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Abstract Since articular cartilage has a limited potential
for spontaneous healing, various techniques are employed
to repair cartilage lesions. Acrylate-based double-network
(DN) hydrogels containing ~90 % water have shown prom-
ising properties as repair materials for skeletal system soft
tissues. Although their mechanical properties approach those
of native cartilage, the critical factor—stiffness—of DN-
gels does not equal the stiffness of articular cartilage. This
study investigated whether revised PAMPS/PA Am composi-
tions with lower water content result in stiffness parameters
closer to cartilage. DN-gels containing 61, 86 and 90 % water
were evaluated using two non-destructive, mm-scale inden-
tation test modes: fast-impact (FI) and slow-sinusoidal (SS)
deformation. Deformation resistance (dynamic modulus) and
energy handling (loss angle) were determined. The dynamic
modulus increased with decreasing water content in both
testing modes. In the 61 % water DN-gel, the modulus resem-
bled that of cartilage (FI-mode: DN-gel = 12, cartilage =
17; SS-mode: DN-gel = 4, cartilage = 1.7MPa). Loss
angle increased with decreasing water content in fast-
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impact, but not in slow-sinusoidal deformation. However,
loss angle was still much lower than cartilage (FI: DN-gel =
5, cartilage = 11; SS: DN-gel = 10, cartilage = 32°), indi-
cating somewhat less ability to dissipate energy. Overall,
results show that it is possible to adapt DN-gel composi-
tion to produce dynamic stiffness properties close to normal
articular cartilage.

Keywords Double-network hydrogels - Modulus -
Loss angle - Cartilage repair - Water content

1 Introduction

Articular cartilage is an extraordinary tissue because of its
ability to tolerate a tremendous amount of intensive and
repetitive physical stress and to frequently do so for a life-
time (Newman 1998). However, the greatest limitation of
articular cartilage is its poor capacity to heal spontaneously
(Mandelbaum et al. 1998; Hunter 1743). Consequently,
unhealed damage to articular cartilage in the knee is a com-
mon clinical problem. Widuchowski et al. (2007) exam-
ined 25,124 knees from patients with acute knee injuries or
unexplained knee pain and dysfunction from 1989 to 2004.
Arthroscopy revealed that 60 % of the patients had chondral
lesions. Also, after anterior cruciate ligament injuries, the
risk of cartilage lesions is very high (Slauterbeck et al. 2009).
These unhealed injuries can lead to chronic pain, markedly
restricted mobility and further degeneration of the articular
cartilage, such as secondary osteoarthritis. In many cases, the
situation must finally be ameliorated by major surgery—that
is, total joint arthroplasty.

In recent years, several techniques have been devised
and used to repair cartilage lesions and stave off fur-
ther degeneration. These include microfracture, autologous
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chondrocyte transplantation, mosaicplasty and most recently
tissue-engineered constructs (Negrin et al. 2011; Peterson et
al. 2010; Robert 2011; Santoro et al. 2010). These repair
techniques focus on repairing the cartilage structure. Unfor-
tunately, most of these methods do not result in cartilage with
initial local mechanical properties (e.g., stiffness, strength)
at the time of implantation that are even remotely similar
to normal articular cartilage. Another drawback of most of
these methods is that the rehabilitation period takes several
months up to 1-2years in order to establish repaired tissue
capable of bearing cyclic impact loads of the knee of the mag-
nitude and frequency associated with normal daily activity
(Mandelbaum et al. 1998; Minas 1999; Mithoefer et al. 2007,
Saris et al. 2008). From a patient’s point of view, these repair-
ing techniques still need improvement.

