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Abstract

Hydrogels prepared from poly-(ethylene glycol) (PEG) have been used in a variety of studies of
cartilage tissue engineering. Such hydrogels may also be useful as a tunable mechanical material
for cartilage repair. Previous studies have characterized the chemical and mechanical properties of
PEG-based hydrogels, as modulated by precursor molecular weight and concentration. Cartilage
mechanical properties vary substantially, with maturation, with depth from the articular surface, in
health and disease, and in compression and tension. We hypothesized that PEG hydrogels could
mimic a broad range of the compressive and tensile mechanical properties of articular cartilage.
The objective of this study was to characterize the mechanical properties of PEG hydrogels over a
broad range and with reference to articular cartilage. In particular, we assessed the effects of PEG
precursor molecular weight (508 Da, 3.4 kDa, 6 kDa, and 10 kDa) and concentration (10-40%) on
swelling property, equilibrium confined compressive modulus (Hag), compressive dynamic
stiffness, and hydraulic permeability (ko) of PEG hydrogels in static/dynamic confined
compression tests, and equilibrium tensile modulus (&ep) in tension tests. As molecular weight of
PEG decreased and concentration increased, hydrogels exhibited a decrease in swelling ratio
(31.5-2.2), an increase in Hpag (0.01-2.46 MPa) and Ep, (0.02-3.5 MPa), an increase in dynamic
compressive stiffness (0.055-42.9 MPa), and a decrease in Ay (1.2 x 1071% to 8.5 x 10715 m?/(Pa
s)). The frequency-dependence of dynamic compressive stiffness amplitude and phase, as well as
the strain-dependence of permeability, were typical of the time- and strain-dependent mechanical
behavior of articular cartilage. Hpg and Eepn Were positively correlated with the final PEG
concentration, accounting for swelling. These results indicate that PEG hydrogels can be prepared
to mimic many of the static and dynamic mechanical properties of articular cartilage.
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1. Introduction

The ability of hydrogels to provide mechanical support and mechanical cues is particularly
important for tissue engineering with cell types that are normally subjected to load. Poly
(ethylene glycol) (PEG) hydrogels have been used extensively for /n vivoand in vitrotissue
engineering of cartilage, which normally bears both compressive and tensile load. PEG
hydrogels provide a three-dimensional environment, sufficiently resembling that of native
cartilaginous tissues to maintain differentiated cells in a chondrogenic phenotype [1-3] and
to examine chondrogenic differentiation, for example, by mesenchymal stem cells [3-6].
PEG hydrogels are able to maintain cells viable and synthesizing cartilaginous matrix [1-8].

PEG hydrogels are fluid-filled crosslinked three-dimensional networks, consisting of
covalently bonded PEG chains, and can be formed from multifunctional PEG precursors.
PEG hydrogels can be fabricated by photopolymerization of PEG precursors modified with
either acrylate or methacrylate moieties in the presence of photoinitiators [9]. Upon
exposure to UV light, photoinitiators are fragmented to yield free radicals. These radicals
attack carbon—carbon double bonds present in the acrylate groups, initiating polymerization
to form a hydrogel network. When exposed to aqueous solvents, the crosslinked network
swells until the retractive (elastic) forces of the polymer chain are balanced by swelling
forces of the network [10]. A more tightly crosslinked hydrogel will have larger retractive
forces, resulting in less water being imbibed within the network [11].

The mechanical properties of articular cartilage have been characterized extensively and
vary substantially during growth and in adults, as well as in health and disease [12-22]. The
stiffness of articular cartilage varies markedly with frequency and test conditions. Such
mechanical behavior can be described well by intrinsic elastic material properties and strain-
dependent hydraulic permeability [13,15-20,22], with consideration of structural dimensions
and physical boundary conditions. The compressive modulus and permeability of cartilage
vary with depth from the articular surface. The equilibrium confined compression modulus
(Hpo) of cartilage ranges from 0.08 to 2.1 MPa from superficial to deep layers of adult
bovine cartilage [17] and increases with maturation [15]. The dynamic compressive stiffness
of articular cartilage increases substantially with frequency and strain rate in the confined
configuration [13,15,16]. The equilibrium tensile modulus (&) of mature adult cartilage is
higher than the compressive modulus, varying in human articular cartilage from 25 MPa in
the superficial layer to 4.8 MPa in the deep layer [21] and increasing with maturation [12].
The hydraulic permeability (4,), @ measure of the ease with which fluid flows through the
tissue when driven by a pressure gradient [13,22], is strain-dependent and can be inferred
from dynamic compression tests. The A, of cartilage varies with depth from the articular
surface [13,22] as well as with compressive strain [18], ranging from 0.3 x 10717 to 4.6 x
10715 m?/(Pa s) in adult bovine articular cartilage [13,15].

