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ABSTRACT: Thermoresponsive hydrogels present unique properties, such as tunable mechanical performance or changes in
volume, which make them attractive for applications including wound healing dressings, drug delivery vehicles, and implants, among
others. This work reports the implementation of bioinspired thermoresponsive hydrogels composed of xyloglucan (XG) and
cellulose nanocrystals (CNCs). Starting from tamarind seed XG (XGt), thermoresponsive XG was obtained by enzymatic
degalactosylation (DG-XG), which reduced the galactose residue content by ∼50% and imparted a reversible thermal transition. XG
with native composition and comparable molar mass to DG-XG was produced by an ultrasonication treatment (XGu) for a direct
comparison of behavior. The hydrogels were prepared by simple mixing of DG-XG or XGu with CNCs in water. Phase diagrams
were established to identify the ratios of DG-XG or XGu to CNCs that yielded a viscous liquid, a phase-separated mixture, a simple
gel, or a thermoresponsive gel. Gelation occurred at a DG-XG or XGu to CNC ratio higher than that needed for the full surface
coverage of CNCs and required relatively high overall concentrations of both components (tested concentrations up to 20 g/L XG
and 30 g/L CNCs). This is likely a result of the increase in effective hydrodynamic volume of CNCs due to the formation of XG-
CNC complexes. Investigation of the adsorption behavior indicated that DG-XG formed a more rigid layer on CNCs compared to
XGu. Rheological properties of the hydrogels were characterized, and a reversible thermal transition was found for DG-XG/CNC
gels at 35 °C. This thermoresponsive behavior provides opportunities to apply this system widely, especially in the biomedical field,
where the mechanical properties could be further tuned by adjusting the CNC content.

■ INTRODUCTION

Over the past few decades, there has been a focus on the
fabrication of biobased structures with a low environmental
footprint that simultaneously boast high mechanical perform-
ance associated with responsive or switchable behaviors. With
this aim, biological structures, such as those in the primary
plant cell wall, can be a source of inspiration. In nature, the
plant cell wall provides strategies and exquisitely designed
assemblies, which allow the association of a soft matrix and
hard materials that result in impressive and tunable properties.
The primary plant cell wall is composed of cellulose,

hemicelluloses, and pectin, which form an intricate swollen
network that can be described as a hydrogel. In the primary
cell wall, the cellulose component exists as a collection of long

microfibrils, with nanoscale transverse dimensions, that are in
close association with hemicelluloses, such as xyloglucan (XG).
The exact role of XG in planta is still a matter of debate, but it
has been proposed that it acts both as a tether between
cellulose microfibrils as well as a polymer coil that influences
the mechanical behavior of the plant cell wall.1,2 Nevertheless,
interactions between cellulose and XG have been widely
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studied for decades,2−4 and XG adsorption to cellulose surfaces
is now understood as an entropically driven process that can be
modulated by kinetic effects and/or by the limited solubility of
hemicelluloses in water.5−8

The nanoscale characteristics of the cellulose microfibrils in
the plant cell wall can be mimicked by isolating nanocelluloses
for in vitro studies or for the implementation of bioinspired
materials.9−13 Nanocelluloses are a class of sustainable
nanomaterials that can be divided into two categories: cellulose
nanofibrils (CNFs) and cellulose nanocrystals (CNCs). The
latter corresponds to the crystalline regions of the cellulose
microfibrils that can be isolated through acid hydrolysis or
oxidation. CNCs are high aspect ratio rod-shaped nano-
particles that have been used in many applications due to their
excellent mechanical properties, colloidal and thermal stability,
ability to stabilize emulsions and foams, and low toxicity.14−16

These properties make CNCs excellent candidates to be used
as building blocks for various hydrogel materials.17

Hydrogels are three-dimensional water-swollen networks
formed through chemical bonding or physical interactions
between polymers and/or particles. They are used in industrial
applications such as personal care products, food, and
pharmaceuticals as well as in the field of regenerative
medicine.18 Hydrogels, in most of the cases, are composed
of a single polymer that can be covalently or not cross-linked.
A way to enhance hydrogel properties is the implementation of
more complex mixtures, and an elegant strategy is to take
advantage of self-assembly capabilities of polymer/nanoparticle
systems. Indeed, hydrogels composed of nanoparticles and
polymers display enhanced properties such as efficient tunable
and self-healing properties, high water content, and moldability
or strong and rapid adhesion.19−22 However, the mechanism of
the formation of polymer/nanoparticle hydrogels, and more
specifically those made from a mixture of CNCs and polymers,
remains still to be investigated in depth; these systems are
complex because gelation can arise either from depletion forces
or from polymer−CNC interactions that result in cross-linking
or gel stabilization through steric hindrance.17,23−25

Among other amazing functional properties, hydrogels can
present thermoresponsive behaviors when they are composed
of polymers displaying abrupt changes in solubility in response
to an increase in temperature. This behavior is also termed a
lower critical solution temperature (LCST) and is generally
viewed as a phenomenon governed by the balance of
hydrophilic and hydrophobic moieties within a polymer.
Some natural polymers display such responsive behavior,
among which polysaccharides are a class of interest due to their
large availability and structural versatility.26−29 In addition to
its affinity for cellulose, XG can also display thermoresponsive
behavior when appropriate structural modification is achieved.
The XG backbone is typically arranged in blocks of four
successive glucose units, three of which carry a flexible α-(1,6)-
linked D-xylosyl substituent that can be modified to yield β-D-
Gal-(1,2)-α-D-Xyl side chains. Partial removal of galactose
residues results in degalactosylated XG (DG-XG), which has
been reported to exhibit thermoresponsive behavior.30

