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Abstract: Our previous studies have shown that stereocomplexed hydrogels can be rapidly formed in vitro
as well as in vivo upon mixing aqueous solutions of eight-arm poly(ethylene glycol)—poly(L-lactide) (PEG—
PLLA) and poly(ethylene glycol)—poly(p-lactide) (PEG—PDLA) star block copolymers. In this study,
stereocomplexation and photopolymerization are combined to yield rapidly in situ forming robust hydrogels.
Two types of methacrylate-functionalized PEG—PLLA and PEG—PDLA star block copolymers, PEG—PLLA—
MA and PEG—PDLA—MA, which have methacrylate groups at the PLA chain ends and PEG—MA/PLLA
and PEG—MA/PDLA, which have methacrylate groups at the PEG chain ends, were designed and prepared.
Results showed that stereocomplexed hydrogels could be rapidly formed (within 1—2 min) in a polymer
concentration range of 12.5—17.5% (w/v), in which the methacrylate group hardly interfered with the
stereocomplexation. When subsequently photopolymerized, these hydrogels showed largely increased
storage moduli as compared to the corresponding hydrogels that were cross-linked by stereocomplexation
or photopolymerization only. Interestingly, the storage modulus of stereocomplexed—photopolymerized
PEG—PLA—MA hydrogels increased linearly with increasing stereocomplexation equilibration time prior to
photopolymerization (from ca. 6 to 32 kPa), indicating that stereocomplexation aids in photopolymerization.
Importantly, photopolymerization of stereocomplexed hydrogels could take place at very low initiator
concentrations (0.003 wt %). Swelling/degradation studies showed that combining stereocomplexation and
photopolymerization yielded hydrogels with prolonged degradation times as compared to corresponding
hydrogels cross-linked by photopolymerization only (3 vs 1.5 weeks). Stereocomplexed—photopolymerized
PEG—MA/PLA hydrogels degraded much slower than corresponding PEG—PLA—MA hydrogels, with
degradation times ranging from 7 to more than 16 weeks. Therefore, combining stereocomplexation and
photopolymerization is a novel approach to obtain rapidly in situ forming robust hydrogels.

Introduction Moreover, in situ hydrogel formation enables the preparation

Hydrogels have been widely used for biomedical applications, ©f COMPlex shapes and use of minimally invasive surgery. In
such as tissue engineering and drug delivery, due to their Situ forming hydrogels have been prepared by physical and
favorable characteristids® Hydrogels are water-swollen net- chemical cross-linking methods. Physically cross-linked hydro-
works of cross-linked hydrophilic polymers. Their high water gels mclude_ _those based on hydrophobic interactions b(_etween
content renders them highly biocompatible and also leads to thermosensitive block or graft polymefsi! stereocomplexation

minimal adsorption of proteins. The mechanical properties of be'i\flt\itzéendpglw(-kladldel) (PLgﬁ)s .an?j POIW'IaCt'Ide) (PDLA)
hydrogels parallel those of soft tissues, making them particularly 9"aft and block copolymers,™™ inclusion complexation using
interesting for tissue engineering. Hydrogels may be formed in (5) Nguyen, K. T.; West, J. LBiomaterials2002, 23, 4307-4314.
i ; i f : (6) Temenoff, J. S.; Mikos, A. GBiomaterials200Q 21, 2405-2412.
situ, thus allowlng easy mixing of cells apd blogctlve moIepuIes, (7) Jeong, B.. Bas. Y. H.. Kim. S. Wiacromolecule4999 32, 7064-7069.
such as proteins, with the polymer solutions prior to gelatién. (8) zhong, Z.Y.; Dijkstra, P. J.; Feijen, J.; Kwon, Y. M.; Bae, Y. H.; Kim, S.
W. Macromol. Chem. Phy2002 203 1797-1803.
(9) Shim, W. S.; Kim, J. H.; Park, H.; Kim, K.; Kwon, I. C.; Lee, D. S.

T University of Twente. : :
* Current address: Biomaterials Research Center, College of Chemistry (10) Ialggr%?te(;r{aggog?]ggh'5187.8;21%{61”9’ G.; Song, S.Eur. J. Pharm.

and Chemical Engineering, Soochow University, Suzhou 215123, China. Biopharm.2006 63, 340-346.

STNO Science and Industry. (11) Seong, J. Y.; Jun, Y. J.; Jeong, B.; Sohn, YPBlymer2005 46, 5075~

(1) Peppas, N. A.; Bures, P.; Leobandung, W.; IchikawaEHr. J. Pharm. 5081.
Biopharm.200Q 50, 27—46. (12) de Jong, S. J.; van Eerdenbrugh, B.; van Nostrum, C. F.; Kettenes-van de

(2) Peppas, N. A,; Hilt, J. Z.; Khademhosseini, A.; Langer,Agv. Mater. Bosch, J. J.; Hennink, W. EL. Controlled Releas001, 71, 261—275.
2006 18, 1345-1360. (13) Hiemstra, C.; Zhong, Z. Y.; Li, L. B.; Dijkstra, P. J.; Feijen, J.

(3) Qiu, Y.; Park, K.Adv. Drug Delivery Re.. 2001, 53, 321—339. Biomacromoleculeg006 7, 2790-2795.

(4) Ruel-Gariepy, E.; Leroux, J. @ur. J. Pharm. Biopharn2004 58, 409— (14) Mukose, T.; Fujiwara, T.; Nakano, J.; Taniguchi, I.; Miyamoto, M.; Kimura,
426. Y.; Teraoka, I.; Lee, C. WMacromol. Biosci2004 4, 361—367.