The structure and swelling properties of PEG hydrogels are affected by molecular weight
and concentration of the precursors [23-27]. Mesh size (€), the average distance between
adjacent crosslinks, is a measure of the space available between PEG chains. Mesh size
increases with molecular weight, for example, doubling from 7.6 nm to 16 nm when the
molecular weight of PEG increases from 860 Da to 10 kDa [23]. In contrast, € decreases as
PEG concentration increases, for example, halving from 14-16 to 6-8 nm as the
concentration of 3 kDa PEG increases from 10 to 20% wi/v [24,26]. PEG molecular weight
and concentration have similar effects on the average molecular weight between crosslinks
(M), a measure of the degree of crosslinking of PEG hydrogels [23,24]. Concomitantly, the
volumetric swelling ratio, the volume of hydrogel relative to the volume of polymer,
increases with PEG molecular weight [23,25] and decreases with PEG concentration
[24,26,27].
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A variety of mechanical properties of PEG hydrogels are also modulated by molecular
weight and concentration of PEG precursors, over the ranges studied previously (Table 1,
Fig. 1) [1,8,23-32]. PEG hydrogels with higher concentration have higher compressive
modulus as assessed by a constant rate compression test [1,24,28,31,32] and higher tensile
modulus as assessed by constant rate extension test [23,25]. At similar PEG concentration,
hydrogels with low molecular weight are more brittle, as indicated by tensile failure at lower
strain [8,23-25,27-29,31,32]. For example, hydrogels fabricated from PEG with low
molecular weight (1 kDa) had higher tensile ramp modulus (90 kPa) and lower fracture
strain (30%) than hydrogels formed with 4 or 10 kDa PEG [23]. In those studies, mechanical
properties of PEG hydrogels have been assessed by a compression test with a constant rate
(strain or stress) until failure. The ramp modulus was determined as the slope of the linear
region of the resulted stress—strain curve [23-25,27-30,33]; however, this property is
generally greater than the intrinsic (equilibrium) material elastic modulus. Although the
results from such studies have provided useful information on rate-dependent structural
mechanical properties, a more comprehensive mechanical characterization of the intrinsic
material properties and viscoelastic mechanical properties of PEG hydrogels would be
useful; such information would guide the selection and design of appropriate scaffolds for
tissue engineering applications, both for macroscopic load-bearing properties and for
mechanical cues transmitted to cells by matrix stiffness [34] in the absence or presence of
external loads. In addition, since certain types of external loads are periodic, assessment of
dynamic properties over a range of frequencies is also of interest.

We hypothesized that the cartilaginous properties of PEG hydrogels could be modulated by
varying the molecular weight and the concentration of PEG precursors to achieve
compressive properties characteristic of articular cartilage during growth and in adults, as
well as in health, disease, and repair. The aims of the present study were to determine the
effects of PEG molecular weight (508 Da, 3.4 kDa, 6 kDa, and 10 kDa) and PEG
concentration (10-40%) on compressive dynamic stiffness, equilibrium confined
compressive modulus (Hao), and hydraulic permeability (k) of PEG hydrogels in static and
dynamic confined compression tests, and equilibrium tensile modulus (&gp) in equilibrium
tensile tests.

2. Methods
2.1. PEG hydrogel preparation

PEG diacrylate of low molecular weight (number-average molecular weight, M, of 508 Da,
PEGs0g) was purchased from Sigma—Aldrich (St Louis, MO). Higher molecular weight (M,
= 3400 Da (PEG3 4k), 6000 Da (PEGgk), and 10,000 Da (PEG1qk)) PEG diacrylate was
synthesized as described previously [35] and purified by precipitation in diethyl ether
followed by gel filtration chromatography (Sephadex® G-25) and then dialysis with
molecular weight cut-off of 500 Da against deionized H,O (Spectrum, Rancho Dominguez,
CA). IRGACURE 2959 (12959, Ciba Specialty Chemicals, Basel, Switzerland) was used as
a photoinitiator.

