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Blends of cross-linked poly(ethylene glycol) dimethacrylate (PEGDMA) and pahléctide) (PLA) were
prepared by mixing photoactive PEGDMA (molecular mass: 875 g/mol) and PLA, and subsequently
photopolymerizing the mixture with visible light. The effects of PLA molecular mass and mass fraction on
the rheological properties of the PEGDMA/PLA mixtures, and on the degree of methacrylate vinyl conversion
(DC), as well as blend miscibility, microstructure, mechanical properties, in vitro swelling behavior, and
cell responses were studied. PLA-2K (molecular mass: 2096 g/mol) and PLA-63K (molecular mass: 63 000
g/mol) formed miscible and partially miscible blends with cross-linked PEGDMA, respectively. The addition
of the PLA-2K did not affect the immediate or post-cure2d4 h) DC of the PEGDMA upon
photopolymerization. However, the addition of PLA-63K decreased the immediate DC of the PEGDMA,
which can be increased through extending the curing time or post-curing period. Compared to the cross-
linked neat PEGDMA and PLA-2K/PEGDMA blends, PLA-63K/PEGDMA blends were significantly
stronger, stiffer, and tougher. Both types of blends and the cross-linked PEGDMA swelled when soaked in
a phosphate buffered saline (PBS) solution. The attachment and spreading of MCT3-E1 cells increased
with increasing PLA-63K content in the blends. The facile and rapid formation of PEGDMA/PLA blends
by photopolymerization represents a simple and efficient approach to a class of biomaterials with a broad
spectrum of properties.

Introduction and low biodegradability due to the hydrolytic stability at
] the ether linkages. One approach toward improving the
Poly(ethylene glycol) dimethacrylates (PEGDMA) repre- mechanical properties and imparting biodegradability into
sent a class of cross-linkable oligomers and macromers WithpeGpMA networks is by copolymerizing PEG with a
unique properties. The cross-linking reaction can be acmeveddegradable polymer such as polylactide (PLAj-polyester
by thermal polymerization or by photopolymerization, with - 4t is widely used in industrial and clinical applicatiés.

the later process widely used in areas such as industrialgy, example, acrylated PEGs have been co-photopolymerized

coatings, adhesive materials, dental materials, and othery i acrylated lactic acid oligomers to form networks for
biomaterials because of efficient, in situ, “on command”

Hes ' ) use as tissue engineering scaffdldhe network’s degrada-
polymerizatior’.”> PEGDMAs are hydrophilic due to their  yjon and mechanical properties, as well as the cell adhesion
e,thY'e”e Ox'd_e backbqne and can be modified to be e'therto the scaffolds, can be modified by changing the molecular
bio-inert or biocompatible. PEGDMAs of 2000 g/mol or & ),q¢ and mass fraction of acrylated PEG macromers. Block
higher molecular mass have been photopolymerized in copolymers of PEG and PLA have been used to form
aqueous solutions to form biocompatible hydrogels with degradable hydrogel€, nanospheres for drug or gene
potential applications in soft tissue engineering such as delivery112 and biomimetic surfaces.
cartilage regeneratior: Lower molecular mass PEGDMAs " o .
have been copolymerized with poly(propylene fumarate) for In addition to the copolyrn_enzafuon approach, bIendl_ng_ of

polymers has been extensively investigated for modifying

use as injectable and cross-linkable compoSitasl have il ies. Blending i fect hod
been incorporated as diluents in photopolymerizable resins Materna propert_|es. ending 1s a cost-efiective met_ od to
tune the material properties of polymers and to impart

designed for dental applicatiofs. ; = o s
Although PEGDMAS possess numerous attractive proper- desirable characteristics that are not found in either individual
gomponent alon&:>The blend properties, such as mechan-

ties as biomaterials, some undesirable characteristics for us . . .
ical properties, can be tailored by controlling the blend

in tissue regeneration include weak mechanical properties " ;
composition and morphology. Previous work has found that
*To whom correspondence should be addressed. Email: slgibson@nist.govcompareq tp t.he pure PLA or pure PEG, blends of PLA_ and
(S.L.G.); joseph.antonucci@nist.gov (J.M.A.). PEG exhibit improved or better controllable mechanical,
T Current address: Polymer Research, Zimmer Inc., Warsaw, Indiana thermal, and degradative propertiéé? Although blending
46380. the cross-linked PEGDMA and PLA does not lead to
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ing, Carnegie Mellon University, Pittsburgh, Pennsylvania 15213. complete polymer degradation, it does offer a way to create
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the porosity needed in tissue engineering applications. A 70% and stirred at 60C in the dark to yield homogeneous
similar approach consisting of blending immiscible polymers liquids. The mixtures were then poured into a circular mold
followed by leaching of one component has been used to sandwiched between two Mylar films and clamped between

prepare porous scaffolds.

