Published on 13 ervna 2024. Downloaded on 05.05.2026 0:36:18.

¥® ROYAL SOCIETY

Journal of
PP OF CHEMISTRY

Materials Chemistry B

View Article Online

View Journal | View Issue

Collagen fiber-reinforced, tough and adaptive
conductive organohydrogel e-skin for multimodal
sensing applicationsf

’ '.) Check for updates ‘

Cite this: J. Mater. Chem. B,
2024, 12, 6940

Zhen He,”® Jialu Shen, (2 °° Maohua Lan®® and Haibin Gu () *2°

Conductive hydrogels (CHs) with high sensitivity and multifunctional property are considered as
excellent materials for wearable devices and flexible electronics. Surface synapses and internal
multilayered structures are key factors for highly sensitive pressure sensors. Nevertheless, current CHs
lack environmental adaptability, multifunctional perception, and instrument portability, which seriously
hinders their application as sensors. Here, waste collagen fibers (buffing dust of leather), polyvinyl
alcohol (PVA) and gelatin (Gel) were used as the basic framework of the hydrogel, loaded with a
conductive material (silver nanoparticles (BD-CQDs@AgNPs)) and an anti-freezing moisturizer (glycerol
(Gly)), resulting in a multifunctional conductive organohydrogel (BPGC-Gly). As a temperature and
humidity sensor, it demonstrated an excellent temperature response range (—20-60 °C) and was cap-
able of rapid response (2.4 s) and recovery (1.6 s) to human breathing. As a strain/pressure sensor,
it allowed real-time monitoring of human movement and had a high low-pressure sensitivity (S =
4.26 kPa~!, 0-12.5 kPa). Interestingly, BPGC-Gly could also be used as a portable bioelectrode or the
acquisition, monitoring and analysis of EMG/ECG signals. In this work, BPGC-Gly was assembled with
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wireless transmission to achieve multimodal heath detection, which opens new avenues for multi-
responsive CHs, comprehensive human health monitoring and next-generation wearable electronic skin
(e-skin).
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shortened service life.””® In recent years, conductive hydrogels
(CHs) have become ideal materials for manufacturing FSDs due

Introduction

Nowadays, with the development of human health monitoring
devices and the rise of the internet of everything (IOE), flexible
sensor devices (FSDs) that can simultaneously detect
strain/pressure, temperature/humidity, and bioelectric signals
are attracting widespread attention for application in wearable
devices," human-computer interaction systems,” soft robotics,’
and electronic skin.* They can simulate the stretchability and
tactile sensitivity of human skin, realize the perception of the
external environment, and convert mechanical deformation
into electrical signals for real-time monitoring.>® However,
most of FSDs have shortcomings such as poor fatigue resis-
tance, single functionality, poor portability, and contradiction
between mechanical strength and toughness, resulting in
reduced accuracy and stability of the sensor, and greatly
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to their excellent mechanical flexibility, conductivity, wearabil-
ity, and multi-responsiveness.'®'! However, in practical appli-
cations, hydrogel-based flexible sensors inevitably have some
limitations. On the one hand, most of the reported hydrogels
consist of synthetic precursors with single function and low
sensitivity."”> On the other hand, with CHs being hydrophilic
gels with a three-dimensional (3D) network structure, their free
water can be easily evaporated or frozen, resulting in their
poor environmental stability, which hinders the stability and
long-term use of FSDs."*>'* Therefore, it is particularly impor-
tant to develop and prepare low-cost CHs with ultra-sensitivity,
multifunctionality, good biocompatibility and environmental
stability.

Firstly, sensitivity is one of the most critical indicators of
CHs. To enhance their sensitivity, current researchers have
focused on engineering CHs’ surface structures by techniques
such as micro-pattern processing (micro-dome, micro-pyramid
arrays and others),"” 3D printing,'® pattern photolithography,'”
and self-wrinkling."® For example, Meng et al. used polypyrrole
(PPy) and conductive wood to prepare a micro-pattern anti-
expansion hydrogel for underwater detection of stethoscope.’

This journal is © The Royal Society of Chemistry 2024
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This carefully designed outer surface improves the sensitivity of
CHs, but the methods are costly and require specialized equip-
ment. Nevertheless, this approach, constructing CHs with
“external protrusions”, is valuable for enhancing external
perception. The natural animal biomass materials have
attracted the attention of researchers due to their unique
structures, such as synapses, natural fibers, pores, etc.>’™
For instance, Wei et al. prepared piezoresistive sensors with
oriented multilayer structures from multilevel fiber structures
contained in tannery solid wastes (TSWs).>* A unique material,
buffing dust (BD), has attracted our attention; it is a leather
waste with a composition similar to human skin, with abun-
dant production, collagen-containing fiber structure and low-
cost characteristics.”**®

