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ARTICLE INFO ABSTRACT

Article history:

The swelling and compressive mechanical behavior as well as the morphology and biocompatibility of
composite hydrogels based on Tween® 20 trimethacrylate (T3), N-vinyl-2-pyrrolidone (NVP) and nano-
fibrillated cellulose (NFC) were assessed in the present study. The chemical structure of T3 was verified
by Fourier transform infrared spectroscopy and proton nuclear magnetic resonance, and the degree of
substitution was found to be around 3. Swelling ratios of neat hydrogels composed of different concen-
trations of T3 and NVP were found to range from 1.5 to 5.7 with decreasing concentration of T3. Various
concentrations of cellulose nanofibrils (0.2-1.6 wt.%) were then used to produce composite hydrogels
that showed lower swelling ratios than neat ones for a given T3 concentration. Neat and composite
hydrogels exhibited a typical nonlinear response under compression. All composite hydrogels showed
an increase in elastic modulus compared to neat hydrogel of about 3- to 8-fold, reaching 18 kPa at 0%
strain and 62 kPa at 20% strain for the hydrogel with the highest NFC content. All hydrogels presented
a porous and homogeneous structure, with interconnected pore cells of around 100 nm in diameter.
The hydrogels are biocompatible. The results of this study demonstrate that composite hydrogels rein-
forced with NFC may be viable as nucleus pulposus implants due to their adequate swelling ratio, which
may restore the annulus fibrosus loading, and their increased mechanical properties, which could possi-
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bly restore the height of the intervertebral discs.

© 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Lower back pain is mostly due to intervertebral disc (IVD)
degeneration, in particular nucleus pulposus (NP) degeneration
[1]. About 80% of the world population will suffer from back pain
in their lifetime [2,3], and in 75% of cases this will be a direct con-
sequence of degenerative processes of the disc. This huge public
health issue now costs several billion dollars worldwide, and it is
the primary cause of working days lost [3]. In the normal healthy
disc, the hydrated NP exerts a hydrostatic pressure on the annulus
fibrosus (AF) [4]. This pressure increases with the loads applied to
the NP and causes water from the NP to be released. With recum-
bency, the pressure decreases and water returns, driven by osmotic
pressure [5]. This creates a pump effect responsible for the
mechanical properties (elastic modulus 3-6 kPa) of the NP [6]
and for the load transfer through the AF. However, this load trans-
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fer mechanism is altered in degenerated discs: the water content in
degenerated NPs is considerably reduced, resulting in a decrease in
the hydrostatic pressure [7].

Total disc arthroplasty [8,9] and NP replacement are two non-
fusion techniques that have emerged 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 biomechanical balance
and motion of the spine [8,9]. Having a functional NP will then re-
store the biomechanics of the AF.

NP replacement with a synthetic material or with a tissue-engi-
neered scaffold [10,11] targets earlier stages of disc degeneration,
when the AF is not yet affected [12]. A classical approach to replac-
ing the NP involves mimicking the structure and function of the
native NP. The NP has been described as a gel-like structure con-
taining randomly disposed collagen fibers and radial elastin fibers
[13]. The NP is inextensible, extremely deformable and very hydro-
philic [14]. The mechanical properties in compression and the vis-
coelastic properties in shear have been previously reported [15,16].
While the mechanical requirements, i.e. a Young’s modulus of 3-
6 kPa, for an NP replacement material have been described [17],
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a standard test procedure for determining these requirements is
yet to be agreed on by the regulatory and scientific communities
[18].

Hydrogels are suitable materials for NP replacement due to
their hydrophilic character and potential biocompatibility [19].
However, their main use has been in applications where mechan-
ical performance is not decisive, such as contact lenses and drug
delivery [20]. For the particular NP application, it is believed that
a non-degradable hydrogel would be safer to use as the metabo-
lism of the NP is very slow due to its low cell density - so the like-
lihood of a biodegradable hydrogel being replaced by native tissue
would be extremely low. A non-degradable hydrogel could thus be
developed to replace the NP; in this sense, the hydrogel is consid-
ered as a permanent implant.

Composite hydrogels have been evaluated in this study as po-
tential candidates for the replacement of the NP. In this respect,
a hydrogel reinforced with natural biocompatible nanofibers
seems the best choice for mimicking the human NP. The increase
in mechanical properties due to these nanofibers should not de-
crease the swelling ability of the hydrogel. In this context, the fi-
bers should possess a high water retention value (WRV), which is
the case for nanofibrillated cellulose (NFC). NFC is usually obtained
after the mechanical disintegration of cellulose raw materials ob-
tained from various lignocellulosic fiber sources like wood [21].
After the treatment, NFC builds up a web-like structure and shows
fiber diameters from 10 to 100 nm [22]. Due to its large surface
area, NFC has a high WRV of up to 400% [21]. NFC has already been
used as reinforcement in several applications [23-25]. It has been
used in polymer matrices, such as polyvinyl alcohol and hydroxy-
propyl cellulose, in which significant increases in Young’s modulus
and tensile strength were observed by Zimmermann et al. [26].

