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Abstract In this work, an integrated strategy was
proposed for preparing hydrogel based on acrylic acid
(AA) and sodium alginate (SA) by adding TEMPO-
oxidized cellulose nanocrystals (TOCNs) with dif-
ferent carboxylic groups (-COOH) contents. The
addition of TOCNs and increase of its contents in
poly(acrylic acid) (PAA)/SA hydrogel systems played
a multifunctional role by which the mechanical prop-
erties and ionic conductivity of PAA/SA hydrogels
were significantly affected and enhanced. TOCNs
with their abundant —-COOH groups disperses SA and
AA in the hydrogel precursor solution for forming a
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uniform semi-interpenetrating network. It also pro-
vides more hydrogen bonds with SA and AA, and
results in high modulus of the final hydrogel. Accord-
ingly, the as-prepared hydrogels showed simultaneous
good compressive (1.41 MPa at compressive strain of
70%) and tensile (365 kPa strength at fracture strain
of 628%) stresses, excellent swelling rate (2509%),
good transparency (86.3%) and conductivity (0.229
S m~!). The work confirmed the important roles of —
COOH in the TOCNs played in the construction and
properties of the hydrogel, and the hydrogels may
find great potential applications in the fields of flex-
ible wearable sensors benefits by excellent natural
biocompatibility from all the raw materials used.
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Introduction

With today’s focus on many high-tech smart devices,
such as artificial intelligent facilities, telemedicine
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diagnosis, human—-machine interfaces, among oth-
ers, researchers worldwide have become increasingly
interested in the innovative design of flexible and
wearable electronic sensors. Compared to the most
commonly used conductive materials for sensors,
e.g. metals (Schazmann et al. 2010; Bandodkar et al.
2014) and conductive polymers (Wang et al. 2018; Ke
et al. 2021), conductive hydrogels have attracted more
and more interests due to their far superior properties
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compared to the two aforementioned conductive
materials, including excellent bendability and skin
affinity, function tunability, reliable ionic conduc-
tivity and easy fabrication, among others (Liu et al.
2020; Pinelli et al. 2020; Zhang et al. 2020; Ling et al.
2021; Ho et al. 2022). Thereby, conductive hydro-
gels have been considered a more ideal material for
assembling flexible and wearable electronic sensors.

Hydrogels are typically soft and moist polymeric
materials with 3D-network structures, which can hold
large amounts of liquids while still remaining stable
and insoluble (Brannon-Peppas and Harland 1990).
Conventionally, they are formed by cross-linking pol-
ymers through physical, ionic or covalent interactions
(Yang et al. 2014; Wieduwild et al. 2015; De Koker
et al. 2016), using mainly synthetic petroleum-based
polymers as substrates, such as poly(2-hydroxyethyl
methacrylate) (pHEMA) (Wichterle and Lim 1960;
Buwalda et al. 2014), poly(ethylene glycol) (PEG)
(Buwalda et al. 2014), poly(vinyl alcohol) (PVA)
(Chen et al. 2020; Fang et al. 2023), poly(acrylic
acid) (PAA) (Li et al. 2020; Luo et al. 2024a) and
poly(acrylamide) (PAM) (Kong et al. 2018; Godiya
et al. 2019). Among these synthetic polymers, PAA,
synthesized by polymerization of acrylic acid (AA),
not only exhibits better biocompatibility (Joshi et al.
2013; Koehler et al. 2017; Jeong et al. 2020), but also
carries a large amount of hydrophilic -COOH groups,
which can provide a moisture-rich cross-linked net-
work for ion-conductive hydrogels, endowing PAA-
based ion-conducting hydrogels with high ionic con-
ductivity (Jiao et al. 2021a, b; Zhang et al. 2021; Ling
et al. 2022). However, simultaneously possessing
competitive mechanical strength and fatigue-resist-
ance as well as conductive properties remains a chal-
lenge for pure PAA conductive hydrogels (Fan et al.
2013; Li et al. 2014; Chen et al. 2019), especially
for its compressive strength. Consequently, they are
often damaged or destroyed when high external com-
pressive forces are applied. This greatly inhibits their
application as strain and pressure sensors for pressure
sensing, e.g., in the detection of human diseases, such
as the preliminary screening of patients suffering
from flat feet (Ling et al. 2021).

Formation of double or multiple networks have
been reported in many previous works that can
improve the compressive strength and anti-fatigue
properties of hydrogels by regulating intermolecular
or intramolecular interactions (Chen et al. 2015; Xu

et al. 2016; Zhang et al. 2016; Lin et al. 2019; Dhand
et al. 2021; Hao et al. 2021). Among the strategies for
forming multi-network hydrogels, inter-penetrating
network (IPNs) is an important one in which poly-
mer network(s) (IPNs) or entangled linear polymer(s)
(semi-IPNs) interpenetrate into the other crosslinked
networks (Gong et al. 2003; Daniele et al. 2014;
Dashtebayaz et al. 2019), offering better control over
the chemical composition and the final properties of
the resulting materials (Dragan et al. 2014; Aminab-
havi et al. 2015; Maleki et al. 2016). The mechani-
cal properties and durability of hydrogels formed by
IPNs can be enhanced over those composed of a sin-
gle component, because their structure can only be
decomposed or degraded by breaking up the whole
network.

