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Abstract Cellulose nanofibrils (CNFs) produced
through processes involving oxidation (e.g. TEMPO
oxidation) present reactive groups that allow for
straightforward modification in aqueous suspension.
CNFs fabricated through mechanical refinement alone
can be challenging to modify for subsequent reactions
due to only having hydroxyl groups present on the
surface. To address these issues, CNFs with only
hydroxyl groups present were functionalized with
norbornene groups in their native aqueous suspension
to achieve up to 10% functionalization per anhy-
droglucose unit. Since quantification of surface func-
tionalization of CNFs is challenging through most
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methods, a degradation and subsequent nuclear mag-
netic resonance analysis method was developed to
quantify norbornene functionalization. The nor-
bornene functionalized CNFs (nCNFs) were cross-
linked through UV and thermally initiated thiol-ene
click reactions to create robust CNF hydrogels. By
varying the reaction conditions, hydrogels made from
nCNFs and a dithiol cross-linker could achieve
compression modulus values up to 25 kPa. The
materials were stable in aqueous suspensions and the
cross-linked hydrogels still exhibited shear thinning
behavior with high recovery, which demonstrated that
even though effective cross-links were formed, a
complete network was not. Through this study, thiol-
norbornene crosslinking of CNFs could create robust
hydrogels and improve aqueous stability that could
have applications in sustainable materials and
biomaterials.

Keywords Cellulose nanofibrils - Colloidal

hydrogels - Thiol-ene reaction - Shear thinning
hydrogels - Mechanically refined cellulose nanofibrils

Introduction
Cellulose nanofibrils (CNFs) are interesting renew-

ably sourced nanomaterials due to their nanometer
scale widths and high aspect ratio (Oksman et al.
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2009). Significant differences do exist between the
mechanically ground CNFs without oxidative pre-
treatment as compared to carboxylic acid functional-
ized (TEMPO oxidized or carboxymethylated) CNFs
(Spence et al. 2011). Mechanically ground CNFs
without oxidative pretreatment (OH-CNFs) tend to
have more hierarchical structures (Berto and Arantes
2019; Espinosa et al. 2019), larger diameters (Nechy-
porchuk et al. 2015), and only have hydroxyl groups
on the fibril surface (Otoni et al. 2018). OH-CNFs
have been used as mechanical reinforcements in
nanocomposites (Deng et al. 2016; Kargarzadeh
et al. 2018), as the main component of porous
materials (Gordeyeva et al. 2016; Mariano et al.
2018; Zhang et al. 2019), as thin films (Sharma et al.
2018; Hoeng et al. 2016; Deng et al. 2017), and in
numerous other applications (Moon et al. 2011, 2016).
However, CNFs have high water content (> 90%) and
are difficult to dewater, which can make implementing
them in dry applications difficult.

CNF dispersions exhibit shear thinning, gel-like
character in aqueous media even at concentrations as
low as 0.1 wt% due to hydrogen bonding (De France
et al. 2017) and have been utilized as scaffolds for
tissue engineering because their fibril structure mimics
the hierarchical, fibrous components of the extracel-
lular matrix (ECM) (Martin-Martinez et al. 2018;
Curvello et al. 2019). Physical CNF hydrogels have
been created from carboxylic acid functionalized
CNFs (Fu et al. 2019; Dong et al. 2013; Basu et al.
2018; Liu et al. 2016; Zander et al. 2014) and these
oxidized CNFs have been chemically crosslinked as
well (Syverud et al.2011, 2015; Nishiguchi and
Taguchi 2019; Erlandsson et al. 2018). However,
OH-CNFs yield physical hydrogels and have been
incorporated into other polymer networks (De France
etal. 2017; Kong et al. 2018; Doench et al. 2018; Yang
et al. 2018; Yang and Xu 2017; Heggset et al. 2019;
Campodoni et al. 2019; Xu et al. 2019a, b; Niu et al.
2018), but OH-CNFs, to the authors’ knowledge, have
not been directly chemically crosslinked to each other
to create robust hydrogels. Nevertheless, hydrogels
and suspensions made from OH-CNFs have been used
to culture mammalian cells (Lou et al. 2014; Bhat-
tacharya et al. 2012; Azoidis et al. 2017; Mathew et al.
2012; Tomic et al. 2016) with low cytotoxicity, which
demonstrate their potential biomedical application as a
shear thinning suspension. Chemical stabilization of

@ Springer

OH-CNF hydrogels could lead to new applications as
self-standing, only OH-CNF cell scaffolds.

To improve the stability and mechanical properties
with chemical cross-linking, suitable functional
groups are necessary (Rol et al. 2019). Surface
modifications to carboxylic acid functionalized CNFs
have been done in their native aqueous suspension
through activating the carboxylic acid towards acyl
substitution reactions (Chin et al. 2018). Such surface
modifications can change the cytotoxicity of CNFs,
but in general modified CNFs remain cytocompatible
(Rashad et al. 2017). In contrast, most of the modi-
fications to OH-CNFs are done in organic solvents due
to the low relative reactivity of the surface hydroxyl
groups as compared to the surrounding water (Navarro
and Edlund 2017). The transfer between aqueous and
organic conditions is possible through solvent
exchanges, but these can lead to CNFs aggregation
and the need for thorough purification prior to
biological studies (Vuoti et al. 2013). Straightforward
methods are needed to place reactive groups on the
surface hydroxyl functionalized CNFs in water. Some
examples of these types of modifications exist to CNFs
(Saini et al. 2016; Satyamurthy et al. 2016; Wang et al.
2016; Khalil et al. 2014) and water-soluble polysac-
charides that can serve as starting points for new
chemistry to enable covalent cross-linking of CNFs
(McOscar and Gramlich 2018). Our laboratory
recently demonstrated that we could functionalize
CNFs with norbornenes in water for subsequent
surface modifications (Fein et al. 2020).

