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Abstract

As tissue engineering and drug delivery applications increase in both number and complexity, the demand for new synthetic biocompatible
polymers with precisely tailored properties grows accordingly. Block copolymers are a particularly promising biomaterial as the physical and
physiological properties of these polymers can be closely controlled through manipulation of the type and organization of the blocks in the
polymer’s backbone. In this work, poly(ethylene glycol) (PEG) and poly(lactic acid) (PLA) were incorporated into PEGePLAePEG block
macromonomers with (meth)acrylate functionality to form photopolymerizable, highly cross-linked polymers for potential use in a variety of
biomedical applications. Simply by directing the PLA:PEG ratio in these macromonomers, the hydrophobicity, physical behavior, degradation,
and biocompatibility of the resulting polymer were controlled. Specifically, it was found that by increasing the PLA:PEG ratio, the degree of
water uptake and the mechanical strength of the material is significantly decreased, while the glass transition temperature and degradation of the
PEGePLA polymers are delayed. Additionally, the biocompatibility of the PEGePLA polymers is significantly influenced by the chemical com-
position of the material as increased PLA generally yields greater cell compatibility. By demonstrating the versatility of the photopolymerizable
PEGePLA polymers, the results of this study indicate that these materials have the potential to serve as a synthetic biomaterial platform, in
which the properties of the polymer can be tailored to a variety of tissue engineering or drug delivery applications.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Biomaterials for tissue engineering or drug delivery have
seen numerous advances in recent years as researchers con-
tinue to develop and modify polymeric materials to meet the
demanding needs of these biomedical applications. Towards
this end, many types of synthetic and natural polymers have
been synthesized and employed as drug delivery vehicles or
tissue scaffolding, roles that typically require precise and
controllable polymer properties for successful function [1e4].
Degradable analogs of these biopolymers have received
particular attention by reducing the need for device removal

* Corresponding author. Tel.: þ1 319 335 5015.

E-mail address: allan-guymon@uiowa.edu (C.A. Guymon).
0032-3861/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.polymer.2007.08.023
surgery. Recent results have demonstrated that an appropriate
breakdown of the synthetic biomaterial allows for improved
healing and increased tissue function, or a highly controlled
release of large molecular weight biomolecules compared to
non-degradable hydrogel constructs [4e6]. In addition to de-
gradation, the ability to tune the physical properties of degrad-
able polymers is an integral part of biopolymer design as
properties such as water content, permeability, and mechanical
strength have been shown to influence drug release, as well as
cellular growth and function, critical parameters for successful
tissue engineering or delivery applications [7e10].

In the continually expanding library of natural and syn-
thetic polymers available for biomedical applications, block
copolymers of poly(ethylene glycol) (PEG) and poly(lactic
acid) (PLA) have emerged as one of the more promising bio-
degradable materials due to their highly controllable chemical
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and physical properties [11e13]. Early work by Hubbell docu-
mented the versatility of these materials by showing drasti-
cally different polymer properties simply by changing the
size of the PEG and PLA blocks in the polymer network
[14]. This work also demonstrated the specific roles of the
PEG and PLA blocks in the biopolymer as PEG groups add
hydrophilicity and bring water into the network, while PLA
blocks (less hydrophilic than PEG) enable the biodegradability
of the material with their hydrolytically cleavable ester moie-
ties. This simple axiom can be expanded as further studies
have shown that blending polymer formulations with PLA in-
creases mechanical strength, glass transition temperature, and
cell biocompatibility over simple PEG hydrogel systems
[15,16]. In addition, the presence of PEG in the copolymer
aids in the control of cellebiomaterial interactions by prevent-
ing non-specific protein binding, a drawback of traditional
PLA biomaterials [11].

The general structure of photopolymerizable PEGePLAs
studied to date are comprised primarily of a large central
PEG chain flanked by PLA blocks of varying size, end-capped
with functional vinyl groups to allow cross-linking of the
macromonomers. Typically these macromonomers are large
(MW> 5000) leading to networks with a relatively low
cross-link density, high degree of network swelling in water,
and low mechanical properties [14,17,18]. In this study, we
have explored the synthesis of lower molecular weight
photopolymerizable PEGePLAePEG macromonomers
(MW< 2000) using a synthesis scheme that results in a new
arrangement of the PEG and PLA blocks in the monomer.
By reversing the traditional order of the blocks, placing the hy-
drophobic PLA in the middle of the macromonomer, hydro-
philic PEG blocks flanking the PLA, and capping the
macromonomer with (meth)acrylate functionality, a new
PEGePLA photopolymerizable macromonomer is formed. It
is expected that the reverse PEGePLAePEG block orienta-
tion will change the monomer and/or polymer behavior in
a number of potential applications including drug loading
and polymer interactions for the fabrication of drug delivery
polymer vehicles, compatibility in multi-component biode-
gradable composites, or even the ability to template the biode-
gradable monomer within a nanostructured lyotropic liquid
crystal [19,20]. In addition, the use of relatively small PEG
and PLA blocks as starting materials in this study allows for
a simple pathway to fabricate PEGePLAePEG networks
that are highly cross-linked with good mechanical integrity
and material properties that may be directly controlled through
the manipulation of the PEG:PLA block ratio.