9918 = J. AM. CHEM. SOC. 2007, 129, 9918—9926 10.1021/ja072113p CCC: $37.00 © 2007 American Chemical Society
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o-dextrin polymerdf-20 and ionic interactions between op- situ formation of chemically cross-linked hydrogels. Biodegrad-
positely charged microparticlor peptide$? The cross-linking able hydrogels prepared by photopolymerization of PIEGA
conditions for these gels are generally very mild, thus allowing diacrylate derivatives were first reported by the group of
the entrapment of labile compounds, such as proteins. Stereo-Hubbell#2 More recently, this group has prepared degradable
complexation, i.e., cocrystallization, of the PLLA and PDLA hydrogels by the incorporation of plasmin degradable peptide
blocks offers an attractive method for in situ preparation of sequence®43When modified with cell-adhesive RGD peptide
physically cross-linked hydrogels, since the gelation is fast and sequences, these hydrogels supported three-dimensional out-
the hydrogels are degradable through degradation of thegrowth of human fibroblasts embedded as a cluster within the
polylactide (PLA) sequencéd!®We have previously reported  hydrogel. Another type of degradable hydrogel was prepared
stereocomplexed hydrogels that were rapidly formed in situ by by copolymerization of a hyaluronic acid methacrylate derivative
mixing aqueous solutions of PE@LLA and PEG-PDLA and PEG diacrylat# Fibroblasts adhered and proliferated when
(PEG = poly(ethylene glycol) star block copolymers via cultured on the RGD-functionalized hydrogels. The group of
stereocomplexation. The presence of the stereocomplex crystalfAnseth has done much work on degradable hydrogels based on
was confirmed by wide-angle X-ray scattering (WAXS) experi- PEG-PLA dimethacrylate4® It was shown that by using
mentst* A major disadvantage of physically cross-linked combinations of PEG and PE@LA dimethacrylates and/or
hydrogels is that they are mechanically weak compared to by changing the PLA block length, the hydrogel degradation
chemically cross-linked hydrogels, and changes in the externalrate, compressive modulus, and cross-linking density could be
environment (e.g., ionic strength, pH, temperature) may give tuned to provide suitable scaffolds for cartilage tissue engineer-
rise to disruption of the network. ing.** The major advantage of photopolymerization is the spatial
Chemically cross-linked hydrogels have been formed in situ and temporal control over the polymerization. However, pho-
by Michael addition between thiols and acrylates or vinyl topolymerization in vivo is hampered by the absorption of UV
sulfones3-29 reaction between aldehydes and dihydraAtles light by the skin £99%). In clinical applications, fast gelation
or amines’! reaction between activated esters and amites, is desired to prevent diffusion of hydrogel precursors or
and redox-initiated radical chain polymerization of (meth)- bioactive molecules to the surrounding tissue. Elisseeff et al.
acrylatesi3~37 Photopolymerization of (meth)acrylatessing have reported on transdermal photopolymerization of a 20 wt
UV light38-41 or visible light?=44 has been mostly used for in % PEG dimethacrylate aqgueous solution injected subcutaneously
into nude mice by UV irradiation for 3 min at 2 mW/ém
incident light intensity*> In this study, high molecular weight

(15) L| S. M.; El Ghzaoui, A.; Dewinck, BMacromol. Symp2005 222, 23—

(16) '-(')23 Ni, X. P.; Leong, K. W.J. Biomed. Mater. Re2003 65A 196~ PEG (100 000) was used as an additive to prevent rapid diffusion

(17) Li, J.; Li, X.; Ni, X. P.; Wang, X.; Li, H. Z.; Leong, K. WBiomaterials of the gel precursors after injection and to increase the
2006 27, 4132-4140. : : .

(18) Zhao, S. P. Zhang, L. M.; Ma, . Phys. Chem. B006 110, 12225~ mechanical properties of the photopolymerized hydrogel. A
12229. drawback is that it is very difficult to excrete high molecular

(19) Huh, K. M.; Cho, Y. gv:;ﬁfi‘”ng,ia"c"r?om?”éi'és%;z%%‘f% 5oao Y T weight PEG by the kidney®. Elisseeff et al. have studied the

(20) Sabadini, E.; Cosgrove, Tangmuir2003 19, 9680-9683. UV light attenuation by the skin using swine skin as a mddel.

(21) Yan Tomme, 8. &.: E%?ﬁ;‘fgﬁ;g%%%y'z%;Elezgg‘i%%_s' €. van Nostrum, the incident light intensity of 100 mW/chwas attenuated by

(22) 1R3f=12rriachandran, S.; Tseng, Y.; Yu, Y Bomacromolecule2005 6, 1316~ the skin to ca. 0.05 mW/ctAfter 3 min of UV irradiation of
(23) Elbert, D. L.; Pratt, A. B.; Lutolf, M. P.; Halstenberg, S.; Hubbell, JJA. a 20 wt %.F')EG d|methacry!ate aqueous §0|Ut|0n with 0.04 wt
" EoPtlrfolﬁdgeeﬁagsol?lJY% B1_1—25. lecule@003 4, 713-722 % photoinitiator concentration, a conversion of ca. 10% was
olr, M. P.; ell, J. omacromolecule , . .. ..
2253 Lutolf, M. P! Racber, . P.. Zisch. A. H.. Tirelli, N.: Hubbell, J. Ad. reached. The remaining unsaturated bonds may cause toxicity
Mater. 2003 15, 888-892. , ) problems, and the incomplete conversion may result in hydrogels
(26) Shu, X. Z.; Liu, Y. C.; Palumbo, F. S.; Lu, Y.; Prestwich, G Blomaterials . . . g K
2004 25, 1339-1348. with weak mechanical propertiésThe polymerization rate may

(27) Peattie, R. A; Rieke, E. R.; Hewett, E. M.; Fisher, R. J.; Shu, X. Z;; pe increased by increasing the photoinitiator concentration or
Prestwich, G. DBiomaterials2006 27, 1868-1875. y 9 P

(28) Ghosh, K.; Ren, X. D.; Shu, X. Z.; Prestwich, G. D.; Clark, R. ATBsue the intensity of the incident light. However, due to their toxicity
Eng.2006 12, 601-613. initi i

(29) Hiemstra. C. van der Aa, L. J.; Zhong, Z. Y.: Dikstra, P. J: Feijen, J. photomltlat?grs can only be u_sed at low cor!cent_rat_lor_\s (ca-9.01
Macromolecule2006 40, 1165-1173. _ 0.05 wt %)7° and the intensity of the UV light is limited to ca.

(30) R e Carvalho, R.; Ramos, M. A.; Gil, M. Polymer 5—-10 mWicn? to prevent cell damage. Visible light is less

(31) Balakrishnan, B.; Jayakrishnan, Biomaterials2005 26, 3941—3951. attenuated by the skin, but efficient initiators with less cyto-

(32) Yoshida, T.; Aoyagi, T.; Kokufuta, E.; Okano, J. Polym. Sci., Part A: ini i 9,50 i
Polym. Chem2003 41, 779-787. tox!cny_ are required: An_oth_er problem of photopolym_erl
(33) Cadee, J. A.; De Kerf, M.; De Groot, C. J.; Den Otter, W.; Hennink, W. ~ zation is that fast polymerization is generally accompanied by

E. Polymer1999 40, 6877-6881. . ) .
(34) Kaspg’rv F.K.. Seidlits, S. K. Tang, A.; Crowther, R. S.; Camey, D. H.: substantial heat effect8. The resulting temperature rise may