two glass slides. Disk specimerrs thickness of 1 mm and

The goal of the current study is to investigate the feasibility diameter of 10 mm) were cross-linked via visible light=€
of in situ fabrication of blends from photopolymerizable 470 nm) irradiation for 1 min per side in a dental curing
oligomers and biocompatible thermoplastic polymers. Specif- unit (Triad 2000, Dentsply International Inc., intensigy35

ically, this study is designed to investigate the structure
property relationships of PEGDMA/PLA blends prepared by

mwW cm ?).
To prepare PEGDMA/PLA-63K blends (mass fractien

a photopolymerization process as a prototype model system10%, 30%, and 50%), photoactivated PEGDMA oligomer
for preparing a series of biomaterials with easily adjustable was vigorously mixed with PLA-63K dissolved in dichloro-
properties. The PEGDMA/PLA system is chosen because methane at 60C in the dark. The solvent was then removed
both components are well characterized, widely used, andunder vacuum at 25C. Disks of PEGDMA/PLA-63K blends

exhibit desirable properties for use as biomatefials.
Although PEGDMA is not readily biodegradable, blends

were prepared via photopolymerization in the same manner

as used for the PLA-2K blends. Matrix assisted laser

composed of all biodegradable components (e.g., incorporat-desorption ionization time-of-flight mass spectroscopy
ing biodegradable linkages that would not radically change (MALDI-TOF MS) showed no evidence of PLA degradation
the gel properties) can also be prepared using the sameduring the blend processing at 8C.

approach.
In the current study, a photoactivated PEGDMA oligomer

Characterization of Cross-Linked PEGDMA/PLA
Blends. Rheology Rheological properties of nonactivated

and two PLAs of different molecular masses were mixed PEGDMA and PEGDMA/PLA mixtures were studied using
and subsequently photopolymerized to yield blends of cross-a Rheometrics ARES rheometer. Dynamic modulus and

linked PEGDMA with PLA. The effects of PLA content and
molecular mass on the PEGDMA's degree of vinyl conver-
sion, as well as on the blends’ miscibility, mechanical

steady shear rate viscosities were measured using a cone-
and-plate geometry (25 mm diameter, 0.1 rad) at@5
Degree of Copersion The degree of conversions (DC)

properties, swelling behavior, and in vitro cellular responses for the cross-linked PEGDMA (control) and PEGDMA/PLA

were examined.

Materials and Methods

blends after photopolymerization were determined using
transmission spectra obtained by Fourier transform infrared
spectrometry (FT-IR) (Magna 550, Nicolet Inc.). Samples

were sandwiched between two KBr pellets, placed on a fixed

Certain commercial materials and equipment are identified Standard IR cards, and IR spectra of samples before and
in this paper in order to specify adequately the experimental immediately after photopolymerization (1 min per side) were

procedure. In no case does such identification imply recom-

collected. The samples were sufficiently thin such that no

mendation by the National Institute of Standards and saturation occurred. The DC was calculated using the area

Technology nor does it imply that the material or equipment under the €C absorption peak at 1637 ciand utilizing
identified is necessarily the best available for this purpose. the methacrylate carbonyl as an internal standard. DC results

Materials. PEGDMA (M, = 875 g/mol), dichloromethane,
camphorquinone (CQ), and ethyl NiN-dimethylamino-

are reported for data collected from at least 5 specimens for
each sample.

