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Abstract

The objective of this work was to determine the gelation kinetics, extent of swelling, sol fraction, and degradation kinetics of photo-cross-
linked poly(L-lactide-co-ethylene oxide-co-fumarate) (PLEOF) hydrogels, with N-vinyl-2-pyrrolidone (NVP) crosslinker, as a function of com-
position as well as the time and intensity of UV radiation. The gelation process was monitored by in situ rheometry. The crosslinking was shown
to be facilitated by increasing NVP concentration up to a certain value above which the hydrogel shear modulus did not increase with additional
amount of NVP. Increasing the hydrophobicity of PLEOF macromer resulted in a decrease in the hydrogel swelling ratio and increase in sol
fraction which was due to a reduction in the apparent reactivity of the PLEOF fumarate units. The degradation characteristics of PLEOF hydro-
gels depended on the ratio of PLA to PEG with PLEOF 30/70 (30% lactide) having the highest degradation rate.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Hydrogels are three-dimensional crosslinked polymeric
structures which are able to swell in physiological solution
and retain a significant fraction of water in their structure with-
out dissolving [1e4]. Small hydrophilic nutrient molecules
can readily diffuse through hydrogels [5,6]. In addition, diffu-
sivity of macromolecules and proteins in hydrogels is 4e5 or-
ders of magnitude higher compared to glassy polymers [7,8]
and cells immobilized in hydrogels are more likely to retain
their biological activity than hydrophobic polymers [9e12].
Hydrogels, due to their hydrophilicity and high permeability
to oxygen and nutrients, are very attractive for cell encapsula-
tion and soft tissue replacement [11,12], while those
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reinforced with calcium phosphate nanoparticles are useful
for hard tissue regeneration [13e15]. Hydrogel precursor solu-
tions can be crosslinked with bioactive peptides to produce
smart cell-responsive hydrogels [16e18]. Hydrogels are also
used for fabrication of non-biofouling micro and nanochannels
in two-dimensional surface patterning and three-dimensional
device fabrication [19].

Temperature, pH, photo-sensitive compounds, and reducing
agents are used to initiate the crosslinking reaction [20]. Since
biological systems have a narrow range of acceptable temper-
ature and pH and low tolerance for toxic compounds, photo-
initiation is the most feasible method of hydrogel preparation
for treating irregularly shaped defects [21e24]. Other advan-
tages of photo-initiation include spatial and temporal control
over the crosslinking reaction and fast polymerization rates
at physiological temperature [25,26].

A number of in situ crosslinkable synthetic macromers have
been developed for preparation of degradable hydrogels [27e
30]. Promising results have been obtained with poly(ethylene)
glycol (PEG) based macromers modified with reactive
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functional groups like methacrylate, acrylate, fumarate, and
sulfide groups that can be injected and crosslinked in situ using
redox initiators or ultraviolet (UV) light [31e36]. The results
demonstrate that the hydrogel network structure, biocompati-
bility, degradation, and viscoelastic properties are affected
by reaction conditions like component concentrations in the
polymerizing mixture and chemical composition of the macro-
mers [37e39]. For example, hydrogel crosslink density, which
is directly related to the ultimate gel modulus and inversely re-
lated to water content, can be adjusted by the concentration of
components in the polymerizing mixture. The extent of swell-
ing, in turn, impacts permeability, degradation, cell viability,
and viscoelastic properties [40].

In an attempt to control water content (hence mechanical
strength), degradation rate, and the rate of crosslinking, our
laboratory has developed a multi-functional poly(L-lactide-
co-ethylene oxide-co-fumarate) (PLEOF) macromer consist-
ing of ultra-low molecular weight poly(L-lactide) (ULMW
PLA) and PEG blocks linked by unsaturated fumarate units
[11]. The PLA and PEG are FDA approved and fumaric
acid occurs naturally in the Krebs cycle [41]. The water con-
tent can be adjusted by the ratio of the hydrophilic PEG to hy-
drophobic PLA blocks and by the molecular weight of PEG.
The degradation rate of the network can be tailored to a partic-
ular application by the ratio of PLA to PEG blocks or by using
ULMW poly(lactide-co-glycolide) (PLGA) in place of
ULMW PLA [42,43].