PEG hydrogels were fabricated from 10, 20, 30, or 40% v/v of PEGgqg or 10, 20, 30, or 40%
wiw of PEGg3 4k, PEGgk, and PEG1k in phosphate buffered saline (PBS), with 0.1 %w/w
12959. PEG solutions were injected into a rectangular mold consisting of two parallel glass
slides separated by 1 mm and photopolymerized using UV irradiation (365 nm) at 45 mW/
cm? (Blak-Ray Model XX-15L UV lamp) for 5 min. Then, the PEG hydrogels (~1 ml, each)
were removed from the mold and rinsed 3 times with PBS (~30 ml per rinse) at room
temperature over 48 h to remove un-reacted precursors and to reach an equilibrium swelling
state.
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2.2. Compositional and structural analyses

Samples were analyzed for swelling ratio, swollen PEG concentration ([PEG]swolien).
average molecular weight between crosslinks (M, g/mol), and mesh size (€, nm). Samples
were measured for thickness, weighed wet, lyophilized overnight, and weighed dry. The
swelling ratio and water content were computed from wet weight (ww) and dry weight (dw)
measurements. [PEG]swolien Was calculated as the ratio of dry weight to hydrogel volume,
calculated from the thickness and diameter. The average molecular weight between
crosslinks (M) and mesh size (€) were calculated from the polymer volume fractions in the
relaxed and swollen state (v; r and vy s, respectively), specific volume of PEG-DA in its
amorphous state (v = 0.893 cm?/g), the Flory—Huggin’s polym-resolvent interaction
parameter (y = 0.426), and molar volume of the solvent (18 cmd3/mol), using the Peppas—
Merrill model as described previously [36-38].

2.3. Mechanical testing

Samples were characterized mechanically using equilibrium and dynamic compression and
tensile test protocols [13,15].

2.3.1. Confined compression testing—Confined compression (CC) tests were
performed to assess aggregate modulus, dynamic stiffness at 0.0003-3 Hz or 0.01-1 Hz, and
hydraulic permeability at 15 and 30% axial strain and extrapolated to the free swelling
condition. Hydrogel disks of 6.4 mm in diameter were punched out from each hydrogel
formulation (/7= 4 per experimental group) and measured for thickness and wet weight.
Each disk was then placed within a confining ring between two porous platens (pore size 2
pwm) submerged in PBS and affixed to a materials testing machine (Dynastat, Northern
Industrial, Albany, NY). The test sequence consisted of two consecutive constant rate ramps
(at 0.0125%/s over 1200 s) to 15 and 30% axial strains, with stress relaxation for at least
1200 s to equilibrium (until a relaxation criteria of less than 0.003 MPa change in stress in
180 s was met). At each static offset, oscillatory displacements with an amplitude of 0.5%
and frequencies of 0.01, 0.1, and 1 Hz were applied. The compressive aggregate modulus at
the free swelling thickness (Hag), dynamic stiffness (amplitude and phase) at each
frequency and compression offset, hydraulic permeability at free swelling thickness and at
each compression offset (Ay and Ay, respectively) were estimated from fits of the static and
dynamic data, as described previously [13]. Hydrogels with high concentration (40% w/v) of
PEG3 4k and PEGgpg (7= 3 per group) were tested dynamically over an extended frequency
range (0.0003, 0.001, 0.01, 0.1,1, and 3 Hz) to further elucidate the characteristic frequency-
dependence of compressive stiffness.

