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ARTICLE INFO ABSTRACT

Keywords: The development of multifunctional wearable electronic devices has received considerable attention because of
Adhesive their attractive applications. However, integrating multifunctional abilities into one component remains a
Self-healing challenge. To address this, we have developed a tannic acid-functionalized spherical nanocellulose/polyvinyl
Sl,lape memory alcohol composite hydrogel using borax as a crosslinking agent for strain-sensing applications. The hydrogel
Biocompatibility

demonstrates improved mechanical and recovery strengths and maintains its mechanical strength under freezing
conditions. The hydrogels show ultra-stretching, adhesive, self-healing, and conductive properties, making them
ideal candidates for developing strain-based wearable devices. The hydrogel exhibits good sensitivity with a 4.75
gauge factor. The cytotoxicity of the developed hydrogels was monitored with human dermal fibroblast cells by
WST-8 assay in vitro. The antibacterial potential of the hydrogels was evaluated using Escherichia coli. The
hydrogels demonstrate enhanced antibacterial ability than the control. Therefore, the developed multifunctional

Strain sensor

hydrogels with desirable properties are promising platforms for strain sensor devices.

1. Introduction

The demand for smart wearable devices to develop electronic skins,
soft robotics, and flexible sensors to monitor human motion and
healthcare is increasing globally. Different properties, including flexi-
bility, stretchability, deformability, and conductivity, are required to
develop smart wearable electronic devices [1,2]. Zeng and coworkers
fabricated transparent multifunctional polyacrylamide/starch-based
hydrogels for humidity-sensing applications [3].

Adhesive hydrogels are suitable platforms for developing strain
sensors that directly attach to the skin without using extra bandages or
tapes. Jin et al. developed biocompatible, skin-attachable hydrogels for
human motion and physiological signal monitoring [4]. The dopamine-
based hydrogels exhibited enhanced adhesiveness with different sur-
faces due to the presence of highly reactive catechol groups. However,
inorganic salts or conductive polymers are required in these hydrogels to
achieve suitable electrical conductivity for sensing applications. It has
also been observed that hydrogels combined with adhesiveness and
conductivity exhibited poor toughness. Thus, it is still challenging to
develop hydrogels integrated with the required adhesiveness,

conductivity, and mechanical strength [5-7]. Significant efforts have
been made to develop wearable electronic devices using silicon and
metals. However, their broad applicability is restricted under mechan-
ical deformation conditions owing to their adverse mechanical strength
[8]. Any minor deformation, including cracks and scratches, adversely
affects the normal function of the wearable sensor. Material with self-
healing ability has additional advantages to making wearable elec-
tronic devices, which re-gains their original structure after the damage
[9-11]. However, most developed materials require external stimuli for
healing, including light, heat, and pressure. The dynamic supramolec-
ular provides an alternative approach to form self-healing hydrogels at
room temperature without using stimuli. Chen et al. developed an
elastomer via a supramolecular approach with improved mechanical
strength and self-healing potential under ambient conditions [12]. Yan
et al. synthesized self-healing materials with enhanced stretchability
through condensation polymerization [13].

Most synthesized materials lose their required properties, including
mechanical strength, healing ability, stretching potential, and conduc-
tive properties, under adverse conditions, at low temperatures and
acidic or basic conditions [14]. Therefore, synthesizing multifunctional
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materials that can maintain their properties under adverse conditions is
desirable for developing wearable electronic devices. Hydrogel iono-
tronics are considered suitable materials to make stretchable electronic
devices owing to their attractive physicochemical properties. These
hydrogels are composed of polymers and ionic conductors and are sta-
bilized by weak interactions [15]. Borax-crosslinked polyvinyl alcohol
(PVA) is an ideal hydrogel ionotronics owing to its biocompatibility and
water solubility [16]. However, fabricating water-insoluble and water-
encapsulated PVA/borax hydrogels remains challenging. Tannic acid
(TA) is a naturally derived aromatic compound that contains an abun-
dance of functional groups, such as hydroxyl (-OH) and carbonyl
(-C=0), which facilitates the interaction with polymers through
hydrogen and ionic bonding and hydrophobic and n-7n interactions
[17,18]. Furthermore, TA coordinates with different metal ions to
generate metal-coordinated TA networks. However, the aggregation of
TA in polymer solutions leads to catastrophic failure. This drawback can
be overcome via the surface modification of TA.

Nanocellulose has received significant attention to use as a rein-
forcing agent because of its appealing physicochemical properties [19].
Based on their origin and structure, nanocellulose is categorized into
cellulose nanofibrils (CNFs), cellulose nanocrystals (CNCs)/spherical
nanocellulose (s-NC), and bacterial nanocellulose (BNC) [20]. The
nanocellulose properties can be easily modified through surface func-
tionalization. It is anticipated that s-NC has a higher surface area than its
nanocrystal counterpart, which provides more reactive sites for func-
tionalization. Considering the appealing potential of PVA and nano-
cellulose, the fabrication of nanocellulose-assisted PVA hydrogels may
be diversely applied, including flexible sensors. The sensing abilities of
nanocellulose-assisted and borax-crosslinked PVA hydrogels have been
previously reported [21-25]. The enhancement in the physicochemical
properties of the pure polymer has been previously reported with TA-
modified CNCs [26,27]. However, the sensing potential of TA func-
tionalized with shape-regulated nanocellulose has yet to be widely
explored. We have previously reported accelerated wound healing using
s-NC-mediated polymer patches [28].

This study explores the sensing abilities of TA-functionalized s-NCs
and their effects on the physicochemical properties of PVA polymer. To
the best of our knowledge, this is the first study to show the sensing
ability of TA functionalized with shape-regulated nanocellulose/PVA
hydrogel. The mechanical and rheological properties of the hydrogels
were evaluated. The self-healing ability, stretchability, and recovery
strengths of the developed hydrogels are also assessed. The developed
hydrogels exhibit adhesive and conductive properties. The biocompat-
ibility and antibacterial potential of the hydrogels are examined using
human dermal fibroblast (HDF) cells and Escherichia coli, respectively.
The strain-sensing abilities of the hydrogels are assessed at different
human body parts, including finger, wrist, and leg bending. The strain
sensitivity of the hydrogels is examined in terms of the gauge factors.
Based on the results, we hypothesize that the developed multifunctional
hydrogels have the potential for strain-sensing applications.

2. Materials and methods
2.1. Materials

The following chemicals were used as received without further pu-
rification: poly (vinyl alcohol) (PVA) (1500 DP, >99 %, Daejung
Chemicals, Gyeonggi-do, Republic of Korea), potassium hydroxide,
tannic acid, 4 % paraformaldehyde (PFA), bovine serum albumin (BSA),
4,6-diamino-2-phenylindole dihydrochloride (DAPI) (Sigma-Aldrich, St.
Louis, MO, USA), sodium hydroxide (Junsei Chemicals, Tokyo, Japan),
sodium chlorite, ammonium persulfate (APS) (Daejung Chemicals,
Busan, Republic of Korea), acetic acid (99.7 %), sulfuric acid (98.08 %),
hydrochloric acid (35 %) (mass/mass, Wako Chemicals, Osaka, Japan),
1.5 M Tris-HCI buffer (pH -8.8, Bio-Rad), F-actin probe, and mounting
media (Invitrogen, Thermo-Fischer Scientific, USA). The pine wood
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powders (80 mesh, 177 pm) were used to extract nanocellulose.