The current synthesis of the PEGePLAePEG block mac-
romonomers expands on a scheme first proposed by Jeong
et al. in which low molecular weight, non-reactive block mac-
romonomers were developed for drug delivery applications.
The thermo-sensitive PEGePLAePEG monomers synthe-
sized by Jeong et al. gel in aqueous solution by forming aggre-
gates of micelles through hydrogen bonding [21]. In the
present work, reactive (meth)acrylates groups were added to
the PEGePLAePEG molecules leading to the formation of
a network with physical cross-links that are not soluble until
hydrolytically cleaved by aqueous solution. Cross-linking
serves not only to increase the network’s mechanical proper-
ties, but also plays a role in controlling water uptake, influenc-
ing permeability, and regulating the breakdown of the
network. Previous work has demonstrated that the physical
properties of biopolymers are much easier to control in
cross-linked networks due to the fact that manipulation of
the matrix cross-link density directly influences such material
properties as mechanical strength, swelling, transport behav-
ior, and degradation [17,22e24], as well as physiological
properties such as cell health, proliferation, and cell function
[25,26].

The work described herein characterizes the physical prop-
erties and polymerization behavior of the newly synthesized
biodegradable PEGePLAePEG cross-linked materials, dem-
onstrating the property modulation that can be achieved in
this system through simple polymer chemistry. Specifically,
the macromonomer’s molecular weight, block composition,
and reactive functional groups were varied while measuring
the key physical parameters of the resulting polymer network,
including water uptake, mechanical properties, degradation
rate, polymerization behavior, and biocompatibility. This pa-
per aims to understand the relationships between the designed
structure and chemistry of the macromonomer and the result-
ing behavior of the synthesized biomaterial in an effort to en-
able the precise tailoring of its physical properties to a number
of current and future biomedical applications including drug
delivery, biodegradable composite formulation, and tissue
engineering bioscaffold design.

2. Experimental

2.1. Materials

Poly(ethylene glycol) acrylate (PEGA, MW 375, Aldrich)
and poly(ethylene glycol) monomethacrylate (PEGMA, MW
400, Polysciences) were dried by azeotropic distillation with
benzene. DL-lactide (MW 144, Polysciences) was recrystal-
lized in hexanes from ethyl acetate prior to use. Dulbecco’s
phosphated buffer saline solution (Aldrich) was mixed with
10 L of distilled water to obtain a pH of 7.4 (9.6 g/L of water).
Hexamethylene diisocyanate (Aldrich), stannous octoate
(Aldrich), the photoinitiator 1-hydroxycyclohexyl phenyl ke-
tone (Irgacure 184, Ciba), and all other solvents were obtained
and used without further purification.

2.2. Methods

The synthesis scheme for the diacrylate PEGePLAePEG
macromonomer with a 3.5:n molar ratio of EG (ethylene
glycol repeat groups) to LA (lactic repeat groups), named
PL(n)PDA, is shown in Fig. 1. Briefly, for the synthesis of
PL2PDA, 25 g of dry PEGA, 19.2 g DL-lactide (2 mol DL-
lactide/mol PEGA), and 60 ml of toluene were charged to a
250-ml round bottom flask under an argon atmosphere. The
reaction vessel, fitted with a condenser, was stirred at reflux
temperatures for the reaction toluene solvent (110 �C) for 0.5 h
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Fig. 1. Synthesis scheme of PL(n)PDA monomer in a two step reaction involving the ring opening addition of lactide to PEGA (a), and the coupling of the PEGAe

PLA blocks using a diisocyanate linker to make the photopolymerizable PEGePLAePEG block macromonomer (b).
to let the lactide melt into solution. Two hundred milligrams of
stannous octoate was added to the flask and the solution was
stirred for 6 h at reflux conditions and cooled to 60 �C. Hexa-
methylene diisocyanate (5.6 g) was slowly added to the flask
to couple the diblock PEGePLA. No additional catalyst was
added for the isocyanate and alcohol reaction. The reaction
vessel was stirred for 12 h at 60 �C, followed by 6 h at reflux
temperatures. After cooling to room temperature, the mono-
mer product in the reaction vessel was extracted using hexane
(1� 400 ml), a 1:1 mixture of petroleum ether and ethyl ether
(1� 400 ml), and pure ethyl ether (2� 400 ml). The resulting
product, a viscous semi-clear liquid, was then dried overnight
in a vacuum oven. Typical yields for this synthesis on a mass
basis were 70e85% with the lower yields resulting from the
more viscous PL3PDA monomers due to recovery issues.
The synthesis scheme for the dimethacrylate version of the
PEGePLAePEG block monomer is identical except for the
vinyl group on the precursor PEG chain and the term DMA
to represent dimethacrylated monomers.

2.3. Characterization of PLPDA block monomers

IR analysis of the synthesized block monomers was accom-
plished using a Thermo Electron Nexus 670 Fourier transform
infrared spectrometer (FTIR) with ATR accessory. The detec-
tor of the FTIR was cooled with liquid nitrogen and the instru-
ment was purged with nitrogen gas to suppress noise from
carbon dioxide and water vapor in the environment. For
each run, approximately 10 mL of monomer solution was
placed on the ATR crystal and 64 scans were taken to create
a transmission spectrum. 1H NMR spectra were obtained using
a Bruker Avance 300 probe using 16 scans per sample. For
analysis approximately 25 mg of product was dissolved in
0.5 mL of deuterated chloroform.