Barry, M. A; Mikos, A. G.J. Controlled Releas@005 104, 521-539. cause local cell morbidity and tissue necrosis surrounding the
(35) Oudshoorn, M. H. M.; Rissmann, R.; Bouwstra, J. A.; Hennink, W. E. . lant
Biomaterials2006 27, 5471-5479. Implant.
(36) Temenoff, J. S.; Park, H.; Jabbari, E.; Conway, D. E.; Sheffield, T. L;
Ambrose, C. G.; Mikos, A. GBiomacromoleculeg004 5, 5—10. (44) Park, Y. D.; Tirelli, N.; Hubbell, J. ABiomaterials2003 24, 893-900.
(37) Kim, S.; Chung, E. H.; Gilbert, M.; Healy, K. B. Biomed. Mater. Res. (45) Elisseeff, J.; Anseth, K.; Sims, D.; MciIntosh, W.; Randolph, M.; Yarem-
2005 75A, 73—88. chuk, M.; Langer, RPlast. Reconstr. Surd.999 104, 1014-1022.
(38) Baroli, B.J. Chem. Technol. Biotechnd006 81, 491-499. (46) Yamaoka, T.; Tabata, Y.; Ikada, ¥. Pharm. Sci1994 83, 601-606.
(39) West, J. L.; Hubbell, J. AMacromoleculesl999 32, 241-244. (47) Elisseeff, J.; Anseth, K.; Sims, D.; Mcintosh, W.; Randolph, M.; Langer,
(40) Bryant, S. J.; Anseth, K. S. Biomed. Mater. Re2002 59, 63—72. R. Proc. Natl. Acad. Sci. U.S.A999 96, 3104-3107.
(41) Bryant, S. J.; Bender, R. J.; Durand, K. L.; Anseth, KB®technol. Bioeng. (48) Burdick, J. A.; Peterson, A. J.; Anseth, K.EBomaterials2001, 22, 1779~
2004 86, 747-755. 1786.
(42) Sawhney, A. S.; Pathak, C. P.; Hubbell, J.Macromolecules 993 26, (49) Bryant S. J.; Nuttelman, C. R.; Anseth, K. B.Biomater. Sci., Polym.
581-587. Ed. 2000 11, 439-457.
(43) Halstenberg, S.; Panitch, A.; Rizzi, S.; Hall, H.; Hubbell, J.BAfomac- (50) Muggli, D. S.; Burkoth, A. K.; Keyser, S. A,; Lee, H. R.; Anseth, K. S.
romolecules2002 3, 710-723. Macromoleculesl998 31, 4120-4125.
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In this study, we have combined two cross-linking methods,

of dichloromethane was added, and the reaction mixture was cooled

i.e., stereocomplexation and photopolymerization, to achieve fastin an ice bath. Subsequently, a solution of methacrylic anhydride (0.654

in situ forming, robust hydrogels. Stereocomplexation provides
fast gelation in vitro and in vivé35152 allowing for lower
photopolymerization rates, providing easier handling, limiting
the local temperature rise, and potentiating the use of low
initiator concentrations and low light intensities. Moreover,
photopolymerization provides robust hydrogels, with increased

mechanical properties and prolonged degradation times com-

pared to hydrogels cross-linked by stereocomplexation dnly.
Interestingly, our results show that stereocomplexation aids in
the photopolymerization of methacrylate groups, resulting in

g, 4.242 mmol) in 2 mL of dichloromethane was added dropwise. The
reaction mixture was stirred for 2 days at 30, and the product was
recovered by precipitation in a mixture of cold diethyl ether/hexane/
methanol (10/1/1, viv). Degree of methacrylation: 42%. Yield: 90%.
IH NMR (CDCl): 6 1.9 (s, CCH3)=CHy), 3.6 (m, PEG methylene
protons), 4.2 (m,CH,OCO, linking unit PEG-MA), 5.6 and 6.2
(C(CHy)=CH).

PEG-MA/PLLA and PEG-MA/PDLA were synthesized by ring-
opening polymerization of I-lactide and-lactide, respectively, in
dichloromethane at room temperature, initiated by the remaining
hydroxyl groups of PEGMA (dried overnight under vacuum over

hydrogels with increased storage moduli and degradation timesphosphorus pentoxide). The single-site Zn complex Zn(EQIQCH:-
compared to the corresponding hydrogels that were formed by Mez)-2-Me-4] was used as a catalyst. Typically, PEGA (3.0 g, 0.136

photopolymerization only.

Materials and Methods

Materials. L-Lactide andp-lactide were obtained from Purac and
recrystallized from dry toluene. Eight-arm star PEG, (mr = 21 800)

mmol) (degree of methacrylation 42%) andactide (0.532 g, 3.694
mmol) were dissolved in 14 mL of dichloromethane ([lAF 0.25

M). A solution of single-site Zn complex catalyst (0.064 g, 0.247 mmol)
was added in 1 mL of dichloromethane, and the reaction mixture was
stirred for 1 h. The polymerization was terminated by the addition of
an excess of glacial acetic acid, and the polymer was precipitated in a

was supplied by Nektar and used as received. The single-site Znmixture of cold diethyl ether/methanol (20/1, v/v). Lactide conver-

complex catalyst (Zn(Et)[O&4(CH:N(Me),)-2-Me-4]) was kindly
provided by Professor G. van Koten of the University of Utrecht (The
Netherlands). Methacrylic anhydride was purchased from Merck and
Irgacure 2959 from Ciba Specialty Chemicals. Both were used as
received. Dichloromethane and triethylamine (TEA) were dried over
calcium hydride and potassium hydroxide, respectively, and distilled
prior to use. Eight-arm poly(ethylene glycefpoly(L-lactide) and poly-
(ethylene glycoh-poly(p-lactide) star block copolymers with 12 lactyl
units per PLA block (PEGPLLA1; and PEG-PDLA;, respectively)
were prepared as reported previoudin bec = 21 800)>
Synthesis.PEG-PLLA;,—MA and PEG-PDLA;,—MA (MA
methacrylate) were synthesized by partial methacrylation of the
hydroxyl groups of PEGPLLA1, and PEG-PDLA;,, respectively,
according to the procedure reported by Lin-Gibson ét alypically,
PEG-PLLA;, (5.0 g, 0.174 mmol, dried overnight under vacuum over
phosphorus pentoxide) was dissolved in 18 mL of dichloromethane. A
solution of TEA (0.171 g, 1.690 mmol) in 1 mL of dichloromethane

was added, and the reaction mixture was cooled in an ice bath.