The gelation kinetics of the PLEOF hydrogel precursor so-
lutions crosslinked with a neutral redox initiation system was
investigated by us previously [44]. We proposed a kinetic
model for radical polymerization of PLEOF and investigated
the effect of each component of the precursor solution on
the network structure, gelation kinetics, and ultimate shear
modulus. The objective of this work was to investigate the ef-
fect of hydrogel composition on gelation kinetics, the extent of
swelling, and degradation of PLEOF hydrogels crosslinked by
ultraviolet (UV) radiation. The hydrogel precursor solution
consisted of PLEOF macromer, N-vinyl-2-pyrrolidone (NVP)
crosslinker, and 4-(2-hydroxyethoxy)phenyl-(2-hydroxy-2-
propyl)ketone photo-initiator. The gelation kinetics was mea-
sured in situ by rheometry.

2. Experimental part

2.1. Macromer synthesis

PLEOF was synthesized by condensation polymerization of
ULMW PLA and PEG with fumaryl chloride (FuCl) as de-
scribed in detail in a previous publication [44]. The weight
ratio of PLA to PEG was changed from 20/80 to 40/60 to pro-
duce PLEOF terpolymers with varying extent of swelling and
hydrophilicity. The structure of the PLEOF macromer was
characterized by 1H NMR and GPC. The Mn and PI of 20/
80 PLEOF were 8910� 150 Da and 1.7� 0.1, respectively,
those of 30/70 PLEOF were 8010� 150 Da and 1.6� 0.1,
and those of 40/60 PLEOF were 8060� 150 Da and 1.6� 0.1.
2.2. Hydrogel synthesis

Hydrogels were prepared by free-radical polymerization of
the PLEOF macromer and NVP (Aldrich, Milwaukee, WI)
crosslinker, with 4-(2-hydroxyethoxy)phenyl-(2-hydroxy-2-
propyl)ketone (Irgacure 2959; Ciba, Tarrytown, NY) photo-
initiator, in distilled deionized (DDI) water. The reaction
scheme for photo-crosslinking is shown in Fig. 1. The
photo-initiator was dissolved in NVP by heating the mixture
to 50 �C. Next, PLEOF was dissolved in DDI water and the
mixture was vortexed periodically and heated to aid dissolu-
tion. Then, NVP/initiator mixture was added to the aqueous
PLEOF solution, the mixture was vortexed, and loaded on
the Peltier plate of the rheometer. The hydrogel precursor so-
lution was exposed to UV light, as described below, for time
period tUV� 30 min. The initiator was dissolved in N-
methyl-2-pyrrolidone (NMP; Aldrich) for the formulations
without NVP. The notation ‘‘aPebNecI’’ is used to identify
the concentration of components in various hydrogel samples,
where a, b, and c represent the mole percent of PLEOF, NVP,
and photo-initiator in the hydrogel precursor solution, respec-
tively. The results are for PLA:PEG ratio of 20/80, unless
otherwise specified.

Fig. 1. The reaction scheme for photo-crosslinking of the PLEOF precursor

solution.
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2.3. Rheological measurements

Rheological measurements were performed at 37 �C on an
AR-2000 rheometer (TA Instruments, New Castle, DE) equip-
ped with a parallel plate geometry (acrylic plate transparent to
UV light; 20 mm diameter; TA Instruments). A sinusoidal
shear strain profile was exerted on the sample via the upper
geometry at a constant frequency of 1 Hz. The deformation
amplitude was 1% to remain within the linear region of visco-
elasticity. The polymerizing mixture was injected on the Pelt-
ier plate and the upper geometry was lowered to a gap
of 300 mm. The sample was irradiated with a BLAK-RAY
100-W mercury long wavelength (365 nm) UV lamp (Model
B100-AP; UVP, Upland, CA) located at distance d from the
center of the Peltier plate (Fig. 2). The elapsed time between
mixing/injection and the start of data collection was 30 s for
all experiments. The storage modulus (G0) during the gelation
process was monitored by the rheometer. The intensity of the
transmitted UV light was measured by a BLAK-RAY long-
wave ultraviolet radiation meter (Model J-221; UVP). The
transparency of the acrylic geometry to long-wave (365) UV
light was confirmed by comparing the intensity of the trans-
mitted light through the geometry to that of the incident light
(transmitted intensity was >95%). The measured UV intensity
at a distance of 10, 30, 35, and 40 cm from the lamp was
46,000, 5300, 4000, and 3000 mW/cm2, respectively. In the
text, ‘‘shear modulus’’ is defined as the storage shear modulus
of the hydrogel sample after 1800 s of UV radiation. All
hydrogel samples reached a plateau shear modulus after
1800 s of irradiation.

