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ARTICLE INFO ABSTRACT
Keywords: The mechanical strength of hydrogels and cryogels made from carboxylated nanocellulose (NC) fibers can be
xec}lanlilcall strength modulated by chemically/physically crosslinking and blending with different fibrils (shorter/longer). Nano-
anocellulose

cellulose hydrogels are produced by oxidizing Bleached Eucalyptus Kraft (BEK) pulp followed by high pressure
mechanical treatment. Polyethyleneimine (PEI) and hexamethylenediamine (HMDA) were selected to crosslink
nanocellulose hydrogels physically and chemically, respectively. Shorter cellulose nanocrystals (CNC) and longer
microcrystalline cellulose (MCC) fibrils were blended with the TEMPO oxidized nano/micro fibers to produce
hydrogels of controlled properties. Nanocellulose cryogels were prepared from these hydrogels by a two steps
process of freezing and lyophilization. The mechanical properties of nanocellulose hydrogels and cryogels were
modulated by controlling the type and density of crosslinking as well as by blending with nano- or microfibrils.
Chemical crosslinking (HMDA) increases the hydrogel elastic compression moduli (G) but does not significantly
affect the compressive strength of the cryogel. SAXS reveals the HMDA crosslinked hydrogel to be structurally
homogeneous. Physical crosslinking with high molecular weight PEI increases the storage modulus (G') of
nanocellulose hydrogels. Blending a carboxylated nanocellulose fiber suspension with CNC significantly in-
creases the cryogel compressive strength. Nanocellulose gel exhibits tuneable mechanical strength and absorp-
tion capacity from the crosslinking/blending strategy (type and density); this improved fundamental knowledge
of the fiber-crosslinker and fiber-cellulose crystal interactions enables greater control and tunability of the
properties of hydro- and cryogels for personal and infant care products, as agricultural water retention aids, and
for biosensor applications.
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1. Introduction

A hydrogel is a three dimensional polymeric network capable of
retaining a large volume of water inside its structure [1,2]. Such poly-
meric materials have wide-ranging applications as a wet or dried gel,
including baby diapers, contact lenses, drug delivery, wound dressing,
and tissue engineering, among others [3-7]. The term hydrogel is often
used ambiguously to describe both the wet and dried gel forms, although
the term “cryogel” describing freeze-dried gels provides clarity [8].
Collectively, hydro- and cryogels can be categorised as synthetic or
naturally derived, depending on their raw material [9,10]. Synthetic
hydrogels based on acrylate or acrylamide are the most commonly used
for commercial applications, but they are neither renewable nor
biodegradable. Common naturally derived hydrogels include alginate,
chitosan, collagen, gelatine, starch, hyaluronan, and recently, cellulose
[11,12]. Among those, cellulose-based materials are attractive because
of their stiffness, hydrophilicity, ease of functionalization, renewability,
biocompatibility, large availability and low cost, making them unique
among biodegradable materials [13,14].

Cellulose is the most abundant biopolymer on Earth. It is found in
plants, algae, tunicates and some bacteria [15,16]. Plant-derived cellu-
lose (and nanocellulose) contains both crystalline and amorphous re-
gions, depending on the local molecular structures [17]. Breaking down
the cellulose can produce nanocellulose (NC) of three different types: (i)
cellulose nanofiber (CNF), (ii) cellulose nanocrystal (CNC), and (iii)
bacterial cellulose (BC). CNF is prepared either by (i) mechanical
treatment, (ii) chemical treatment or (iii) combined chemical and me-
chanical treatment of plant-derived cellulose. CNF retains both the
amorphous and crystalline regions of the original cellulose fibers [18].
CNC is mainly produced by acid hydrolysis of plant-derived cellulose
fibers to degrade the amorphous regions and retain the crystalline do-
mains [19]. Bacterial cellulose is produced by microorganisms that
excrete pure cellulose directly as nanofibres. In general, nanocellulose is
biocompatible and has excellent native gel forming properties [20].

The mechanical properties of a nanocellulose hydrogel govern many
of its applications [21] in which crosslinking (type and density) can be a
controlling variable. Crosslinking compounds can be broadly catego-
rized as chemical or physical, depending on the type of interaction be-
tween the crosslinker and the nanocellulose fiber. Chemical crosslinkers
form covalent bonds with nanocellulose fibers. Common examples
include methylene-bis-acrylamide, ethylene glycol dimethacrylate
(EGDMA), 1,1,1- trimethylolpropane triacrylate (TMPTA), and tetraa-
lyloxy ethane (TAOE) [2,22]. Epichlorohydrin, hexamethylenediamine
(HMDA), aldehydes and aldehyde-based reagents, urea derivatives, and
carbodiimides have also been used as crosslinkers for cellulose based
hydrogels [23,24]. Among these, crosslinking of nanocellulose fiber
with high carbon amine groups in presence of EDC/sulfo NHS is very
efficient with high yield [25].