2.4. UV polymerization characterization

For polymerization characterization, 75 and 40 wt% solu-
tions of the block macromonomer in ethylene glycol diacetate
(used to prevent solvent evaporation from convoluting the
polymerization results) were mixed thoroughly. Photoinitiator
(0.75 wt%) was added to each solution. The photopolymeriza-
tion reaction was investigated using both photo-differential
scanning calorimetry (PDSC) and real-time infrared spectros-
copy (RTIR). For PDSC, a PerkineElmer differential scanning
calorimeter was fitted with a medium pressure UV arc lamp
(ACE Glass) to initiate polymerization. A 365 nm filter was
used to control the emission spectrum and light intensity
(1.8 mW/cm2). The polymerization rate was determined as
a function of time using the exotherm from the reaction and
previously defined methods [27].

A Thermo Electron Nexus 670 Fourier transform infrared
spectrometer (FTIR) was modified to allow for real-time moni-
toring of photopolymerizations. Photopolymerization was ini-
tiated using a high-pressure mercury arc lamp (Exfo Acticure
4000) using 365 nm light (1.8 mw/cm2). The double bond
conversion of the monomer sample was calculated using the
height of the IR peak of the (meth)acrylate functional group
(810 cm�1) and previously defined methods [27].

For physical property experiments, 75 and 40 wt% solutions
of the block macromonomers in ethanol were mixed
thoroughly for 1 h prior to polymerization. Photoinitiator
(0.75 wt%) was added to each solution. Bulk polymerizations
of the synthesized monomers were not attempted in this study
due to the high viscosity of the monomer preventing adequate
dissolution and uniform mixing of the photoinitiator. Polymer
squares were made by pouring 1 ml of monomer solution into
a nylon mold with 2� 2� 0.25 cm troughs. The mold was
placed in a nitrogen purged box for 10 min and then irradiated
using a 365 nm UV light source (1.8 mW/cm2). Disks were
punched from these square polymer samples for both swelling
and modulus tests.

2.5. Mechanical and swelling characterization

Water absorption was measured gravimetrically by immers-
ing dried polymer disks into 37 �C PBS solution and measur-
ing water uptake at given intervals. Swelling measurements
were taken by removing the gel from solution, patting the sur-
face dry, and then recording the mass of the hydrated polymer.



6557J.D. Clapper et al. / Polymer 48 (2007) 6554e6564
Equilibrium water absorption was determined once the mass
of the hydrated sample did not change significantly as a func-
tion of overall swell time and was calculated using previously
defined methods [28]. For swelling and all additional tests be-
low, three polymer samples were made for all formulations to
obtain a standard deviation for each resulting data point,
represented by error bars in the reported figures.

Dynamic mechanical analysis (DMA, TA instruments Q800
series) was used to determine the compressive modulus of
PLPDA samples in both the dehydrated and swollen state.
Dehydrated disks were dried post-polymerization. For the hy-
drated modulus tests, samples were incubated in 37 �C water
for 24 h prior to the compressive test. Disk shaped samples
were placed on the compressive clamp of the DMA and com-
pressed to approximately 90e95% of their original height.
Compressive modulus was determined using stress/strain
curves from the DMA runs.

DMA was also utilized to determine the glass transition
temperature (Tg) of the PEGePLA photopolymerized mate-
rials. Bar shaped samples of each material were polymerized
using monomer formulations of 75 and 40 wt% macromono-
mer in ethanol. The samples were swelled in ethanol to re-
move any unpolymerized macromonomer, and then dried
overnight before testing. Samples were placed in the single
cantilever clamp on the DMA and oscillated at 1 Hz, using
a deformation strain of 0.05%, as the temperature was slowly
ramped from �90 to 60 �C. Storage modulus and tan d were
plotted vs. temperature to determine the Tg of the material,
the temperature corresponding to the peak in the tan d/temper-
ature profile.

2.6. Degradation analysis

The degradation profile of each polymeric material was
determined by creating 40 (1� 1� 0.25 cm) squares. Dried
samples were weighed and immersed in approximately
20 ml of PBS solution in individual vials kept at 37 �C. Sam-
ples were removed at designated times and weighed in both
the hydrated and dried states. Triplicate samples were removed
at each time point to gauge the variability in the degrading
samples, represented by error bars on the mass loss and water
uptake figures. Mass loss and water uptake were recorded as
a function of time. The pH of each sample solution was also
tracked and all vials for a particular material were replaced
with new PBS if the pH dropped below 6.4 on a recorded
sample.

