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Cell transplantation by injection of biodegradable hydrogels is a recently developed strategy for the treatment of
degenerated tissues. A cell carrier should be cytocompatible, have suitable working time and rheological properties
for injection, and harden in situ to attain dimensional stability and the desired mechanical strength. Hydrophilic
macromer/cross-linker polymerizing systems, due to the relatively high molecular weight of the macromer and
its inability to cross the cell membrane, are very attractive as injectable cell carriers. The objective of this research
was to determine the effects of cross-linker, initiator, and accelerator concentrations on the gelation kinetics and
ultimate modulus of a biodegradable, in situ cross-linkable poly(laciidethylene oxideso-fumarate) (PLEOF)
macromer. The in situ polymerizing mixture consisted of PLEOF macromer, methylene bisacrylamide cross-
linker, and a neutral redox initiation system of ammonium persulfate initiator and tetramethylethylenediamine
accelerator. Measurement of the time evolution of the viscoelastic properties of the network during-thed sol
transition showed the important influence of each component on the gel time and stiffness of the hydrogels. A
kinetic model was developed to predict the modulus as a function of composition. Model predictions were consistent
with most of the experimental findings. The values of the storage and loss moduli at the gel point were found to
be approximately equal for samples with equal PLEOF concentrations, resulting in a simple method to predict
the gelation time based on the Winte€hambon criterion, with the use of the proposed kinetic model. The
results of this study can be coupled with component cytocompatibility measurements to predict the effect of
composition on the viability of the cells encapsulated in the hydrogel matrix.

Introduction A number of in situ cross-linkable macromers have been
developed as cell carriers for tissue regenerdtiéhPromising
results have been obtained with poly(ethylene glycol) (PEG)-
based macromers modified with reactive functional groups such
s methacrylate, acrylate, fumarate, and sulfide groups that can
e injected and cross-linked in situ using a redox initiator or
ultraviolet light to form a hydroge?~1° In an attempt to control
water content (hence mechanical strength) and the degradation
rate of PEG-based hydrogels, our laboratory has developed a
terpolymer of poly(lactideeo-ethylene oxidezo-fumarate)
(PLEOF) consisting of ultralow molecular weight palyiactide)
(ULMW PLA) and poly(ethylene oxide) (PEG) blocks linked
by unsaturated fumarate unf&The PLA and PEG are Food
and Drug Administration (FDA)-approved for certain clinical
applications, and fumaric acid occurs naturally in the Kreb cycle.
The degradation product of ULMW PLA, lactic acid, is resorbed
through the metabolic pathways. PEG does not elicit an immune
response, and PEG molecular weights less than 5 kDa are
excreted by the kidneys. The water content can be adjusted by
the ratio of the hydrophilic PEG to hydrophobic PLA blocks
and by the molecular weight of PEG. The network mesh size
can be controlled by the density of the fumarate groups on the
terpolymer chains, and the degradation rate is controlled by the
ratio of PLA to PEG blocks in the terpolymé.

The viability of the encapsulated cells in a hydrogel depends
on the concentration of the multifunctional cross-linker, initiator,
and accelerator and gelation ti#e25 In addition, the chemical
composition and concentration of these components play an

* Author to whom correspondence should be addressed. Phone: (803)?mp0rtanf[ role in controlling the rheologica_il prpperties and
777-8022. Fax: (803) 777-0973. E-mail: jabbari@engr.sc.edu. injectability of the hydrogel$%-26-27 Although significant work

Injectable biomaterials seeded with cells and growth factors
and coupled with minimally invasive arthroscopic techniques
are an attractive alternative for treating irregularly shaped
degenerated tissues. For example, marrow stromal cells, isolate
from the bone marrow, and growth factors can be placed in a
supportive hydrogel and injected into an osteochondral defect
by an arthroscopic procedute? After injection and hardening
in situ, the three-dimensional hydrogel matrix guides the
organization, differentiation, proliferation, and development of
the seeded cells into the desired osteochondral tissue.

A synthetic injectable hydrogel as a cell carrier should satisfy
the following criteria®’ The in situ polymerizing mixture should
be cytocompatible, have suitable working time and rheological
properties for injection via a syringe, and harden in situ to attain
dimensional stability and the desired mechanical strength. In
addition, the cross-linked hydrogel should degrade into bio-
compatible molecules in a controlled manner concurrent with
tissue regeneration. Hydrophilic macromer/cross-linker polymer-
izing systems are very attractive as injectable cell carriers. The
relatively high molecular weight of the macromer in these
systems (1x 10°—1 x 10* Da) compared to that of the
monomer in monomer/cross-linker systemsb00 Da) signifi-
cantly diminishes the ability of the macromer to cross the cell
membrane and activate intracellular apoptotic pathways. This
in turn sharply enhances cytocompatibility of the macromer-
based cell carriers.
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Figure 1. Reaction schemes for the synthesis of the PLEOF macromer.