Subsequently, a solution of methacrylic anhydride (0.244 g, 1.583
mmol) in 2 mL of dichloromethane was added dropwise. The reaction
mixture was stirred for 2 days at 3€, and the product was recovered
by precipitation in a mixture of cold diethyl ether/hexane/methanol (10/
1/1, viv). Degree of methacrylation: 40%. Yield: 88%1 NMR
(CDCl3): 6 1.4 (m, CHCH3)OH end group PLA), 1.5 (m, CEH),

1.9 (s, CCH3)=CH,), 3.6 (m, PEG methylene protons), 42.3 (m,
CHOCO, linking unit PEG-PLA), 4.3—-4.4 (q,CH(CH3)OH end group
PLA), 5.1 (m,CHCHj), 5.6 and 6.2 (C(CE=CH,).

PEG-MA/PLLA and PEG-MA/PDLA, in which both MA and
PLA blocks are directly linked to PEG, were synthesized by ring-
opening polymerization of lactide using partially methacrylate-func-
tionalized eight-arm star PEG (PE®IA). For the synthesis of PEG
MA, typically, PEG (16.0 g, 0.734 mmol) was dissolved in 33 mL of
dichloromethane. A solution of TEA (0.442 g, 4.368 mmol) in 1 mL

(51) Hiemstra, C.; Zhong, Z. Y.; Dijkstra, P. J.; Van Tomme, S. R.; Jacobs, J.
J. L.; Den Otter, W.; Hennink, W. E.; Feijen,Jl.Controlled Releas2007,
119 320-327.

(52) Bos, G. W.; Jacobs, J. J. L.; Koten, J. W.; Van Tomme, S. R.; Veldhuis,
T. F. J.; van Nostrum, C. F.; Den Otter, W.; Hennink, WHar. J. Pharm.
Sci. 2004 21, 561-567.

(53) Hiemstra, C.; Zhong, Z. Y.; Dijkstra, P. J.; Feijen,Macromol. Symp.
2005 224, 119-131.

(54) Lin-Gibson, S.; Bencherif, S.; Cooper, J. A.; Wetzel, S. J.; Antonucci, J.
M.; Vogel, B. M.; Horkay, F.; Washburn, N. ®Biomacromolecule2004
5, 1280-1287.

(55) Bos, G. W.; Hennink, W. E. Brouwer, L. A.; den Otter, W.; Veldhuis, T.
F. J.; van Nostrum, C. F.; van Luyn, M. J. Biomaterials2005 26, 3901~
39009.
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sion: 95%. Yield: 85%H NMR (CDCL): 6 1.4 (m, CHCHs)OH

end group PLA), 1.5 (m, C8Hs), 1.9 (s, CCHz)=CH,), 3.6 (m, PEG
methylene protons), 4.2 ("gH.OCO, linking unit PEG-MA), 4.2—

4.3 (m,CH,OCO, linking unit PEG-PLA), 4.3-4.4 (gq,CH(CH;)OH

end group PLA), 5.1 (mCHCH;), 5.6 and 6.2 (C(CE=CH,).

Characterization. 'H NMR spectra (CDG) were recorded on a
Varian Inova spectrometer (Varian, Palo Alto, CA) operating at 300
MHz. The number of lactyl units per PLA block was calculated on the
basis of the methyl protons of lactyl unié {.4—1.5) and the methylene
protons of PEG{ 3.6). The number of methacrylate groups per PEG
molecule was determined on the basis of the methylene protons of PEG
(6 3.6) and the methylene protons of the methacrylate group.6
and 6.2).

Critical gel concentrations (CGCs) were determined as described
before®® Briefly, polymer solutions were prepared by dissolving the
polymers in deionized water overnight. Subsequently, polymer solutions
of equimolar amounts of PEEPLLA—MA and PEG-PDLA—-MA
or PEG-MA/PLLA and PEG-MA/PDLA star block copolymers were
mixed and equilibrated overnight. The CGCs were determined at room
temperature by inverting the vials. When the sample showed no flow
within 20 s, it was regarded as a gel.

Rheology experiments were performed on a US 200 rheometer
(Anton Paar), as described previoudlyBriefly, a parallel plate
measuring geometry (25 mm diameter, gap 0.5 mm), a frequency of 1
Hz, and a strain of 1% were used. Polymer solutions in HEPES-buffered
saline (pH 7.0, 100 mM, adjusted to 300 mOsm with NaCl) containing
equimolar amounts of PEGPLLA—MA and PEG-PDLA—MA or
PEG-MA/PLLA and PEG-MA/PDLA star block copolymers were
mixed, homogenized, quickly applied to the rheometer, and measured
at 37°C.

In situ UV irradiation and rheology experiments were performed
on a US 200 rheometer (Anton Paar) equipped with a UV light source
(Bluepoint 4, Dr. Hale, intensity of 16 mW/crhin the 350-400 nm
range). The samples were irradiated from above. A parallel plate
measuring geometry made of quartz glass (10 mm diameter, gap 0.1
mm) was used in an oscillatory measurement with a frequency of 1
Hz and a strain of 1% or 5%. Both strains are within the linear
viscoelastic region. Both PEEPLA—MA and PEG-MA/PLA ste-
reocomplexed hydrogels (stereohydrogels) and solutions of-PEG
PLLA—MA or PEG-MA/PLLA single enantiomers in HEPES-
buffered saline were UV-irradiated and at the same time measured at
37°C. Irgacure 2959 was used as the photoinitiator. The stereohydrogels
were measured 10 min after the enantiomeric solutions were mixed,
unless mentioned otherwise.
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Figure 1. Molecular structures of (A) eight-arm PE@LA;>—MA star block copolymers and (B) PEGVA/PLA, (n = 12 or 16) star block copolymers.
As an example three methacrylate groups per molecule are drawn.