2.4. Measurement of swelling ratio and sol fraction

After completion of the gelation experiments, crosslinked
samples (20 mm diameter� 300 mm thickness) were removed
from the Peltier plate to measure the swelling ratio and sol
fraction. Samples were dried at ambient conditions for 12 h
followed by drying in vacuum for 1 h at 40 �C and the total

Fig. 2. Schematic diagram of the experimental set up for simultaneous in situ

UV crosslinking and measurement of the shear modulus of PLEOF hydrogels

with the rheometer.
dry weight (Wi; sol plus gel) was recorded. Next, the dry sam-
ples were swollen in DDI water for 24 h at 37 �C with a change
of swelling medium every 6 h. After swelling, sample was
removed from the swelling medium, the surface water was
removed, and the swollen weight, Ws, was recorded. Finally,
the swollen sample was dried, as described above, and the
dry gel weight, Wd, was recorded. The weight swelling ratio,
Q, and the sol fraction, S, were calculated by the following
equations:

Q¼Ws�Wd

Wd

� 100; ð1Þ

S¼Wi �Wd

Wi

� 100: ð2Þ

2.5. Hydrogel degradation

The hydrogel precursor solution was prepared as described
above, degassed, and transferred into a Teflon mold
(3 cm� 5 cm� 750 mm), covered with a glass plate (the glass
plate was transparent to UV), and fastened with clips, and ir-
radiated with the UV lamp for 500 s. The distance between the
radiation source and the sample was 10 cm. After crosslinking,
the sample was removed from the mold and disks were cut
from the gel using an 8 mm cork borer. Degradation was mea-
sured as a function of time in primary culture media (5 ml per
sample) without fetal bovine serum (FBS) at 37 �C under mild
agitation. To prepare the primary media without FBS, 13.4 g
of Dulbecco’s Modified Eagle Medium (DMEM; 4.5 g/l glu-
cose with L-glutamine and without sodium pyruvate; Medi-
atech, Herndon, VA) was dissolved in 900 ml of DDI water
containing 3.7 g sodium bicarbonate and 10 ml antibiotic
and antimycotic agents (1% v/v). The antibiotic and antimy-
cotic agents included 50 mg/ml gentamicin sulfate (GS;
Sigma), 100 mg/ml streptomycin (Sigma), and 250 ng/ml fun-
gizone. At each time point, samples were removed from the
media, washed with DDI water to remove excess electrolytes,
and dried in vacuum. The dry sample weight was recorded and
compared with the initial dry weight to determine fractional
mass remaining. The pH of the degradation media was
measured with a Thermo Orion pH meter (Model 290; Orion
Research, Boston, MA).

3. Results

The effect of initiator concentration on gelation kinetics of
18.0Pe4.1N hydrogels is shown in Fig. 3. The rate of cross-
linking was strongly dependant on the initiator concentration.
The shear modulus also increased with the initiator concentra-
tion from 86� 21 kPa for 18.0Pe4.1Ne0.8I hydrogel to
181� 15 kPa for 18.0Pe4.1Ne1.6I. The effect of PLEOF
concentration on the shear modulus of 4.1Ne1.2I hydrogels
is shown in Fig. 4(a). The modulus increased by approxi-
mately five folds as the PLEOF concentration increased
from 14.4 to 21.6 mol%. The effect of NVP content on the
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shear modulus is shown in Fig. 4(b). The modulus initially
increased with NVP concentration and then it decreased
for the concentrations greater than 4.1 mol%. For similar initia-
tor and PLEOF concentrations, hydrogels prepared without
NVP had the lowest modulus. Fig. 4(c) shows the effect of
PLA:PEG ratio on the shear modulus of 8.0Pe4.1Ne1.2I hy-
drogels. The shear modulus decreased sharply as the PLA frac-
tion was increased. The final storage modulus for PLEOF with
PLA:PEG¼ 20/80 was 155� 23 kPa, while that of
PLA:PEG¼ 40/60 was lower by one order of magnitude
(14� 5 kPa).