is done in measuring and modeling the gelation kinetics of 130°C under a nitrogen atmosphere. The lactide monomer was allowed
monomer/cross-linker hydrogel systeffis®® research on the  to melt far 1 h at 130°C. Next, 4.5 mL of DEG and 5 mL of TOC
physics of the setgel transition and prediction of gelation Were_added _to the reaction flask with stirring. The polymgrization
kinetics of biodegradable in situ cross-linkable macromer/cross- reaction continued for 12 h at 14C. The resulting polymer mixture
linker hydrogels is scarce. was dissolved in dichloromethane (DCM) and precipitated in ice-cold
The objective of this research was to determine experimen- ether to remove the high molecular weight fraction. After fractionation,
tally and theoretically the effects of cross-linker, initiator, and €ther was removed by rotovaporation, and the polymer was redissolved
accelerator concentrations on the gelation kinetics and ultimate? DCM and precipitated twice in hexane. The precipitate was dried
modulus of the in situ cross-linkable PLEOF macromer. The Under vacuum 5 mmHg) at 40°C for at least 12 h and stored in a
in situ polymerizing mixture consisted of the PLEOF macromer, 01 atmosphere. The product was characterizedtb\MR, Fourier
methylene bisacrylamide (BISAM) cross-linker, and a neutral transform infrared (FTIR) spectroscopy, and gel permeation chroma-
redox initiation system. Equimolar concentrations of the acidic ;ongcﬁp?yb;i:?an@%g"x\g :CI;:\/eTaMﬂ and Pl values of 1.2 kDa
ammonium persulfate (APS) initiator and basic tetramethyleth- T ' P : y:
ylenediamine (TEMED) as the radical catalyst were used as the _ Synthesis and Characterization of the PLEOF Terpolymer.
initiation system to have neutral pH during the course of PLEOF was synthesized by condensatlor_l poly_merlzatlon of UITMW
gelation. Measurement of the oscillatory shear modulus was used” A @nd poly(ethylene glycol) (PEG; Aldrich) with fumaryl chloride
to continuously monitor the time evolution of the viscoelastic (“UCh Aldrich). Triethylamine (TEA; Aldrich) was used as the
properties of the network during the sajel transition and probe polymerization catalyst (F!gure 1). FuCl was p'Uf.Ierc.l by distillation at
the relative influence of each component. On the basis of the 161 °C, and PEG was dried by azeotropic distillation from toluene.
. o S .~ Th | ios of FUCI/(PEG PLA TEA/(PEGH+ PLA
experimental results, a kinetic model is developed to predict 0 9‘?1m0°aa; draltlg§loo rgscp/e(ctivirly Th)ea:/:/]gightArz/a(tio (?;E G t)o";el_rz was
the elasticity evolution of these systems. The model can predict . A g )
the elastic )r/nodulus of the hydr¥)gel during the Cross-IiFrllking 70:30 to produce a hydrophilic water-soluble terpolymer. In a typical

I h . fth link reaction, 14.0 g of PEG and 6.0 g of ULMW PLA were dried by
process as well as the conversion of the BISAM cross-linker, azeotropic distillation from toluene and then dissolved in 150 mL of

initiator, and unsaturated fumarate groups of the PLEOF pey ynder a dry nitrogen atmosphere in a three-neck reaction flask
macromer. The proposed model also can be used t0 ap-iy an ice bath. Next, 0.61 mL of FuCl and 1.55 mL of TEA, each
proximately predict the gelation time of the polymerizing gjssolved in 30 mL of DCM, were added dropwise to the reaction with
mixture by applying the WinterChambon criterion to a linearly  stirring. The reaction proceededrf6 h in an icebath and continued
viscoelastic cross-linked network at the gel p&fnt? for 12 h under ambient conditions. After completion of the reaction,
the solvent was removed by rotovaporation, the residue was dissolved
in 100 mL of anhydrous ethyl acetate to precipitate the byproduct
triethylamine hydrochloride, and the salt was removed by filtration.
Synthesis and Characterization of ULMW PLA. ULMW PLA Ethyl acetate was removed by rotovaporation. The macromer was
was synthesized by ring-opening polymerization of thactide redissolved in DCM and precipitated twice in cold ethyl ether. It was
monomer (LA; Oretc, Inc., Easley, SC) in a dry atmosphere with dried in vacuum £5 mmHg) at ambient temperature for at least 12 h
diethylene glycol (DEG, Aldrich) as the initiator and tin octoate (TOC, @and stored at-20 °C.
Aldrich) as the polymerization catalyst. The molar ratio of DEG to The structure of the PLEOF macromer was characterizétibymR
TOC was 25:1, and that of LA to DEG was 10:1. Briefly, 90 g of and FTIR. Four singlet chemical shifts with peak positions at 1.6, 3.5,
L-lactide in a three-neck flask was gradually heated in an oil bath to 6.8, and 6.9 ppm, two triplets with peaks positions at 3.6 and 4.2 @B\/

