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DESCRIPTION

[0001] The present invention relates to an aqueous or hydro-alcoholic suspension of cellulose
nanofibers and chitosan and a hydrogel composite obtainable therefrom, which can be used
for tissue regeneration and for the provision of bioresorbable and biocompatible implants.

[0002] US 2015/0065454 A1 discloses a homogeneous aqueous solution of chitosan, which is
capable of forming crystalline particles of chitosan after injection. The compositions containing
the homogeneous aqueous solution disclosed in this document can be used as medical device,
in particular as bioresorbable implant.

[0003] Chitosan solutions as e.g. disclosed in US 2015/0065454 A1 easily form a hydrogel.
Such hydrogels are however known to exhibit poor mechanical properties, limiting their use as
structural materials. It is challenging with such a material to achieve long-term support for the
repairing and regeneration of native cartilaginous/meniscus tissues and to use it as sutured
implant, which is important in surgery treatments for defect meniscus and cartilaginous tissues
and other connective tissues (such as tendon, dermis, annulus fibrosus tissue comprising the
intervertebral disk).

[0004] Alternatively, hyaluronic acid has been used for injection into defect tissues. Hyaluronic
acid is advantageous in terms of an immediate mechanical filling effect and an absence of
inflammatory phenomena. However, this biocompatibility of hyaluronic acid is also associated
with rapid biodegradation, making the product unsatisfactory for long-term use. More invasive
techniques rely on the reconstruction of a joint surface by mosaicplasty and implantation of
hydrogels to replace defective cartilage (agarose/alginate systems). The gain and feedback of
such mosaicplasty is also questionable and many initial developments have been abandoned
because of the poor quality of reconstructed tissues.

[0005] T.H.M. Nguyen et al. disclose injectable, thermosensitive/thermo-gelling compositions
comprising homogenous suspensions of TEMPO-oxidized cellulose nanofibers, chitosan, acid
and B-glycerophosphate, which upon incubation at 37 °C undergo sol-gel transformation into
hydrogels [Carbohydrate Polymers 180 (2018), 246-255, XP055505779].

[0006] The present invention attempts to overcome these disadvantages of the prior art by
providing a hydrogel composite obtainable by gelation of a suspension as defined in claim 1,
i.e. a suspension suitable for forming a hydrogel composite, the suspension comprising water
(aqueous suspension) or a mixture of water and an alcohol (hydro-alcoholic suspension) as
the solvent, cellulose nanofibers dispersed in said solvent, chitosan and an acid, wherein the
cellulose nanofibres are not TEMPO-oxidized cellulose nanofibers, wherein gelation of the
suspension is achieved by neutralizing the suspension.

[0007] Preferred embodiments and uses of the suspension and the hydrogel of the present
invention are specified in the subclaims and will be explained in the following description of the
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invention.

[0008] The term "suspension”, as used herein, refers to a heterogeneous mixture, which in
general means a mixture of at least two components in different state of matter. In the context
of the present invention, the term "suspension” in particular refers to a mixture of a solvent,
said solvent being water or a water/alcohol mixture, and a solid material dispersed in the
solvent. Said solid material in the context of the present invention are cellulose nanofibers,
which are dispersed in water or a water/alcohol mixture. In the context of the present invention,
the solvent further comprises an acid dissolved therein, which makes the solvent acetic,
allowing dissolving chitosan therein. The suspension thus comprises dispersed cellulose
nanofibers and dissolved chitosan.

[0009] The "cellulose nanofibers", as used in the context of the present invention, refers to
nanosized cellulose. Typical widths of the fibers are from 3 to 20 nanometers with lengths
within 50 nm to the micrometer range, resulting in high aspect ratios (length to width ratio
higher than 20) of the fibers. The cellulose nanofibers used in the present invention are not
oxidized cellulose nanofibers (also referred to herein as non-oxidized cellulose nanofibers), in
particular not TEMPO-oxidized cellulose nanofibers (also referred to herein as non-TEMPO-
oxidized cellulose nanofibers).