2.2. Extraction of spherical nanocellulose (s-NC) and modification with
tannic acid (TA)

The spherical nanocellulose (s-NC) was extracted from pine wood
powders through chemical treatment. The detailed processes are given
in the Supplementary section of the manuscript. The TA functionalized
s-NC was prepared as previously reported somewhere else with some
modifications [29]. In brief, 1.0 g of s-NC was added to 50 mL of buffer
solution and sonicated for 10 min, followed by TA (0.5 g) in the s-NC
suspension. The reaction mixture was mechanically stirred for 8 h at
room temperature. After that, reaction media were filtered and washed
with distilled water. The sample was dialyzed using a cellulose tube
(MW: 12-14 kDa) against distilled water for 3 days. The dialyzed sample
was freeze-dried using a freeze dryer (EYELA® Freeze Drying Unit 2200,
Tokyo, Japan) for 2 days. The obtained sample was indicated by TA@s-
NC.

2.3. Preparation of PVA and PVA/tannic acid functionalized
nanocellulose (PVA/TA@s-NC) hydrogels

The PVA hydrogel was prepared in distilled water. For this, the
calculated amounts of PVA (15 wt%) were added to 30 mL distilled
water and heated at 95 °C for 3 h to homogenize the PVA solution. The
obtained PVA solution was cross-linked with 0.1 M borax solution. The
air bubbles were removed using an ultrasonic bath sonicator. The
sample was stored at 4 °C for 12 h, followed by —20 °C for 4 h to obtain a
more cross-linked structure. The sample was unfrozen at room temper-
ature for 6 h. The freezing-thawing process was done one time. The
PVA/TA@s-NC hydrogels were prepared similarly by incorporating the
calculated amounts of TA@s-NC (1, 2, and 4 wt%, w.r.t. to PVA wt.) in
PVA solution and cross-linked by 0.1 M borax solution. The s-NC-
incorporated PVA hydrogels were also synthesized to examine the ef-
fects of s-NC on the mechanical strength of the developed hydrogels. The
prepared hydrogels were indicated by PVA, PVA/TA@s-NC-y, and PVA/
s-NC-y, where y is the amount of TA@s-NC and s-NC in the PVA poly-
mer. Similarly, the PVA/TA@s-NC 6 hydrogel was also fabricated.

2.4. Characterization

The chemical composition of TA, s-NC, TA@s-NC, PVA, and PVA/
TA@s-NC was analyzed using Fourier transform infrared (FTIR) spec-
troscopy (Frontier, Perkin Elmer, UK) in the wavelength range of
4000-500 with the resolution of 4 cm™'. The number of scans was 64.
The mechanical strength of the developed hydrogels was evaluated
using the universal testing machine (UTM) (MCT-1150, A&D, Co. Japan)
in tensile and compression modes with 10.0 mm/min speed. The
viscoelasticity of the hydrogels was analyzed using an ARES-GE
rheometer (TA Instrument, New Castle, Delaware, USA) on a 6 mm
parallel plate at 25 °C.

2.5. Self-healing and adhesive analysis

The cutting and re-joining method was used to examine the self-
healing potential of the hydrogels. Briefly, a fixed dimension of the
hydrogel was cut into pieces and contacted to re-join at room temper-
ature without using external stimuli. We have colored one part of the
hydrogel with the acridine orange (AO) dye to visualize the self-healing
process.

The adhesive strength of the hydrogels was measured by the lap
shear method on the paper surface (15 mm x 13 mm) through UTM at
room temperature. Hydrogel (100 mg) was spread over the paper sur-
face, covered with another paper, and left for 20 min. The hydrogel was
sandwiched between two paper surfaces. All experiments were con-
ducted in triplicate (n = 3), and the average data were considered for the
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adhesive strength.

2.6. Shape memory analysis

The temperature-induced shape memory behavior of the hydrogels
was examined by the cyclic bending test. Briefly, a straight strip of the
hydrogel was bent at a given angle (6;) and placed in hot water (55 °C)
for 10 s. The bent strip was transferred into the cold water (25 °C) for 30
s to achieve the proper deformation (6¢). The shape fixing ratio (R¢) was
calculated by using the following equation,

Shape fixing ratio (R¢) = % x 100

The de-formed strip was again placed in hot water (55 °C) for 10 s to
recover the original structure, followed by the measurement of the re-
sidual angle (6,). The shape recovery ratio (R,) was determined by using

the following equation,

6 —0

f

P % 100

Shape recovey ratio (R;) =

2.7. Examination of anti-freezing property

The anti-freezing property of the hydrogels was assessed at —20 °C
after six days of incubation. For this, the hydrogels were kept at —20 °C
for six days, and the change in physical appearance was analyzed. The
photographs of the hydrogels were captured after keeping them at room
temperature for a few minutes (~3 min) to melt the ice crystals on the
surface of the hydrogels. The change in the mechanical strength was also
determined through the UTM.

2.8. Cytotoxicity analysis

The biocompatibility of the hydrogels was evaluated with human
dermal fibroblasts (HDF) cells through WST-8 assay after 24 h incuba-
tion. For this, HDF cells (1.0 x 10*) were incubated with or without the
hydrogels in a 5 % CO3 incubator at 37 °C. The media without hydrogels
were considered as control. After incubation, the cells were washed with
PBS, and WST-8 dye (10 pL) was added to the cultured media and
incubated for 2 h to develop formazan. A spectrophotometer (Infinite®
M Nano 200 Pro, TECAN, Switzerland) was used to quantify the formed
formazan by taking the absorbance at 450 nm. All measurements were
done in triplicate (n = 3), and the data are presented as mean optical
density (OD) =+ standard deviations (SDs). Statistical significance was
considered as *p < 0.05.

The morphologies of the cultured HDF cells were examined through
an inverted fluorescence microscope (DMi8 Series, Leica Microsystems,
Germany) after 24 h of incubation. 2.0 x 10* HDF cells were treated
with or without the developed hydrogels. The media without hydrogels
were taken as control. The cells were rinsed with PBS, followed by cell
fixing through a 4 % PFA solution. The PFA-treated cells were washed
with PBS and incubated with 0.1 % Triton-X 100 for 10 min. After that,
cells were treated with 1 % BSA solution for 1 h, then staining 200 pL of
Alexa flor 488-conjugated Phalloidin for 20 min. The nuclei were
stained with DAPI for 5 min, followed by washing with PBS to remove
the excess stains. After that, 1 drop of Prolong® Antifade mounting
media was added, and morphologies were taken with the microscope.

2.9. Antibacterial property

The antibacterial potential of the hydrogels was assessed through
agar diffusion assay, as previously reported somewhere [30]. In brief, a
few colonies of Escherichia coli (E. coli) (ATCC 10536) were suspended in
the nutrient broth and incubated at 37 °C for 12 h with continuous
stirring (200 rpm) to obtain the new bacteria colonies. After that, the
optical density (O.D.) of the cultured bacterial was taken at 600 nm
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using a spectrophotometer, followed by dilution at 1072 from initial
concentrations. The diluted bacteria media were placed on agar plates.
Approximately equal weights of the hydrogels (0.170 g) were placed on
the agar plates and incubated at 37 °C for different periods (36 and 60
h). Each experiment was performed in triplicate (n = 3). Furthermore,
100 pL of freshly cultured bacteria solution was added to a nutrient
broth having 5 mL of culture media with hydrogels (30 mg/mL) and
incubated for 24 h at 37 °C. The media without hydrogel treatment were
taken as control. After incubation, 100 pL of the bacteria solution was
plated onto agar plates and further incubated at 37 °C to form the
colony.

2.10. Electrochemical and sensing analysis

The conductivity of the developed hydrogels was measured using a
four-probe instrument (MS Tech, solution) connected with the Keithley
2460 source meter® at room temperature. The hydrogel dimensions and
their resistance are mentioned in Table S1. The hydrogel conductivity
was calculated by using the equation given below,

. L
Conductivity = RA
here L, R, and A are the length, resistance, and area of the hydrogels,
respectively.

