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Physically entangled multifunctional eutectogels
for flexible sensors with mechanically robust+

Qianwen Lu,? Hengfeng Li {2 *2 and Zhijian Tan (2 *®

lonically conducting eutectogels have gained popularity as temperature-tolerant and cost-effective
substitutes for hydrogels and ionogels in flexible electronic devices. In this study, mechanically robust
eutectogels with antibacterial properties were fabricated using a facile one-step process that relied
solely on the physical entanglement of polymer chains. At low initiator concentrations, the vinyl
monomers underwent radical polymerization in deep eutectic solvents (DESs), forming physically
entangled and transparent eutectogels. The eutectogels exhibited excellent mechanical properties
(tensile strength, elongation at break, and fracture energy of 8.04 MPa, 620.5%, and 28.69 + 2.23 MJ m~—,
respectively), a strong adhesion force, excellent ionic conductivity (0.43 + 0.07 S m™), and remarkable
resistance to freezing and drying (=20 to 80 °C). Moreover, the eutectogels possessed superior self-healing
abilities at room temperature without the need for external stimuli. As sensors, the fabricated eutectogels
exhibited high sensitivity, thereby enabling the precise, real-time, and stable monitoring of human activities.
The eutectogels have promising applications in wearable technology, healthcare devices, and human-

rsc.li/materials-a computer interfaces.

1. Introduction

The growing demand for innovative electronic devices in certain
fields, such as artificial intelligence, implantable technology,
soft robotics, and wearable electronics, has prompted the
development of robust and stretchable gels.”* Such gels are
designed to possess versatile integrated features, including
transparency, self-healing, self-adhesion, high conductivity,
and temperature tolerance.*” Conventional gels that utilize
water,*® organic solvents, or ionic liquids as continuous phases
encounter certain challenges, such as limited temperature
resistance, low conductivity, lack of biocompatibility, and high
production costs, which significantly hinder their practical
applications.”™ As a rising class of soft materials, eutectogels
have recently attracted the attention of the public and have
joined the gel family. They are typically formed using polymer
networks,>™ nanoparticles,">** low-molecular-weight
gelators,"” and deep eutectic solvents (DESs).** Owing to the
inherently high electrical conductivity, low volatility, thermal
stability, and affordability of DESs,*>** eutectogels are excellent
candidates as flexible ionic conductors, thus replacing
conventional temperature-intolerant hydrogels and costly ion-
ogels. Moreover, they hold great promise in various fields such
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as energy, electronics, and environmental science, offering
limitless potential for future advances."**¢

Polymer gels possess unique three-dimensional (3D)
network structures that expand when exposed to solvents. Their
exceptional solvent absorption capability has resulted in their
widespread application in diverse fields, including biomedical
engineering and electronics.>*”-** Under mechanical loading,
the existence of immobilized uneven cross-linking points
resulted in stress concentration, rendering brittleness and
inadequate mechanical strength, the limitations of most tradi-
tional polymer gels.** Thus, significant efforts have been made
to incorporate reversible bonds, such as non-covalent and
dynamic covalent bonds, into the polymer gel network. These
reversible bonds can improve the mechanical performance of
polymer gels through the energy dissipation function related to
breaking cross-linking points, and the self-healing function
allowed reconstruction of the reversible cross-linking
points.**** Polymer eutectogels exhibit 3D network architec-
ture that swells upon the absorption of DESs. They possess
desirable characteristics for technological applications,
including exceptional ionic conductivity, excellent thermal and
electrochemical stability, non-volatility, and cost-effective-
ness.”> They are widely recognized for their exceptional
mechanical properties, ease of processing, and malleability.*®
Fan et al. developed a poly(1-vinylimidazole)-based eutectogel in
a choline chloride (ChCl)-glycerol system.' Their eutectogels
exhibited excellent stretchability (approximately 2300%) and
self-healing, self-adhesive, and temperature-tolerant perfor-
mances. Wang et al. prepared a poly(vinyl alcohol)-based
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eutectogel that exhibited excellent freeze resistance, conduc-
tivity, and toughness.?” Chen et al. demonstrated recyclable and
multi-environmentally suitable eutectogels comprising gelatin-
strengthened poly(vinyl alcohol) and DESs.*® Although
numerous studies have promoted the use of eutectogels in
sensing applications,***** research on eutectogels with anti-
bacterial properties and strain sensor functionality is limited, as
indicated by the data in Table S1.t