Conversely, CNC-based thermoresponsive hydrogels have
also been previously reported and are generally obtained
through CNC surface functionalization via either chemical
grafting or adsorption with thermoresponsive polymers.31−35

However, to the best of our knowledge, there are no reports of
thermoresponsive hydrogels obtained by a straightforward
green method, such as combining XG and CNCs through

simple mixing. Inspired by the strong specific interactions
between XG and CNCs, our aim was to investigate the
thermoresponsive behavior of Tamarind seed polysaccharide/
nanocellulose hydrogels consisting of hard, reinforcing
colloidal CNCs and soft XGu or DG-XG polymers.

■ EXPERIMENTAL SECTION
Materials. CNCs purchased from CelluForce (Canada) were

obtained as a spray-dried powder in the sodium salt form. CNCs were
produced by sulfuric acid hydrolysis of bleached kraft pulp. According
to product specifications, the CNCs have a particle cross section of
2.3−4.5 nm (by atomic force microscopy, AFM), particle length of
44−108 nm (by AFM), crystalline fraction of 0.88 (by X-ray
diffraction), and sulfate content of 246−261 mmol/kg, in agreement
with previous reports.36 Tamarind seed polysaccharide (XGt) was
purchased from DSP Goyko Food & Chemical (Japan) and was
precipitated in ethanol before use to remove low molecular weight
impurities, especially glucose. β-Galactosidase from Aspergillus oryzae
was purchased from Sigma-Aldrich (USA).

Preparation of Degalactosylated Xyloglucan (DG-XG).
Enzymatic modification of XGt was performed according to the
protocol of Brun-Graeppi et al.37 Modification of 2 g of 20 g/L XGt
was performed at pH 5 (phosphate buffer) and 50 °C with an
enzyme:substrate ratio of 0.37 U/mg XGt. The starting transparent
solution was left to stir for 22 h, becoming progressively cloudy as the
reaction proceeded. The reaction was cooled by stirring in an ice bath.
As the temperature decreased, the solution became transparent again.
The resulting DG-XG solution was poured into 400 mL of cold
ethanol. The precipitate was vigorously stirred, filtered, washed with
ethanol and diethyl ether, then dried in a crystallization dish under
ambient conditions.

Preparation of Ultrasonicated Xyloglucan (XGu). XGt was
subjected to ultrasonication to obtain polymers with reduced molar
mass (XGu).7 XGt solution (200 mL at 10 g/L) was sonicated for 40
min at 25% of the maximum amplitude by using a Q700 sonicator (20
kHz, 700 W maximum output, Qsonica LLC, Newtown, CT) with a
12.5 mm diameter titanium microtip. Every 5 min, the solution was
homogenized by magnetic stirring. The final XGu solution was
dialyzed (dialysis tube molecular weight cutoff of 3.5 kDa) and freeze-
dried.

Preparation of CNC Suspensions and XGt, XGu, and DG-XG
Solutions. A CNC suspension was prepared by dispersing powdered
CNCs in deionized water (18.2 MΩ cm resistivity, Millipore Milli-Q
purification system). The 30 g/L suspension (150 mL) was sonicated
for 5 min at 50% amplitude, with an ultrasonic probe (Q700
sonicator, 20 kHz, QSonica LLC., Newtown, USA) equipped with a
12.5 mm diameter titanium microtip. XG solutions were prepared by
dissolving the different XG fractions (XGt, DG-XG, and XGu) into
deionized water. The XGt and XGu solutions were prepared by
stirring at 40 °C, while the DG-XG solution was mixed at 4 °C (to
prevent gelation).

Carbohydrate Analysis. Identification and quantification of
neutral sugars of the different XG samples (XGt, DG-XG, and
XGu) were performed by gas chromatography after sulfuric acid
degradation. Each XG sample (5 mg) was dispersed in 13 M sulfuric
acid for 30 min at 30 °C and then hydrolyzed in 1 M sulfuric acid (2
h, 100 °C). Sugars were converted to alditol acetates according to
Blakeney et al.38 and chromatographed in a TG-225 GC column (30
m × 0.32 mm ID) using a TRACE Ultra gas chromatograph (Thermo
Scientific; temperature 205 °C, carrier gas H2). A standard sugar
solution and inositol as internal standard were used for quantification.
After degalactosylation treatment, the galactose residue release (GRR)
was determined according the following calculation: GRR = (% GalXGt
− %GalDG‑XG)/%GalXGt × 100.