benzoate (4E) were purchased from Sigma-Aldrich Corp. and Thermal PropertiesGlass transition temperatureg) of
used as received. Dry phosphate buffered saline (PBS)photopolymerized PEGDMA and PEGDMA/PLA blends,

powder (dissolvedn 1 L deionized water at 25C to yield
0.01 mol/L PBS solution with 0.138 mol/L NaCl and 0.0027
mol/L KCI, pH = 7.4) was purchased from Sigma-Aldrich
Corp. Polyp,L-lactide) (PLA-2K, Resomer104, = 2096

respectively, were characterized by differential scanning
calorimetry (DSC) (TA instruments Inc., model Q1000).
Samples were heated to 10Q, held for 5 min, and then
cooled to—80 °C under nitrogen. A ramp rate of &/min

g/mol) was purchased from Boehringer Ingelheim Inc. The was used. Data reported are from the second heatingling
PLA particles were ground using a mortar and pestle and cycle. The temperature at the midpoint of the corresponding

then sieved to achieve a particle size of less thammé
PLA-63K (Medisorb,M, = 63 000 g/mol) was purchased
from Alkermes Inc. and used as received.

Preparation of Cross-Linked PEGDMA/PLA Blends.

heat-capacity jump in the second heating cycle was taken
asT,.

Microstructure The microstructures were characterized
using a Hitachi S-4700 field emission scanning electron

Blends were prepared using two different approaches de-microscope (FE-SEM). Specimens were fractured at room

pending on the PLA molecular mass. Blends of PEGDMA
and PLA-2K were mixed directly (without solvent), followed

by photopolymerization. Solvent mixing was used for the
PEGDMA/PLA-63K blends. In both cases, PEGDMA was
first activated for blue light photopolymerization with a redox
initiator system consisting of 0.2% CQ (photooxidant) and
0.8% 4E (photoreducdant). PLA-2K was mixed with pho-

temperature and the exposed cross-sectional surfaces were
imaged.

Mechanical PropertiesTensile tests were performed using
a universal testing machine (Instron, model 5500R) with a
100 N load cell and a cross-head speed of 1 mm/min on
dog-bone shape specimens (lengtt60 mm, width= 10
mm, and thicknesss 2 mm). The elastic modulus was

toactivated PEGDMA at mass fractions of 0, 10, 30, 50, and calculated from the elastic region of the stresain curve
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(1% strain). Results are reported for data collected from at
least 3 specimens for each material.

Soaking in PBSIn vitro soaking in PBS was performed
as follows. Disk specimens (diameter10 mm, thickness
~ 1 mm) were soaked in a 0.01 mol/L PBS solution (gH
7.4) with a soaking ratiofol g of specimen per 30 mL of
PBS. After soaking the specimens for 2 weeks, the mass,
diameter, and pH changes were determined by differential
weighing, size, and pH measurements using a balance,

caliper, and pH meter, respectively. Samples were measured

in triplicates.

Cell Culture.Culture of osteoblast-like cells (MC3T3-E1)
was performed following a previously reported proceddre.
Briefly, MC3T3-EL1 cells (Riken Cell Bank, Hirosaka, Japan)
were maintained ino-modification of Eagle’s minimum
essential medium (Biowhittaker, Walkersville, MD) with a
volume fraction of 10% fetal bovine serum (Gibco-BRL-
Life Technologies, Rockville, MD) and 60 mg/L kanamycin
sulfate (Sigma, St. Louis, MO) in a fully humidified
atmosphere with a volume fraction of 5% @t 37 °C.

The medium was changed twice a week. Cultures were
passaged with EDTA-containing (1 mmol/L) trypsin solution
(mass fraction of 0.25%; Gibco, Rockville, MD) once a
week. Passage #3 cells were used in this study. All disk
specimens (diameter 10 mm and thickness 1 mm) were
cleaned 3 times using 70% ethanol (disinfectant) for 1 min
at a soaking ratio of 2 mL/specimen, dried, and then placed
in 12-well plates with one disk per well. Each disk was
washed with 2 mL of media, and then fresh media was placed
on each disk for an overnight extraction in the cell incubator.
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Figure 1. Dynamic frequency sweep for PEGDMA/PLA-2K mixtures

For phase contrast microscopy, disk specimens were culturedtop) and PEGDMA/PLA-63K mixtures (bottom).

with cells in a 12-well plate (50 000 cells per well) for 1 d

and imaged using an inverted phase contrast microscopeelaxation behavior is consistent with the samples’ viscoelas-

(Nikon TE300, Melville, NY). Cells on tissue culture
polystyrene (TCPS) (control) were also prepared and ob-

served. For the fluorescence microscopy studies, cells after

1 d culture on disk specimens were stained with calcein-
AM (live cells, green) and ethidium homodimer-1 (dead cells,
red).