Therefore, our research focuses on the replacement of
cartilage function, so energy distribution and dissipation in
the surrounding cartilage will remain similar and further
degeneration of cartilage is avoided. The repair material
studied here is an example of a double-network hydro-
gel (DN-gels) developed by Gong et al. (Azuma et al.
2006; Gong et al. 2003; Nakajima et al. 2009; Nakayama
et al. 2004; Yasuda et al. 2005). It is based on a highly
crosslinked first polymer, PAMPS—poly(2-acrylamido-2-
methylpropane sulphonic acid), with a second slightly cross-
linked polymer, PAAm—poly(acrylamide), then created
within the first structure. PAMPS/PAAm is a tough, tear-
resistant, non-cytotoxic, non-absorbable DN-gel. The sur-
prising result is a material with impact and tear resistance
approaching an elastomer in spite of the high water content.
Structurally, they also resemble cartilage and other skele-
tal system soft tissues, which are also high—-water content
materials or structures with a double-network strategy to
achieve their mechanical properties. Cartilage for instance
can be seen as a high—water content double-network mate-
rial or structure comprised of highly crosslinked collagen
fibres interspersed with proteoglycan gel.

Importantly, a closely related formulation, PAMPS/
PDMAAm DN-gel, has previously been shown to support
cartilage formation. In a rabbit study (Yasuda et al. 2009),
a DN-gel plug inserted in a large osteochondral defect
induced substantial spontaneous cartilage formation in vivo
by 4weeks. In contrast, this was rarely found for empty
defects or defects filled with either a polyvinylacrylate gel
or an ultra-high molecular weight polyethylene plug.

It also has been previously shown (Arnold et al. 2011)
that a 90 % water PAMPS/PAAm DN-gel approaches the
stiffness of articular cartilage. It also has attractive surgery-
related attachment properties—for example, it can be sutured
or can be attached to tissue with cyanoacrylate tissue adhe-
sives. However, this 90 % water PAMPS/PAAm DN-gel is
still not as stiff as native articular cartilage. Accordingly, to
improve the possibility of using DN-gels as a cartilage repair
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material, PAMPS/PAAm DN-gel water content was adapted
in this study to approach dynamic stiffness properties of nor-
mal articular cartilage.

2 Materials and methods
2.1 Materials

PAMPS/PAAm DN-gels with lower water content: In order
to fine-tune the biomechanical properties of the DN-gels,
the molecular ratios of both the first and the second net-
work had to be varied accordingly in order to produce
gels with different water contents. The three PAMPS/PAAm
DN-gels produced were determined to have water contents
0f90.9, 86.5 and 61.3 % (see Table 1). The dimensions of the
DN-gel specimens were 20 x 10 x 3 mm. The method used to
produce these various DN-gels is described elsewhere (Gong
et al. 2003). After producing the DN-gels, they were shipped
to Basel in normal saline and stored at 4—6 °C before testing
at room temperature.

Swine cartilage specimens: Cylindrical osteochondral
plugs of 7.6 mm in diameter were harvested from the knee
of 10-month-old swine using a standard diamond core-drill
designed for mosaicplasty (Synthes, Oberdorf, Switzerland).
Plugs were harvested from the lateral condyles and kept wet
with phosphate-buffered saline (PBS) prior to and during
testing.

2.2 Mechanical testing

Two micro-indentation methods were used as previously
described (Arnold et al. 2011; Ronken et al. 2011) to deter-
mine the dynamic stiffness parameters (dynamic modulus E*
and loss angle §) of cartilage, meniscus and possible implant
materials. The dynamic modulus is a measure of the defor-
mation resistance of a material. The loss angle is a measure
of the energy dissipation. If a cyclic load is applied to a vis-
coelastic material, the time to maximum strain will lag the
time to maximum stress (Lakes 1999).