High-Performance Size-Exclusion Chromatography
(HPSEC). XG samples were dissolved at 5 g/L in 50 mM NaNO3
(99% Sigma Ultra S8170-250G) and filtered at 0.1 μm before
measurement. The eluent consisted of 50 mM NaNO3 containing
0.02% NaN3 and was filtrated through a 0.1 μm pore membrane. The
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samples were eluted at 0.6 mL/min on a Shodex OHpak SB-805 HQ
column (8 mm × 300 mm). The online molar mass, refractive index,
and intrinsic viscosity were measured by a multiangle laser light
scattering (MALLS) detector (mini-Dawn, Wyatt, USA), a differential
refractometer (ERC 7517 A), and a differential viscometer (T-50A,
Viscotek, USA), respectively.39 Molar masses were determined by
using ASTRA 1.4 software (Wyatt, USA). The concentrations of
eluted xyloglucans were calculated by using a refractive index
increment dn/dc = 0.147 mL/g. This method allows a more accurate
determination of peak concentrations and thus of molar mass.
Quartz-Crystal Microbalance with Dissipation (QCM-D).

QCM-D measurements were performed by using a Q-Sense E4
instrument (Sweden) with piezoelectric AT-cut quartz crystal sensors
coated with gold electrodes (QSX301, Q-Sense). A driving voltage
was applied across the gold electrodes at the fundamental frequency
of f 0 = 5 MHz. Frequency and dissipation changes were measured for
the third, fifth, and seventh (n = 3, 5, and 7) harmonics
simultaneously. Frequency and dissipation changes were normalized
to the harmonic number (n). Because materials that adsorb to the
sensor surface induce a decrease in the resonance frequency ( f), the
amount of material adsorbed can be related to the change in
frequency (Δf/n).
To study the adsorption of different XG types to CNCs, XGu and

DG-XG were adsorbed onto CNC-coated sensors and measured by
QCM-D. Gold-coated quartz crystals were first cleaned with piranha
solution (3:1 H2SO4:H2O2) for 15 min and rinsed with ultrapure
water. The cleaned sensors were spin-coated (Spin 150 wafer spinner,
accelerated at 180 rpm/s to 3600 rpm for 60 s) with an anchoring
layer of poly(allylamine hydrochloride) (PAH, 4 g/L). A 30 g/L
CNC suspension was then dropped onto PAH-coated sensors and
allowed to adsorb for 5 min before spin coating at 3600 rpm for 60 s.
Freshly prepared CNC-coated quartz crystal sensors were then placed
in the QCM-D modules and equilibrated at 4 °C, while flowing
deionized water over the sensors for 1 h to establish a stable baseline
(<1−2 Hz shift over 15 min) in the frequency response. Either XGu
or DG-XG at different concentrations (0.01, 0.1, and 1 g/L) were
injected at 50 μL/min and allowed to adsorb onto the CNC-coated
sensors for 1 or 16 h. After the adsorption step, water was injected for
10 min to remove any loosely bound XGu or DG-XG. Normalized
frequency shifts for the third harmonic were directly compared.
Inverted Test Tube Method for Phase Diagram. To obtain

phase diagrams, mixtures of different ratios of XGu or DG-XG and
CNCs were prepared at ambient temperature by varying the
concentrations of XGu or XG-DG (0−20 g/L) and CNCs (0−30
g/L) to produce final volumes of 3 mL. The mixtures were vortexed
before putting them in a cold room at 4 °C or in a water bath at 60 °C
for a few minutes, and then the inverted test tube method was
performed for each sample by turning the tube upside down to submit
it to its own weight. Gelation was visually determined by assessing
whether the mixtures flowed or not, 5 min after mixing. The
reversibility of the sol−gel transition was evaluated by submitting
samples to alternating high (60 °C) and low (4 °C) temperature, ten
times successively.
Rheology. Rheological measurements were performed by using a

stress-controlled rheometer AR-2000 (TA Instruments) equipped
with a truncated cone (40 mm diameter, 2° cone). The storage (G′)
and loss (G′′) moduli were measured at an angular frequency of 1 Hz.
The imposed stress was chosen within the linear response regime.
Temperature ramps were performed by using a rate of 0.5 °C/min.
Samples were covered with paraffin oil to prevent sample evaporation.
Samples were submitted to two heating/cooling cycles and displayed
reproducible behavior.
Polarized Optical Microscopy (POM). POM was performed by

using an upright Olympus system microscope (Model BX51) with
crossed polarizers and a 530 nm retardation plate (U-TP530). Digital
images were taken of samples between the microscopy slide and the
cover glass by using a Sony XCD-SX90CR charge-coupled device
camera. The microscope was equipped with a HS82 heated stage
(METTLER TOLEDO) allowing temperature control under the
microscope.

■ RESULTS AND DISCUSSION
Enzymatic Modification of Xyloglucan and Charac-

terization. Previous studies have reported that a partial
removal (typically 20−40%) of the galactose substituent of XG
leads to thermally induced gelling properties.30,37,40,41 Accord-
ing to the protocol of Brun-Graeppi et al., a 2% solution of XGt
was mixed with β-galactosidase at 50 °C.37 Selective removal of
the galactose moieties induced thermoresponsive behavior
(Figures 1a,b). As the reaction proceeded, the solution

progressively turned into a gel-like phase since the reaction
temperature was higher than the LCST. Cooling the mixture at
the end of the reaction reversed the gelation, turning the
mixture back to a liquid in a transparent state. This experiment
suggests that degalactosylated XGt displays thermoresponsive
behavior. Nevertheless, before evaluating the functionality of
the modified DG-XG, we investigated the structure and
composition of native and modified XG types.
The monosaccharide composition of XGt was determined