Materials and Methods
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Figure 2. H NMR spectrum of the PLEOF terpolymer. 1 20
and a quartet with peak position at 5.1 ppm were observed iftthe 110
NMR spectrum of the terpolymer (Figure 2). The singlet chemical shift 0.1 0
with a peak position at 1.6 ppm was attributed to the hydrogens of the 0 2000 4000 6000 8000 10000 12000
methyl group {-CHj) of the lactide monomer. The singlet chemical Time (sec)

shift at 3.5 ppm was attribgted to the methyleng hydrogensszH Figure 3. Evolution of the viscoleastic properties of P-0.05 B-0.005
CH,—0O-) of the ethylene oxide repeat units. The triplet chemical shifts |/ with time.

centered at 3.6 and 4.2 ppm were due to the hydrogens of the methylene

groups attached to the ether groupGH,—O—CH,—) and the time between mixing/injection and start of the data collection was 30
methylene groups attached to the ester group of the lactide{CH s for all experiments.

O0C~), respectively, on the initiator DEG. The quartet chemical shift A sinusoidal shear strain profile was exerted on the sample via the
with a peak position at 5.1 ppm was due to the hydrogen attached to upper plate, and the force required to strain the sample was monitored
the methine group of the lactide monomer. The singlet shifts at 6.90 as a function of time. The deformation amplitude was 1% to remain
and 6.95 ppm were attributed to the methine hydrogens of the fumaratewithin the linear region of viscoelasticity. The time sweep oscillatory

in the middle of the chair{ OOC—CH=CH—COO-) and on the chain shear measurements were done at a constant frequency of 1 Hz for 3
ends OOC-CH=CH—-COOH), respectively. The presence of the h. Each measurement was immediately followed by a frequency sweep
peaks at 6.90 ppm in the NMR spectrum attributable to the hydrogens in the range from 0.1 to 10 Hz. The geometry was covered with a
of the fumarate group and the presence of a band due to the estethumidity chamber to prevent dehydration during the experiment. Here,
carbonyl stretching vibration centered at 1725 ¢in the FTIR spectra we report storage modul®), loss moduli G''), and the phase angles
confirmed the incorporation of fumarate monomers into the PLEOF (0 = tanm’(G"/G')) of the samples during the gelation process. Each
macromer. The PLEOF macromer with PLA and PEG molecular experiment was repeated three times to obtain the mean and standard
weights of 1.2 kDa (PI of 1.1) and 3.4 kDa (PI of 1.1) hdd and PI deviation.

values of 10.5 kDa and 1.7, respectively, as determined by GPC.

Hydrogel Preparation. Hydrogels were prepared by radical po-
lymerization of the PLEOF macromer with BISAM as the cross-linking

agent and a redox initiation system in aqueous solution. The redox  General Observations. Two measurements were performed
initiation system consisted of APS and TEMED with equimolar ¢, each sample: a time sweep measurement in which the
concentrations in the range of 0.008.02 M. Equimolar concentrations storage and loss moduli were monitored as a function of time
of initiator and accelerator were used to keep the pH of the polymer- 54 5 gteady-state frequency sweep at low strain amplitude.
ization mixture constant at 7.4. PLEOF hydrogels without BISAM From the time sweep experiments, the rate and extent of cross-
cross-linker were also prepared to serve as the controls. Briefly, BISAM linking were determined. The Subs,equent frequency sweep was
Cross'lmke.r (final concentration In the range of @25 M) was used to verify the formation of a chemically cross-linked gel.
dissolved in 0.825 mL of distilled deionized water (DDI) water by Frequency independence of the storage modulus confirms that
heating the mixture to 50C. Next, 315 mg of PLEOF macromer was . . .

g g the gels are cross-linked and mechanically robust, while samples

added to the BISAM solution, and the mixture was heated to aid ith hiah | f . dl | - . hibi
dissolution. The mixture was vortexed periodically to completely with higher sol fractions and longer relaxation times exhibit a

dissolve the macromer. Then, 105 of APS and TEMED (6-0.2 M dependence on frequency.

initial concentration) were added to initiate the polymerization. The ~ Figure 3 shows the time dependence=6fG", and® for the

mixture was mixed vigorously for 20 s before measuring the gelation Sample P-0.05 B-0.005 I/A. Other hydro_gels eXhlblted S!mll_ar

kinetics by rheometry. gelation curves. A shift from a predominantly viscous liquid
The following nomenclature is used to identify the concentration of (G > G) t0 a strongly viscoelastic solidlike materiab'(>

cross-linker and  initiator/accelerator in various hydrogel samples. G") Was observed. The corresponding time of crossover from