The objectives of this study were, first, to synthesize a suitable
branched molecule, Tween® 20 trimethacrylate (T3), and then to
combine it with a monomer to obtain a highly swelling and hydro-
philic co-polymer curable by ultraviolet (UV) light. In a second
step, this crosslinked hydrogel was reinforced with NFC and the
swelling, compression and shear properties were determined and
compared to the human NP. Scanning electron microscopy (SEM)
imaging and biocompatibility studies were performed on the
hydrogels and finally, from the obtained results, the best candidate
material for the NP replacement was determined. The direct injec-
tion of this unique gel into the cavity of the degraded native nu-
cleus without damaging the annulus, the further UV curing and
the tailored swelling of the designed composite hydrogel polymer
are all part of a novel surgical approach.

2. Materials and methods
2.1. Materials

Cell-culture-tested Tween® 20 (1226 g mol~!) was purchased
from Sigma-Aldrich (Buchs, Switzerland), dried by azeotropic dis-
tillation with benzene and stored in a desiccator. Methacryloyl
chloride (MeOCl, 97%), 4-(N,N-dimethylamino)pyridine (DMAP,
99%) and N-vinyl-2-pyrrolidone (NVP, 111.14 g mol~!) were ob-
tained from Sigma-Aldrich and used as received. Tetrahydrofuran
(THF, extra dry, <50 ppm water) was purchased from Acros Organic
(Geel, Belgium). The photoinitiator Irgacure 2959, 4-(2-hydroxy-
ethoxy) phenyl-(2-hydroxy-2-propyl) ketone (12959), was ob-
tained from Ciba Specialty Chemicals (Basel, Switzerland) and
used as received. For the biocompatibility studies, Giemsa’s azur
eosin methylene blue solution was purchased from Merck (Zug,
Switzerland).

NFC from refined bleached beech pulp was obtained from the
Swiss Federal Laboratories for Materials Testing and Research

(EMPA) (Duebendorf, Switzerland) as a 8 wt.% water suspension.
The NFC suspension was then diluted in deionized water to yield
a concentration of 2 wt.% of fibrils, using an ultra-turrax IKA T25
digital, SN 25 10G high shear mixer (IKA, Staufen, Germany).

2.2. Synthesis of T3

Tween® 20 (20 g, 0.016 mol) was dissolved in 100 ml of THF in a
250 ml round-bottom flask, to which 6.2 g (0.06 mol) of DMAP was
introduced under argon. After cooling to 0 °C in ice, 4.9 ml of MeO-
Cl (0.049 mol) in 30 ml THF was added dropwise to the mixture
over 30 min under stirring using a pressure-equalized addition
funnel. The flask was covered with aluminum foil and left under
stirring overnight. The resulting precipitate was then filtered off,
washed with THF and dried in a rotary evaporator at room temper-
ature, avoiding light exposure. Part of the crude product (3 g) was
purified by column chromatography (60 g of silica, eluant CHCI3/
MeOH, 9/1-8/2, v/v), yielding 2.2 g of a light yellow viscous liquid
after evaporation of the solvent. The T3 yield obtained after purifi-
cation was 75%. The degree of substitution (DS; the average num-
ber of substituted OH groups per molecule of Tween® 20) was
confirmed by Fourier transform infrared spectroscopy (FTIR; Per-
kin-Elmer Spectrum One, Spectrum Spotlight 300) and by proton
nuclear magnetic resonance (*H NMR; Brucker Avance 400 MHz)
with CDCl; as the solvent.

2.3. Neat and composite hydrogel preparation

Hydrogels were fabricated by the photopolymerization of pre-
cursor solutions in a cylindrical silicone mould (10 mm diameter
and 5 mm deep). The precursor solutions were prepared with dif-
ferent concentrations of T3, NVP and photoinitiator in water to
produce several hydrogels, as presented in Table 1.

The photoinitiator was used as an aqueous solution of 0.05 wt.%
of 12959 in water, the final concentration of photoinitiator solution
into the precursor solution being varied. To produce neat hydro-
gels, the solution was vigorously stirred at room temperature
and then injected into the mould and exposed to UV light provided
by an EXFO Omnicure S2000 source (270-370 nm). The UV inten-
sity was 145 mW cm~2, and was measured using a radiometer
(Solatell, UK). The UV intensity varied by less than 10% across
illuminations.

Composite hydrogels were produced with the precursor solu-
tions containing T3, NVP, 12959 and NFC (2 wt.% water suspen-
sion). The final concentration of fibrils was varied and the
detailed compositions are shown in Table 1. The solutions were
mixed with a high shear mixer to ensure good dispersion of the fi-

Table 1
Composition of tested hydrogels.