Secondly, conductivity and antimicrobial properties need to
be considered when preparing FSDs. Carbon quantum dots
(CQDs), as a zero-dimensional carbon material with excellent
electrical conductivity, water solubility and biocompatibility,
have been widely reported in the fields of medical imaging,
environmental monitoring and chemical analysis.>*®*” In this
work, BD-CQDs were prepared from Tara tannin, a vegetable
tanning agent containing many phenolic hydroxyl structures,
and BD. These BD-CQDs with a large amount of amine and
catechol groups have enhanced reducing ability.”® Therefore,
BD-CQDs were used as a reducing agent and stabilizer to
prepare BD-CQDs silver nanoparticles (BD-CQDs@AgNPs),
endowing the hydrogel with good conductivity and antibacter-
ial properties, thereby realizing its long-term use possibility.
Thirdly, to address the adaptability of CHs in different environ-
ments (low temperature and dry), strategies like hydrophobic
coatings,”® salts,*® and polyols have been proposed.*’ Among
them, glycerin (Gly) has been widely used in food, cosmetics
and medical industries because of its low cost and good
moisturizing properties.*> Therefore, on the one hand, the
introduction of Gly can form a strong hydrogen bond with
water molecules and inhibit the evaporation of water, thus
conferring anti-freezing and moisturizing properties to the
hydrogel.>® On the other hand, the introduction of Gly is
conducive to the improvement of hygroscopicity as well as the
ability of sensing humidity change of CHs.**

In this paper, highly sensitive and multifunctional BPGC-Gly
organohydrogels with “surface synapses” and “internal fibers”
structures were prepared by using BD as the functional raw
material for hydrogels, and by using polyvinyl alcohol (PVA),
gelatin (Gel), BD-CQDs@AgNPs and Gly. The obtained BPGC-
Gly organohydrogel could be used as a multi-functional sensor
integrating temperature, humidity, strain, pressure and bio-
electric detection. It could sense temperature (—20-60 °C) and
humidity (97-46.7% RH (relative humidity)) over a wide range,
and quickly respond (2.4 s) and recover (1.6 s) to different
frequencies of breathing. As a strain/pressure sensor, the pre-
pared sensor could monitor the human movement status in
real time. Also, it enabled the monitoring of position and
weight of varying magnitudes and exhibited high pressure
sensitivity (S = 4.26 kPa™") even under low-pressure conditions
(0-12.5 kPa). In addition, owing to the high sensitivity of the
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BPGC-Gly bioelectrode, it could accurately collect human elec-
trophysiological signals (electromyography (EMG) and electro-
cardiogram (ECG)), and further obtained more comprehensive
human movement health data. These natural animal biomass-
based organohydrogels show great potential in electronic skin,
health monitoring, and biological electrodes.

Experimental section
Materials

The materials used, characterization instruments and details of
experimental characterization methods are described in the
ESI,} and informed consent was obtained for the experiments
involving human participants.

Preparation of BD-CQDs

The preparation was done according to the previously reported
literature.*>® The mixed solution with 150 mg of BD, 50 mg of
Tara tannin and 30 mL of deionized (DI) water was reacted at
180 °C for 8 h. And then, the reaction product was cooled to
room temperature (RT, 25 °C) and filtered (0.22 pum filter
membrane) to obtain BD-CQDs.

Preparation of sliver nanoparticles (BD-CQDs@AgNPs)

Firstly, the pH value of 5 mL of BD-CQDs was adjusted to 8.
Then, the mixed solution was placed in a water bath at 40 °C,
and silver nitrate solution (0.06 M, 0.2 mL) was slowly added
and stirred for 10 min to obtain BD-CQDs@AgNPs. To study the
effect of pH on AgNP synthesis, sodium hydroxide was added to
bring pH in the range of 6-10 (Fig. S1, S2 and Table S1, ESIt). As
shown in Fig. S3, S4 and Table S2 (ESI¥), the influence of silver
nitrate concentration on the particle size of AgNPs was
explored.

Preparation of BPGC and BPGC-Gly

Firstly, PVA particles were stirred at 90 °C for 2 h to obtain the
PVA solution. And then, different amounts of gelatin and BD
were thoroughly mixed in BD-CQDs@AgNPs (0.5 mL) and then
added to the PVA solution and stirred for 30 min at 60 °C to
obtain the pre-hydrogels. Finally, the pre-hydrogels were sub-
jected to three freeze-thaw operations (freezing condition:
—21 °C/6 h, thawing condition: RT/6 h) to obtain the BPGC
hydrogel. The composition of B,PG,C hydrogels is shown in
Table 1, where x and y represent the amount of BD and Gel,
respectively.

Similarly, under the same pre-preparation conditions, the
pre-hydrogels were mixed well with different volumes of Gly,
and then the mixed system was subjected to three repeated
freezing-thawing cycles to obtain the BPGC-Gly organohydro-
gel. The composition of the BPGC-Gly, hydrogel is shown in
Table 1, where z denotes the percentage of Gly in the total
volume.
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Table1 The components of the prepared BPGC-Gly and other hydrogels

PVA  Gelatin BD BD-CQDs@ H,0 Gly

Sample (&) (mg) (mg) AgNPs(mL) (mL) (mL)
PVA 0.1 0 0 0 0.9
PC 0.1 0 0 0.6 0.9
B,oPG 01 20 20 0 0.9
B,(PC 0.1 0 20 0.6 0.9
B,oPG10C 01 10 20 0.6 0.9
B,oPGyC 01 20 20 0.6 0.9
B,oPG30C 01 30 20 0.6 0.9
PG,,C 01 30 0 0.6 0.9
B1oPG,0C 01 30 10 0.6 0.9
B3oPG,oC 01 30 30 0.6 0.9
BPGC-Glysy, 0.1 20 20 0.6 0.75  0.05
BPGC-Gly7% 0.1 20 20 0.6 0.80 0.10
BPGC-Gly;g, 0.1 20 20 0.6 0.75  0.15
BPGC-Glyyz, 0.1 20 20 0.6 070 0.20