Statistical analyses of the data for DC, mechanical tests,
and PBS soaking were performed using a Student&st
with a level of significance op < 0.05.

Results and Discussion

Rheological Properties of Mixtures. Before photo-

tic behavior and also suggests that the mixtures are single-
phase-®

Homogeneous PEGDMA/PLA-63K mixtures became non-
Newtonian at high shear rates due to high molecular mass
of this PLA. The dynamic frequency sweep for PEGDMA/
PLA-63K mixtures (Figure 1B) shows significantly higher
loss and storage moduli than those of the mixtures with PLA-
2K at the same composition. The viscosity for 10% and 30%
PLA-63K blends are 2.2 Paand 176 P&, respectively.
The viscosity is an important material parameter since it can
affect the reaction kinetics and degree of conversion for the
PEGDMA?°

Degree of Vinyl Conversion (DC).FTIR was used to

polymerization, mixtures of PEGDMA and PLA-2K were determine the degree of conversion for the PEGDMA and
homogeneous and behaved as Newtonian fluids, as the steadijs blends. As shown in Figure 2A, no statistical differences
shear viscosity remained constant over a wide range of sheain DC are found between the pure cross-linked PEGDMA
rates (data not shown). This is expected since both compo-and PEGDMA/PLA-2K blends immediately after photo-
nents are of relatively low molecular mass and are miscible. polymerization. Although previous studies have shown that
The viscosity of the mixtures increased with increased PLA the addition of inorganic fillers can influence the DC of
content and ranged from 0.1 ®&dor the pure PEGDMA to ~ methacrylate dental monomers during photopolymerizétion,
10 Pas for the 50% PLA-2K mixture. Figure 1A shows the the addition of up to 50% low molecular mass PLA-2K does

dynamic frequency sweep for the PEGDMA/PLA-2K mix-
tures at various PLA compositions. In the frequeney (

range studied, all samples shows terminal relaxation behavior

with G" storage shear modulug) G’ (loss shear modulus),
G' O w? (frequency), ands” O w. The observed terminal

not interfere with the reaction kinetics and vinyl conversion
of PEGDMA, despite an increase in the viscosity.

FTIR analyses of blends composed of the same photo-
activated PEGDMA and PLA-63K show that the addition
of the high molecular mass PLA significantly decreases the
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Figure 2. (A) Degree of vinyl conversion (DC) of pure cross-linked g il
PEGDMA (poly(PEGDMA)) and its blends with PLA-2K and PLA- pod
63K. Stars indicate that data are statistically different. (B) FTIR spectra T 0 ! : - :
of 50% PLA-63K blends before and after photopolymerization for 1, % Y 20 40 60 8o 100
2, 3, and 4 min/side. Arrow indicates the C=C absorption peak. PLA-2K Content in Blends (mass %)

. . . Figure 3. Glass transition temperatures of the blends. (A) Repre-
DC of PEGDMA for the same reaction time (Figure 2A).  sentative DSC data of 50% PLA-2K blends and 50% PLA-63K blends,

However, FTIR of post cured samples show significant and (B) glass transition temperatures of PLA-2K blends from DSC
increase in conversion indicating that the DC of PLA-63K results and from calculations using the Fox and the Gordon-Taylor

blends could be greatly enhanced through longer curing times™o%e':