T3 NVP 12959 sol. Water NFC

(vol.%) (vol.%) (vol.%) (vol.%) (wt.%)
T3-4.5 4.5 455 10 40 -
T3-8 8 42 10 40 -
T3-11.5 11.5 38.5 10 40 -
T3-15 15 35 10 40 -
T3-8_30init 8 42 30 40 -
T3-8_50init 8 42 50 40 -
T3-8_0.4nfc 8 42 10 40 0.4
T3-8_0.8nfc 8 42 10 40 0.8
T3-15_0.4nfc 15 35 10 40 0.4
T3-15_0.8nfc 15 35 10 40 0.8
T3-4.5_0.2nfc 4.5 45,5 10 40 0.2
T3-4.5_0.4nfc 4.5 45.5 10 40 0.4
T3-4.5_0.8nfc 4.5 45.5 10 40 0.8
T3-4.5_1.6nfc 4.5 455 10 40 1.6

The relative content of NVP in vol.% can be calculated from this table.
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brils and finally degassed with a vacuum pump. The curing condi-
tions were similar to those used for the neat hydrogels.

2.4. Characterization of hydrogel

2.4.1. Non-crosslinked species

Neat and composite hydrogel cylinders (10 mm in diameter and
5 mm in thickness) were vacuum dried for 24 h immediately after
polymerization. This was followed by several cycles of washing in
ethanol and deionized water to remove unreacted molecules over
24 h and finally vacuum-drying for 24 h. The amount of non-cross-
linked species S was determined by

S= (Wi - Wa)/W, (1)

with W; the initial solid weight of the dried sample after polymer-
ization and W, the weight of the dried sample after washing. For
each concentration tested, the averaged sol content S of three sam-
ples was determined.

2.4.2. Equilibrium swelling ratio

The swelling behavior was monitored gravimetrically by mea-
suring the weight gain with time of immersion in phosphate-buf-
fered saline (PBS) at room temperature. The samples were wiped
off and weighed every 15 min, until equilibrium was reached.
The equilibrium swelling ratio SR and fluid content FC were calcu-
lated from:

SR = Wy/Wy = (Wy — Wg)/Wy and FC = Wy/Wiom
= (Ww — Wq)/(Wy + W) (2)

where W is the weight of PBS in the swollen hydrogel at equilib-
rium, W,, is the weight of the wet sample and Wj is the weight of
the hydrogel before immersion (i.e. time 0).

2.4.3. Static compression tests

The mechanical properties of the hydrogels were also character-
ized by compressive unconfined stress-strain measurements
which were performed on swollen gels using a UTS Z010 instru-
ment (Zwick, Ulm, Germany). The cylindrical gel samples were
loaded on the lower plate and compressed by the upper plate,
which was connected to a load cell of 20N, at a strain rate of
1 mmmin~!. A pre-compressive load of 10 mN was applied to
the samples. The stress—strain curve being nonlinear, the behavior
of the hydrogels was described but the phenomenological relation-
ship used for different applications [27,28]:

o = afexp(pe) — 1] 3)

with o and g as the fitting parameters. When the deformation is
small, @ x p corresponds to the elastic modulus at 0% strain. In order
to compare the mechanical properties with values from several
studies, we also report the value of the elastic modulus in the linear
part of the stress-strain curve, which corresponds to a strain range
of 20-25%. We call this elastic modulus Ej;,. All tests were carried
out at 37 °C. Three samples were measured in each measurement,
and the values were averaged.

2.4.4. Shear tests

The shear behavior of the neat hydrogel T3-4.5 and the compos-
ite hydrogel containing 4.5 vol.% of T3 and 0.4 wt.% of NFC (T3-
4.5_0.4nfc) at swelling equilibrium was studied using an ARES
apparatus (Rheometric Scientific Inc., New Jersey, USA) in parallel
plate geometry. The plates were developed in the laboratory and
were surrounded by an oil chamber to minimize the evaporation
of water from the hydrogels during the experiments (Fig. 1). Dy-
namic frequency sweep tests were performed at room temperature
with a preload under compression of 20% strain. A delay of 300 s

Fig. 1. Circular plates used for the shear tests. The upper element (right) is fitted
into the lower part (left) to surround the plates with an oil chamber and thus create
a humidity-tight chamber.

after the preload ensured the complete relaxation of the samples
before the tests. A shear strain of 25% with frequencies from 1 to
100 rad s~! was applied and nine points were taken per decade.
Three specimens of each sample were tested and the resulting val-
ues were averaged.

2.4.5. Cryo-SEM imaging

The effect of NFC on the internal network of the hydrogels was
observed by cryo-SEM imaging. Specimens with a diameter and
height of about 100 pm were cut with a blade and placed in an alu-
minum sample carrier (HPM, Bal-Tec/Leica, Vienna, Austria) with
an outer diameter of 3 mm and a cavity of 200 um depth and
2 mm diameter.

