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Abstract Cellulose nanofibrils (CNF) form hydro-
gels at low concentrations. These hydrogels are held
together by transient interactions such as entangle-
ment of fibrils, non-specific ionic interactions and
hydrogen bonds; and are thus vulnerable for changes
in the chemical environment or the influence of
mechanical forces. By a covalent crosslinking of the
fibrils, stable permanent gels can be formed. In this
study we have produced CNF by using TEMPO
mediated oxidation followed by fibrillation. During
this procedure, carboxyl and aldehyde groups are
introduced on the CNF surfaces. The aldehyde groups
are suitable sites for crosslinking, as aldehydes readily
form covalent bonds to primary amines through
formation of Schiff bases. For this purpose the
diamines ethylenediamine and hexamethylenedi-
amine, differing with four carbon atoms in the chain,
were used as crosslinker molecules. The results show
that by varying the concentration and length of the
crosslinker molecules, the elastic modulus of the gels
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could be controlled. The reversible gels were in this
way transformed to irreversible gels by a simple water
based reaction. Controlling gel strength is one impor-
tant premise for the use of CNF in applications such as
tissue engineering.
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Introduction

Hydrogels are three-dimensional (3D) networks of
mainly hydrophilic polymers capable of absorbing up
to thousands times their own dry weight in water
(Hoffman 2001; Seliktar 2012). In medicine, hydrogel
products based on synthetic and natural polymers have
had a large impact on patient care in recent years.
Examples of products are soft contact lenses, biolog-
ical adhesives used in surgical procedures and wound
dressings. As hydrogels improve through better
design, their use is likely to expand in applications
such as drug-delivery devices, biosensors and as
scaffolds for tissue engineering. In addition to the
high water content of hydrogels, there is a range of
other properties that are important for successful
development of such applications, e.g. degradability in
the human body, bioadhesion, bioactivity, transport
through the network, and mechanical properties that
should match those of native tissue (Seliktar 2012).
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In tissue engineering living cells are used to restore
damaged tissue, and for this purpose scaffolds with
tailored properties must be developed. Tissue engi-
neering is much about imitating the extracellular
matrix (ECM), which provides structural and bio-
chemical support to the surrounding cells. One
important factor of tissue scaffolds is the mechanical
properties. The optimal mechanical properties for a
cell niche vary as much as 300-fold from soft brain
tissue (elastic modulus, E = 0.1 kPa) to rigid calci-
fying bone (E > 30 kPa). There is a dynamic, com-
plex interplay between the 3D environment of the
ECM and the living cells. Cells attach to the ECM
through a vast array of adhesive proteins, pull against
the matrix and feel the resistance to deformation by the
adjacent environment. Mechanically sensitive pro-
teins along this connection will provide feedback,
actuating processes in the cell (Discher et al. 2005;
Reilly and Engler 2010). In a study of Engler et al.
(2006), it was demonstrated how the elasticity of the
matrix influences the development of stem cells into
differentiated cell types. Polyacrylamid gels varying
in elasticity were used as matrix for naive mesenchy-
mal stem cells. It was proven that the matrix elasticity
specified lineage towards neurons, myoblasts and
osteoblasts. These results demonstrated how impor-
tant it is to control the elasticity of the matrix in tissue
engineering.

Cellulose nanofibrils (CNF) are nanoscaled fibres or
fibrils of cellulose, normally produced from wood or
annual plants. As dispersions of CNF form hydrogels at
low concentrations, one suggested application area is
as 3D tissue scaffolds (Bhattacharya et al. 2012; Lou
etal. 2014). Several procedures for preparation of CNF
from cellulose pulp exist, among them TEMPO-
mediated oxidation using sodium hypochlorite as
oxidant (Saito et al. 2006). In this method, aldehyde
and carboxyl groups are introduced on the surfaces of
the cellulose fibrils. TEMPO mediated oxidation
facilitates the separation of nanofibrils by mechanical
shear forces. This results in a dispersion of individu-
alized nanofibrils, with widths of typically 3.5-20 nm
(Chinga-Carrasco et al. 2011), and length in the um
range (e.g. estimated to be between 0.2 and 2.2 pm
depending on oxidation and homogenization condi-
tions; Ishii et al. 2011; Fukuzumi et al. 2013). At low
solid content (approx. 0.5 %), the fibril dispersions are
reversible or physical gels, held together by fibril
entanglement, ionic interactions and hydrogen bonds.
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Reversible gels, also known as weak or false gels, are
usually not robust, and can easily be destroyed by
changes in the chemical environment or if they are
subjected to mechanical forces. They can even be
diluted away by adding more solvent. Permanent or
chemical gels can be formed by covalently crosslink-
ing the fibrils. Nge et al. (2010) reported the crosslink-
ing of bacterial cellulose (BC) with chitosan through
carbodiimide-mediated amide binding. BC has a non-
uniform pore structure and too small pores for use as
tissue scaffolds (Nge et al. 2010). Thus, they disinte-
grated the BC and introduced surface carboxyl groups
through TEMPO mediated oxidation to develop struc-
tures suitable for this application.