Furthermore, among the natural polysaccha-
rides carries a large amount of hydrophilic-COOH
group for ion-conductive hydrogel fabrications,
sodium alginate (SA) and carboxylated nanocellu-
lose (CNC-COOH) have attracted a lot of attentions
in the current years (Qiao et al. 2019; Li et al. 2022;
Luo et al. 2024a and b). SA is one of the natural ani-
onic polysaccharides which can be fractionated on a
large scale from seaweeds. Its structure is composed
of (1—4) linked p-D-mannuronic acid and a-L-
guluronic acid residues (Draget and Taylor 2011).
SA is an ideal polymer used for the formation of con-
ductive hydrogels, which usually exhibit good ionic
conductivity owing to a large number of conducting
ions on the SA structure (Qiao et al. 2019). SA and
PAA have been combined to form IPN hydrogels
(Li et al. 2022). In the hydrogel structure, linear SA
penetrates the free radical polymerized AA (PAA)
network to form a semi-IPN. However, AA and SA
in the aqueous phase are prone to hydrogen bond-
ing, van der Waals forces and other intermolecular
interaction forces, resulting in easy agglomeration,
significantly affecting the network structure formed
by SA and PAA (Li et al. 2022). On the other hand,
CNC-COOH has mainly be prepared by TEMPO-
mediated oxidization (Isogai et al. 2011) and, in
recent years, also developed by poly-carboxylic acid
hydrolysis (Ji et al. 2019; Luo et al. 2021; Cen et al.
2022; Shi et al. 2024). CNC-COOH has excellent
biocompatibility, natural extremely high Young’s
modulus, high specific surface area and high surface
activity (Hamad 2006; Kobayashi et al. 2014), which
have been widely applied as an extraordinary additive,

@ Springer



10030

Cellulose (2025) 32:10027-10049

especially for enhancing the mechanical properties of
hydrogels (Liu et al. 2017; Lin et al. 2019; Xiao et al.
2021). More than this, charged CNCs has also shown
efficient dispersing ability and applied in various
reported systems, e.g. dispersion of CNTs (Mougel
et al. 2016; Wang et al. 2025) and AgNPs (Tang et al.
2015), Pickering emulsions (Li et al. 2018; Guo et al.
2023), etc.

All above inspired us that we could take
CNC-COOH as a systemic dispersant for solving the
agglomeration problem of SA or/and AA, simultane-
ously as a mechanical enhancing agent for improving
the mechanical properties of SA- or/and AA-based
hydrogels, and as a ~COOH donor for providing more
hydrogen bonds with SA and AA to create a uniform
multi-semi-IPNs and providing more conductive ions.
Among the multifunction of CNC-COOH mentioned
above, the charged -COOH groups on CNC-COOH
have been hypothesized to probably play the main role
in affecting the hydrogel structure and, correspond-
ingly in its properties (Luo et al 2024a and b). To fur-
ther confirm this, the effect and detailed mechanism
of .COOH in CNC—COOH on the hydrogel structure
and properties have to be verified or clarified. There-
fore, in the present work, a series of carboxylated cel-
lulose nanocrystals (TOCNs) with different -COOH
contents were prepared by TEMPO-mediated oxidiza-
tion and used for enhancing the mechanical and con-
ductive properties of PAA/SA hydrogel. To confirm
the multifunctional role and mechanisms of —-COOH
of TOCNs in the hydrogel, the chemical formation,
morphological structure, mechanical and ionic con-
ductivity properties of hydrogels made with TOCNs
addition and their varied -COOH contents were pri-
marily and systematically evaluated. Benefiting from
the fact that all raw materials used in the present work
have great biocompatibility, the hydrogel has great
potential application prospects in the field of flexible
wearable sensors, such as for analyzing the deforma-
tion trajectory of objects and detecting human health.

Experimental
Materials
Acrylic acid (AA, AR,>99%) and NaOH (>95%)

were purchased from Shanghai Macklin Biochemical
Co., Ltd (Shanghai, P.R. China). (NH,),S,0¢ (APS,
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AR,>98%) and N, N'-Methylenebisacrylamide
(MBA, >99%) were supplied by Aladdin Biochemical
Technology Co., Ltd (Shanghai, P.R. China). Sodium
alginate (SA, AR, 98%) was provided by Yuanye Bio-
logical Technology Co., Ltd (Shanghai, P.R. China).
The average molecular weight of SA was ~200 kDa,
and the ratio of mannuronic and guluronic units
M/G) was~1.56. 2,2,6,6-Tetramethyl-1-piperidi-
nyloxy (TEMPO, 98%), microcrystalline cellulose
(MCQC, 25 pm in particle size), NaBr (AR, 99%) and
NaClO (AR, 6~14%) used to produce TOCNs were
all purchased from Shanghai Macklin Biochemical
Co., Ltd (Shanghai, P.R. China).

Chemical and analytical methods
Preparation of TOCN s

Carboxylated cellulose nanocrystals (TOCNs) used
for hydrogel production were prepared by TEMPO-
mediated oxidation method in lab scale with minor
modifications (Barbash et al. 2022). Briefly, 10 g of
MCC was suspended in 500 mL of deionized water
(DI-water) by stirring at 300 rpm (MR Hei-Tec, Hei-
dolph, Germany). Followed this, the MCC suspen-
sion was mixed with 100 mL of solution containing
0.17 g of TEMPO and 2 g of NaBr, and kept stirring
at 300 rpm for 2 h. TEMPO-mediated oxidation of
MCC suspension started by adding 10 mL of satu-
rated NaClO reagent each time while the suspension
was continuously stirred at room temperature. After
adding each 10 mL of NaClO, the pH remained con-
stant at 10.5 by adding 0.5 M of NaOH solution until
no more alkali consumption was observed, indicating
that the reaction was completed. The total volumes of
added NaClO reagent were 20~70 mL to control the
—COOH contents of TOCNS.

The sediment of the TEMPO-oxidized CNCs
was obtained after thoroughly washing with dis-
tilled water by centrifugation four times at 4000
rpm (Allegra X-30, Beckman Coulter, American)
to remove unreacted chemicals. It was then diluted
to 1.0 wt% with DI-water and mechanically fibril-
lated by a high-pressure microfluidizer (MINI, Noo-
zle, Shanghai, China) at 14,000 psi for five cycles to
obtain TOCNSs suspensions. The suspension was then
dialyzed with a membrane (Mw cut-off of 14 kDa)
in DI-water until the conductivity of the permeate
approached that of DI-water. The dialyzed TOCNs
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suspension was concentrated using a rotary evapora-
tion (Hei-VAP Value Digital, Heidolph, Germany) to
remove some of the water, and the TOCNSs solid pow-
der was then obtained by freeze-drying (FDu-1200,
EYELA, Japan) and stored in a refrigerator at 4 °C.
The TOCNs with different —-COOH contents were
named as TOCN-20~70 based on the total amount of
NaClO solution (mL) added for oxidation (Table 1).