In physical cross-linking, interacting forces such as hydrogen
bonding, electrostatic forces, van der Waals forces, chain entanglements,
and ionic and hydrophobic interactions dominate [26]. Physical
cross-linking via hydrogen bonding between the carboxyl groups of
oxidized cellulose fibers can be achieved by the freeze-thaw technique.
The skeletal density of the cellulose fiber matrix is increased upon
crystallization of the bulk solvent, which forces the polymer chains to
align and form a cohesive network via hydrogen bonding and covalent
interaction. Changes in the freeze-thaw cycle affect the resultant
hydrogel properties, for example, reduction of porosity [27-29]. High
strength polyvinyl alcohol (PVA) hydrogels have been made by this
technique, where the strength came from intra and intermolecular
hydrogen bonds [30]. The freeze-thaw method has also been used to
make high strength hydrogels from hemicellulose, hyaluronic acid and
cellulose nano crystal [31-33]. However, the freeze-thawing method
has some disadvantages: (i) long cycle times (for example, five cycles or
more with 22 h each) [34] (ii) irregular hydrogel pore spacing and (iii)
higher energy consumption due to repeated cycles. Physical crosslinking
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can also be achieved by the physical interaction of cellulose fiber with
positive polyelectrolyte molecules, resulting in high mechanical
strength. For example, polyethyleneimine (PEI) has been widely used to
crosslink with nanocellulose in the presence of glutaraldehyde [35].
Nanocellulose fibers crosslinked with PEI and allylamine modified
PNIPAm particles have been developed and exhibit thermo-responsive
behaviour [36]. As the definition of physical crosslinking includes
hydrogen bonding and ionic/electrostatic interaction [37], the ionic
interaction between positive PEI molecules and negative nanocellulose
fibers can be designated as physical crosslinking. For a greener physical
crosslinking approach, it may be possible to use PEI alone, although
there is limited work on this. Therefore, the effect of PEI molecular
weights on nanocellulose fibers crosslinking is also poorly understood.

Cryogels are hydrogels that have been dried into porous and highly
absorbent structures with high surface area. Cryogels can be produced
by supercritical drying, freeze drying, ambient pressure drying, micro-
wave drying, or vacuum drying of hydrogels [38]. Cryogels have been
investigated for multifunctional sensor, supercapacitor, insulator,
controlled drug release and drug scaffold, and recently, infant care ap-
plications [8,39-43]. The absorption capacity of a cryogel is a critical
parameter for all applications, and is related to its cross linking density,
internal surface area, and charged functional groups, such as COO™ [44].
Oxidation is the most common treatment to introduce negative hydro-
philic COO™ groups on the fiber surface [45,46]. The hydrophilic func-
tional groups (COO’) of the cryogel network contribute to water
absorption while the cross-links between the network chains prevent the
cryogel structure from collapsing upon re-wetting [47]. The mechan-
ical/compressive strength of cryogel can also be increased upon cellu-
lose crystal blending [48]. The chain molecules of crystalline cellulose
are packed in an orderly manner resulting in higher nanocellulose
strength compared to amorphous region [49]. Introducing nano and
micro crystal into the nanocellulose cryogel affects the bonding surface
area and the total fiber length available for binding.

In spite of their wide commercial use, there is surprisingly limited
knowledge describing how physical and chemical crosslinking correlates
with hydrogel and cryogel mechanical strength. For example, the
change in mechanical strength for hydrogels and cryogels has not been
correlated with their physical and chemical crosslinking density. In this
study, HMDA is chosen as chemical crosslinker because HMDA is widely
known and used due to its six carbon chains, which form chemical
crosslinks between nanocellulose fibers more effectively than other low
carbon amines. As physical crosslinker, we have used PEI alone to form
ionic interaction with nanocellulose fibers while ensuring to avoid any
hazardous chemical during gel preparation. Cellulose crystal was
blended with nanocellulose fiber to go one step closer towards the sus-
tainability. Blending cellulose crystal is potentially greener option as PEL
and HMDA are still chemical additives and removal of this additives can
make the cryogel even greener and sustainable. The effect of cellulose
crystals blending has also not been investigated or quantified. In addi-
tion, the absorption capacity of physically and chemically crosslinked
cryogels, and cryogels produced by blending with cellulose crystals re-
mains poorly described. There is a need to compare different types of
crosslinking and blending agents, and characterize their effect on the
mechanical properties of hydrogels and cryogels. Controlling the me-
chanical strength is important to develop performant superabsorbent
when under load; lack of strength can lead to poor performance due to
product disintegration.