and is reported in Table 1. Native XGt is composed of glucose,
xylose, and galactose. After the enzymatic reaction with β-
galactosidase, the galactose content was significantly decreased
(∼16% dry weight for XGt vs ∼8% dry weight for DG-XG),
confirming β-galactosidase activity during enzymatic modifica-
tion. In addition to monosaccharide composition, we also
monitored the molar mass of XG before and after
degalactosylation, since molar mass is a key parameter for
rheological properties, interactions between XG and cellulose,
and gelation behavior. HPSEC was used to investigate the
macromolecular characteristics of the native and modified XG
types. The starting weight-average molar mass (Mw) of XGt
was in the range of 8.4 × 105 g/mol, which agrees with earlier
results from our group and others.7,37,41 After degalactosyla-
tion, Mw was found to be significantly lower, in the range of 3.3
× 105 g/mol. A similar trend was previously reported for XGt
that had undergone a degalactosylation reaction,37,41 and the
lower molar mass was mainly attributed to aggregation that
could reduce the solubility of the largest XGt chains, resulting

Figure 1. Enzymatic modification of XGt by β-galactosidase (a).
Inverted test tube assay for XGu (b) and DG-XG (c) at 4 and 60 °C.
XGu remains a liquid at both temperatures while DG-XG becomes a
gel at high temperatures. All measurements were performed with 20
g/L XGu or DG-XG.
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in a selection of molecules that tended toward lower molar
mass. However, in our case, the recovery yield in HPSEC
remained high (recovery was ∼80% for XGt and XGu and
∼70% for DG-XG), suggesting that the degalactosylated
sample as a whole presented a lower mass than the starting
material. In light of these results, we cannot rule out the
presence of contaminant endoglucanase activity in the enzyme
mixture used, which could induce chain cleavage or elimination
of high molar mass fractions during the degalactosylation
reaction and purification.
Because molar mass is a critical parameter known to affect

XG-CNC interactions and gelation,7,42 we prepared a XG with
a similar molar mass to that of the DG-XG. To accomplish this,
XGu was prepared by ultrasonication according to a previously
reported procedure.7,42 By careful adjustment of the dwell time
and the ultrasonic energy input, it was possible to achieve
accurate fractionation and prepare a sample with Mw and Mn

values that closely match DG-XG (Table 1). Nevertheless, it
should be noted that Rg of DG-XG was slightly higher than
that of XGu. This variation can be attributed to a change in the
XG polymer chain conformation due to removal of galactose
moieties. Thus, for relevant comparison between polymers
with similar molar mass XGu, rather than XGt, and DG-XG
were selected for the results presented in the next sections.

We investigated the rheological behavior of XGu, which has
a high galactose content, and DG-XG, which has approx-
imately half the amount of galactose (GRR = 49%, Table 1).
Brun-Graeppi et al. have studied the relationship between the
GRR and the thermal gelation of degalactosylated XG in prior
work.37 Reversible gelation was observed when the GRR
reached a value of about 30%, where a decreasing LCST was
observed with increasing GRR. Our investigation of the
rheological temperature dependence of the XG samples at 20
g/L indicated a crossover of the storage (G′) and loss (G″)
moduli at 35−40 °C (corresponding to the LCST and point of
gelation) in the case of DG-XG (Supporting Information,
Figure S2). In contrast, G″ remained higher than G′ at all
temperatures for XGu (Figure S2). Cooling the DG-XG
sample decreased the G′ value with hysteresis from the heating
curve likely due to a cooperative process of chain association
that would speed up the gelation process and slow down the
dissociation process. Nevertheless, the gel−sol transition
occurred, confirming the reversibility of gelation (Figure S2).
The sol−gel transition was also qualitatively demonstrated by
the inverted test tube method. After heating to 60 °C, the DG-
XG solution did not flow (Figure 1c) while the solution of
XGu remained a liquid (Figure 1b).

Evaluation of CNC/XGu and CNC/DG-XG Interactions.
Figure 2 presents the phase diagrams for XGu/CNC (Figures

Table 1. Monosaccharide Composition (Dry Weight %), Galactose Residue Release (GRR), Weight- and Number-Average
Molar Mass (Mw and Mn), Radius of Gyration (Rg, nm), and LCST (°C) of Native XGt, XGu, and DG-XGa

Xyl (wt %) Gal (wt %) Glc (wt %) GRR (%) Mw (103 g/mol) Mn (10
3 g/mol) Rg (nm) LCST (°C)

XGt 32.7 ± 0.9 16.1 ± 0.3 51.0 ± 0.4 0 840 674 72
XGu 31.2 ± 0.8 15.6 ± 0.2 51.4 ± 0.3 0 326 214 32
DG-XG 34.1 ± 0.7 8.2 ± 0.1 57.6 ± 0.3 49 303 224 42 35

aFigure S1 displays HPSEC traces and molar mass distribution.