Highly controlled cross-linking chemistries can
enable new applications of CNF hydrogels through
tuning of mechanical, stability, and degradation prop-
erties. So called ‘click’ and light initiated reactions
have been used with polysaccharides to yield spa-
tiotemporal control over physical properties and
chemical presentation that can be beneficial for
biomedical applications (McOscar and Gramlich
2018; Dadoo et al. 2017). Though the azide-alkyne
click reaction has been used to cross-link carboxylic
acid functionalized cellulose nanocrystals (CNCs)
(Filpponen and Argyropoulos 2010), this and other
click reactions such as thiol-ene have yet to be used
extensively to form robust CNF hydrogels. Thiol-ene
reactions are radical catalyzed, which enable spa-
tiotemporal control of properties in hydrogels when a
light sensitive initiator is used (Brown and Anseth
2017). Moreover, since the thiol-ene reactions create a
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one-to-one linkage between species, specific enzy-
matic activity can be programmed into the cross-linker
and thiol-functionalized molecules to control cell fate
(Ooi et al. 2017). Thiol-ene and more specifically
thiol-norbornene cross-linked hydrogels have been
implemented in many water-soluble polysaccharide
hydrogels (Lin et al. 2015; McCall and Anseth 2012;
Jivan et al. 2016; dadoo et al. 2017; Gramlich et al.
2013; Caliari et al. 2016), suggesting that if such
chemistry could be developed with CNFs, new
biomaterials could be realized.

In this work, we build upon our previous work (Fein
et al. 2020) to functionalize OH-CNFs with nor-
bornene groups in a straightforward aqueous reaction
by demonstrating control over the degree of function-
alization. To accurately quantify the degree of
norbornene functionalization, a method was devel-
oped and optimized to perform "H-NMR spectroscopy
on the CNFs after enzymatic hydrolysis. Norbornene
functionalized CNFs (nCNFs) were cross-linked by
thiol-norbornene chemistry using different dithiol
cross-linkers and initiator systems, which demon-
strated control over the compression and storage
modulus of the hydrogels to give a visible increase in
stability of the constructs in aqueous media. Though
cross-linked to some extent, some hydrogels retained
their shear thinning nature. By demonstrating and
characterizing several methods to crosslink these
hydrogels, we lay the foundation for future work
implementing these materials in biomaterial and
sustainable material applications.

Materials and methods
Materials

Cellulose nanofibrils (CNFs) were produced at the
University of Maine Process Development Center
through mechanical refining of softwood bleached
kraft pulp to give an aqueous dispersion with 3 wt%
solid content at 90% fines. To determine the average
diameter of cellulose fibers, diluted CNFs (0.04 wt%
in deionized water) were dropped on a copper TEM
grid, evaporated, and stained with uranyl acetate as a
negative dye. Images on the sample grid sample were
collected using transmission electron microscopy
(TEM) (CM10, Philips) and the Gatan microscopy
software (v2.31). ImageJ software was used to

measure the diameter of fibrils that intersected with
a 10X10 grid. The average diameter was found to be
120 + 20 nm, which is consistent with previous
results using these materials that also indicate fibril
lengths on the micrometer scale (Salari et al. 2019).
The reagent 5-norbornene-2,3-dicarboxylic anhydride
(NB) was purchased from TCI America. Other
reagents and polymers such as 2-hydroxy-4'-(2-hy-
droxyethoxy)-2-methylpropiophenone (12959), 2,2'-
(ethylenedioxy) diethanethiol (DTDEG), poly(ethy-
lene glycol)dithiol with an M,, of 1500 g/mol (DTPEG
1.5 k), poly(ethylene glycol)dithiol with an M, of
3400 g/mol (DTPEG 3 k), and N,N,N',N'-tetram-
ethylethylenediamine (TEMED) were purchased from
Sigma-Aldrich. Ammonium persulfate (APS) was
purchased from Acros Organic. Cellulase (recombi-
nant hydrolase enzymes) from Tricoderma Reesei was
purchased from Sigma-Aldrich. All reagents were
used without purification unless otherwise noted.

Synthesis of norbornene functionalized CNF
(nCNF)

In a representative synthesis, 33 g of 3 wt% solids
CNFs (6 mmol of anhydroglucose repeat units) were
dispersed in 67 mL of deionized water to obtain 1 wt%
CNF dispersion. To this dispersion, 19.73 g of 5-nor-
bornene-2,3-dicarboxylic anhydride (120 mmol, 20
molar excess to repeat units) was added, which caused
the pH to drop to 4. Sodium hydroxide (NaOH) 10 M
solution was added dropwise to bring up and keep the
pH between 9.5-10.5 throughout the reaction. The pH
decrease slowed down as the reaction completed and
stopped changing after 2.5 h. The product was washed
with DI water five times via centrifugation at
7000 rpm for 15 min using a SORVALL RC-6 PLUS
centrifuge (Thermo Electron Corporation) and SLA-
1500 rotor. The final product, norbornene functional-
ized CNFs (nCNFs), was at 2.7 wt% solids after the
fifth wash. This synthesis was repeated varying the
concentration of 5-norbornene-2,3-dicarboxylic anhy-
dride (0.13, 0.3, 0.6, and 1.2 M) to obtain nCNFs with
different degrees of functionalization.