The effect of UV intensity and irradiation time on the shear
modulus was investigated with 18.0Pe4.1Ne1.2I hydrogel.
Table 1 shows the values of the shear modulus as a function
of UV intensity after 30 min of irradiation. The intensity,
which was proportional to d�2, was varied by changing d,
the distance between the UV lamp and the center of the Peltier
plate. The shear modulus increased significantly as the inten-
sity was increased from 3000 to 4000 mW/cm2, but the
increase was less dramatic when the intensity was changed
from 5300 to 46000 mW/cm2. Table 2 shows the values of
the shear modulus of 18.0Pe4.1Ne1.2I hydrogel as a function
of UV exposure time.

The effects of initiator and PLEOF concentrations on swell-
ing and sol fraction of the hydrogels are shown in Fig. 5(a and b),
respectively. These results show a decreasing trend in the values
of sol fraction with increasing initiator concentration. This can
be attributed to the enhancement in radical production with
increasing initiator content [45,46]. The swelling ratio of the
hydrogels initially decreased as the initiator concentration was
raised from 14.4 to 18.0 mol%, but it remained unchanged in
the range of 18.0e21.6 mol%. The swelling ratio and sol frac-
tion did not change appreciably, within the range of experimen-
tal errors, with increasing PLEOF concentration from 14.4 to
21.6 mol% (Fig. 5(b)).

Fig. 5(c) shows the effect of NVP concentration on the sol
fraction and swelling ratio. Hydrogels crosslinked without
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NVP crosslinker had the highest sol fraction and swelling ra-
tio, demonstrating that PLEOF chains did not effectively par-
ticipate in the crosslinking reaction in the absence of NVP.
Swelling ratio decreased with increasing NVP concentration
below 4.9 mol%. This trend was reversed for NVP concentra-
tions above 5.7 mol%. Sol fraction decreased with increasing
NVP concentration below 2.5 mol% and remained practically
constant (within the range of error bars) for concentrations
above 2.5 mol%. Increasing the hydrophobicity of PLEOF
macromers (higher PLA fractions in the chains) decreased
the swelling ratio and significantly enhanced sol fraction of
the hydrogels, as shown in Fig. 5(d). Therefore, high PLA
fractions in the macromer reduced the apparent reactivity of
the PLEOF fumarate units with the growing NVP chains or
other fumarate units.

The effect of UV intensity on the swelling ratio and sol
fraction of 18.0Pe4.1Ne1.2I hydrogel is shown in Table 1.
Swelling ratio and sol fraction were inversely proportional to
UV intensity. UV exposure time had a similar effect on the
swelling ratio and sol fraction of 18.0Pe4.1Ne1.2I hydrogel,
as shown in Table 2. Samples which were exposed to UV for
3 min showed the lowest swelling ratio which was due to the
low degree of crosslinking, resulting in a high sol fraction. The
degradation characteristics of PLEOF hydrogels for different
PLA:PEG ratios as a function of time are shown in Fig. 6.
The results show that the degradation rate of PLEOF networks
depends strongly on the PLA content and it can be controlled
by varying the PLA:PEG ratio.