The conductance behavior of the developed hydrogels was deter-
mined through the slope of the current-voltage (IV) curve. The di-
mensions of the hydrogel are given in Table S2. The conductance of the
hydrogels was determined by using the following equation,

Conductance L = Slope of L curve
R \%

The electrochemical response of the hydrogel was monitored with
the Keithley 2460 source meter® at room temperature. The platinum
(Pt) disc and silver (Ag/AgCl) served as working and reference elec-
trodes in sulfuric acid solution (1 mol/L), respectively. The 3.0 M po-
tassium chloride solution was used as a supporting electrolyte in cyclic
voltammetry work.

The sensing abilities of the hydrogels (fresh, healed, and freeze
conditions) were also assessed with the Keithley 2460 source meter® at
5V. The change in the current with time was recorded and analyzed. The
relative resistance change (AR/Rg) was determined by using the
following equation,

(Rs B RO)

100
Ry

AR
Relative resistance change (R_>
0

where, Ry and R; are the resistance of hydrogel before and after strain,
respectively.

The strain sensitivity of the hydrogel was determined by gauge factor
(GF), which was calculated by using the following equation,

Ro

®
Gauge factor (GF) = e

here <?{—‘§> and ¢ are the relative resistance change and applied strain,

respectively.

2.11. Statistical analysis

Statistical analyses were accomplished with one-way ANOVA using
Origin Pro9.0 software. All results are shown as mean =+ standard de-
viations (SD). Statistical significance was taken at *p < 0.05, **p < 0.01,
and ***p < 0.001. The comparison was performed between the control
and experimental groups.
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3. Results and discussion

3.1. Surface functionalization of s-NC and the mechanical strength of the
hydrogel

A schematic presentation for synthesizing of the hydrogels and their
possible applications in sensing is shown in Scheme 1. The transmission
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electron microscopy (TEM) image of the pine wood-derived s-NCs is
shown in Fig. Sla. The extracted s-NCs had a nearly spherical structure
with an average diameter of ~43 nm. The photographs of pure s-NC and
TA@s-NC suspensions are shown in Fig. S1b. A homogenous suspension
was observed in the aqueous medium, indicating the fine dispersion and
enhanced stability of the materials. The Fourier-transform infrared
(FTIR) spectra of the pure TA, s-NC and TA@s-NC are shown in Fig. 1a.
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Scheme 1. (a) The schematic presentation for the synthesis of multifunctional polyvinyl alcohol/tannic acid functionalized spherical nanocellulose (PVA/TA@s-NC),
(b) major possible interactions within the developed hydrogels with chemical structure of TA, and s-NC, and (c) different desired properties of the developed

hydrogels for sensing applications.
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Fig. 1. The spectroscopic characterization of TA@s-NC and mechanical strength of the developed hydrogels. (a) FTIR spectra of the pure TA, s-NC, and TA@s-NC, (b)
FTIR spectra of the developed hydrogels, (c) stress-strain curves of the developed hydrogels under tensile condition, (d) toughness value of the indicated hydrogels,
(e) stress-strain curves of the developed hydrogels under compressive condition, and (f) toughness value of the indicated hydrogels.

The characteristic absorption peaks at 3307, 1705-1609, 1532-1444,
1013, and 824 cm ™! in TA were assigned to the —OH stretching vibra-
tion, C=0, C=C (aromatic stretching), C—O vibration, and C=C (aro-
matic bending) vibration, respectively [31,32]. The absorption peaks at
3307, 2889, 1724, 1633, and 1025 cm ™! in pure s-NC can be attributed
to —OH stretching, —CHj, stretching, -C—0, absorbed water, and C—0O
vibration, respectively. Notably, no absorption peaks occurred in the
1500 cm ™! region in pure s-NC, suggesting the complete removal of the
non-cellulosic components (lignin) through chemical treatment. The
absorption peaks at 2889, 1717, 1532, 1432, and 816 cm ! in TA@s-NC
demonstrated the successful functionalization of TA with s-NC in an
aqueous medium. Moreover, the —-OH stretching peak of TA@s-NC
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became narrow than the pure TA, suggesting strong interactions be-
tween TA and s-NC. PVA/TA@s-NC hydrogels were prepared by incor-
porating the appropriate amounts of TA@s-NC in an aqueous medium of
PVA polymer at 90 °C. The FTIR spectra of the pure PVA and PVA/
TA@s-NC hydrogels are shown in Fig. 1b. The characteristic absorp-
tion peaks of PVA hydrogel at 3369, 2945-2912, 1720, 1329, 1109, 837,
and 661 cm ™! are assigned to OH stretching, CH, asymmetric stretching
vibration, C=0 stretching, CHy bending vibration, C—O stretching of
acetyl groups, C—C stretching vibration, and OH wagging vibration,
respectively [33]. A significant shift in OH stretching peak observed in
the composite hydrogels (3369 — 3318 cm’l) is attributed to the strong
interactions (hydrogen and ester bonding) between polymer chains and
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TA@s-NC. The composite hydrogels exhibited intense CHy asymmetric
stretching vibration peaks compared to the pure polymer due to the
incorporated TA@s-NC. The absorption peak at 1731 cm ™! indicates the
presence of TA@s-NC moieties. Shifting in the absorption peak of C=0
groups (1720 — 1709 cm™') was observed in the composite hydrogels
due to the interactions between the polymer chains and added nano-
material. The composite hydrogels also show a prominent absorption
peak at 837 cm ™}, which overlapped the C—C stretching vibration of
polymer chains. These results suggest that the developed hydrogels were
interactive, and hydrogen, as well as borate ester bonds play significant
roles in these shifting [34].

Before examining the effects of TA@s-NC on the mechanical strength
of the PVA hydrogel, we measured the mechanical strength of s-NC-
added PVA hydrogels by UTM in tensile mode, and the results are shown
in Fig. S2a-b. The s-NC-incorporated hydrogels exhibit enhanced me-
chanical strength (ultimate strength and toughness) compared to the
pure PVA hydrogel, demonstrating its reinforcing effects. However, this
enhancement was lower than the TA@s-NC-added hydrogel, suggesting
that functionalization positively affects mechanical strength. A decrease
in the mechanical strength of nanocellulose-based composites has been
previously reported because of poor interfacial compatibility and
interaction between nanocellulose and the polymer matrix [35]. The
stress-strain curves of the developed hydrogels are shown in Fig. 1c. The
TA@s-NC-added hydrogels show enhanced ultimate strength compared
to the pure polymer hydrogel, indicating the reinforcing effects of the
added TA@s-NC. Approximately 6 times (2.21 kPa — 13.25 kPa)
enhancement in the ultimate strength was observed in the composite
hydrogels than in the pure polymer. This enhancement was attributed to
the different interactions, including hydrogen bonding, ester bonding,
and n-bonding between the TA@s-NC and PVA chains, which facilitated
the load transformation during elongation [36]. As the TA@s-NC con-
tent increased, a systematic enhancement in the elongation at break was
observed, indicating that the addition of TA@s-NC significantly
enhanced the toughness and stretchability of the PVA hydrogel. An
enhancement in the elongation at break is explained by the suppression
of the crack propagation process by added nanomaterial through the
effective interactions (hydrogen bonding, ester bonding, and
n-bonding), causing a higher elongation at break. More significant
suppression of the crack propagation process occurred at a high content
of TA@s-NC, leading the superior elongation at break [37]. The devel-
oped hydrogels exhibited greater elongation at break properties than
previously reported PVA hydrogels, and value is mentioned in Table 1
[22,38-42]. The Young's modulus value (from the slope of the initial
stress-strain curves) was 0.037 + 0.012, 0.134 + 0.005, 0.238 + 0.007,
and 0.24 + 0.006 kPa for PVA, PVA/TA@s-NC 1, PVA/TA@s-NC 2, and
PVA/TA@s-NC 4, respectively. Approximately 6.5 times enhancement
in Young's modulus was observed the in composite hydrogels than in the
pure polymer, showing the improved elasticity in the composite
hydrogels due to the better interaction. The toughness was calculated
from the stress-strain curve (area under the curve), and the results are

Table 1
A comparative analysis of the elongation at break of previously reported PVA-
based hydrogels with this study.

