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a b s t r a c t

A polymer material system has been developed to propose an injectable, UV and in situ curable hydrogel
with properties similar to the native nucleus pulposus of intervertebral disc. Neat hydrogels based on
Tween! 20 trimethacrylates (T3) and N-vinyl-2-pyrrolidone (NVP) and composite hydrogels of same
composition reinforced by nano-fibrillated cellulose were synthesized with different T3 concentrations
and their curing kinetics was investigated by photorheology using UV light. The T3 concentration has
an influence on the time of curing and final shear stiffness of the material. NFC does not alter the time
of curing but increases the final mechanical performance of the hydrogels for a same chemical composi-
tion. Hydrogel samples, neat and composite, were then tested in unconfined compression at different
hydration stages and in confined compression and their elastic modulus was determined. The amount
of fluid present in the network is mostly responsible for the mechanical properties and NFC fibres proved
to be an efficient reinforcement. The elastic modulus ranged from 0.02 to 8 MPa. Biocompatibility studies
showed that cells are confluent at 90% and do not show any morphology change when in contact with the
hydrogel. The present hydrogel can therefore be considered for NP replacement.

" 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Lower back pain is mostly due to intervertebral disc (IVD)
degeneration and in particular to nucleus pulposus (NP) degenera-
tion [1]. About 80% of the world population will suffer from back
pain [2,3] and 75% of the cases will be a consequence of degener-
ative processes of the disc. Total disc arthroplasty [4,5] and NP
replacement are two non-fusion techniques emerging as solutions
to this issue. The ideal benefits of a non-fusion solution are the
removal of the source of pain and the preservation of the biome-
chanical balancing and motion of the spine [4,5]. A classical
approach to replacing the NP involves mimicking the structure
and function of the native NP. The NP is described as a gel-like
structure containing randomly disposed collagen fibres and radial
elastin fibres [6]. The NP is inextensible, extremely deformable
and very hydrophilic [7]. The mechanical properties in unconfined
compression and viscoelastic properties in shear have been previ-
ously reported [8,9], as well as mechanical requirements for a NP
replacement [10].

The choice and shape of materials has evolved with the knowl-
edge of disc mechanics. At the beginning, the focus was on the
replacement of the NP by a material that could restore disc height

and preserve motion. The first attempt came in the late 1950s and
early 1960s, with Ferstrom replacing the NP by stainless steel ball
bearings. Hamby and Glaser tried PMMA and Nachemson tried sil-
icon but none of these techniques gained acceptance at that time
[11]. In 1973, [11] an injectable mixed silicon Dacron (PET fibres)
was used but reported bone resorption and aberrant bone forma-
tion. After these poor results, efforts were focused on improved
knowledge of the disc and its functions. The aim was still nucleus
replacement but taking into account biomechanics and biology,
thus preventing further degeneration. In 1981, new developments
[11] suggested choosing the material not only for its ability to mi-
mic kinematic motion but also for its viscoelastic properties, i.e.,
the fluid inflow and outflow. Hydrogels are close in properties to
many living tissues and are defined as hydrophilic polymer net-
works which may absorb from 10% to 20% up to thousands of times
their dry weight in water [12]. Owing to their unique properties
such as biocompatibility, penetrability, sorption, flexible methods
of synthesis, stimulus-responsive properties and elasticity, they
have been used in a variety of applications from tissue engineering
[9] as scaffolds, barriers, drug delivery systems, cell encapsulation,
artificial muscles, biosensors, actuators, contact lens-based oph-
thalmic systems to microfluidics [12]. Carl et al. [11] and Goins
et al. [13] reviewed several hydrogel implants being currently
under investigation for the replacement of the NP. They can be
divided in two categories: preformed and in situ curing implants.
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In situ curing NP replacements can be injected non-invasively
through a small needle and therefore reduce the risk of expulsion
when compared to preformed implants. None of these proposed
hydrogel implants gained universal acceptance up to now.

