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Abstract

Viability of encapsulated cells in situ crosslinkable macromonomers depends strongly on the
minimum concentration of polymerization initiators and monomers required for gelation. Novel 4-
arm poly(ethylene oxide-co-lactide-glycolide acrylate) (SPELGA) macromonomers were
synthesized and characterized with respect to gelation, sol fraction, degradation, and swelling in
aqueous solution. SPELGA macromonomers were crosslinked in the absence of N-vinyl-2-
pyrrolidone (NVP) monomer to produce a hydrogel network with a shear modulus of 27+4 kPa.
The shear modulus of the gels increased by 170-fold as the macromonomer concentration was
increased from 10 to 25 wt%. Sol fraction ranged between 8-18%. Addition of only 0.4 mol%
NVP to the polymerization mixture increased modulus by 2.2-fold from 27+4 (no NVP) to 60+£10
kPa. The higher modulus was attributed to the dilution effect of polymer chains in the sol, by
delaying the onset of diffusion-controlled reaction, and cross-propagation of the growing chains
with network-bound SPELGA acrylates. Degradation of SPELGA gels depended on water content
and density of hydrolytically degradable ester groups.
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Introduction

A novel approach to tissue regeneration is the use of injectable in situ crosslinkable
hydrogels as a carrier for the delivery of therapeutic agents and cells [1, 2]. Less invasive
injectable gels coupled with minimally invasive arthroscopic techniques are an attractive
alternative to implantation of pre-formed polymers for treating irregularly shaped or

inaccessible defects [3-6]. Furthermore, diffusivity of nutrients [7, 8] and proteins [9, 10] in

hydrogels is 4-5 orders of magnitude higher than solid polymers, thus providing a
supportive matrix for differentiation, proliferation, and maturation of seeded cells into the
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desired tissue [11]. In addition, hydrogels can be reinforced with calcium phosphate
nanoparticles to produce injectable cements for hard tissue applications [1, 12, 13].

Biodegradable polymers are widely used as a supportive carrier in tissue engineering and
drug delivery [14-18]. Among them, poly(lactide-co-glycolide) (PLGA) is the most widely
used biodegradable polymer because its degradation products (lactic and glycolic acid) are
resorbed through metabolic pathways [19, 20]. PLGA and poly(e-caprolactone) (PCL)
polymers have been copolymerized with poly(ethylene oxide) (PEO) to produce amphiphilic
macromers that form thermally-induced physical gels [21-23]. Studies concerning the effect
of macromer structure on water content and modulus [22, 24] demonstrate that physically
crosslinked gels are significantly weaker than those that are chemically crosslinked [25, 26],
limiting them for use in non-load bearing biomedical applications. In addition, degradability
of chemically-crosslinked gels can be controlled independent of gelation by the molecular
weight and ratio of hydrophobic/hydrophilic domains [21, 27, 28]. To control the hydrogel
water content (and therefore mechanical strength), degradation rate and the rate of
crosslinking, our laboratory has previously developed a poly(lactide-co-ethylene oxide
fumarate) (PLEOF) macromonomer consisting of low molecular weight poly(L-lactide)
(LMW-PLA) and PEG blocks linked by unsaturated fumarate units [6, 26]. The water
content of the PLEOF hydrogel could be adjusted by the ratio of hydrophilic PEG to
hydrophobic PLA blocks and by PEG molecular weight [26]. Degradation rate of the
network could be controlled by the ratio of PLA to PEG blocks or by the molecular weight
of PLA segments [26]. However, due to steric hindrance of the fumarate groups along the
chain and their lower reactivity (compared to acrylates and methacrylates) [26, 29, 30], the
gelation kinetics depended strongly on UV initiator and small molecule monomer
concentrations [26]. It is well established that the viability of cells encapsulated in synthetic
gels is largely determined by the fraction of small-molecule initiators and monomers that
cross the cell membrane [31, 32].

Terminal reactive groups at chain ends are less sterically hindered compared to those along
the macromonomer chain. The reactivity of acrylates is an order of magnitude higher than
fumarates [6, 26, 33]. In addition, star macromonomers have lower shear viscosity than
linear ones at the same molecular weight [34], resulting in the onset of gelation at higher
conversions and a higher extent of crosslinking. We hypothesized that a multi-arm star
amphiphilic poly(ethylene oxide-co-lactide-glycolide) based macromonomer each arm
terminated with an acrylate group would significantly increase the rate of crosslinking, thus
reducing the minimum required concentration of initiator/monomer to produce robust
networks. The objective of this work was to synthesize a novel star poly(ethylene oxide-co-
lactide-glycolide acrylate) (SPELGA) macromonomer and investigate the effect
composition had on gelation kinetics and degradation of the hydrogels. In this work,
SPELGA macromonomer was synthesized by ring-opening polymerization of lactide and
glycolide monomers using hydrophilic pentaerythritol ethoxylate or poly(ethylene glycol)
initiators, followed by acrylation of the chain ends with acryloyl chloride. The structure of
the synthesized macromonomers was characterized by 1H-NMR and GPC. The kinetics of
photopolymerization of the SPELGA macromonomers in aqueous solution was investigated
by rheometry. The SPELGA hydrogels were characterized with respect to sol fraction,
swelling and degradation.