2.3.2. Equilibrium tensile testing—Tensile tests were performed to assess tensile
modulus. Tapered specimens (/7= 4) with a gage region of approximately 4 mm x 1 mm x 1
mm (length x width x height) were prepared from 30% w/w hydrogels at each of the
molecular weights, and also from PEG3 4 at 10, 20, 30, and 40% wi/w concentrations.
Thickness and width of the gage region were measured prior to tensile tests. Samples were
subjected to a tare load of 2 g (equivalent to a stress of 0.02 MPa), elongated at constant rate
of 10 wm/s to strains that allowed reproducible load measurements without fracture, 5% for
PEGs50g,10 and 20% for PEG3 4 and PEGgy, and 20 and 40% for PEG1 gk with stress
relaxation for at least 900 s to equilibrium (until a relaxation criteria of less than 0.010 MPa
change in stress in 60 s was met). Throughout mechanical testing, samples were kept
hydrated with PBS at room temperature. It was observed that on average, the load relaxed by
~15% at equilibrium. Equilibrium tensile modulus (&) was calculated as the slope of the
equilibrium stress—strain data at 0-5% (PEGsgg), 0-10-20% (PEG3 4k and PEGgy), or 0-20—
40% (PEGqqk) by linear regression. Since analysis indicated that the peak tensile loads (at
the end of each ramp) were within 15% of the equilibrium loads (data not shown), the
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equilibrium loads also provided an index of dynamic tensile stiffness, and the latter is not
presented separately.

2.4. Statistical analysis

Data are presented as mean + SEM. The effects of PEG molecular weight and concentration
on the bulk mechanical properties (i.e. Hag, Apo, and Een), and on structural properties (i.e.
thickness, swelling ratio, [PEG]swolien: Me, and &) of PEG hydrogels were assessed by two-
way ANOVA. The strain- and frequency-dependence effects on &, and dynamic stiffness
amplitude and phase were assessed by two-way repeated measures ANOVA with the
compressive strain offset and frequency as repeated factors. For certain data (mesh size,
dynamic stiffness, and p) that exhibited variation that was substantial and approximately
proportional to the mean, logarithmic transformation was performed to improve normality
before statistical analyses [39]. Significance levels were set at p < 0.05.

3. Results

3.1. Compositional and structural properties

The thickness, swelling ratio, and swollen concentration ([PEG]sworien) Of hydrogels varied
with PEG molecular weight and concentration. Thickness increased with increasing PEG
molecular weight and concentration (each, p < 0.001, Fig. 2A), and inverse to this
[PEG]swollen decreased with PEG molecular weight but increased with PEG concentration (p
< 0.001, Fig. 2B). In contrast, while swelling ratio increased with PEG molecular weight, it
decreased with PEG concentration (p < 0.001, Fig. 2C). The difference in thickness between
hydrogels of PEG;gk and lower molecular weight (PEGsgg, PEG3 4 or PEGgy) was more
pronounced than the thickness difference between PEGsgg, PEG3 4 and PEGgy hydrogels
(Fig. 2A). Only PEGsgqg hydrogels had [PEG]swolien (Fig. 2B) and thickness (Fig. 2A)
similar to their initial concentration and dimension, respectively. In contrast, PEG hydrogels
of higher molecular weight had [PEG]gwolien that was lower than initial values. Thus, the
equilibrated state of PEG hydrogels reflected variable degrees of swelling.

The computed molecular weight, M., and mesh size, €, were increased with increasing PEG
molecular weight and decreased with increasing PEG concentration. M, was lower by 20—
70% when PEG concentration increased from 10 to 40% and was higher by 20-to 40-fold
when PEG molecular weight increased from 508 to 10,000 (each, p < 0.001, Table 2). With
a similar trend, € increased from 1.7 nm to 12.4 nm as molecular weight increased from 508
to 10,000 Da for 10% w/w hydrogels (p < 0.001) and € was lower as PEG concentration
increased from 10% to 30% or 40% (p < 0.001). Thus, the microstructure of the hydrogels
also varied substantially depending on PEG molecular weight and concentration. Similar
trend was observed for water content of these hydrogels (both, p < 0.001).

3.2. Confined compression properties

The compressive modulus of hydrogels, determined from equilibrium stress—strain data, also
varied with PEG concentration and molecular weight. The modulus, Hpag, was higher with
increasing PEG concentration or decreasing PEG M, (p< 0.001, Fig. 3). The effect of M,
on Hpg was especially pronounced with PEG of lower molecular weight (PEGsgpg) and at
high concentration (30%).