2.7. Cell biocompatibility

Cell compatibility of the generated polymers was investi-
gated using a lactate dehydrogenase (LDH) ELISA cytotoxi-
city detection kit (Roche Diagnostics Corp.). The mouse
endothelial cell line C166 (American Type Culture Collection,
Manassas, VA) was grown to confluency (1 week) in a 24-well
TPS plate in Dulbecco’s Modified Eagle Glucose Rich
Medium supplemented with 10% Bovine Serum, 1% Peni-
cillin, and 0.1% Amphotericin B. Polymer sample cubes
(2� 2� 2 mm) were placed in the culture medium on top of
the monolayer of healthy endothelial cells. After 1 week of in-
cubation, the medium was analyzed using the LDH ELISA
and a Thermo Multiskan plate reader to determine the absor-
bance of the medium at 492 nm. Controls were established us-
ing wells with cells and no polymer (baseline cell death under
these conditions), wells with polymer and no cells (baseline
absorbance), and wells with cells lysed in 1% Triton X-100
to quantify 100% cell death. Additional controls were per-
formed using the ELISA assay to compare a solution of lysed
cell medium and PBS with degrading polymer (LDH with
polymer degradation products) to a solution of lysed cell me-
dium and PBS (LDH without polymer degradation products).
Again, triplicate sets were performed for all samples and con-
trols. Relative cell death (RCD) was established using Eq. (1)
below in which T is the absorbance recorded for 100% cell
death, B is the baseline absorbance (no cell activity), and R
is the absorbance for the given run.

RCD¼ R�B

T�B
� 100% ð1Þ

3. Results and discussion

Synthetic polymers are often selected for use as biological
applications due to the high degree of control over the physical
properties and behavior that is accessible through chemical
manipulation. Previous research encompasses a wide spectrum
of methods to tailor and control the physical and biological
properties of synthetic polymers including bulk chemistry,
cross-link density, surface chemistry, and degradation mecha-
nisms to name a few [6,8,25,29]. In this work, PEGePLAe
PEG block macromonomers were synthesized in which the
chemistry of the biomacromonomer was varied simply by
changing the block composition of the macromonomer. The
resulting physical behavior of the PEGePLAePEG cross-
linked materials was examined as a function of macromono-
mer chemistry to determine the effect of polymer structure
and chemistry on properties such as network swelling, me-
chanical properties, degradation rate, glass transition tempera-
ture, and biocompatibility. By characterizing the newly
synthesized biomaterials, this study expects to expand their
use in such applications as drug delivery vehicles, multi-
component biocomposites, tissue engineering scaffolds, or
nanostructured biopolymer systems.

3.1. Synthesis of PEGePLAePEG block monomers

To investigate the relationships between the designed
chemistry of the PEGePLAePEG macromonomers and their
physical behavior, (meth)acrylated macromonomers were syn-
thesized with varying ratios of PEG and PLA blocks. Although
the functional vinyl groups of the PEGePLAePEG macromo-
nomers allow the material to form a cross-linked network, the
chemical structure between the functional groups is expected
to determine the physical behavior of these materials. Table 1
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describes the chemical structure of the novel PEGePLAePEG
macromonomers. In Table 1, PL2PDA indicates that a 2:1 ra-
tio of DL-lactide to PEGA (acrylate) was used in the synthesis
of this material resulting in a 4:7 ratio of lactic acid (LA) to
ethylene glycol (EG) blocks between vinyl functional groups.
The overall hydrophilicity of the material, depicted by the
ratio of hydrophilic to hydrophobic molecular weight in the
macromonomer, is expected to have an impact on the swelling
and degradation of these materials in aqueous solutions. In ad-
dition, the total molecular weight of the macromonomer will
directly influence the distance between cross-linking sections
(i.e. cross-link density) and should have a dramatic effect on
the physical and physiological behavior of these materials.
Methacrylated analogs of the materials in Table 1 are chemi-
cally similar to the acrylates shown, apart from the meth-
acrylate vinyl functionality, and are represented by the code
PLPDMA in all further discussion. Although both meth-
acrylate and acrylate functional macromonomers were synthe-
sized, the only direct comparison between the two reported
here is in the kinetic polymerization analysis. The remainder
of this study reports only the physical property analysis of
the acrylate version of each PEGePLAePEG macromonomer
as there was little difference between the swelling, modulus,
and degradation rate of the methacrylate and acrylate analogs.
Rather the significant property changes occurred as the PEGe
PLA block chemistry between the vinyl functional groups was
varied.

The syntheses of the PLPDA and PLPDMA macromono-
mers were confirmed using both 1H NMR and FTIR spectros-
copy. Analysis of 1H NMR spectroscopy showed the
appearance of poly(lactic acid) protons at 1.5 and 5.2 ppm
as well as a shift in the PEG methylene protons (4.2 ppm) im-
mediately adjacent to the PEGePLA joint confirming the ad-
dition of lactide to the hydroxy terminated PEGA. Coupling of
the PEGePLA molecules was observed with the appearance
of the urethane linkage proton (eNHe) at approximately
2.5 ppm. Throughout the synthesis, vinyl protons remained in-
tact with resonances at 5.8, 6.1, and 6.4 ppm. FTIR spectra for
both PEGA and synthesized PL2PDA were used to track the
macromonomer synthesis as shown in Fig. 2. The acrylate
stretch (a) at 1640 cm�1 in both the PEGA and PL2PDA spec-
trum confirmed that acrylate groups remained intact through-
out the synthesis. The addition of lactide to the PEGA was
observed by the growth in the ester stretch (b) at 1750 cm�1

and the appearance of two peaks in this wave number range,
showing contributions of both the ester groups adjacent to