Experimental

1. Materials

Lactide (LA; >99.5% purity by GPC) and glycolide (GL; >90% purity) monomers were
purchased from Ortec (Easley, SC) and Boehringer Chemicals (Ingelheim, Germany),
respectively. The ring opening polymerization initiators 4-arm pentaerythritol ethoxylate
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(PEES800; 15/4 EO/OH; M,=797 Da; purity >98%) and 4-arm poly(ethylene glycol)
(4PEG5K; nominal molecular weight of 5 kDa; purity >98%) were purchased from Sigma-
Aldrich (St. Louis, MO), respectively. The initiators were dried by azeotropic distillation
from toluene prior to the reaction. Triethylamine (TEA), tin (1I) 2-ethylhexanoate (TOC), N-
vinyl-2-pyrrolidone (NVP), and acryloyl chloride were purchased from Sigma-Aldrich.
Methylene chloride (MC; VWR) was dried by distillation over calcium hydride (Sigma-
Aldrich). All other solvents were reagent grade and used as received.

2. Synthesis of SPELGA macromonomer

Star poly(ethylene oxide-co-lactide-glycolide) (SPELG) macromer was synthesized by ring-
opening polymerization of LA and GA monomers with star 4PEE800 or 4PEG5K initiators,
following a procedure similar to the synthesis of low molecular weight poly(L-lactide) [6,
35, 36]. The schematic diagram for the synthesis of SPELG with 4PEE800 is shown in
Figure 1. TOC was used as the polymerization catalyst and LA/GL ratio was 100/0 for
SPELGA-5K and 100/0, 75/25, 50/50 for SPELGA-800. In a typical procedure for the
synthesis of 100/0 SPELGA, 30g LA (0.2084 mol) and 0.0116 mol initiator (7 ml 4PEE800
or 58 g 4APEG5K) were added to a three-neck reaction flask equipped with an overhead
stirrer. The reaction flask was submerged in an oil bath and gradually heated to 110-120°C
to melt the monomers while under steady flow of nitrogen. After melting, 3 ml TOC as the
polymerization catalyst was added to the reaction mixture with stirring. The reaction was
allowed to proceed for 6 h at 135°C. Upon completion, the product was dissolved in DCM
and precipitated in ice cold methanol, ether, and hexane to fractionate the PLA product and
remove the unreacted monomer and initiator [35]. The solvent was decanted and the star
SPELG product was vacuum dried (<5 mmHg) to remove any residual solvent and stored at
—20°C. With TEA as the reaction catalyst, the chain ends of the star SPELG were acrylated
by the reaction of acryloyl chloride with the hydroxyl end-groups of the SPELG (see Figure
1). Prior to this reaction the SPELG macromer was dried by azeotropic distillation from
toluene to remove residual moisture. The polymer was cooled under steady flow of nitrogen
and dissolved in dried DCM. The reaction flask was immersed in an ice bath to limit a
temperature rise from the exothermic reaction. In a typical reaction 5.6 ml acryloyl chloride
and 9.7 ml TEA, each dissolved in DCM, were added drop-wise to the reaction with stirring.
The reaction was allowed to proceed for 12 h under nitrogen flow. After completion of the
reaction the solvent was removed by rotary evaporation and the residue was dissolved in
anhydrous ethyl acetate to precipitate the by-product triethylamine hydrochloride salt. Next,
ethyl acetate was removed by vacuum distillation; the macromonomer was re-dissolved in
DCM and precipitated twice in ice cold ethyl ether. The macromonomer was dissolved in
dimethylsulfoxide (DMSQ) and further purified by dialysis to remove any unreacted acrylic
acid. The SPELGA product was dried in vacuum (<5 mmHg) to remove residual solvent and
stored at —20°C.