High-pressure freezing (HPM, BalTec, Liechtenstein) was used
to preserve the hydrated native porous structure of the hydrogels
and to avoid ice crystal formation during freezing. Therefore, a
pressure of 2200 bar was rapidly applied prior to freezing with
supercritical liquid nitrogen. All the frozen specimens were subse-
quently stored in liquid nitrogen until further processing.

Cryo-fracturing was performed in liquid nitrogen by scratching
the surface of the samples with a sharp blade in a VCT loading de-
vice (VCT 100, BalTec/Leica, Vienna, Austria). With the help of the
VCT shuttle, freshly fractured samples were transferred from the li-
quid nitrogen under a dry nitrogen atmosphere into a freeze-etch-
ing device (BAF060, BalTec/Leica, Vienna, Austria) pre-cooled to
—140 °C under high vacuum.

The freeze-etching system was used to perform the sublimation
of water on the surface of the specimens. Therefore, the tempera-
ture and pressure were set to —100°C and 1 x 107%-
2 x 1077 mbar, respectively, for 30 min.

Finally, the samples were cooled down to —120 °C again and ro-
tary shadowed from an elevation angle of 45° with tungsten to an
average layer thickness of 3 nm. The frozen and coated samples
were then transferred under a high vacuum (2 x 1077 mbar) at
—20°C from the versatile cryo-transfer system VCT to the pre-
cooled cryo-stage set at —120 °C in a field emission scanning elec-
tron microscope (LEO Gemini 1530, Carl Zeiss, Oberkochen,
Germany). Images were recorded at —120 °C and at an acceleration
voltage of 2 kV.

2.5. Biocompatibility

Human fetal cartilage cells from a 14 week fetus were obtained
from our dedicated cell banks (University Hospital of Lausanne,
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Switzerland (Ethical Protocol # 51/01)). They were cultured in ba-
sal Dulbecco’s modified Eagle’s medium (Invitrogen, Carlsbad, CA)
supplemented with 1% L-glutamine (Invitrogen) and 10% fetal calf
serum (Sigma-Aldrich, St. Louis, MO), and maintained at 37 °C in
a humidified 5% CO, atmosphere. The culture medium was chan-
ged twice per week. The cells used were between the third and
fifth passages.

The hydrogel samples were swollen until equilibrium in PBS in
small flasks and then sterilized in an autoclave at 120 °C during
20 min.

To evaluate the biocompatibility of the T3-4.5 hydrogel, fetal
cells were seeded at 3000 cells cm~2 in Petri dishes at a distance
of 0.5 cm around the gel, with no contact between the gel and
the cells, and incubated for ~1 week in the culture conditions de-
scribed above. Fresh culture medium was added twice weekly for
cell proliferation. Giemsa staining was then used to stain the cells
and the hydrogel, and to observe the hydrogel-cell interface and
the cell’s morphology, as described previously [29]. Blanks con-
sisted of cells without the hydrogel. Experiments were performed
twice, with three specimens per sample.

3. Results
3.1. Synthesis of T3

The general synthetic route for coupling a vinyl moiety with a
hydroxylated polymer was first described by Hennink and van
Nostrum [30] and the grafting of dextran with glycidyl methacry-
late was performed by Cavalieri et al. [31] and Dijk-Wolthuis et al.
[32]. The Tween® 20 hydroxyl end groups react with the methacryl
moieties of the chloride in the presence of a base (DMAP), which
acts as a catalyst to form T3, as shown in Scheme 1. FTIR spectra
for Tween® 20 and T3 are shown in Fig. 2, where differences can
be noted between the two spectra. The modification of Tween®
20 induced the disappearance of the —OH absorption band (voy)
at 3500 cm™!, an increase in the carbonyl stretching vibration at
1200 cm ™! (Vc=0, methacrylate) and the appearance of two peaks, at