Preparation of hydrogels

Hydrogels were prepared based on our previously
reported process (Luo et al. 2024b). Specifically, 8
g of SA solution (2.5 wt%) was slowly mixed with
2 g of pre-dispersed TOCNs-suspension (1.0 wt%)
under stirring at 500 rpm (MR Hei-Tec, Heidolph,
Germany). After adding 10 mL of DI-water, the mix-
ture was stirred under the same speed for 30 min and
a homogeneously dispersed SA-TOCNs mixture was
obtained. Following, 7 g of AA was slowly added to
the SA-TOCNs mixture under stirring at 800 rpm and
kept stirring at room temperature for 30 min. Then,
7 mg of MBA (as the cross-linking agent) and 70 mg

Table 1 Raw material composition of preparing TOCNs

Sample code MCC (g) TEMPO (g) NaBr(g) Saturated

NaClO

(mL)
TOCN-20 10 0.17 2 20
TOCN-30 10 0.17 2 30
TOCN-40 10 0.17 2 40
TOCN-50 10 0.17 2 50
TOCN-60 10 0.17 2 60
TOCN-70 10 0.17 2 70

of APS (as the initiator) were added to the mixture,
and kept stirring at 800 rpm for another 30 min to
well-disperse the mixture. The final mixtures after the
removal of air bubbles were immediately transferred
to a polytetrafluoroethylene mold with cover and
heated in an oven (BPG-9070A, Shanghai Yiheng,
P.R. China) at 60 °C for the free radical polymeriza-
tion reaction. After 3 h, hydrogel samples with two
different shapes (cubic and dumbbell) were formed,
and named ASC-20~70 based on the total amount of
NaClO solution (mL) added for oxidation (Table 2).

Characterizations
Carboxyl content of TOCNs

The carboxyl content of TOCNs samples was deter-
mined by conductometric titration. Briefly, about
0.1 g of freeze-dried TOCNs was well dispersed in
a mixture of DI-water (50 mL) and NaCl solution
(0.01 mol/L, 5 mL) assisted with ultrasonication
(JY99-1IIDN, Scientz, China) for 10 min (900 W at a
frequency of 20 kHz with 5 s intervals). Following,
HCI solution (0.15 mol/L) was added to adjust the pH
of the suspension at 2.5~3.0. After that, the suspen-
sion was titrated using NaOH solution (0.1 mol/L)
by adding 50 pL in 25 s intervals. The conductivity
initially decreased and then remained stable until an
increase was observed. Then, the content of carbox-
ylic groups was calculated based on the following
Eq. ().
ex (V= V))

p=127 " (1
m

Table 2 Summary of the characteristics of TOCNs with different -COOH contents

Samples Length (nm) Aspect ratio —COOH (mmol/ Zeta-potential (mV) Crl (%)
groons) TOCNs SA-TOCNs

McCC - - - - - 75.6+1.07
TOCN-20 709.6 +£232.4 30.7 0.43+0.04 —35.59+0.24 —55.66+2.15 83.3+1.13
TOCN-30 667.0+201.1 27.7 0.54+0.02 —42.55+0.10 —-64.52+1.03 81.5+0.75
TOCN-40 514.2+167.8 23.5 0.67+0.02 —45.39+0.27 —-69.54+1.67 80.1+0.63
TOCN-50 691.3+133.6 24.1 0.74+0.04 —50.30+0.28 —78.37+0.96 81.5+1.32
TOCN-60 488.4+104.5 222 0.86+0.06 —55.68+0.17 —84.83+0.27 78.5+2.47
TOCN-70 380.5+88.7 19.1 1.02+0.01 —62.28+0.06 —96.66+1.83 76.7+2.63
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where B (mmol/grocns) 1S the carboxylic group con-
tent of TOCNSs, ¢ (0.1 mol/L) is the concentration
of NaOH, V,; and V, (mL) are the volumes of NaOH
solution consumed at the starting point and end point
of the titration, respectively; m (g) is the mass of
TOCNSs.

Morphological structure of TOCNs

The morphological structure of TOCNs was observed
by atomic force microscopy (AFM, Nanoscope III,
Veeco, USA) in tapping mode. Before characteriza-
tion, a drop of diluted TOCNSs suspension (concentra-
tion of ca. 0.05 wt%o) was dropped on the surface of
a clean mica film and dried naturally in a ventilated
place. The obtained AFM images were analyzed with
the NanoScope Analysis 1.5 program. About 80~ 150
particles were randomly selected from each sample
image to determine the average diameter and length
of TOCNS .

Crystallinity of TOCNs

X-ray diffraction (XRD) patterns of all TOCNs sam-
ples were recorded on an X-ray diffractometer (Xpert
Powder, Panalytical, Netherlands) equipped with
Cu-Ka radiation generated under an operating voltage
of 40 kV and a filament current of 40 mA. Scattered
radiation was detected for angles (26) ranging from 5°
to 60° at a scan rate of 12°/min. The calculation of the
crystallinity index (CrlI) for each sample was based on
the following Eq. (2), and the CrI of each TOCNs was
obtained from three parallel samples’ tests:

1

am

] —
Cri(%) = 20‘}—
200

@

where I, is the maximum peak intensity of the lat-
tice diffraction (200) plane and I, is the minimum
intensity between the planar reflections (200) and
(110).