Hydrogels produced by photopolymerization have been exten-
sively investigated as biomaterials [14]. Photopolymerization is a
method of choice since it involves relatively short reaction times
and minimal heating, and it does not require organic solvents
[15]. A key advantage of photopolymerized hydrogels over chemi-
cally or physically crosslinked hydrogels is that their mechanical
properties and swelling behaviour may be tuned relatively easily
by varying the molecular mass and/or the concentration of the pre-
cursors. Hydrogels in general have typically been used in applica-
tions where mechanical properties are not determinant [16]. To
overcome this issue, composite hydrogels are the best alternative,
resulting in materials which could maintain their shape, have suit-
able morphology, mechanical properties, high hydrophilicity and
biocompatibility. Actually, there are many promising ways to cre-
ate composite hydrogels: processing of copolymer hydrogels, of
interpenetrating networks (IPNs) or of polymer hydrogels contain-
ing an inorganic phase. These components are introduced in the
hydrogels either to modify their properties such as compatibility
with biological tissues, mechanical properties and thermo and
pH- responsivity, or to create new properties such as magnetic
characteristics and antibacterial properties [17–20]. A hydrogel
reinforced with natural biocompatible nanofibres seems to be the
best choice for mimicking the human NP as the latter also contains
fibres. Nanofibres used for the reinforcement need to increase the
mechanical properties of the hydrogel without hindering dramati-
cally its swelling ability. In this context, these fibres should possess
a high water retention value, which is the case of nano-fibrillated
cellulose (NFC). NFC is usually obtained after a series of mechanical
disintegrations of the raw material [21]. Thanks to its high surface
area, NFC has amazing water retention values up to 400% [22]. NFC
has already been used as reinforcement in several applications.
Zimmermann et al. [23] observed significant reinforcing effect of
cellulose fibrils with diameters below 100 nm in polyvinyl alcohol
(PVA) composites and hydroxypropyl cellulose composites.

The objective of this study was to investigate the curing
kinetics, mechanical behaviour in uniaxial compression and
biocompatibility of Tween! 20 trimethacrylate (T3) and N-vinyl-
2-pyrrolidone (NVP) hydrogel blends reinforced with NFC as
potential UV, in situ curing NP replacement.

2. Experimental details

2.1. Preparation of samples

The samples were composed of Tween! 20 trimethacrylate (T3),
synthesized in the laboratory from poly(oxyethylene 20 sorbitan)
monolaurate (Tween! 20), as crosslinker, N-vinyl-2-pyrrolidone
(NVP),water and initiator Irgacure 2959 (I2959, Ciba). NVPwasused
as purchased from Sigma-Aldrich, Switzerland and I2959 was used
as an aqueous solution (0.05 wt.% in water). The volume of initiator
and water in these tests remained constant at 10 vol.% and 40 vol.%
respectively and the concentrations of T3 and NVP changed. NFC fi-
bres were provided by the Swiss Federal Laboratories for Materials
Testing and Research (EMPA, Dübendorf, Switzerland) in a form of
a gel of 8 wt.% of fibres in water. The diameter of the fibres varied
from 2 to 100 nm and their length was higher than 1 lm. The gel
was then diluted in water to yield a gel of 2 wt.% of fibres, using a
high-shear mixer, an ultra-turrax (IKA T25 digital, SN 25 10G).