4. Discussion

The increase in shear modulus and decrease in swelling
ratio at higher initiator concentrations implied that hydrogel
crosslink density increased with initiator concentration.
Assuming Gaussian distribution of chain lengths between
crosslinks, average molecular weight between crosslinks,
Mc, can be obtained by [47]:

Table 1

Effect of UV intensity on the shear modulus, swelling ratio, and sol fraction of

18.0Pe4.1Ne1.2I hydrogel (tUV¼ 30 min)

Intensity (mW/cm2)

46,000 5300 4000 3000

Shear modulus (kPa) 155� 23 125� 20 119� 14 44� 8

Swelling ratio (%) 268� 23 297� 11 293� 7 361� 8

Sol fraction (%) 35� 3 42� 2 41� 1 49� 8

Table 2

Effect of UV irradiation time on the swelling ratio and sol fraction of 18Pe
4.1Ne1.2I hydrogel (d¼ 10 cm)

Exposure time (min)

30 10 7 3

Shear modulus (kPa) 155� 23 102� 12.8 44.9� 5.1 5.2� 1.7

Swelling ratio (%) 268� 23 297� 11 323� 15 243� 18

Sol fraction (%) 35� 3 40� 2 45� 8 65� 6
Mc ¼ RT
rð1� SÞ

G0
; ð3Þ

where r is the mass density of PLEOF macromers (900 kg/
m3), G0 is the shear modulus (Pa), R is the gas constant
(8.31 J/mol K), T is the absolute temperature (310 K), and S
is the sol fraction. Using Eq. (3), Mc decreased from
17.3� 5.6 to 9.7� 1.7 and 8.9� 0.8 kDa as the initiator con-
centration was increased from 0.8 to 1.2 and 1.6 mol%, re-
spectively. The Mc values are consistent with the swelling
results, i.e., the swelling ratio did not change significantly
for hydrogels with initiator concentrations in the range of
1.2e1.6 mol% (Fig. 5(a)).

Assuming steady-state assumption of the radicals, the radi-
cal concentration or the concentration of the growing chains,
[R], is given by [48]:

½R� ¼
�

2fI0d½I�
Kt

�1=2

; ð4Þ

where Kt and f are the termination rate constant and photo-
initiation efficiency, respectively, I0 is the incident radiation
intensity, d is the sample thickness, and [I] is the initiator con-
centration. The kinetic chain length, which is the ratio of the
propagation rate to the initiation rate, is given by:

L¼ Kp

ð2fI0dKtÞ1=2

½M�
½I�1=2

; ð5Þ

where Kp is the rate constant for propagation and [M] is the
monomer concentration. These equations show that, at con-
stant UV intensity, the number of growing radicals increases
with square root of initiator concentration while the kinetic
chain length (average length of the growing chains) is directly
related to the monomer concentration, [M], and inversely re-
lated to the square root of initiator concentration, [I]. At con-
stant PLEOF and NVP concentrations, as the initiator is
increased, the kinetic chain length is decreased while the num-
ber of growing chains, [R], is increased. The radicals formed
by the dissociation of the initiator react with a NVP monomer
or a fumarate unit of the PLEOF macromer to form the grow-
ing primary radicals. Since mobility of the PLEOF macromer
is significantly less than the NVP monomer (PLEOF with Mn

of 8000e9000 Da and NVP with molecular weight of
111 Da), the growing primary radicals react with NVP mono-
mers to form short growing chains. These short growing
chains react with other fumarate units to form crosslinks be-
tween the PLEOF chains which increase the number of elasti-
cally active chains in the network. Therefore, as the initiator
concentration is increased, the number (Eq. (4)) and mobil-
ity/reactivity (shorter kinetic chain length according to Eq.
(5)) of the growing radicals are increased which, in turn, in-
crease the number of crosslinks and the shear storage modulus
of the hydrogel, as shown in Fig. 3, while the swelling ratio
and sol fraction show a decreasing trend (Fig. 5(a)).