3. Macromonomer characterization

The chemical structure of the SPELGA macromonomer was characterized by a Varian
Mercury-300 H-NMR (Varian, Palo Alto, CA) at ambient conditions with a resolution of
0.17 Hz as described [6]. The sample was dissolved in deuterated chloroform (Sigma-
Aldrich, 99.8% deuterated) at a concentration of 50 mg/ml, and 1% v/v trimethylsilane
(TMS; Sigma-Aldrich) was used as the internal standard. The molecular weight distribution
of the macromonomer was measured by GPC [6]. Measurements were carried out with a
Waters 717 Plus Autosampler GPC system (Waters, Milford, MA) connected to a model 616
HPLC pump, model 600S controller, and a model 410 refractive index detector. The
columns consisted of a styragel HT guard column (7.8 x 300 mm, Waters) in series with a
styragel HR 4E column (7.8 x 300 mm, Waters) heated to 37°C in a column heater. The

Empower software was used for determination of number (M,,) and weight (M, ) average
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molecular weights and polydispersity index (PI). The sample (20 pl) with a concentration of
10 mg/ml in tetrahydrofuran (THF) was eluted with degassed THF at a flow rate of 1 ml/
min. Monodisperse polystyrene standards (Waters) with peak molecular weights (Mp) of
0.58-19.9, 66.35, and 143.4 kDa and polydispersities of <1.1 were used to construct the
calibration curve.

4. SPELGA gelation

The SPELGA macromonomer was crosslinked in aqueous solution by free-radical UV
polymerization with 4-(2-hydroxyethoxy) phenyl-(2-hydroxy-2-propyl) ketone (Irgacure
2959; CIBA, Tarrytown, NY) photo-initiator [13, 26, 33]. The photo-initiator was dissolved
in distilled deionized (DI) water at 50°C. The SPELGA macromonomer was dissolved in DI
water by vortexing and heating to 50°C to aid dissolution. The initiator solution was added
to the SPELGA solution, this mixture was then vortexed and loaded on the Peltier plate of
the rheometer. To make 10, 15, and 20% SPELGA precursor solution, 30, 45, and 60 mg of
the macromonomer solution was added to 270, 255 and 240 ml of the initiator solution,
respectively. In samples with NVP added as a crosslinking agent, the initiator was first
dissolved in the desired amount of NVP before addition to the macromonomer solution. The
sample was irradiated with a BLAK-RAY 100-W mercury long wavelength (365 nm) UV
lamp (Model B100-AP; UVP, Upland, CA) [26]. The notation “SPELGAa-Lb-Mc-Nd-le” is
used to identify the composition of the samples, where a, b, ¢, d and e represent initiator
molecular weight, lactide fraction and macromonomer molecular weight, NVP and initiator
concentrations (wt%), respectively. The results are for SPELGA, NVP and initiator
concentrations of 25 wt%, 0 mol%, and 0.16 mol%, respectively, unless otherwise specified.

5. Rheological measurements

Rheological measurements were carried out at 37°C on an AR-2000 rheometer (TA
Instruments, New Castle, DE) equipped with a parallel plate geometry (acrylic plate
transparent to UV light; 20 mm diameter; TA Instruments) [26]. 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 kept at 1% to remain within the linear viscoelastic region.
The polymerizing mixture was injected on the Peltier plate and the upper geometry was
lowered to a gap of 500 um. The sample was irradiated with a long wavelength UV lamp
(Model B100-AP; UVP, Upland, CA) as described above. The elapsed time between
mixing/injection and the start of data collection was <1 min for all experiments. The storage
modulus (G’) 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 (365nm)
UV light was confirmed by comparing the intensity of the transmitted light through the
geometry to the incident light (transmitted intensity was >95%). The measured UV
intensities at distances of 10, 30, 35, and 40 cm from the lamp were 46,000, 5,300, 4,000,
and 3,000 uW/cm?, respectively. We have previously shown that a UV intensity of 46,000
HW/cm? applied 10 cm from the sample and exposure time of 1800 s results in the highest
extent of crosslinking [26]. Therefore, all gelation results are with UV intensity, distance,
and exposure time of 46,000 uW/cm2, 10 cm, and 1800 s, respectively. In the
text,”modulus” is defined as the storage shear modulus of the sample after 1800 s of UV
radiation.