ey

CH,
Sumofw+x+y+z=20
0
0
DMAP \\——O’P\’
—_—

HyC ==
CHy

Sumofw+x+y+2=20

1100 Cm71 (VC—O, methacrylate) and 813 cm’l (VC—H,CH:CHz)v respec-
tively. These results were consistent with the conversion of the
-OH groups into methacrylate groups. Except for these modifica-
tions, the two spectra were identical, suggesting that there was
no modification of the Tween® 20 monomer backbone after reac-
tion. The success of the reaction was further confirmed by 'H
NMR spectroscopy (Fig. 3). Tween® 20 is characterized by chemical
shifts at 6 0.8, 1.2, 1.6, 3.65 and 4.2 ppm. The peak at 6 3.65 ppm is
characteristic of the poly(ethylene glycol) (PEG) structure and rep-
resents the inner protons, whereas that at § 4.2 ppm is representa-
tive of the protons adjacent to the end groups. These peaks were
present in both spectra, again indicating that the backbone of the
molecule remained unchanged after reaction. The lack of addi-
tional peaks other than those associated with the methacrylate
moieties in the T3 spectra suggests that the unreacted compounds
were quantitatively removed. Peaks at 6 5.6 and 6.1 ppm are re-
ported for the methylene protons of methacrylate groups of T3.
The peak at § 4.2 ppm corresponded to the protons adjacent to
the hydroxyl groups in the Tween® 20 molecule. After methacryla-
tion, an additional peak was observed at 6 4.3 ppm, due to protons
adjacent to the newly added methacrylate moieties. Unreacted hy-
droxyl groups could not be distinguished in the spectra owing to
overlap with the inner proton peak at § 3.65 ppm. In order to quan-
tify the degree of methacrylation, the peak at 6 1.2 ppm, which cor-
responds to 18 of the olefinic protons, was used as a reference. The
calculated DS of 3.12 confirmed the full conversion of hydroxyl
moieties into methacrylate moieties within the accuracy of the
measurement (experimental error <5%).

3.2. Hydrogel non-crosslinked species

Fig. 4 presents the evolution of the hydrogel sol contents as
functions of the crosslinker (Fig. 4a) and initiator (Fig. 4b) concen-
trations. Fig. 4a shows that, for all the hydrogels studied (T3-4.5,
T3-8, T3-11.5 and T3-15), the amount of non-crosslinked species
decreased with increasing T3 concentration from 51.7 +2.3% to
39.1 £ 2.6%. This trend was attributed to an increase in crosslinked
network formation with the T3 concentration, as expected.

=3
f

HyC

0 CH.(CH,)gCH3
0 z||
0

Scheme 1. The reaction of Tween® 20 with MeOClI in the presence of DMAP to form T3 molecules.
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Fig. 2. Transmittance FTIR spectra of the initial Tween® 20 (A) and the final T3 (B).
The selected peaks are assigned as follows: 3500 (vo_y), 2900 (vc_y), 1710 (ve=o),
1100 (Vc_o, ester)» 813 (Ve—n, ch=ch, ). The disappearance of the ~OH groups and the
appearance of the C-0, C-H and CH=CH, illustrate the formation of methacrylate
groups.

Fig. 4b shows the influence of the photoinitiator on the amount
of non-crosslinked species for three different hydrogels, containing
8 vol.% of T3 and 10, 30 and 50 vol.% of initiator solution (T3-8, T3-
8_30init and T3-8_50init, respectively). The non-crosslinked spe-
cies content reached a minimum value for T3-8_30init, with the

A.C. Borges et al./Acta Biomaterialia 7 (2011) 3412-3421

T3-8_50init again showing a larger amount of non-crosslinked spe-
cies. This was associated with an increase in steric hindrance with
the initiator concentration. Hence, methacrylate crosslinking
might have been occurred faster with larger amounts of initiator,
thus increasing the viscosity of the solution and decreasing the
mobility of the methacrylate molecules. The reproducibility of
the measurements with the largest amount of initiator is poorer
owing to the mechanism of network formation. Indeed, a large
amount of initiator will induce premature chain termination and
will therefore favor a high number of uncrosslinked chains that
will not be incorporated in the network. However, due to physical
entanglement, some of these chains will remain in the network
even after the washing step, which could bias the measurements.

Concerning the nanocomposite hydrogels reinforced with NFC,
only one fiber concentration was tested, because the subsequent
washing and drying of the NFC within the samples completely dis-
integrated the hydrogels with high NFC contents. This might be
due to the hornification of the NFC. The neat hydrogel T3-4.5 had
a non-crosslinked species amount of 51.7 + 2.3% and the composite
hydrogel T3-4.5_0.4nfc showed an amount of 40.2 + 4.9%, which
was comparable to the non-crosslinked species amount of the
highest crosslinked hydrogel T3-15.

3.3. Swelling ratio

The diffusion of fluids into hydrogels, their related mass
changes and their swelling ratios are influenced by the crosslinking
density, gel composition, charge density or filler content and other
parameters [33]. Neat hydrogels with three different T3 concentra-
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Fig. 3. "H NMR spectra of Tween® 20 (A) and T3 (B). The peak variations confirm the methacrylation.
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Fig. 5. Mass variations of hydrogels during their immersion in PBS for three
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Table 2
Fluid content and swelling ratio of fully hydrated hydrogels.
BE 45 4 Neat and composite hydrogels Swelling ratio SR (-)  Fluid content (FC) (%)
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t Neat T3-8 32+03 61.4+25
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T3-8_0.8nfc 2.7+0.1 580+1.1
T3-15_0.8nfc 1.1+0.1 359+2.0
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Fig. 4. Amount of non-crosslinked species in hydrogels. (a) The concentration of T3
clearly promotes more crosslinking. (b) The optimum UV initiator concentration
(wt.% corresponding to 10, 30 and 50vol% respectively) for the hydrogels
containing 8 vol.% of T3 is higher than 30vol.% to produce a more crosslinked
network.