Analysis of nCNF functionalization by IR
spectroscopy

Attenuated total reflectance-Fourier transform infra-
red (ATR-FTIR) spectroscopy was used to probe the
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presence of norbornene (NB) functional groups on
nCNFs and obtain a relative ratio of absorption bands
corresponding to different functional groups. The
nCNF dispersion was lyophilized prior to ATR-FTIR
spectroscopy (PerkinElmer UATR Two, diamond
crystal). Spectra were collected from 450 to
4000 cm™" at 1 cm™' resolution and spectra were
taken in triplicate. A peak area ratio between the C-O
band of cellulose (1212-915 cm™') and new bands
corresponding to the functional groups associated with
the norbornene (1765-1495 cm™") was calculated by
integrating under the curves in the absorbance spectra.
See Fig. S1 for a schematic of the integration of the
ATR-FTIR spectra of nCNFs.

Analysis of nCNF functionalization by 'H-NMR
spectroscopy

To quantify the degree of norbornene functionaliza-
tion on nCNFs by proton nuclear magnetic resonance
("H-NMR) spectroscopy, the samples were enzymat-
ically degraded to enable analysis. The enzymatic
degradation process was optimized to achieve a high
percent of degradation into glucose monomers.
Table S1 gives details of parameters explored and
the resulting degradation of CNFs into glucose. For
each analysis, an initial CNF or nCNF dispersion was
diluted using sodium acetate/acetic acid buffered
solution (pH 5) to prepare 1 mL of 1 wt% dispersion.
In a representative and optimized measurement,
0.27 g of 3.7 wt% CNF was redispersed in 730 pL
buffer. To this dispersion, 10 uL of cellulase enzyme
was added and incubated at 50 °C after vortex mixing
for few seconds. After 18 h, a second dose of enzyme
was added and incubated for 2 h. The degraded sample
was freeze-dried and redispersed in 0.65 mL of D,O
for "H-NMR spectroscopy. To degrade nCNF hydro-
gels, the procedure was slightly modified so that 1 mL
of sodium acetate buffer was added to a 50 pL
hydrogel initially with the rest of the procedure
continuing as above. All 'H-NMR spectra were
obtained on a Varian Inova 400 MHz spectrometer.
"H-NMR spectroscopy of degraded CNFs (D,O,
400 MHz) &: 1.88 ppm (acetate -CHs, singlet, 3H),
3—4 ppm (glucose and various polysaccharides, broad
multiple peaks), 4.61 ppm (f-anomeric proton, dou-
blet, 1H), and 5.20 ppm (a-anomeric proton, doublet,
1H). 'H-NMR spectroscopy of nCNF (D,O,
400 MHz) &: 1.35 ppm (norbornene bridge -CH,,
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multiplet, 2H) 1.88 ppm (acetate -CHj3, singlet, 3H),
3.12 ppm (norbornene bridge head —CH, singlet, 2H),
3—4 ppm (glucose and various polysaccharides, broad
multiple peaks), 4.61 ppm (B-anomeric proton, dou-
blet, 1H), 5.20 ppm (o-anomeric proton, doublet, 1H),
and 6.20 ppm (norbornene vinyl protons, singlet, 2H).

To calculate the degree of norbornene functional-
ization using "H-NMR spectroscopy, the acetate peak
at 1.88 ppm (from the known quantity of buffer) was
used as internal standard. The acetate peak integration
was compared to the overall integration of the
anomeric proton peaks at 4.61and 5.20 ppm to give
the percent degradation into glucose. Under optimized
conditions, CNFs and nCNFs degraded to 85%
glucose and this was used to correct the calculated
degree of functionalization. With this information, the
overall integrations of the anomeric hydrogen peaks
and the integration of norbornene double bond peak at
6.20 ppm were used to calculate the degree of
norbornene functionalization on an anhydroglucose
repeat unit basis. See Supporting Information for
equations and more detailed explanation.

Cross-linking nCNFs

To cross-link nCNFs, the original 2.7 wt% solids
nCNFs was centrifuged to remove water until a 4 wt%
nCNF suspension was obtained. Hydrogels were
formed at various molar ratios of thiol to norbornene
(T/NB), cross-linker molecules, and radical generation
systems. To prepare the pre-hydrogel dispersion, 4
wt% nCNFs and cross-linker were vortex mixed for
20 min followed by mechanical stirring. For UV-light
initiated gelation, the radical initiator 2-hydroxy-4'-
(2-hydroxyethoxy)-2-methylpropiophenone (12959)
(0.05 wt% in pre-hydrogel dispersion) was added
and mechanically mixed into the dispersion. Portions
of solution (50 pL) were transferred by a spatula to
1 mL syringes with the top cut off. The solution was
covered with coverslip (0.22 mm thickness) and
irradiated with 365 nm light (Omnicure S1000 UV
lamp filtered for 320-390 nm) at 10 mW/cm?> power
for 20 min. For thermal gelation, to the 4 wt% nCNFs/
cross-linker dispersion, APS and TEMED stock
solutions were added so that their final concentrations
were 10 mM in the dispersion. After vortex mixing
and mechanical mixing, 50 pL portions of the
dispersion were transferred to 1 mL syringes with
the top cut off, sealed with glass coverslips, and
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incubated at 37 °C for 3 h. All hydrogels were stored
in 1 mL PBS for 24 h at 4 °C prior to subsequent
testing.

Measuring compression modulus

A dynamic mechanical analyzer (DMA) (Q8000
Thermal Analysis) with a compression fixture was
used to measure the compression moduli of the
hydrogels. After incubating at 37 °C for 24 h in
PBS, the 50 pL hydrogels (n > 4) were subjected to
a constant compression strain rate experiment at 10%
strain/min up to 30% total strain. Compression
modulus was defined as the slope of strain—stress
curve in the limit of 10 to 20% compressive strain. The
degree of swelling was estimated by measuring the
change in diameter (assuming isotropic swelling) after
incubating at 37 °C for 24 h as compared to the
diameter of the mold and dividing by the diameter of
the mold.