Zeta-potential of TOCNs and SA-TOCNs
suspensions

Before tests, the TOCNs suspensions were diluted
to 0.15 wt% and ultrasonicated (JY99-IIDN, Sci-
entz, China) for 15 min (900 W at a frequency of 20
kHz with 5 s intervals). For SA-TOCNs suspension

@ Springer

preparation, TOCNs suspensions with concentra-
tion of 1.0 wt% were pre-dispersed by ultrasonica-
tion, after which, 8 g of SA solution (2.5 wt%) was
slowly added into TOCNs suspension under stir-
ring at 500 rpm (MR Hei-Tec, Heidolph, Germany).
After adding 10 mL of DI-water, the mixture was
stirred under the same speed for 30 min and a
homogeneously dispersed SA-TOCNs mixture was
obtained.

A dynamic light scattering nanoparticle analyzer
(SZ-100Z, Horiba, Japan) was then applied to deter-
mine the Zeta-potential of both TOCNs and SA-
TOCNSs suspensions. The measurement of each sam-
ple was carried out for three times using the graphite
electrode pool.

Fourier transformed infrared spectroscopy (FT-IR)
analysis of TOCNs and hydrogels

The raw materials, viz. TOCNs, SA, AA and pro-
duced ASC hydrogels with and without TOCNs were
analyzed with FT-IR spectrophotometer (VERTEX
70, Bruker, Germany) from an accumulation of 32
scans within the absorbance range of 4000~400 cm™!
with a resolution of 4 cm™. Prior to the tests, all sam-
ples were dried in a vacuum oven (DZF-6012, Shang-
hai Yiheng, P.R. China) at 40 °C for 24 h in order
to remove water in the samples, and then ground to
powder. The powder samples were then mixed with
KBr (weight ratio about 1:100) and pressed into KBr-
sheet for FT-IR analysis.

Determination of morphology of hydrogels

The morphology of AS and ASC hydrogels was
determined by scanning electron microscopy with an
energy-dispersive spectrometer (SEM-EDS, Zeiss,
Merlin, Germany). Before observation, all hydro-
gel samples were freeze-dried (FDu-1200, EYELA,
Japan), and then sputter-coated with a thin gold layer
to avoid electron charging effects.

Transparency of hydrogels

UV-vis spectrophotometry (UV-Vis, Cary 60, Agi-
lent, USA) was applied to determine the transparency
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of AS and ASC hydrogel samples. The wavelength
was 400~800 nm, and the thickness of the samples
was around 4.0 mm.

Mechanical characterization of hydrogels

Before testing, the hydrogels were gently tapped
on a dry, soft tissue paper to remove excess mois-
ture from their surfaces. Then, three samples
were taken from each hydrogel for mechanical
tests. The humidity and temperature of the testing
environment were maintained at 50% and 23 °C,
respectively.

A compression testing instrument (INSTRON
5565, Instron, USA) was used to investigate the com-
pressive strength of the hydrogels at different com-
pressive strains up to 70%. All hydrogel samples were
placed in a fume hood (room temperature) for 24 h.
The cube-shaped hydrogel samples (10X 10 x 10 mm)
were conditioned and placed between two compres-
sion stages with the top stage applying uniaxial com-
pression and release along the vertical direction. The
compressive strain rate was 10% s~! with a load force
of 0.1~5000 N. The samples were also subjected
to a cyclic loading—unloading test with a maximum
compressive strain of 50% for 200 consecutive cycles
using the same instrument.

The same tensile testing instrument (INSTRON
5565, Instron, USA) was applied to investigate the
tensile strength of the hydrogels. All dumbbell-shape
hydrogel samples were placed in sealed plastic jars
(room temperature) for 24 h. The hydrogel samples
were then further shaped into long-strip with a length
of 30 mm, a width of 10 mm and a thickness of 1.3
mm. The sample was placed between fixtures apply-
ing a stretching force at a tensile strain rate of 20 mm
min~! until the sample was fractured to obtain the
strength of the sample. The samples were also sub-
jected to a cyclic loading—unloading test with a maxi-
mum tensile strain of 100% for 15 consecutive cycles
using the same instrument.

Swelling and water retention of hydrogels

The swelling behavior of the hydrogels was tested by
immersion of vacuum oven-dried samples (40 °C, 24
h) into DI-water until the weight remained constant.
The samples were taken out of the water after every 1

h and weighed after removing excess water by gently
tapping the sample surfaces with dry filter paper. The
swelling rate (SR, %) was thus calculated through
gravimetric determination using Eq. 3:

SR = (m, — my) /my % 100% 3)

where, m, (g) is the initial weight of the dry sample;
m, (g) is the weight of the hydrogel sample after lig-
uid absorption.

After swelling, the hydrogel samples were placed
in an environment for up to 84 h where the temper-
ature and humidity were set as 25 °C and 45% RH,
respectively, to determine the water retention rate of
the hydrogels. The water retention rate (WRR, %) of
the hydrogel at 3 h intervals was calculated by Eq. 4:

WRR =w,/wy X 100% 4)

where, w,, (g) is the initial weight of the hydrogel; w,
(g) is the weight of the hydrogel after every 3 h leav-
ing in the test environment.

Ionic conductivity of hydrogels

The ionic conductive properties of hydrogels were
determined in the way of electrochemical impedance
spectroscopy (EIS) with an electrochemical work-
station (CHI660E, Shanghai Chenhua, P.R. China).
Cubic-shape hydrogels were tailored into 10X 10x4
mm before testing. The hydrogel sample was clamped
between two copper sheets to assemble a sandwich
structure, which was connected to the electrochemi-
cal workstation with wires to scan its impedance
spectrum in the frequency range of 0.05-10° Hz. The
ionic conductivity (o, S/m) of the sample was calcu-
lated by Eq. 5:

o =L/(R;,xS) (%)

where, L (m) is the thickness of the hydrogel sample;
R, (Q) is the internal resistance of the hydrogel elec-
trolyte obtained from the impedance data; S (m?) is
the effective contact area between the hydrogel sam-
ple and the copper sheets.
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Result and discussion
FT-IR analysis of TOCNs

TOCNSs were synthesized by converting part of the
surface hydroxymethyl groups of CNCs to their
carboxylic form with the TEMPO oxidant. To con-
firm oxidation reaction, FT-IR spectra for MCC
and TOCNs are shown in Fig. 1. The FTIR spec-
trum of MCC shows a broad peak centered around
3340 cm™! corresponding to the —OH stretching
vibration of cellulose, and the peak at 2900 cm™!
is characteristic of —CH stretching. The peak at
1430 cm™! is associated to —CH, symmetric bend-
ing, while the peak around 1200 cm™! corresponds
to the C—O-C asymmetric stretching vibration at
the f-glycosidic linkage. A more intense band is
observed for TOCNs around 1610 cm™! (which was
not present in the MCC spectra), which is attributed
to the C=0 stretching of the carbonyl of the carbox-
ylic acid groups (Zhao et al. 2017).