and/or post-curing periods. For example, after photopolym-  Thermal Properties. After photopolymerization, the
erization for 2, 3, and 4 min on each side of the sample, the peGDMA/PLA-2K blends were miscible as confirmed by
DC of 50% PLA-63K blends increased from 31% (1 min the DSC results. A single glass transition temperatiige (
per side) to 63%, 82%, and 89%, respectively (Figure 2B). yas observed for all blend compositions (Figure 3A). In
In addition, 24 h after photopolymerization for the sample aqition, theT, was compositionally dependent and increased
that was cured for 1 min per side, the DC increased from yith increased PLA content (Table 1). The Fox and Gordon-
319% to 83%. Similar post-curing behaviors have also been Tayjor equation®-2° are often applied to describe the
observed for the curing of dimethacrylate dental mono- compositional dependence & of miscible blends. The Fox
mers?*22 Additional polymerization due to the extent of the  gquation i&
post-cure period is presumably due to diffusion-controlled
reactions of methacrylate groups with radical species remain- 1 W W,
ing in the network? ?g - -|-_gl
Previous studies on photopolymerization of dimethacry-
late-based resins have shown that the cross-linking kinetics,The Gordon-Taylor equation3s
and subsequently the DC, were strongly affected by the
chemical structure and viscosity of the monomer mixtefes.
Although PEGDMA/PLA-2K mixtures had increased vis-
cosities relative to the pure PEGDMA, the reaction kinetics
and DC was not strongly affected in this system. The effect where W, and W, are the mass fractions of component 1
of viscosity on the reaction kinetics was manifested in the and 2 in the blend an@ly;, Tg, andT, are the glass transition
PEGDMA/PLA-63K mixtures, although other factors, such temperatures of component 1, 2, and the blend, respectively.
as morphology, could also affect the reaction kinetics. It The fitting parametek is related to the interaction between
should be noted that the ultimate DC is not affected by the the components in the blend. Figure 3B shows the theoretical
initial viscosity as the cross-linked PEGDMA, PEGDMA/  blendsTj calculated from both the Fox and Gordon-Taylor
PLA-2K blend, and PEGDMA/PLA-63k blend all had equations K = 0.5) and theTy determined from the DSC
comparable final DCA 83%) 24 h after photopolymeriza- data. The experimental results are in good agreement with
tion. the values calculated by the Fox and Gordon-Taylor equa-

+ T, 1)

T =T +kw, 2 o 2
o= T T VL iy Tkw, @
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Figure 4. Scanning electron microscopy images of the fractured
surfaces of (A) poly(PEGDMA), (B) 50% PLA-2K blends, and (C) 50%
PLA-63K blends. Scale bar: 2 um.

Table 1. Glass Transition Temperatures of Crosslinked PEGDMA
and PEGDMA/PLA Blends
PLA content
(mass %)

Ty of PLA-2K
blends (°C)

Tq1 of PLA-63K
blends (°C)

Tq2 of PLA-63K  N/A
blends (°C)

0%
—55.0

10%
—51.2

30%
—40.9

50%
—29.2

70%
—7.8

100%
27.1

—55.0 N/A —55.0 —46.4 —46.0 N/A

N/A -9.2 -15 224 40.9

tions, thus demonstrating that the PEGDMA/PLA-2K blends
are miscible. In addition, the low value &f(<1) suggests

Biomacromolecules, Vol. 6, No. 3, 2005 1619
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Figure 5. Representative tensile stress—strain curves of (A) poly-
(PEGDMA), (B) 50% PLA-2K blends, and (C) 30% PLA-63K blends.

that the interactions between PLA-2K and PEGDMA are
weak?7:2°

In contrast, PLA-63K blends exhibit twis for all blend
compositions investigated (Figure 3A). The tWgs are
between theT, of cross-linked PEGDMA and PLA-63K
(Table 1), suggesting partial mixing of the two phases
resulting in the formation of a cross-linked PEGDMA-rich
and a PLA-rich phase. Using the Fox equation (eq 1), the
mass fraction of PEGDMA in the cross-linked PEGDMA-
rich phases are calculated to be 100, 88, and 87 for the 30%,
50%, and 70% PLA-63K blends, respectively. Similarly, the
mass fraction of PLA-63K in the PLA-rich phase are
calculated to be 56.8, 64.5, and 85.8 for the 30%, 50%, and
70% PLA-63K blends, respectively. Similar mixing behavior
has been observed in other blend systems, such as partially
miscible blends of poly{,L)-lactide and poly(methyl meth-
acrylate?®

SEM results also suggest partial miscibility of the PLA-
63K blends (Figure 4). The fractured cross-sectional surfaces
of both cross-linked PEGDMA and 50% PLA-2K blends are
smooth and featureless. In contrast, the cross-sections of the
fracture surfaces for the 50% PLA-63K blend are rough with
particulate-like structures, suggesting that more energy is
consumed during the fracture; and therefore, these blends
should have improved mechanical properties.

Mechanical Properties.The mechanical properties were
determined using tensile testing. Figure 5 shows the repre-
sentative tensile stresstrain curves for cross-linked PEGD-
MA, 50% PLA-2K, and 30% PLA-63K blends. Table 2 lists
the tensile break strength, tensile break strain, elastic
modulus, and the work of fracture (the estimated area under
stress-strain curves, a representation of toughness).