PLEOF hydrogels with higher hydrophobicity, i.e.,
higher PLA:PEG ratios, had higher sol fraction, lower modulus,
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Fig. 5. Variation of the swelling ratio and sol fraction with (a) UV initiator concentration in 18.0Pe4.1N hydrogels, (b) PLEOF concentration in 4.1Ne1.2I hydro-
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and lower swelling ratio. PLEOF macromers with different
PLA:PEG ratios had similar molecular weight distribution and
the number of fumarate groups per chain was comparable
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between PLEOF samples (4e5 fumarate groups per chain).
Therefore, the apparent reactivity of the fumarate groups (with
growing NVP chains or other fumarate units) decreased for sam-
ples with higher PLA:PEG ratios. This can be attributed to the
reduction in solubility of PLEOF macromers in aqueous media
and shielding of fumarate groups by hydrophobic PLA segments
(see Fig. 7). In aqueous solution, PLEOF macromers can physi-
cally crosslink by hydrophobic interactions between the lactide
groups on different chains. To test for this effect, the aqueous
PLEOF solution was placed as a thin film between the plates
of the rheometer and heated to 60 �C. Then, the sample shear vis-
cosity was measured with time as the sample was cooled slowly
(1 �C/min) to ambient conditions. No significant change or dis-
continuity in sample viscosity was observed, due to hydrophobic
lactide interactions, in the concentration range of 15e25 mol%
PLEOF in water. Since the ethylene oxide (EG) fraction in the
macromer was higher than that of the lactide, strong hydrophilic
interactions (hydrogen bonding) between the water molecules
and EG units favored over weaker hydrophobic (van der Waals)
interactions between the lactide units on different chains. Conse-
quently, compared to covalent crosslinking, hydrophobic lactide
interactions did not play a significant role in crosslinking the
PLEOF chains in aqueous solution.
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Fumarate Bonds

Fig. 7. Schematic diagram to illustrate the effect of PEG (thick lines) and PLA (thin lines) ratio on the structure of PLEOF macromer. In macromers with high

PLA:PEG ratio (left) the reactive fumarate bonds are shielded by the high concentration of hydrophobic PLA blocks, while in macromers with low PLA:PEG ratio

(right) the concentration of PLA blocks was too low to effectively shield the fumarate bonds.
Two regimes can be identified for the effect of NVP on me-
chanical and swelling characteristics: a low NVP regime (i.e.,
<4.1e4.9 mol%) in which the extent of crosslinking increased
and swelling ratio decreased with increasing NVP concentra-
tion, and a high NVP regime (i.e., >4.1e4.9 mol%) where
the extent of crosslinking decreased and swelling ratio in-
creased slightly with NVP concentration. Similar effects
have been observed when poly(propylene fumarate) macromer
was crosslinked with diethyl fumarate monomer [49]. The ef-
fect of NVP on the structure of photo-crosslinked PLEOF hy-
drogels is shown schematically in Fig. 8. PLEOF macromers
can crosslink even in the absence of NVP, however, the result-
ing PLEOF hydrogels (18.0Pe0.0Ne1.2I) have at least an or-
der of magnitude lower modulus and higher sol fraction that
those crosslinked with NVP. In the absence of NVP, radicals
formed by UV radiation react with the unsaturated fumarate
units on PLEOF chains to form the primary growing radicals.
Since these radicals are attached to PLEOF chains, they have
lower mobility/reactivity and a significant fraction terminates
by chain transfer to solvent (water) before they can react
with fumarate units on other PLEOF chains to form crosslinks.

As NVP is added to the mixture, short growing chains are
produced by the reaction of primary radicals with NVP mono-
mers which serve as the ‘‘bridge’’ to covalently crosslink the
fumarate groups on PLEOF chains. This bridging mechanism
incorporates additional fumarate units in the PLEOF network
and forms additional elastically active crosslink points which
results in higher shear modulus (Fig. 4(b)), lower swelling ra-
tio and lower sol fraction (Fig. 5(c)). With the addition of more
NVP, the shear modulus reaches a maximum because the den-
sity of growing NVP chains and chain mobility (kinetic chain
length) are optimum (see Fig. 4(b)). With further addition of
NVP, the kinetic chain length of the growing radicals is in-
creased (see Eq. (5)), reducing their mobility, which reduces
their ability to link the PLEOF chains. Therefore, the probabil-
ity of the reaction between two growing NVP chains is in-
creased at the expense of that between growing NVP chains
and fumarate units, leading to the formation of free (soluble)
or dangling NVP chains. As a result, the shear modulus is
deceased (Fig. 4(b)) and swelling ratio and sol fraction are
increased (Fig. 5(c)). These finding demonstrate that the reac-
tivity of a fumarate unit with other fumarates on PLEOF
chains is significantly lower than that of a fumarate with the
growing NVP chains, apparently due to the lower mobility
of PLEOF chains, especially in the post-gelation regime.