Hydrogels prepared with the PLEOF macromer are specified by the & VISCOUS behavior to an elastic response (i.e., the time at which

symbol “Pm B-n I/A” where m and n represent the final molar G = G') was regarded as the gel tirf&t
concentrations of BISAM and APS/TEMED, respectively. Hydrogels Three main regions can be distinguished in the time sweep
prepared without PLEOF are specified by ‘B-n I/A” without the curves during the course of the reaction (Figure 3). First, a short
letter “P”. induction period is observed, whe@ andG'" do not change
Gelation Kinetics and Rheological MeasurementsThe time for ~ a@ppreciably with time. The duration of the induction period was
the onset of gelation and the evolution of elasticity was determined by affected by the concentrations of initiator/accelerator and cross-
rheometry at a constant temperature of@7n a constant strain mode.  linker and approached zero at high concentrations of these
The measurements were obtained with an AR-2000 rheometer (TA components. Inhibition of the primary free radicals by oxygen
Instruments, New Castle, DE) using a parallel plate geometry (20 mm present in the polymerizing mixture may also affect the duration
diameter). The polymerizing mixture was injected on the Peltier plate, of the induction regime. In the second region, the network
and the upper geometry was lowered to a gap of &00 The elapsed structure began to form, and the elastic modulus increeﬁs{j/

Experimental Results
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4500 groups, whereas those vinyl groups in the microgel’s interior
4000 P-0.25 B-0.01 /A remain unreacted.
Notably, after the addition of the PLEOF macromer, the
3500 polymerizing mixture cross-linked to a homogeneous and
transparent hydrogel. This implied that the fumarate groups of
3000 the PLEOF chains cross-reacted primarily with the primary
— 2500 BISAM chains, as opposed to reacting with fumarate groups
g 025 B-0.01 /A on other PLEOF chains, and the higher solubility of the PLEOF
® 2000 macromer in the agqueous solution (due to the PEG blocks)
increased the solubility of the entire polymerizing mixture.
1500 § ? This hypothesis is verified by comparing the time sweep
1000 results for P-0.25 B-0.01 I/A with those of the neat BISAM
P-0.0 B-0.01 /A (0.25 B-0.01 I/A) and neat PLEOF (P-0.0 B-0.01 I/A), as shown
500 in Figure 4. The PLEOF/BISAM cross-linked gel (PLEOF
0 / concentratiorr 0.04 M) showed a significantly higher ultimate

modulus compared to that of the neat PLEOF or BISAM cross-
linked gels. According to the theory of rubber elastié¢ityhe
storage modulus of a permanently cross-linked gel is linearly

Figure 4. Comparison of the evolution of the storage modulus for proportional to the number density of the elastically active cross-
sample P-0.25 B-0.01 I/A with those of samples without the PLEOF link points Ne; i.e
macromer (0.25 B-0.01 I/A) and without the BISAM cross-linker (P- &

0.0 B-0.01 I/A).

2000 4000 6000 8000 10000 12000

Time (sec)

G ~N, (1)
sharply and monotonically with time. This was followed by the
final phase, where the slope of tH&' curve versus time In the neat BISAM gel (0.25 B-0.01 I/A) a significant fraction
continuously decreased, inferring that the network formation of the BISAM cross-links participate in the formation of just
process was reaching completion. The loss modulus reached ane cluster corresponding to only one active network junc-
plateau value faster than the storage modulus, and its ultimatetion,3*38as shown by Figure 5a. However, for a constant BISAM
magnitude was negligible compared to the corresponding storageconcentration, the higher storage modulus of the homogeneous
plateau modulus. and transparent P-0.25 B-0.01 I/A can be attributed to the higher
The neat BISAM polymerizing mixture (without the addition density of the pendent BISAM vinyl groups, which are
of PLEOF) cross-linked almost immediately after the addition converted to elastically active cross-links due to network
of initiator and accelerator in the range of concentrations studied homogeneity (Figure 5b).
(0.05-0.25 M). In addition, cross-linked BISAM chains pre- The process of the PLEOF/BISAM cross-linking reaction can
cipitated from the solution giving rise to an inhomogeneous be assumed as follows. The system is initially comprised of
nontransparent gel. This well-known behavior of bisacrylamide homogeneously dissolved PLEOF chains and BISAM cross-
gels has been attributed to the domination of intramolecular linker. Upon the addition of initiator and accelerator, BISAM
cyclization, formation of microgels prior to the onset of reacts with primary radicals to form short chains. Next, these
macrogelation, and eventually inhomogeneous distribution of growing primary radicals react with the fumarate groups on the
monomers*3738 As the reaction proceeds, microgels are PLEOF and form BISAM-grafted PLEOF chains. The lower
connected to the macrogel through their peripheral pendent vinyl mobility of the PLEOF macromers compared to that of primary

a BISAM monomer
W A /
a5
5 , s b
APS
% B s >
W 2
5 IRPRR
TE ERS
o

b /,5 PLEOF macromer g

Figure 5. Schematic representation of the microstructure of (a) BISAM and (b) PLEOF/BISAM hydrogels. cDV
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Figure 6. Effects of the concentration of APS/TEMED on the time
evolution of the storage moduli of (a) P-0.05 B and (b) P-0.25 B
hydrogels.
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= P-0.1 B-0.01 /A