The 30% PLA-63K blend is the strongest, stiffest, and
toughest among the three samples. The break strength and
strain for the 30% PLA-63K blends are nearly tripled and
the elastic modulus is doubled compared to those of cross-
linked PEGDMA. The addition of the higher molecular mass
more viscoelastic PLA-63K to the blends, and its partial
miscibility with PEGDMA networks contributed to the
improved mechanical properties.

Cross-linked PEGDMA has a higher strength but a lower
strain than the 50% PLA-2K blends. The differences in
strength may be due to the low molecular mass of the PLA-
2K, which without molecular entanglement, may act to
plasticize the network. The addition of the tougher PLA-2K
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Table 2. Mechanical Properties of Pure Crosslinked PEGDMA (Poly(PEGDMA)) and lts Blends with PLA
PEGDMA 50% PLA-2K 30% PLA-63K PLA32

tensile break strength (MPa) 1.3+01 1.0+0.1 3.7+05 34.0

tensile break strain (%) 5.44+0.7 144+ 05 17.3+2.2 4.0

elastic modulus (MPa) 28.8 +£3.2 9.44+05 65.6 £ 13.9 2600.0

area under stress—strain curves (J/m) 3.6 +0.5 72+0.2 32.1+57 N/A

> T mass | diameter [ | pH the PLA molecular mass and composition. Both PLA-63K

8 8 8

8

-
=

% Mass/Diameter Increase
& Final pH

Poly(PEGDMA) 50 % PLA-2K 50 % PLA-63K

Figure 6. Final pH of the PBS solution and the percent of mass or
diameter increase of poly(PEGDMA), 50% PLA-2K, and 50% PLA-
63K blends, after soaking in 0.01 mol/L PBS solution for 14 d at a
soaking ratio of 1 g of specimen per 30 mL of PBS solution. Star
indicates statistical differences.

0

into the more brittle cross-linked PEGDMA matrix greatly
improves the break strain of the blend and the work of
fracture.

Compared to PEGDMA networks alone, PEGDMA/PLA

and PLA-2K blends greatly improve the toughness of the
pure PEGDMA network. PLA-63K blends are significantly
stronger and stiffer than cross-linked PEGDMA; by contrast,
PLA-2K blends are somewhat weaker and less stiff than
cross-linked PEGDMA, illustrating the effect of molecular
mass of PLA on the mechanical properties of these blends.
The mechanical properties of blends are expected to increase
with increased PLA content and molecular mass. This study
demonstrates that facile and simple blending methods can
be used to control the mechanical properties (e.g., modulus,
strength, and toughness) of polymeric blends synthesized by
the photoinitiated polymerization.

In Vitro Soaking in PBS. All samples swell significantly
after soaking in PBS for 2 weeks (Figure 6). The mass
increase for the cross-linked PEGDMA is highpr< 0.05)
than that for the blends. However, the increase in specimen
diameter is not statistically different among the three samples.

blends show versatile mechanical properties depending onAs illustrated in Figure 6, the pH of PBS is relatively

Figure 7. Phase contrast microscopy images of (A) poly(PEGDMA), (B) 50% PLA-2K, (C) 30% PLA-63K, and (D) 50% PLA-63K after cell

culture for 1 d. Scale bar: 100 um.
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A: Poly(PEGDMA) - Live B: Poly(PEGDMA) - Dead

C: 50 % PLA-63K - Live D: 50 % PLA-63K - Dead

E: TCPS - Live F: TCPS - Dead

Figure 8. Fluorescence microscopy of cells cultured on poly(PEGDMA) and its blends with PLA for 1 d. (A, B) poly(PEGDMA). (C, D) 50%
PLA-63K. (E, F) control: tissue culture polystyrene (TCPS). (A), (C), and (E) are live stained cells and (B), (D), and (F) are dead stained dead
cells. Images on the left and right are the same field of view with different fluorescence filters (Left: green, live; Right: red, dead). Scale bar:
100 um.

unchanged with cross-linked PEGDMA, moderately lowered spread on the TCPS around the sample (not shown), cells
with the 50% PLA-63K blend, but dramatically decreased appeared to be rounded and clumped on cross-linked
with the 50% PLA-2K blend. PEGDMA surfaces (Figures 7A and 8A), indicating that cells