The amplitude and phase of dynamic stiffness were dependent on test frequency (both, p <
0.001), PEG concentration (both, p< 0.001), and PEG molecular weight (both, p < 0.001)
(Fig. 4). There were interactive effects on stiffness amplitude of frequency, molecular
weight, and concentration at 15% offset (v < 0.05), and interactive effects of frequency and
molecular weight at 30% offset (p < 0.001). At any given frequency (0.01, 0.1, or 1 Hz) at
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15% static offset, dynamic stiffness amplitude decreased with PEG M, and increased with
PEG concentration (Fig. 4A-C), and similar effects were apparent at 30% static offset (Fig.
4D-F). In general, stiffness at 15% static offset was lower than that at 30% offset (p <
0.001). Dynamic stiffness phase was also affected by frequency, PEG molecular weight, and
PEG concentration (Fig. 4G-L). Dynamic phase generally decreased from peak values of
15-40° with test frequency and PEG molecular weight. Thus, PEG hydrogels exhibited
frequency-dependent dynamic stiffness, indicative of viscoelastic behavior.

The frequency-dependent mechanical behavior of 40% PEG hydrogels of PEGgpg and
PEG3 4k Was clarified in confined compression tests with an extended frequency range to a
low of 0.0003 Hz and a high of 3 Hz (Fig. 5). At 15% strain offset, the amplitude of
dynamic stiffness increased steadily with frequency and reached a peak at frequencies of
0.001 Hz for PEGgpg and 0.1 Hz for PEG3 4k (Fig. 5A, B). At 30% static strain, the stiffness
increased steadily with frequency. The phase of dynamic stiffness generally decreased with
increasing frequency. The phase shift reached a peak of ~30° at 0.0003-0.001 Hz and 30%
offset for both PEGgng and PEGg3 4 and then decreased with increasing frequency (Fig. 5C,
D).

The hydraulic permeability, determined from the static and dynamic data, was dependent on
PEG formulation and also on the offset strain. At free swelling thickness, Ay decreased with
increasing PEG concentration (p < 0.05), but did not vary with M, (v = 0.68, Fig. 6). In
addition, A, was strain-dependent (p < 0.001), with A, being ~25-~900% higher at 15%
offset than at 30% offset.

Correlation analysis revealed dependences of compressive properties on actual PEG content.
The Hpg versus [PEG]swollen Showed a strong positive correlation that was fit well by a
second order polynomial function (R2 = 0.96) (Fig. 7). Hag also increased with dry weight
(R2 = 0.95, data not shown).

3.3. Equilibrium tensile properties

The equilibrium tensile modulus, Eepn, of PEG hydrogels varied both with molecular weight
and concentration. As molecular weight increased from 508 to 10,000, at 30% w/w, Eien
decreased more than 10-fold from 3.50 MPa to 0.03 MPa (p < 0.001, Fig. 8A). As
concentration increased from 10 to 40% of PEG3 4k, Een increased from 0.04 to 0.89 MPa
(p<0.001, Fig. 8B). Een was positively correlated with [PEG]gwolien [YoW/V], calculated as
the percentage of dry weight to estimated volume (/2 = 0.999, Fig. 8C).

4. Discussion

This study elucidated the equilibrium and dynamic mechanical properties in compression
and the equilibrium properties in tension of hydrogels formed from PEG diacrylate over a
range of molecular weights (PEG5qg, PEG3 4k, PEGgk, and PEG1k) and concentrations (10—
40%). As PEG molecular weight increased, PEG hydrogels increased in free-swelling
thickness, swelling ratio, M, and & (Fig. 2, Table 2), and diminished in load-bearing
properties (decrease in Hpq, increase in Ay, and decrease in ) (Figs. 3, 6 and 8). As the
concentration of PEG precursors was increased, PEG hydrogels increased in thickness,
decreased in swelling ratio, M, and € (Fig. 2, Table 2), and increased in load-bearing
properties (increase in Hpp, decrease in Ay, and increase in Eep) (Figs. 3, 6, and 8). PEG
hydrogels tested in this study exhibited frequency-dependent dynamic stiffness, and strain-
and frequency-dependent permeability (Figs. 4-6), typical of cartilage poroelastic behavior.
Thus, the compressive and tensile mechanical properties of PEG hydrogels spanned much of
the range of native articular cartilage (Fig. 1).
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The current study focused on selected mechanical properties of PEG hydrogels. The
mechanical properties determined here provide a substantial characterization of the elastic
properties of PEG hydrogels. In addition to compressive and tensile elastic properties, shear
modulus or Poisson’s ratio would be useful to assess to more fully define the mechanical
properties of PEG hydrogels. In PEG-based degradable hydrogels with proteolytic
degradation sites, the degree of degradation could also affect the material properties of
hydrogels [40]. The concentration of PEG diacrylate at equilibrium swollen state
([PEG]Iswolten) Was markedly lower than the initial concentration due to swelling. Therefore,
to determine a concentration and molecular weight of PEG to fabricate a hydrogel with
specific modulus or permeability, the extent of swelling should be considered.