Results and discussion

Preparation and characterization of BD-CQDs and BD-
CQDs@AgNPs

The preparation process of BD-CQDs@AgNPs is shown in Fig.
S5a (ESIT). Firstly, BD-CQDs were prepared by hydrothermal
reaction using BD as a N source and Tara tannin as a C source.
Secondly, silver nitrate (AgNO;) was reduced by BD-CQDs in an
alkaline environment (pH = 8) to obtain BD-CQDs@AgNPs with
antimicrobial and conductive properties. Finally, the micro-
structures and physicochemical properties of BD-CQDs and BD-
CQDs@AgNPs were analyzed in detail (ESIt).

Preparation and mechanical characterization of the BPGC
hydrogel

In general, Fig. 1 briefly illustrates the preparation of the BPGC
hydrogel. Firstly, a certain amount of Gel was dissolved in a pre-
prepared PVA solution (10 wt%) and stirred for 15 min. Then,
BD-CQDs@AgNPs and BD were added to the mixed solution
and stirred for 30 min to obtain the pre-hydrogel (pre-BPGC).
Finally, the BPGC hydrogel was prepared by freezing (6 h,
—21 °C) and thawing (6 h, 25 °C) the pre-hydrogel three times.
In particular, the organic hydrogel (BPGC-Gly) was obtained by
replacing part of DI water with Gly and repeating the above
experimental procedure. The crosslinking network of the BPGC
hydrogel was mainly composed of various hydrogen bonds
(between PVA and Gel, PVA and BD, Gel and BD) and the
crystal domain of the PVA chain. Meanwhile, BD-CQDs@AgNPs
enhanced the electrical conductivity of the BPGC hydrogel,
while their small particle size endowed the BPGC hydrogel with
antibacterial properties. Notably, collagen fibers provided by
BD could serve as a multi-network support structure for the
BPGC hydrogel, contributing to improvement of its physical
and mechanical properties. The anti-freezing and moisturizing
properties of BPGC-Gly were conferred by Gly, and Gly could
also form strong hydrogen bonds with PVA, BD and Gel, which
is conducive to the improvement of mechanical properties.
Firstly, using the mechanical strength of BPGC as a refer-
ence, we optimized the Gel and BD dosages through stretching
and compression experiments. As depicted in Fig. 2a, with
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increasing Gel content, the hydrogel’s tensile strength and
strain both increased, from 0.16 MPa and 200% (PVA) to 0.5
MPa and 280% (B,oPG,,C). The main reason is that the addi-
tion of Gel enhanced the hydrogen bonding with PVA and BD,
and could prevent fracture through effective energy dissipation
during tensile deformation.*® However, further increasing the
Gel dosage (B,oPG3,C) did not significantly improve tensile
strength or elongation, probably due to the saturation of
hydrogen bonding sites in PVA and BD. When comparing
hydrogels’ toughness and conductivity (Fig. 2b), BD-
CQDs@AgNPs endowed the hydrogel with electrical conductiv-
ity, with values above 0.70 S m~ " compared to 0.28 S m ™" of the
pure PVA hydrogel. Meanwhile, the change in toughness was in
line with the stress strength, which increased with the increase
in the amount of Gel (Fig. 2b). Notably, as shown in Fig. 2¢, by
comparing the compressive stress changes of hydrogels at the
same compressive strain (50%), it could be found that the
compressive strains of PVA, B,oPC, B,oPG1,C, B,oPG,oC and
B,oPG3,C were 0.042, 0.060, 0.072, 0.085 and 0.095 MPa,
respectively. In comparison, B,,PG,,C and B,oPG3,C exhibited
better compressive properties, which was consistent with the
results of the stress-strain experiments. In general, considering
the mechanical properties, toughness, conductivity and energy
saving performance of hydrogels, we chose the amount of Gel
in B,oPG,,C for subsequent experiments.

Similarly, the amount of BD was optimized in terms of
tensile and compressive properties. As shown in Fig. 2d, with
the increase of the amount of BD, the fracture strength of the
hydrogel gradually increased, while the breaking elongation
gradually decreased. Specifically, the active groups (amino,
hydroxyl, carboxyl) contained in BD could form hydrogen
bonds with the side-chain groups of PVA and Gel, thereby
enhancing the tensile strength of the hydrogel.” As displayed
in Fig. 2e the toughness of P,,GC, B;oPG,C, B,oPG,,C and
B;3oPG,C was up to 0.60 MJ m > and above. Simultaneously,
compressive stress-strain experiments were carried out on
hydrogels with different amounts of BD. Under the same
compressive strain (50%), both B,,PG,,C and B3,PG,,C could
reach the compressive strength of 0.085 MPa (Fig. 2f). Con-
sidering the tensile strength, compressive strength, strain, and
toughness of hydrogels, the B,,PG,,C hydrogel (referred to as
the BPGC hydrogel) was chosen to further investigate the
mechanical properties of the hydrogel.