6. Measurement of swelling ratio and sol fraction

After crosslinking, samples with dimensions 20 mm diameter x 300 um thickness were
removed from the Peltier plate to measure their 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 dry weights (W;) were recorded. Next, dry samples were swollen in DI water for 24 h at
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37°C and swelling medium changed every 6 h. After swelling the surface water was
removed and the swollen weight (W) was recorded. Then, the swollen samples were dried
as described above and the dry weight (Wg) were recorded. The weight swelling ratio (Q)
and sol fraction (S) were calculated by the following equations:

W, - W,
= "4+ 100

Q Wd (1)

S:M % 100
W; (2)

7. Measurement of degradation

Results

The SPELGA precursor solution was degassed, transferred into a PTFE mold (3cm x 5cm x
750um), covered with a transparent glass plate fastened with clips, and UV crosslinked as
described above. After crosslinking the sample was removed from the mold and disks were
cut from the gel using an 8 mm cork borer. Degradation was measured 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 13.4 g of Dulbecco’s Modified Eagle Medium
(DMEM; 4.5 g/l glucose with L-glutamine and without sodium pyruvate; Mediatech,
Herndon, VA) was dissolved in 900 ml of DI water containing 3.7 g sodium bicarbonate and
10 ml antibiotic and antimycotic agent (1% v/v). At each time point samples were removed
from the media, rinsed with DI water to remove excess electrolytes, and dried under
vacuum. The dry sample weight was recorded and compared with the initial dry weight to
determine fractional mass remaining with respect to time.

The TH-NMR spectrum of SPELGA800-L50 is shown in Figure 2. The chemical shifts with
peak positions at 1.6 and 5.2 ppm were attributed to the methyl (—CH3) and methine (=CH)
hydrogens of the lactide units in SPELGA, respectively [37]. The shift centered at 4.8 ppm
was attributed to the methylene hydrogens (=CH,) of the glycolide units in SPELGA. The
shifts centered at 3.6 and 4.3 ppm were attributed to the methylene hydrogens (=CH,) of the
4-arm initiator (4PEE800 or 4PEG5K) attached to the ether (—CH,-O-CHo-) and ester
(—CH»-O0C-) groups of lactide/glycolide units, respectively [37]. The chemical shifts with
peak positions from 5.85-6.55 ppm were attributed to the vinyl hydrogens of the acrylate
groups (—CH=CHZ2) at chain ends; the latter shifts were absent in the spectra of unacrylated
SPELG (see the inset of Figure 2). The relative intensities of the NMR shifts of SPELGA
macromonomers are presented in Table 1. The ratio of the shifts centered at 1.6 and 5.2 ppm
(lactide hydrogens) to that at 4.8 ppm (glycolide hydrogens) was related to the molar ratio of
LA/GL. The ratio of the shifts centered at 1.6, 5.2, and 4.8 (lactide+glycolide hydrogens) to

those at 3.6 and 4.3 ppm (4-arm initiator hydrogens) was related to M, of SPELGA. The
ratio of the shifts centered at 5.85-6.55 ppm (acrylate hydrogens) to those at 3.6 and 4.2
ppm (initiator hydrogens) was related to the average number of acrylate groups per

macromonomer. The LA/GL molar ratio, M,,, and the number of acrylate groups per
SPELGAB800 calculated from the NMR data are given in Table 1. For SPELGA800-L50 and
SPELGAB800-L75 with feed LA/GL ratios of 1.0 and 3.0, respectively, the actual ratios from
the NMR data were 1.2 and 3.4. The actual LA/GL ratio was slightly higher than the feed
indicating that the reactivity of lactide monomer with the growing chain was slightly higher
than that of glycolide. The number of acrylate groups per macromonomer for SPELGA800-
L50 and SPELGAB800-L75 were 3.2 and 3.6, respectively.

Polymer (Guildf). Author manuscript; available in PMC 2012 August 18.
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M,, M,,» and Pl of the synthesized SPELGA macromonomers which were measured by GPC

are presented in Table 2. M,,, M,,, and Pl of SPELGAB800 were independent of LA/GL ratio.
SPELGAA5K, due to higher PEG chain length, had the highest molecular weight and lowest

PI. The M,, values measured by GPC were within 10% of the values calculated from the
intensity of NMR shifts. All SPELGA macromonomers were dissolved in water, heated to
50°C and crosslinked into a hydrogel. The SPELGAB800-L100 with low PEG molecular
weight and 100% hydrophobic lactide fraction was not used in the subsequent gelation
experiments due to its low solubility in aqueous solution. SPELGA5K-L100 had the highest
solubility in water as measured by a turbidity test (data not shown).