tions (4.5, 8 and 15 wt.%, respectively) and composite hydrogels
thereof with two different NFC concentrations (0.4 and 0.8 wt.%)
were tested. All the T3/NVP hydrogels studied show similar mass
uptake (Fig. 5) and swelling behavior, with an initial rapid fluid in-
take and swelling phase at short times, before the penetrant uptake
slows at intermediate times, the hydrogels become fully swollen
and asymptotic equilibrium fluid content (FC) and swelling ratio
(SR) are reached (Table 2). The equilibrium swelling ratios de-
creased from 5.7 to 1.5 with increasing T3 content. A 3-fold in-
crease in crosslinker resulted in an SR three times lower,
showing a linear relationship between the T3 content and the SR
over the concentration range analyzed. The least crosslinked net-
work (i.e. the hydrogel with the largest amount of non-crosslinked
species, T3-4.5) also presented the highest SR.

The swelling ratios of the neat and composite hydrogels rein-
forced with NFC are presented in Fig. 6. Compared with the SRs
of the neat hydrogels, the SRs of the composite hydrogels clearly
decreased with increasing NFC concentration. However, for small-
est concentration of NFC tested (0.4 wt.%), this decrease was less
significant than for the higher NFC concentrations. From these re-
sults, we can conclude that, in the case of composite hydrogels, the
SR is still controlled more by the T3 content than by the amount of
NFC.

For the desired application, a high swelling ratio is required.
Therefore, further testing was limited to composite hydrogels con-
taining 4.5 wt.% of T3 with varying NFC contents.

3.4. Static compression tests

Neat hydrogels of composition T3-4.5 and composite hydrogels
with the same T3 content and different NFC concentrations (0.2,
0.4, 0.8 and 1.6 wt.%, respectively) were tested in static compres-
sion. Fig. 7 shows typical compressive stress-strain curves of the
hydrogels. For clarity, not all of the curves are presented; neverthe-
less, a greater scatter was observed for the 1.6 wt.% NFC (stresses
between 9 and 16 kPa at 25% strain) than for the other concentra-
tions. The stress—strain curves of swollen hydrogels are not linear
and the behavior of such a material is viscoelastic. As the concen-
tration of NFC increases, the curves are shifted towards higher val-
ues of stress, indicating the reinforcement of the network with
NFC.

To describe such nonlinear stress-strain curves, Eq. (3) was
used, and the corresponding values of o and g are reported in
Table 3. As can be seen in Fig. 8, the constitutive law (Eq. (3)) de-
scribed the experimental data adequately. The linear part of the
stress—strain (20-25%) curve was used to calculate the elastic mod-
ulus Ej, and its value is reported in Table 3. The standard
deviations are small for low NFC concentrations, indicating repro-
ducible results and homogeneous hydrogels. The composite hydro-
gels showed an increase in the moduli E and Ej;, with increasing
concentrations of NFC. The increase was very significant with only
a small amount of NFC (0.2 wt.%), with an increase in the modulus
of about 3-fold. With the highest concentration of NFC, Ej;, was
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Fig. 6. Equilibrium swelling ratios of neat and composite hydrogels reinforced with 0.4 and 0.8 wt.% NFC. Low concentrations of T3 offer higher swelling ratios to less
crosslinked polymer networks. The swelling of composite hydrogels decreases with the addition of more cellulose fibrils.
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Fig. 7. Representative stress—strain curves in compression of neat and composite
hydrogels with different NFC concentrations in wt.%, as performed at room
temperature on samples at swelling equilibrium. As the amount of NFC increases,
the nonlinear curves are shifted towards higher values of stress, indicating a
reinforcement of the network by the NFC. Furthermore, the stiffness of the
composite hydrogel is also improved by the addition of more NFC.

increased around 8-fold, but the results for this concentration were
not very reproducible owing to a difficulty in controlling the dis-
persion of fibers at such a high concentration of NFC.

Table 3
Fitting parameters o and 8 determined from Eq. (3), E at 0% strain (o = ) and Ejin
between 20% and 25% of strain for neat and composite hydrogels.

E (20-25%) (kPa) o (kPa) 5(-) o % f (kPa)
T3-4.5 7.42£1.05 0774030 392+052  2.90+0.72
T3-4.5_02nfc 2277 +2.78 299+105 343+072 9.96+2.11
T3-4.5_0.4nfc  29.29+0.11 218+157 478+150 11.78+1.27
T3-4.5_0.8nfc  37.80+1.06 270+1.54 480+147 13.87+1.77
T3-4.5_1.6nfc  62.17 £8.30 349+149 547+1.18 17.92+4.47

o experimental data
3 fit
(o}
5
@
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==
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w
2 1
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Fig. 8. Compressive stress—strain curve for a T3-4.5 hydrogel (0.4 wt.% of NFC) at
room temperature and swelling equilibrium. The nonlinear constitutive law (Eq.
(3)) describes the experimental data adequately.