Carboxyl content of TOCNs

The —-COOH content of TOCNs prepared by
TEMPO-mediated oxidation is shown in Table 2.
The —COOH content of TOCNs increased with the
addition of oxidizing agent NaClO, and the surface

1430 cm™ 1200 cm™
! TOCN-20 / 1 /

TOCN-30

TOCN-40

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig.1 FT-IR spectra of MCC and TONCs with different —
COOH contents
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—COOH content increased from 0.43 to 1.02 mmol/
grocnss With a positive correlation of the growth
ratio. This indicates that with the addition of oxi-
dant, the surface of the samples was oxidized to a
greater extent, more —COOH functional groups
were introduced, and the surface -COOH content of
TOCNSs was higher.

Morphology of TOCNs

Morphological investigation of TONCs was per-
formed by AFM observation. AFM micrographs are
reported in Fig. 2a-f for the samples with different
—COOH functional group contents. Typical elongated
rod-like nanoparticles are observed, which diameter
distribution is reported in Fig. 2g-1. No clear differ-
ence is reported for the average diameter, which value
is in the range 20~23 nm, regardless of the oxida-
tion level. The length and aspect ratio of TONCs are
reported in Table 2. Cellulose significantly depo-
lymerized during TEMPO-mediated oxidation and
the length of TOCNSs decreased from 710 to 380 nm
when the -COOH content increased from 0.43 to
1.02 mmol/groens as also discovered elsewhere
(Zhou et al. 2018). Accordingly, the aspect ratio of
TOCNs decreased from 30.7 to 19.1, indicating a
decrease in their dimensions. This may be beneficial
for TOCNs distributed evenly in the hydrogels to play
better multifunction by avoiding each other’s entan-
glement or aggregates.

Crystallinity of TOCNs

XRD experiments were carried out to evaluate the
crystallinity of TOCNs (Fig. 3). A clearly defined
peak is observed at 20=22.9°, corresponding to
the crystallographic plane (200) together with
less marked and broader peaks at 20=14°~16°,
corresponding to planes (1-10) and (110), indi-
cating the types of all cellulose samples were
cellulose Ig. A slight rise around 20=35° is also
observed. The peak is attributed to plane (004),
which is seen to be a composite of several reflec-
tions (French 2014). It should be noted that there
were two extra peaks observed at 20 around 12.5°
(1-10) and 20° (110) of MCC, which are attributed
to the characteristic peaks of cellulose II (French
2014). This indicates that MCC used for producing
TOCN probably contained some “contaminants”
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Fig. 2 AFM images (a-f), and diameter distribution (g-1) of TOCNs with different -COOH contents

(MCC-II). As the oxidation was processing, the disappeared gradually. However, when the strong-
MCC-II was dissolved and washed out (Saito est oxidation condition was applied, the peak at 20
and Isogai 2004), correspondingly, the two peaks around 12.5° reappeared. This is likely due to the
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Fig. 3 XRD patterns for
TOCNSs with different —
COOH contents

200~

—MCC

——TOCN-20
——TOCN-30
——TOCN-40
——TOCN-50
—— TOCN-60
——TOCN-70

degradation of some amorphous areas of cellulose,
which is co-induced by oxidation and the introduc-
tion of negative charges, resulting in a decrease in
crystal size and changes in crystallites (Montanari
et al. 2005). Moreover, the consumption of NaOH
was the highest under this condition, which may
cause oligomer recrystallisation, resulting in the
presence of cellulose II.

Nevertheless, the crystallinity index is mostly
unchanged after TEMPO-mediated oxidation, being
about 80% for all the TOCNSs. This is probably due
to the oxidation occurring position-selectively at the
C6-OH groups exposed on the crystalline cellulose
surface (Saito and Isogai 2004; Zhou et al. 2018).
This implies that the Crl of TOCNS is not a consider-
ing factor in the present study.

Zeta-potential of TOCNs and TOCN-SA suspensions
As shown in Table 2, the absolute Zeta-potentials
of the TOCNs suspensions increased gradually with

their -COOH contents, about 35.6~62.3 mV. This
indicated that the prepared TOCNs suspensions

@ Springer
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had good dispersion stability in water owing to the
increasing carboxylic group content on TOCNs, cor-
respondingly increased the static electrical repul-
sion among each other. Moreover, the mixing of SA
with TOCNs showed higher absolute Zeta-potential
compared to the one of TOCNs suspension with the
same —COOH content, which was probably caused
by the introduction of more —COOH groups from SA
into the mixture. The absolute Zeta-potential of SA-
TOCNs also increased as the increase of —COOH
contents in the TOCNs, being about 55.7~96.7 mV.
Since the content of SA in all the suspensions was
the same, the increase probably also resulted from
the increase of -COOH contents in different TOCNs
which better dispersed the SA in the mixture.