Table 1

Synthesized PEGePLAePEG acrylated macromonomersa

Polymer EG:LA ratio Hydrophilic:hydrophobic MW Total MW

PL1PDA 7:2 3:2 1200

PL2PDA 7:4 1:1 1500

PL3PDA 7:6 3:4 1800

a The name of the monomer, the ratio of ethylene glycol (EG) to lactide

(LA) repeat units, the expected hydrophilicity ratio based on molecular weight

including the central hexamethylene chain, and the approximate molecular

weight of each macromonomer are listed.
the acrylate and the ester groups in the added poly(lactic
acid) blocks. Finally, the coupling of the PEGePLA mole-
cules using hexamethylene was traced by the disappearance
of the PEGA hydroxyl peak (c) at 3500 cm�1 and the appear-
ance of the urethane NH stretch (d) at 3350 cm�1.

3.2. Polymerization characterization

The polymerization of the functionalized macromonomers
was observed using both photo-DSC and real-time IR methods
examining the polymerization rate and the extent of conver-
sion of (meth)acrylate vinyl groups. Though little divergence
in the rate and extent of conversion was observed as the
macromonomer lactide content was increased, significant
variances in terms of polymerization rate were observed
between the acrylate and methacrylate versions of the PLP
macromonomers. Fig. 3 displays the polymerization profiles
of PL2PDA and PL2PDMA taken using both P-DSC
(Fig. 3A) and RTIR (Fig. 3B) methods. For both instruments,
a definite rate enhancement is observed with the acrylated
monomer over the methacrylated monomer. This trend has
been well documented for various commercially available ac-
rylate and methacrylate monomers in previous work, and is
typically attributed to the steric hindrance of the methyl moi-
ety on the methacrylate vinyl group [30,31]. Specifically, from
Fig. 3A, the maximum rate of polymerization of the acrylate
macromonomer is approximately seven times faster than the
methacrylate version.

Fig. 3B also demonstrates the high degree of conversion for
these monomers (typically above 90%), as well as the rapid
nature of the photopolymerization reaction, in which most
(>80%) of the reaction is complete within the first minute
of irradiation. A high degree of conversion has both physical
and physiological implications as unreacted monomer from
low conversions can act as a plasticizer, compromising the

Wavenumbers (cm-1)

1000 1500 2000 2500 3000 3500

a

b

1
c

d
2

Fig. 2. FTIR spectrum of (1) precursor poly(ethylene glycol) acrylate (PEGA)

and (2) synthesized PL2PDA, with spectrum peaks for the acrylate peak at

1640 cm�1 (a), the second ester stretch from the PLA at 1760 cm�1 (b), the

PEGA hydroxy peak at 3500 cm�1 (c), and the urethane linkage at

3350 cm�1 (d).
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mechanical strength of the material. In addition, low conver-
sions potentially decrease the biocompatibility of the polymer
by retaining unreacted vinyl groups in the system [32].

3.3. Network swelling

The overall hydrophobicity of the PLPDA materials, a func-
tion of their lactide content (Table 1), is expected to heavily
influence the degree of water uptake in these systems. To ex-
plore this relationship, PL1PDA, PL2PDA, and PL3PDA ma-
terials were photopolymerized from monomer solutions with
both 75 and 40 wt% macromonomer in ethanol. Fig. 4 demon-
strates a linear decrease in the initial water uptake of the sys-
tem as the lactide content of the macromonomer is increased.
Previous work and modeling have thoroughly characterized
the swelling of cross-linked hydrogel networks showing that
the degree of water uptake is dependent on two primary matrix
characteristics; cross-linking density and the interaction be-
tween the polymer and solvent [33]. Network swelling theory
predicts that as macromonomer content in the monomer for-
mulation decreases, lowering the cross-link density of the
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All polymerizations were initiated with UV irradiation at time 0.
polymerized network, the potential swelling of the material
will increase due to increased void space in the polymer and
a weakening of the retractile forces holding the network to-
gether. This relationship is evident in Fig. 4, as the PLPDA
materials polymerized in a 40 wt% solution, that are expected
to have a lower cross-linking density, swell consistently 10e
20% more than the materials polymerized in a 75 wt% solu-
tion of the same monomer.

Within one macromonomer loading (e.g. 75 wt%), the ob-
served swelling decreases almost 40% with increased lactide
content even though the longer lactide chains in these macro-
monomers will effectively decrease the overall cross-link
density of the network. In this case, the chemistry or
hydrophobicity from increased lactide content of the macro-
monomer dictates the interaction between the polymer and
water and is the dominant factor, influencing the swelling be-
havior of the PLPDA materials. This trend is also evident
within the 40 wt% monomer solutions in which the more hy-
drophobic materials (i.e. PL2PDA and PL3PDA) again swell
approximately 50% less than the PL1PDA networks. Thus,
through simple manipulation of the PEG:PLA ratio and mac-
romonomer concentration, a great deal of control over the
degree of water uptake in the PLPDA materials is realized.