A previous study showed that aldehyde groups on
oxidized CNF, can be used to crosslink the fibrils and
obtain permanent gel-structures (Syverud et al. 2011).
This was done by linking aldehyde groups on the
fibrils by adding either polyethyleneimine (PEI) or
poly N-isopropylacrylamide-co-allylamine-co-methy-
lenebisacrylamide (pNIPA) and then cryo-gelling the
samples. In another study small crosslinker molecules
were used to crosslink cellulose fibres (Han et al.
2010). Aqueous triamino-1,3,5-triazine (melamine)
solutions were used to crosslink the fibres in lyocell
fabrics through the creation of Schiff-bases. A Schiff
base is the double bond which is created between the
nitrogen on a primary amine containing molecule and
the carbon on an aldehyde containing molecule. The
double bond can be stabilized by reduction to a
secondary amine linkage. This reduction can be done
by a reduction agent such as sodium borohydride
(NaBHy; Han et al. 2010).

In the present work we focus on crosslinking of
CNF and controlling the elastic modulus of CNF gels.
Only water based systems are used. The experimental
design include two steps; (1) production of CNF using
TEMPO mediated oxidation, and (2) crosslinking the
CNF by amine-aldehyde reactions and ionic interac-
tions. The aldehyde groups introduced through the
production process of CNF are utilized in the cross-
linking with diamines. Diamines are commonly used
as crosslinking agents in biomedical research (Barb-
ucci et al. 2000), and we have chosen ethylenediamine
(EDA) and hexamethylenediamine (HMDA), differ-
ing only by the length of the carbon chain and hence
also the spacing distance between the functional
amino groups. By altering the crosslinker molecules
and varying the concentration, we demonstrate how
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the elastic modulus of CNF based hydrogels can be
controlled.

Materials and methods
Chemicals

All chemicals used in this study were of laboratory-
grade quality purchased from Sigma Aldrich. The
water used was of Milli-Q quality (Elga USF, Max-
ima, resistivity 18.2 MQ cm).

Production of cellulose nanofibrils

Cellulose pulp from softwood was used as raw material
for production of fibrils. CNF were produced using
2,2,6,6-tetramethylpiperidinyl-1-oxyl (TEMPO) and
sodium bromide (NaBr) to catalyze the oxidation of
primary alcohol groups with NaClO (3.8 mmol g~
cellulose; Saito et al. 2006). The pH was kept constant
at 10.5 by adding sodium hydroxide (NaOH) during the
reaction. When the pH stopped decreasing, the reaction
was stopped and the pH adjusted to seven by addition
of hydrochloric acid (HCI). The pulp was washed by
filtration using dionized water. The oxidized kraft pulp
(1 % consistency) was homogenized with a Rannie 15
type 12.56X homogenizer (APV, SPX Flow Technol-
ogy, Silkeborg, Denmark), operated at 1,000 bar
pressure. The fibrillated material was collected after
one pass through the homogenizer. The yield of the
fibrillated material was estimated using a FiberMaster
device (Chinga-Carrasco et al. 2014). Toxicity of CNF
produced by using this procedure has been studied, and
no toxic effects have been observed (Alexandrescu
et al. 2013).