2.2. Evolution of kinetics by photorheology

The evolution of the network was followed by photorheology on
a controlled strain dynamic rotational rheometer (ARES, Rheomet-

rics Scientific), coupled with a UV light source. The solutions were
tested between two parallel plates of 25 mm in diameter. The upper
plate was a quartz plate throughwhich the UV light could reach the
sample. A sample of 200 ll was loaded on the lower plate and the
gap was set to 0.3 mm in order to avoid evaporation during the test.
A scanning of strain and frequency was made before crosslinking to
determine the conditions of the tests. It was observed that at 15% of
strain andwith a frequency of 10 Hz at room temperature themate-
rial was in its linear viscoelastic range. The evolution of the storage
modulus G0, loss modulus G00, complex viscosity g! and tan d were
measured for 30 min for samples with a T3 concentration of
1 vol.% (T3-1), 4.5 vol.% (T3-4.5), 8 vol.% (T3-8), 11.5 vol.% (T3-
11.5) and 15 vol.% (T3-15), adding 0.8 wt% of NFC fibres for the
composite hydrogels. Triplicate experiments showed excellent
reproducibility. The UV source used for photorheology was an
EXFO Omnicure S2000. The UV intensity used was 15 mW/cm2

and was measured using the Sola-Check (Solatell, UK). The UV
intensity varied by less than 10% between two illuminations. For
simplicity, only G0 curves will be shown.

2.3. Mechanical performance of hydrogels

2.3.1. Unconfined compression
A well-mixed solution of T3, NVP, I2959 and water was used to

cast samples of 2 cm in diameter and 5 mm high in silicon moulds
resistant to UV light. Samples were exposed for 30 min to UV light
with an intensity of 140 mW/cm2 measured between 270 and
370 nm (Sola-Check, Solatell, UK).The samples were then redimen-
sioned with a punch to cylinders of 8 mm of diameter and 5 mm
high and tested in compression directly after polymerization, after
drying at 100 #C for 24 h and after 24 h of rehydration in phosphate
buffered saline (PBS) at 37 #C. Two concentrations of T3 were
tested: 8 vol.% (T3-8) and 15 vol.% (T3-15). For the composite
hydrogels, 0.8wt% of NFC fibres were added to the samples before
polymerization and dispersed by using an ultra-turrax (IKA T25
digital, SN 25 10G).

The stiffness of the hydrogel was determined in compression
with DMA measurements. The samples were loaded between two
parallel plates of 1 cm in diameter, enclosed in a furnace for iso-
thermal measurements. The measuring device was a dynamic
mechanical analyzer (DMA Q800, TA Instruments). The lower plate
was fixed and the upper plate compressed the samples. A force
ramp of 3 N/min was applied until the force reached a maximum
of 15 N. For the rehydrated samples, the compression tests were
made in immersion mode, in a PBS solution. The elastic modulus
E was calculated from the stress–strain curves between 0% and
10% of strain because the compressive strain of a healthy nucleus
pulposus ranges from "10% to 10% [24]. All tests were triplicated,
showing a good reproducibility.

2.3.2. Confined compression
Neat hydrogel samples containing 4.5 vol.% of T3 (T3-4.5 0 NFC)

and composite hydrogel samples containing 4.5 vol.% of T3 and
0.4 wt.% of NFC (T3-4.5 0.4 NFC), prepared as mentioned in the pre-
vious section, at swelling equilibrium, were tested in compression
in a confined environment on a UTS Z010, Zwick (Ulm, Germany).
All tests were made in an immersion tank with PBS at 37#C. The
confinement device is shown in Fig. 1; it is composed of a centering
plate inserted in the immersion tank and a plunger. Hydrogel sam-
ples were confined in a rigid silicon rubber ring and two metallic
porous plates, placed on the centering plate, and the cylindrical
plunger was compressed upon the hydrogel at a strain rate of
1 mm/min until fracture. A preload of 10 mN was applied. The de-
sign of the set-up ensures the centering of the samples, uniaxial
compression and possible fluid flow during the tests. Three sam-
ples per measurements were performed and the values were aver-
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aged. Confined compression modulus Econf was calculated between
14% and 15% of strain using a linear fit.