3.4. Mechanical property analysis

PLPDAs with increasing lactide content, polymerized with
both 40 and 75 wt% macromonomer concentrations, were in-
vestigated to determine the influence of cross-link density,
block composition, and macromonomer size on the compres-
sive modulus of these materials. Furthermore, by testing the
modulus of samples in both hydrated and dry states, the influ-
ence of swelling on the modulus of the network could also be
determined. Fig. 5 shows the hydrated and dehydrated com-
pressive modulus of PLPDA materials with increasing macro-
monomer lactide content. As expected, by removing the water
from each network, the modulus of the dehydrated material is
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consistently greater than the hydrated samples for the same
lactide content. Furthermore, the observed differences be-
tween dry and swollen modulus is the greatest for 40 wt%
PL1PDA gel which exhibits the highest degree of water up-
take. Due to the amount of water in the swollen gel,
a 600 kPa (45%) drop in modulus from the dehydrated value
is observed for the 40 wt% macromonomer sample. On the
other hand, the gap between wet and dry modulus is much
closer for the low swelling 40 wt% PL3PDA material with
a drop of only 100 kPa or 25% (Fig. 5B).

It is also observed in Fig. 5 that as the degree of lactide per
macromonomer is increased from 2 to 6, the modulus de-
creases approximately 700 kPa for both the dehydrated
75 wt% macromonomer samples and the dehydrated 40 wt%
macromonomer materials. The decrease in modulus with lac-
tide content is unexpected given the earlier result in which
a decrease in swelling with increased lactide was recorded
(Fig. 4). Generally, a decrease in water uptake will serve to in-
crease the modulus of a hydrogel network. However, as lactide
content is increased and the size of the macromonomer in-
creases, a decrease in cross-linking density is anticipated
that would directly lead to a drop in the mechanical strength
of the system [23]. The relationship between modulus, cross-
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Samples were compressed in both the dehydrated (C) and swollen state ( ).
link density, and lactide content can be observed in Fig. 5,
in which the modulus of the 75 and 40 wt% macromonomer
loaded PLPDA materials decreases 45 and 60%, respectively,
with increased lactide content and macromonomer size. The
correlation between cross-link density and modulus is also ev-
ident by comparing Fig. 5a and b. As the macromonomer con-
tent is diluted from 75 to 40 wt% and the cross-link density is
consequently decreased, there is an average drop of 275 kPa in
the compressive modulus of both the hydrated and dehydrated
PLPDA samples. Thus, in regard to the mechanical properties
of the PLPDA materials, it is evident that the polymer cross-
link density is the dominant factor governing the mechanical
properties of the biomaterial.

3.5. Glass transition temperature

Due to the vast differences in thermo-mechanical properties
of cross-linked poly(ethylene glycol) and poly(lactic acid), the
thermo-mechanical properties of the block macromonomers
synthesized from PEG and PLA were investigated to assess
the contributions from each block constituent to the properties
of the copolymerized network. Dynamic mechanical analysis
was used to determine the glass transition temperatures (Tg)
of each of the three PLPDA materials, as well as to observe
subtle differences in the network that may arise from the vary-
ing lactide in the backbone of each macromonomer. Fig. 6 dis-
plays the tan d/temperature profiles for PL1PDA, PL2PDA,
and PL3PDA. The peak of the tan d/temperature profile is
often recognized as the Tg of that material [34].

The range of Tg reported for cross-linked poly(ethylene
glycol) with similar molecular weight to the synthesized
macromonomers is approximately �40 �C to �60 �C [16,35].
Alternatively, the reported Tg for poly(lactic acid) of similar
molecular weight is approximately 30 �C to 50 �C [16].
From Fig. 6, it is observed that the Tg of the biomaterials com-
prised of both PEG and PLA, respectively, fall between the
Tg’s of pure cross-linked PEG and PLA. This result is antici-
pated due to the fact that each PLPDA material contains
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Fig. 6. Tan d vs. temperature profiles taken for PL1PDA (i), PL2PDA (ii), and

PL3PDA (iii) photopolymerized materials.
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both PEG and PLA, and PL2PDA in particular possesses an
approximate equal amount of the two in this monomer (Table
1). In addition, the intermediate Tg range for the PLPDA ma-
terials (�6, 3, and 9 �C) suggests that both the PEG and PLA
segments of the block macromonomers contribute additively
to the thermo-mechanical properties of the fabricated network.

3.6. Degradation and transient swelling

In addition to the initial swelling and mechanical assess-
ment of the PLPDA biomaterials, the degradation behavior
of these polymers was studied to determine the rate at which
these cross-linked networks breakdown under physiological
conditions. The swelling of the PLPDA materials was also
tracked over time as this will directly impact degradation
due to the breakdown mechanism of the PLPDA networks,
i.e. the hydrolysis of ester bonds by water. Fig. 7A shows
the mass loss over time of PLPDA networks with increasing
PLA content in the macromonomer, while Fig. 7B describes
the transient swelling behavior of these materials. In the first
half of the degradation profile of each PLPDA material, the
rate of mass loss seems to be determined by the hydrophobi-
city of the network with the more hydrophilic PL1PDA
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Fig. 7. (A) Degradation profiles and (B) transient swelling profiles of PL1PDA