Rheology measurements

The storage modulus of some formulations were
obtained from rheological experiments using a TA
Discovery HR-2 rheometer with a 40 mm aluminum
cone-plate geometry with a 2° angle and a 60 pm gap.
CNF and nCNF dispersions with total volume of 620
pL were transferred to an aluminum Pelletier plate at
37 °C. To perform rheological measurements on
nCNF-DTDEG hydrogels, 620 pL. nCNF-DTDEG (3
and 4 wt%) dispersion with 10 mM of APS and
TEMED (for thermal radical generation) and T/NB
equal to one, was transferred to the Peltier plate,
enclosed from the sides with a rubber mold, and
covered with the rheometer geometry. Samples were
incubated for 3 h at 37 °C prior to testing. For all
rheology measurements, water droplets were placed
around the geometry and the system was covered with
a solvent trap to keep the surrounding humid to assure
that hydrogels did not dry out during the run.

Time sweep measurements were run in the linear
response regime at 37 °C, 1 Hz oscillatory frequency,
and 1% oscillatory strain for one hour. Oscillatory
strain sweeps (0.05-250%) were conducted at 37 °C
and 1 Hz oscillatory frequency. Modulus recovery
after shear-thinning was done at 37 °C and a constant
oscillatory frequency (10 Hz) with alternating ampli-
tude of oscillatory strain between 0.5 and 250% strain.

A higher frequency was selected to demonstrate more
significant changes between solid and liquid like
behavior (Rodell et al. 2013). An initial time sweep at
0.5% strain was run for 5 min on each dispersion to
equilibrate the sample. After the initial low strain run,
high strain (250% strain) was applied for 2 min
immediately followed by a low strain (0.5% strain) run
for 2 min. This alternating high/low strain was
repeated two additional cycles.

Results and discussion
Functionalization of CNF

The norbornene functional group was successfully
added to mechanically produced CNFs through an
esterification reaction between the available hydroxyl
groups on the surface of CNFs and the anhydride of
5-norbornene-2,3-dicarboxylic anhydride in aqueous
dispersion (Fig. 1a). These hydroxyl groups could be
from both cellulose and adsorbed hemicelluloses that
remain after kraft pulping. Once added to the dispersion,
the anhydride readily reacted with free hydroxyl groups
on CNFs to form the ester linkage and also a free
carboxylic acid. Additionally, an unwanted side reac-
tion occurs where the anhydride hydrolyzes to form the
norbornene-2,3-dicarboxylic acid small molecule. Both
this hydrolysis and coupling contribute to a dramatic pH
drop, which required titration with NaOH throughout
the reaction to keep the pH between 9.5 and 10.5. This
range was selected as previous work in our group with
this anhydride and carboxymethyl cellulose (CMC)
yielded the highest functionality (McOscar and Gram-
lich 2018). A NaOH concentration of 10 M was used so
that base addition would not change the reaction volume
appreciably. The reaction was somewhat pH sensitive
where a pH below 7 led to no reaction and if the pH was
13 or more, all the anhydrides hydrolyzed, which led to
no CNF functionalization. After 2 h, the reaction slowed
considerably as demonstrated by the slow rate of base
addition and was considered complete when the pH was
stable for 30 min. Since the nCNF product was not
soluble in water and the only impurity was water soluble
norbornene-2,3-dicarboxylic acid, purification was
accomplished by five washes with deionized water
using centrifugation. This straightforward reaction and
purification processes are expected to be possible at
higher volumes (Fein et al. 2020).

@ Springer
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Fig. 1 a Schematic of the surface functionalization of cellulose chemical cross-linking between fibrils of nCNFs via radical
nanofibrils (CNFs) with 5-norbornene-2,3-dicarboxylic anhy- initiated thiol-norbornene reaction to fabricate nCNF hydrogels

dride in aqueous media and at controlled pH. b Schematic of

The covalent attachment of the norbornene group to due to adsorbed water and suggests that some of the
CNFs to create nCNFs was confirmed through ATR- signal at this wavenumber could be coming from this
FTIR spectroscopy of freeze dried samples. As shown as well in the nCNFs (Lojewska et al. 2005; Yuan et al.
in Fig. 2a, the spectrum of freeze-dried nCNFs had 2017). Both a band from the ester and a carboxylate

three new bands appear at 1560, 1630, and 1720 cm ™' were expected with covalent bonding of the nor-
that belonged to carboxylate, norbornene double bond, bornene group due to the ring opening of the anhydride
and ester groups, respectively. The band at 1630 cm ™" to produce the ester linkage (Fig. 1). Large carboxy-
could be observed sometimes in the original CNF late bands relative to the ester bands indicated free
spectra after freeze-drying, which has been reported dicarboxylic acid as opposed to the bound functional
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Fig. 2 a ATR-FTIR spectra of CNFs before (dash) and after degradation of nCNFs (left axis, black circles) to give percent
(solid) functionalization with norbornene groups to produce anhydroglucose repeat unit functionality and ATR-FTIR
nCNFs. Bands are color coded to the assigned functional groups spectroscopy to give band ratios (right axis, grey diamonds)
in the inset structure to indicate (i) ester, (ii) alkene, and (iii) based of the C—O peak area (1212-915 cm ™) divided by peak
carboxylate functional groups. b The relation between anhy- area of bands corresponding to the functional groups associated
dride concentration and norbornene functionalization on nCNFs with the norbornene (1765-1495 cm™"). Error bars represent
measured from 'H-NMR spectroscopy using enzymatic the standard deviation of three samples
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group as was used to assess whether washing steps
were effective. Under the centrifugation processes
used, five washes were enough to remove the unbound
molecules as indicated by its unchanging height
relative to the ester band. This purification strategy
is advantageous because water is the only solvent used
and it yields the purified product in an aqueous
dispersion, which prevents irreversible hydrogen
bonding (i.e. hornification) that occurs during drying
processes such as freeze drying that prevent efficient
re-dispersion (Diniz and Castro 2004; Kato et al.
1999).