2.4. Biocompatibility of hydrogels

Cylinders of hydrogel (1 cm diameter and 5 mm height) kept in
PBS were sterilized in an autoclave and then placed in Petri dishes.
The affinity and morphology of different cell types toward the
hydrogel were evaluated by a Giemsa coloration. Cell types used
were articular cartilage foetal cells, intercostal cartilage foetal cells
and bone foetal cells. The cells were seeded around the previously
autoclaved hydrogel sample and let grow until reaching a conflu-
ence of about 90%. Then the cells were fixed by methanol and
coloured.

3. Results and discussion

3.1. Curing kinetics

Reaction kinetics is studied in situ. The aqueous solutions of
hydrogels are loaded between two parallel plates which will built
into the as-prepared gels a certain amount of stress. A time-sweep
measurement is carried out for each different sample and the effect
of T3 concentration is studied. During the time-sweep measure-
ment, the storage modulus (G0), loss modulus (G00), tan d and com-
plex viscosity g! are monitored, as shown in Fig. 2 for a T3-8
hydrogel and the reaction kinetics can be qualitatively evaluated.
During the initial stage of the reaction, G0, G00, tan d and g! increase
very fast indicating a growth of the chain size and network forma-
tion. In the intermediate stage, which occurs here in the first min-
utes of the reaction, G0 increases faster and exceeds G00, while tan d
decreases to a value near zero. This increase of G0 is characteristic
of the transformation of a Newtonian viscous fluid to an elastic so-
lid due to network formation [25]. During the last stage of the reac-
tion, G0 continues to increase due to gel aging, while G00 is almost
invariant and less than G0, showing the dominant elasticity of the
system and indicating the existence of a permanent three-dimen-
sional network. An inflexion can be observed in these curves that
is probably due to chain rearrangements and the formation of
new chemical links enhanced by the shear stress applied to the
sample. The more rapid increase of the storage modulus is charac-
teristic of the sol–gel transition [25] and the gel time observed
when G0 crosses G00 is of paramount importance for the understand-
ing of network formation and morphology of the future material.

All hydrogels present the same features and therefore, for clarity,
only G0 will be shown.

The concentration of T3 has an influence on the time needed for
the polymerization and on the final values of G0. Fig. 3 shows that
at very small concentrations of T3, the plateau is not reached,
which means that the polymerization is not complete. A small con-
centration of T3 means less reactive species in the solution. There-
fore, when all the T3 molecules are crosslinked, the NVP molecules
are not able to form the network as fast as before because of their
lower reactivity. Reactivity ratios found for NVP in the literature
range from 0.02 to 0.10 whereas reactivity ratios for methacrylates
are around three, depending on the structure of the molecule
[15,26]. This difference has shown to cause methacrylates to poly-
merize faster than NVP in solution polymerization of these poly-
mers [27]. Increasing the T3 concentration also increases the
polymerization rate. At a concentration of 4.5% and 8% in volume
of T3, the time needed for polymerization is around 400 s whereas
with concentrations of 11.5 vol% and15 vol% the time of polymeri-
zation is around 700 s. A fast polymerization is a key requirement
for this application. The reason of this difference is explained by
the step mechanisms of free radical crosslinking. After the initia-
tion, the chain growth starts with the radicals attacking other mol-
ecules and forming the network. Once the network is formed, the

Fig. 1. Experimental set-up for confined compression showing the centering plate
in the immersion tank, the silicon membrane and the porous plates enclosing the
hydrogel sample allowing fluid flow.

Fig. 2. Kinetics behaviour of a T3-8 hydrogel. The storage modulus (G0), loss
modulus (G00), tan d and complex viscosity g! are monitored as a function of
irradiation time. The UV intensity was 15 mW/cm2 and the measurements were
done at room temperature (RT), with 15% of strain and at 10 Hz.

Fig. 3. Storage modulus G0 of a T3/NVP hydrogel measured as a function of
irradiation time for different T3 concentrations at RT and at 15 mW/cm2 and with
10 vol.% of initiator (15% strain, 10 Hz).
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mobility of the still free molecules is decreased and the crosslink-
ing becomes diffusion-controlled. The last molecules have difficul-
ties in moving in the network and in combining with other
molecules and the rate of reaction decreases.