The objective of this study is therefore to investigate, quantify and
control the strength of nanocellulose hydrogels and cryogels. Carbox-
ylated nanocellulose gels were produced that incorporated either: i) a
chemical crosslinker (HMDA), ii) a physical crosslinker (PEI) or iii)
cellulose crystal. The effect of chemical crosslinking, physical cross-
linking, and dissimilar nanocellulose crystals addition on the structural,
absorption, and strength properties of nanocellulose hydrogels and
cryogels was compared. The structure of the different composites was
analysed by Small Angle X-ray Scattering (SAXS) and related to the
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properties of these gels for application as renewable, biocompatible and
biodegradable superabsorbents. The developed superabsorbent has
tuneable absorption and mechanical properties which make it suitable
to remain integrated under load, such as for meat packaging or baby
diaper.

2. Methodology
2.1. Materials

Bleached Eucalyptus Kraft (BEK) pulp, containing approximately 10
wt% solids, was obtained from Australian Paper, Maryvale, Australia.
2,2,6,6-Tetramethylpiperidine-1-oxyl (TEMPO), PEI (low molecular
weight: M,, ~800 Da, M;, ~600 Da; high molecular weight: M,, ~
750,000 Da, M, ~ 60,000 Da), HMDA, MCC and sodium bromide (NaBr)
were purchased from Sigma-Aldrich. CNC was purchased from The
University of Maine, USA. Hydrochloric acid (HCl) and Sodium Hy-
droxide (NaOH) were diluted for solutions as required and were pur-
chased from ACL Laboratories and Merck, respectively. 12 w/v%
Sodium Hypochlorite (NaClO) was purchased from Thermo Fisher Sci-
entific and used as received.

2.2. Solids concentration

The solids concentration of all samples (i.e. gel or pulp) was deter-
mined through oven drying. The sample was weighed before (w;) and
after (wg) drying. Sample moisture was removed by drying in an oven
(Thermoline BTC 9090) at 105 °C for at least 6 h. The solids content was
calculated as:

Solid content (%) = M 100%

Wi

2.3. TEMPO mediated oxidation

The TEMPO-mediated oxidation of BEK pulp was done by using the
oxidizing agent NaClO [10]. 25 g BEK pulp (dry weight) was suspended
in 2500 mL water containing 0.4 g TEMPO and 2.5 g NaBr. The 12 w/v
% NacClO solution was initially adjusted to pH 10 via addition of 36%
HCl. To initiate the oxidation process, 100 mL NaClO was added
drop-wise to the suspension whilst stirring. The pH of the reaction was
monitored and maintained at 10 through the manual addition of 0.5 M
NaOH. The oxidation process was completed in 3 h. The oxidized fibers
were recovered through vacuum filtration and stored refrigerated
(2-8 °Q).

2.4. Conductometric titration

The carboxylate group content was measured by conductometric
titration as reported in previous study [29]. Oxidized pulp samples
(approx. 30 mg dry weight) were suspended in 40 mL deionized water.
200 pL of 1% NaCl was added to the suspended sample. The pH of the
suspended sample was manually adjusted to between 2.5 and 3 with
0.5 M HCl prior to titration. Titration was accomplished by automated
addition of 0.1 M NaOH using a Mettler Toledo T5 titrator. The con-
ductivity of the sample was monitored throughout the titration progress.
The carboxyl group content (mmol COO'Na™ /g fiber) was determined
by:

CC:CA—VX 1000
w

where AV pertain to the amount of titrant required to neutralize the
carboxylic groups (in L), c is the NaOH concentration (mol/L), and w is
the sample weight (g).
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2.5. Physical crosslinking

TEMPO-oxidized pulp was dispersed in deionized water at the
desired concentration (0.5 g dry fiber in 100 g suspension). Fibrillation
was accomplished through a high-pressure homogenizer (GEA Niro
Soavi Homogenizer Panda) at 1000 bar for two passes. One-pass ho-
mogenized gel was mixed with PEI using an electric hand mixer (ANCO
500). After thorough mixing, the gel was passed through the homoge-
nizer for the second pass, after which physical crosslinking was assumed
to have occurred. The samples were stored at 4 °C.