Articular cartilage is a structure, but as a first approxima-
tion it can be treated as a material for purposes of assess-
ing mechanical properties and comparing them with those
of true materials. The dynamic stiffness parameters of poro-
viscoelastic materials, for example, cartilage, are even more
strain rate dependent since the extent to which water is forced
from the material also depends on strain rate and time. This is
seen in the behaviour of cartilage under two different load-
ing regimes—(a) the sudden transient deformations which
occur during gait and are too brief to force water out of the
tissue due to its low permeability, and (b) the slow quasi-
cyclic deformations which cause fluid to move in and out of
cartilage and thus provide a means for nutrition. Therefore,
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Table 1 Preparing ratios and water content of the three double-network (DN) hydrogels
DN-gel Components first network Components second network Water (%)

Monomer (mol/l) Crosslinker (mol%) UVI (mol%) Monomer (mol/l) Crosslinker (mol%) UVI (mol%)

PAMPS/PAAM 90% AMPS 1 MBAA 4 0.1
PAMPS/PAAm 86 % AMPS 1 MBAA 4 0.6
PAMPS/PAAm 61% AMPS 3 MBAA 3 0.1

AAm?2 MBAA 0.01 0.03 90.9
AAm?2 - 0.01 86.5
AAm 7.9 MBAA 0.02 0.1 61.3

AMPS 2-acrylamido-2-methylpropanesulphonic acid, AAM acrylamide, MBBA N, N ‘-methylenebisacrylamide, UVI ultraviolet light initiator

both a Fast-Impact Mode and a Slow-Sinusoidal Mode test
method were developed and are used by the authors working
in Basel. For both test modes, the dynamic modulus can be
calculated as described by Wirz et al. (2008) and Kren et al.
(2005). The loss angle can be calculated directly from the
time lag of the displacement curve relative to the load curve.

2.2.1 Fast-impact (FI) mode

To simulate the impact velocity in normal human gait, a
fast-impact micro-indentation instrument was used. This is
a modified version of an instrument developed at the Minsk
Institute of Physics (Kren et al. 2005). A pendulum-mounted
spherical indenter (diameter 1.0 mm; 1.9¢g) falls down on the
specimen under gravitational force. The motion of the inden-
ter is captured electromagnetically during indentation and
rebound. The duration of impact was 1-2ms and the initial
impact velocity ~0.3 m/s. On each specimen, 10 replicate FI
measurements were performed on the same spot at ~20 s time
intervals. Resultant E* and 6 were calculated for each impact
and then each set was averaged to get one set of specimen
values.

2.2.2 Slow-sinusoidal (SS) mode

To simulate more static loading patterns of human carti-
lage, a Synergie 100 MTS mechanical testing instrument
was used to perform slow-sinusoidal micro-indentations.
A spherical indenter (diameter 1.0mm) was moved sinu-
soidally with a frequency of 0.1 Hz under computer soft-
ware control of displacement. Indentation was performed to
a depth of ~0.05 mm (SS-0.05) and ~0.1 mm (SS-0.1), with
amaximum speed of ~0.015 and ~0.03 m/s. The same speci-
mens were measured as in FI-mode. On each specimen, three
replicate SS measurements were performed at intervals of
~1min on the same spot. Resultant E* and § were averaged
to get one set of specimen values.

2.3 Statistics

A Lilliefors test was used to determine whether the E* and
8 data sets were normally distributed. If data were normally
distributed, a two-sample ¢ test was performed with o = 0.05,
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Fig. 1 Typical force—displacement curves of the PAMPS/PAAm
90.9 % in FI-mode (black), in SS-0.1-mode (dark grey) and in SS-0.05-
mode (light grey)

otherwise a Wilcoxon rank sum test would be performed. Sta-
tistical analysis was accomplished using R (R Development
Core Team (2010). R: A language and environment for sta-
tistical computing. R Foundation for Statistical Computing,
Vienna, Austria).

3 Results

In FI-mode, force rose more rapidly with displacement than
in SS-mode (Fig. 1). This indicates a higher stiffness of
the DN-gels in FI-mode. The force-displacement slopes in
SS-0.05 and SS-0.1 modes were comparable, which indi-
cates a similar stiffness in these test methods.