Determination of carboxylic acids and aldehyde
groups

The content of carboxyl and aldehyde groups was
determined by conductometric titration, in a procedure
similar to a previously described method (Saito and
Isogai 2006). 16.6 mL 0.01 M NaCl was added to a
CNF dispersion containing 0.1 g solid content, which
was further diluted with water to a total volume of
200 mL. The pH was adjusted to approx. 2.8 by addition
of 0.1 M HCI. Titration was performed with 0.04 M
NaOH solution added at a rate of 0.1 mL min~" up to

pH of approximately 11 using an automatic titrator
(Metrohm 902 Titrando). The conductivity of the
sample was automatically measured at increments of
0.01 mL using a Metrohm 856 Conductivity Module,
and the data was recorded by Tiamo® Titration
Software. The carboxylate content was calculated from
the titration curve (Gran plot). This analysis was also
done after oxidation of aldehyde groups to carboxyl
groups with NaClO, (Saito and Isogai 2006). To avoid
the influence of acetic acid residues on the carboxylate
level, the NaClO, oxidized CNF dispersion was washed
by centrifuging five times at 2,700 rpm, with the
supernatant being replaced by deionized water between
each centrifugation. With the assumption that all
aldehyde groups are oxidized, the difference in carbox-
ylate content before and after the NaClO, oxidation
yields the aldehyde content.

Preparation of hydrogels by crosslinking

The two diamines (EDA and HMDA), having amine
functional groups in both ends and differing only by
four carbons in the hydrocarbon chain, were chosen as
crosslinker molecules. Amines react readily with
aldehydes, and thus the diamines were expected to
make covalent bonds to aldehydes formed on the CNF
surfaces as a result of the TEMPO oxidation. EDA and
HMDA were dissolved in ionized water to concentra-
tions of 0.005, 0.05,and 0.15 g mL~". The volumes of
crosslinker solution that were needed to yield the
concentrations shown in Table 1 (mmol crosslinker
per g CNF) were found by stoichiometric calculations
and added to the original CNF dispersions using
micropipettes. Deionized water was added so that the
final CNF content of all samples was 0.80 %. To some
of the samples the reduction agent 2-picoline-borane
was added. This reduction agent has been suggested as
an alternative to sodium borohydride reduction (Ru-
haak et al. 2010). 2-picoline-borane (2-Methylpyri-
dine borane complex solution 95 %) was dissolved in
96 % ethanol to a concentration of 0.042 g mL~, as
the reduction agent was found to react violently when
dissolved directly in water. This solution was added to
a separate concentration series with HMDA, to a
concentration of 1.22 mmol reduction agent per g
CNF.

The samples were stirred for approximately 5 min
and casted into cylindrical, stainless steel molds of
18 mm height and with 16 mm in inner diameter. The
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Table 1 Overview of crosslinked hydrogel samples

Sample code Crosslinker Crosslinker concentration
(mmol g~' CNF)

CNF - 0

El EDA 0.061

E2.5 EDA 0.152

E5 EDA 0.304

E10 EDA 0.609

E50 EDA 3.042

E100 EDA 6.084

H1 HMDA 0.061

H2.5 HMDA 0.152

H5 HMDA 0.304

H10 HMDA 0.612

H50 HMDA 3.046

H100 HMDA 6.092

The number in the sample code implies the ratio of crosslinker
concentration of the sample compared to the lowest crosslinker
concentration

molds were sealed and placed overnight in a heating
cabinet at 80 °C. The time for reaction varied from 17
to 20 h.

Small deformation oscillation rheology

Rheological assessment was performed using a shear
rheometer (Stresstech, Reologica Instruments AB,
Sweden). Cone-plate measurement geometry (cone =
4° gradient, diameter = 35 mm, gap = 150 pm at
center) was used for all measurements. Amplitude
sweeps were done in order to determine the range of the
linear viscoelastic regime in three CNF dispersions of
varying concentration (0.98, 0.80 and 0.50 %). The
strain was increased logarithmically from 0.001 to 1,
while the frequency and temperature were kept constant
at 1 Hz and 20 °C. For studying the crosslinking
reactions, i.e. the gelling process, HMDA solution was
added to a CNF dispersion to a concentration of
3.046 mmol g~' CNF. This dispersion was further
diluted to a CNF content of 0.80 % and added directly to
the rheometer. The samples were covered with silicone
oil (Dow Corning®, 200/10 ¢S fluid, UK) to prevent
evaporation during the measurements. During the
rheological assessment, the temperature was increased
to 80 °C and kept constant for 60 min before being
lowered to the initial temperature of 20 °C. The
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temperature gradient during the increase/decrease was
+4° C min~". The strain and frequency was 0.01 and
1 Hz, respectively. CNF samples without crosslinker
were subjected to the same assessment in order to study
the effect of the crosslinking.