In this study, a series of robust and antibacterial polymer
eutectogels were formed solely by the physical entanglement of
polymer chains. All the reagents were placed in one pot under
ultraviolet (UV) irradiation for a short time; thus, the prepara-
tion process was convenient and rapid. The radical polymeri-
zation of acrylic acid (AA) monomers using a choline chloride
catechol (CC) DES occurred in the presence of a low initiator
concentration. Owing to the entanglement of polymer chains
and the existence of aromatic benzene rings, the eutectogels
exhibited superior mechanical properties, such as high tensile
strength (8.04 MPa), high fracture energy (28.69 + 2.23 MJ m ),
and high elongation at break (620.5%). They also exhibited
excellent self-healing abilities at ambient temperatures without
the need for external stimuli because of the reformation of
polymer entanglements across the impaired interfaces.
Computational simulations revealed the significant impact of
the polymer-solvent interactions on the self-healing capacity of
the eutectogels. Moreover, the prepared eutectogel exhibited
a strong adhesive force on different surfaces, including skin,
and excellent temperature tolerance, indicating that they can be
used in harsh environments (cold and dry). The exceptional
performance of the eutectogels rendered it highly suitable for
human sensing applications, such as in flexible and wearable
devices. Moreover, the simple one-step preparation process was
affordable and did not require specially synthesized functional
groups.

2. Experimental section
2.1 Materials

Acrylic acid (AA), choline chloride (ChCl), catechol (Ca), resor-
cinol (Re), hydroquinone (Hy), ethyl acetate (EA), poly(ethylene
glycol) diacrylate (crosslinker, PEGDA, average M, of approxi-
mately 400), and 2-hydroxy-2-methylpropiophenone (photo-
initiator, Irgacure 1173) were purchased from Aladdin
Biochemical Technology Co., Ltd (Shanghai, China). ChCl was
added after vacuum drying overnight. Ca, Re, and Hy were
decolorized and recrystallized with activated carbon and EA
before use to obtain white products (Fig. S1f). Cefotaxime
sodium (CS) was purchased from Beijing Dingguo Biotech-
nology Co., Ltd (China). Medical polyurethane (PU) films were
obtained online.

2.2 Preparation of DESs

ChCl-Ca (CC) DES was prepared by mixing ChCl and Ca at
a molar ratio of 1 : 2, followed by stirring at 80 °C for 2 h to form
a homogeneous and colorless liquid. Five other DESs were
prepared using a similar procedure and are listed in Table S2.1
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2.3 Fabrication of the PAA/CC eutectogels

The PAA/CC eutectogels were prepared as follows. Briefly, AA
(4.0 g), CC (6.0 g), PEGDA (0 g), and Irgacure 1173 (40 mg) were
added to a centrifuge tube. The tube was then placed on a high-
speed vortex oscillator to evenly stir the liquid. Subsequently,
the mixed solution was ultrasonicated for 10 min to remove
bubbles. Finally, the mixture was poured into a Teflon mold and
irradiated with UV light for 10 min. This process was conducted
at room temperature under atmospheric conditions. Other
eutectogels were prepared using similar methods, as listed in
Tables S3 and S4.1 Based on the DES composition, the eutec-
togels were named PAA/CC-1, PAA/CC, PAA/CR-1, PAA/CR, PAA/
CH-1, and PAA/CH, respectively. For different contents of CC
and PEGDA contents, the eutectogels were labeled PAA/CC,P, (x
=50, 60, and 70, denoting CC contents of 50%, 60%, and 70%,
respectively (w/w); y = 0.1, 0.25, 0.5, 0.75, and 1.0, denoting that
the added amounts of PEGDA were 0.1%, 0.25%, 0.5%, 0.75%,
and 1.0% of AA (mol/mol), respectively). When PEGDA was not
added, there was no P in the name. Notably, PAA/CC repre-
sented a CC content of 60 wt% with no PEGDA addition. The
PAA hydrogel was prepared by replacing the CC DES with
deionized water, without the addition of PEGDA.