The BPGC hydrogel could be stretched to twice its original
length without damage, even in the twisted and knotted state,
indicating that it has good mechanical strength (Fig. 2g). Mean-
while, as depicted in Fig. 2h, the recovery ability of BPGC was
characterized by tensile loading-unloading experiments under
different tensile strains. Obviously, BPGC almost returned to
the original state after unloading, and only a small hysteresis
loop was produced, indicating its excellent recovery perfor-
mance. As shown in Fig. S7a and b (ESIY), the dissipated energy
was strain-dependent. As BPGC'’s strain increased from 20% to
100% (20% per increment), the dissipated energy corresponded
to 0.35, 0.93, 2.93, 5.60, and 9.88 k] m >, respectively, which
was due to the fact that more of the dynamic hydrogen bonds in

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Schematic fabrication route for the BPGC-Gly organohydrogel.

the BPGC hydrogel were broken to release more mechanical
energy with the increase of external tension.*® Meanwhile, the
fatigue resistance of BPGC was studied by 20 stretching cycles
under 100% strain. As depicted in Fig. 2i, only the first
stretching cycle curve showed a slight hysteresis loop, which
was similar to that of most hydrogels, suggesting that some of
the dynamic hydrogen bonds in the BPGC hydrogel were
broken.*® In the subsequent 19 tensile cycle experiments,
negligible irrecoverable deformation of BPGC could be found,
proving its excellent fatigue resistance. Subsequently, the dis-
sipated energy and toughness were calculated for the 1st, 5th,
10th, 15th, and 20th cycles of the cycling process. As shown in
Fig. 2j, the toughness values of the 5 groups under 100% strain
were close, ranging from 56.82 to 60.50 k] m 3. Meanwhile, the
dissipated energy corresponding to the 5 cycles ranged from
7.12 to 8.25 k] m~?, accounting for 12.50-13.50% of the total
work. All these results indicated that the BPGC hydrogel has
superior fatigue resistance property.

Similarly, compression experiments revealed BPGC’s
mechanical properties. As shown in Fig. 2k, compression-
unloading experiments were performed on the BPGC hydrogel
at different strains (10%, 20%, 30%, 40% and 50%). Findings
consistent with the tensile-unloading experiments were
observed, where the hysteresis loop of BPGC increased with
increasing compressive strain (dissipation energy ranged from
0.07 to 2.35 k] m™>, Fig. S7b, ESIt). In addition, BPGC was
subjected to 20 compression-unloading cycles at 50% strain
(Fig. 21). As expected, the 20-cycle curves could almost overlap
and BPGC could automatically recover to the original state
without any damage, indicating its excellent compressive fati-
gue resistance and rebound ability. At the same time, the
dissipated energy and toughness of the 1st, 5th, 10th, 15th,
and 20th cycles of the cycling process are shown in Fig. 2m, and

This journal is © The Royal Society of Chemistry 2024

the toughness values are very close to each other, around 14.00
kJ m . And the corresponding dissipated energy accounted for
8.08-11.50% of the total work of each cycle. In addition, Fig. 2n
displays that after 20 compression cycles (50% strain), BPGC
recovered to its original state without damage. Based on the
above tensile and compressive results, the exceptional fatigue
resistance and recovery capacity of BPGC has proven to be the
basis for subsequent multifunctional sensors and flexible
bioelectrodes.

Structural characterization of the BPGC-Gly organohydrogel

Various characterization methods were used to further study
the surface morphology as well as the internal interaction of the
BPGC-Gly organohydrogel. SEM was applied to characterize the
cross-sectional microstructure of PVA, PGC, BPGC and BPGC-
Gly at different scales. As illustrated in Fig. 3, all the four
hydrogels exhibited a honeycomb-like 3D porous structure.
Obviously, the BPGC-Gly hydrogel (1000x) exhibited a denser
3D network than the other three hydrogels due to the increased
intramolecular and intermolecular hydrogen bonds among BD,
PVA, Gel, Gly and BD-CQDs@AgNPs (Fig. 3a-d). As illustrated
in Fig. 3c, a significant collagen fiber network could be seen in
the high-magnification (5000x) SEM images of BPGC, and the
diameter of the collagen fiber bundle in BPGC was about 3.38
pm, demonstrating the successful introduction of BD as a
filler.*® Notably, collagen fibers with a diameter of 100 nm were
observed in the further enlarged SEM image (35 000x) of BPGC
and the D-Period (65 nm) belonging to the collagen fibers was
identified.>® Therefore, the SEM images from micro to nano
scale had fully proved that BPGC retained the 3D woven net-
work of collagen fibers, which was conducive to improving the
mechanical properties of the hydrogel and the stability of the
skeleton. In contrast, no D-Period was found in BPGC-Gly