Quantification of norbornene functionalization

The degree of norbornene functionality on nCNFs was
controlled by varying the molarity of added anhydride
(Fig. 2b) as inferred by ATR-FTIR spectroscopy on
dried samples. The band area ratio of the backbone
band to the functional group band increased from 3 to
8 as anhydride concentration increased from 0.13 to
1.2 M, demonstrating that the relative concentration
of norbornene functional groups on nCNFs could be
increased with anhydride concentration. However, the
samples made with 1.2 M of anhydride were highly
variable, suggesting that using 0.6 or 1.2 M anhydride
concentration did not significantly affect the degree of
functionalization because of error bars overlapping
with the averages. The additional signal from the
adsorbed water or perhaps remaining impurities from
hydrolyzed anhydride may have led to the larger
variability seen at the higher functionalization as
measured by ATR-FTIR. If concentrations above
0.6 M could not change CNF functionalization, the
CNF surfaces may have been completely saturated
with norbornenes at this concentration.

Since the degree of functionalization information
obtained using infrared spectroscopy is relative and
not absolute, a method was desired to quantify the
concentration of norbornene groups in the nCNF
suspension. Quantification of the degree of function-
alization of CNFs in previous work has been chal-
lenging since CNFs are not soluble in common NMR
solvents and solid state '*C-NMR spectroscopy of
CNFs often gives qualitative information (Courtenay
et al. 2018); though, it can be quantitative under the
correct conditions (Bozic et al. 2015). Ideally, tech-
niques such as "H-NMR spectroscopy could be used to
more clearly and straightforwardly quantify the degree

of functionalization, but the modified CNF needs to be
soluble for solution state NMR spectroscopy. Thus,
using the method from our previous work (Fein et al.
2020), we degraded CNFs and their derivatives into
water soluble sugar units using a mixture of enzymes
(cellulase) that hydrolyze glycoside bonds.

Our previous work did not optimize the degradation
and analysis process so we further validated and
optimized the method to track how anhydride con-
centration affected CNF functionalization. CNF was
degraded to water soluble segments with enzymatic
treatments with recombinant hydrolase enzymes (cel-
lulase) from Tricoderma reesei, which are mixture of
enzymes with different target sites (Vinzant et al.
2001). Enzymatic treatment should yield glucose,
cellobiose, and glucose oligomers according to the
manufacturer and is most effective at pH 5 and a
temperature range of 40-60 °C so that enzymes that
degrade crystalline regions are effective (Shinner and
Mersi 1990, Balasubramanian and Nelson 2014;
Wang et al. 2017). However, long term exposure
above 60 °C denatures enzymes and they lose their
activity. To determine sufficient and optimum incu-
bation durations and enzyme concentrations for
degradation, cellulase at various concentrations and
dosage regimes was added to 1 wt% CNF dispersions
in sodium acetate buffer at pH 5, incubated at 50 °C,
freeze dried, and analyzed for their degradation into
glucose using '"H-NMR spectroscopy in D,O
(Table S1). Even after extensive degradation, samples
did not completely dissolve in D,O as some solid
segments remained. This solid content varied based on
the time period that samples were allowed to degrade
as samples were almost all solid after 1 h incubation,
but almost a clear solution after 20 h. However,
degradation did enable 'H-NMR analysis of the CNF
samples, yielding spectra where - and B-glucose were
observed in the spectra (Fig. 3a).

Since the CNFs did not visibly completely degrade
and that the enzymatic hydrolysis was not expected to
convert all cellulose to glucose, the acetate peak at
1.88 ppm (Fig. 3) from the buffer was used as internal
standard to find the degree of degradation by "H-NMR
spectroscopy. As shown in Table S1 the maximum
degradation was achieved (> 85%) when two 10 puL.
doses of enzyme was added to 1 mL of dispersion over
20 hat 50 °C. Similar maximum levels of degradation
have been observed for other CNFs degraded with
cellulases (Martin-Sampedro et al. 2012). To further
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Fig.3 Enzymatic degradation of nCNFs under acidic condition
and elevated temperature to produce both anomers of glucose
units and 5-norbornene-2,3-dicarboxylic acid through hydroly-
sis of the ester under the acidic conditions. Representative 'H-

validate the method, a known amount of maleic
anhydride was added to the CNF NMR samples as an
independent standard and the results were consistent
with using the acetate peak (Supporting Information,
Fig. S2 and Table S1). This degradation method was
used for all norbornene degree of functionalization
measurements as the same degradation was achieved
when nCNF samples were treaded with enzyme
(80-100% degradation). Interestingly, CNF NMR
samples could sit for a week in D,O at room
temperature and the solid segments would disappear
to yield a clear solution with a higher degree of
degradation (ca. 95%), which suggests that the
enzymes survived freeze-drying and retained activity.
This degradation behavior is consistent with faster
degradation (68 to 75% conversion after 5 h) of the
amorphous regions of CNFs and then a slower
degradation the crystalline regions (95% conversion
after a week) (Mansfield and Meder 2003; Mandels
et al. 1974).