The degradation characteristics of PLEOF hydrogels
depended on the ratio of PLA to PEG, as shown in Fig. 6. Hy-
drolytic degradation occurred by cleavage of the ester links in
the macromer followed by dissolution of the fragments. The
PLA segments of the network, which degraded by hydrolysis
of the lactide monomers, had significantly higher degradation
rate compared to those of PEG segments, which degraded by
hydrolysis of fumarate units at PEG chain ends (lower density
and slower degradation of fumarate units compared to lactide
monomers). In the absence of the lactide groups in the macro-
mer, the hydrogel can degrade by hydrolysis of the ester
groups at PEG chain ends. However, the hydrolysis rate in
the absence of lactide groups is very slow because the
Fig. 8. Schematic diagram to illustrate the effect of NVP crosslinker on the structure of UV crosslinked PLEOF hydrogels. (Left) PLEOF macromers (black lines)

crosslink via the formation of direct covalent bonds between fumarate groups (black circles), but due to low mobility of the macromers many of them cannot

participate in the crosslinking reaction. (Middle) addition of NVP facilitates the reaction by forming short NVP chains (gray lines) to bridge the adjacent PLEOF

chains. (Right) With increasing the amount of NVP, long NVP chains form, which are either free or attached to fumarate units at one end (gray circles). These

dangling or free NVP chains reduce the mobility of the trapped PLEOF macromers and inhibit the crosslinking reaction.
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concentration of degradable (ester) units is low (PEG blocks
are not degradable) and the ester groups are attached to a rigid
fumarate units. For example, the 18.0Pe4.1Ne1.2I hydrogels
(d¼ 10 cm and tUV¼ 30 min) had less than 5% mass loss after
12 weeks of incubation in primary culture media. With the in-
clusion of lactide groups to the macromer, due to significantly
higher concentration of ester units (one ester group per lactide
monomer) and higher reactivity (ester group attached to
a more flexible lactide compared to fumarate), the hydrogel
completely degraded in 6 weeks (Fig. 6). The PLEOF 20/80
(20% lactide) had the lowest degradation rate because the frac-
tion of degradable units (lactide) was lowest, even though the
swelling ratio was highest. The PLEOF 30/70 (30% lactide)
had the highest degradation rate because the fraction of
degradable units (lactide) and hydrophilic units (PEG) were
both optimum for hydrolytic degradation.

5. Conclusion

The gelation kinetics, degradation and swelling characteris-
tics of photo-crosslinked PLEOF hydrogels were investigated
as a function of composition as well as time and intensity of
UV radiation. The gelation kinetics was studied by in situ rheo-
metry. The hydrogel shear modulus was directly related to time
and intensity of UV exposure. The shear modulus increased
when initiator concentration, PLEOF concentration, or PEG
fraction of the PLEOF macromer was increased. Two regimes
could be identified for the effect of NVP on mechanical and
swelling characteristics: a low NVP regime (i.e., <4.1e
4.9 mol%) crosslink density increased and swelling ratio de-
creased with increasing NVP concentration, and a high NVP re-
gime (i.e., >4.1e4.9 mol%) where crosslink density decreased
and swelling ratio increased with NVP concentration. The deg-
radation characteristics of PLEOF hydrogel depended on the ra-
tio of PLA to PEG. The PLEOF 30/70 (30% lactide), with
optimum fraction of degradable PLA units and hydrophilic
PEG units, had the highest degradation rate. In situ photo-cross-
linked PLEOF hydrogels are attractive as a matrix for treatment
of irregularly shaped defects in soft tissue engineering because
they exhibit a relatively high shear modulus and water content
while their degradation rate can be adjusted to fit a particular
application.
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