J. Mater. Chem. B, 2024, 12, 6940-6958 | 6943
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(Fig. 3d), which may be because the microstructure of the
collagen fiber bundles was wrapped after the adsorption and
permeation of Gly. Furthermore, the top cross-section of BPGC-
Gly was observed using SEM. As shown in Fig. 3e, the 3D SEM
image of BPGC-Gly reveals its multilevel and multi-pore struc-
ture, which mainly was attributed to the introduction of BD
that provided a fiber support structure of varying size. Upon
further magnification (200x) of the top surface, BPGC-Gly
revealed a distinct collagen fiber-Gel-PVA hybrid synapse,
where the collagen fibers were clearly distributed across the
synapse. Additionally, BPGC-Gly displayed a high synapse
structure, with vertical height ranging from 50 to 100 um,
which greatly contributes to the sensitivity enhancement of
BPGC-Gly. Therefore, through a simple and low-cost prepara-
tion method, imparting this “external synapse” and internal
multilevel network structure to the hydrogel significantly
improved its pressure sensitivity and mechanical strength. In
addition, the energy-dispersive X-ray spectroscopy (EDS) spec-
trum of BPGC-Gly revealed a uniform distribution of Ag ele-
ments throughout the hydrogel (Fig. S8, ESIt). These results
indicated that BD was uniformly embedded in the hydrogel,
functioning as its internal supportive skeleton. Additionally,
the successful incorporation of BD-CQDs@AgNPs into the
BPGC hydrogel has been achieved.

The physical and chemical interactions within BPGC-Gly
were further explored by using Fourier transform infrared
(FTIR) spectroscopy. As illustrated in Fig. 3f, the O-H stretching
vibration peak at 3340 cm™' could be found in the FTIR
spectrum of PVA, which belonged to the intramolecular or
intermolecular hydrogen bond of PVA, while the stretching
vibration absorption peak corresponding to the primary alcohol
C-O could be observed at 1383 cm™'.?® Obviously, the major
groups and structures of collagen (methylene, carboxyl and
amino) could be observed in the FTIR spectra of B, G, BPG,
BPGC and BPGC-Gly. Specifically, the stretching vibration
peaks of N-H and O-H could be seen near 3420 cm ™, and
the asymmetric and symmetric stretching vibration absorption
peaks of ~-CH,- could be observed at 2930 and 2855 cm ™,
respectively.*® The peak near 1640-1666 cm ™" corresponded to
the amide I band, which was the characteristic peak of C—=0
stretching vibration in the carboxyl group.?” The characteristic
peaks of C-N stretching vibration and N-H bending vibration
(amide II band) appeared at 1553 cm ™ “.*' The C-N bond
stretching vibration and in-plane N-H bending of the protein
amide bond were recorded near 1238 cm ™" (amide III band).*’
Notably, the stretching vibration peaks of O-H of these five
samples were significantly deviated, and a right shift of peaks
was found from the PVA hydrogel (3440 cm™') to BPGC
(3420 cm™"), indicating that a number of hydrogen bonds were
formed among BD, PVA and Gel.*> After Gly was added, a blue
shift of the peak appeared at 3275 cm ™" for BPGC-Gly, suggest-
ing the further enhancement of hydrogen bonding.

Thermogravimetry (TG) and derivative thermogravimetry
(DTG) were used for thermal stability testing of hydrogels and
some raw materials. Firstly, as indicated in Fig. 3g, the initial
partial mass loss occurring between 50 and 250 °C was
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attributed to the significant loss of free water. Additionally,
the prominent weight loss stage observed in the range of 250-
450 °C was due to the decomposition of the biomass skeleton
and the breaking of intermolecular hydrogen bonds.** Finally,
at the 450-700 °C stage, it is evident that the residual mass of
the hydrogels increased gradually from PVA (0.16%) to BPG
(7.83%), BPGC (8.16%), and BPGC-Gly (11.49%). This indicated
that the introduction of BD, Gel, BD-CQDs@AgNPs, and Gly
enhanced the thermal stability of the hydrogels. Furthermore,
compared to the pure PVA hydrogel, the decomposition tem-
perature of BPG was increased by 56.7 °C, which was attributed
to the introduction of BD and Gel materials which enhanced
the intramolecular and intermolecular hydrogen bonding in
the BPG hydrogel, resulting in the formation of a dense cross-
linked network (Fig. 3h). Simultaneously, due to the incorpora-
tion of BD@CQDs@AgNPs and Gly, the decomposition tem-
perature of BPGC (372.6 °C) and BPGC-Gly (374.3 °C) was
higher than that of the BPG hydrogel (356.2 °C), demonstrating
that BD@CQDs@AgNPs and Gly could also form a significant
number of hydrogen bonds within the BPG structure, thereby
enhancing the cross-linked network and thermal stability of the
hydrogel. This finding was consistent with the results obtained
from SEM.