Additional information regarding the experiment is provided
in the ESL.}

3. Results and discussion

3.1 Fabrication and characterization of the PAA/CC
eutectogels

A series of eutectogels were fabricated via one-step polymerization.
Briefly, a 1:2 (mol/mol) CC DES was evenly mixed with AA and
Irgacure 1173, promoting electrostatic interactions, van der Waals
forces, and hydrogen bonding, and then used for copolymerization
via UV radiation (Fig. 1a). The obtained eutectogels were named
PAA/CC,P, (where x denotes the CC content and y denotes the
amount of the crosslinking agent, PEGDA). Polymerization with
the addition of the PEGDA crosslinker resulted in irreversible
chemical crosslinking networks in the PAA, as shown in Fig. S2,}
which did not obstruct the reversible non-covalent linking between
PAA and CC. Theoretical simulation calculations were performed
to analyze the interactive mode of PAA/CC. The independent
gradient model (IGM) was used to show the size of the interaction,
and the cohesive energy density (CED) was applied to demonstrate
the energy density per unit volume in PAA/CC (more detailed
modeling information is presented in the ESIt).*** As depicted in
Fig. 1b, S3, S4 and Table S5,7 the IGM analysis indicated that the
PAA/CC polymer network exhibited low interaction energy
(—29.01 keal mol ') that was primarily due to strong attractive
interactions, such as hydrogen bonding and electrostatic interac-
tions. Additionally, PAA/CC exhibited a high CED of 1.718 x 10° J
m >, Five types of eutectogels, PAA/CCg-1, PAA/CRgo-1, PAA/CRgo,
PAA/CHg-1, and PAA/CHg, were prepared using a similar proce-
dure, as indicated in Tables S3 and S4.7 The PAA/CC eutectogel
exhibited excellent transparency >80% at 400-800 nm (Fig. S71).
The FTIR and 'H NMR spectra clearly indicated the
successful preparation of the CC DES and PAA/CC eutectogel,

This journal is © The Royal Society of Chemistry 2024
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Fig. 1

(a) Schematic diagram of the PAA/CC eutectogel fabrication process. (b) Independent gradient model (IGM) isosurfaces between PAA,

ChCl, and Ca, and the cohesive energy density (CED) of PAA/CC (CC content of 60 wt%; 50 PAA molecules, 150 ChCl molecules, and 300 Ca

molecules).

and no covalent interactions were observed between AA and CC
(Fig. S5 and S67). Thus, the linear PAA and CC DES agent were
probably two independent but interconnected structures in the
PAA/CC system, connected by non-covalent interactions, such
as hydrogen bonding, m-m, cation-m, and electrostatic inter-
actions.** As shown in Fig. S5, compared with PAA/CC, the
vc—o of the carboxyl group in PAA (1700 cm™') shifted to
1713 ecm™ ', and the yc_y of the C-H out of plane bending
vibration in the benzene ring ortho disubstituted system in
CC (744 cm ") shifted to 750 cm ™, indicating the hydrogen
bonding interactions between PAA and CC. As demonstrated in
Fig. S6,1 signals corresponding to the protons in the phenyl
group were observed, indicating that both the CC DES and
PAA/CC eutectogels were successfully prepared. These results
were consistent with the simulation results.

3.2 Mechanical properties of the PAA/CC eutectogels

The mechanical properties of the PAA/CC eutectogels were
evaluated using tensile tests. The tensile strength, elongation at

This journal is © The Royal Society of Chemistry 2024

break, and fracture energy of PAA/CC were 8.04 MPa, 620.5%,
and 28.69 + 2.23 MJ m >, respectively. Additionally, PAA/CC
reached a compressive stress (16.27 MPa) at 82.2% strain
(Fig. S8t). The presence of benzene rings in Ca probably
contributed to the mechanical properties of PAA/CC, because
benzene rings typically enhance the strength and toughness of
materials while often reducing their elongation. These values
were the highest among those of the six eutectogels and sur-
passed those of most reported stretchable ionic conductors, as
shown in Fig. 2a, S10a and Table S3.f These properties can
prevent the piercing of blunt weapons (Fig. S9t). Notably, Ca
exhibited the lowest toxicity among the three dihydroxybenzene
compounds and showed inhibitory activity against bacteria and
dermatophytes, rendering it a viable candidate for use in
wearable devices. When the PEGDA crosslinker was added to
the copolymerization system, the tensile strength and elonga-
tion at break decreased (Fig. 2b, S10b and Table S47). This was
primarily attributed to the addition of PEGDA, which intro-
duced an irreversible crosslinking network of PAA, thereby
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ta02751e