The final values of the moduli and viscosity are presented in Ta-
ble 1. As the amount of T3 is increased, the shear stiffness and the
viscosity of the final network increase as well. G0 is always higher
than G00, indicating that elastic links between the molecules have
been formed. The viscous component represented by G00 is also
important in the final hydrogels as the values are high. The final
plateaus illustrate the formation of a stable 3-D network during
polymerization. The difference in final values between T3-8 and
T3-11.5 is more important than for T3-11.5 and T3-15. The diffu-
sion-controlled step in the reaction mechanism is responsible for
this phenomenon and hinders the final formation of chemical links
in an already strongly crosslinked network. Therefore, there is
probably a threshold value of T3 in the network, above which the
time of curing and final properties are only dependent on the con-
trolled-diffusion mechanism and for which the final mechanical
properties cannot be significantly increased. Only concentrations
of T3 of 4.5 vol.% and above should be considered for this applica-
tion because of short curing times and complete polymerization.

The T3-8 hydrogel reinforced by NFC shows the same kinetics
behaviour as neat gels of T3 and NVP. The storage modulus G0

was higher than the loss modulus G00 and the viscosity followed a
similar trend by increasing and then reaching a plateau when the
polymerization was complete (Fig. 4). tan d reaches a minimum
at the beginning of the reaction and then increases as the network
forms before reaching a plateau at the very end of the polymeriza-
tion. The evolution of moduli of neat and reinforced gels is pre-
sented in Fig. 5. Initial values of moduli of composite hydrogels
are significantly high and increase during polymerization. The dis-
persion of NFC in the T3-8 solution greatly increases the viscosity
and before polymerization, the mixture has the characteristics of

a gel. Therefore, there is no gel point and the plateau is reached
very fast. It is also interesting to notice that the time of polymeri-
zation did not change for both systems, indicating that NFC fibres
do not interfere in the network formation. The mechanism of for-
mation of the network could then be compared to the formation
of an interpenetrating network (IPN), where the T3/NVP hydrogel
network is formed around the NFC network. The final storage mod-
ulus G0 and viscosity for the reinforced hydrogel are higher than for
the neat hydrogel, showing the reinforcement effect of NFC. The
hydrogel containing a lower amount of T3 benefits more of the
reinforcement effect of NFC as it can be observed in Fig. 5. For high-
er concentrations of T3, the radical diffusion in the forming net-
work is hindered by the NFC network, resulting in a greater
amount of dangling chains and cyclization. There is therefore a
threshold concentration of T3 above which the addition of NFC
does not influence the shear stiffness of the network. It can also
be noticed that there is only a slight increase in G0 and viscosity
for the T3-4.5 sample once the UV irradiation starts, whereas for
the T3-8 sample, both values increase by one order of magnitude
before reaching the plateau. This indicates that for less crosslinked
networks, the mechanical properties are determined by the NFC
amount only. Table 2 summarizes the final values obtained for
G0, G00 and tan d for neat and reinforced hydrogels of composition
T3-4.5 and T3-8. The increase of the values is very significant, rang-
ing up to several orders of magnitude. It can be noticed that G0 is
always higher than G00, indicating an elastic behaviour of the com-
posite hydrogels. With higher initial viscosity that could be an
advantage for the application, to avoid leakage of the material in
situ prior to polymerization, and curing times similar to neat
hydrogels and finally higher shear moduli, composite hydrogels
should be considered for the replacement of the NP.

3.2. Unconfined compression

The mechanical behaviour of two types of hydrogels was inves-
tigated at different conditions (dried, after polymerization and

Table 1
Final values of G0 , G00 and g! as a function of T3 concentration.