The mass and dimensional increases of the cross-linkeddid not adhere well on the cross-linked PEGDMA. Similar
PEGDMA are expected due to its hydrophilic nature. Water nonadhering behavior, due to the protein resistant properties
diffuses into the cross-linked PEGDMA moiety, thereby of PEG-based hydrophilic polymers, has been documéfited.
increases the mass and causes the specimens to swell. Light microscopy results show that osteoblast-like cells
However, the mass and diameter changes of the PLA blendsdid not exhibit their normal adherent morphology and
may be a combination of water absorption by the hydrophilic appeared rounded on and around the 50% PLA-2K blends
PEGDMA and mass loss of PLA (as indicated by the pH (Figure 7B). Moreover, live/dead staining shows that the cells
decrease in the medium). The mass loss of PLA could eitherare dead both on and around the specimens (i.e., TCPS).
be from the leaching or degradation of PLA, which is The in vitro soaking tests in PBS suggest that the medium
consistent with the decreased pH in PBS. Separate degradaeontaining the 50% PLA-2K blend became acidic. The pH
tion studies will be investigated to determine the degradation of the culture medium aftel d of cell culturing with 50%
behavior of these blends. PLA-2K specimens indeed decreased significantly, as indi-

In Vitro Cell Culture. Phase contrast microscopy (Figure cated by the change of medium color from red (i.e., neutral
7) and fluorescence microscopy (Figure 8) were used to pH) to yellow (i.e., acidic pH). Even though the 50% PLA-
characterize specimens afteé d culture with MC3T3-E1 2K specimens were pre-extracted before the cell experiments,
osteoblast-like cells. Cells remain viable on the cross-linked low molecular mass lactic acid likely remains in the
PEGDMA, as demonstrated by the live/dead staining (Figure specimens during cell culture and cause a lowering of the
8A). It should be noted that, although cells adhered and pH and cell death.
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Live/dead staining shows that cells on both 30% PLA-
63K and 50% PLA-63K specimens were viable (Figure 8,
parts C and D). In addition, the number of cells that adhered
and spread on the specimens increased with the PLA-63K
content in the blends (Figure 7, parts C and D). As observed
under light microscopy, the degree of cell adhesion and
spreading on 50% PLA-63K blends is comparable to that of
the control (TCPS) after 1 day.

High molecular mass PLA is biocompatible and supports
osteoblasts adhesion and spreaditigrevious studies have
investigated the possibility of adjusting the cellular behavior
of PEG-based polymers through their block copolyntdrs.
this study, blending with PLA-63K offers a simple method
to control the cellular behavior (e.g., cell adhesion and
spreading) of cross-linked PEGDMA.

Conclusions

Miscible or partially miscible blends of cross-linked
PEGDMA and PLA were prepared using a combination of
blending and photopolymerization processes. Through a
careful selection of components (e.g.,
and mass fraction of PLA) and control of the processing
conditions (e.g., photopolymerization period), the properties
of blends such as DC, mechanical properties, swelling, and
cell adhesion can be modified or enhanced compared to
cross-linked PEGDMA alone. Photopolymerizable PEGDMA/

PLA blends, as a prototype model system, represent a class

of biomaterials derived from the blending of biocompatible
polymers with polymerizable moieties. Compared to copo-
lymerization approachés?® the processing method used in
this study provides a strategy for preparing biocompatible
blends with a broad spectrum of properties from a variety
of polymers and photopolymerizable monomers, oligomers,

Zhang et al.

(2) Elisseeff, J.; Anseth, K.; Sims, D.; Mcintosh, W.; Randolph M.;
Langer, R.Proc. Natl. Acad. Sci. U.S.A999 96, 3104-3107.

(3) He, S.; Yaszemaski, M. J.; Yasko, A. W.; Engel, P. S.; Mikos, A.
G. Biomaterials200Q 21, 2389-2394.

(4) Bryant S. J.; Anseth, K. Sl. Biomed. Mater. Re2003 64A 70—
79.

(5) Karmaker, A. C.; Dibenedetto A. T.; Goldberg, A.JJ.Mater. Sci.
Mater. Med.1997, 8, 369-374.

(6) Drumright, R. E.; Grumber P. R.; Henton, D. &dv. Mater.200Q
12, 1841-6.