Open Access Article. Published on 12 July 2024. Downloaded on 5/5/2026 1:46:29 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Journal of Materials Chemistry A Paper
a 8- —— PAA/CCyy-1 b 12] ——PAaICC C 184 ——PAA/CCy,
7] —— PAA/CRg-1 — PAAICCoPy 4 —— PAAICC
6 ——— PAA/CHg1 —— PAAICCPy 5 151 ——PAAICC,,
s —— PAAICC T 91— PAACCPy T o)
S5 —— PAA/CRy, S | PAACCqPyrs s
? 4 —— PAA/CHg, @ 6] PAAICCuP:, 2 9
.1 ® o
N n N 6
2 34
1] 31
B | ) /’—\
0 : : ; ; ; . 0 - - : : : . 0 : . . ; ;
0 400 800 1200 1600 2000 2400 0 100 200 300 400 500 600 0 200 400 600 800 1000
Strain (%) Strain (%) Strain (%)
d —— G, PAA/CCqy-1 , e —— G0 —- G"0 f 108 ]~ G'PAAICC,,
1054 —o- G, PAAICC 11 1054 = 601 —- G"0.1 —e— G"PAAICC,
— —— G'PAA/CC
_ T — — 5_
é_‘; g §10
® 10%4 —— G, PAA/CHg,-1 R i o
s —<= G", PAA/CHgy-1 .- 1075 Ss ]
© —— G', PAAICC © ® 10
—+— G", PAA/CC G'0.25 —<- G"0.25 ”
P . Y 27 —— G'05 —+- G"05 —v— G"PAACC
i G', PAAICRg, —*- G", PAAICRg, 12 —— G'0.75 —e- G"0.75 3 —+— G'\PAA/CC,,
108447 —— G\ PAAICHy, — - G" PAA/CHq, , e &'10 - - &"10 10%3- —<= G"PAAICC,,
107 10° 10' 10? 0 10" 100 10° 102 10" 100 10! 102
w (rad/s) w (rad/s) w (rad/s)
g —50% — 100% h — st — 2nd ]
20— 150% —— 200% 16{ 3rd ——4th ]
— 250% —— 300% — 5th — 6th 10J
~ | —350% — 400% — — 8th —~
S154 & 1.2 £ 0.8
=3 =} 5
0 0 = |
§1.0- @0.8- 20-6
) ] S 044
0.54 0.4
0.2
0.0+ T T T T ooltl 11 11 11 11 11 11 11 11 [
0 100 200 300 400 0 50 100 150 200 250 300 1.2 3 4 5 6 7 8 9 10

Strain (%)

Strain (%)

Cyclic loading number

Fig. 2 Mechanical properties of the eutectogels. (a, and d) Tensile strain—stress curves and rheological tests of the six eutectogels. (b, and e)
Tensile strain—stress curves and rheological tests of PAA/CCgP, (v = 0, 0.1, 0.25, 0.5, 0.75 and 1.0 represent the additional crosslinking agent
amounts of 0%, 0.1%, 0.25%, 0.5%, 0.75% and 1.0% (mol/mol) of AA, respectively). (c, and f) Tensile strain—stress curves and rheological tests of
PAA/CC, (x = 50, 60, and 70 denote the CC content as 50%, 60%, and 70% (w/w), respectively). (g) Tensile strain—stress diagrams of PAA/CC at
various levels of strain. (h) Consecutive cyclic loading plots of PAA/CC subjected to a strain of 300%. (i) Dissipated energy (Unys) of PAA/CC

throughout successive loading cycles under a tensile strain of 300%.