Components Elongation at References
break (%)

Polyvinyl alcohol/cellulose nanofiber/aluminum 696 [38]
chloride hexahydrate

Polyvinyl alcohol/cellulose nanofibrils 660 [39]

Polyvinyl alcohol/gelatin/cellulose nanocrystal 82 [40]

Polyvinyl alcohol/nanocellulose 600 [41]

Polyvinyl alcohol/polypyrrole/cellulose 820 [22]
nanofibers

Polyvinyl alcohol/tannic acid/ 300 [42]
carboxymethylated cellulose nanofibrils/
sulfonated carbon nanotubes

Polyvinyl alcohol/tannic acid/nanocellulose 1211 This study
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shown in Fig. 1d. The composite hydrogels show improved toughness
value compared to the pure polymer hydrogel. Approximately 8.9 folds
(1.5 MJ m—3 - 13.39 MJ m3) enhancement in the toughness was
observed in the composite hydrogels than the pure polymer hydrogel.
This improvement was attributed to the inhibition of the crack propa-
gation process by TA@s-NC during measurement.

The mechanical strength of the materials is profoundly affected by
the crosslinking density, polymer concentration, molecular weight,
surrounding conditions (pH, temperature, solvent, and loading rates),
and physicochemical properties of the added nanomaterials [43]. We
further measured the mechanical strength of the hydrogel at a higher
content of TA@s-NC (6 wt%) to examine the reinforcing effects of the
added nanomaterial, and the obtained stress-strain curve is given in
Fig. S3a. PVA/TA@s-NC 6 hydrogel exhibits a lower ultimate tensile
strength than PVA/TA@s-NC 4 hydrogel. It was 6.21 kPa, and 13.25 kPa
for PVA/TA@s-NC 6, and PVA/TA@s-NC 4 hydrogels, respectively. The
agglomeration of the nanomaterial at a higher concentration caused a
decrease in tensile strength [37]. The ultimate tensile strength and
toughness value of PVA/TA@s-NC 6 hydrogel is shown in Fig. S3b. A
decrease in the toughness was also observed in PVA/TA@s-NC 6
hydrogel (10.5 MJ m’g) compared to PVA/TA@s-NC 4 hydrogel (13.39
MJ m~3). Minimizing the interactions within hydrogel components is
the primary factor for decreasing the toughness. These findings suggest
that 4 wt% of TA@s-NC are appropriated amounts to enhance the me-
chanical strength of PVA/TA@s-NC hydrogels.

The images of the stretched hydrogels are presented in Fig. S4. The
hydrogel shows high stretchability. The quantitative elongation value is
given in Fig. S5. It was 1091.7, 1080.8, and 1211.3 % for PVA, PVA/
TA@s-NC 2, and PVA/TA@s-NC 4, respectively. Materials with high
stretchability and flexibility are suitable for wearable electronic devices.
It can be directly combined with textiles to develop wearable human-
machine interfaces for different applications. We further examined the
structural moldability potential of the hydrogel, and the images of the
hydrogel under different deformation conditions are shown in Fig. S6.
These results indicate that the developed hydrogel can be configured in
the desired structures without breaking its shape. Moldability enables
the development of flexible wearable electronic devices where complex
configurations are required [44].

Further, the mechanical strength of the hydrogels was also measured
in compressive mode, and the obtained stress-strain curves are presented
in Fig. 1le. We compressed the hydrogels up to ~63 % of their original
height at a compression rate of 10 mm/min. The hydrogel exhibits the
properties of a typical porous material with a linear elastic region at
relatively low stress, followed by a plateau and densification region. An
enhancement in the compressive strength (0.040 MPa — 0.099 MPa)
was observed in the composite hydrogels than in pure PVA hydrogel due
to the greater load transfer in the presence of TA@s-NC during
compression. Graphene oxide-added PVA hydrogels exhibited enhanced
compressive strength than pure PVA hydrogels owing to the strong
interaction between the PVA and graphene oxide, which transferred the
load from the polymer chains to the graphene oxide [45]. The toughness
value of the developed hydrogels under compressive mode is shown in
Fig. 1f. The composite hydrogels demonstrate enhanced toughness
compared to the pure PVA hydrogel. The toughness enhancement was
attributed to the barrier effects of the TA@s-NC in the polymer matrix,
which restricted the crack propagation process during compression.
Furthermore, the composite hydrogels demonstrated a lower densifica-
tion value than the pure polymer hydrogels, suggesting a more cross-
linked structure. These results indicated that added TA@s-NC
improved the mechanical strength of the PVA hydrogel.

3.2. Viscoelasticity and recovery analysis
The viscoelasticity of the developed hydrogels was determined using

a rheometer in the measured region of 0.1-100 rad/s at 25 °C, and the
results are shown in Fig. 2a. No crossover of the storage modulus (G/,
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Fig. 2. Analysis of viscoelasticity of the developed hydrogels at indicated temperature. (a) Storage modulus (G', continuous line) and loss modulus (G”, without line)
of the developed hydrogels in the measured regions, (b) change in viscosity complex of the developed hydrogels in the measured regions, (c) change in the viscosity
of the developed hydrogels w.r.t. the shear rates at indicated time periods, (d) examination of self-healing efficiency of the developed hydrogel at room temperature
in the absence of external stimuli (temperature, pressure, and pH), (e) stress-strain curve of the original and healed PVA/TA@s-NC 4 hydrogels, (f) toughness values
of the original and healed PVA/TA@s-NC 4 hydrogels, and (g) the possible mechanism for breaking and self-healing process in the indicated hydrogels.

solid lines) and loss modulus (G”, without lines) was observed in the
measured regions, suggesting typical solid-like properties. The com-
posite hydrogels show a higher G’ value than the pure PVA hydrogel
over the entire measurement regions and increase with increasing
TA@s-NC content in the polymer matrix. The improvement in the G’
value of the composite hydrogels is attributed to the formation of strong
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polymeric networks, leading to improved elasticity of the hydrogels.
Different kinds of interactions, such as borate ester between the PVA
chains and borax, borate ester between the PVA chains and the vicinal
hydroxyl groups of TA@s-NC, n—x interactions, and hydrogen bonding
between the PVA chains and TA@s-NC, are responsible for the elasticity
enhancement of the hydrogels [46]. An enhancement in the G’ of the
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PVA hydrogels with CNFs was previously reported due to the formation
of cross-linked polymeric structures [47]. A significant enhancement in
the G’ value of the composite hydrogels (1.05 x 10* Pa — 2.22 x 10 Pa)
has occurred at a higher angular frequency (100 rad/s) than that of the
pure PVA hydrogel, indicating their improved elasticity. The improve-
ment in the G’ value of the composite hydrogels at high angular fre-
quency is due to the relaxation and simultaneous formation of more
interconnected polymeric network structures within the hydrogel com-
ponents, which restricts the movement of the polymer chains, resulting
in a solid-like property and higher G’ value [48,49]. The composite
hydrogels exhibited a higher G” value than the pure polymer throughout
the measured regions. However, their magnitudes were lower than those
of G’ over the entire measured regions, indicating the existence of stable
crosslinked polymeric networks in the hydrogels. The corresponding
complex viscosity (n*) values of the hydrogels in the measured regions
are shown in Fig. 2b. The composite hydrogels exhibit higher n* values
than the pure polymer, suggesting the existence of solid-like structures.
This value increased with increasing TA@s-NC content in the polymer
matrix due to more cross-linked networks.