[0010] "TEMPQ" is a commonly used abbreviation for 2,2,6,6-tetramethylpiperidinyloxyl. Using
non-oxidized cellulose nanofibers for the association with chitosan has the advantage that
hydrogel formation is facilitated. The non-oxidized cellulose fibers used herein are weakly
negatively charged (i.e. a surface charge density below 80 mmol/kg, as determined in Foster
et al, Chem. Soc. Rev,, 2018,47, 2609-2679), and preferably neutral. The cellulose nanofibers
used herein are also not otherwise chemically modified.

[0011] The term "wt.-%", as used herein, is an abbreviation for "weight percent", and refers to
the weight amount of a component in relation to the weight amount of a total of components. It
is indicated herein, which component in relation to which total of components is meant. The
abbreviation wt.-% is an alternative for the abbreviation "(w/w)".

[0012] The term "hydrogel" in general refers to a network of hydrophilic polymer chains which
are dispersed in water resulting in a solid material with high water content (usually higher than
70%). The rheological definition of a hydrogel is a highly hydrated material easy to handle
without flowing and exhibiting viscoelastic properties such as a storage elastic modulus G' or E'
that is much larger than the corresponding loss modulus (G" or E"), typically G'>10G" or
E'>10E". In the context of the present invention, the terms "hydrogel" or, alternatively,
"hydrogel composite" refers to a network of cellulose fibers and chitosan further comprising
water, which is obtained from the suspension of the invention by gelation.

[0013] The hydrogel of the present invention is a highly hydrated material obtained from
gelation of the suspension as defined in claim 1.
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[0014] It is a nanofiber reinforced hydrogel composite. It comprises chitosan in its free amine
form obtained after neutralizing the suspension as described herein below, resulting in a
neutral hydrogel product (pH 7) with weakly charged chitosan, which is suitable for application
as a biomaterial, such as bioresorbable and biocompatible implants. In the hydrogel of the
present invention, the chitosan forms a network by association with the cellulose nanofibers,
leading to a non-flowable material, without the need of using a crosslinking agent. Preferably,
the suspension and hydrogel according to the present invention do not contain -
glycerophosphate.

[0015] The suspension can be prepared via an aqueous route. A typical procedure of the
aqueous route includes mixing of an aqueous slurry of cellulose fibers with an aqueous
dispersion of chitosan powder. In order to bring the chitosan into solution, an organic is added.
The resulting (aqueous) suspension comprises, preferably consists of, water as the solvent,
cellulose nanofibers dispersed in said solvent, chitosan and an acid.

[0016] The suspension can also be prepared via a hydro-alcoholic route.

[0017] A typical procedure of the hydro-alcoholic route includes mixing of an aqueous slurry of
cellulose fibers with an aqueous dispersion of chitosan powder. In order to bring the chitosan
into solution, an organic is added, followed by the addition of an alcohol after the chitosan has
completely dissolved. The resulting (hydro-alcoholic) suspension thus comprises, preferably
consists of, water and an alcohol as the solvent, cellulose nanofibers dispersed in said solvent,
chitosan and an acid.

[0018] "Hydro-alcoholic” means that the solvent is a mixture of water and an alcohol, wherein
the alcohol is selected from the group consisting of ethanol, propanol, propanediols such as
1,2-propanediol and 1,3-propanediol, 1-butanol, and 2-butanol, butanediols and glycerol.
Preferred alcohols for the provision of a hydro-alcoholic suspension are 1,2-propanediol and
glycerol, more preferably 1,2-propanediol. The alcohol in the hydro-alcoholic route is typically
added in a weight amount equal to the weight of the aqueous suspension.

[0019] The aqueous route and the hydro-alcoholic route for the preparation of the suspension
are also illustrated in Example 1 described herein below.

[0020] As mentioned above, the suspension contains an acid, which ensures a protonation of
the amine groups of chitosan and thereby an increase of the hydrophilicity of chitosan at a pH
below 6.5, preferably below 6, more preferably from 3 to 5, particularly preferably 4.5 (£0.2).
The concentration of the acid in the suspension depends on the amine moieties in the chitosan
chains. In the present invention, stoichiometric amounts of the acid in relation to the amine
moieties in the chitosan chains are used. This ensures protonation and solubilization of
chitosan, and avoids the use of an excess of acid. The acid used in the suspension is
preferably an organic acid, and particularly preferably acetic acid.