To determine the effect of UV initiator on crosslinking, the gelation kinetics of SPELGA5K-
L100-M25-NO macromonomer were monitored by rheometry and the results are shown in
Figure 3. As the initiator concentration was increased from zero to 0.11, 0.16, and 0.22 mol
%, modulus increased from 1.3+0.3 to 10.0+2.1, 27.1+4.1, and 23.6+4.7, respectively. G’
initially increased for up to 0.16 mol% initiator concentration and then decreased for >0.16
mol% concentration. Figures 4a and 4b show the effect of macromonomer concentration
(based on the weight of polymerizing mixture) on the modulus and sol fraction of
SPELGAS5K-L100-N0-10.16 gels, respectively. SPELGAS5K, due to its higher solubility in
water, was selected to study the effect of macromonomer concentration. There was a
continuous increase in G’ with increasing macromonomer concentration. G’ increased from
0.16+0.03 t0 0.47+0.12, 3.4+0.4, 5.9£1.0, 6.9£0.9, 13.4+2.4, and 27.1+4.1 kPa as the
macromonomer concentrations increased from 10 to 12.5, 15, 17.5, 20, 22.5, and 25 wt%,
respectively, with 170-fold overall increase in modulus. Sol fraction decreased from
17.8+1.1to 15.6+1.5, 12.2+1.6, 13.8+3.0, 12.0£1.2, 9.4+0.9, and 7.6+0.9% as the
macromonomer concentration increased from 10 to 12.5, 15, 17.5, 20, 22.5, and 25 wt%,
respectively. The sol fraction of the PLEOF hydrogel with and without NVVP monomer is
also shown in Figure 4b. SPELGA macromonomers with higher reactivity and lower steric
hindrance of the acrylate groups had significantly lower sol fraction (S=8-18% in the
absence of NVP) compared to PLEOF without (S=71%) or with (S=39%) NVP. It is well-
established that the diffusivity/mobility of the growing chain affects gelation and the extent
of crosslinking [26, 38]. Therefore, NVP was used to investigate the effect of a small
molecule monomer on the plateau shear modulus of SPELGA hydrogels. Figures 5a and 5b
show the effect of NVVP concentration on the evolution and plateau modulus of SPELGA5K-
L100-M25-10.16 hydrogels, respectively. Addition of only 0.4 mol% NVP (0.004 moles
NVP per mole of solution) to the polymerization mixture increased the modulus 2.2-fold
from 27+4 (no NVP) to 60£10 kPa but the modulus did not change appreciably for
concentrations >0.4 mol%. The gelation time of the samples was <60 s for all NVP fractions
(50, 35, and 41 s for zero, 0.4, and 0.61% NVP, respectively). Based on Figure 5a, addition
of 0.4 mol% NVP affected modulus after the gelation point, but the curves were almost
identical for higher NVP fractions. The effect of initiator molecular weight and LA/GL ratio
of SPELGA-M15 on modulus is shown in Figure 6. SPELGA5K had a significantly lower
modulus (3.3+0.4 kPa) compared to SPELGA800 (11.6+3.0 and 15.4+3.2 for SPELGAB800-
L75 and SPELGAB800-L50, respectively). This can be attributed to the higher molecular
weight of SPELGAS5K compared to SPELGAB800, resulting in lower density of reactive
acrylate groups in the sample.

The effect of initiator molecular weight and LA/GL ratio on sample mass loss and swelling
ratio is shown in Figures 7a and 7b, respectively. SPELGAB800-L50 with the highest content
of the less hydrophobic glycolide monomer had the highest mass loss over a period of 7
weeks, followed by SPELGA5K-L100 and SPELGAB800-L75. For example, after 4 weeks,
SPELGAB800-L50, SPELGA5K-L100, and SPELGAB800-L75 lost 50.0+7.7, 33.0£1.9, and
23+0.4% mass, respectively. The swelling ratios support the mass loss results with
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SPELGAGSK and SPELGAB800-L75 showing the highest and lowest water contents,
respectively. For example, after 4 weeks SPELGAS5SK-L100, SPELGAB800-L50, and
SPELGAS800-L75 had swelling ratios of 645, 43, and 7%, respectively, corresponding to
water fractions of 87, 30, and 6 wt%. Interestingly, SPELGAB800 hydrogel showed delayed
swelling characteristics, which could potentially be useful for the design of delayed drug
release systems. For example, SPELGAB800-L50 and SPELGAB800-L75 had only 5.7 and 3.8
wit% water content after 4 weeks of incubation; however, their water content increased to 83
and 11 wt% after 7 weeks.

Discussion

SPELGA macromonomers crosslinked in the absence of NVP (see Figure 5) produced a
relatively high modulus hydrogel (27+4 kPa). The results in Figures 3 and 5 demonstrate
that initiator and NVP concentrations as low as 0.16 and 0.4 mol%, respectively, produced
hydrogels with >10 kPa shear modulus. It should be noted that the initiator and NVP
concentrations used in this study were an order of magnitude lower than those used for
gelation of the linear PLEOF macromonomer [26]. The higher reactivity of the acrylates in
SPELGA compared to fumarates in linear PLEOF reduced the minimum required
concentration of the initiator and NVP to produce robust networks. It is well established that
the viability of cells encapsulated in hydrogels depends strongly on the concentration of
small molecule initiator and monomer that can cross the cell membrane. Therefore, the
lower initiator and NVP concentrations required for gelation has potential to improve
biocompatibility of SPELGA hydrogels for cell encapsulation.