Furthermore, the hydrogels demonstrate a higher n* value at a low
angular frequency. In contrast, a decreased n* value was observed at a
relatively high angular frequency, showing shear thickening and thin-
ning properties of the hydrogels. The shear thickening phenomenon in
the developed hydrogels is attributed to forming compact solid-like
structures via different interactions between the polymer chains, nano-
material and the crosslinking agent. These interactions led to the proper
entanglement of the randomly oriented polymer chains at a lower
angular frequency. The shear thinning behavior in the developed
hydrogels at a higher angular frequency is assigned for the disentan-
glement of the polymer chains, which led to reduced interactions be-
tween the added components, and decreasing viscosity [28,50].

Recoverable hydrogels have attracted significant interest in devel-
oping wearable electronic devices owing to their recovery potential after
deformation. The recovery potential of the developed hydrogels was
analyzed by measuring the viscosity (1)) at different shear rates (0.1, 100,
and 0.1 s71) for 100 s at 25 °C, and the results are shown in Fig. 2c. The
value was 3247.0, 4103.4, and 5374.6 Pa-s for PVA, PVA/TA@s-NC 1,
and PVA/TA@s-NC 4 hydrogels at a low shear rate (0.1 s’l), respec-
tively. These values decreased to 3.0, 0.2, and 0.1 Pa-s for PVA, PVA/
TA@s-NC 1, and PVA/TA@s-NC 4 hydrogels, respectively, at a high
shear rate (100 s™'). The high shear rate (100 s71) deformed the
crosslinked networks in the hydrogels, leading to a lower n value. The
hydrogels recovered approximately the initial n values after removing
the high shear rate, and it was 2653.3, 3452.4, and 4870.2 Pa-s for PVA,
PVA/TA@s-NC 1, and PVA/TA@s-NC 4 hydrogels, respectively. The
recovery values were 81.62 %, 84.13 %, and 90.61 % for PVA, PVA/
TA@s-NC 1, and PVA/TA@s-NC 4 hydrogels, respectively. The com-
posite hydrogels demonstrated improved recovery strength compared to
the pure polymer, which increased with increasing TA@s-NC content in
the polymer matrix. The higher recovery strength of the composite
hydrogels was due to the formation of more cross-linked structures in
the hydrogels. A high recovery strength in PVA/starch hydrogels has
been previously reported because of the formation of cross-linked
polymeric networks [51].

Self-healed hydrogels with adequate mechanical strength have paid
significant attention in fabricating wearable electronic devices and
biomedical research. Self-healed hydrogels have more prolonged dura-
bility than typical hydrogels [52]. The macroscopic self-healing poten-
tial of the developed hydrogel was analyzed using the cut-and-re-joining
method at room temperature, and the results are shown in Fig. 2d. The
separated hydrogels were ultimately rejoined within 30 min without
using any external stimuli, showing their self-healing ability. The rela-
tively high self-healing ability of the hydrogel was attributed to the
reversible borate ester linkages, =-n bonding, and hydrogen bonding
between the hydrogel components. Hydrogels based on nanoclays and
hydrophilic monomers have been extensively explored to develop
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stretchable and self-healing materials for various applications [53].
Different molecular interactions, including hydrogen and covalent
bonding, ionic interactions, hydrophobic interactions, metal-ligand co-
ordination, and host-guest interactions, play significant roles in the self-
healing ability of the materials [54]. We further analyzed the mechan-
ical strength of the original and healed PVA/TA@s-NC 4 hydrogels to
assess their self-healing efficiency. The stress-strain curves of the orig-
inal and healed hydrogels are shown in Fig. 2e. The healed hydrogels
recovered their mechanical strength and elongation at break to the
original hydrogel with increasing the healing time, suggesting the
effective self-healing ability of the hydrogel. The quantitative toughness
values of the original and healed hydrogels at different intervals (10 and
20 min) are shown in Fig. 2f. The toughness values were 6.6, 11.41, and
13.39 MJ m ™2 for 10 min healed hydrogel, 20 min healed hydrogel, and
original hydrogels, respectively. The toughness value was approxi-
mately 49.3 % and 85.2 % of the original hydrogel after 10 and 20 min of
the self-healing process. The self-healing efficiency of the hydrogel
might be further increased by increasing the healing time owing to the
relatively high crosslinks among the hydrogel components [55]. The
photographs of the healed hydrogel during the mechanical analysis are
shown in Fig. S7. The healed hydrogel exhibited elongation properties
similar to the original hydrogel without breaking at the healing point. A
possible mechanism for the improved self-healing ability of the devel-
oped hydrogel is presented in Fig. 2g. Different borate ester linkages, n-n
bonding, and hydrogen bonding are reversible and easily dissociated
during breaking and readily re-associated after contact. The hydrogels
with autonomous healing ability are attractive platforms for fabricating
wearable electronic devices because of their rapid dissociation and as-
sociation ability, and they can be modulated by external stimuli [56].

3.3. Adbhesive behavior of hydrogel

Self-healing hydrogels with adequate adhesiveness are highly
desired to develop strain sensors due to the non-requirement of external
adhesive tapes or bandages, which may cause skin irritation for long-
term measurements. The adhesiveness of the hydrogels was monitored
with different surfaces. The photographs of the developed hydrogel with
human skin, Eppendorf tube, rubber, and centrifuge tubes are given in
Fig. 3a(i-iv). The hydrogel was adequately adhered to different surfaces,
demonstrating its adhesiveness. The quantitative adhesive strength of
the hydrogels was measured through UTM with thick paper surfaces.
The load vs. displacement curves for the developed hydrogels are shown
in Fig. 3b. The composite hydrogels exhibit higher load-bearing capacity
than the pure polymer, suggesting their better strength. This potential
was further increased with increasing TA@s-NC in the polymer matrix,
showing the improved load-bearing strength of composite hydrogels.

The improved load-bearing strength of the composite hydrogels can
be attributed to the more significant interactions between the hydrogel
components and the applied surface. The presence of active functional
groups in the composite hydrogels facilitated greater interactions. The
adhesive strength vs. displacement curves for the developed hydrogels
are given in Fig. 3c. The composite hydrogels show greater adhesiveness
than the pure polymer hydrogel, indicating their superior adhesive
strength. The adhesive potential of the hydrogels is profoundly affected
by the physicochemical properties of hydrogels, adhesion time, and
surface properties of applied materials [57]. The quantitative values of
the adhesive strength with paper surfaces are given in Fig. 3d. The ad-
hesive strength was 37.07 + 1.85, 48.05 + 2.40, 52.63 + 2.63, and
59.64 + 2.98 kPa for PVA, PVA/TA@s-NC1, PVA/TA@s-NC 2, and
PVA/TA@s-NC 4, respectively. The adhesive strength of the fabricated
hydrogels may increase with polar surfaces, including human skin, due
to the presence of the charged functional groups, which cause better
interactions. The possible interaction mechanism between the applied
paper and the developed hydrogels is presented in Fig. 3e. The paper is
composed of cellulose, which has an abundance —-OH groups in their
compositions. The hydrogels have abundant active hydroxyl groups in
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Fig. 3. (a) Examination of the adhesiveness of the developed hydrogels at different surfaces (i) human skin, (ii) Eppendorf tube, (iii) rubber, and (iv) centrifuge tube,
(b) load vs. elongation curves of the indicated hydrogels sandwich between two paper surfaces, (c) adhesive strength (kPa) vs. displacement curves of the indicated
hydrogels, (d) quantitative values of the adhesive strength of the developed hydrogels after 20 min of treatment sandwich between two plastic surfaces, and (e) the

possible mechanism for interaction between paper surface and hydrogel.

their structures, which strongly interact with cellulose chains through
different approaches, including hydrogen bonding, dipole-dipole, or
ion-dipole interactions. The possible interactions between different
functional groups (-C—=0 and -S—O0) and the developed hydrogels are
(Fig. S8). Zhao et al. have also reported the superior adhesive potential
of fibroin-based hydrogels with different surfaces, including human
fingers, glass, rubber, and plastic, through different interactions, such as
hydrogen bonding, electrostatic and hydrophobic interactions [58].