limiting the - interaction between Ca and PAA and hindering
the movement of the polymer chains.** By adjusting the CC
content, the mechanical properties of PAA/CC could be changed
(Fig. 2¢, S10c and Table S4t). For example, with increasing CC
content, the tensile strength of PAA/CC decreased from 18.14 to
1.22 MPa, and the elongation at break increased from 525.5% to
1149%. These prominent changes were primarily caused by
increased hydrogen bonding and -7 interactions within the
eutectogels with increasing CC content. Thus, the synergistic
effect of these two non-covalent physical interactions resulted
in an increase in the tensile strength of the PAA/CC eutectogels.
Moreover, the toughness of PAA/CC decreased from 60.96 +
1.33 MJ to 6.36 + 1.32 MJ m . This decrease was attributed to
the increasing CC content improving energy dissipation
through additional hydrogen bond breakage during the tensile
process.*® This ability to enhance the strength and toughness of

20310 | J Mater. Chem. A, 2024, 12, 20307-20316

gels while increasing the CC content is an ideal feature for
designing advanced materials.

Rheological tests confirmed that all the fabricated eutecto-
gels exhibited typical elastic behavior, with a storage modulus
(G') > the loss modulus (G”), as illustrated in Fig. 1d-f.**
Furthermore, the six eutectogels possessed excellent ionic
conductivity (Fig. S11 and Table S31). PAA/CCgo-1 exhibited the
highest ionic conductivity (1.42 + 0.06 S m ™), whereas PAA/CC
exhibits the lowest (0.43 + 0.07 S m™ ). As depicted in Fig. S11
and Table S4,7 the eutectogels with different CC contents and
various amounts of PEGDA also demonstrated good ionic
conductivity. Thus, the higher the toughness of the eutectogel,
the lower the ionic conductivity. Eutectic ionic conductive gels,
which are known for their excellent mechanical properties, are
highly promising options for use in flexible electronic devices.*”
Based on the results of this study, PAA/CC with no added

This journal is © The Royal Society of Chemistry 2024
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PEGDA and a CC content of 60 wt% was selected for follow-up
investigations. The eutectogel was physically entangled.

Cyclic stretch-release tests were performed to further
confirm the excellent elasticity and capacity for self-recovery of
PAM/CC. As depicted in Fig. 2g, during each loading-unloading
cycle of incremental strain, PAA/CC exhibited recovery, under-
scoring its self-restoration capability attributed to the dynamic
attributes of non-covalent bonding interactions.' The effective
energy dissipation of PAA/CC was evaluated using ten consec-
utive loading-unloading tests at a strain of 300%, as depicted in
Fig. 2h and i. As shown in Fig. 2i, a steep decline occurred in the
dissipation energy after the initial cycle, followed by gradual
stabilization within the second to tenth cycle. This trend high-
lighted enhanced elastic recovery, which could be attributed to
the presence of reversible hydrogen bonds formed within PAA/
CC,* which exhibited susceptibility to disruption under stress
yet swiftly reformed upon stress release. This phenomenon
enabled the elongated polymer chains to revert to their initial
state, effectively protecting the integrity of the gel network from
potential damage and indicating extraordinary elasticity and
endurance.”

3.3 Adhesion and self-healing properties of the PAA/CC
eutectogels

The excellent adhesive property of the eutectogels endowed the
sensor with a solid and steady attachment to the electrode and
underlying substrate. Moreover, it prevented the application of
external auxiliary media with high interface resistance, thereby
ensuring the stable and reliable function of eutectogels in
flexible wearable electronic devices. As shown in Fig. 3a, b, S12
and Video S1,1 PAA/CC displayed superior adhesion to different
substrates, including glass, iron, copper, poly(methyl methac-
rylate) [PMMA], polytetrafluoroethylene [PTFE], and human
skin. The PMMA plates adhered to PAA/CC and could withstand
a weight of 10 kg without slippage (Fig. 3b). The PAA/CC that
adhered to the human skin also exhibited excellent adhesive
properties and could bear a large tensile deformation. The
adhesion strengths were measured using a lap shear test.** Its
adhesion strengths to iron, copper, glass, PMMA, and PTFE
were 530.19 + 84.69, 380.88 + 18.80, 451.62 + 95.81, 468.35 £+
73.34, and 80.88 + 18.22 kPa, respectively (Fig. 3c). Moreover,
the adhesive effects were well maintained under low-
temperature (—20 °C) and high-temperature (80 °C) condi-
tions. This was because PAA/CC possessed abundant carboxyl
and hydroxyl groups and benzene rings, which enabled it to
adhere to various substrates via multiple non-covalent bonding
interactions, such as electrostatic attraction, ion-dipole inter-
actions, hydrogen bonding, and metal coordination
complexation.*®