Longitudinal compression measurements

To determine the Young’s modulus (E) of the
cylindrical cast gels, a texture analyzer (TA.XT.-Plus
Texture Analyzer, Stable Micro Systems, Surrey, UK)
was used to perform compression measurements. The
compression speed was 0.1 mm s~', and the com-
pression force was measured by a 1 kg load cell. The
gels were compressed 2 mm in longitudinal direction
after having reached a trigger load of 1 g. The
compression force was plotted as a function of
deformation length, and linear regression was per-
formed on the data points from 0.15 to 0.30 mm
compression to find the gradient in the linear region.
Since Young’s modulus is proportional to the initial
gradient of the longitudinal stress—strain curve, it was
calculated by multiplying the gradient with the initial
height and dividing by the initial cross sectional area
of the gels.

AFM and SEM

For investigating the dimensions of the CNFs, thin films
were prepared by drying a 0.25 % CNF dispersion at
room temperature. The surface topography of the films
was imaged using an atomic force microscope (diMul-
tiMode V AFM) with a NanoScope V controller (Veeco
Instruments Inc., Santa Barbara, CA, USA). The imaged
area was 2,000 nm x 2,000 nm, with an image size of
1,024 x 1,024 pixels, and all images were acquired
using ScanAsyst mode in air at room temperature.

Pieces of freeze dried gels (H1, H50, E1, E50 and
pure CNF) were imaged by a Hitachi S-3000 N
scanning electron microscope (SEM). Pieces from the
edges which had been facing the casting mold walls, as
well as pieces with the cross sectional area facing
upwards, were attached to appropriate sample holders
by double sided conductive carbon tape. To improve
the signal and to avoid charge accumulation, the
samples were coated with gold for 45 s using an Agar
Automatic Sputter Coater (Agar Scientific, UK). The
samples were imaged with a secondary electron
detector at an acceleration voltage of 5 kV.
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Fig. 1 AFM image of the CNF produced using TEMPO
mediated oxidation followed by homogenization. The fibrilla-
tion degree was determined to be 83 % according to Chinga-
Carrasco et al. 2014, and the fibril suspension was used without
further fractionation

Water reabsorption

To investigate the stability of the crosslinked gels, the
samples were immersed in water and soaked for
approximately 5 h. Some gels were also subjected to
violent magnetic stirring. Freeze-dried gels (E50, H50
and pure CNF) were immersed in MQ-water and taken
out at different times to determine water absorption
gravimetrically. Using tissue paper, secreted and
surplus water was soaked up before weighing. The
water absorption was estimated according to Eq. 1:

(Ws — Wd) "
wd

where Ws and Wd correspond to the weight of the
wetted and dry sample, respectively.

Water absorption (%) = 100 (1)

Results and discussion

CNF was successfully produced by TEMPO mediated
oxidation followed by fibrillation as can be observed in
Fig. 1. The yield of the produced CNF was estimated to
be 83 %. The amount of carboxyl and aldehyde groups
was determined to be 0.81 £ 0.03 mmol g~' CNF
and 0.18 & 0.04 mmol g~' CNF, respectively. The

Table 2 Storage (G') and loss (G”) moduli for CNF disper-
sions at different concentrations

CNF consistency (w%) G’ (Pa) G” (Pa)
0.50 31.8 £ 1.0 7.1 £ 0.9
0.80 126 £+ 12 16 £ 2
0.98 275 £ 62 43 + 13

aldehyde groups were utilized in the subsequent cova-
lent crosslinking. CNF dispersions are physical gels at
low solid content. Table 2 shows the storage (G') and
loss (G”) moduli for CNF dispersions with varying
concentrations. Amplitude sweeps showed that for
strains <0.04 a linear viscoelastic regime was found
for all measured concentrations of CNF. The storage
(@) and loss (G”) moduli of the CNF dispersions were
averaged for strains from 0.001 to 0.04 for each
concentration.