2.6. Chemical Crosslinking

Oxidized fiber was homogenised at the desired concentration (0.5 g
dry fiber in 100 g suspension) at 1000 bar for two passes to produce
nanocellulose gel. HMDA was dissolved in deionized water at a con-
centration of 0.45 g/mL. The nanocellulose gel was crosslinked with this
HMDA in ratios of 2:1 and 1:1 (COO:NHy) in presence of EDC/sulfo
NHS. The gel was mixed for 5 mins and incubated at room temperature
overnight (16 h).

2.7. Cellulose crystal blending

TEMPO-oxidized fiber suspension (0.5 g dry fiber in 100 g suspen-
sion) was blended with either MCC or CNC at a mass ratio of 2:1. After
that fibrillation was achieved in the homogeniser at 1000 bar for two
passes to produce the hydrogel.

2.8. Rheological measurement

Rheological testing of gel samples was performed with an Anton Paar
MCR302 rheometer. A cone (0.997°) and plate (49.975 mm) geometry
was selected. Testing was performed at ambient temperature (25 °C). A
solvent trap was used to ensure stable temperature during measure-
ments. Viscosity was measured at shear rates ranging from 0.5 to
100 s~ 1. Oscillatory strain sweep was performed from 0.01% to 100% at
a constant 1 Hz frequency.

2.9. Preparation of nanocellulose cryogels

The cryogels were prepared by spreading 12 g of gel evenly over the
base of a 50 mm petri dish and freezing the sample at — 86 °C, then
freeze-drying (Christ Alpha 2-4 LD Plus) for 2 days.

2.10. Fourier Transform Infrared (FTIR) spectroscopy

Cryogel samples were analysed by Fourier Transform Infrared (FTIR)
spectroscopy (Agilent Technologies Cary 630 FTIR) which is equipped
with a diamond attenuated total reflectance (ATR) accessory. Eight
scans were taken at 4 cm ™! resolution.

2.11. Free swell capacity

The cryogel sample was placed in a glass funnel, which is immersed
in a container full of testing fluid. To measure the absorption over time,
the funnel with the sample was removed from the fluid container and the
excess fluid allowed to drain for five minutes. The total mass was then
measured at regular intervals of 3 h. The free swell capacity was then
calculated as follows:

my —m;

Free Swell Capacity(FSC)

m;

Where my is the mass of the swollen cryogel at a particular time interval
and m; is the initial mass of the dry cryogel.
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2.12. Compression testing

Cylindrical cryogel samples of 37 mm diameter and 37 mm length
were prepared for compressive testing. Force-displacement data for
cryogel samples was obtained by Instron model 5965 Universal Testing
Machine equipped with 1 kN load cell. The testing was done at 23 °C
and 50% humidity at a compression rare of 5 mm/min. The compressive
Young’s Modulus was determined from the slope of the initial linear
region of the stress-strain curve.

2.13. SAXS

The SAXS measurements were conducted at the SAXS/WAXS
beamline of the Australian Synchrotron. The wavelength was 1.03 A and
the measurements were conducted in the transmission mode.

3. Results

The structural and strength properties of physically (low molecular
weight: LMW and high molecular weight: HMW PEI) and chemically
(HMDA) crosslinked gels were quantified. Nanocellulose gel reinforced
with cellulose fibrils of different length scales: long (MCC) and short
(CNC) were also prepared and their properties compared with those of
the crosslinked gels. The composition and identification of all nano-
cellulose gels are summarized in Table 1. The water content of physi-
cally crosslinked hydrogel and CNC blended hydrogel is compared with
neat hydrogel in Table S1.

3.1. Physical crosslinked hydrogels

PEI was chosen as the physical crosslinker with nanocellulose
hydrogel as it is known to adsorb on cellulose. The molecular weight of
PEI plays an important role in determining the hydrogel strength. High
molecular weight PEI improved the hydrogel strength significantly.
Fig. 1 shows the rheological properties of hydrogels as a function of
concentration for (a) low and (b) high molecular weight PEI. At low
shear stress, the elastic modulus (G') is dominant over the viscous
modulus (G”), which indicates that the hydrogel behaves more like a
solid material under these conditions, as G’ represents gel stiffness or
strength. After the intersection point of G’ and G”, the material flows like
a liquid as the viscous modulus exceeds the elastic modulus. G” is the
viscous or loss modulus; it indicates the portion of the deformation en-
ergy that is lost to internal friction during shearing. At first, G” is con-
stant as the gel behaves like a uniform 3D network. G” then increases
with increasing shear as micro cracks appear. Initially, the elastic
behaviour is dominant. As shear increases further, micro cracks grow,

Table 1
Description and characterization of the nanocellulose gels composition.