[0021] By raising the pH of the suspension , the suspension is converted into a hydrogel
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composite comprising cellulose nanofibers and chitosan. This can e.g. be achieved by adding
NaOH or NH3 to the suspension , which raises the pH above the apparent pKa of amine

groups of chitosan (from 6.2 to 6.5 depending of the DA ranging from 0 to 65%) resulting in the
gelation of the suspension, in particular of the chitosan contained therein.

[0022] The combination of cellulose nanofibers and chitosan in the hydrogel composite of the
present invention results in an enhancement of the mechanical properties of the hydrogel
composite. Moreover, the combination of cellulose nanofibers and chitosan increases the
suturability of the hydrogel composite (wherein the suturability is as defined in WO
2015/092289 A1), which is important in surgery treatments for meniscus and cartilaginous
tissues. In the hydrogel composite of the present invention, the solubilized chitosan and the
dispersed cellulose nanofibers interact, the cellulose nanofibers interact (directly or mediated
by chitosan) and chitosan chain interact for the hydrogel, which ensures the formation of a
strong physical network, with an elastic modulus in the range of 5 MPa - 1 kPa, which is
beneficial for the mechanical properties and the suturability of the hydrogel composite of the
present invention. This advantageous in view of a long-term use of the hydrogels in tissue
engineering or in resorbable and biocompatible implants or degradable materials with high
mechanical properties.

[0023] The concentration of chitosan in the suspension can be up to 15 wt.-%, but is preferably
from 1 to 5 wt.-%, and more preferably from 2 to 4 wt.-%, each based on the total weight of the
suspension. In general, higher chitosan concentrations are technically feasible for chitosan with
a lower molecular weight. The chitosan used in the present invention has a molecular weight
from 50 to 1000 kg/mol, preferably from 400 to 800 kg/mol, and particularly preferably about
650 kg/mol. The Degree of Acetylation (DA) of chitosan ranges from 0 to 70%, preferably from
0 to 15%.

[0024] Chitosan concentrations below 10 wt.% are preferred in order to decrease inflammatory
response after implantation, when the hydrogel resulting from the suspension is used as a
biomaterial.

[0025] The content of the cellulose nanofibers in the suspension can be up to 5 wt.-%, but is
preferably from 0.01 to 2 wt.-%, more preferably from 0.02 to 0.6 wt.%, each based on the total
weight of the suspension.

[0026] In preferred embodiments of the suspension , the cellulose nanofiber content is from
0.02 to 2 wt.-% and the chitosan concentration is from 1 to 4 wt.-%, each based on the total
weight of the suspension. In more preferred embodiments of the suspension , the cellulose
nanofiber content from 0.02 to 0.6 wt.%, and the concentration of chitosan is from 2 to 3 wt.-%,
each based on the total weight of the suspension.

[0027] The suspension is turned into a hydrogel composite comprising chitosan and dispersed
cellulose nanofibers by means of neutralizing the suspension , i.e. raising the pH of the
suspension, which can be achieved by means of addition NaOH or NH3 to the suspension. If
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the suspension is injected into damaged tissue of a patient, a first increase of pH of the
suspension is achieved by means of addition of NaOH or by dialysis against a buffer solution
with osmolarity of 300 mOs. Then, gelation of the suspension takes place by means of contact
with the body fluids.

[0028] For achieving a particularly good mechanical performance of a hydrogel derived from a
hydro-alcoholic suspension , it is preferred that the concentration of chitosan in the hydro-
alcoholic suspension is from 2 to 3 wt.-%, based on the total weight of the suspension. The
enhancement effect on the mechanical stability introduced by the cellulose nanofibers is
significant in that case up to a concentration of cellulose nanofibers of 0.45 wt.-%, based on
the total weight of the suspension.

[0029] For achieving a particularly good mechanical performance of a hydrogel derived from
an aqueous suspension , the chitosan concentration is preferably from 2 to 4 wt.-%, based on
the total weight of the suspension. In that case, the reinforcement effect introduced by the
cellulose nanofibers is significant up to a concentration of the cellulose nanofibers of 0.6 wt.-%,
based on the total weight of the suspension.