Using the optimized degradation method, the
degree of norbornene functionalization in nCNFs
was calculated by "H-NMR spectroscopy (Fig. 3b).
The enzyme broke down the nCNFs into o- and B-D-
glucose units while the ester linkages between cellu-
lose and norbornene group were hydrolyzed under the
acidic conditions (pH 5) as evidenced by the sharp
single peaks associated with the norbornene
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NMR spectra of enzymatically degraded, a CNFs, b nCNFs.
Peaks assignments are given for the anomeric protons of alpha
and beta glucose as well as those for the norbornene group that
are clearly visible

dicarboxylic acid (1.3 ppm, 3.1 ppm, and 6.2 ppm).
The degree of functionalization on an anhydroglucose
repeat unit basis was calculated using the relative
integration of norbornene and the glucose anomeric
protons with a correction for the degree of CNF
degradation (see Supporting Information for methods)
to quantify how the concentration of carbic anhydride
affected norbornene functionalization during synthe-
sis (Fig. 2b). As demonstrated by the ATR-FTIR
spectroscopy data, increasing the concentration of
anhydride increases the norbornene functionality on
nCNFs. At concentrations below 0.6 M, the function-
alization degree doubled as the molarity of anhydride
doubled; however, this trend was not observed when
the concentration of carbic anhydride increased from
0.6 to 1.2 M. The degree of functionality plateaued at
0.6 M suggesting that the free hydroxyl groups on the
surface of CNF were saturated much like what was
inferred from the ATR-FTIR data. With this quantifi-
cation method developed, nCNF samples with on
average 10% functionality were used throughout the
remainder of the study. This highest degree of
functionality was used to promote more cross-linking
reactions to improve the stability and modulus of
resulting hydrogels.
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nCNF hydrogel compression modulus control

CNF physical hydrogels are only held together by
physical entanglements and hydrogen bonding inter-
actions and thus, are known to lack long-term stability
in aqueous systems (Hossen et al. 2018) because their
interactions are dynamic. So, we hypothesized that
thiol-norbornene cross-links could increase stability
and control the modulus of the hydrogel in aqueous
media. A short, small molecule cross-linker, 2,2'-
(ethylenedioxy)diethanethiol) (DTDEG) was investi-
gated at various thiol to norbornene ratios (T/NB) in a
4 wt% nCNF suspension using a UV-light radical
initiator (12959) (Fig. 1b). Due to light scattering from
the fibrils, a 20-min irradiation time was used to ensure
complete crosslinking of the hydrogel. Before explor-
ing whether DTDEG cross-linking could be used to
form stable and controllable nCNF hydrogels, we first
ascertained whether it reacted with the surface
norbornene groups on the CNFs. Hydrogels were
synthesized at a T/NB of 2.5 using DTDEG, degraded
in cellulase, and analyzed by 'H-NMR spectroscopy,
which indicated complete reaction of the norbornene
group due to the complete disappearance of the
protons associated with the alkene (Fig. S3). More-
over, new weak peaks were observed in the spectrum
of the reacted nCNFs that corresponded to those for a
model reaction between 5S-norbornene-2,3-dicar-
boxylic acid and DTDEG (Fig. S3), which further
confirms that the thiol-norbornene product was
formed.

The ability to tune the compression modulus of
hydrogels was investigated by varying the amount of
the cross-linker added using the UV-initiated process.
The non-cross-linked hydrogels (no DTDEG added),
though holding their shape against gravity, tended to
not resist against compression stress and were mostly
untestable during compression testing as they would
not provide sufficient resistance for the load cell to
measure the force. This lack of dimensional stability
of uncross-linked versus cross-linked nCNFs was
underscored through observations of the hydrogels
stored in PBS (Fig. S4). Some samples could be
measured (Fig. 4a) without cross-linker (T/NB = 0) to
give an approximation for the apparent stiffness of the
native nCNFs. As demonstrated at Fig. 4a, higher
T/NB values increased the compression modulus up to
6 kPa at its maximum for a T/NB of 1.2 and then
decreased at higher T/NB. At T/NB greater than 1, the

number of thiols exceeded the number of norbornenes,
which saturates norbornene groups without forming
effective cross-links. A similar phenomenon has been
observed for soluble norbornene functionalized poly-
mers suggesting that the same factors affect the cross-
linking of nCNFs (Dadoo et al. 2017). Additionally,
the maximum modulus was expected at T/NB equal to
1 since this should be a stoichiometrically balanced
reaction and therefore yield the closest to ideal
network. However, the maximum was observed at a
T/NB of 1.2, which may be due to a systematic error
with calculating the concentration of norbornenes by
our method, the small molecule DTDEG not bridging
the relatively long distance between norbornene
groups on the surface of fibrils, or the formation of
some disulfide linkages between DTDEG. In all cases,
this reduction in cross-linking efficiency would be
observed.