The modulus initially increased with initiator concentration for up to 0.16 mol% and then
decreased at higher fractions. The dependence of propagation rate, Rp, on initiator
concentration in the absence of NVP is given by [39]:

delpdl 1] }”Z

R 12
P.AC

R,=k,,. [AC] [ % ] =kp,c [AC] [ %
1 1

(3)

where kp ac and k; are the rate constant for chain propagation and termination, R; ac is the
radical initiation rate, [AC] is the concentration of unreacted SPELGA acrylates, ¢ is photo-
initiation efficiency, € is molar extinction coefficient, Iy is incident radiation intensity, d is
gel thickness, and [I] is the initiator concentration. Higher initiator concentrations below
0.16 mol% increased the rate of propagation, leading to a hydrogel with higher network
density and higher modulus, as shown in Figure 3. At concentrations above 0.16 mol%,
although the propagation rate continued to increase, there was a higher probability of
localized formation of multiple radicals on growing chains, leading to cluster formation and
increased cyclization within those clusters. This premise is supported by the decrease in
gelation time from 460 s to 100, 50 and <30 s, as the initiator concentration was increased
from zero to 0.11, 0.16, and 0.22 mole%, respectively. The increased cyclization and cluster
formation reduced the modulus at initiator concentrations >0.16 mol%. Wang and
collaborators observed a similar effect when UV intensity was increased above a threshold
level in UV photocrosslinked polyacrylamide gels [40]. Similarly, a reduction in tensile
modulus above a certain initiator concentration was reported for multi-functional
methacrylamide, poly(ethylene glycol), and N-vinyl pyrrolidone hydrogels [41]. Results in
Figure 3 indicate that the optimum initiator concentration in the absence of NVP was 0.16
mol%.

The addition of NVP monomer increased the hydrogel modulus, as shown in Figure 5. At
any time there are monomers, linear and branched chains and a gel network in the

Polymer (Guildf). Author manuscript; available in PMC 2012 August 18.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Moeinzadeh et al.

Page 8

polymerization reaction. The four propagation reactions involving the acrylate groups of
NVP monomer and SPELGA macromonomer are given by:

k.,

~ X*+NvP 5~ NvP (4)

. kp as .
~ X +AC 551 AC (5)

. kPJ’c "

SX*+NVP —5 >NVP* (6)

. k”,h‘ .
>SX*+AC —5 >ACH (7)

Where [NVP] and [AC] are concentrations of unsaturated vinyl groups of NVP and
SPELGA, respectively, and symbols “~” and “>" denote a linear or branch chain in the sol
(not part of the network) and the gel, respectively. For example, ~X™ is a growing chain in
the sol with a radical attached to X terminal group, with X being NVP (~NVP™) or SPELGA
acrylate (~AC"). Symbol >X" denotes a growing chain in the gel with a radical attached to X
terminal group. There are also four propagation reactions involving unreacted acrylates of
those SPELGA macromonomers that are part of a chain in the sol or the gel (~AC or >AC),
which are given by:

k
~ X'+ ~ AC =5 AC +br (®)
* kl’;(lcl "
~ X*+>AC — >AC*+d.c. 9)
* kl’.ll";’
>SX4+ ~ AC —S >AC +d.c. (10)
kp e
>X*+>AC — >AC* +n.c. (11)

Notation “br” stands for a branch in a chain (not part of the gel). Notations “d.c.” and “n.c.”
denote a dangling (non-load bearing) and a network (load bearing) chain, respectively. In
propagation reactions (4) and (5), a growing radical in the sol (~X") reacts with an NVP and
SPELGA monomer, respectively, with rate constants kp y;s and kp as. Reactions (4) and (5)
produce linear or branched polymer chains that dilute the hydrogel network. In propagation
reactions (6) and (7), a growing radical in the network (>X") reacts with an NVVP monomer
and SPELGA macromonomer, respectively, with rate constants kp v/q and kp ag, forming
dangling radical chains in the network. In reaction (8), a growing radical in the sol reacts
with a SPELGA acrylate that is part of a chain in the sol (~AC) with rate constant Kp p;, thus
adding a branch to the chain. Reactions (9) and (10) form dangling chains attached to the gel
by the reaction of a growing radical in the sol with a SPELGA acrylate in the gel (>AC";
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rate constant kp 4c1) or by the reaction of a growing radical in the gel with a SPELGA
acrylate on a chain in the sol (~AC, rate constant Kp 4¢c2). In reaction (11), a growing radical
in the network (>X”) reacts with a SPELGA acrylate in the network (>AC) with rate
constant kp . forming a network chain, as shown in Figure 8. Since the ratio of NVP/
SPELGA vinyl groups for 0.4, 0.61, and 0.83 mol% NVP is 1.3, 2.1, and 2.7, respectively,
reactions (4) through (11) all contribute to the polymerization and gelation.