G0 (Pa) G00 (Pa) g! (Pa.s)

T3-1 56.3 93.1 1.7
T3-4.5 1757 ± 82 424 ± 52 31 ± 1
T3-8 4786 ± 702 1876 ± 282 81 ± 11
T3-11.5 15,253 ± 2293 7634 ± 198 272 ± 31
T3-15 22,226 ± 2878 14,359 ± 486 423 ± 34

Fig. 4. Modulus of a T3-8/NVP and 0.8 wt.% NFC gel measured as a function of
irradiation time at RT and at 15 mW/cm2and with 10 vol.% of initiator. Measure-
ments were made with a strain of 0.5% and at a frequency of 10 Hz.

Fig. 5. Storage modulus G0 of a T3/NVP and 0.8 wt.% NFC hydrogel measured as a
function of irradiation time for different T3 concentrations at RT and at 15 mW/cm2

and with 10 vol.% of initiator (15% strain, 10 Hz).

Table 2
Final values of G0 , G00 and g! for neat and reinforced hydrogels.

G0 (Pa) G00 (Pa) g! (Pa s)

T3-4.5 1757 ± 82 424 ± 52 31 ± 1
T3-4.5_NFC 1.4#105 ± 31,000 19,463 ± 3251 2159 ± 477
T3-8 4786 ± 702 1876 ± 282 81 ± 11
T3-8_NFC 31,857 ± 6198 6750 ± 198 540 ± 102
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after rehydration) as shown in Figs. 6 and 7. Three different sam-
ples were tested for each condition and a good reproducibility of
the measurements was observed. For both hydrogels, the dried
samples showed an elastic behaviour and they were much more
resistant than the samples after polymerization and rehydrated.
As they were vacuum dried for 24 h before testing, the polymeriza-
tion had time to complete and the evaporation of water allowed
the network to shrink, thus reinforcing it. They showed no viscous
behaviour. The samples after polymerization showed that the fluid
present in the network is responsible for the mechanical behaviour
of the material. Until about 30% of deformation, the curves were
linear, showing a good elastic response and after that value, an
exponential trend was observed due to a rearrangement of the
polymer chains as a response to the applied stress. The barreling
effect of the hydrogel cylinders when compressed could also con-
tribute to the exponential trend. The rehydrated samples at swell-
ing equilibrium showed lower network stiffness when compressed.
Here again, the fluid present in the network is responsible for this
phenomenon. The drying step and then the increase of fluid in the
network did not alter dramatically its properties. For the T3-8
hydrogel, the rehydrated samples plateaued at about 40% of strain
corresponding to a destruction of the sample and the same was ob-
served for T3-15 rehydrated samples.

In Fig. 8, the two hydrogel systems were compared and it can be
observed that the concentration of T3 does not influence signifi-
cantly the mechanical properties. The values of stress vs strain

for dried samples are very similar even if the concentration of
crosslinker is increased. However, when the network is hydrated,
the mechanical properties change completely for both concentra-
tions of T3 and the amount of T3 plays a role on the obtained re-
sults. A more crosslinked network will absorb less fluid and
therefore have a greater stiffness. The elastic modulus E of the dif-
ferent samples at different conditions was calculated from the
slope of the curves (Table 3). The value of E for the native nucleus
pulposus is in the range of 3–6 kPa [8]. Dried hydrogels are too stiff
for the application. The values of the modulus for the hydrated
hydrogels are in the range of the values of the native NP and these
hydrogels could be considered for NP replacement. Reinforced
T3-8 and T3-15 hydrogels were tested in compression after poly-
merization, after drying and after rehydration for 24 h at 37 #C in
PBS. The reinforced hydrogels presented the same behaviour as
the neat hydrogels with very stiff behaviour when dried and
becoming softer with an increasing amount of fluid. Fig. 9 illus-
trates this behaviour. Dried samples of reinforced hydrogel showed
the same elastic behaviour as samples of neat hydrogel. Their
mechanical properties are greatly increased due to the lack of fluid
and the shrinking of the network. The reinforced samples tested
just after polymerization did not show a significant exponential
behaviour characteristic of the stiffening of the material due to
chain rearrangement and release of water during compression.
There is a small inflexion at the beginning of the curve, probably
due to minimal rearrangements of the network and release of
peripheral PBS. After what, fluid is trapped in the very intricate
network and the material behaves as an elastic solid without any
influence due to fluid diffusion in the network. When the samples
were dried, the water was evaporated and during the rehydration,
fluid penetrated in the network. As mentioned by Turbak et al. [28],
NFC fibres lose their mechanical and wettable properties once
dried. This phenomenon could be observed here as the rehydrated
samples of reinforced hydrogel had mechanical properties compa-
rable to the T3-8 hydrogels that have weaker networks. Except this