(C), PL2PDA (7), and PL3PDA (-) fabricated with 75 wt% macromono-

mer in pre-polymerized formulations.
reaching 50% mass loss at day 33, while the hydrophobic
PL3PDA material reaches 50% mass loss at day 70. The rela-
tionships between hydrophilicity, swelling, and degradation
are shown in the swelling profiles of these materials
(Fig. 7B) as the more hydrophilic PL1PDA polymer initially
swells to a much greater degree than the other two, allowing
more water into the network, further increasing the rate of
hydrolysis and breakdown of this material. At day 40, the
PL1PDA polymer has swelled approximately 400% more
than either PL2PDA or PL3PDA. The PL3PDA polymer
which is much less hydrophilic due to the increased PLA con-
tent initially resists swelling yielding the delay in degradation
observed in Fig. 7A. The exponential nature of the swelling
profiles of PL2PDA and PL3PDA in Fig. 7B is highly charac-
teristic of cross-linked degradable hydrogel systems and has
been well documented. It has been proposed that as network
cross-links are degraded, the retractile forces holding the ma-
terial together are weakened, allowing for greater network
swelling. The amplified swelling, in turn, further increases
the degree of hydrolysis of cross-links and the cyclic process
compounds exponentially [17].

While the degree of swelling is a considerable factor in the
degradation of PLPDA, other aspects in this dynamic system
influence the degradation rate of these materials. For example,
to degrade a cross-link in the network, water must only cleave
one ester bond in the backbone of that cross-link. Therefore,
macromonomers with significantly more ester groups per
cross-linking backbone (i.e. PL3PDA) will have an increased
probability of a water molecule finding an ester bond and
breaking that cross-link. Previous studies have demonstrated
an increase in degradation rate for materials with greater ester
contents in their cross-linking macromonomers [14]. This be-
havior is also observed for the PLPDA materials in Fig. 7A, in
that once each network is sufficiently swollen with water (days
70e80), the hydrophilicity no longer governs the degradation
rate of the network. Instead, the amount of degradable lactide
in each material determines the material’s degradation rate
with PL3PDA completely degrading in approximately 122
days and PL2PDA undergoing complete degradation in 160
days.

In Fig. 7A, it is observed that PL1PDA, while initially de-
grading very rapidly, reaches a point at 45% mass loss in
which degradation seems to halt or proceed very slowly.
This phenomenon is attributed to the nature of the synthesis
of these materials, in which DL-lactide is expected to add to
the PEGA in step one of the synthesis in a statistical manner.
While it is theorized that the majority of the PL1PDA macro-
monomers will have one lactide per PEGA molecule, normal
probability dictates that a fraction of these macromonomers
will have two or more lactides per PEGA and others will
have no lactide per PEGA. Furthermore, if two PEGA mole-
cules with no added lactide are coupled in step b of the reac-
tion (Fig. 1), a non-degrading cross-link will be created in the
network. Previous work has demonstrated that as little as
2 wt% of non-degrading cross-linking monomer mixed in
with a degradable polymer system is enough to induce a rela-
tively permanent network after initial degradation mass loss
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[25]. As the lactide to PEGA ratio increases in the synthesis
reaction, the chances of creating a PEGA with no grafted lac-
tide decreases significantly, resulting in a material that is fully
degradable as observed with PL2PDA and PL3PDA gels.

Degradation and swelling were also tracked for PLPDA
materials polymerized with 40 wt% macromonomer solutions
in comparison to 75 wt% solutions. Fig. 8 describes the tran-
sient mass loss and swelling of 40 wt% PL2PDA compared
to the same material polymerized at 75 wt% macromonomer
loading. Due to an increase in void space and decrease in
cross-link density, the 40 wt% PL2PDA swells to a much
greater degree than the 75 wt% material as demonstrated ear-
lier in Fig. 4. The decrease in cross-linking and increase in
swelling has a dramatic effect on the degradation of the
40 wt% PLPDA materials, cutting the degradation time of
PL2PDA to 52 days, approximately 40% of the higher macro-
monomer loaded PL2PDA material which degrades in 160
days. Although only the PL2PDA at 40 wt% macromonomer
loading is displayed in Fig. 8, the same trends observed with
the three 75 wt% macromonomer PLPDA materials (Fig. 7),
i.e. decreased swelling and initial degradation with increased
lactide content, are also observed with each of the 40 wt%
macromonomer loaded PLPDA polymers.
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Fig. 8. (A) Degradation profiles and (B) transient swelling profiles of PL2PDA

fabricated from 75 wt% macromonomer (B) and 40 wt% macromonomer

(;) in pre-polymerized formulations.
3.7. Cell biocompatibility analysis

The ultimate goal in the development of the PLPD(M)A
macromonomers is to use these photopolymerized materials
in biomedical applications. Therefore, it is essential to show
that the synthesized materials are biocompatible, and that their
degradation products are relatively non-toxic to the cells sur-
rounding a potential implant of these materials. Cell toxicity
tests were performed using a lactate dehydrogenase (LDH) as-
say designed to detect cell or tissue damage as a result of en-
vironmental factors. As cells undergo lysis as a result of either
physical or chemical damage, they release cytoplasmic LDH
in response to plasma-membrane damage. The amount of
LDH released, quantified using an ELISA assay and plate
reader, is therefore a good approximation of the amount of
cell death that is a direct result of the polymer material present
in the cell’s environment. In this study, a healthy monolayer of
mouse endothelial cells was cultured and then incubated with
small square samples of the degrading PLPDA polymers. Cells
were tested with PLPDA samples of varied lactide content, as
well as samples in both the initial and mid-stages of their
degradation profile.