The hydrogels containing the least amount of PBS in their net-
work, i.e. the hydrogels with the lowest swelling ratio, have the
highest elastic moduli, showing that the stiffness of the network
is also defined by the PBS content in the latter. The reinforcement
effect of NFC was therefore proved. All composite hydrogels have
elastic moduli in the same range as those determined for the native
NP. The neat hydrogel moduli are in the lower range of the NP
moduli, indicating that only composite hydrogels should be con-
sidered for NP replacement, with the exception of hydrogels con-
taining 1.6 wt.% of NFC, where the results were less reproducible.
Therefore, combining the swelling and compression results, the
best compromise is the composite hydrogel T3-4.5_0.4nfc.

3.5. Shear properties

Fig. 9a presents the storage (G') and loss (G”) moduli of the neat
and composite hydrogels (i.e. T3-4.5_0.4nfc) as a function of the
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shear frequency. For all the hydrogels tested, the storage values
were systematically higher than the loss values over the entire fre-
quency range (1-100rad s—!) with ¢ in the order of 10° Pa, indi-
cating an elastic solid behavior [34]. G and G” generally
increased as the frequency increased for both neat and composite
hydrogels, which indicates a relaxation of the network at higher
frequencies. Both G’ and G” increased for the composite hydrogel
compared to values measured for the neat material. After about
35rad s}, a change in slope was observed for the two moduli of
both hydrogels, which was also confirmed by the evolution of
the damping factor with shear frequency (tand) (Fig. 9b). The elas-
tic component becomes more important, causing the decrease in
tans for both hydrogels. Comparison of the two hydrogels shows
that the increase in G’ was more significant than the increase in
G”, thus indicating that the composite hydrogel behaves more like
an elastic solid than the neat one. The increase in tané of both
hydrogels was pronounced at low frequencies.

The calculated dynamic complex shear moduli |G*| and 6 ranged
from 0.77+0.02 to 1.16+0.06 kPa and from 4.74+0.75° to
6.70 £ 1.35°, respectively, for the neat hydrogels, and from
1.88+093 to 235+098kPa and from 6.33+0.86° to
9.55 +2.76°, respectively, for the composite hydrogels. These two
values are measures of the dissipative ability of the material.

(a)
24 —=— G' neat
—o— G" neat
_ —eo— G' 0.4wt%
< —o—G" 0.4wt%
o 1
o 11
F = a
O L] * L] i T ad L o L hd L) b L) b ) g L) b L) * L id L]
0 10 20 30 40 50 60 70 80 90 100 110
o [rad/s]
(b) 0.17-
0.16 4
0.15 4
0.14 -
— 013+ —=— Neat
.og 0.12 4 —o— 0.4 wt%
8
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Fig. 9. Properties of T3-4.5 neat and composite hydrogels under shear stress. (a)
The storage modulus (G, solid symbols), the loss modulus (G”, hollow symbols) and
(b) the damping factor (tané) evolve with the shear frequency at room temperature.
The composite is stiffer than the neat hydrogel while exhibiting higher dissipative
ability.

3.6. Cryo-SEM imaging

The morphology of the neat and composite hydrogel networks
was observed by SEM, as shown in Fig. 10. A very porous structure
was observed for both hydrogels, with pore size in the order of
100 nm and lower. The neat hydrogel presented a very homoge-
neous crosslinked structure and no cluster of polymer chains could
be observed. When adding NFC to the network, the observed struc-
ture changed, but a clear differentiation of the NFC from the poly-
mer chains was not possible. It can, however, be confirmed that a
good dispersion of the fibrils was obtained because very little
NFC agglomeration was observed.

3.7. Biocompatibility

Cartilage fetal cells seeded around the neat hydrogels were used
as a preliminary assessment to determine the biocompatibility of
the material. Only cells attached to the Petri dish could be fixed
and colored, indicating that only living cells are shown in Fig. 11.
The cells do not present any granulation or anomalous morphol-
ogy, indicating that neither the hydrogel nor any non-crosslinked
monomer has an effect on cell’ metabolism.