Hydrogels for scanning electron microscopy (SEM) experiments and PEG-PDLA—MA (Figure 1A) and PEG-MA/PLLA and
swelling/degradation tests were prepared similarly in a 96-well plate PEG-MA/PDLA (Figure 1B), were designed. PE@®LLA—
with sample volumes of 12bL, resulting in cylinders of ca. 4 mm in MA and PEG-PDLA—MA copolymers were prepared by a
height and 6 mm in diameter. PE®LA1z-MA or PEG-PLAw~ two-step synthesis procedure. First, eight-arm PEGLA and

MA stereo-photohydrogels were prepared by UVA irradiation (320 . .
400 nm, with 250 mW/crhat 365 nm) for 10 min of the stereohydrogels PEG-PDLA star block copolymers with 12 lactyl units per PLA

(equilibrated for ca. 15 min after mixing of the enantiomeric solutions) PI0CK (PEG-PLLA1z and PEG-PDLA12, Mnpec = 21 800)
with 8 mol % initiator concentration (with respect to the methacrylate Were synthesized, as reported previously (Table 1, entries 1 and
groups) prepared in HEPES-buffered saline. Photohydrogels were 2).52 Subsequently, the PLA hydroxyl end groups were reacted
formed similarly by UVA irradiation of PEGPLLA;,—MA or PEG— with methacrylic anhydride using TEA as a catalyst and
MA¢/PLLA single-enantiomer solutions in HEPES-buffered saline.  dichloromethane as a solvent at 30. The PEG-PLLA,—

SEM experiments were performed on freeze-dried hydrogels using ma and PEG-PDLA;,—MA copolymers were recovered by
a LEO Gemini 1550 FEG-SEM |nstrument, fitted with a field emission precipitation in a diethyl ether/hexane/methanol mixture (10/
gun, and a voltage of 2 kV. Freeze-dried hydrogels were prepared by 1/1, viv) (Table 1, entries 3 and 44 NMR showed a degree

freezing in liquid nitrogen and subsequent freeze-drying-80 °C . . A
and 5><g 1(r7qbar overr?ight. a ying: of methacrylation of ca. 40%, determined by comparing the

For the swelling/degradation tests, the hydrogel cylinders were placed integrals of the peaks corresponding to the methylene protons
in vials, and after addition of 1 mL of HEPES-buffered saline the of the methacrylate group)(5.6 and 6.2) and the methylene
hydrogels were allowed to swell at 3C. The swelling experiment  protons of PEG § 3.6).
was Eegormed ir|1 dgplicateI or ]Etriplicate. Trl1e fSV\(qO”T)n frflydrc;gﬂels Wer;z PEG-MA/PLA copolymers were prepared by a two-step
weighed at regular intervals after removal of the buier. After eac synthesis procedure. First ca. 40% of the hydroxyl end groups

weighing the buffer was refreshed. The swelling ratio of the hydrogels . -
was calculated from the initial hydrogel weight after hydrogel pre- of an eight-arm star PEQW, = 21 800) were methacrylated.

paration W) and the swollen hydrogel weight after exposure to SUbS(_aquentIy,.th(?:‘ ring-opening polymerizatiorLdactide or
buffer \\): p-lactide was initiated by the remaining hydroxyl groups of

methacrylate-functionalized PEG, using a single-site Zn complex
swelling ratio= W/W, as a catalyst and dichloromethane as a solvent at room
temperature. PEGMA/PLLA and PEG-MA/PDLA copoly-
mers were obtained by precipitation in a diethyl ether/methanol
Synthesis. Two types of methacrylate-functionalized mixture (20/1, v/iv). PEGMA/PLA copolymers with 12 and
PEG-PLA star block copolymers, PEEPLLA—MA and 16 lactyl units per PLA block were prepared by varying the

Results and Discussion
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Table 1. Synthesis of PEG—PLLA—MA and PEG—PDLA—MA and PEG—MA/PLLA and PEG—MA/PDLA Star Block Copolymers?

Nia®

degree of M, x 1078,

entry polymer lactide conversion (%) theory® 'HNMR methacrylation (%) 'H NMR
1 PEG-PLLA1> 94 12 12 28.7
2 PEG-PDLA;1> 96 12 12 28.7
3 PEG-PLLA1;—MA 94 12 12 40 28.8
4 PEG-PDLA1;,—MA 96 12 12 42 28.9
5 PEG-MA/PLLA 12 95 12 12 46 25.6
6 PEG-MA/PDLA 1, 94 12 12 46 25.6
7 PEG-MA/PLLA 15 99 17 16 42 27.4
8 PEG-MA/PDLA 15 95 16 16 42 27.4

aThe ring-opening polymerization of lactide was performed in dichloromethané fo at room temperature using PEG or partially methacrylate-
functionalized PEG as an initiator and the single-site Zn complex Zn(Ege(CH:Mey)-2-Me-4] as a catalyst, ([LA]= 0.25 M, PEG hydroxyl groups/Zn
catalyst= 2/1). The methacrylation was performed in dichloromethane for 2 days 4 3@H]o ~ 5 mM, MA/OH/TEA = 1/1.5/1.1).> Number of lactyl

units per PLA block¢ Based on feed composition and conversion.

Table 2. CGCs of Solutions Containing PEG—PLLA,
PEG—PLLA—MA, and PEG—MA/PLLA Single-Enantiomer Star
Block Copolymers or Equimolar Amounts of PEG—PLLA and
PEG—PDLA, PEG—PLLA—MA and PEG—PDLA—MA, or
PEG—MA/PLLA and PEG—MA/PDLA Star Block Copolymers in
Deionized Water at Room Temperature

CGC(single enantiomer) CGC(mixed enantiomers)
polymer (%, wiv) (%, wiv)
PEG-PLA;2 20 7.5
PEG-PLA;;—MA 17.5 7.5
PEG-MA/PLA 12 30 22.5
PEG-MA/PLA 16 20 12.5

feeding ratio of lactide to PEG (Table 1, entries&. The use

of the single-site Zn catalyst allowed excellent control over the
degree of polymerization of the PLA blocks, and the methacry-
lation reaction was reproducible, giving similar degrees of

methacrylation (Table 1).
Gelation by Stereocomplexation.The influence of the

s PEG-PLA{2
o PEG-PLAj12
s PEG-PLA12-MA
= PEG-PLA12-MA

—h— G -] -
+ PEG-MA/PLA14 G'PEG-PLA|y-MA

—L—G" PEG-PLA,5-MA

PEG-MA/PLA16
104 G PEC-MNPLA16
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Figure 2. Storage modulus@, closed symbols) and loss modulus

methacrylate groups and the PLA block length on stereocomplex(G”, open symbols) of sterechydrogels containing equimolar amounts of
hydrogel (denoted as stereohydrogel) formation was studied atPEG-PLLA12and PEG-PDLA1z PEG-PLLA1,~MA and PEG-PDLA:—

room temperature. Aqueous solutions of equimolar amounts of

PEG-PLLA—MA and PEG-PDLA—MA or PEG-MA/PLLA
and PEG-MA/PDLA star block copolymers were mixed, and

MA, or PEG-MA/PLLA 1, and PEG-MA/PDLA 1, star block copolymers
in HEPES-buffered saline (pH 7) at 3C: (a) PEG-PLA;,, PEG-PLA1,—
MA, and PEG-MA/PLAs at 15% (w/v) polymer concentration as a
function of time; (b) PEG PLA1,—MA and PEG-MA/PLA 15, 48 h after

after equilibration it was tested whether the sample had turned Mixing as a function of the polymer concentration.

into a gel by the vial tilting method. Table 2 shows that the

CGC:s for stereocomplexation of PEGLA;,—MA and PEG-

PLA1, are equal, indicating that the methacrylate end groups

do not influence the stereocomplexation. PHALA, PEG—
PLLA—MA, and PEG-MA/PLLA single enantiomers were also

able to form gels at relatively high polymer concentrations. The

CGC of the PEGPLLA1,—MA single enantiomer is somewhat
lower compared to that of the PE®LLA 1, single enantiomer,
which is attributed to the increased hydrophobicity of PEG
PLLA;,—MA. Aqueous solutions of the PEGVA/PLLA 1,

to the CGCs of eight-arm PEGPLA star block copolymers
PEG-MA/PLA 15 copolymers showed lower CGC values for
stereocomplexation compared to PERBA/PLA 1, copolymers,
due to the increased PLA block length.