BISAM chains restricts direct interaction and reaction between
4 P-0.1 B-0.02 /A

the fumarate groups on different PLEOF chains, but the PLEOF
chains are connected remotely through the primary BISAM
chains. For the PLEOF/BISAM polymerizing mixture, the
modulus continues to increase in the terminal phase of the Frequency (Hz)

gelation due to local scale structural rearrangement of the Figure 8. Effects of the concentration of APS/TEMED on the
primary BISAM chains and their reactions with pendent double frequency sweep response of the P-0.1 B hydrogel.

bonds. . .
Effects of Initiator and Accelerator. The effects of APS/  Independent of frequency, confirming that the gels were

TEMED concentration on the gelation kinetics of P-0.05 B and thoroughly cross_-linked with insignificant sol fraction. At low
P-0.25 B are shown in Figures 6a and 6b, respectively. The APS concentrations (0.005 M), the modulus showed a weak

corresponding gel times are also shown in Figures 7a and 7b.dependence on frequency that can be attributed to longer
The rate of cross-linking and the gelation time were strongly relaxation times in the_ system arising from the sol fraction (i.e.,
dependent on the concentrations of the initiator and accelerator PLEOF or BISAM chains that are not connected to the network)
At 0.02 M initiator concentration, the ultimate storage modulus ©F long dangling BISAM chains. These results demonstrate that
was lower than that of the 0.01 M initiator concentration. This &t low APS concentrations, due to insufficient concentrations
can be explained by intramolecular cross-linking (i.e., cycliza- Of radicals, the BISAM chains were not completely integrated
tion) of the vinyl groups of the primary BISAM chains, resulting  into the PLEOF/BISAM network.
in reduction of the elastically active cross-link points in the gel.  Effects of BISAM Concentration. Figure 9 shows the
The frequency sweep experiments on P-0.10 B with various elasticity evolution of the PLEOF hydrogels with different
amounts of initiator/accelerator are shown in Figure 8. Samples BISAM concentrations at a constant APS/TEMED concentration
with other BISAM concentrations showed qualitatively similar of 0.1 M. A significant increase in the elastic modulus and a
behaviors. At high APS concentrations, the modulus was decrease in the gelation time were observed with increaé'Bg/

100 100

0.1 1 10
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of the storage modulus of the P-0.01 I/A hydrogel.
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Figure 10. Effects of the BISAM concentration on the gelation time
of the P-0.01 I/A hydrogel.

Gel time (sec)

cross-linker concentrations. This property of the acrylamide gels
is generally explained by the presence of heterogeneities in the
gel (Figure 5a%%3438|n hydrogels prepared with the PLEOF
macromer,G' followed a linear relationship with cross-linker

5000 concentration and increased continuously with increasing BISAM
e 0.005VA concentration within the entire range of concentrations inves-
4000 1 = 001VA tigated. The continuous increase in modulus with increasing

A 0.02VA
— -t~ — No PLEOF-0.01 /A

BISAM concentrations again confirmed that the gel in the
presence of PLEOF had a more homogeneous microscopic

3000 structure.
i Figures 12a and 12b show a representative frequency
20| X - { spectrum for P-0.005 I/A and P-0.02 I/A compositions with

different BISAM concentrations. At high initiator concentrations,
the material was completely elastic, and the storage modulus
was independent of frequency for all BISAM concentrations.
However, at low initiator concentrations, the rheological

1000 +

Ultimate storage modulus, G'(Pa)

0 ‘ ‘ spectrum exhibited a slight frequency dependence, increasing
0 01 0.2 03 with reduction of the BISAM concentration. Again, this can be
BISAM concentration (M) attributed to longer relaxation times in the system arising from
Figure 11. Effects of the BISAM concentration on the ultimate the sol fraction or long dangling chains.
storage moduli of hydrogels with (solid lines) and without (dashed Influence of Composition on the Gel PointThe viscoelastic

line) PLEOF atfter 3 h for different concentrations of APS/TEMED. characteristics of an incipient gel is often described by the model

of Winter and Chambon who proposed a power law equation

cross-linker concentration (Figure 10), indicating that the cross- . :
(Fig ) g for the storage and loss moduli at the gelation &fié

linker affected the rate of polymerization and formation of the
network.