Fig. 9 lists the relative cytotoxicity of the PLPDA materials
as compared to a healthy cell culture with no polymer sample
(control), as well as samples in which all the cells were lysed
(100% cell death). From Fig. 9, it is observed that a decreasing
amount of cell death occurs as the lactide content in the non-
degraded biopolymers is increased, to the point in which
PL2PDA and PL3PDA are equal or better in terms of biocom-
patibility to the control sample of no polymeric material in the
culture. This result is not unexpected as previous work has
documented that high molecular weight PLA is very biocom-
patible and supports cell adhesion and proliferation while PEG
is a relatively inert biomaterial and does not promote protein
or cell attachment [16]. By altering the PLA to PEG content
of the macromonomer, the overall polymer can be made to dis-
play more PLA to the free cells, presenting a more favorable
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surface for the cells to potentially attach and proliferate, effec-
tively making PL3PDA more biocompatible than the macro-
monomers synthesized with lower lactide content. Additional
control tests were performed to insure that the degradation
products of the polymer constructs (lactic acid) did not inter-
fere with the LDH assay, through a reduction in enzymatic ac-
tivity or through competitive binding on the LDH receptor
sites, resulting in an artificial LDH reading.

In addition to the initial state biocompatibility assessment
of the PLPDA materials, the LDH assay was also performed
on samples with significant degradation (2, 3 and 5 weeks in
solution for 75 wt% PL1PDA, PL2PDA, PL3PDA, respec-
tively) to investigate the cytocompatibility of the biomaterials
at the peak rate of their mass loss, and gauge the effect of the
degradation products on the biocompatibility of the synthetic
polymers. It is observed in Fig. 9 that for both PL1PDA and
PL2PDA materials, little to no change in cytotoxicity occurs
as the network degrades. This result strongly suggests that
the degradation products, including the primary product for
this portion of the mass loss profile (lactic acid), is not gener-
ated in sufficient concentrations for the PL1PDA and PL2PDA
materials to have a negative effect on the growing endothelial
cells. The PL3PDA materials do, however, show a slight in-
crease in cell toxicity, approximately 15% cell death over
the non-degraded material. This result is attributed to the
greater lactide content in the PL3PDA network that will in-
crease the degradation rate after week 4 (Fig. 7A) and release
a greater concentration of lactic acid that could potentially de-
crease the pH of the medium and present an unfavorable
environment to the endothelial cells.

The biocompatibility results above reinforce one of the
main themes of this work, in that small changes to the
PEGePLAePEG block composition of the synthesized mac-
romonomer directs the overall chemistry and structure of the
generated polymeric networks, and therefore have a great
impact on the physical and physiological behavior of these
biomaterials. By discerning and characterizing the relationships
between the designed structure and chemistry of the macromo-
nomer and the resulting behavior of the synthesized biomate-
rial, a significant degree of control over the physical properties
of the PLPDA materials is realized. This work serves to dem-
onstrate the highly tailorable physical behavior that is accessi-
ble with the PLPDA materials, and presents this synthetic
material as a platform biopolymer that has potential towards
a variety of biomedical applications.

4. Conclusions

Block macromonomers, comprising of a hydrophobic PLA
biodegradable core and hydrophilic PEG ends, were enhanced
to include photopolymerizable reactive groups to allow the
macromonomers to form highly cross-linked, mechanically
stable biopolymers. These newly synthesized cross-linked bio-
materials with a reverse block structure from traditional PLAe
PEGePLA macromonomers were characterized in this study
in an effort to expand their potential use in applications such
as drug delivery vehicles, multi-component biocomposites,
tissue engineering scaffolds, or nanostructured biopolymer
systems. The results from this study indicate that by varying
the PEG and PLA content in the synthesized macromonomers,
many of the physical properties of the resulting polymeric
materials can be directly controlled. Specifically, as the PLA
content in the biomaterial is increased and the polymer is
made more hydrophobic, network swelling decreases over
50%, degradation is delayed by 40 days, and the glass transi-
tion temperature is shifted approximately 15 �C. Furthermore,
as the cross-link density is decreased with the addition of PLA
groups in the macromonomer, the modulus of the biomaterial
changes from 50 to 60%. Though the new polymeric materials
are generally biocompatible, the cell compatibility of the syn-
thesized biopolymer is also enhanced by optimizing the PEG
to PLA ratio towards the more hydrophobic copolymers.
The degree of control over physical and chemical properties
simply by changing the PLA content in the chemical backbone
of the PEGePLAePEG macromonomers makes this material
an excellent biodegradable polymer candidate with the range
and potential to serve in a variety of biomedical materials
applications.
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