Rheology.The mechanical properties of stereohydrogels were
studied by rheological experiments at 3Z. Stereohydrogels
were prepared by mixing aqueous solutions of equimolar
amounts of PEGPLLA;;and PEG-PDLA;,, PEG-PLLA;,—

MA and PEG-PDLA;,—MA, or PEG-MA/PLLA ;, and PEG-

single enantiomer could be prepared up to much higher polymer MA/PDLA 1, star block copolymers in HEPES-buffered saline

concentrations compared to those of the PERELA;,—MA

(pH 7) in a polymer concentration range of 1257.5% (w/v).

single enantiomer. Stereohydrogels could also be formed from After mixing, the solutions were quickly applied to the rheom-

PEG-MA/PLLA 1, and PEG-MA/PDLA 1, copolymers, but at
much higher polymer concentrations compared to PEG
PLLA1,—MA and PEG-PDLA;,—MA copolymers. The higher
CGC for stereocomplexation of PE®IA/PLA 1, compared to
PEG-PLA1,—MA is due to the lower cross-linking functionality
(i.e., number of PLA blocks per molecule) and lower hydro-
phobicity of PEG-MA/PLA 1, compared to PEGPLA;,—MA.

eter, and the evolution of the storage modul@) (and loss
modulus ') was recorded (Figure 2a). Due to fast gelation,
the gelation point of PEGPLA;;, PEG-PLA;,—MA, and
PEG-MA/PLA 15 in a polymer concentration range of 12.5
17.5% (w/v) could not be determined by rheology. After
application of the sample on the rheometer, ca2Inin was
needed to set the instrument before the measurement was started.

Previously we have shown that the CGCs for stereocomplexation This shows that stereohydrogels of PERLA;,, PEG-PLA;,—

of PLA—PEG-PLA triblock copolymers are higher compared

9922 J. AM. CHEM. SOC. = VOL. 129, NO. 32, 2007

MA, and PEG-MA/PLA 15 were formed within 2 min.
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Figure 3. Storage modulus') and loss modulus@’) as a function of
UV irradiation time (356-400 nm, 16 mW/cr¥) of PEG-PLLA;,—MA
solutions in HEPES-buffered saline (pH 7) at 7. (a) 12.5%, 15%, and
17.5% (w/v) polymer concentration and 5 mol % initiator concentration
(with respect to the methacrylate groups); (b) 1, 2, and 5 mol % initiator
concentration and 15% (w/v) polymer concentration.
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Figure 4. Rheology of UV-irradiated (356400 nm, 16 mW/crf) PEG-
PLA;>—MA in HEPES-buffered saline (pH 7) at 15% (w/v) polymer
concentration and 37C: (a) storage modulusy) and loss modulus®"")

as a function of time of a stereohydrogeH L) and a stereephotohydrogel

(o + L and UV-irradiated) after 10 min of stereocomplex equilibration and
a UV-irradiated PEGPLLA;,—MA solution () at 1 mol % initiator
concentration (with respect to the methacrylate groups); (b) ratio of the
storage modulus plateau value of a stengleotohydrogel @' p+1 and uv-irradiated

and the storage modulus plateau value of a stereohydrGgel.() after 8

The storage modulus increased in time due to the ongoing min of UV irradiation as a function of the stereocomplexation equilibration
stereocomplexation, until reaching a plateau value, marking thetime.

end of the cross-linking process (Figure 2a). Figure 2a shows

that the storage modulus evolutions and plateau values of PEG
PLA1,—MA and PEG-PLA;, copolymers were similar, which
agrees well with the vial tilting tests, indicating that the

concentration. At initiator concentrations of 2 and 5 mol % (with
respect to the methacrylate groups) the gelation times of the
PEG-PLLA1,—MA single enantiomer were 6.5 and 1.7 min,

methacrylate groups hardly influence the stereocomplexation 'espectively. At 1 mol % initiator concentration the 15% (w/v)

(Table 2). For PEGPLA;; and PEG-PLA;,—MA copolymers

PEG-PLLA;,—MA single enantiomer-solution did not gelate

the storage modulus plateau value was reached within ca. 5 hwithin 15 min (Figure 3b).

after mixing (Figure 2a). In contrast, the storage moduli of

As shown earlier, a stereohydrogel was formed withir21

PEG-MA/PLA ;¢ stereohydrogels continuously increased over min after aqueous solutions of equimolar amounts of PEG
48 h. The storage moduli of the stereohydrogels increased fromPLLA1;—MA and PEG-PDLA;,—MA copolymers were mixed.

2.4 to 12.5 kPa for PEGPLA1,—MA and from 0.1 to 5.2 kPa
for PEG-MA/PLA 16, upon increasing the polymer concentra-
tion from 12.5% to 15% (w/v) (Figure 2b). The PEGLA1—
MA stereohydrogels showed lower damping factors @an
G"/G") compared to the PEGMA/PLA 6 stereohydrogels
(Figure 2b), indicating a higher network perfection (i.e., lower

UV irradiation of the stereohydrogel at 1 mol % initiator and

15% (w/v) polymer concentration 10 min after mixing increased
the storage modulus from 5.6 to 9.6 kPa within 15 min due to
photopolymerization (Figure 4a). Here, an initiator concentration
of 1 mol % (with respect to the methacrylate groups) corre-
sponds to 0.003 wt %, which is very low compared to the

contribution of viscous components, such as dangling ends andcommonly used concentration of 0.05 wt“%Low initiator

loops)>®
In Situ Monitoring of Mechanical Properties during
Photopolymerization. The mechanical properties of photopo-

concentrations are preferred, due to toxicity of the initiator. The
photopolymerization at this low initiator concentration implies
in turn that low light intensities may be used to obtain stereo

lymerized hydrogels were determined by in situ rheology and Photohydrogels.