[0030] The hydrogels according to the present invention have an equilibrium storage modulus
G' of at least 2600 Pa, and preferably between 2600 to 5000 Pa, more preferably 2800 to 4500
Pa, even more preferably between 3000 and 4000 Pa. The storage modulus G' is to be
measured as described in Example 3 herein below.

[0031] For achieving particularly good hydrogel equilibrium storage moduli G' for hydrogels
obtained from suspensions prepared via the hydro-alcoholic route, the concentration of
chitosan in the hydro-alcoholic suspension is from 2 to 3 wt.-% and the content of cellulose
nanofibers is from 0.2 to 0.6 wt.%, based on the total weight of the suspension. For hydrogels
obtained from such suspensions, the hydrogel equilibrium storage moduli G' are generally
greater than 2600 Pa.

[0032] For achieving particularly good hydrogel storage moduli G' for hydrogels obtained from
suspensions prepared via the aqueous route, the concentration of chitosan in the hydro-
alcoholic suspension is from 2 to 3 wt.-% and the content of cellulose nanofibers is from 0.02 to
0.6 wt.%, based on the total weight of the suspension. For hydrogels obtained from such
suspensions, the hydrogel equilibrium storage moduli G' are generally greater than 3300 Pa.

[0033] The hydrogels according to the present invention have a normalized ultimate suture
force (ultimate suture force normalized by the hydrogel patch thickness) of at least 0.03 N.mm"~
1. and is preferably between 0.05 and 0.3 N.mm!, more preferably between 0.05 and 0.2

N.mm™!. The normalized ultimate suture force is determined as described in Example 4. Such
normalized ultimate suture forces are preferably achieved with hydrogels obtained from
suspensions comprising 2 to 4 wt.-% chitosan, more preferably 2 % chitosan, and 0.2 to 0.6
wt.-% cellulose nanofibers.
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[0034] The normalized ultimate suture force tends to be higher for hydrogels obtained from
suspensions prepared via the aqueous route. In that case, the normalized ultimate suture force

is at least 0.07 N.mm', and is preferably between 0.07 and 0.3 N.mm!, and more preferably

between 0.07 and 0.2 N.mm™'.

[0035] The suspension of the present invention is for use in a method for tissue regeneration,
wherein the method comprises the step of neutralizing the suspension in order to obtain a
hydrogel composite by gelation of the suspension, in particular for regeneration of
cartilaginous, meniscus or other connective tissue selected from tendon, dermis, and annulus
fibrosus tissue comprising the intervertebral disk.

[0036] For achieving tissue regeneration, the suspension of the invention is injected for
example into an osteochondral defect or a meniscus/cartilage lesion to promote tissue
regeneration. The injected suspension then fills the defect and seal the defect with good
bonding to the adjacent tissue and forms a hydrogel in the body. The advantage of this method
is that it is mini-invasive and allows restoration of mobility over the time needed for the
regeneration of the tissue, which can take up to 6 months, depending on the targeted tissue to
be regenerated.

[0037] The suspension can also be extruded and the gelation can be integrated in a fiber
spinning process to obtain chitosan-based fibers as hydrogel fibers or solid fibers with
enhanced mechanical properties for knitted textile implants or suture threads, which are highly
bioresorbable and biocompatible.

[0038] The invention shall be illustrated by means of the following Examples. These are not
intended to limit the scope of the present invention.

[0039] Figure 1a), 1b), and 1¢) show the results of microtensile tests of hydrogel composites
with different contents of chitosan and cellulose nanofibers at different relative humidities.
Figure 1a): CHI/CNF: 3/0 (curve a), 3/0.30 (curve b), 3/0.45 (curve c) at 40% relative humidity
(RH); Figure 1b): CHI/CNF: 3/0 (curve a), 3/0.30 (curve b), 3/0.45 (curve c) at 95% relative
humidity (RH); Figure 1c): CHI/CNF: 2/0, 2/0.02, 2/0.20, 2/0.40, 2/0.60 at 40% relative
humidity.