The values of Hpg determined in the present study are consistent with, and extend, the
compressive data in the literature for PEG hydrogels (Table 1, Fig. 1). The differences
between compressive modulus measured here and those assessed previously are likely due
to differences in test and data reduction methods for equilibrium and dynamic compression
protocols, with the latter being at a variety of strain rates. Distinguishing between
equilibrium and dynamic properties is important from both theoretical and practical
standpoints. Theoretically, the confined compression behavior of poro-elastic materials is
determined by equilibrium modulus and hydraulic permeability, as well as strain-dependent
behavior and the imposed boundary conditions [13,16-20]. Practically, dynamic stiffness
relates to the function of cartilage in a physiological situation. The range of PEG equilibrium
modulus in compression (0.01-2.46 MPa, Figs. 1 and 3) covers much of the range of the
mechanical properties of cartilaginous biological tissues, such as articular cartilage in the
immature (0.1-0.3 MPa) [15] and mature state (0.19-2.1 MPa) [13,15-17,20] and also
meniscus (0.38—0.49 MPa) [41] and intervertebral disc (IVD) (0.38-1.01 MPa) [14,42,43].

The hydraulic permeability of PEG hydrogels, ranging from 10713 to 10716 (m2/Pa s), also
spans the range of values of native articular cartilage. Low &, values of PEG hydrogels
correspond to permeability of cartilage from deep layer (0.5-0.76 x 1071°> m?/Pa s at 0%
strain) or when under higher compression (0.47-1.5 x 10715 m2/Pa s at 20-30% strain)
[13,18]. The higher k, of PEG-based hydrogels are somewhat similar to that of cartilage
layers at or near the articular surface (4.6-7.6 x 10715 m2/Pa s) [13,16]. The values are also
in range with those of meniscus (0.63-1.03 x 1071® m?/Pa s) [41] and IVD (0.2-0.9 x 10715
m?/Pa s) [14,43]. The marked decrease in hydraulic permeability with increasing
compression and PEG concentration is also consistent with the strain-dependent
permeability of articular cartilage [13,18,19] and the molecular basis of hydraulic
permeability [44,45].

The values of tensile moduli of PEG hydrogels determined here also extend the range of
values reported in literature (Table 1, Fig. 1) and cover some of the range of native articular
cartilage. Een 0f 20% PEG3 4 hydrogels, 0.33 MPa, was consistent with a report of quasi-
static tensile modulus [27]. The increase in equilibrium tensile modulus with concentration
and decrease with molecular weight is consistent with trends from previous studies [23,27].
The equilibrium tensile modulus (0.02-3.5 MPa) of PEG hydrogels examined in this study
had some overlap with tensile properties of articular cartilage of fetal bovine knee joints
(0.5-1 MPa), but was lower than that of calf or adult bovine articular cartilage (1.8-5.4
MPa) [12] and substantially lower than that of adult human articular cartilage [21].
Recapitulating the fiber-reinforced nature of cartilage with the addition of fibers into the
hydrogel network could enhance its tensile stiffness and strength [46].

A variety of biomechanical features of PEG hydrogels are consistent with the behavior of a
biphasic, poro-elastic material. In dynamic compression, PEG hydrogels exhibited a
frequency-dependent response (Figs. 4-6), consistent with the frequency-dependent [13,20]
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and time-dependent [16] responses of articular cartilage. The mechanical properties of PEG-
based hydrogels are dependent on precursor concentration and molecular weight, analogous
to that of other hydrogels, such as agarose, alginate, and polypeptides [47-49]. The positive
correlation of Hag and 4, with the concentration of PEG at the swollen state suggested that
the amount of material present in a specified volume, rather than the molecular weight or
concentration of the macromer component per se, was a primary determinant of hydrogel
confined compression mechanical properties.