PAA/CC demonstrated a remarkable self-healing ability,
which was confirmed through visual testing (Fig. 3d and Video
S27). The two gel segments were placed in contact at room
temperature within a desiccator for 12 h without applying any
external force, resulting in a PAA/CC healing efficiency of
72.71%. The other gels also exhibited significant healing effects,
as shown in Fig. 3f, g, S13 and Tables S3 and S4.1 This was due

This journal is © The Royal Society of Chemistry 2024
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to the physical cross-linking of the polymer network. Further-
more, the step-strain sweep test provided additional evidence
for the rapid and reversible gel-sol-gel transition observed in
PAA/CC under alternating high-strain (100%) and low-strain
(0.1%) conditions, thus highlighting its impressive thixotropic
properties and self-healing ability (Fig. 3e). The other eutecto-
gels also exhibited good self-recovery properties (Fig. $14-516%).

The carboxyl groups of AA could function as both hydrogen
bond acceptors and donors. The self-healing behavior observed
in this system could be attributed to the hydrogen bonds
formed between the carboxyl groups of the polymer chain,
hydroxyl groups of Ca and ChCl, and quaternary ammonium
salt group of ChCl (Fig. 1a). Additionally, the -7 interactions
between the carbonyl groups of the polymer chain and the
benzene rings of Ca might also significantly contribute to the
self-healing mechanism, as depicted in Fig. 1a. This hypothesis
was supported by the FTIR analysis (Fig. S51) and simulation
results shown in Fig. 1b. The eutectogel system provided
reversible hydrogen bond structures and -7 interactions
between the carboxyl groups and DES solvent. During the
healing process, the DES solvent molecules transiently spread
and interacted with the polymer chains, reestablishing
hydrogen bonds and m-m interactions, thereby facilitating the
repair of the eutectogels. Based on this analysis, a plausible self-
healing mechanism for PAA/CC was proposed, as depicted in
Fig. 3h.

3.4 Temperature-tolerance and antibacterial properties of
the PAA/CC eutectogels

Benefiting from the low freezing point and non-volatile nature
of DESs, the PAA/CC eutectogels exhibited impressive anti-
freezing and anti-drying properties. They also exhibited excel-
lent stretchability from —20 to 80 °C (Fig. 4a) after storage at
different temperatures for 24 h. The rheological evaluation
revealed the elasticity of PAA/CC across a wider temperature
range of 25 to 110 °C (Fig. 4b). The other eutectogels exhibited
similar rheological behaviors (Fig. S17-S19%). Thermogravi-
metric analysis of the PAA/CC,P, eutectogels, including PAA/CC,
revealed a minimal weight loss below 200 °C (Fig. S207t). These
findings demonstrated the remarkable high-temperature resis-
tance of PAA/CC. Differential scanning calorimetry (DSC) tests
spanning from —100 to 100 °C revealed that incorporating CC
into the PAA/CC eutectogels significantly decreased the glass
transition temperature (T,) from 48.59 °C (PAA) to —35.69 °C
(Fig. 4c and Table S61). This enhancement enabled improved
processability at lower temperatures. Additionally, the T, of
PAA/CC measured using dynamic thermomechanical analysis
was almost consistent with the DSC test results (Fig. S217).
These results demonstrated the outstanding ability of PAA/CC
to resist freezing. Following storage at —20 and 80 °C for 24 h
(Fig. S221 and Videos S3 and S4), PAA/CC could still bear
a weight of 500 g, indicating good temperature tolerance. The
excellent anti-freezing and anti-drying capabilities of PAA/CC
render it desirable for the formulation of advanced materials.
Antibacterial properties are crucial for skin-attachable
wearable electronics to ensure the well-being of individuals
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because they protect the skin from potential external infections.
The antibacterial properties of the PAA/CC eutectogel aqueous
solution (E,, x = 350 and 400 mg mL "), PAA hydrogel aqueous
solution (400 mg mL™"), cefotaxime sodium aqueous solution
(Cs, 500 ppm), and medical polyurethane (PU) film were eval-
uated against two common bacterial strains, Staphylococcus
aureus (S. aureus) and Escherichia coli (E. coli), using the inhi-
bition zone test (Fig. 4d and e). CS filter papers were used as
positive controls and PU films were used as negative controls.
D,1,, which is defined as R,/R;, (the ratio of the radius of the
bacteriostatic zone to the radius of the material), served as
a quantitative measure of antibacterial efficacy. As shown in
Fig. 4e, after 24 h of cultivation, the D,;, of PAA/CC (400 mg
mL ") against S. aureus and E. coli were 2.48 & 0.21 and 2.04 +
0.18, respectively, whereas the negative control group exhibited
a D,, of 1, showing no antibacterial ability against the two
bacteria. The D,;, values of PAA/CC (400 mg mL™ ") against S.
aureus and E. coli were higher than those of PAA (400 mg mL ™),
which may be due to the synergy between PAA and Ca.
Furthermore, the spread plate method was used to evaluate the
antibacterial activity of PAA/CC. The results revealed that no
bacteria grew on the PAA/CC plates; thus, PAA/CC effectively
inhibited the growth of these two bacteria (Fig. 4d). Fungal
inhibition tests were performed using PAA/CC (400 mg mL ")
and PU (Fig. S237). The inhibition (denoted as the ratio of the
radius of the fungal reproduction zone to the radius of the