Sample code Sample details

NC Pure nanocellulose gel

NC:HP/ Nanocellulose gel physically crosslinked with 5 w/w% HMW PEI
1:0.05

NC:HP/ Nanocellulose gel physically crosslinked with 7 w/w% HMW PEI
1:0.07

NC:LP/ Nanocellulose gel physically crosslinked with 5 w/w % LMW PEI
1:0.05

NC:LP/ Nanocellulose gel physically crosslinked with 7 w/w% LMW PEI
1:0.07

NC:HMDA/ Nanocellulose gel chemically crosslinked with HMDA at
2:1 nanocellulose COO to amine ratio 2:1

NC:HMDA/ Nanocellulose chemically crosslinked with HMDA with
1:1 nanocellulose COO to amine ratio 1:1

NC:CNC/2:1 Nanocellulose blended with cellulose nano crystal at nanocellulose to

CNC blend mass ratio 2:1
NC:MCC/2:1  Nanocellulose blended with MCC at nanocellulose to MCC blend

mass ratio 2:1
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merge and develop into continuous macro cracks which result in gel
rupture at the highest value of G”. Passed this point, the bulk material
starts to flow, as indicated by the dominant viscous modulus (G”) after
the intersection of G’ and G”, which occurs at the G” maxima.

Adding a low molecular weight PEI as a physical crosslinker weakens
the nanocellulose hydrogel. Here, PEI acts a plasticizer and presents no
evidence of crosslinking with cellulose. The viscous and elastic moduli
of the LP adsorbed hydrogels (NC:LP) are lower than those of the
nanocellulose hydrogel (Fig. 1a). The modulus intersections are also
shifted toward higher shear strains, indicating a more cream-like
behaviour of the hydrogel. The addition of 5 w/w % HP to nano-
cellulose hydrogels also does not significantly affect their rheological
behaviour (Fig. 1b). However, increasing the HP concentration to 7 w/w
% significantly increases the mechanical strength (by up to 5 times)
compared to pure nanocellulose hydrogel (Fig. 1a) because of bridge
formation between nanocellulose fibers. The intersection of G’ and G”
also shifts to lower shear strain with increasing concentration of HP from
5 w/w % to 7 w/w %, indicating non-creamy or brittle hydrogel for-
mation. The types of interaction between nanocellulose and PEI there-
fore depend on the molecular weight of PEI, which results in different
hydrogel rheology.

3.2. Chemical crosslinked hydrogels

Chemical crosslinking of nanocellulose hydrogel with HMDA
significantly increases hydrogel strength (Fig. 2). Adding HMDA to
nanocellulose hydrogel at a carboxyl to amine group ratio of 2:1 results
in a four-fold increase in the elastic modulus (G’) compared to the neat
nanocellulose hydrogel. Increasing the HMDA ratio up to 1:1 augments
G’ by 15 times. These increases in viscous and elastic moduli result from
the formation of amide bonds between nanocellulose hydrogel carboxyl
and the HMDA amine groups.

3.3. Blending cellulose fibrils to hydrogels

The strength of nanocellulose hydrogels blended with cellulose fi-
brils of different length scales - microscale with MCC or nanoscale with
CNC - was tested (Fig. 3). These blended hydrogels do not show any
significant change in G’ or G” compared to the neat nanocellulose
hydrogel. However, blending the fibrils shifted the moduli intersections
(shown by the vertical dotted lines in Fig. 3) to a lower shear strain of
10% for NC:CNC/2:1, 21.7% for NC:MCC/2:1 compared to neat NC at
31.7%, indicating the formation of a stronger gel.

3.4. Nanocellulose cryogels ATR-FTIR

Chemical crosslinking in the HMDA-NC cryogel was confirmed by
ATR-FTIR (Fig. 4). The sharp peak at 1600 cm ™! for neat nanocellulose
cryogel is due to the C=0 stretching of the COO™ group on the oxidized
fiber. For the crosslinked sample, C-N bending appears at 1240 cm™!
due to the presence of the amine group. C=O0 stretching from the amide
bond is merged with the C=0 stretching for COO™ group in the cross-
linked sample. Fig. S3 shows all other samples FTIR spectra.