The increase in swelling ratio with increasing molecular weight or decreasing concentration
was consistent with, and extend, results of previous studies [23,24,27]. In general, M and €
(Table 2) were consistent with and extended the range of values reported in the literature
[24,26,36]. Hydrogels made with PEG—diacrylate precursors with molecular weight of
10,000 have £ values of 85-123 A, similar to those (40-120 A) of PEG-dimethacrylate
hydrogels with molecular weight of 3400 [26], suggesting that the functional groups (i.e.
acrylate, methacrylate, or other types) at the ends of PEG molecules may affect the
hydrogel’s three-dimensional crosslinked structure. The effects of concentration and
molecular weight of PEG precursor on M and € observed in this study were similar to those
described previously for PEG-based hydrogels with different functional moieties [24,26,36].
In addition, PEG molecular weight and PEG concentration had similar effects on £ and on
ky (Table 2 and Fig. 6), consistent with the hydraulic permeability of hydrogels being
dependent on pore size.

5. Conclusion

The results from this study provide detailed qualitative and quantitative information on the
viscoelastic behavior of PEG-based hydrogels, and thereby provide a broad reference and
foundation for a variety of future studies. A hydrogel with desired mechanical properties
could potentially be fabricated by selecting appropriate molecular weight and concentration
of PEG. Hydrogels with a gradient in composition and mechanical stiffness, mimicking the
depth-varying stiffness of cartilage, could also be created. Such hydrogels can be useful to
study the functional repair and disruption of damaged articular cartilage and other soft
connective tissues.
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Compressive (A) and tensile (B) modulus of PEG hydrogels fabricated from PEG of various
concentrations and molecular weights. The modulus was measured at equilibrium (filled
symbols) or quasi-static (open symbols) conditions. Data are summarized from previous
studies (black) and the current study (green). (For interpretation of color in this figure legend
the reader is referred to web version of the article.)
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Fig. 2.

Thickness (A), swelling ratio (B), and swollen concentration (C) of PEG hydrogels of
different molecular weight (508, 3.4k, 6k, and 10k) and concentrations (10, 20, 30, and 40%
w/w) with 0.1% w/w 12959. Data are mean + SEM (7= 4).
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Fig. 3.

Equilibrium CC modulus (Ha) at free swelling thickness of PEG hydrogels of different
molecular weight (508 Da, 3.4 kDa, 6 kDa, and 10 kDa) and concentrations (10, 20, 30, and
40% w/w) with 0.1% w/w 12959. Data are mean = SEM (= 4).
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Amplitude (A-F) and phase (G-L) of dynamic stiffness of PEG5gg, PEG3 4, PEGg, and
PEGg at 10% (A, D, G, J), 20% (B, E, H, K), and 30% w/w (C, F, I, L) with 0.1% w/w
12959. Gels were compressed dynamically with 0.5% amplitude and 0.01, 0.1, and 1 Hz at
15% (A-C, G-I) and 30% (D-F, J-L) static offsets. Data are mean + SEM (n=4).
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Frequency-dependent amplitude (A, B) and phase (C, D) of dynamic stiffness of 40%
PEGs0g (A, C) and PEG3 4k (B, D) hydrogels at 15 and 30% static strain offsets. Gels were
compressed dynamically with 0.5% amplitude and 0.0003, 0.001, 0.01, 0.1, 1, and 3 Hz at
each static offset. Data are mean = SEM (= 3).
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Strain-dependent permeability of PEGsgg (A), PEG3 4k (B), PEGg (C), and PEG1gk (D)
hydrogels with PEG concentration ranging from 10 to 40% w/w. Samples were compressed
dynamically with 0.5% amplitude and 0.01, 0.1, 1 Hz at 15% and 30% compression offsets.
Data are mean + SEM (1= 4).
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Correlation of equilibrium aggregate modulus, Hag, with swollen concentration [%w/v] of
PEG diacrylate. Data represent the average of four samples at each molecular weight and
concentration (7= 14).
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Variation of equilibrium tensile modulus, &ep, with PEG molecular weight at 30% (A) and
concentration of PEG3 4 (B). Een Of these samples was correlated well with their swollen
concentration (C). Data represent mean = SEM (n= 4).
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