Figure 2. Phase diagrams determined by the inverted test tube method for XGu (a, c) and DG-XG (b, d) mixed with CNCs at different ratios and
at 4 °C (a, b) and 60 °C (c, d). Representative images of the different phases observed are displayed in Figure S3.
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2a,c) and DG-XG/CNC (Figures 2b,d) mixtures at different
concentration ratios and at two temperatures (4 °C, Figures
2a,b; 60 °C, Figures 2c,d). The phase diagrams were obtained
from qualitative observations of the inverted test tube assays.
Several phases were identified and classified as (1) liquid, when
the mixture flows easily; (2) viscous liquid, when the mixture
flowed slowly along the wall of the tube; and (3) gel, when the
mixture did not flow under its own weight during inversion
(Figure S3). In the case of DG-XG/CNC, an additional fourth
phase consisting of phase separation was identified, where
upon heating the mixture went from translucent to milky and
two distinct phases could be seen during inversion. We note
that CNC suspensions on their own did not gel in the
concentration range examined (0−30 g/L) as their gelation
concentration is known to be significantly higher.43 This
indicates that the gels formed as a result of physical
interactions between CNCs and XGu or DG-XG.
The phase diagrams for the XGu/CNC mixtures are very

similar at 4 and 60 °C. The main difference between the phases
across the two temperatures is the transition from a viscous
liquid to liquid, indicating a decrease in viscosity with
increased temperature. Gelation occurs at high CNC and XG
concentrations for both XGu and DG-XG, suggesting that the
XG-CNC interactions induce the formation of a network (30

g/L CNCs, Figure 2). Hydrogel stabilization is reminiscent of
our recent results obtained on arabinoxylan/CNC mixtures; in
this system, stabilization resulted from a combination of the
steric repulsion between arabinoxylan/CNC complexes due to
arabinoxylan chain/chain interactions, the electrostatic repul-
sions due to the surface charges of CNCs, and associative
interactions between arabinoxylans/CNC complexes mediated
by arabinoxylan chains.42 This mechanism mirrors that of
attractive glasses, in which both attractive and repulsive
interactions are significant but where the repulsive interactions
dominate.44 Furthermore, dilution does not induce the
breaking of the gel, suggesting that hemicellulose/nano-
cellulose gel systems are different from the volume-arrested
state observed in the gelation of pure nanocellulose.45 Phase
diagrams for DG-XG/CNC mixtures are more complex and
differ from those of XGu/CNC. At 4 °C, gelation occurs only
at the highest CNC concentration tested, suggesting that
degalactolysation effectively changed the architecture of the
network. This part of the phase diagram remains unchanged
when the temperature is increased. However, two notable
changes can be seen for the other DG-XG/CNC ratios. First, a
phase separation domain appeared at intermediate concen-
trations of CNCs and DG-XG (gray zone, Figure 2d).
Increasing the temperature introduced the appearance of

Figure 3. QCM-D traces of XGu and DG-XG adsorption onto CNC-coated sensors. Normalized frequency (Δf/n) and dissipation (ΔD) traces vs
time for the third harmonic for XGu (a) and DG-XG (b) aqueous solutions injected at different concentrations: 0.01 g/L light green (dissipation)
and dark green (frequency); 0.1 g/L yellow (dissipation) and orange (frequency); and 1 g/L light blue (dissipation) and dark blue (frequency).
The arrows indicate when XGu and DG-XG samples were injected and the rinsing step with deionized water. Dissipation as a function of
normalized frequency change for XGu (c) and DG-XG (d) is shown at three concentrations: 0.01 g/L (green), 0.1 g/L (orange), and 1 g/L (blue).
Black lines are to guide the eye and indicate the different slopes observed.
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particles that settled out of suspension. Remarkably, the phase
separation did not disappear when the mixtures were cooled,
suggesting the formation of large irreversible aggregates.
Second, a thermoresponsive gel phase was formed at 20 g/L
DG-XG with CNC concentrations below 20 g/L (red zone,
Figure 2d). The gel was formed only at high temperature,
which transitioned back to a viscous liquid when the mixture
was cooled. Temperature cycling resulted in the transition
between liquid and gel, demonstrating that reversible
thermoresponsive DG-XG/CNC hydrogels can be achieved.
These results raise the question of how the interactions

between CNCs and DG-XG compare to those between CNCs
and XG variations with a higher degree of galactosylation. The
XGu/CNC and DG-XG/CNC interactions were investigated
by monitoring XGu and DG-XG adsorption profiles on CNC
surfaces through QCM-D experiments. The two XG variants
(XGu and DG-XG) were adsorbed onto CNC-coated QCM-D
sensors, as previously described.6,7 Adsorption experiments

were run at low temperature (4 °C) to avoid any gelation and
subsequent clogging of the QCM-D microfluidic channels. For
both XGu and DG-XG, at all injection concentrations, it was
observed that immediately after injection the frequency
dropped and the dissipation increased (Figures 3a,b),
indicating fast polymer adsorption to the CNC films. However,
the adsorption trends observed for XGu and DG-XG display
clear differences.
In the case of XGu, the frequency signal stabilized in <1 h

while the DG-XG signal only stabilized after 1 h for the lowest
concentration tested (0.01 g/L). For the two higher
concentrations (0.1 and 1 g/L), stabilization occurred after
several hours of continuous injection despite 80−90% of the
adsorption occurring in the two first hours (Figure S4). Water
injection (i.e., rinsing) did not induce a substantial change in
the frequency value for any of the samples, indicating that the
adsorption onto the CNC surface was irreversible for both
XGu and DG-XG. Similar final frequency shift values (−12