FT-IR characterization of hydrogels

The chemical structure of hydrogels was investigated
by FT-IR spectroscopy to understand the interactions
among AA, SA and TOCNSs in the hydrogels. The
characteristic peak of SA (Fig. 4a) at 3230 cm™! cor-
responds to the stretching of —OH group, while the



Cellulose (2025) 32:10027-10049

10037

(a) SA ] (®)
| | 1033cm 1
I 3431cm
1
| ; 3337cm’ .
3230em™ | AS 1412em™ ASC-40
ASC-50
3290cm™
AA : . ASC-60
R R I R | ——? .
1402cm™ *\J]l \V‘/\ SC-70 "
3225¢m™ :ﬁ
! iy
2921cm ;: | \
il | [
1695cm™ | |
1 1 1 1 1 1 1 1 1 1 | 1 | |
4000 3500 3000 2500 2000 1500 1000 4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Wavenumber (cm™)

b
ALY

TOCNs
PAA
SA
Electrostatic 1
) 1

\ _repulsion

Fig. 4 a FT-IR spectra of raw materials; b Hydrogels obtained from TOCNs with different -COOH contents; and ¢ Schematic illus-
tration about the proposed semi-IPN construction of the hydrogels and the dispersing stabilizing function within the hydrogels

characteristic peak at 1412 cm™! is attributed to the
stretching vibration peak of the COO™ group, and the
band at 1033 cm™! is attributed to the stretching of
C-O (Thakur et al. 2018). The characteristic peak for
AS and ASC hydrogels (Fig. 4a and b) at 1402 cm™!
is associated to the vibration of C-N, evidencing the
successful cross-linking of MBA with AA (Das et al.
2015; He et al. 2017). The appearance of the charac-
teristic peak at 1695 cm™!, which is the C=O0 stretch-
ing peak associated with the —COOH functional
group, as well as the characteristic peak at 2921 cm™!
attributed to the —CH,- stretching vibration, evidence
the interaction between AA and SA (He et al. 2017),

and the incorporation of TOCNs into the hydrogel
structure (Luo et al. 2024b). Furthermore, the -OH
stretching vibration peak of ASC-20 at 3431 cm™!
was further red-shifted to 3225 cm™' in ASC-70.
This is probably caused by the formation of stronger
hydrogen bonding forces which can be attributed
to the hydrogen bond among TOCNs, SA and PAA
(Han et al. 2022).

Overall, FT-IR analysis confirmed that both SA
and TOCNs permeated the PAA crosslinked network
via hydrogen bonding and formed a semi-IPN struc-
ture in the hydrogel. The schematic hydrogel prepa-
ration process together with its proposed mechanism
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about the semi-IPN formation of the hydrogels and
dispersing stabilizing of TOCNs are illustrated on
Fig. 4c. Afterwards, the morphology, transparency,
mechanical properties, swelling behavior as well
as ionic conductivity analysis of the hydrogels were
determined in order to evaluate the effect of the semi-
IPN structure and the role of TOCNs as well as its
—COOH contents on the hydrogels.

Morphology of hydrogels

Incorporation of TOCNs with different —COOH
contents significantly affected the network struc-
ture inside the hydrogel. It can be observed that the
surface of the semi-IPN structure formed by PAA
and SA was smooth and flat (Fig. 5a), with a small
number and large size of internal pores, which is

10 pm

SU8600 5/00kV 9.1mpy X3.00kUD(+LD)

SU8600,5.00kY 15.6mm X3.00k UD(+LD)

consistent with previously reported structures (Mao
et al. 2018). In contrast, adding TOCNs makes the
semi-IPN hydrogels (ASC) with many more and
evenly distributed internal pores (Fig. 5b-g) because
of electrostatic repulsion between TOCNs from their
high -COOH content, strong enough to allow suffi-
cient dispersion of AA and SA in the hydrogel pre-
cursor solution (Yu et al. 2016). However, different
morphologies are observed depending on the oxida-
tion level of TONCs. When initially increasing the
—COOH content of TOCNs (Fig. 5b-e), the internal
porosity of the hydrogel increased, pore wall gradu-
ally became thinner, while the pore radius becomes
progressively larger. The internal pores gradually
change from a porous to a spongy structure with high
porosity, and the surface of the structure gradually
becomes uneven. This can be attributed to the fact

SR o < 1 10 pm

( \ o
suseoo}s 00kV 16.2mmX3.00k UD+LD) | ———

Fig. 5 SEM micrographs of hydrogels obtained from TOCNs with different -COOH contents: a AS; b ASC-20; ¢ ASC-30; d ASC-

40; e ASC-50; f ASC-60 and g ASC-70
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that increasing —COOH content of TOCNs leads to
the formation of stronger intermolecular hydrogen
bonds with PAA and SA network prior to the forma-
tion of the homogeneous dispersed network structure.
These stronger intermolecular hydrogen bonds affect
pore formation in the hydrogel structure (Jiao et al.
2021a, b). However, ASC-60 and ASC-70 hydrogels
(Fig. 5f and 5g) not only retained high porosity, but
also maintained a smaller pore radius and formed a
cross-sectional structure with dense pores, uniform-
ity of pore distribution and size, and flat surface,
which could exhibit better mechanical properties
when exposed to external forces. SEM images show
that TOCNs with high —COOH content not only pro-
vided a good dispersion effect for AA and SA, so
that the hydrogels possess a homogeneous and stable
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structure, but also formed effective intermolecular
hydrogen bonds with PAA and SA.

Mechanical properties of hydrogels

To better highlight the effect of TOCNs on the
mechanical properties of PAA-SA hydrogels, a series
of mechanical tests were performed. No water leak-
age from the hydrogels was observed during mechan-
ical testing.