Pursuing the hypothesis that the distance between
nCNFs prevented efficient DTDEG cross-linking,
dithiol-terminated polyethylene glycol (DTPEG) sam-
ples with M,, of 1.5 and 3 kg/mol were used to form
hydrogels over the same range of T/NB as DTDEG.
Unexpectedly, the same moduli as compared to the
DTDEG hydrogels were obtained with these polymer
cross-linkers under the same conditions (Fig. 4b). The
compression modulus of a hydrogel is inversely
related to the molecular weight between cross-links,
which has been demonstrated for thiol-norbornene
hydrogels (Jivan et al. 2016). Thus, using the higher
molecular weight DTPEG cross-linkers could be
expected to decrease the compression modulus for
CNFs as compared to DTDEG if efficient cross-links
were formed like those for soluble polymers. How-
ever, an opposite trend has been observed for TEMPO
oxidized CNF hydrogels, where longer cross-linkers
could span the gap between fibrils more efficiently and
lead to higher modulus values (ca. 3 kPa) (Syverud
et al. 2015). In our system, neither trend was observed
and similar compression modulus values are seen as a
function of T/NB regardless of the length of the cross-
linker, which could be due to the nanoscale and
micrometer scale hierarchical, fibrillar structure of
nCNFs. On an equivalent weight basis in water as
compared to soluble polymers or TEMPO oxidized
CNFs, the distance between the fibrils for the
mechanical refined material is greater because they
are larger colloids with chains densely packed into a
fibril, which leaves more distance between the fibrils
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Fig. 4 a Compression modulus of nCNF-DTDEG hydrogels
with varying T/NB values (4 wt% nCNFs) made by light
initiated (triangles) (365 nm at 10 mW/cm? for 20 min) and
thermal initiated (circle) gelation system (10 mM APS/TEMED
at 37 °C for 3 h). b Compression modulus of nCNF-DTPEG-

as compared to smaller colloids. Thus, a dithiol may be
more likely to react to norbornenes on the same fibril
as opposed to creating a link between two different
fibrils, so the cross-linking between fibrils is not as
effective. Some fibril-fibril linkages must be created,
though, because an increase in modulus and mechan-
ical stability is observed.

Another possible explanation for the small modulus
changes after cross-linking was that the UV light could
be scattered by the CNFs, which would significantly
reduce the effective light power and prevent cross-link
formation. To overcome the potential scattering,
thermal radical initiation was explored using the
redox initiator pair APS/TEMED. The compression
modulus values of these samples were slightly higher
than UV-initiated samples (Fig. 4a) for all the T/NB
values except for T/NB = 1.2, which doubled
(12 kPa). This slight increase in modulus with redox
initiators suggests that the small changes to modulus
during cross-linking was not likely related to UV light
scattering by the dispersion. Of note, during the
incubation samples would visibly contract and shrink
due to water evaporation when using the same molds
for the UV irradiation. The samples could regain the
original mold dimensions if placed in PBS after
gelation (see Table S2 in Supporting Information).
This shrinking could explain why a T/NB of 1.2
yielded a significantly higher modulus as the contrac-
tion during the reaction brought fibrils closer to each
other so that they were more likely to form cross-links
due to the higher local concentration. This behavior
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T/NB values (4 wt% nCNFs, 365 nm at 10 mW/em?® for
20 min). Error bars are standard deviations (n > 5). Hydrogels
were 4.5 mm in diameter and a total of 50 pL in volume

was further underscored by 3 wt% nCNFs APS/
TEMED initiated hydrogels yielding higher modulus
values than those with 4 wt% nCNFs (Fig. S5). These
results are consistent with contraction improving the
fibril-fibril linkages since the 3 wt% hydrogels shrank
more than the 4 wt% while heating to bring the fibrils
closer to each other. The 3 wt% hydrogels likely
shrank to a greater extent because the lower solids
content reduced hydrogen bonding between water and
nCNEF surfaces and therefore, more free water that was
easier to evaporate. This water evaporation led to the
contraction of the hydrogels due to capillary forces.
For both the 3 and 4 wt% APS/TEMED initiated
samples, the shrinking during crosslinking appears to
enable more successful chemical crosslinks, but does
not cause hysteresis of the hydrogels as they reswell
back the original mold’s dimensions, yielding the
same original CNF concentrations in the hydrogel.
These results demonstrate some inherent challenges
with adjusting the modulus of covalently cross-linked,
primarily CNF hydrogels due to the large fibril-fibril
distances in suspension and suggest that cross-linking
in a collapsed state can lead to greater modulus values
and control. Additionally, although varying the T/NB
did not provide a large range of compression modulus
when using the UV-initiator, the process enhanced
modulus and added dimensional stability in aqueous
media.
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Rheological behavior of hydrogels

Our previous work showed that norbornene function-
alization on CNFs lead to reduced fibril-fibril interac-
tions, which reduces the viscosity of dilute
suspensions (Fein et al. 2020). To further explore the
nature of the nCNFs and the hydrogels that were
formed through thiol-norbornene reactions, their rhe-
ological behavior was studied. At low frequency
(1 Hz) and strain (1%) the CNFs (Fig. S6) and nCNFs
(Fig. 5a) behaved as solids since the storage modulus
(G’) is higher than the loss modulus (G'). The
modification of CNFs to nCNFs significantly reduced
the storage modulus by half (14 kPa to 7 kPa at 4
wt%), which is consistent with our previous findings
that the norbornene functionalization disrupts the
fibril-fibril interactions that lead to the physical CNF
network. When the nCNF content was reduced from 4
to 3 wt%, an interesting consequence was that the
storage modulus at low strains dropped by orders of
magnitude (Fig. 5a). The same change in solids
content did not have as drastic an effect on the storage
modulus of the CNF suspension (Fig. S6), which
further supports the norbornene functionalization of
CNFs significantly altered how the fibrils interact with

® 4 wt%, G' A3wt%, G’
a) 100000 - e k)
10000 A 0000ccce,, O 4 Wt%, G" & 3wtk G =
= 00000000008eg a
S 1000 830, %
s °%® 3
= 100 ~ AAAAAAAAAL,, ‘e 3
° 4. s}
o 10 A+ ApaAApAAALAAALL AQAA S
= A, &
1 - A
0.1 T T T T 1

0.01 0.1 1 10 100 1000

Strain (%) d

c) 100000 )
’é'_-? 10000 c— am— - ' E
% 1000 D o amm G” 9
=] -—
El ey D D =
S 100 Ee]
o O o ] 2
s =