Fig. 3i presents the X-ray photoelectron spectroscopy (XPS)
full spectra of PVA, BPG, BPGC and BPGC-Gly. The character-
istic peak of Ag 3d appeared in the XPS spectra of BPGC and
BPGC-Gly, indicating the successful introduction of BD-
CQDs@AgNPs. This finding is consistent with the EDS map-
ping results based on SEM. Clearly, the ratio of O/C in the PVA
hydrogel is 0.20, while in BPGG and BPGC-Gly, the O/C ratio
increased to 0.36 and 0.38, respectively. These findings indi-
cated that the introduction of BD, Gel, Gly, and BD-
CQDs@AgNPs enhanced the presence of polar functional
groups on the surface of BPGC. To demonstrate the multiple
hydrogen bonding interactions between BD, Gel, Gly and PVA,
we further analyzed and compared the XPS high-resolution
spectra of PVA, BPG, BPGC and BPGC-Gly. The C 1s peak of
the PVA sample could be deconvoluted into three peaks, the
C-C-H peak (284.80 eV), the C-OH peak (286.25 eV), and the
O-C—O0 peak (288.30 eV), where the presence of the O-C—0
bond may be a proof for the residue of the ethyl acetate group.**
However, after the addition of BD and Gel, the high-resolution
C 1s spectrum of the BPG hydrogel exhibited three character-
istic peaks with higher intensities (Fig. 3j). Particularly, the C-
OH peak had shifted to a higher binding energy (BE), indicating
that this subpeak may be composed of C-O and C-N bonds,
which was consistent with the results obtained from FTIR.
Furthermore, in the spectra of BPGC and BPGC-Gly, significant
shifts could be found in the C-O/C-N and O-C=O peaks,
indicating that the introduction of BD-CQDs@AgNPs and Gly
also enhanced the hydrogen bonding interactions among the
various components. As illustrated in Fig. 3k, it could be
observed that the high-resolution O 1s spectrum of the PVA
sample contained two single peaks corresponding to C-O
(531.06 eV) and C=0 (533.37 eV) bonds, whereas an increase
in the binding energy of the C-O bond by 0.72 eV could be
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found in the BPG sample.*” Additionally, the BE of the two
peaks in BPGC and BPGC-Gly also experienced displacement
compared to BPG. These results collectively demonstrated the
successful incorporation of BD, Gel, BD-CQDs@AgNPs and Gly
into the BPGC hydrogel, and the hydrogen bonding among the
various components was the main interaction (mainly relying
on amino, hydroxyl, and carboxyl groups).

Anti-freezing and moisturizing properties of BPGC-Gly

It is well known that hydrogels, as a 3D network structure
material with ultra-high-water content, may have limited appli-
cations in low temperature environments. The introduction of
Gly in this work was expected to confer good anti-freezing and
moisturizing properties to the BPGC hydrogel. In order to
investigate the anti-freezing and moisturizing properties of
BPGC-Gly, the amount of Gly was optimized. As shown in Fig.
S9a (ESIT) with the increase in the amount of Gly, the crystal-
lization peak of BPGC-Gly also decreased. Also, it could be
observed that the DSC curve of BPGC exhibited a crystallisation
peak at 1.5 °C, while the lowest crystallisation peak of BPGC-Gly
could reach —40.3 °C, which was due to the fact that the
hydrogen bond formed between Gly and H,O molecules pre-
vented the formation of ice crystals, thus significantly lowering
the freezing point of water in BPGC-Gly.** Notably, BPGC-Gly
exhibited better tensile stress and compression properties
compared to BPGC (Fig. S9b, ESIt). Specifically, the fracture
strength of BPGC-Gly;,, BPGC-Gly;s,, BPGC-Gly; oo, and BPGC-
Gly, 30, increased to 0.63, 0.65, 0.72 and 0.75 MPa, respectively,
while the corresponding tensile elongation dropped to 300%,
292%, 270% and 245%, respectively. As illustrated in Fig. S9c
(ESIt), the toughness of the organic hydrogel generally exhib-
ited an increasing trend with increasing Gly content, reaching a
peak of 0.86 MJ m > (BPGC-Gly;o,). Meanwhile, with the
increase of Gly content, the compressive property of BPGC
hydrogels presented a similar behavior to the tensile perfor-
mance (Fig. S9d, ESIt). This may be due to the fact that the
hydroxyl groups contained in Gly are easy to form hydrogen
bonds with the active groups in BPGC, thus enhancing the
intermolecular force and winding tightness, resulting in
enhanced mechanical properties. However, the conductivity
gradually decreased, which may be due to the introduction of
hydrophilic organic solvent hindering the electron movement
in the BPGC hydrogel.>” Therefore, in order to balance the
mechanical properties, electrical conductivity, and anti-
freezing behavior of BPGC-Gly, BPGC-Gly,q, (referred to as
BPGC-Gly) was finally selected for the subsequent experiments.
In order to observe the freeze-resistance and electrical conduc-
tivity of the obtained hydrogels more visually, BPGC and BPGC-
Gly were placed at —21 °C for 24 h and compared. As illustrated
in Fig. S9e (ESIf), the two hydrogels exhibited considerably
different phenomena. BPGC turned into a brown-green hard
lump, lacking flexibility and conductive properties, while
BPGC-Gly could be easily twisted and was able to light up an
LED lamp. In summary, these results provide preliminary
evidence that BPGC-Gly has excellent freezing resistance and
electrical conductivity at low temperatures.
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In addition, the weight changes of BPGC and BPGC-Gly after
being placed at 20 °C for 5 d were compared. As depicted in Fig.
Sof (ESIt), BPGC had a residual weight of about 12% and did
not have a moisturizing effect. In contrast, the weight change
rate of BPGC-Gly was no more than 30%, demonstrating its
long-term moisturizing properties. Next, we tested the mechan-
ical properties of BPGC-Gly at different placement time (0-5 d).
As shown in Fig. S9g (ESIT), with increasing time, the tensile
strain of BPGC-Gly decreased while its tensile stress increased.
Similarly, under the same strain conditions, the compressive
strength of BPGC-Gly increased (Fig. S9h, ESIT). These phenom-
ena could be attributed to the partial evaporation of free water
within BPGC-Gly, leading to partial collapse of the internal 3D
network, which was consistent with the observed facts.*®
Furthermore, the mechanical properties of BPGC-Gly at differ-
ent temperatures (—20 °C, —10 °C, 0 °C, 10 °C, and 20 °C) were
compared (Fig. S9i-k, ESIt). It was found that the tensile and
compressive performance of BPGC-Gly remained almost con-
sistent at different temperatures. These experimental phenom-
ena indicated the importance of anti-freezing and moisture
retention properties of BPGC-Gly in maintaining its good
tensile and compressive strength. It overcame the dependency
on the environment seen in conventional conductive hydrogels
and is beneficial for monitoring human movement in low-
temperature environments.