In order to study the crosslinking reaction, a blend
of CNF and HMDA crosslinker molecules was
subjected to rheological assessment immediately after
mixing. During the assessment the temperature was
increased to 80 °C and kept at this level for 1 h. A
reference sample without crosslinker was assessed for
comparison. The results are given in Fig. 2. The
increase in storage modulus showed clearly that the
crosslinking started to take place when the tempera-
ture was increased. The storage modulus increased
steadily as a function of temperature, and by more than
11 times during the 80 min the experiment lasted. The
reference sample without crosslinker had nearly
constant storage and loss moduli as expected.

For determination of Young’s modulus (E) of the
gels, all samples in Table 1 were subjected to com-
pression measurements using a texture analyzer. For
the samples crosslinked with HMDA, a series having
the reductive agent 2-picoline-borane was also added.
2-picoline-borane was chosen since it reduces the
Schiff-bases to amines without reducing non-reacted
aldehyde groups, thus making it suitable for one-pot
reactions (Ruhaak et al. 2010). This is an advantage
compared to the more commonly used sodium boro-
hydride that also reacts with aldehyde groups, or the
milder reduction agent sodium cyanoborohydride
which do not reduce aldehyde groups, but is lethally
toxic. The results (Fig. 3) show clearly that there is a
relationship between crosslinker concentration and E,
and that E starts to level out after approximately
0.6 mmol crosslinker g~' CNF. In addition, the length
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Fig. 2 Temperature sweep, 1500 - 100
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Fig. 3 Young’s modulus (E) as a function of crosslinker
concentration. Seven gels were prepared and measured for each
crosslinker at each concentration. One series was made with
crosslinker (HMDA) and 2-picoline-borane. The error bars

of the spacer of the crosslinking molecule plays an
important role in the gel strength. Crosslinking with
HMDA gives consequently higher values compared to
crosslinking with EDA.

The concentration of crosslinker at which the
highest E was obtained (approximately between 0.6
and 3.0 mmol crosslinker per g CNF) is higher than the
total amount of aldehyde groups on CNF
(0.18 £ 0.04 mmol gfl CNF). Each crosslinker mol-
ecule carries two amine groups, making the ratio of
amine to aldehyde approximately between 7 and 33.
We assume that all aldehyde groups have reacted at
these conditions, and that there are crosslinker mole-
cules that have reacted with one amine group only. The
resulting gel will thus have an excess of free amine
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show =+ one standard deviation from the mean. Notice the
reproducibility for the second replicates of H50 (3.046 mmol
HMDA per g CNF) and E50 (3.042 mmol EDA per g CNF),
which were gels prepared independently from the first series

groups. The measured pH in the gels was around 9,
suggesting that both amine groups were protonated and
thus positively charged (pH < pKa = 11.86 and
10.76; WolframlAlpha 2014), and that the carboxylic
acids were deprotonated and negatively charged
(pH > pKa = 3-4; Saito et al. 2011). At such condi-
tions the free amine groups would be available for
attractive ionic interaction with carboxyl groups.
HMDA have four carbon atoms more in the chain than
EDA, and is thus longer and more flexible. The reason
why HMDA gives stronger gels compared to EDA is
likely to be that more of the HMDA molecules are able
to connect to two aldehyde groups (the limiting factor
for covalent bonding), i.e. making a functional cross-
link between two fibrils. The large increase in gel
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SMS P/35

Fig. 4 Gels with different crosslinkers during compression measurements with the texture analyzer. From left to right EDA (E100),

HMDA (H50) and HMDA with 2-picoline-borane (H50)

strength obtained by using the longest crosslinker at the
same crosslinker concentration is a strong indication of
formation of more covalent bonds. The creation of
Schiff-bases was also supported by a clear color change
in the crosslinked gels from translucent/white to
yellow/brownish, which are characteristic colors for
Schiff bases (Bartos and Pesez 1979). Using 2-pico-
line-borane as reductive agent for the Schiff bases
changed the color of the gels from yellow/brownish to
white, thus indicating the successful reduction. No
significant difference in strength due to the reduction of
Schiff-bases was observed. The color difference in the
gels with HMDA with and without 2-picoline-borane,
as well as with EDA can be seen in Fig. 4. The parts of
the gel strength originating from ionic interactions
versus covalent bonds are not quantified. However, the
strong dependence on the crosslinker length indicates
that a major part is attributed to the covalent bonds.