10
1+ T T r T T 1
0 200 400 600 800 1000 1200
Time (s)

Fig. 5 Rheological behavior of CNFs, nCNFs, and thermally
gelled nCNF-DTDEG hydrogels (T/NB =1, 10 mM APS/
TEMED, 3 h gelation at 37 °C). a Strain sweep at 1 Hz for 3
wt% (gray triangles) and 4 wt% (black circles) nCNF
suspensions at 37 °C where closed symbols indicate G’ and
open symbols indicate G”. Oscillatory strain step shear thinning

each other. However, at low strain, the storage
modulus did not change with frequency (1-10 Hz),
which indicated that these are physically entangled to
form a hydrogel. As expected, both CNFs and nCNFs
demonstrated shear thinning behavior demonstrated
by G” surpassing G’ at high strain (Fig. 5a and S6)
(Lotti et al. 2011).

Rheological measurements of the storage modulus
of thermally gelled samples also showed that varying
the T/NB did not cause large changes to the modulus,
yielding a doubling over native nCNFs to 13-15 kPa
at all T/NB values tested (Fig. S7). Strain sweeps of
the nCNF hydrogels confirmed incomplete cross-
linking occurred because the samples yielded at high
strain values, indicating the samples were still shear
thinning (Fig. S8). However, these rheological mea-
surements did confirm the visible observation that
nCNF hydrogels were more stable than the native CNF
and nCNF suspensions since the hydrogel yield strains
(strain where G” becomes greater than G’) were higher
(ca. 25% for the suspensions in Fig. S6 and 60% for
the hydrogel at 3 wt% solids). These rheological
measurements support the findings that cross-linking
nCNFs stabilize the physical network by adding in
effective covalent cross-links.
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measurements at 10 Hz with alternating low (0.5%) and high
(250%) strain in 2 min increments (after an initial 5 min
equilibration) for 4 wt% suspensions of b CNFs, ¢ nCNFs,
d nCNF-DTDEG hydrogel at 37 °C. Closed symbols indicate G’
and open symbols indicate G”
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CNF aqueous dispersions are shear-thinning mate-
rials (Lotti et al. 2011; Karppinen et al. 2012) due to
physical fibril-fibril interactions, which have enabled
their use as injectable scaffolds for regeneration and
cell culture (Rashad et al. 2017; Kuzmenkoa et al.
2018). Since all materials demonstrated a shear
thinning nature, we explored whether this shear
thinning was recoverable and repeatable for CNFs,
nCNFs, and a thermally cross-linked nCNF-DTDEG
hydrogel at T/NB equal to one, using oscillatory strain
step experiments (Figs. 5b, c). All three samples
exhibit a shear-thinning character when they initially
were sheared to 250% strain as their storage modulus
reduced by three orders of magnitude. When the strain
was reduced back to 0.5%, all samples did not fully
recover back to their initial modulus values from when
they were originally loaded into the rheometer. CNFs
and nCNFs recovered 40% of their modulus and the
nCNF-DTDEG recovered only 27% of the value. This
modulus loss suggests that the network and/or fibril-
fibril interactions are different upon the initial appli-
cation of high shear, which may be due to the fibrils
finding an equilibrium state upon application of high
shear or some thiol-ether linkages breaking. However,
subsequent high shear steps did not reduce the low
shear storage modulus from this new value and less
than 20 s at low strain was required to reach 90% of
the previous low strain storage modulus (Figs. Sb—d).
This same behavior was observed for the lower solids
content materials as well (Fig. S9). The storage
modulus for the 3 wt% hydrogel measured on the
rheometer was significantly lower than that measured
for compression modulus, which was likely due to the
fact that the hydrogel was formed between the
geometry and the plate, reducing shrinkage and
chemical crosslinks from being formed. The shear
thinning character and the rapid recovery of modulus
is consistent with fibrils entangling at low strain and
under shear aligning to flow (Lotti et al. 2011). The
initial reduction of storage modulus could be as a
result of hydrogen bond formation between aligned
fibrils that is broken with the initial shear (Lotti et al.
2011). The recovery of nCNFs and nCNF-DTDEG
modulus also showed that functionalization and even
thiol-norbornene cross-linking did not completely
change the interactions between fibrils. The shear
thinning behavior of the nCNF-DTDEG hydrogels
also confirms that the materials are not completely
cross-linked, but rather the thiol-norbornene reaction
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links some number of fibrils together that decreases
overall mobility of the fibrils and subsequently
increases the stability of the physical hydrogel in
water.

Conclusions

Using a straightforward procedure, mechanically
refined, hydroxyl functionalized CNFs could be mod-
ified with pendent norbornene groups. The degree of
functionalization could be controlled by varying the
concentration of 5-norbornene-2,3-dicarboxylic anhy-
dride in reaction media to a point at which the degree
of functionalization plateaued. Though relative func-
tionalization could be tracked with infrared spec-
troscopy, enzymatic degradation of the nCNFs with
subsequent 'H-NMR analysis could be used to quan-
tify the actual degree of functionalization. The nCNFs
reacted with dithiol cross-linkers under UV-light
stabilized CNF hydrogels in aqueous environments
and controlled hydrogel compression modulus, which
could enable these materials for biomedical and
sustainable material applications. The length of dithiol
cross-linker did not affect compression modulus,
which was likely due to challenges associated with
the cross-linker spanning the distance between fibrils
to form effective cross-links. Thermal gelation with
dimensional contraction brought fibrils closer together
so they could form effective cross-links and subse-
quently higher modulus values. Though stabilized,
nCNF hydrogels still exhibited shear thinning behav-
ior consistent with an incomplete chemical network.
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