The data sets were all normally distributed and there-
fore a two-sample ¢ test was used. The calculated E* was
significantly higher in FI-mode compared to SS-mode for
all three DN-gels tested. PAMPS/PAAm 61 % had a higher
E* in all test modes compared to PAMPS/PAAm 86 % and
PAMPS/PAAmM 90 %. In FI-mode, PAMPS/PAAm 86 % had
a higher E* than PAMPS/PAAm 90 % (Fig. 2).

The § was significantly higher in SS-mode in all gels
compared to FI-mode. In SS-0.1-mode, the § was lower
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Fig. 2 Calculated dynamic modulus (E*; up) and loss angle (8; bot-
tom) of swine cartilage, PAMPS/PAAm 61 %, PAMPS/PAAm 87 %
and PAMPS/PAAm 91 % in the different test modes (FI, SS-0.1 and
S$S-0.05). Solid horizontal lines indicate a significant difference with
p<0.05. E* is significantly higher in FI-mode compared to both
SS-modes in all gels. In all gels, there is a significant difference between
all test modes in §

than in SS-0.05-mode in all gels. In SS-mode, no difference
was found in § among the three different gels. However, in
FI-mode the § was higher in PAMPS/PAAm 61 % compared
to PAMPS/PAAm 86 % and PAMPS/PAAm 90 %, and higher
in PAMPS/PAAm 86 % than in PAMPS/PAAm 90 %.
Cartilage had a higher E* in FI-mode compared to
SS-mode. In FI-mode, E* values of cartilage were higher
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compared to all DN-gels (Fig. 2). In SS-mode, E* of cartilage
was significantly higher compared to PAMPS/PAAm 86 %
and PAMPS/PAAm 90% and lower than PAMPS/PAAm
61 %.

The § of cartilage was lower in FI-mode compared to
SS-mode. In SS-0.1-mode, the § was lower than in SS-0.05-
mode. In all test modes, the § of cartilage was higher than all
DN-gel tested.

4 Discussion
4.1 DN-gel water content effects

The dynamic modulus, E*, increased as the water content
decreased in all test modes. A possible explanation is that if
the concentration of polymer is higher, there is more struc-
ture per unit volume to resist deformation. Conversely, the
DN-gel § did not change as a function of water content in
SS-mode. In our previous work, we suggest that the § in
SS-mode is mainly due to water movement within the struc-
ture (Ronken et al. 2011). The results presented here imply
that the water movement is similar in all PAMPS/PAAm
DN-gels and the polymer/water ratio does not change the
ability of a given deformation to move water within the struc-
ture. Butin addition, in FI-mode, the § increases with decreas-
ing water content. This means that an increase in polymer
concentration increases the § at high deformation rates. Since
the cross-linked polymer structures are themselves viscoelas-
tic, a higher concentration of polymer could be expected to
dissipate more energy. However, the ratio between the two
polymers was necessarily different among the three DN-gels,
and this perhaps makes trying to explain the results on a basis
of water content alone too simplistic.

4.2 Dynamic stiffness of DN-gels compared to cartilage

The results show that it was possible to bring the dynamic
stiffness of the PAMPS/PA Am DN-gels closer to normal car-
tilage by modifying the structures in a way which allowed
lower water content. As shown in Fig. 2, the PAMPS/PAAm
61 % was about 1.5-2 times stiffer than cartilage in SS-mode,
but ~30% less stiff in FI-mode. Compared to tissue-
engineered constructs, which are only up to 10 % of cartilage
stiffness (Santoro et al. 2010), and autologous chondrocyte
transplantation, which is about 60 % of cartilage stiffness a
year after surgery (Peterson et al. 2002), initial repair stiff-
ness is closer to native cartilage. On the other hand, the § of
PAMPS/PAAm 61 % in FI-mode was ~60 % lower than that
of cartilage and ~70 % lower in SS-mode. PAMPS/PAAm 86
and 90 % had a lower E* and a lower § compared to cartilage
in all test modes.