This journal is © The Royal Society of Chemistry 2024

media) of Rhizoctonia solani Kuhn (R. solani) and Fusarium oxy-
sporum f. sp. nelumbicola (F. oxysporum) by PAA/CC (400 mg
mL~") was 100% and 38.71% =+ 2.39%, respectively. These
results confirmed the remarkable ability of PAA/CC to inhibit
various disease-causing bacteria and fungi.

3.5 Sensing performance of the PAA/CC eutectogels

A self-adhesive strain sensor was developed as a resistivity-type
sensor to demonstrate the potential applications of the
conductive PAA/CC eutectogel, which exhibited excellent adhe-
sion and strain-induced resistance changes. In Fig. 5a, the
resistance changes of the strain sensor based on PAA/CC are
plotted against the applied strain, which increased up to 400%.
The gauge factor (GF) quantified the strain sensitivity of the
sensors, representing the relative resistance change concerning
the applied strain ((AR/R)/¢).*** Fig. 5a illustrates the four
distinct stages of the strain sensor response to increasing strain.
Initially, the strain sensor exhibited a GF of 2.90 within the
strain range of 0-100%. As the strain increased to 100-200%,
the GF slightly increased to 4.28. Notably, the strain sensor
demonstrated good sensitivity, with GF values of 2.62 and 3.58
in the strain ranges of 200-300% and 300-400%, respectively.
Furthermore, the eutectogel-based sensor exhibited the ability
to detect electrical signals within both low-strain (10-70%) and
high-strain (100-400%) ranges (Fig. 5b and c). The amplitude of
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Fig. 5 Sensing performance of the PAA/CC eutectogel. (a) Variation in relative resistance with different levels of strain. (b, and c) Relationship
between relative resistance and strain under various tensile cycles. (d—f) Changes in relative resistance at a 100% strain throughout 200 tensile

cycles at temperatures of (d) 25, (e) —20, and (f) 80 °C.

the signal progressively increased with increasing strain levels.
This demonstrated the excellent sensitivity, stability, and
repeatability of the sensor for signal capture. Moreover, the
strain sensor demonstrated remarkable stability and could
endure up to 200 cycles under 100% strain (Fig. 5d). This was
because of the superior anti-fatigue characteristics of PAA/CC.
Even under extreme temperature conditions, such as sub-zero
temperatures as low as —20 °C and high temperatures reach-
ing up to 80 °C, the sensor maintained its stable performance
(Fig. 5e and f). This ability was comparable to its performance at
room temperature. As shown in Fig. 6a, the eutectogel sensor
exhibited remarkable self-healing capabilities that could
maintain comparable strain sensitivity even after healing. This
unique characteristic rendered it an ideal choice for wearable
sensors, thereby enabling the accurate and real-time detection
of various human body movements. The strain sensor prepared
in this study demonstrated remarkable stability and sensitivity
to strain owing to its unique anti-freezing and solvent-retention
properties. Its remarkable combination of high sensitivity,
signal stability, self-healing capability, and resilience over
a wide range of temperatures renders it an attractive choice for
wearable sensor applications and holds great promise for this
field.