Figure 4. Temperature dependence of the storage (G′) and loss (G″) moduli for different CNC and XGu/DG-XG concentrations. The phase
diagrams at 60 °C in Figure 2 are shown again with the various regions labeled a−h which correspond to the respective rheology plots. Typical G′
and G″ values are reported in Table S1.
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Hz) were obtained for the lowest XGu and DG-XG
concentrations (0.01 g/L). Conversely, significantly different
values were measured for the higher concentrations, where Δf/
n reached −20 and −25 Hz for XGu and −31 and −52 Hz for
DG-XG for 0.1 and 1 g/L concentrations, respectively (Figure
3 and Figure S4). Differences in the final surface concentration
according to the injected concentration have been reported
previously for the adsorption of hemicelluloses to cellulose,
whereby both kinetic and thermodynamic adsorption mecha-
nisms explain the differences observed.6−8 Overall, at higher
XG concentrations, more DG-XG adsorbed to the CNC-
coated surface than XGu.
To further contrast the adsorption behavior of DG-XG and

XGu, we plotted the change in dissipation as a function of the
normalized frequency shift to remove time as an explicit
parameter (Figures 3c,d). At low frequency shifts, the slope
ΔD/(Δf/n) is small, suggesting the adsorption of a relatively
rigid layer with lower hydration. The slopes measured are
identical for both XGu and DG-XG (0.05 Hz−1). At higher
frequency shifts (10 Hz < Δf/n < 20 Hz), the increase in slope
indicates the formation of a more viscous layer. This is likely
linked to a more hydrated layer and a conformational change
of the adsorbed polymer chains, from an extended and less
hydrated conformation to a more hydrated layer with loops
and tails. The slope is slightly lower for DG-XG than for XGu
(0.18 vs 0.21 Hz−1), suggesting the formation of a more rigid
structure on CNCs in the case of the partially degalactosylated
sample. In the earlier stages of absorption, the interaction
between DG-XG and CNCs appears to exhibit a tighter
association compared to XGu and CNCs, likely because the
XG backbone can more easily interact with the cellulose
surface when fewer galactose side chains are present. For
frequency shifts up to −25 Hz, interactions between XG chains
may play a more significant role, and DG-XG continues to
form denser (more tightly packed) layers, as noted from the
smaller slope compared to XGu. One explanation for this
behavior is that the degalactosylated regions could promote
chain association between DG-XG loops and tails, resulting in
increased number of contact points forming a denser network.
In contrast, the self-association of XGu is less favorable; the
presence of galactose substituents that sterically hinder
interactions between neighboring XGu chains results in fewer
contact points and therefore a less dense network. This
assumption is supported by rheology investigations that report
only weak interactions between XGt or XGu chains with
higher galactose content than DG-XG.46

Rheological Properties of Hydrogels. The rheological
behavior of XGu/CNC and DG-XG/CNC mixtures was
investigated for different regions of the phase diagram, with
a focus on the evolution of the storage (G′) and loss (G″)
moduli as a function of temperature, to characterize the
thermoresponsive properties of the mixtures (Figure 4). In all
cases, the CNC concentrations used for these experiments
were far below the expected limit of CNC gelation.43 It has
also been reported previously that temperature has little effect
on the rheological properties of CNC suspensions.43 However,
upon mixing the different types of XG with CNCs, gelation
and a temperature dependence were observed.
In the first region (Figures 4a−c for XGu and Figures 4e−g

for DG-XG), the CNC concentration was increased while
concentrations of both types of XG were kept constant at 20 g/
L. This section of the phase diagram (Figure 2) is in agreement
with previous work, which showed that unmodified XGt does

not display thermal sensitivity at concentrations of up to 20 g/
L.37 The second region (Figures 4c,d for XGu and Figures 4g,h
for DG-XG) corresponds to a constant CNC concentration of
30 g/L and two different XG concentrations (5 and 20 g/L).
At these concentrations, the XG/CNC mixtures formed a gel
at both low and high temperatures.
Mixtures of CNCs with XGu, which has a high degree of

galactose side chains, resulted in gel formation at high XGu/
CNC ratios and concentrations, in agreement with our recently
reported results.42 An increase of the mechanical properties of
the gel was observed, as expected, during the temperature
sweep. At low CNC concentration, specifically for 1 g/L CNCs
and 20 g/L XGu (Figure 4a), the mixture behaved as a liquid;
G″ displays a higher value than G′. Increasing the CNC
concentration led to gel formation, which is demonstrated by
the higher G′ value compared to G″ (Figures 4b,c) and agrees
with the inverted test tube results. Increasing the CNC
concentration 3-fold (from 10 to 30 g/L) induced a 13-fold
increase in G′ (from 10 to 130 Pa), illustrating the reinforcing
effect of CNCs. In the case of the second region of the phase
diagram (Figures 4c,d), gelation occurred for all XGu
concentrations >5 g/L, since G′ is higher than G″ at all
temperatures. From these results, it appears that gelation of
XGu/CNC mixtures requires two conditions:

(1) A XGu/CNC ratio higher than the ratio needed for the
full surface coverage of CNCs. Indeed, we previously
reported the XG adsorption isotherm on CNC and the
surface saturation concentration can be estimated to
200−250 mg XG/g CNCs.47 In all the conditions where
gelation occurs, XGu is in excess compared to CNCs’
surface availability, suggesting that CNCs’ surfaces are
crowded.