3.4. Shape memory behavior

We performed the shape memory behavior of the PVA hydrogels in a
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strip form at different heating periods (10, 20, and 30 s) and 55 °C with a
fixed cooling time (30 s) to know the optimum time for shape memory
behavior, and the images are shown in Fig. S8. The results indicate that a
heating time of 10 s for deformation and reformation is appropriate for
shape-memory analysis. Therefore, we chose a shape-memory exami-
nation time of 10 s. The shape-memory behavior of the developed
hydrogels was examined using the shape fixation ratio (R¢) and shape
recovery ratio (R;) at 55 °C; the results are shown in Fig. 4a. The
developed hydrogels easily deformed in the desired structure (U-shaped)
at 55 °C and maintained their morphologies (temporary shape at 25 °C),
showing their shape-fixing ability. The temporary structures were
recovered to their original structure within 10 s after applying an
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the possible mechanism for shape deformation and recovery.

external stimulus (55 °C), demonstrating their shape-recovery potential.
The shape-fixing ability of the developed hydrogels was attributed to the
minor destruction of the crosslinked structures (predominantly H-
bonding) of the hydrogels at a relatively high temperature and imme-
diate cross-linking at low temperatures, leading to shape-fixing potential
[59,60]. The composite hydrogels exhibit a better shape-fixing ability
than the pure polymer hydrogel because of the increased number of
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cross-linked structures, as observed in the rheological analysis. The
cross-linked structures were significantly damaged in the composite
hydrogels at relatively high temperatures, which instantly cross-linked
at low temperatures, causing enhanced shape fixation. The shape-
fixing ability increased with the increase in the TA@s-NC content in
the polymer matrix. Here, we show the images of pure PVA and PVA/
TA@s-NC 4 hydrogels for visualization. The deformed hydrogels
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recovered their original structures, demonstrating their shape-recovery
potential. The composite hydrogels showed improved shape-recovery
potential compared to the pure polymer hydrogels and increased with
the increase in the TA@s-NC content in the polymer matrix. The
improved shape-recovery potential was attributed to the better refor-
mation of hydrogen bonds in the composite hydrogels than in the pure
polymer hydrogels. The quantitative values of R¢ of the developed
hydrogels are shown in Fig. 4b. The values were 93.75 %, 95.32 %,
97.08 %, and 97.56 % for PVA, PVA/TA@s-NC 1, PVA/TA@s-NC 2, and
PVA/TA@s-NC 4, respectively.

The high Ry value of the composite hydrogels was attributed to the
relatively high destruction and reorganization of the hydrogen bonds in
their cross-linked structures. Chen et al. examined the shape-fixing
ability of PVA/TA hydrogels [61]. However, their shape-fixing ability
was lower than that of our findings. It is likely due to the functionali-
zation of TA with s-NC, providing more functional groups for the
destruction and reorganization of hydrogen bonds. The quantitative
values of R; for the prepared hydrogels are shown in Fig. 4c. The values
were 94.75 %, 97.61 %, 98.78 %, and 100 % for PVA, PVA/TA@s-NC 1,
PVA/TA@s-NC 2, and PVA/TA@s-NC 4, respectively. The relatively
high R; value of the composite hydrogels was significantly due to the re-
formation of hydrogen bonds. These results indicate that the developed
hydrogels have excellent shape-memory abilities and can be explored in
sensing and soft robotics. A possible mechanism for the shape memory

Freezing Conditions
-20 °C (6 Days)
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phenomenon in the developed hydrogels is demonstrated in Fig. 4d. The
movement in the polymer chains causes the de-localization of the
different interactions in the developed hydrogels during the heating and
cooling processes, leading to the formation of a temporary cross-linked
structure. The polymer chains regain their initial configuration through
heat treatment, facilitating recovery.

3.5. Anti-freezing property

The anti-freezing potential of the hydrogels was monitored after six
days of storage at —20 °C. The images of the hydrogels before and after
storage are shown in Fig. 5a. No significant change in the physical
appearance was observed after six days of storage, suggesting that the
hydrogels maintained their structural integrity under harsh conditions.
Conductive hydrogels retaining moisture under harsh conditions are
favorable for strain-sensing applications in tropical and cold regions. We
measured the mechanical strength (compressive mode) of the frozen
hydrogels through UTM, and the obtained stress-strain curves are shown
in Fig. 5b. The composite hydrogels show higher mechanical strength
than pure polymer hydrogel and increase with increasing TA@s-NC
content in the polymer matrix. This enhancement in the mechanical
strength was due to the formation of more crosslinked structures, which
prohibit excess water evaporation [62]. It was 0.0074, 0.0078, 0.0100,
and 0.0103 MPa for PVA, PVA/TA@s-NC 1, PVA/TA@s-NC 2, and PVA/
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Fig. 5. Examination of the anti-freezing efficiency of the developed hydrogels after 6 days of incubation at —20 °C. (a) The images of the developed hydrogels before
and after treatment, (b) stress-strain curves of indicated hydrogels after 6 days of incubation at —20 °C, and (c) quantitative toughness value of the devel-

oped hydrogels.
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TA@s-NC 4 hydrogels, respectively. These values were lower than in electronic devices for personalized healthcare applications. The cyto-
normal conditions, as shown in Fig. le. However, the developed toxicity of the developed hydrogels was monitored with HDF cells
hydrogels retained adequate mechanical strength under harsh condi- through WST-8 assay after 24 h of incubation, and the results are shown
tions and exhibited anti-freezing properties. The depressing of the in Fig. 6a. The groups without hydrogel treatment were considered as
hydrogel freezing point is a significant factor for the anti-freezing po- controls. The developed hydrogels exhibit no adverse effects on the
tential. The plenty of hydrophilic hydroxyl groups in the hydrogels could viability of HDFs, showing their biocompatibility. The composite
hinder the aggregation of water molecules and inhibit the formation of hydrogel-treated groups show higher cell viability than pure polymer

ice crystals, lowering the hydrogels' freezing point. Hydrogen bonding hydrogel, suggesting improved biocompatibility. The cytotoxicity of the
between the polar groups of the hydrogel and water molecules probably developed hydrogels was significantly affected by the TA@s-NC content

plays a crucial role in lowering the freezing point of the hydrogels. The of the polymer matrix. The improved biocompatibility of the composite
anti-freezing properties of the hydrogels can be further improved by hydrogels was attributed to the accelerating effects of biocompatible
adding freezing resistance media, such as glycerol and ethylene glycol, TA@s-NC in the polymer matrix [64]. The morphologies of the cultured
during the preparation of the hydrogel [63]. Furthermore, we calculated cells after one day of treatment are shown in Fig. 6b. The groups without
the toughness value of the frozen hydrogels from the stress-strain curves hydrogel treatment were used as controls. The cells were elongated and
(area under the curve), and the results are shown in Fig. 5c. The in healthy conditions, demonstrating the biocompatibility of the
toughness values were 118.6, 127.0, 127.9, and 152.9 kPa for PVA, hydrogels.