Fig. 6. Stress–strain curve for a T3-8 hydrogel at three different conditions. The
force ramp was 3 N/min until reaching 15 N.

Fig. 7. Stress–strain curve for a T3-15 hydrogel at three different conditions. The
force ramp was 3 N/min until reaching 15 N.

Fig. 8. Comparison of the mechanical behaviour in compression of two different
hydrogels, T3-8 (solid symbols) and T3-15 (hollow symbols) at here different
hydration degrees. The force ramp was 3 N/min until reaching 15 N.

Table 3
Elasticity modulus E of hydrogels with two different concentrations of T3.

E (dried samples)
(MPa)

E (after
polymerization)
(MPa)

E (after
rehydration) (MPa)

T3-8 2.2 0.05 0.03
T3-15 2.5 0.08 0.04
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particular case, T3-8 hydrogels with NFC showed better mechani-
cal properties in static compression due to the interpenetrating
network formed. The elastic modulus E was calculated again here
between 0% and 10% of strain and the values are presented in
Table 4. The reinforcement of the network by NFC was clearly
proved. For dried samples, the modulus is increased four times
and for samples after polymerization, the modulus was one order
of magnitude higher than for a neat hydrogel. Hydrated neat and
composite hydrogels showed nevertheless mechanical properties
in compression close to the native NP [8] and can be considered
as potential candidates for NP replacement. Further tests are
needed to show the reinforcement effect of NFC in fully hydrated
hydrogel networks.

3.3. Confined compression

In the spine, the NP is confined by the annulus fibrosus (AF). In
order to test the hydrogels in conditions approaching the real bio-
logical use, a set-up was developed to perform compression tests
in an immersed confined environment. This is not strict confine-
ment because fluid flow is possible through the porous plates that
enclose the hydrogel. The silicone membrane was chosen to be
very stiff compared to the hydrogel, in order to avoid barreling
and other measurement artefacts. Only two hydrogels were tested
in confined compression: the neat hydrogel T3-4.5 and the hydro-
gel containing 0.4 wt.% of NFC, T3-4.5 0.4 NFC. Typical stress–strain
curves of confined hydrogels in compression are presented in
Fig. 10. These curves do not show the real mechanical behaviour
of the hydrogels but mainly the hydrostatic pressure applied to
the silicone membrane. The first part of the curves, before the
inflexion point, represents the behaviour of the hydrogel until it
is completely confined. The evolution of the stress–strain curve un-
til 8–10% of strain is similar to the evolution observed with uncon-
fined compression. At the inflexion point, the hydrogels become
almost incompressible with a Poisson’s ratio of about 0.5, as re-
ported in literature for incompressible materials [9]. After the
inflexion point, only the hydrostatic pressure transmitted to the