(2) A simultaneous high concentration of both CNCs and
XGu. Gelation does not occur if XGu and CNC
concentrations are too low.

This suggests that gelation is likely linked to the formation of
XGu-CNC complexes mediated by XGu adsorption onto the
CNC surface, which increases the effective hydrodynamic
volume as suggested in previous studies.23,42 At this point the
role nanoparticle/polymer self-assembly should be emphasized
as an efficient strategy to achieve hydrogel materials without
the need of a complex synthetic approach. The use of high
aspect ratio nanoparticles such as CNCs should favor steric
crowding, leading to gel formation associated with a high
affinity of XG for the cellulose surface, which might be an
important driving force of the gel formation. Indeed, polymer
adsorbed layers on nanoparticles increase tremendously the
effective volume fraction of the particle and the rigid core,
leading to stiff supramolecular complexes displaying steric
hindrance.48−50

Mixing DG-XG and CNCs reveals more complex behavior
than that of XGu/CNC mixtures. When the concentration of
DG-XG is kept constant at 20 g/L and the CNC concentration
is varied, at low temperature only the highest CNC
concentration (30 g/L) resulted in gel formation (Figure
4g). For the lower CNC concentrations tested (Figures 4e,f),
G′ crossed over G″ during the course of the temperature
sweep, indicating a change in the mechanical behavior from
liquid to solidlike. Even at the highest CNC concentrations, a
small but noticeable jump in G′ occurred (Figure 4g).
Furthermore, increasing the CNC concentration did not
influence the LCST value (35 °C) compared to DG-XG
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alone (Figure 1). Temperature cycling also demonstrated the
reversibility of the gelation process, where the kinetics appear
to be close to those of DG-XG alone. This implies that the
thermoresponsive properties of the hydrogels are strongly
linked to DG-XG self-association, and interactions between
CNCs and DG-XG do not modify the thermal transition value.
The thermoresponsive properties of these materials are within
a range of temperatures that could be of interest for biomedical
applications (i.e., close to body temperature).
Increasing the CNC concentration also led to a higher G′ at

the plateau value after the thermal transition. G′ is upward of
1000 Pa (Figure 4g) compared to values 10 times lower for the
lowest concentration of CNCs (Figure 4e). It should also be
noted that for similar mixture concentrations the G′ values in
all cases are significantly higher for DG-XG/CNC than for
XGu/CNC, suggesting that DG-XG/DG-XG interactions are
more efficient and more effectively strengthen the hydrogel
network. This observation is in agreement with the greater
adsorption and more rigid layer of DG-XG than XGu on
CNCs as measured by QCM-D. Comparison of the highest
CNC concentration at two DG-XG concentrations (Figures
4g,h) reveals different behaviors. The addition of 5 g/L DG-
XG to 30 g/L of CNCs led to gel formation; however, no
mechanical transition was observed during the temperature
sweep. This result indicates that DG-XG association does not
change with temperature (i.e., no thermally induced associa-
tion), while at a higher DG-XG concentration a small
transition is visible. The difference between these two mixtures
is primarily the DG-XG:CNC ratio. This change might
indicate a lack of availability for DG-XG chains to self-
associate in response to temperature, possibly due to the low
amount of free (or mobile) DG-XG chains as a result of DG-
XG-CNC interactions. It should also be noted that the G′
value of the 5 g/L DG-XG with 30 g/L CNC gel is higher than
that of 5 g/L XGu with 30 g/L CNCs, suggesting that the
removal of galactose units induces more interactions between
XG chains.
Polarized Optical Microscopy (POM) of XG/CNC

Mixtures. Representative transmission POM images of
XGu/CNC and DG-XG/CNC mixtures at two ratios (20:1
and 20:10) are displayed in Figure 5. These two ratios

correspond to the phase diagram zones where thermal
transitions were observed for mixtures containing DG-XG.
The mixtures were observed in sealed microscope slides
between cross polarizers (with a 530 nm retardation plate) on
a heating plate at temperatures from 20 to 60 °C (i.e., below
and above the LCST). An isotropic phase appears as a pink
homogeneous zone while anisotropic regions are visualized as
yellow or blue. Anisotropic phases are likely caused by the
formation of zones with higher CNC concentration and denser
organization displaying anisotropic arrangement, while iso-
tropic zones correspond to homogeneous dispersions of CNCs
at the micrometer to millimeter scale. Dark red zones
correspond to denser materials scattering light but with
lower or no anisotropy.
The first observation from these images is that no change is

seen during the temperature sweep in the samples containing
XGu (comparison between Figures 5a,e and 5b,f), which was
expected based on the phase diagram and rheological behavior
observed. Both at low and high CNC concentrations, the
images are superimposable. In the case of DG-XG, no
evolution can be seen at low CNC concentration (compare
Figures 5c,g), but some differences in the images appeared for
high CNC concentrations at the two different temperatures
(compare Figures 5d,h). Images of 20 g/L DG-XG with 10 g/
L of CNCs display some color changes, as noted with more
dark blue areas that indicate more aligned regions, with an
increase in temperature. However, from these observations, it
can be inferred that the thermal transition does not strongly
affect the gel morphology, at least at the submillimeter scale.
In contrast, for both XGu and DG-XG, the CNC