UV irradiation (350-400 nm, 16 mW/crf) of PEG-PLA—
MA or PEG-MA/PLA i stereohydrogels (yielding stereo
photohydrogels) or solutions of PEPLLA;,—MA or PEG—
MA/PLLA 16 single enantiomers (yielding photohydrogels) in
HEPES-buffered saline (pH 7) at 3T (Figures 3 and 4).
Figure 3a shows that the gelation time of the PEGLA,—

The storage modulus of the stergehotohydrogel is highly
dependent on the stereocomplex equilibration time before UV
irradiation. Figure 4b shows a plot of the ratio of the storage
modulus of a PEGPLA;,—MA sterec-photohydrogel and the
storage modulus plateau value of the corresponding stereohy-
drogel (reached after ca. 5 h, Figure 2a) as a function of the

MA single enantiomer decreased from ca. 3 to 0.5 min upon Stereocomplex equilibration time. The storage modulus plateau
increasing the polymer concentration from 12.5% to 17.5% Value of the steresphotohydrogel (after 8 min of UV irradia-

(w/v) at 5 mol % initiator concentration (with respect to the

tion) increased linearly with increasing stereocomplex equilibra-

methacrylate groups). The storage modulus plateau value wadion time at 15% (w/v) polymer concentration and 5 mol %
reached within ca. 8 min and increased from 0.9 to 4.1 kPa initiator concentration (corresponding to 0.015 wt %). This
upon increasing the polymer concentration from 12.5% to 17.5% initiator concentration is low compared to the generally used

(w/v) (Figure 3a). Figure 3b shows that the gelation time of
the PEG-PLLA1,—MA single enantiomer at 15% (w/v) poly-

concentration of 0.05 wt % UV irradiation afte 6 h of
equilibration resulted in an almost 6-fold increase in the storage

mer concentration decreased rapidly with increasing initiator modulus of the PEGPLA;,—MA stereo-photohydrogel com-

(56) Chambon, F.; Winter, H. Hl. Rheol.1987, 31, 683-696.

pared to the corresponding PEBLA;,—MA stereohydrogel
(31.6 vs 5.6 kPa) and a 17-fold increase compared to the
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Figure 5. Schematic representation of the preparation of stereo and-sfgtethydrogels based on PEBLA—MA or PEG-MA/PLA star block copolymers.

corresponding PEGPLLA1,—MA photohydrogel (31.6 vs 1.8

of ca. 1Qum, indicating that stereocomplexation has a significant

kPa). It should also be noted that the storage modulus of theinfluence on the pore size of the freeze-dried PEGEA—MA
sterees-photohydrogel (31.6 kPa) is much higher than the added hydrogels. In contrast, PEGVIA/PLA ;5 steree-photohydrogels
value of the corresponding stereohydrogel (5.6 kPa) and theand PEG-MA/PLLA 15 photohydrogels showed similar pore
photohydrogel (1.8 kPa). Since the hydrophobic methacrylate sizes (ca. 1@xm, Figure 6C,D). Apparently, the position of the
groups are at the PLA chain ends, the chemical cross-links arecross-linking group has much influence on the pore size of
most probably formed in the PLA domains. A schematic freeze-dried stereephotohydrogels.

representation of the stereo- and stergbotohydrogel prepara-
tion for PEG-PLA—MA and PEG-MA/PLA copolymers is

Hydrogel Swelling and Degradation.Hydrogels based on
PEG-PLA—MA or PEG-MA/PLA copolymers were degrad-

shown in Figure 5. Furthermore, the photoinitiator used, Irgacure able under physiological conditions. To study the rate of
2959, is rather hydrophobic (the maximum concentration in degradation, steregphoto- and photohydrogels were prepared

water is 0.7 wt %4°) and may therefore preferably partition into

by UVA irradiation (250 mW/crd) of PEG-PLA;,—MA or

the hydrophobic PLA domains, thereby increasing the local PEG-MA/PLA 16 stereohydrogels (equilibrated for ca. 15 min
initiator concentration and thus photopolymerization rate in after the enantiomeric solutions were mixed) and solutions
these domains. Therefore, the increased storage modulusontaining PEGPLLA;,—MA or PEG-MA/PLLA 46 single
upon increased stereocomplex equilibration time may be dueenantiomers, respectively, in HEPES-buffered saline (pH 7) at
to the formation of more PLA domains, resulting in a more 8 mol % initiator concentration. After the hydrogels were
densely cross-linked network and increased photopolymerizationformed, HEPES-buffered saline was applied on top, and the

conversion.
PEG-MA/PLA 15 steree-photohydrogels also showed much

gels were allowed to swell at 3. At regular time intervals,
the swelling ratio was calculated by ratioing the swollen

higher storage moduli compared to the corresponding PEG hydrogel weight after exposure to buffer to the initial hydrogel
MA/PLLA 16 stereo- or photohydrogels (results not shown). weight after preparationW/Wo). Figure 7a shows that the
Therefore, combining stereocomplexation and photopolymeri- PEG-PLA;,—MA stereo-photohydrogels swelled to ca. twice

zation may provide fast gelation in vitro and in vityielding
hydrogels with good mechanical properties.
Morphology of Photopolymerized Hydrogels.To study the

their initial weight within 1 day, independent of the polymer
concentration. The swelling ratio of PE®LLA;,—MA pho-
tohydrogels also doubled after 1 day at 15% (w/v) polymer

influence of stereocomplexation on the morphology of photo- concentration (Figure 7a). After the initial swelling, the swelling
polymerized hydrogels, SEM measurements were performed onratio remained constant for the PEGLA;;—MA stereo-

freeze-dried PEGPLA;,—MA and PEG-MA/PLA 1¢ sterec-
photo- and photohydrogels. The stergahoto- and photohy-
drogels were prepared by UVA irradiation (250 mWA nof
PEG-PLA1,—MA or PEG-MA/PLA 16 stereohydrogels (equili-

photohydrogels, while the swelling ratio of PEGLLA1,—MA
photohydrogels continued to increase. In time, both hydrogels
disintegrated, as shown by the decreasing swelling ratio, until
they finally dissolved completely. The degradation time is

brated for ca. 15 min after the enantiomeric solutions were defined as the time required to completely dissolve at least one

mixed) and solutions of PEGPLLA1,—MA or PEG-MA/

of the two or three hydrogels used for testing one type of

PLLA;6 single enantiomers, respectively, in HEPES-buffered hydrogel. Figure 7a shows that the PEBLA;,—MA sterec—

saline (pH 7) at 8 mol % initiator and 15% (w/v) polymer
concentration. Parts A and B of Figure 6 show that PEG

photohydrogels were completely degraded after ca. 3 weeks and
increasing the polymer concentration from 12.5% to 17.5% (w/