Double-network acrylamide hydrogel compositions

247

The crucial dynamic mechanical difference between all
three of the PAMPS/PAAm DN-gels and normal cartilage is
that all three had much lower loss angles (§) than cartilage in
both test modes. This means that compared to cartilage, these
gels are less able to dissipate energy. Also, due to its higher §,
the E* of cartilage is more strain rate dependent than that of
DN-gels. Therefore, by adjusting water content in the man-
ner done here, the low loss angles of PAMPS/PAAm DN-gels
mean that their E* values could not be made similar to carti-
lage at both strain rates—that is, during both fast-impact (FI)
and slow-sinusoidal (SS) testing. For example, if one “tunes”
the DN-gel value of E* to be similar to cartilage in FI, one is
left with a gel which has a higher E* in SS-mode. The con-
sequence of this difference in mechanical properties with the
surrounding tissue can only be speculated upon. However,
the difference would be much lower compared to the same
properties produced using tissue repair techniques already in
use.

One possible structural reason that the § of all the
PAMPS/PAAm DN-gels is low compared to cartilage may be
because both components of the polymer structure are highly
chemically crosslinked. This crosslinking reduces the possi-
bility of sliding between the polymer chains during defor-
mation and thus reduces the frictional dissipation of energy.
Another possible cause of lower energy dissipation compared
to cartilage might be less movement of water either within the
DN-gel structure or out of the structure during deformation.
Water can be forced out of cartilage by static loads (Mankin
et al. 2000) but similar loads do not result in forcing water
out of PAMPS/PAAm DN-gels. Gong et al. (2003) showed
that after deformation to ~20% of the original thickness,
still no water is squeezed out of the structure. In other words,
the water within the DN-gel structure is more highly trapped
compared to cartilage.

These results show that cartilage-like dynamic stiffness
can be achieved by these compositional changes; however, it
is unknown how it affects other important mechanical proper-
ties. Therefore, the authors plan to investigate other mechan-
ical properties, such as strength, fatigue and tear resistance
in further study. These DN-gels have already been shown to
be superior to conventional gels in simulated use friction and
wear tests (Yasuda et al. 2005).

These DN-gels have potential for clinical use. They are
easy to sterilise since autoclaving has been shown not to affect
their structures. They can be trimmed or produced in desired
shapes and the surgical fixation, for example, with sutures
or tissue adhesive, capability has proven to be substantial.
Besides this, if the gel is created with large enough pore size,
cell infiltration is likely possible, to assure integration to the
surrounding tissue. Also, as previously mentioned (Yasuda et
al. 2009) non-porous plugs of a highly similar DN-gel have
been shown to foster cartilage formation in a rabbit osteo-
chondral defect model.

Although these DN-gels look promising as a cartilage
repair material, in this study only their dynamic stiffness
was investigated. Before these DN-gels can be used in clinic,
other aspects should be investigated mainly focussed on the
biocompatibility, such as immunological reactions, absorp-
tion and integration to the surrounding tissues.

5 Conclusion

In all three of the PAMPS/PAAm DN-gels, the § increases
with decreasing deformation rate in SS-mode compared to
FI-mode. This is what is expected for viscoelastic materi-
als (Lakes 1999; Park et al. 2004). Although the DN-gels
thus show normal viscoelastic behaviour with respect strain
rate and §, they do not do so with respect to E*. For normal
viscoelastic materials, E* increases with increasing strain
rate (Lakes 1999; Park et al. 2004)—and is thus higher in
FI-mode compared to SS-mode. However, for the DN-gels
no difference in E* was found between the two SS-modes,
even though the deformation rate was doubled for SS-0.1
compared to SS-0.05 (~0.03 vs. 0.015m/s).

Biomechanically these DN-gels look promising as poten-
tial cartilage repair materials. However, other properties, such
as fixation stability and mechanical performance in vivo, have
to be explored.
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