[0040] Figure 2 shows compression stress-strain curves observed as mechanical response of
a healthy, a fenestred damaged disc and a fenestrated hydrogel-implanted intervertebral disc.
Physiological loading ranges between 1 and 4 MPa.

Example 1: Exemplary procedure for the preparation of chitosan/cellulose nanofiber
suspensions and hydrogels

a) Suspensions and hydrogels obtained from the aqueous route:
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[0041] Cellulose nanofibers commercially available according to reference [Fumagali, M,
Ouhab, D., Molina Boisseau S., Heux L, Versatile gas-phase reactions for surface to bulk
esterification of cellulose microfibrils aerogels, Biomacromolecules 14, 21013, pp3246-3255] in
the form an aqueous slurry and at a concentration of 0.4 wt.-% were mixed with chitosan
powder (Mw = ca. 600 kg/mol, DA=3%) dispersed in water at a concentration of 2 wt.-%. This
mixture was sonicated (Ultrasonic homogenizer SonoPlus HD200 -Bandelin, Germany, at 45%
amplitude for 5 minutes). The mixture was then mechanically stirred during 1 hour. Then acetic
acid was added at a stoichiometric concentration in relation to the amine groups of chitosan
(n(acetic Acid)/n(-NH2)=1mol/mol, where n(acetic acid) is the number of moles of acetic acid,

and n(-NH5) is the number of moles of glucosamine units) resulting in a pH close to 4.5. The

mixture was mechanically stirred in a close reactor during 5 hours to achieve complete
solubilization of chitosan.

[0042] Hydrogels were obtained by neutralization of the suspension, poured in Petri dishes,
using NaOH 2M during 1 hour. The hydrogels are then washed in deionized water until
neutrality of the washing bath and removal of the neutralization salts.

b) Suspensions and hydrogels obtained from the hydro-alcoholic route:

[0043] Cellulose nanofibers commercially available according to reference [Fumagali, M,
Ouhab, D., Molina Boisseau S., Heux L, Versatile gaz phase reactions for surface to bulk
esterification of cellulose microfibers aerogels, Biomacromoleculmes 14, 21013, pp3246-3255]
in the form an aqueous slurry and at a concentration of 0.8 wt.-% were mixed with chitosan
powder (Mw = ca. 600 kg/mol, DA=3%) dispersed in water at a concentration of 4 wt.-%. This
mixture was sonicated (Ultrasonic homogenizer SonoPlus HD200 -Bandelin, Germany, at 45%
amplitude for 5 minutes). The mixture was then mechanically stirred during 1 hour. Then acetic
acid was added at a stoichiometric concentration in relation to the amine groups of chitosan
(n(acetic acid)/n(-NHz)=1mol/mol, where n(acetic acid) is the number of moles of acetic acid,

and n(-NH5) is the number of moles of glucosamine units) resulting in a pH close to 4.5. The
mixture was mechanically stirred in a close reactor during 5 hours to achieve complete
solubilization of chitosan. Afterwards, a weight of 1,2-propanediol equal to the weight of the

aqueous suspension was added. Thus, the final chitosan concentration was 3 wt.-% and the
cellulose nanofibers content was 0.45 wt.-%.

[0044] Hydrogels were obtained by neutralization of the hydro-alcoholic suspension, poured in
Petri dishes, using NaOH 2M during 1 hour. The hydrogels are then washed in deionized water
until neutrality of the washing bath and removal of the neutralization salts, base and alcohol.

Example 2: Microtensile tests
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[0045] In this example, hydrogel composites obtained by gelation of aqueous our hydro-
alcoholic suspensions comprising different contents of dispersed cellulose fibers (CNFs) and
chitosan (CHI) were subjected to tensile mechanical tests performed with a home-made
microtensile test machine equipped with a load cell of 50 N. The cross-head speed was 1
micrometer/second (Figure 1a), b)) or 8 micrometer/second (Figure 1c¢). The experiments
were performed in a chamber that allowed humidity control (from 23 to 95% relative humidity
(RH)). The results are shown in Figures 1a), 1b) and 1c¢).