membrane is measured. The inflexion point does not appear at
the same strain for each tested hydrogel: the appearance of the
incompressible nature of the hydrogel depends on the amount of
PBS in its network. With a higher quantity of PBS in the network,
the incompressible nature will appear at lower strains. The hydro-
gel without NFC (neat) is the one which swells the most. The curve
of the latter is therefore shifted towards highest stress values given
that the hydrogel becomes incompressible at a earlier stage. The
hydrogel with the less PBS in its network (T3-4.5 0.4 NFC) will con-
sequently have the inflexion point at higher strains. The elastic
modulus Econf was calculated from the linear part of the curves be-
tween 14% and 15% of strain by a linear interpolation. The results
are presented on the Fig. 11. Considering the standard deviation,
the elastic modulus Econf does not vary significantly when NFC
are added to the network as it was observed in unconfined com-
pression of hydrogels. The measured values for the moduli are
therefore the values of the stiffness of the confinement silicone
membrane because of the hydrostatic pressure transmitted by
the hydrogel to the membrane and not the stiffness of the material.
Therefore, the confinement of such a material should be investi-
gated further by changing the set-up and particularly the thickness
of silicone membrane. Other limitations include the friction of the
piston, the porous plates and the hydrogel against the silicone
membrane. Nevertheless, this study demonstrated the potential
of the developed hydrogels to transmit loads to the surrounding
annulus fibrosus.

Fig. 9. Stress–strain curve for a T3-8 (solid symbols), T3-15 (hollow symbols) and
T3-8_NFC (solid and hollow symbols) hydrogel at three different conditions. The
force ramp was 3 N/min until reaching 15 N.

Table 4
Elasticity modulus E for neat and composite hydrogels.

E (dried
samples) (MPa)

E (after
polymerization)
(MPa)

E (after
rehydration)
(MPa)

T3-8 2.2 0.05 0.03
T3-8_NFC 8 0.2 0.02

Fig. 10. Stress–strain curves of a T3-4.5 and T3-4.5 hydrogel with 0.4 wt.% of NFC in
confined compression.

Fig. 11. Elastic modulus Econf in confined compression for a T3-4.5 and T3-4.5
hydrogel with 0.4 wt.% of NFC.
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3.4. Biocompatibility studies

Foetal cells seeded around the hydrogels were used as prelimin-
ary assessment to determine the biocompatibility of the material.
Cells were disposed in a Petri dish without touching the hydrogel
sample and after some days, the confluence of cells reached 90%,
surrounding the hydrogel completely. Cells were then fixed by
methanol and coloured by the Giemsa solution. Only cells attached
to the Petri dish could be fixed and coloured indicating that only
living cells are shown in Fig. 12. The cells do not present any gran-
ulation or anomalous morphology indicating that the hydrogel or
any non-crosslinked monomer has an effect on the cell’s metabo-
lism. Further tests are being performed to investigate the effect
of the material on cell growth.

4. Conclusions

The curing kinetics of hydrogels composed of Tween! 20 tri-
methacrylate (T3) and N-vinyl-2-pyrrolidone (NVP) has been
investigated by photorheology. The curing time and final shear
modulus of freshly polymerized hydrogels were influenced by
the amount of T3 in the network. NFC proved to have a reinforce-
ment effect in shear, property that could be very important for the
design of a NP replacement.

Stress–strain curves of the hydrogels tested in unconfined com-
pression illustrate the influence of the fluid content on their
mechanical performance, the elastic modulus ranging from 0.03
to 2.5 MPa for hydrogels at different moisture contents. NFC
showed a reinforcement effect for hydrogels of same chemical
composition. The native NP has elastic modulus values ranging
from 3 to 6 kPa [8]. Fully hydrated composite hydrogels could be
potential candidates for NP replacement with elastic modulus
around 20 kPa. Confined compression of neat and composite
hydrogels showed the capacity of the material to transmit the
loads to the surrounding structures like the native NP. Preliminary
biocompatibility tests showed good affinity of cells towards the
hydrogel.

Swelling studies are currently being performed on neat and
reinforced hydrogels to determine the fluid uptake rate of hydro-
gels and its influence on mechanical properties.
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