PLA1,—MA stereo-photohydrogels have pore sizes of ca. 5 v) hardly affected the degradation time. Interestingly, the

um, while PEG-PLLA1,—MA photohydrogels have pore sizes
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Figure 6. SEM photos of freeze-dried photopolymerized hydrogels prepared in HEPES-buffered saline (pH 7) at 15% (w/v) polymer concentration and 8
mol % initiator concentration (with respect to the methacrylate groups) by UVA irradiation for 10 min (stereohydrogels were equilibrated forica. 15 m
after mixing of the enantiomeric solutions): (A) PEBGLA;,—MA stereo-photohydrogel; (B) PEGPLLA1,—MA photohydrogel; (C) PEGMA/PLA 16

sterea-photohydrogel; (D) PEGMA/PLLA 16 photohydrogel.
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Figure 7. Swelling ratio {(M/Wb) profiles of photopolymerized hydrogels
prepared in HEPES-buffered saline (pH 7) at 8 mol % initiator concentration
(with respect to the methacrylate groups) and°@7by UVA irradiation

for 10 min (stereohydrogels were equilibrated for ca. 15 min after mixing
of the enantiomeric solutions): (a) PEGLA1,—MA stereo-photohydro-
gels at 12.5%, 15%, and 17.5% (w/v) polymer concentration and-PEG
PLLA1>—MA photohydrogels at 15% (w/v) polymer concentration; (b)
PEG-MA/PLA 16 steree-photohydrogels at 12.5%, 15%, and 17.5% (w/
v) polymer concentration. (*) PEGMA/PLA 16 steree-photohydrogels at
15% and 17.5% (w/v) polymer concentration retained their integrity after
16 weeks.

twice as high as that of the PE®LLA1,—MA photohydrogels

was also shown by the rheology measurements. The-PNES
PLA;¢ steree-photohydrogels swelled over a period of ca. 5
weeks until reaching ca. twice their initial weight, independent
of the polymer concentration (Figure 7b). The ongoing swelling
is most likely due to PLA degradation, upon which the physical
cross-links are lost, resulting in a less densely cross-linked
network held together by only chemical cross-links (Figure 8).
PEG-MA/PLA 16 steree-photohydrogels with 12.5% (w/v)
polymer concentration completely degraded after 7 weeks, while
at 15% and 17.5% (w/v) polymer concentration the stereo
photohydrogels retained their integrity after 16 weeks.

The much slower degradation of the PEMA/PLA16
stereo-photohydrogels compared to the PEBLA;,—MA
steree-photohydrogels is attributed to the slower hydrolysis of
ester bonds of the polymerized methacrylate groups with a
hydrolytically stable PEG chain compared to the ester bonds
of the PLA blocks, which correlates well with the results
obtained by Bryant et al. for photopolymerized PEG dimethacry-
late and PEGPLA dimethacrylate hydrogefs.PEG-PLA—

MA stereo-photohydrogels degrade mainly through hydrolysis
of the ester bonds in the PLA block, upon which both physical
and chemical cross-links are lost (Figure 8). In contrast, PLA
degradation in the PEGVIA/PLA stereo-photohydrogels leads
to the formation of a less densely, chemically cross-linked
network with increased swelling (Figure 8). The swollen PEG

(ca. 3 vs 1.5 weeks, Figure 7a). This may be due to a higher MA/PLA stereo-photohydrogels finally degrade through hy-

cross-linking density of PEGPLA;,—MA stereo-photohy-
drogels compared to PEE&PLLA;,—MA photohydrogels, as

(57) Bryant, S. J.; Anseth, K. 9. Biomed. Mater. Re2002 64A 70-79.
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Figure 8. Schematic representation of the degradation of stepbotohydrogels based on PEBLA—MA or PEG-MA/PLA star block copolymers.

drolysis of the ester bonds of the polymerized methacrylate MA photohydrogels (ca. 3 vs 1.5 weeks). PERA/PLA
groups. It is possible to combine PEGLA—MA and PEG- steree-photohydrogels degraded within ca. 7 to over 16 weeks,
MA/PLA copolymers to vary the degradation time. depending on the polymer concentration. In principle, PEG
PLA—MA and PEG-MA/PLA may be combined to vary the
hydrogel degradation rate. To our knowledge, this is the first
 PEG-PLA—MA copolymers were prepared by methacryla- paper on fast in situ forming hydrogels by combined cross-
tion of ca. 40% of the PLA hydroxyl end groups of eight-arm - |inking via photopolymerization and physical interactions. The
PEG-PLA star block copolymers. PEGWA/PLA copolymers 55t gelation in vitro and in vivo due to stereocomplexation
were prepared by ring-opening polymerization of lactide initiated e myents the need for fast photopolymerization, thus prevent-
by eight-arm star PEG with 40% of its hydroxyl end groups ., o bstantial heat effects due to the photopolymerization and
methacrylated. PEGPLA—=MA and PE&MA/ PLA_‘ st(_ereo- potentiating the use of low initiator concentrations and low light
complexed hydrogels could be rapidly formed in situ upon intensities. Moreover, the fast gelation allows for easy handling.

mixing aqueous solutions containing equimolar amounts of Th L . .
_ o e combination of stereocomplexation and photopolymeriza-
PEG-PLLA~MA and PEG PDLA—MA or PEG-MA/PLLA tion is a novel approach to obtain fast in situ forming and robust

and PEG MA/PDLA copolymers. Interestingly, stereocom- hydrogels, which have a high potential for in vivo applications
plexation aided in the photopolymerization of the methacrylate 'yl dg t . 1gnh p dd deli P ’
groups. Photopolymerization of stereohydrogels, yielding stereo Inciuding tissue engineering and drug delivery.

photohydrogels, resulted in increased hydrogel storage moduli, Acknowledgment. This work was funded by the Netherlands

compared to thpse of the hydrogels cross-linked by °“'¥ Organization for Scientific Research (NWO). We thank M. A.
stereocomplexation (stereohydrogels) or only photopolymeri- Smithers (University of Twente, Enschede, The Netherlands)
zation (photohydrogels). Moreover, photopolymerization of for the SEM measurements ' '

stereohydrogels already took place at very low initiator con-
centrations. The degradation time of PEBLA—MA stereo—
photohydrogels was doubled compared to that of PBGLA — JA072113P

Conclusions

9926 J. AM. CHEM. SOC. = VOL. 129, NO. 32, 2007