PVA/TA@s-NC 1, PVA/TA@s-NC 2, and PVA/TA@s-NC 4 hydrogels, E. coli bacterium was used as a model bacterium to investigate the
respectively. The composite hydrogels exhibit enhanced toughness antibacterial potential of the developed hydrogels, and the results are
value compared to the pure polymer hydrogel, which is attributed to the shown in Fig. 6¢c. The experimental areas without any hydrogel treat-
inhibition of the crack propagation process through TA@s-NC during ment were considered as controls. Few bacterial colonies were observed
the measurement. However, this value was lower than that of normal on the surface of the pure PVA hydrogels, whereas no such visualization
conditions. was observed on the surface of the composite hydrogels after 36 h of

incubation, suggesting their improved antibacterial potential. Further-
more, no bacterial growth was observed on the surface of the composite
3.6. Cytotoxicity and antibacterial analysis hydrogels after 60 h of incubation, indicating antibacterial efficiency.
The improved antibacterial potential of the composite hydrogels is
Biocompatibility of the material is necessary to develop wearable
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Fig. 6. Evaluation of the biocompatibility and antibacterial potentials of the developed hydrogels. (a) Viability of HDFs cells in with developed hydrogels at
indicated time periods, and (b) fluorescence microscopic images of HDFs cells with developed hydrogels after 1 day of treatment, and (c) antibacterial potential of the
developed hydrogels at different periods (36 and 60 h).
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attributed to the functionalized TA@s-NC in the polymer matrix. The
antibacterial activity of TA has been previously reported [26].
Conductive hydrogels with antibacterial potential have significant ad-
vantages in developing wearable electronic devices for different appli-
cations. These hydrogels remarkably suppressed bacterial infections
during human skin contact [65]. We also examined the antibacterial
potential of the hydrogels through the agar diffusion method after 72 h
of incubation, and the results are shown in Fig. S10. The control and
PVA-treated groups contained approximately 821 + 13 and 708 + 15
bacteria colonies, whereas PVA/TA@s-NC 4 treated hydrogel demon-
strated 238 + 14 bacteria colonies. The decreased bacteria colonies in
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PVA/TA@s-NC 4 treated hydrogel further suggested its antibacterial
potential.

3.7. Electrochemical behaviors of hydrogel

Conductivity is required in the development of wearable electronic
devices. The hydrogel conductivity was measured using a four-probe
instrument, and the results are shown in Fig. 7a. The details of the
hydrogel dimensions and their resistances are shown in Table SI1.
Enhanced conductivity (6.05 x 10™* > 3.16 x 1073 S/cm) was observed
in the composite hydrogels compared to the pure polymer hydrogel,
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Fig. 7. Evaluation of the conductivity of the developed hydrogels at room temperature. (a) Conductivity value of the indicated hydrogels, (b) I-V curves of indicated
hydrogels, (c) CV curves of the indicated hydrogel in measured regions, (d) change in current at different healing time, (e) change in the relative resistance of the
indicated hydrogel with strain, and (f) change in the current of the hydrogel at different position of the human finger.
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which increased with increasing TA@s-NC content in the polymer ma-
trix, demonstrating the accelerating effects of TA@s-NC on the PVA
conductivity. The high water content of the hydrogels assisted the
ionization of TA@s-NC and the generation of free hydrogen ions. The
generated ions migrate directionally at a specific voltage, enhancing the
conductivity in the composite hydrogels. The PVA/TA@s-NC 4 hydrogel
contains more ionized ions and conduction pathways than other
hydrogels at a particular voltage, thereby improving conductivity.
Enhanced electrical conductivity in a phytic acid-incorporated PVA
hydrogel has been previously reported owing to the ionization of ions
and the migration of hydrogen ions at a specific voltage [66]. The
conductivity potential of the hydrogels was further examined by illu-
minating a light-emitting diode (LED) bulb. Here, we chose the PVA/
TA@s-NC 4 hydrogel for the demonstration because of its enhanced
conductivity compared to other hydrogels. The photographs of the LED
bulbs connected to the hydrogel are shown in Fig. S11. No illumination
was observed in the hydrogel-connected LED without an applied
voltage, whereas bright illumination occurred under a specific voltage,
indicating the conductive potential of the developed hydrogel. Current-
voltage (I-V) measurements investigated the electrical conductance
behavior of the developed hydrogels, and the results are shown in
Fig. 7b. The I-V curves of the hydrogels were linear and non-hysteretic,
indicating their electro-conductive properties. The conductance value
was 0.0261, 0.0339, 0.0346, and 0.0351 mS for PVA, PVA/TA@s-NC 1,
PVA/TA@s-NC 2, and PVA/TA@s-NC 4 hydrogels, respectively. The
composite hydrogels exhibited better conductance behavior than the
pure polymer, suggesting improved electro-conductive behavior. The
improved electro-conductive behavior of the composite hydrogels was
attributed to the formation of an effective ion transfer pathway in the
hydrogels, which facilitated the transport of ions at the applied voltage
[67]. The dimensions of the hydrogel used for the I-V measurements are
given in Table S2.

The electrochemical behavior of the developed hydrogels was
determined through cyclic voltammetry (CV) in an aqueous solution of
sulfuric acid (1 mol/L) in the scan range of (—0.4)-(0.3) V, and the
obtained CV curves are shown in Fig. 7c. Here, we chose the PVA/TA@s-
NC 4 hydrogel to examine its electrochemical performance because of its
superior conductivity compared to other hydrogels. The CV curves were
nearly rectangular, with the redox peaks at —0.19 V and 0.11 V. The
redox peaks in the hydrogel were attributed to the reduction in the
abundance of hydroxyl groups in the hydrogel and the oxidation of the
benzenoid structure of TA [68]. A noticeable increase in the peak cur-
rents was observed in the CV curves of the hydrogel with increasing scan
rates, demonstrating good electrochemical responsiveness and rate
capability. This behavior in the hydrogel may originate from enhanced
ion transport in the measured regions. We also measured the change in
the hydrogel current over three consecutive steps of the cutting and re-
joining process to examine the effects of the self-healing process on the
electrical properties of the hydrogel. The change in the current profile of
the hydrogel is shown in Fig. 7d. A steady current was observed in the
hydrogel, which rapidly decreased after cutting owing to the damage to
the electrical pathway. However, the hydrogel regained its original
current value after healing, indicating the regeneration of an effective
electrical pathway through the self-healing process. The re-gaining of
the initial current value in the healed hydrogel was due to the dynamic
reversible interactions within the hydrogel components. Similar pat-
terns were observed in three consecutive processes, demonstrating the
appealing electrical properties of the hydrogel.

The self-healing efficiency of PVA/TA@s-NC 4 hydrogel was also
investigated by monitoring the changes in the relative resistance of the
original hydrogel and healed hydrogel. The results are presented in
Fig. 7e. An enhancement in the resistance was observed with increased
strain due to the weakening of the electrical conduction pathway. The
healed hydrogel demonstrates similar behavior as the original, indi-
cating the effective regeneration of the electrical pathway through the
self-healing process. Additionally, we measured the change in the
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current of the hydrogel applied to the surface of the human finger under
straight and different bending conditions (30°, 60°, and 90°), and the
results are shown in Fig. 7f. No significant current change was observed
in the hydrogel under static conditions because of the insignificant
change in hydrogel resistance. However, a decrease in the current value
occurred in the hydrogel with increasing the finger-bending magnitude.
The decrease in the hydrogel current is attributed to the resistance
enhancement during finger bending at a fixed voltage. An enhancement
in the resistance of a conductive hydrogel by increasing the bending
angles was previously reported [69].