3.5. Cellulose cryogels mechanical strength

The compressive strength of the cryogels produced from the neat,
crosslinked, and blended nanocellulose hydrogels is shown in Fig. 5. The
cryogel produced from blended hydrogels showed increased mechanical
strength. Neither chemical nor physical crosslinking of the hydrogels
increased the mechanical strength of their cryogels. The stress-strain
curve is shown in Fig. S4. Cryogel images at different states (before
and after compression, after re absorption) are shown in Fig. S5.
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Fig. 1. Viscoelastic properties of TEMPO-oxidized cellulose hydrogels crosslinked with different concentrations of PEI varying in molecular weight: (A) hydrogels
with low molecular weight PEI (LP) and (B) hydrogels with high molecular weight PEI (HP). Two PEI concentrations were tested: 5% and 7%, and the Elastic (G') and
viscous (G”) moduli were recorded as a function of strain. Oscillation frequency and temperature were kept constant at 1 Hz and 25 °C, respectively.
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Fig. 2. Viscoelastic properties of TEMPO-oxidized cellulose hydrogels cross-
linked with HMDA at different concentrations. Two NC:HMDA carboxyl to
amine group ratio concentrations were tested: 1:1 and 2:1. Elastic (G') and
viscous (G) moduli were recorded as a function of strain. Measurements were
performed at a frequency of 1 Hz and a temperature of 25 °C.

3.6. Nanocellulose cryogel Free swell capacity

The free swell capacity (FSC) and water retention capacity (WRC) of
the neat nanocellulose cryogel are the highest (Fig. 6). The physically
and chemically crosslinked cryogels have the lowest absorption and
water retention capacity, while the cryogels blended with CNC and MCC
show intermediate performance. Physically and chemically crosslinked
cryogels showed a decrease in free swell capacity of 48% and 51%
respectively, compared to the neat nanocellulose cryogel.

3.7. Structural analysis by Small Angle X-ray Scattering (SAXS)

SAXS measurements were performed to reveal the network structure
and fiber arrangement, and to visualize the water penetrating the spaces
in hydrogel, cryogel and rewetted cryogel samples (Fig. 7). The different
sections of the SAXS curve reveal the fiber structural arrangement at
different dimensions before and after water penetration.
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Fig. 3. Viscoelastic properties of TEMPO-oxidized cellulose hydrogels blended
with CNC and MCC. NC:( CNC or MCC) ratio concentrations was set at 2:1.
Elastic (G') and viscous (G”) moduli were recorded as a function of strain.
Measurements were performed at a frequency of 1 Hz and a temperature of
25 °C. The moduli intersection points are indicated by the vertical dotted lines.

For hydrogels, the SAXS curves for neat and crosslinked samples
show significant differences, indicating variations in structure (Fig. 7a).
The upturn in the lower g value (0.003-0.006 A~1) of all curves in-
dicates that the surface scattering from the large structures of bigger
pores/interfibrillar spaces is similar. However, there is noticeable dif-
ference in the SAXS curve shape observed between g = 0.003 and
0.2 A™L. The bump in this range is due to the difference in scattering
length between the water and the cellulose fibers. The neat nano-
cellulose hydrogel curve shows a bump between g = 0.015 and 0.22 A™,
corresponding to a pore size range of 42-2.8 nm. The HMDA crosslinked
hydrogel shows large bump area between q = 0.01 and 0.23 AL, indi-
cating a larger pore size range of 63-2.7 nm. The HP crosslinked
hydrogel shows a bump similar to that of HMDA; however, the bump is
more pronounced in the HMDA-crosslinked sample. This indicates that
both crosslinked samples have large open structures, but that the HMDA
crosslinked sample has a more homogenous distribution of spaces than
the HP crosslinked sample. The CNC blended hydrogel shows a shift in
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the bump towards a q range of between 0.002 and 0.06 A~!, corre-
sponding to a pore size range of 314-11 nm. The large size range in the
blended sample is due to the repulsion between the cellulose fibers and
CNC which forces the network to expand and creates more space be-
tween fibers.

For the cryogels, the SAXS curves do not show any significant dif-
ference among samples, except for HMDA crosslinked cryogel (Fig. 7b).
The curves follow the power law of q~*, indicating that the cellulose
fibers tend to aggregate during drying, and therefore leave large size
structures and open-air spaces in the resulting cryogels. However, the
HMDA crosslinked sample shows a bump (g = 0.05-0.2 A1), indicating
the presence of some smaller size pores of size ranging between 12 and
2 nm in the structure.