The effect of TOCNs with different —COOH
contents on the compressive properties of AS and
ASC hydrogels was investigated (Fig. 6a and b). As
expected, introducing TOCNs into the hydrogels
and increasing their —COOH content significantly
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contents; ¢ Tensile stress—strain curves of long-strip hydrogels
prepared from TOCNs with different -COOH contents at frac-
ture strain; d Tensile strength and toughness for hydrogels pre-
pared from TOCNSs with different -COOH contents
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«Fig. 7 Compressive stress—strain curves for a AS; b ASC-20;
¢ ASC-30; d ASC-40; e ASC-50; f ASC-60 and g ASC-70
hydrogels under 50% maximum strain for 200 loading—unload-
ing cycles; h compression stress at 50% strain and compression
stress retention for hydrogels prepared from TOCNs with dif-
ferent -COOH contents

enhanced the compressive properties of the hydro-
gels. For example, at 70% compressive strain, the
stress (1.41 MPa) and elastic modulus (10.10 MPa)
of ASC-70 were 2.47 and 7.65 times higher than
those of AS (Fig. 6b), respectively. The compressive
strength and elastic modulus of the hydrogels were
improved to a greater extent with increasing —-COOH
content of TOCNSs. The improvement of the compres-
sive properties after adding TONCs to the hydrogels
is due to the contribution of the high modulus of
TOCNSs, but also to additional and increasing hydro-
gen bondings (Liu et al. 2017) among TOCNSs, SA
and PAA in the hydrogel (Fig. 4b). Meanwhile, the
addition of TOCNSs and its high -COOH content also
plays a key role in the homogeneous dispersion of
PAA and SA.

Apart from compressive properties, the effect of
TOCNs with different -COOH contents on the ten-
sile properties of hydrogels is particularly signifi-
cant, as shown in Fig. 6¢ and d. The toughness of the
hydrogels was also estimated by calculating the area
under the stress—strain curve from 0% strain to frac-
ture strain (Morelle et al. 2018). As expected, intro-
ducing TOCNs into the hydrogels and increasing
their -COOH content boosted the tensile properties
of hydrogels. When TOCNs were introduced into
the hydrogel, the tensile stress (365 kPa) and tough-
ness (1.38 MJ m™) of ASC-70 hydrogel were 3.02
and 3.83 times higher than those of AS (121 kPa and
0.36 MJ m~3, respectively) (Fig. 6d). This is mainly
attributed to the generation of electrostatic repulsion
by the high —-COOH content on TOCNSs, which better
dispersed AA and SA in the hydrogel precursor solu-
tion for forming uniform semi-IPNs (Yu et al. 2016).
This function of TOCNs was also confirmed by mor-
phological analysis (Fig. 5).

To investigate the fatigue resistance property of
hydrogels, 200 loading—unloading cycles under 50%
compressive strain were performed. The results are
shown in Fig. 7a-g. All curves exhibit typical defor-
mation behavior of hydrogels, i.e., linear elastic
behavior at low strain and a plastic-yielding plateau

at higher strains, indicating that the materials have
a stiff texture (Wieklein et al. 2015). All hydrogels
exhibit the highest compressive stress in the first
loading cycle, which is only slightly higher than the
one for all subsequent compression cycles. All load-
ing—unloading cycles were very similar, suggest-
ing that all hydrogels had suitable elastic properties.
In addition, similar hysteresis loops were observed
for all hydrogels, indicating that they exhibit typical
viscoelastic behavior in their mechanical response to
compression (Zhuo et al. 2018).

All hydrogels exhibit excellent resistance to com-
pressive fatigue, withstanding 200 compression
cycles without observing slippage or fracture. After
200 compression cycles, the compressive stress reten-
tion of all hydrogels is basically at the same level,
with compressive stress retention rate of 87.89% for
AS hydrogel and 83.44~87.85% for ASC hydrogels
(Fig. 7h). The results indicate that the improvement in
fatigue resistance of hydrogels by TOCNS is limited.

Furthermore, 15 loading—unloading tensile cycles
under a maximum strain of 100% were studied for
all the hydrogels (Fig. 8a-g). The area under the
stress—strain curve during stretching represents the
total energy, and the area of the hysteresis loop rep-
resents the fraction of energy dissipated. The larger
the area of the hysteresis loop, the more energy is dis-
sipated (Liang et al. 2021). All hydrogels exhibit sig-
nificant hysteresis loops, and the area of subsequent
hysteresis loops are smaller than the area of the hys-
teresis loops for the first loading—unloading stretch.
This indicates that the network inside the hydro-
gel has been considerably weakened upon cycling.
As cycling continues, the hysteresis loop becomes
smaller because the network cannot recover immedi-
ately (Yin et al. 2020; Liu et al. 2021).

All hydrogels exhibit excellent tensile fatigue
resistance and were able to withstand 15 consecu-
tive tensile cycles without slipping or fracture. The
variation in tensile stress at 100% strain is consist-
ent with the aforementioned tensile tests, where add-
ing TOCNs and increasing —COOH content signifi-
cantly increased the hydrogels’ stress at 100% tensile
strain (Fig. 10h). The tensile stress retention rate of
AS hydrogel was 87.51%, and that of ASC hydrogels
ranged from 83.37 to 92.08%, with the tensile stress
retention rate of ASC-70 hydrogel reaching 92.08%.
When TOCN-70 was introduced, the area of the
hysteresis loop was significantly reduced, indicating
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«Fig. 8 Tensile stress—strain curves for a AS; b ASC-20; ¢
ASC-30; d ASC-40; e ASC-50; f ASC-60; and g ASC-70
hydrogels under 100% maximum strain for 15 loading—unload-
ing cycles; h Tensile stress at 100% strain and tensile stress
retention for hydrogels prepared from TOCNs with different —
COOH contents

that the fatigue resistance of the hydrogel has been
enhanced (Ling et al. 2021).

At last, it is worth mentioning that the aspect ratio
of TOCNs decreased for TOCN-20~TOCN-70,
which was supposed to have a negative effect on the
mechanical properties of the hydrogels. However,
the results showed that the addition of TOCNs and
its increase in —COOH contents (TOCN-20~TOCN-
70) improved the mechanical properties of the hydro-
gels. This, on the other hand, further confirms the key
roles of -COOH contents in TOCNs played in the
hydrogels.