3.8. Sensing efficiency and sensitivity of hydrogel

Based on the superior electrochemical performance of PVA/TA@s-
NC 4 compared to other hydrogels, we analyzed the real-time strain-
sensing ability of the hydrogel at different parts of the human body
(finger, wrist, and knee motions). The stretching and bending processes
were performed with human fingers to detect the real-time motion
through the developed hydrogel, and the results are presented in Fig. 8a.
The hydrogel strain sensor exhibits a steady deformation pattern during
the stretching and bending of the finger, indicating its real-time motion-
monitoring potential. The pattern of resistance change depends on the
magnitude of the finger motion. A higher resistance change occurred
during bending than stretching because of the decrease in the hydrogel
current under bending, as observed in Fig. 7e. Furthermore, we
measured the motion at the wrist and knee parts of the human body to
explore the real-time strain-sensing efficiency of the developed hydro-
gel, and the corresponding resistance changes are shown in Fig. 8b-c.
Nearly constant and rapid resistance changes were observed during the
motion of the wrist and knee at a specific angle, suggesting its high
sensitivity and good fidelity with the fast recovery of the sensor in
monitoring the motion of the human body parts.

The real-time strain-sensing potential of the healed hydrogel was
also examined on a human finger, and the obtained waveforms are
shown in Fig. 8d. The healed hydrogel exhibits uniform waveforms
during the motion of the human finger, which is identical to that of the
original hydrogel, showing the motion-sensing potential of the healed
hydrogel. The change in the generated waveforms was profoundly
affected by the magnitude of the finger motion. Furthermore, we
monitored the strain-sensing potential of the hydrogel under harsh
conditions (-5 °C) to validate the anti-freezing potential of the hydro-
gel, and the obtained results are shown in Fig. 8e. The hydrogel
exhibited a similar waveform under harsh conditions, indicating its
strain-sensing potential under critical conditions. The generated wave-
forms were similar to those under normal finger motion conditions. The
strain sensitivity of the hydrogels (original and healed) was examined in
terms of gauge factor (GF) by measuring the electrical resistance change
under applied strain conditions. The obtained data are presented in
Fig. 8f. The GF value was 4.1 and 4.75 for the original hydrogel with 30
% and 360 % strain, respectively. The GF value was 3.05 and 4.3 for the
healed hydrogel with 30 % and 360 % strain, respectively, showing a
linear change in the relative resistance with strain. The developed
hydrogel shows a better GF value than some previously reported PVA/
nanocellulose-based hydrogels [70,71]. Moreover, the obtained GF
values were lower than the hydrogels fabricated using conductive ma-
terials, such as carbon nanotubes and polyaniline [35,72,73].

However, the GF value can be further increased by integrating more
conducting nanomaterials or polymer matrices. These results indicate
that the developed hydrogel with multifunctional ability can be used as
a strain sensor in real-time applications. A comparative study of some
previously reported works based on PVA hydrogels with our work is
given in Table 2 [42,74-79]. The developed hydrogels showed relatively
improved physicochemical properties (toughness, viscoelasticity, and
adhesiveness) than previously reported works for strain-sensing.

Furthermore, we showed the temperature-sensing potential of the
developed hydrogels through a simple electric circuit at different
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Fig. 8. Evaluation of the real-time sensing properties of the developed hydrogels at room temperature. (a) Change in resistance value of the indicated hydrogel
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change in resistance value of the indicated hydrogel under harsh conditions, and (f) gauge factor of the original and healed hydrogels at different strain. All ex-

periments were done in triplicate (n = 3).

temperatures (RT and —2 °C). It is believed that the conductivity of the
developed hydrogels would decrease with decreasing the temperature
due to the movement of the limited ions, leading to the enhancement in
the circuit resistance [80]. The LED illumination behaviors at different
temperatures are shown in Fig. S12. A bright illumination was observed
at RT, whereas dimmed illumination occurred in ice due to increased

circuit resistance. These findings show that the developed hydrogel can
also be used as a temperature sensor.

4. Conclusion

The multifunctional hydrogels of polyvinyl alcohol/tannic acid-
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Table 2
A comparative analysis of the previously reported PVA-based hydrogels with this work for strain sensing applications.
Components Advantages Limitations Applications Ref.
Polyvinyl alcohol/sodium alginate/tannic Enhanced mechanical strength and conductivity Adhesiveness not performed Strain sensing [74]
acid Low gauge factor (2.07)
Polyvinyl alcohol/sodium alginate/tannic Superior stretchability (780 %), rapid self-healingand ~ Low adhesiveness Strain sensing, and speech [75]
acid high gauge factor (15.98) recognition ability
Polyvinyl alcohol/nanocellulose/carbon Enhanced mechanical and self-healing potentials Sensitivity value (gauge Real time pressure and [76]
dots factor) not mentioned glucose sensing
Polyvinyl alcohol/polypyrrole Superior mechanical and adhesive strength Low gauge factor (2.52) Electronic skin sensors [77]
functionalized nanocellulose Good recovery potential
Polyvinyl alcohol/nanocellulose/carbon Improved mechanical strength and conductivity Sensitivity value (gauge Strain sensing [78]
nanotubes Rapid self-healing and shape memory potential factor) not mentioned
Polyvinyl alcohol/nanocellulose Superior stretchability (1900 %), rapid healing (155s),  Adhesiveness and gauge factor ~ Strain and pressure sensing [79]
transparent, and conductive not evaluated
Polyvinyl alcohol/tannic acid Enhanced tensile strength, toughness (0.44 MJ/m?>), Moderate gauge factor (3.76) Strain sensing, and speech [42]
functionalized nanocellulose viscoelasticity, and conductivity recognition ability
Polyvinyl alcohol/tannic acid Superior stretchability (1211 %), toughness (13.39 - Strain and temperature This
functionalized spherical nanocellulose MJ/m3), and adhesiveness (59.6 kPa) sensing study

Improved recovery, biocompatibility and conductivity

with gauge factor 4.75

functionalized nanocellulose (PVA/TA@s-NC) were developed for
strain-sensing applications. The hydrogels show improved viscoelas-
ticity, recovery property, and adhesiveness. The developed hydrogels
demonstrate ultra-stretchable and self-healing potentials, which are
highly desirable for strain-sensing applications. Adding TA@s-NC to the
polymer matrix improved the shape-memory behavior and conductivity
of the developed hydrogels. The biocompatibility of the hydrogels was
examined using HDF cells. No cytotoxicity was observed for the devel-
oped hydrogels, indicating biocompatibility. Furthermore, the hydro-
gels exhibited antibacterial potential against E. coli, providing additional
advantages for developing sensing devices by suppressing bacterial
growth.

The real-time sensing ability of the hydrogels was monitored on the
surface of the human skin (finger, wrist, and knee motion). Steady
deformation patterns were observed during the stretching and bending
of the finger, wrist, and knee, indicating their real-time motion-moni-
toring potential. Further, the hydrogel exhibited strain-sensing potential
under harsh conditions. The sensitivity of the developed hydrogel was
monitored in terms of the gauge factor, and it was 4.75, showing good
sensitivity. These findings indicate that the hydrogels have multifunc-
tional characteristics and can be used to develop wearable electronic
devices for sensing applications. The developed hydrogels also demon-
strate temperature-sensing ability. However, more detailed studies are
required to explore the other sensing abilities (humidity, pressure, etc.)
of the developed hydrogels for desired applications.
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