Upon rewetting, water is absorbed into both the fibers and the pores
of the cryogels. The SAXS curves from rewetted cryogels (Fig. 7c) show
significant differences compared to the dried samples (Fig. 7b). The
bumps in the rewetted sample curves indicate that the scattering from
the swollen fibres and the spaces between them are filled with water. In
all samples, the bump appears at almost the same q range
(0.014-0.22 A™1). The corresponding pore size range of the space is
between 45 and 2.8 nm. This indicates the water molecules penetrate
and occupy similar sized spaces between fibers in all samples. However,
the fiber bundle swelling behavior is significantly different between the
samples, as reported previously for PEI and HMDA crosslinked samples
[24]. At the low q range (< 0.014 A™!) the power law ranges from q~>°
to ¢, indicating that the larger structure is formed by fiber entangle-
ment and large pores.

The SAXS curves of the rewetted cryogels also differ from their
corresponding hydrogels. This qualitatively indicates that the presence
and correlation of the water molecules with the network is different in
the hydrogels and rewetted cryogels. Therefore, simply rewetting a
cryogel does not reform the corresponding hydrogel due to differences in
the fiber structure of the hydrogels and cryogels that lead to differences
in the interactions of the water molecules with and within the structure
upon rewetting.

4. Discussion
4.1. Effect of crosslinking and blending on nanocellulose hydrogels

TEMPO oxidized nanocellulose hydrogels are made of entangled
nanocellulose fibrils held together by electrostatic stabilization [50].
Here, chemical or physical crosslinkers and cellulose fibrils are used to
modify the properties of the hydrogels. Physical crosslinking of nano-
cellulose hydrogel with a dendrimer polyelectrolyte such as PEI affects
the rheological properties (to higher or lower elastic moduli) depending
on the polymer molecular weight. Chemical crosslinking with HMDA
increases the elastic moduli of the gel because of strong amide bond
formation between the negative carboxylic group of cellulose and the
positive amine of HMDA. Blending nano or micro cellulose fibrils does
not have any significant effect on the elastic or viscous moduli of the
hydrogel.

PEI molecular weight plays an important role in the hydrogel
rheology. For the low molecular weight polyelectrolytes of high charge
density, neutralization of the nanocellulose fiber charge occurs by the
positively charged PEI amine group [51,52] (Fig. 8A), decreasing
inter-fiber repulsion between the COO™ groups. The LP molecule is too
short to link COO™ groups and form a bridge between nanocellulose fi-
bers and therefore acts as a plasticizer, increasing the liquid-like
behavior of the hydrogel. This is indicated by the low G’ and G”
measured for LP crosslinked hydrogel (Fig. 1A) [53]. Conversely,
bridging between the PEI amine groups and nanocellulose fiber COO”
groups does occur for HP [54,55] (Fig. 8b), as revealed by the increase of
G’ and G” by up to 5 times for HP crosslinked hydrogel over the neat
nanocellulose hydrogel.

Chemical crosslinking with HMDA produces a strong chemical bond,
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resulting in higher elastic and viscous moduli for the chemically cross-
linked hydrogel than for the physically crosslinked hydrogel. The strong
crosslinking density of the HMDA sample was 1.40 mol/m®, and HP
crosslinked hydrogel has a lower crosslinking density of 0.44 mol/m®.
CNC has a strong negative surface charge which repels the negative
charge of oxidized nanocellulose fibers (Fig. 8C). MCC particles have no
specific surface charge, resulting in gels with a heterogeneous structure,
as indicated by the SAXs curve (Figs. 7A and 8D). As a result, the blended
hydrogel with CNC has a much more homogeneous structure compared
to the blended MCC hydrogel, as revealed by a hump in SAXS scattering
for CNC blended hydrogel (Fig. 7A). However, the rheological properties
of MCC and CNC blended hydrogels are not significantly different to
those of the neat hydrogel. This is because they do not form fiber-fiber

bonds, unlike those created in crosslinked hydrogels.

4.2. Effect of crosslinking and blending on nanocellulose cryogels

Nanocellulose hydrogels are freeze dried into cryogels. Crosslinking
or blending a nanocellulose hydrogel prior to drying affects the me-
chanical and absorption properties of the resulting cryogel differently
depending on the crosslinking or blending type and density. In this
study, the mechanical properties of cryogels were quantified by
compressive strength and their absorption capacities measured by free
swell capacity measurements followed by centrifugation to determine
the water retention capacity.