The PAA/CC eutectogel was suitable for use as a wearable
sensor because of its excellent sensitivity and stable signal
output. It could accurately detect a wide range of body move-
ments, both large-scale movements and subtle in real time. The
PAA/CC eutectogel sensor effectively tracked the bending and
stretching motions of the finger, wrist, knee, ankle, and elbow
joints, showing steady signals (Fig. 6b-d, S24 and S257). With

20314 | J Mater. Chem. A, 2024, 12, 20307-20316

the increase in finger bending angle (Fig. 6b), there was a step-
wise rise in AR/R, values. This could be attributed to the
conformational stretching of the strain sensors. Notably, the
AR/R, response exhibited a positive correlation with the degree
of bending. Thus, as the finger bent more, the change in
resistance (AR/R,) recorded by the sensors increased accord-
ingly. This was achieved by measuring the strength of ionic
conductivity, which varied with the different bending angles.
This simple yet effective mechanism enabled the sensor to
provide reliable real-time monitoring of the finger movements.
The PAA/CC eutectogel-based strain sensor offered intriguing
bidirectional detection features that were not limited to convex
surfaces. For example, the skin surface transitioned from
convex to concave when moving in the opposite direction.
Fig. 6c illustrates the strain sensor response when detecting
continuous wrist bending in both the upward and downward
directions. Consistently stable signals were obtained for both
bending movements, and the AR/R, variation accurately corre-
sponded to the degree of bending. Similar results were observed
when ankle movements, involving bending in two perpendic-
ular directions, were detected (Fig. S221). Moreover, the high
sensitivity of the PAA/CC eutectogel sensor enabled it to be
positioned on the forehead and pharynx of volunteers to detect
subtle and intricate movements, including frowning and
smiling (Fig. 6e and f). Morse code serves as a signaling system,
which represents the 26 English letters using different combi-
nations of dots and short dashes (Fig. 6g). Attaching a flexible
sensor to the fingertip enabled the transmission of these dots
and short dashes by quickly flexing the finger for dots and
holding the finger for dashes. As a result, specific words such as

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Detection of motion by the PAA/CC sensors. (a) Relative resistance changes of both virgin and healed PAA/CC during the cyclic 100%
strain process. (b—d) Monitoring large-scale movements: (b) bending finger, (c) wrist, and (d) knee. (e, and f) Monitoring subtle movements: (e)
frowning and (f) smiling. (g) The Morse code signaling system corresponds to the 26 letters of the English alphabet. (h, and i) Output of Morse

code words (h) “FINE" and (i) "WORK" by the strain sensor.

“FINE” and “WORK” could be formed and communicated
(Fig. 6h and i). These findings confirmed the remarkable ability
of the PAA/CC eutectogel sensor to effectively capture human
movements and communicate information.

4. Conclusions

A physical approach for designing mechanically robust, self-
healing, self-adhesive, antibacterial, and wide temperature-
tolerant (—20 to 80 °C) eutectogels was proposed. The approach
involved a simple one-step in situ polymerization of polymers in
DESs. The eutectogel was constructed solely through the physical
entanglement of the polymers in the DESs. Owing to their
versatile design and superior performance, the polymer eutec-
togels have significant potential for use as wearable strain
sensors. These sensors accurately detected diverse body move-
ments (bidirectional monitoring) with high sensitivity and long-
term stability. These eutectogels were distinct from previously

This journal is © The Royal Society of Chemistry 2024

reported polymeric eutectogel systems because they are formed
purely through physical entanglement. This multifunctional
material holds great promise for various applications in portable
technologies and artificial electronic equipment.
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