[0046] Hydrogel composites as shown in the following Tables 1-3 were examined:
Table 1: Hydrogels composites according to Figure 1a):

Entry { Relative CHl content {CNF content {Preparation route of the
humidity [wt.-%] [wt.-%] suspension

1 40% 3 0.00 hydro-alcoholic

2 40% 3 0.30 hydro-alcoholic

3 40% 3 0.45 hydro-alcoholic

Table 2: Hydrogels composites according to Figure 1b):

Entry {Relative CHI content {CNF content {Preparation route of the
humidity [wt.-%] [wt.-%] suspension

1 95% 3 0.00 hydro-alcoholic

2 95% 3 0.30 hydro-alcoholic

3 95% 3 0.45 hydro-alcoholic

[0047] The "hydro-alcoholic” preparation route referred to

water/1,2-propanediol mixture .
Table 3: Hydrogels composites according to Figure 1c):

in Table 1 and 2 refers to a

Entry {Relative CHI content {CNF content {Preparation route of the
humidity [wt.-%] [wt.-%] suspension

1 40% 2 0.00 aqueous

2 40% 2 0.02 aqueous

3 40% 2 0.20 aqueous

4 40% 2 0.40 aqueous

5 40% 2 0.60 aqueous

[0048] For hydrogel composites obtained from gelation of hydro-alcoholic suspensions of
dispersed cellulose nanofibers and chitosan, the enhancement effect of the cellulose
nanofibers was significant for CNF contents of 0.45 wt.-% at both relative humidities of 40%
and 95% (Figures 1a) and 1b)). Further increasing the content of the cellulose nanofibers led
to a slight decrease of stiffness.
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[0049] For hydrogels obtained from an aqueous suspension of dispersed cellulose nanofibers
and chitosan, a significant reinforcement effect was also observed at higher CNF contents of
up to 0.6 wt.-% (Figure 1c)).

[0050] The results show that the CNFs provide reinforcement to the chitosan hydrogel matrix
by using both processing methods, i.e. the hydro-alcoholic route or the aqueous route. The
mechanical performance is related to the chitosan (CHI) concentration, the CNF content, the
processing route and the environmental humidity.

Example 3: Rheological measurements

[0051] Dynamic-mechanical rheological measurements were carried out at room temperature
by using an ARES rheometer (TA Instruments) operating with a plate-plate geometry (diameter
25 mm). The strain amplitude was monitored to ensure the measurements were carried out

within the linear viscoelastic region (maximum applied strain = 5 x 10°3), resulting in storage
modulus (G") and loss modulus (G") independent of the strain amplitude. The gap distance
between the two plates was around 1.0 mm. Angular frequency sweep measurements were

then carried out in the range from 100 rad s' down to 0.05 rad s*'. Such analyses were
repeated three times for each hydrogel. The characterization of CHI/CNF hydrogel composites
obtained from gelation of aqueous or hydro-alcoholic suspensions comprising different
contents of dispersed cellulose fibers (CNFs) and chitosan (CHI) were carried out in order to
study the evolution of storage and loss moduli.

[0052] The following Table 4 reports the hydrogel equilibrium storage modulus G', which
corresponds to the plateau value of G' measured at low angular frequency, and on loss
modulus G" determined by rheological measurements of cellulose nanofiber (CNF)-filled
chitosan hydrogel composites of different compositions.

Table 4
Entry { Preparation route of CHI CNF Content{G' G" G"/IG'
the suspension Content [wt.-%] [Pa] {[Pa]
[wt.-%]
1 hydro-alcoholic 2 0 2500 §269 1i0.108
2 hydro-alcoholic 2 0.2 2634 {283 :0.087
3 hydro-alcoholic 2 0.4 3664 {264 {0.077
4 hydro-alcoholic 2 0.6 3949 {304 30.083
5 aqueous 2 0 3200 {225 §0.070
aqueous 2 0.02 3305 {215 {0.065
aqueous 2 0.05 3100 {218 {0.071
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Entry { Preparation route of CHI CNF Content{G' G" G"/IG'
the suspension Content [wt.-%] [Pa] {[Pa]
[wt.-%]
8 aqueous 2 0.4 3556 {260 {0.073
9 aqueous 2 0.6 3573 {243 10.068

[0053] The "hydro-alcoholic” preparation route referred to in Table 4 refers to a water/1,2-
propanediol mixture .