Reactions (4), (5), and (8) produce polymer chains in the sol which act as diluents and delay
the onset of diffusion-controlled polymerization. The delay potentially reduces the trapping
of reactive acrylate groups in localized SPELGA clusters. This increases the overall
conversion, resulting in a higher storage modulus as shown in Figure 5. Nowers and
collaborators observed a similar effect when acrylated poly(ethylene glycol) (PEG) was
added to epoxy polymerization [42]. Reactions (6) and (7) are propagation reactions
between a growing radical on the network with NVP monomer and SPELGA
macromonomer, respectively. In reactions (9) and (10), a growing radical on the network
cross-propagates with a SPELGA acrylate on a chain in the sol, or a growing radical in the
sol cross-propagates with a SPELGA acrylate on the network to form a dangling chain
attached to the network. In reaction (11), a growing radical on the network (>X") reacts with
a network-bound SPELGA acrylate to form a load-bearing crosslink point (see Figure 8),
leading to a hydrogel with a higher modulus (Figure 5). As the NVP fraction is increased
beyond a certain value, the delay in the onset of diffusion-controlled polymerization
counteracts the dilution effect of polymer chains in the sol. Ultimately, this leads to no
further increase in modulus (see Figure 5 for 0.4, 0.61, and 0.83 mol% NVP). Since the
diffusivities of NVP monomer and NVP-rich growing chains (reactions 4 and 6) are
relatively higher those that of SPELGA macromonomer and SPELGA-rich growing chains
(reactions 5 and 7), the propagation reactions (6) and (7) and the cross-propagation reactions
(9) and (10) serve as a bridge between the network-bound SPELGA acrylates to increase the
number of network density. Therefore, the higher modulus of the hydrogels in the presence
of NVP can be explained by the dilution effect of polymer chain in the sol to delay the onset
of diffusion-controlled reaction, and by propagation of NVP monomer and growing chains
with network-bound SPELGA acrylates to facilitate crosslinking.

The average molecular weight between crosslinks, 37_, can be determined by the equation
for rubber elasticity [43]:

—rTL (7 _
M.=RT (1 - 5) ©

Where p is the macromonomer mass density (1100 kg/m3), G' is modulus (Pa), R is gas
constant (8.31 J/mol K), T is absolute temperature (310 K), and S is sol fraction (see Eq. 2

and data in Figure 4b). Using Eq. (5), a7, decreased from 97 + 12 to 43 + 5 kDa as the NVP
concentration was increased from 0 to 3.6 wt% for SPELGA5K-L100-P25-10.16 hydrogel.

Degradation of SPELGA gels depends on the gel water content and density of hydrolytically
degradable ester linkages. The relatively fast degradation of SPELGA800-L50 can be
contributed to the high density of degradable LA/GL units (70% LA/GL and 30%
4PEEB800), higher content of less hydrophobic glycolide monomer (50% by weight), and the
autocatalytic effect of acidic degradation products [44]. SPELGA5K-L100 with 76% by
weight PEG content had high water content (540 wt% swelling ratio after 1 week as shown
in Figure 7b) but low density of degradable lactide units (24%), resulting in a degradation
rate lower than that of SPELGA800-L50. SPELGAB800-L75 with a high density of more
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hydrophobic lactide groups and low water content (see Figure 7b) exhibited the lowest mass
loss with time.

Conclusion

A novel star poly(ethylene oxide-co-lactide-glycolide acrylate) (SPELGA) macromonomer
was synthesized and characterized with respect to gelation, sol fraction, degradation, and
swelling in aqueous solution. We hypothesized that a multi-arm star amphiphilic
poly(ethylene oxide-co-lactide-glycolide) based macromonomer with each arm terminated
with an acrylate group would significantly increase the rate of crosslinking, thus reducing
the minimum required concentration of initiator/monomer to produce robust networks.
Addition of only 0.4 mol% NVP to the polymerization mixture increased modulus by 2.2-
fold but modulus did not change appreciably for higher NVP concentrations. The higher
modulus can be explained by the dilution effect of polymer chains in the sol, to delay the
onset of diffusion-controlled reaction, and by propagation of growing polymer chains with
network-bound SPELGA acrylates to facilitate network formation. It is interesting to note
that the minimum NVP concentration of 0.4% was at least an order of magnitude less than
that used in previous studies for gelation of PLEOF macromonomers. Depending on
macromonomer concentration, sol fraction ranged between 8-18%. The higher reactivity
and lower steric hindrance of the acrylates in SPELGA compared to fumarates in PLEOF
significantly reduced sol fraction and minimum NVP concentration to produce robust
networks. SPELGA gels with highest LA/GL content (SPELGAB800-L50) had the highest
mass loss but lowest water uptake with incubation time which was attributed to the high
fraction of degradable units and the autocatalytic effect of acidic degradation products.
SPELGA gels with highest LA/GL content (SPELGAB800-L75 and SPELGAS800-L50)
showed delayed swelling characteristics.
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Reaction scheme for the synthesis of SPELGA macromonomer. The 4-arm PEG, lactide-co-
glycolide segments, and terminal acrylate groups are shown by black, red, and blue colors,