Antibacterial and cytotoxicity properties of BPGC-Gly

It is well known that porous hydrogels with high water content
provide an ideal living environment for bacterial growth. If the
hydrogel is not promptly treated with antibacterial agents in
time, its service life will be significantly shortened. In this work,
BD-CQDs@AgNPs with long-lasting antibacterial capacity were
introduced into the BPGC hydrogel in order to obtain good
antibacterial effects. To verify this aim, the classical Gram-
positive (S. aureus) and Gram-negative bacteria (E. coli) were
selected as experimental strains to investigate the antibacterial
properties of PVA, BPG, BPGC, and BPGC-Gly hydrogels, and
the inoculated media without the sample were used as blank
control groups. The size of the inhibition zone around the
hydrogel was observed by the classical disc diffusion method.*°
As illustrated in Fig. 4a, the presence of strains of bacteria at
the edges of the PVA hydrogel indicates that it has no anti-
bacterial properties against S. aureus and E. coli. BPG demon-
strated a small inhibition circle (d = 17 mm). Meanwhile, the
other two groups of hydrogels containing BD-CQDs@AgNPs
showed an obvious antibacterial effect, especially the inhibition
area of BPGC-Gly against E. coli and S. aureus was 8.41 cm” and
5.30 cm?, respectively, which might be caused by the synergistic
effect of Gly and BD-CQDs@AgNPs (Fig. 4b). In addition, in
order to explore the antibacterial mechanism of BD-
CQD@AgNPs, Zeta potentials of bacteria were further mea-
sured, and it was found that both E. coli (—17.5 mV) and S.
aureus (—17.7 mV) were negatively charged. Since the average
Zeta potential of BD-CQD@AgNPs was —39.2 mV, it is difficult
for negative bacteria to come into contact with negatively
charged BD-CQD@AgNPs by electrostatic adsorption, and the
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Fig. 4 Antibacterial and cytotoxicity properties of BPGC-Gly. Antibacterial pictures (a) and statistics of the antibacterial area (b) of PVA, BPG, BPGC, and
BPGC-Gly against E. coliand S. aureus. (c) Cell viability of BPGC-Gly at different concentrations. (d) CLSM image of L929 cells after culturing for 24 h with
1000 mg mL~* BPGC-Gly extract (living cells: green fluorescence, dead cells: red fluorescence).

reaction between bacteria and silver nanoparticles may be
driven by intermolecular forces.*” Meanwhile, Gram-negative
bacteria (E. coli) have a thinner cell wall compared to Gram-
positive bacteria (S. aureus) and are therefore more susceptible
to BD-CQD@AgNPs.*® In general, BD-CQDs@AgNPs have a
particle size of nanometers (3.80 nm), and can enter the cell
membrane of bacteria at low concentration, thus interfering
with cell wall synthesis and inhibiting bacterial growth.?”%8

To further illustrate the biocompatibility of BPGC-Gly, com-
mon CCK-8 cytotoxicity experiments were performed.*
1929 cells were cultured with different concentrations (0.1-
1.0 mg mL™") of the BPGC-Gly extract and cell viability was
recorded. As shown in Fig. 4c, the survival rates of L929 cells at
all concentrations exceeded 94%, proving that BPGC-Gly was
non-toxic to L929 cells. Meanwhile, LIVE/DEAD cell staining
was performed on the L929 cells treated with the highest
concentration (1 mg mL ") to further evaluate the cytocompat-
ibility of BPGC-Gly. As illustrated in Fig. 4d, only a very small
number of L929 cells showed red fluorescence (dead cells) and
the majority of cells exhibited green fluorescence (living cells),
further demonstrating the good biocompatibility of BPGC-Gly.

Electrical and sensing properties of BPGC-Gly

With the introduction of BD-CQDs@AgNPs, BPGC-Gly exhib-
ited excellent conductivity, providing a solid foundation for its
use as a flexible sensor. As illustrated in Fig. 5a, using BPGC-Gly
as a conductor, an LED light could be successfully illuminated.
Furthermore, the light intensity gradually decreased with the
increase of the strain rate, indicating the strain-sensitivity of
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BPGC-Gly. Additionally, we have fabricated BPGC-Gly into a
rod-shaped touchscreen pen, allowing touchscreen interaction
and drawing on a tablet (Fig. S10, ESIT). Both of these phenom-
ena prove that BPGC-Gly possesses good conductivity and holds
significant potential for electronic applications.