[0054] As can be taken from Table 4, for CHI/CNF hydrogel composites obtained from a
hydro-alcoholic suspension (Table 4, entries 1-4), an increase in the G' value was observed
with increased CNF content. While CHI/CNF hydrogels obtained from aqueous suspensions do
not show a linear increase of the G' value with increased CNF content, the observed G' values
for the composites measured are still high (Table 4, entries 5-9).

[0055] A reinforcement effect is thus observed with increasing cellulose nanofiber content, in
both processing routes. In the case of hydrogels obtained from the hydro-alcoholic suspension,
the values of G"/G' slightly decrease with cellulose nanofiber content, displaying, with more
accuracy than the absolute values of G', a more elastic behavior and reinforcement of the gel.

Example 4: Suture test

[0056] The suturability of the hydrogel composites obtained from gelation of aqueous or hydro-
alcoholic suspensions comprising different contents of dispersed cellulose fibers (CNFs) and
chitosan (CHI) prepared as outlined in Example 1 was evaluated by a resistance test in the
tear of the suture thread following the method described by Flamingo et al. (2016) (Flamingo
et al. Biomacromolecules 2016, 17, 1662-1672). The method consists of making a loose suture
in the hydrogel with a suture thread (Ethicon PDS Il 4-0 (1,5 Ph.Eur.)) and gradually increasing
the applied force to the suture till hydrogel break is achieved. The impact on the ultimate
suture load of hydrogel composites obtained by the two different processing methods using
either water/1,2-propanediol (hydro-alcoholic route) or only water (aqueous route) and using
different cellulose nanofiber (CNF) contents was investigated.

[0057] The following Table 5 shows the ultimate suture force and its value normalized by the
hydrogel patch thickness observed for CHI/CNF hydrogel composites obtained from gelation of
hydro-alcoholic and aqueous suspensions with different cellulose nanofiber contents.

Table 5
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Entry {Nature of {CHI CNF Ultimate {Hydrogel Normalized
the ContentjContent jsuture patch ultimate suture
suspension {[wt.-%] {[wt.-%] {force [N] {thickness force FIT

[mm] [N.mm-]

1 hydro- 2 0 0.032 2.00 0.016
alcoholic

2 hydro- 2 0.2 0.112 2.00 0.056
alcoholic

3 hydro- 2 0.4 0.070 210 0.033
alcoholic

4 hydro- 2 0.6 0.153 2.00 0.077
alcoholic

5 aqueous 2 0 0.085 1.12 0.076

6 aqueous 2 0.2 0.105 1.21 0.087

7 aqueous 2 0.4 0.113 1.10 0.10

8 aqueous 2 0.6 0.144 1.00 0.14

[0058] As can be taken from Table 5, the normalized ultimate suture force was highest for the

highest CNF content (CNF 0.6 wt.-%) (entry 4, 0.077 N.mm™'; and entry 8, 0.14 N.mm™"). The
evolution of ultimate suture force increased with increased CNF content and this was more
significant for the composites obtained by the aqueous route.

[0059] The suture tests thus demonstrate the ability of the hydrogel composites of the present
invention for suturing, which is an essential parameter to evaluate the potential success for
their application as implants for example for meniscus and cartilaginous tissue engineering.

Example 5: Reestablishment of biomechanics in defect tissue

[0060] A hydrogel derived from a suspension obtained by the hydro-alcoholic route comprising
chitosan at 3 wt.-% and cellulose nanofibers at 0.4 wt-% was implanted within a disc having an
annulus fibrosus defect in order to reestablish the disc biomechanics.

[0061] Reestablishment of biomechanics was tested by a compression test. Figure 2 shows
the compression stress-strain curves observed as mechanical response of a healthy, a
damaged and a hydrogel-implanted disc.