The HP crosslinked cryogel structure is very open compared to the
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original nanocellulose one, as revealed by SAXs analysis (Fig. 7).
Structural openness is also visible in these samples via optical micro-
scopy and SEM imaging, as shown in Fig. S1 and S2. The HP crosslinked
cryogel shows the lowest compressive strength due to its more open and
brittle structure [24]. The compressive strength of the chemically
crosslinked (HMDA) cryogel does not change significantly, compared to
the neat sample, as the small HMDA molecules only crosslink between
adjacent fibers, which does not increase the compressive modulus of the
corresponding cryogel. Blended CNC hydrogels result in corresponding
cryogels with a significantly increased compressive strength of
0.146 MPa compared to 0.054 MPa for the neat nanocellulose cryogel.
CNC has a much smaller particle diameter (~5nm) than MCC
(~50 pum). The surface area of reinforcement provided by CNC is four
orders of magnitude higher than for MCC, resulting in a higher area of
interaction, increased structural reinforcement, and therefore the
highest mechanical strength results for CNC-NC blended cryogel.

The neat nanocellulose cryogel shows the highest absorption ca-
pacity, while chemically and physically crosslinked cryogels have
similar, lower absorption capacity, despite their significant structural
differences. The compact structure of the chemically crosslinked
hydrogel, which is a result of the amide-COO” bond formation, hinders
water penetration within the pores of the material, resulting in a lower
absorption capacity than the neat cryogel. The open structure of the
physically crosslinked cryogel cannot contain as much water, therefore
also resulting in lower absorption capacity [24] and water retention
capacity than that of the neat cryogel. For cryogels made by blending
MCC or CNC, the absorption properties decrease in comparison to those
of the neat sample because of the lower availability of COO™ groups and
the incorporation of cellulose crystals, which hinder water penetration
inside the structure (Fig. 6).

Physical and chemical crosslinking with HP and HMDA, respectively,
does increase the mechanical strength of the resulting hydrogel, but not
that of the corresponding cryogel. The CNC blended NC cryogel shows
increased compressive strength due to the higher area of reinforcement
resulting from the incorporation of the small, rod shaped, negatively
charged CNC particles. So, although hydrogels and cryogels are simply
different forms of a nanocellulose gel having the same original chemical
composition, their mechanical strengths vary significantly as a function
of crosslinking and blending.

5. Conclusion

A family of cellulose hydrogels and cryogels was developed from
TEMPO oxidized cellulose nanofibers (CNF) by incorporating physical
and chemical crosslinkers or by blending with cellulose fibrils of
different relative lengths. The effect of the type of crosslinking or cel-
lulose crystal addition on the mechanical properties of both the hydrogel
and corresponding cryogel was quantified. Gel properties were
measured by rheology, mechanical strength, and absorption capacity;
structure was quantified by SAXS, optical and scanning electron mi-
croscopy. Differences in the properties were related to differences in the
hydrogel and cryogel composition, structure and mechanical strength.

Chemically crosslinked hydrogel showed the highest strength
compared to all other hydrogel because of strong chemical bond be-
tween nanocellulose and the crosslinker. Hydrogels physically cross-
linked with high molecular weight PEI had higher elastic and viscous
moduli than neat nanocellulose hydrogel due to fiber bridging. Cross-
linking with a low molecular weight PEI reverses the behavior, showing
decreased elastic and viscous moduli due to charge neutralization. This
highlights the effect of PEI molecular weight on the strength of oxidized
cellulose nanofiber gels. The addition of CNC or MCC to CNF to create a
blended hydrogel had no significant effect on the rheological properties.

The highest cryogel compressive strength was achieved by blending
CNC with CNF. Chemical crosslinking with HMDA did not affect the
cryogel compressive strength significantly. However, physical cross-
linking with high molecular weight PEI significantly decreased the
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compressive strength of the nanocellulose cryogel by opening up its
structure. The neat nanocellulose cryogel has the highest free swell ca-
pacity and water retention capacity as it has the highest concentration of
available COO™ groups.

This study quantifies the effect of chemical and physical crosslinking
and cellulose crystal blending on the structure and mechanical proper-
ties of NC hydrogels and cryogels. These results improve the under-
standing of the hydrogel-cryogel structure-property relationships and
facilitate the development of tunable hydrogel and cryogel materials for
food, agriculture and diagnostic applications.
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