The Poisson’s ratio u gives the relationship between
the two elastic moduli (E and G) as E = 2G(1 + p),
where —1 < u < 0.5 for an isotropic material
(Tschoegl et al. 2002). When hydrogel materials are
fully swollen, their mechanical behavior can be
considered similar to rubber-like materials (Anseth
etal. 1996), which have a Poisson ratio close to 0.5, and
this value is used for e.g. alginate gels (Ahearne et al.
2005). Using this value for the Poisson’s ratio and the
G’ value from the last data points in Fig. 2, approxi-
mately 1,120 Pa, the calculated Young’s modulus
value (E) becomes 3,360 Pa. This corresponds fairly
well with the measured E-values for the corresponding
H50 gel of approximately 3,220 Pa.

The Young’s moduli of the gels were on the level
between brain and muscle tissues (Discher et al. 2005;
Reilly and Engler 2010), and can be regarded as soft
gels. The relatively low Youngs modulus is caused by
the low solid content of the gels (0.8 %) and the
relative low degree of crosslinking (amount of active
sites was 0.17 mmol CHO per g CNF). As can be seen
from Table 2, the gel strength (G’) of the non-
crosslinked CNF dispersion is strongly dependent on
the CNF concentration, suggesting that stronger gels
can be prepared by increasing the solid content. In
addition, the amounts of aldehyde groups can be
increased by e.g. periodate oxidation (Chinga-Carras-
co and Syverud 2014), providing additional sites for
crosslinking and thus stronger gels. The range of

Fig. 5 Freeze dried CNF structure having walls formed by
nanofibrils and pores in the micrometer scale
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Fig. 6 Water absorption as
a function of time for freeze

dried CNF gels without
crosslinker and with EDA
and HMDA at

3.05 mmol g~' CNF. The

water absorption was
estimated according to Eq. 1

Water absorption (%)

Young’s modulus could in principle easily be
extended, thus making it possible to design scaffolds
fitting the tissue in question.

Some of the gels were freeze dried. During drying, a
porous structure with walls of fibrils is formed by
creation of numerous hydrogen bonds between neigh-
boring fibrils (Fig. 5). Such pores are in the microm-
eter range. Keep in mind that the original hydrogel
structure with individualized and dispersed CNFs will
never be recreated, although the gels are immersed in
water. Figure 6 shows the water absorption of the
freeze dried gels (E50, H50 and pure CNF) as a
function of time. The gels quickly reached stable
levels of absorption. The results show that the water
absorption is highest for the gel without crosslinker,
and lowest for the gel that had the highest Young’s
modulus, i.e. highest degree of crosslinking. This
indicates that by controlling the degree of crosslink-
ing, the degree of water absorption can also be
controlled even in these structures, thus preventing an
infinite dilution of the gels.

Also important to mention, at the higher crosslinker
concentrations, there is a surplus of non-reacted cross-
linker molecules. The crosslinked gels are stable when
immersed in water, and can even withstand violent
magnetic stirring for several minutes without being
disintegrated. This suggests that surplus chemicals can
be removed by immersing the gels in water and let the
chemicals diffuse out of the crosslinked CNF network.

As far as we can consider, both the never dried and
the freeze dried structures could be interesting from a
tissue engineering point of view. Native ECM has a
fibrillar character, and it is expected that the fibrillar
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structure of the tissue substrate is an advantage (Reilly
and Engler 2010). The surfaces forming the walls in
the freeze dried structures will also have a certain
surface roughness due to the fibrillar structure. The
hydroxyl (OH) and carboxyl (COOH) groups on the
CNF surfaces will promote; (1) hydrogen bonds
between the CNF and cell-surface proteins and (2)
ionic interactions between cell membranes and CNF
(Seliktar 2012).

Conclusions

In this work we demonstrate how reversible CNF
hydrogels, held together by fibril entanglement, ionic
interactions and hydrogen bonds, can be transformed
into permanent hydrogels by covalently linking the
CNFs. The aldehyde groups formed during TEMPO
mediated oxidation were utilized as sites for crosslinking
the CNFs using diamines. By varying the concentration
and length of the crosslinker molecules, the elastic
moduli of the gels were controlled. In tissue engineering,
hydrogels are suggested as scaffolds for cells. Their
elastic moduli are important for the development of stem
cells into differentiated cell types. The possibility to
tailor the elastic modulus of CNF hydrogels is thus one
important step towards such applications.
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