(7) Langer, R.; Vacanti, J. Fsciencel993 260, 920-925.

(8) Ju, Y. M.; Ahn, K. D.; Kim, J. M.; Hubbell, J. A.; Han, D. Kolym.
Bull. 2003 50, 107—114.

(9) Han, D. K.; Hubbell, 3. AMacromoleculed 997, 30, 6077-6083.

(10) sawhney, A. S.; Pathak, C. P.; Vanrensburg, J. J.; Dunn, R. C.;
Hubbell, J. A.J. Biomed. Mater. Re4.994 28, 831-838.

(11) Ruan, G.; Feng, S. Biomaterials2003 24, 5037-5044.

(12) Lu, Y. K.; Kim, K.; Hsiao, B. S.; Chu, B.; Hadjiargyrou, M.
Controlled Releas®003 89, 342-353.

(13) Tessmar, J.; Mikos, A.; Gopferich, Biomaterials2003 24, 4475-
4486.

(14) Washburn , N. R.; Simon, C. G., Jr.; Tona, A.; Elgendy, H. M.;
Karim, A.; Amis, E. J.J. Biomed. Mater. Re002 60, 20—29.

(15) Wang Y.; Hillmyer, M. A.J. Polym. Sci.: Part 2001, 39, 2755~
2766.

the molecular mass (16) Jiang, W. L.; Schwendeman, S.Ffharm. Res2001, 18, 878-885.

(17) Hu, Y.; Rogunova, M.; Topolkaraev, V.; Hiltner, A.; Baer,/lymer
2003 44, 5701-5710.

(18) Simon, C. G., Jr.; Khatri, C. A.; Wight, S. A.; Wang, F. \4.
Orthopaedic Res2002 20, 473-482.

(19) Macosko, C. WRheology: Principles, Measurements, and Applica-
tions Wiley-VCH: New York, 1994.

(20) Stansbury, J. W.; Dickens, S. Bental Mater.2001, 17, 71—79.

(21) Wilson, K. S.; Zhang, K.; Antonucci, J. MBiomaterials2005 26,
5095-5103.

(22) Kim S.; Jang, JPolym. Testindl996 15, 559-571.

(23) Stansbury; J. W. Dickens, S. Rolymer2001, 42, 6363-6369.

(24) Dickens, S. H.; Stansbury, J. W.; Choi, K. M.; Floyd, C. J. E.
Macromolecule003 36, 6043-6053.

(25) Sideridou, I.; Tserki V.; Papanastasiou, Bomaterials2002 23,
1819-1829.

or macromers. Likewise, blends using the method developed (26) Lovell, L. G.; Berchtold, K. A.; Elliott, J. E.; Lu, H.; Bowman, C.

from this study may provide more material choices and
superior properties for applications in tissue engineering, drug
delivery, and tissue sealant.

Acknowledgment. This research project was supported
by an interagency agreement (Y1-BE021-04) between the
National Institute of Standards and Technology (NIST) and
the National Institute of Dental and Craniofacial Research
(NIDCR).

References and Notes

(1) Lin-Gibson, S.; Bencherif, S.; Cooper, J. A.; Wetzel, S. J.; Antonucci,
J. M.; Vogel, B. M.; Horkay, F.; Washburn, N. Biomacromolecules
2004 5, 1280-1287.

N. Polym. Ad. Technol.2001, 12, 335-345.

(27) Schneider, H. AJ. Res. NISTL997, 102, 229-248.

(28) Park, J. W.; Im, S. SPolymer2003 44, 4341-4354.

(29) Zhang, G.; Zhang, J.; Wang S.; ShenJDRPolym. Sci. Polym. Phys.
2003 41, 23-30.

(30) Fox, T. G.Bull. Am. Phys. Soc965 1, 123.

(31) Gordon; M.; Taylor, J. S1. Appl. Chem. USSR952 2, 493-500.

(32) Brozl, M. E.; VanderHart, D. L.; Washburn, N. Biomaterials2003
24, 4181-4190.

(33) Mrksich, M.; Whiteside, G. MAnnu. Re. Biophys. Biomol. Stru.
1996 25, 55-78.

(34) Washburn, N. R.; Yamada, K. M.; Simon, C. G., Jr.; Kennedy, S.
B.; Amis, E. J.Biomaterials2004 25, 1215-1224.

BMO0500648