4. Discussion and conclusions

Biological materials are complex, dynamic and multi-functional,
and these properties are difficult to achieve in purely synthetic sys-
tems. It was previously believed that artificial biomaterials needed
to provide high strength associated with a high elasticity modulus
at low strain levels [35] for soft tissue replacement. However, soft
biological tissues are characterized by large strains before failure
and are tough and flexible. In order to avoid a mechanical mis-
match between replacement materials and soft tissue, the design
of new materials has to mimic the structure of the natural materi-
als, in this case the NP [20]. This biomimetic approach has been
used here to design a cellulose nanofibril-reinforced hydrogel,
which is able to match the swelling and mechanical properties of
the native NP. The ideal parameters have already been outlined
by Bao et al. [5] for an ideal NP replacement. They suggest choosing
a material with a stiffness greater than or equal to the native NP.
The elasticity modulus at 20% strain, corresponding to Ej;, in our
study, reported for the NP, is 5.39 £ 2.56 [15] in compression. The
appropriate choice of molecule for such a material is therefore of
paramount importance. Hydrogels made of methacrylates, and
mostly PEG-dimethacrylates, are widely used in biological applica-
tions [36]. Linear elastic moduli reported for PEG-based hydrogels
used for tissue engineering are about 0.1 kPa [37]. As shown in this
study, the three-branched methacrylate molecule T3 allows a 30-
fold increase in the modulus of the neat hydrogel.

In our study, the amount of non-crosslinked species of the poly-
merized T3-NVP hydrogels is in the range of 30-50%, which is in
agreement with the values reported for the photopolymerization
of methacrylate-NVP-based hydrogels [38]. Unreacted molecules
of T3 and NVP are still present in the network after polymerization,
but only low cytotoxicity of unreacted methacrylates and NVP
[39,40] has been reported so far.

The native NP is composed of a matrix containing randomly dis-
persed collagen fibers which allow a higher elastic modulus and
dissipation of load through the surrounding structures [13]. All
composite hydrogels tested in this work presented a three- to
8-fold increase in elastic modulus compared to neat hydrogel, from
7.42 +1.05 to 62.17 £+ 8.30 kPa, depending on the NFC concentra-
tion and the method used to determine the modulus, which is
above the value for the native NP. The modulus at 0% strain given
in the literature for the human NP is 3.25 + 1.56 kPa [15], and in
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Fig. 11. Phase contrast microscopic images of living fetal cartilage cells after 1 week of culture alone (left) and in the presence (black area) of the developed T3-4.5 hydrogel

(right). The cell seeding density is 3000 cells cm 2.

this study the elastic modulus at 0% strain was determined from o
and g (Table 3). Here again, the modulus increases with NFC con-
tent and is higher than the value for the human NP. The dissipation
of loads was assessed with shear measurements, from which the
complex shear modulus |G*| and the angle § were calculated. Gen-
erally, the dynamic mechanical properties of a hydrogel depend on
the density of the polymer chains, the friction between the chains
and the homogeneity of the intrinsic network structure [41,42].
Incorporation of NFC not only increases the friction, but also in-
creases the value of §, thus leading to higher complex dynamic
moduli and therefore increased load dissipation of composite
hydrogels. These values are lower than the values for the human
NP observed by Iatridis et al. [16], who reported values for |G*| of
7-21kPa and values for § of 23-30°. However, the composite
hydrogels showed increasing load dissipation with increasing
NFC content compared to the neat hydrogels. The deviating rheo-
logical behaviors of the neat and composite hydrogels are due to
their different network structures. Although different forces -
compression, shear, tension - act on each spine segment, it can
be assumed that in daily life the loads transmitted through the
NP are mainly compressive [4]. As mentioned earlier, the devel-
oped composite hydrogel fulfils the requirements in compression.

A functional NP replacement should restore the disc height and
the loading of the AF in order to keep the biomechanics of the spine
intact. However, as observed in the SEM images, the pore sizes of
all the hydrogels studied were too small for cell proliferation. Con-
sequently, the NP implant in this work was not designed for cell
proliferation within the scaffold but rather for high mechanical
and swelling properties. The viability of living cells in contact with
the neat hydrogel was observed, rendering this composite hydrogel
a suitable candidate for human implantation. Of course, these re-
sults provide only limited information on biocompatibility, and
further tests are required. Nevertheless, as cellulose has been used
in a wide range of biomedical applications, such as scaffolds for
cartilage engineering, and has proved to be biocompatible [43],
the composite hydrogel can now be considered for further cytotox-
icity, gene expression and in vivo tests.

The data presented in this study have shown that hydrogels
with high elastic moduli had lower swelling ratios. These two

properties are co-dependent and both need to be taken into ac-
count when choosing the best candidate for replacing the NP.
The composite hydrogel containing 4.5 vol.% of T3 and 0.4 wt.% of
NFC combined the desired swelling with mechanical performance
and could be the most suitable candidate for NP replacement. Fu-
ture studies should consider the long-term evolution and cyclic
loading of the proposed composite hydrogel and investigate the
potential of fiber modification to increase the swelling capacity
further without hindering the mechanical properties of the com-
posite hydrogel.
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Appendix A. Figures with essential colour discrimination

Certain figures in this article, particularly Figs. 1-3 and 11, are
difficult to interpret in black and white. The full colour images
can be found in the on-line version, at doi:10.1016/j.actbio.2011.
05.029.
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