The values of the storage moduli af@h for the hydrogels Gye(@) = Gy @) = Aw® ¥
with different BISAM concentrations are plotted in Figure 11.
The figure also includes the results from hydrogels prepared whereA is a material constant. Winter and Chambon hypoth-
only with BISAM (dashed line). For the case with no PLEOF, esized that such a power law relation is valid in the entire range
the results show an increase in the ultimate storage modulusof frequency. On this basis, the Kramei#ronig relation gives
with BISAM concentration followed by a plateau at higher o = Y/, as the only possible value for the exponent. CDV
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Figure 13. Storage (and loss) modulus of the hydrogels at the gel
point.
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prediction of the gelation time, sol fraction, and modulus as a
function of composition. This ideally allows optimization of
the hydrogel composition prior to any chemical synthesis and
cell encapsulation. To this end, in this section, a kinetic model
is proposed to predict the properties of the network as a function
of time after injection under isothermal conditions. The model
is based on the following assumptions:

1. In the presence of the PLEOF macromer, the polymeri-
zation system remains soluble in the agqueous solution during
the course of gelation.

2. Reactions between the BISAM primary chains are not
diffusion-controlled.

3. Intramolecular cross-linking by cyclization of the primary
BISAM chains is not considered.

4. The reactivity of the growing BISAM chains depends only
on the reactivity of the terminal unit.

5. Terminal double bonds formed by chain transfer or
termination reactions are assumed to behave similar to pendent
double bonds.

6. PLEOF and BISAM chains mutually contribute to stress

%0 production, and the network stiffness is directly proportional
to the number density of their elastically active cross-link points.
401 7. The volume change due to changes in the network density
during cross-linking is not considered.
30 r It is assumed that the gelation process consists of initiation,
G;e, (Pa) propagation, chain transfer to the polymer, and termination by
20 - disproportionation. These elementary reactions are listed below.
Initiation
10 |
| 4 o (3a)
0 | ke
0 0.2 0.4 06 0.8 R +B—B, (3b)
PLEOF concentration (g/mL)
Figure 14. Gel point storage moduli of the hydrogels with different R* + PDR" ﬁf, F* (3c)
concentrations of PLEOF. Concentrations of BISAM and APS/TEMED
were constant at 0.25 M and 0.01 M, respectively. Propagation
The corresponding values of the storage (and loss) modulus ke
at the crossover point are shown in Figure 13. For P-0.25 B-0.02 B,+B—B,,, + PDB’ (4)
I/A, the gelation point was not recorded because it happened
before the start of data collection by the rheometer. Notably, = Cross-linking
all of the samples showed an almost equal storage modulus of
16.86 = 0.68 Pa at the onset of gelation. Hence, it can be B + pDBBﬁ,XB + PDBE (5a)
deduced that the material constdnin eq 2 is weakly affected "
by the concentrations of the cross-linker and initiator/accelerator. = &) E B
The polymerizing mixture P-0.0 B-0.005 I/A with the minimum B, + PDB X +PDB (50)
capability for networking dge to the Igck_of a cross-linking agent Transfer to monomer
and the lowest concentration of the initiator was an exceptional
case withGy, < 16.86Pa. K ) B
To test the effect of PLEOF concentration on the elastic and B,+B—B,+D,+"PDB (6)
loss moduli at the gel point, time sweep experiments were o ) ) ]
conducted with different PLEOF concentrations (at constant ~ 1ermination by disproportionation
cross-linker and initiator/accelerator concentrations), and the ks
results are shown in Figure 14. These results clearly show that B,+B,— D, + D, + °PDB’ (7a)
Giel incrgased monotonically yvith the cqncentrgtion of PLEOF K
and confirmed that the material constéin eq 2 is controlled B, + F* R D, + PDEF + PDBE (7b)

only by the concentration of the macromer. The independence

of the storage modulus from the concentrations of BISAM and pere |, B, PDBF, and PDB represent the molar concentrations
APS/TEMED at the gel point provides a method to predict the ot ApS BISAM monomer, double bonds of the fumarate groups

gel time that will be discussed in the next section.

Kinetic Model for Gelation

on PLEOF, and the pendent double bonds on the radical BISAM
chains, respectively. MoreoveR* and F* refer to the concen-

trations of primary radicals and those fumarate groups that
reacted with the primary radicals, respectively. The concentra-

Application of the in situ cross-linkable PLEOF gels as cell tion of radical BISAM chains withn units is shown byB,, while

and growth factor carriers in tissue regeneration requires a priorithat of the dead chains is representeddyy Polymer radical

Tov
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can interact with pendent double bonds on BISAM chains and a 1400
form branch points with concentratio®. Growing BISAM
radicals can also react with fumarate double bonds and form 1200
cross-links XF).