Transparency of hydrogels

Transparency is an important feature for hydrogels.
A highly transparent hydrogel allows light to pass
through without causing excessive light scattering
or absorption, which can make the hydrogel to effi-
ciently receive optical energy and convert it into
electrical energy in the photoelectricity conversion
device, offering a wide range of applications in the
field of photoelectricity (Go et al. 2023; Kong et al.
2023). All hydrogels with a thickness of around 4 mm
exhibit high transmittance in the 400 ~800 nm wave-
length range, as determined by UV-Vis spectrometry
(Fig. 9a). Compared to AS, ASC hydrogels with high
—COOH content TOCNs show higher transmittance,
indicating that the hydrogels have better transpar-
ency. However, the average transmittance of AS at
700~ 800 nm is 72.7% (Fig. 9b), and the transmittance
of ASC-20 and ASC-30 is 65.8% and 69.3%, respec-
tively, indicating that AA and SA were not evenly
distributed in the hydrogel network structure with a
small amount of TOCN:s, resulting in a loss of light
transmission (Li et al. 2017). When further increasing
the -COOH content of TOCNS, the transparency of
ASC was significantly enhanced. Light transmittance
at 700~ 800 nm finally increased from 79.4 to 86.3%,
indicating that high -COOH content of TOCNs led to
a more homogeneous dispersion of SA and AA in the
system, and formed a more homogeneous and porous

network structure, which promoted light transmission
through the network structure (Tong et al. 2019). This
agrees with SEM imaging (Fig. 5).

Conductivity of hydrogels

From the hydrogels” internal resistance (R,), meas-
ured by the EIS method, the ionic conductivity was
calculated to evaluate the performance of the conduc-
tive hydrogels prepared in this work. Two identical
copper sheets and the hydrogel were assembled into a
sandwich structure for measurement (Fig. 9¢). Gener-
ally, the EIS spectrum consists of a semicircle in the
high-frequency region and a straight line in the low-
frequency region. The downward-sloping area in the
low-frequency region indicates the capacitance char-
acteristics, and the intersection of the semicircle with
the real axis in the medium-high frequency region
indicates hydrogel resistance. As shown in Fig. 9c,
all hydrogels have R, lower than 700 €, which is
attributed to the presence of —-COOH on AA, SA and
TOCN:s that dissociate in water, conferring a conduc-
tive property to hydrogels. The addition of TOCNs to
the hydrogel and the increase of —COOH contents of
TOCNSs increased the number of ions, resulting in a
reduction in R, for most ASCs hydrogels compared
to AS hydrogel. Adding TOCNSs increased the con-
ductivity of ASC hydrogel, the value reaching about
0.229 S m™! (Fig. 9d). This demonstrates the con-
tribution of -COOH groups of TOCNs to hydrogel
conductivity.

Swelling and water retention of hydrogels

The ability of hydrogels to swell and retain water is
very important for their applications, especially for
drug release and dye adsorption (Thakur et al. 2018).
Figure 10a and b show the swelling curves of AS and
ASC hydrogels as well as the swelling rate after 48 h
conditioning at 45% RH. It can be observed that the
swelling rate of all hydrogel samples is time-depend-
ent. All hydrogels showed excellent water absorp-
tion ability and swelled rapidly at the early stage. All
hydrogels swelled faster during the first 24 h because
the initial hydrogel samples are rich in internal pores
(as shown in Fig. 5), which can rapidly absorb a large
amount of water. After 24 h, the hydrogels’ internal
pores are filled with a large amount of water, result-
ing in a slowdown in the swelling rate. After 48 h, the
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Fig. 9 a Light transmittance of hydrogels in the wavelength range 400~800 nm; b Average transmittance of hydrogels at
700~ 800 nm; ¢, d EIS and corresponding conductivity for hydrogels as well as schematic diagram of the assembly for the EIS test

swelling rate for AS hydrogel exceeded 2100% and
further increased with the addition of TOCNs and its
—COOH content increase, being up to 2509% (ASC-
70), indicating excellent water absorption and swell-
ing ability (Table S1) as well as the importance of
TOCNS in them.

Conventional hydrogels retain water poorly due
to easy evaporation of water at the hydrogel inter-
face, which has important implications for their
practical application (Sui et al. 2021). Therefore,
the water retention property of hydrogels was inves-
tigated (Fig. 10c) by measuring the mass change
rate of hydrogels against time up to 84 h. Hydrogel
mass decreased rapidly over the first 36 h and slowly
between 36 and 84 h. The final water retention of all

@ Springer

hydrogels is rather similar, with an average value of
53.5% (Fig. 10d), indicating that all hydrogels have
good water retention properties (Sui et al. 2021).
However, a small improvement in water retention of
the hydrogels can be noted with increasing —-COOH
content of the TOCNS.

Overall, considering the mechanical stresses, con-
ductivity, swelling and water retention properties of
the hydrogel ASC-70, most of them are competi-
tive compared to most of the PAA-based conductive
hydrogels reported in nearly 4 years (Table S1), indi-
cating that the TOCNs’ multifunctioning in PAA-SA
hydrogels is an effective strategy to improve the prop-
erties of PAA-SA hydrogels.
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Conclusions

In this work, cellulose nanocrystals with differ-
ent —COOH contents (TOCNs) were prepared by
TEMPO-oxidation method, and were successfully
applied for preparing PAA-SA hydrogels. The multi-
functional roles that the TOCNs played in the hydro-
gel included well-dispersing SA and AA in the hydro-
gel precursor solution to form a uniform semi-IPN
network, providing more hydrogen bonds with SA
and AA, and offering high modulus to the final hydro-
gel. These efficiently improved both the mechani-
cal and conductive properties of the hydrogel. The
as-prepared hydrogel therefore had excellent com-
pressive properties (1.41 MPa at compressive strain
of 70%) and tensile properties (365 kPa at fracture

strain of 628%). It also showed excellent compres-
sive fatigue-resistant properties (strength retention up
to 87.85% after 200 cycles of compression), tensile
fatigue-resistant properties (tensile strength reten-
tion up to 92.08% after 15 cycles of 100% stretching),
high swelling rate (exceeding 2100%), good transpar-
ency (up to 86.3%) and conductivity (up to 0.229 S
m~!). Considering that all the raw materials used have
good natural biocompatibility, the prepared hydrogels
show great potential for applications in the fields of
biomedicine, flexible wearable sensors and environ-
mental governance.
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