretical
103, 1%, and 16 A (flow rate 1 mL mirrl). The detection was  values. The latter is a consequence and a good illustration of
performed with a RI (Shodex RI-71) and a UV detector (TSP UV the unusual solution behavior of macromolecular bruéh%sDV
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Table 1. Properties of Copolymers of OEGMA and MEQMA Prepared by ATRP?

[OEGMA]W/[MEO2-MA] o conversiof Foeamal (%) Myd Mn 1€ Mu/MC LCST (°C)
1 100:0 0.91 100 10 000 43 200 1.18 90
2 30:70 0.93 33 35000 25500 1.22 59
3 20:80 0.91 20 29700 22 300 1.33 49
4 15:85 0.88 16 19 900 20 300 1.57 44
5 10:90 0.92 10 24 300 19900 157 39
6 08:92 0.90 8 24 800 19 000 1.45 37
7 05:95 0.86 6 18 300 17 400 1.66 32
8 0:100 0.90 0 16 700 16 900 1.72 28

a Experimental conditions: 3 h, 6C; in ethanol solution (monomer/etharel1:1.25 (v/v)); ((OEGMA} + [MEO2-MA])/[MBP]o/[CuBr]y/[Bipy]o =
100/1/1/2.> Overall monomer conversion measured'ByNMR. ¢ Calculated byH NMR. 9 Measured by SEC in THF.M; = conversion (475[OEGMA]
+ 188[MEQ,-MA] 0)/[MBP]o. f Measured for aqueous solutions with a concentration of 3 mg*mL

100 T T LI I I T I T I

80 1

60

40 4

20

Transmittance (%)

30 35 40 45 50
Temperature (°C)

20 25 60 65

60
y=27.99 + 1.04x

337 (R = 0.996)

504
45

40

LCST (°C)

354
304

35

B4r——T—TT T T T
25 30

average number of OEGMA units per chain

Figure 1. (A) Plots of transmittance as a function of temperature (670
nm, 1°C mnm?!) measured for aqueous solutions (3 mg TLof a
series of copolymers of 2-(2-methoxyethoxy)ethyl methacrylate (MEO
MA) and oligo(ethylene glycol) methacrylate (OEGMA) with an in-
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Figure 2. Evolution of the cloud point as a function of concentration
for agueous solutions of copolymers of 2-(2-methoxyethoxy)ethyl
methacrylate (ME@MA) and oligo(ethylene glycol) methacrylate
(OEGMA) possessing either 109) or 30% ©) of OEGMA per chain
(Table 1, entries 2 and 5).

fraction of OEGMA Foecma in the copolymer (and also with
foeama, the fraction of OEGMA in the initial comonomer feed,
sinceFoegma andfoesma Were found to be nearly equal in all
cases). Moreover, the mathematical correlation between the
observed LCST and the theoretical average number of OEGMA
units per chailPoesua Was found to be extremely simple and
useful (Figure 1B). Indeed, in the studied range of composition
(0 < foeema, Foeama < 0.3; 0 < DPoggma < 30), the LCST

of P(MEO;MA-co-OEGMA) is a linear function oDPoggua

with a slope of nearly unity. Therefore, the LCST of P(MEO

creasing OEGMA content (Table 1). Solid lines: heating cycles; dotted MA-co-OEGMA) copolymers can be precisely predicted from

lines: cooling cycles. (B) Plots of the measured lower critical solution

temperature (LCST) as a function of the theoretical average number

of OEGMA units per chain for P(EEMA-co-OEGMA) copolymers.

Experimental molecular weights measured for P(ME®- co-
OEGMA) copolymers were much closer to theoretical values,
which indicates that such copolymers most likely adopt a
random coil conformation in THF solution. The latter confirms
that P(MEQMA-co-OEGMA) might be much more practical
platforms for macromolecular engineering that POEGMA.
Nevertheless, P(MEMA-co-OEGMA) copolymers were found
to exhibit extremely interesting solution properties in water.

DPoecma (eq l).

LCST= 28+ 1.0DPgecyn (1)

Thus, in P(MEQMA-co-OEGMA) copolymers possessing
on average 100 monomer units, each unit of OEGMA in the
chain leads approximately to an increase of LCST 8€this
law is indeed only valid in the studied range of compositions).
For example, a well-defined copolymer P(MBEMDA-co-
OEGMA) possessing a LCST of 3T (body temperature) could
be synthesized from an initial monomer feed possessing 8% of

Table 1 and Figure 1 report the values of LCST measured for OEGMA (Table 1, entry 6). Similarly, LSCT could be tuned

aqueous solutions of either the homopolymer of MEQ@
(PMEO:MA), P(MEO,MA-co-OEGMA), or POEGMA (studied
reference concentration was 3 mg m)

For homopolymers PMESMA and POEGMA, cloud points
of respectively 28 and 9%C were measured, which are in good
agreement with previously reported val§&s®? For P(MEQ-

up to temperatures corresponding to high fevers{89°C)
by simply using a slightly highefoecma (Table 1, entry 5).
These results clearly illustrate that P(MEA-co-OEGMA)
copolymers possess a very high potential for biomedical
applications. Moreover, the LCST of P(ME®@A-co-OEGMA)
copolymers was not found to very sensitive to their concentration

MA-co-OEGMA) samples, measured LCST values were in in water, which is a very important issue for applications. Figure
between aforementioned limits (i.e., comprised in the range 28 2 shows the influence of concentration on the cloud points
90 °C). As expected, LCST values increase with the molar measured for two different samples. In the studied rang&g{/
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Table 2. Influence of the Catalyst System on the Molecular Structure of P(MEG@VA- co-OEGMA) Prepared by ATRP?

[OEGMA]¢/[MEO,-MA] o catalyst time (h) conversién MpC My Mu/Mn¢
1 100:0 CuBr/Bipy 3 0.91 10 000 43 200 1.18
2 100:0 CuCl/Bipy 10 0.83 15900 39 400 1.07
3 30:70 CuBr/Bipy 3 0.93 35000 25500 1.22
4 30:70 CuCl/Bipy 10 0.90 22200 24700 1.23
5 10:90 CuBI/Bipy 3 0.92 24 300 19 900 1.57
6 10:90 CuCl/Bipy 9 0.95 18 500 20 600 1.27
7 0:100 CuBr/Bipy 3 0.90 16 700 16 900 1.72
8 0:100 CuCl/Bipy 10 0.97 21200 18 200 1.27

a Experimental conditions: 6€C; in ethanol solution (monomer/etharsl1:1.25 (v/v)); ((OEGMA} + [MEO2-MA]o)/[MBP]o/[CuX]d/[Bipy] = 100/
1/1/2.® Overall monomer conversion measuredbByNMR. ¢ Measured by SEC in THRVI, 1 = conversion (475[OEGMA]+ 188[MEO2-MAJy)/[MBP]o.

concentration (320 mg mL™Y), the LCST was found to only
increase of a few degrees with high dilution.
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molecular weight distributions were obtained for the copolymers. dam) for the NMR measurements.

For POEGMA homopolymers, very narrow molecular weight
distributions were obtained with CuBr/Bipy (these low poly-
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