To predict the time-dependent concentration of the reactant

¢ P-0.05B-0.005 /A
A P-0.10B-0.005 /A
s P-0.25B-0.005 /A

1000
species, first we define thiéh moment of the molecular weight
distribution of the radical BISAM chains as 800
- g |
M; = Z n'B, (8) © 600 |
n=
Consequently, the following rate equations can be derived from 400
the elementary reactions given by egs73
200
ddif = 2kl — kgR*B — kR*PDB" 9)
0
dB 0 2000 4000 6000 8000 10000 12000
at = —kgR'B — kpBBMO — kgBM, (10) Time (sec)
dPD§ b 4500
G = —keRPDB" — kePDB Mo+ keeF* M, (11) w00
daF* _ k R*PDB — keF*M (12) 3500 o P-005B-0.01VA
dt iF dF 0 Ao P-0.10B-0.01VA
3000 m  P-0.25B-0.01 VA
PDB’
d G = KeBMo + kPDB™M, + 2k;zBM, + 3k, sMy” + 5 2500 |
kgeF* Mo (13) ® 2000 |
dxB B 1500 |
e k.gPDB"M, (14)
t 1000 |
F
ddlt = kPDBM, (15) 500
0 L L L L L
The rates of change of the zero, first, and second moments of 0 2000 4000 6000 8000 10000 12000
B, with time can be represented by the following ordinary Time (sec)
differential equations
dM C 4500
0
ot —kgPDB"M;, — k,cPDB™M, — kigBM, — kiggMy* — 4000 -
L L] [] [ ] [ [ ] []
kaeF* Mg (16a)
3500 e P-0.05B-0.02 A
dM, 5 . A P-0.10B-0.02 A
gt = K8BMo — kgPDB’M; — kPDB'M, — kgBM, — 3000 " P025B0021A
kigMoM; — kigeF*M, (16b) s 2500 |
dM © 2000
TZ = 2k,gBM, + k 5BM, — k,sPDB’M, — k PDB"M, — 500 A 4 4 4 4 s oaa
— — *
kigBM, — kiggMoM, — kgeF*M, (16¢) 1000 —————————
Using the theory of rubber elasticity for phantom networks,
the elasticity of the system is assumed to be proportional to the s00
number density of the effective cross-link points in the network; ol

i.e., G'(t) = CBXB(t) + CFXF(t) whereCB and CF are temper- 0 2000 4000 6000 8000 10000 12000

ature-dependent coefficients representing the fractions of cross-

links that are elastically activ8.For the sake of simplicity, these

temperature-.dependent CoefﬁCIent.S are assumed to rema data for the elasticity evolution of (a) P-0.005 I/A, (b) P-0.01 I/A, and

Constam d_u”ng the course _Of gela_tlon. . ) . (c) P-0.02 I/A hydrogels prepared with various concentrations of the
Discussion.The set of ordinary differential equations given gisaMm cross-linker.

in eqs 9-16 can be solved numerically. In this section, the

model predictions are compared with the experimental results 3—7 are presented in Table 1. The rate constants for the reaction

(Figures 15a-c). The values of the kinetic rate constants in eqs of acrylamide groups between the BISAM chains (BIS%V

Time (sec)

H:igure 15. Comparison of the model predictions and experimental
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Table 1. Kinetic Rate Constants for the Cross-Linking of PLEOF/ 2500
BISAM Polymerizing Mixtures?@
value 2000
constant (L/(M s))
kB ~1 x 1010 § 1500
kiF ~kB &
kB 1.65 x 106 exp(—2743/RT) E
kB kpB g 1000
keF ~102k,B
kB 9.55 x 106 exp(—10 438/RT) 500
kB (1532 exp(—741/RT))?
kiaF ~1O‘2kp5
0
2 R is the gas constant and T represents the absolute temperature. 0.005 0.01 0.02
03 Initiator concentration (M)
Figure 17. Comparison of the model predictions (solid line) and
0.25 experimental measurements for the gel point for the P-0.1 B sample

at different APS/TEMED concentrations.

—e— P-0.25 B-0.005 /A

—a—P-0.25B-0.01 VA pounds in the mixture, such as BISAMITherefore, prediction
—&—P-0.25B-0.02 /A of the time evolution of the concentration of unreacted BISAM