[0062] The linear elastic zone (EZ) of the curve of the hydrogel-implanted disc revealed a
slope value similar to that of a healthy disc, and higher than that of a damaged disc. Besides,
the stress values at failure of the healthy, hydrogel-implanted and untreated damaged discs
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were 6.7, 5.9 and 5.0 MPa, respectively. This demonstrates the fundamental role of hydrogel
composites obtained from suspensions of the present invention for improving tissue
biomechanics of lesioned discs.
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Patentkrav

1. Hydrogelkomposit, der kan opnas ved gelering af en suspension, idet su-
spensionen omfatter vand (vandig suspension) eller en blanding af vand og en
alkohol (hydroalkoholisk suspension) som opl@sningsmidlet, cellulosenano-
fibre, der er dispergeret i opl@asningsmidlet, chitosan og en syre, hvor cellulo-
senanofibrene ikke er TEMPO-oxiderede cellulosenanofibre, hvor gelering af
suspensionen opnas ved neutralisering af suspensionen.

2. Hydrogelkomposit ifalge krav 1, hvor indholdet af de dispergerede cellulo-
senanofibre i suspensionen er op til 5 vaegtprocent, fortrinsvis fra 0,01 til 2
vaegtprocent, mere foretrukket 0,02 til 0,6 veegtprocent, og koncentrationen af
chitosan er op til 15 veegtprocent, fortrinsvis fra 1 til 5 veegtprocent, mere fore-
trukket 2 til 4 veegtprocent, hver isaer baseret pa suspensionens samlede vaegt.

3. Hydrogelkomposit ifalge krav 1 eller 2, hvor chitosanen i suspensionen har
en molekylveegt (Mw) pa fra 50 til 1000 kg/mol, fortrinsvis 400 til 800 kg/mol.

4. Hydrogelkomposit ifalge et af kravene 1 til 3, hvor pHen i suspensionen er
under 6,5, fortrinsvis fra 3 til 5.

5. Hydrogelkomposit ifalge et af kravene 1 til 4, hvor suspensionen er en hy-
droalkoholisk suspension, der omfatter en vand/propandiol-blanding eller en
vand/glycerol-blanding som opl@sningsmidlet.

6. Suspension ifalge et af kravene 1 til 5 til anvendelse i en fremgangsmade til
veevregenerering, hvor fremgangsmaden omfatter trinnet med at neutralisere
suspensionen for at opna en hydrogelkomposit ved gelering af suspensionen.

7. Suspension til anvendelse ifglge krav 6, hvor veevet er nativt brusk-, menisk-
eller andet bindeveev, der er valgt blandt sene-, dermis- og ringformet fibrast
diskusveev.
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8. Suspension til anvendelse ifalge krav 6 eller 7, hvor suspensionen er en
vandig suspension, der er egnet til injektion i en osteokondral defekt eller en
menisk/brusk-leesion eller anden bindeveevslaesion for at fremme veaevregene-
reringen.

9. Hydrogelkomposit ifalge et af kravene 1 til 5, hvor gelering opnas ved at
tilseette NaOH eller NHs til suspensionen.

10. Hydrogelkomposit ifalge et af kravene 1 til 5, hvor hydrogelkompositten har
et ligeveegtlagringsmodul G' pa mindst 2600 Pa.

11. Hydrogelkomposit ifalge et af kravene 1 til 5, hvor hydrogelkompositten har
en normaliseret endelig suturstyrke (endelig suturstyrke normaliseret ved
hjeelp af hydrogelpatchtykkelsen) pa mindst 0,03 N.mm-'.

12. Bioresorberbart og biokompatibelt implantat, der kan opnas ud fra hy-
drogelkompositten ifalge et af kravene 1 til 5 og 9 til 11.

13. Bioresorberbart og biokompatibelt implantat ifelge krav 12, hvor det bio-
resorberbare og biokompatible implantat er et strikket tekstilimplantat.

14. Hydrogelfibre eller faste fibre, der kan opnas ud fra hydrogelkompositten
ifolge et af kravene 1 til 5 og 9 til 11 i en fiberspindingsproces, hvor geleringen
af suspensionen er integreret i fiberspindingsprocessen ved hjeelp af neutrali-
sering.
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