respectively.

Polymer (Guildf). Author manuscript; available in PMC 2012 August 18.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Moeinzadeh et al. Page 14

3.6 (PEE)

SPELG800-L50

1.6 (LA)

PPM & 5 4 3 2

5.85-6.55 (AC)

5.2 (LA)

SPELGAS00-L50 L
A

PPM 6.0 50 4.0 3.0 2.0
Figure 2.
NMR spectra for SPELGA800-L50. The inset is the spectra of SPELG800-L50 before
acrylation.
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Figure 3.

The effect of UV initiator concentration on shear storage modulus of SPELGA5K-L100-
M25-NO0 hydrogels. The intensity, distance from the sample, and exposure time of the UV
radiation were 46,000 pW/cm?, 10 cm, and 1800 s, respectively. Values are the mean of
three samples with error bars representing one standard deviation from the mean.
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The effect of macromonomer concentration on the modulus (a) and sol fraction (b) of
SPELGAS5K-L100-N0-10.16 hydrogel. The open square and open circle in (b) are the sol
fractions of PLEOF hydrogels crosslinked without (17.5% macromonomer) and with (21%
macromonomer) 4.1 mol% NVP crosslinker, respectively. The intensity, distance from the
sample, and exposure time of the UV radiation were 46,000 pW/cm?2, 10 cm, and 1800 s,
respectively. Values are the mean of three samples with error bars representing one standard
deviation from the mean.
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Figure 5.

The effect of NVP monomer concentration on (a) evolution and (b) plateau shear storage
modulus of SPELGA5K-L100-M25-10.16 hydrogels. The intensity, distance from the
sample, and exposure time of the UV radiation were 46,000 uW/cm2, 10 cm, and 1800 s,
respectively. Values are the mean of three samples with error bars representing one standard
deviation from the mean.
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Figure 6.

The effect of initiator molecular weight and LA/GL ratio of SPELGA macromonomer on
shear storage modulus of SPELGA-M15-N0-10.16 hydrogels. The intensity, distance from
the sample, and exposure time of the UV radiation were 46,000 pW/cm2, 10 cm, and 1800 s,
respectively. Values are the mean of three samples with error bars representing one standard
deviation from the mean.
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The effect of initiator molecular weight and LA/GL ratio of SPELGA macromonomer on (a)
mass loss and (b) swelling ratio of SPELGA-NO-10.16 hydrogels. The intensity, distance
from the sample, and exposure time of the UV radiation were 46,000 uW/cm2, 10 cm, and
1800 s, respectively. Values are the mean of three samples with error bars representing one
standard deviation from the mean.
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Figure 8.

Schematic diagram to illustrate the cross-propagation reaction of the polymer chains in the
sol with network-bound SPELGA acrylates to facilitate crosslinking: scheme a) SPELGA
macromonomer with PEG (blue), LA/GL (green), and acrylate (red) groups; the growing
polymer chain is shown with a purple dot at the chain end; scheme b) a growing chain in the
sol (~X™) cross-propagates by reaction with a network-bound SPELGA acrylate (>AC;
reaction 9) followed by propagation with SPELGA and NVP monomers (reactions 6 and 7)
to form a propagating chain bound to the gel; scheme c) the growing chain in the gel cross-
propagates with a network-bound SPELGA acrylate to form a load-bearing network chain
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(reaction 11). Some SPELGA macromonomers (4-arm blue stars) are shown with a smaller
size for clarity.
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Table 2

M, M, and Pl of the synthesized SPELGA macromers.

Macromonomer | — Pl
M, | My
SPELGAB800-L50 | 2490 | 4460 | 1.80
SPELGAB800-L75 | 2650 | 4900 | 1.85
SPELGAB800-L100 | 2640 | 4400 | 1.70
SPELGAS5K-L100 | 6570 | 9460 | 1.40
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