0.2 H

Unreacted BISAM monomers (M)

o1 can indirectly provide information about cell viability during
01 | the course of cross-linking.
The predicted evolution of the storage modulus, shown in
0.05 | Figure 15, can also be used to estimate the gelation time of the
samples. As the experimental results show, the value of the
0 N N 3 storage modulus at the gel point is mainly affected by the
0 100 200 300 400 500 concentration of the PLEOF macromer and is independent of
Time (sec) the initiator and cross-linker concentrations. For the PLEOF
Figure 16. Effects of APS/TEMED concentration on the concentration concentration investigated in this work (0.04 M), the value of
of unreacted BISAM versus time. the storage modulus at the gel point wabk6.86 Pa, independent

of the BISAM and APS/TEMED concentrations. Hence, the

homopolymerization) were taken from ref 37 while the rate time corresponding to the modulus-e1.6.86 Pa on the storage
constants for the reaction of acrylamide groups on BISAM and modulus versus time curves is the gel time of each sample. The
fumarate groups on PLEOF chains (PLEOF/BISAM reactions) predicted gel times of the sample P-0.1 B for different APS/
were obtained by the best fit of the experimental time sweep TEMED concentrations are shown in Figure 17.
data to the proposed kinetic model. Likewise, the valuk,e$ While the predicted gel times follow the trend of the
1073 s7! for the APS dissociation rate in the presence of experimentally measured values, the model consistently under-
TEMED was obtained from the best fit. All adjustable param- estimated the actual time for gelation. The reason is that the
eters were evaluated by fitting the model predictions to the time proposed model for elasticity evolution overestimates the value
sweep measurements of the P-0.25 B-0.005 A/l sample. of the storage modulus at the early stages of the reaction. In

From the extracted parameters it is evident that the rate of fact, the duration of the actual induction time (i.e., phase | of
reaction between acrylamide groups of BISAM and fumarate the cross-linking reaction) was longer than what the model
groups of PLEOF was significantly less than that of acrylamide predicted for all samples. One reason for such a discrepancy
groups between two BISAM chains. This can be explained by could be the effect of the residual oxygen in the polymerizing
the lower reactivity of the fumarate double bond (secondary mixture. In fact oxygen could act as a radical scavenger,
unsaturated bond) versus that of acrylamide (primary double suppress the polymerization reaction, and increase the induction
bond) and the lower mobility of the fumarates on the longer time until it is consumed?
PLEOF chains. Because of the lower reactivity of the fumarate

groups, it was assumed that the fumarate groups can only be Conclusions
linked indirectly through the more reactive radical BISAM
chains. The gelation kinetics of the poly(lactidzs-ethylene oxide-

There is a reasonable agreement between the experimentato-fumarate) (PLEOF) macromer was investigated using rheo-
results and model predictions except for systems with high logical monitoring. The in situ polymerizing mixture consisted
concentrations of APS/TEMED (0.02 M). This discrepancy can of the PLEOF macromer, methylene bisacrylamide (BISAM)
be explained by the higher probability of intramolecular cross- cross-linker, and a neutral redox initiation system. The time
linking reactions (i.e., cyclization) at higher APS/TEMED evolution of the network during the setel transition was
concentrations (two or more radicals on the same growing continuously monitored by measurement of the viscoelastic
chain), which was not included in the proposed kinetic model. properties throughout the in situ cross-linking (in the rheometer).

The model predictions for the concentration of unreacted The effects of the cross-linker and initiator/accelerator concen-
BISAM versus time are shown in Figure 16. As expected, the trations on the elasticity evolution of the system were deter-
concentration of initiator/accelerator has a dramatic effect on mined. The following conclusions are made on the basis of the
the rate of BISAM conversion. The viability of the cells experimental observations:
encapsulated in the polymerizing matrix depends on the (1) The rate of cross-linking and the gelation time were
concentrations of the unreacted low molecular weight com- strongly dependent on the concentrations of the initiator éB({/
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accelerator. The ultimate storage modulus of the hydrogels was (9) Jeong, B.; Bae, Y. H.; Kim, S. Wl. Controlled Releasg00Q 63,

enhanced with an increase in APS/TEMED concentrations.
However, this trend was reversed at very high initiator
concentrations (0.02 M), possibly due to the cyclization effect.

(2) The shear moduli of the hydrogels with a low concentra-
tion of APS/TEMED (0.005 M) showed frequency dependence,
evidence for the existence of the sol fraction or long dangling
chains with longer relaxation times. At higher concentrations
of initiator/accelerator, the gel response was frequency-
independent, characteristic of a well-developed cross-linked
polymer network.

(3) As the concentration of the cross-linker was increased,
the crossover from viscous to elastic behavior occurred at an
earlier time. The ultimate modulus of the gels was found to
increase linearly with the cross-linker concentration.

(4) The storage and loss moduli of the polymerizing mixture
at the gel point were found to be independent of the concentra-
tion of initiator and cross-linker but strongly dependent on the
concentration of the PLEOF macromer.

On the basis of the experimental results, the network structure
was assumed to consist of PLEOF chains cross-linked through
the fumarate groups by BISAM chains, homogeneously dis-
tributed in the solution. A kinetic model was developed to
predict the effect of composition on hydrogel elasticity and the
conversion rate of cross-linking constituents. From the estimated
time sweep curves, the time corresponding to the experimentally
measureds,,, (approximately common value for all samples)
can be regarded as the gel time of that hydrogel.
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