concentration appears to be a critical factor controlling gel
morphology. Indeed, comparison of the images indicates a
significant evolution of the morphology since anisotropic
phases are clearly visible at higher concentrations (Figures
5b,f,d,h). Moreover, the structures formed by the XGu/CNC
and DG-XG/CNC mixtures are different. The DG-XG/CNC
structure appears more reticulated and scattered (Figures 5d,h)
while that of XGu/CNC appears to have more extended zones
(Figures 5b,f). At lower concentrations, the XGu/CNC sample
appears homogeneous, suggesting that CNCs are uniformly
dispersed in the polymer mixture (Figures 5a,e). However, in

Figure 5. Polarized optical microscopy images of XGu/CNC (a, b, e, f) and DG-XG/CNC (c, d, g, h) mixtures at low (a, b, c, d) and high (e, f, g,
h) temperature for ratios of 20:1 and 20:10 (XG/CNC).
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the case of DG-XG/CNC, elongated inhomogeneous
structures are visible even at low CNC concentrations (Figures
5c,g), suggesting that DG-XG-CNC interactions and DG-XG
self-association lead to macromolecular aggregates with
anisotropic structures.
The formation of bright birefringent areas (yellow/blue

zones of Figures 5b,d,f,h) in the presence of CNCs indicates an
anisotropic distribution of CNCs in the dispersion, creating
zones containing CNCs aligned along preferred orientations.
The formation of enriched zones when polymers were added
to a CNC dispersion has been reported.23−25,51,52 According to
previous work, these zones can be the result of a depletion
flocculation process either when the added polymer does not
interact with the CNCs24,25,52 or when polymer adsorption
occurs, the increased effective hydrodynamic volume of the
CNCs encourages the onset of liquid crystalline self-assembly
into optically active phases (i.e., liquid-crystalline liquid) at
lower CNC concentrations than normally seen.23 In the
present work, given that both XGu and DG-XG adsorbed to
CNCs, as demonstrated by QCM-D, the second mechanism
seems more likely. Differences observed from the POM images
can be related to the formation of XG-CNC complexes that are
crowded and form denser zones due to their larger size.
Therefore, the differences between the POM images of XGu
and DG-XG indicate that degalactosylation affects the self-
assembly process of XG and CNCs.
Conclusions drawn from the POM images are in good

agreement with the QCM-D and rheological measurements.
Results from QCM-D indicate that more DG-XG adsorbs to
CNCs at higher concentrations, tending to form denser
structures. This is the result of stronger interactions between
the degalactosylated regions of the DG-XG chains, in
agreement with our previous results.53 For XGu, the self-
association of XGu chains is lower or unfavorable due to the
presence of more galactose substituents. The interaction
between DG-XG chains is also supported by rheological
measurements where DG-XG displays a higher G′ than XGu at
all concentrations. Using colloidal probe atomic force
microscopy measurements, Stiernstedt et al. concluded that
XG displayed strong interaction with cellulose, while also
reducing friction due to steric crowding of the surface.54

Similar conclusions can be drawn from the construction of
XG/CNC multilayered thin films.55,56 The modification of the
galactosyl side chain pattern changes XG-CNC interactions,
resulting in different morphologies compared to unmodified
XG-CNC complexes, promoting larger and denser structures
that play a greater role in gel formation and reinforcement.
The overall behavior of DG-XG/CNC hydrogels emphasizes

the potential of such polymer/particle systems in future
applications since they present a LCST close to the body
temperature, similar to other thermoresponsive systems
described in the literature, such as poly(N-isopropyl-
acrylamide), and poly(ethylene oxide) copolymers.57,58 Never-
theless, besides displaying an LCST at physiological temper-
ature, injectable thermosensitive systems should also meet
several criteria such as good mechanical properties, rapid
gelation time, and biocompatibility. Rheological properties of
DG-XG/CNC systems have been found to be easily tunable to
achieve mechanical properties similar to or higher than those
of high concentration DG-XG solutions or alternative synthetic
hydrogels.59−61 Although we have not investigated in detail the
DG-XG/CNC system gelation time, it is clearly in the minute
range and thus compatible with biomedical application

requirements.59 While both DG-XG and CNCs present low
toxicity and biocompatibility, long-term studies would still be
valuable.62,63 Thus, it is likely that implementation of DG-XG/
CNC mixtures with a preparation process devoid of chemical
reaction or modification will lead to safe and sustainable
applicative solutions.

■ CONCLUSIONS
In this work, we have focused on comparing the interactions of
CNCs with partially degalastosylated XG and with XGu
displaying a regular galactose ubstitution pattern. Degalacto-
sylation was found to affect the adsorption of DG-XG to CNCs
forming a denser layer, as observed by QCM-D. We found that
by mixing DG-XG and CNCs, it was possible to achieve
thermoresponsive hydrogels with tunable mechanical proper-
ties. The thermal transition of the gel occurs at 35 °C and is
thus close to human body temperature. In addition to the low
toxicity of XG and CNCs and the absence of any hazardous
chemistry, these results may pave the way toward new
bioinspired hydrogels for medical applications.
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