In addition, the stability and sensitivity of external force
feedback are important indices of flexible sensor devices. As
illustrated in Fig. 5b, the change in the relative resistance of
BPGC-Gly at different tensile strains (0-200% with 20%) was
recorded. Specifically, BPGC-Gly could last 2—-4 s for each strain
gradient, with a strong stable signal output. Furthermore, by
calculating the gauge factors (GF) as reported in the literature,*®
a curve with the equation AR/R, = 0.0011¢> + 0.7352¢ could be
fitted, where ¢ denoted the tensile strain. Here, the quadratic
curve was differentiated, and the calculation formula of GF was
obtained (GF = 0.0022¢ + 0.7352), indicating that BPGC-Gly had
strain sensitivity and offered the possibility of human motion
detection (Fig. 5¢). Meanwhile, the pressure sensitivity (S) was
further determined to quantify the compression sensitivity of
BPGC-Gly. As indicated in Fig. 5f, the absolute change in
the relative resistance of BPGC-Gly under different pressure
(0-125 kPa) was tested and documented. As shown in Fig. 5g,
the S could be divided into three regions. A pressure sensitivity
of 4.26 kPa~ ! was observed in the pressure range of 0-12.5 kPa.
In the moderate pressure range (12.5-55.5 kPa), the pressure
sensitivity was reduced to 0.86 kPa™'. As the pressure increased
to 55.5-125 kPa, the S dropped to 0.18 kPa™'. These results
indicated that BPGC-Gly was highly sensitive to pressure
changes in the low-pressure range. Compared to other
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pressure-sensitive hydrogels, it exhibited a wider range of strain
detection, demonstrating its potential as a pressure sensor
(Table S3, ESIY).

Furthermore, the rapid recovery capability is another crucial
indicator for strain/pressure sensors. We performed stretching-
release and compression-release experiments on BPGC-Gly to
determine its response time. As shown in Fig. 5d and h, BPGC-
Gly demonstrated swift response and recovery to both stretch-
ing and compression. Specifically, it had a response time of 750
ms and a recovery time of 300 ms during the stretching
experiment. Furthermore, in the compression experiment, it
maintained a difference in response and recovery time of no
more than 200 ms. These results demonstrated the excellent
responsiveness of BPGC-Gly to stress/pressure. Lastly, the cyclic
stability and fatigue resistance of BPGC-Gly as a strain/pressure
sensor were investigated. As depicted in Fig. 5e and i, the
stretching/compression cycling tests were conducted at 50%
strain for 500 s/2000 s. Throughout the testing process, there
was very little performance loss observed, and the magnified

This journal is © The Royal Society of Chemistry 2024

images of the curves revealed nearly identical signals. These
results suggested that BPGC-Gly possessed outstanding dur-
ability under stretching and compression, making it suitable as
a flexible sensor for long-term motion detection and heavy load
monitoring.

Temperature-sensing and humidity-sensing properties of the
BPGC-Gly sensor

Due to the rich hydrated ion network in the prepared BPGC-Gly
organohydrogel, it has the ability to adsorb and release water
molecules based on environmental humidity. Therefore, we
utilized BPGC-Gly as a transducing material to perceive the
changes in the external environment. Firstly, copper wires were
connected to both ends of BPGC-Gly to create a dual-electrode
chemical resistor configuration for temperature and humidity
sensing. Secondly, a fixed bias voltage of 1.5 V was applied to
BPGC-Gly to measure the changes in conductivity under varying
temperature and humidity conditions. It is worth noting that
electronic migration is influenced by temperature changes. As
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Fig. 6 Temperature and humidity sensing properties of the BPGC-Gly sensor. (a) Conductivity of the BPGC-Gly sensor at different temperatures (inset:
conductivity of the BPGC-Gly sensor after 7 days). (b) Real-time conductance change curve of the BPGC-Gly sensor at different water temperatures
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conductivity of the BPGC-Gly sensor after 7 days at 20 °C with RH 60%). (g)

Real-time conductance response of the BPGC-Gly sensor to RH ranging from

97% to 46.7%. The 30-cycle (h) and amplified 2nd cycle (i) curves of real-time conductance of the BPGC-Gly sensor in response to RH ranging from 97%

to 46.7%. Real-time response of the BPGC-Gly sensor to irregular (j) and

the temperature increases, the ionic motion speeds up, which
leads to an increase in the ionic conductivity of BPGC-Gly. As
shown in Fig. 6a, with increasing temperature (from —20 °C to
60 °C), the conductivity of the BPGC-Gly sensor also increased

6950 | J Mater. Chem. B, 2024,12, 6940-6958

regular (k) human breathing.

(0.17 to 1.39 S m ™). Therefore, the real-time conductivity of the
BPGC-Gly sensor could effectively reflect the real-time tempera-
ture. Meanwhile, as illustrated in the inset of Fig. 6a, the
conductivity of the BPGC-Gly sensor remained relatively stable
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even after being placed at —21 °C for 7 d, indicating that it
possessed low-temperature conductive stability. Additionally,
3M tape was used to seal the BPGC-Gly sensor for temperature
sensing tests. The response is defined as the change in relative
conductivity (AG/G,), where G, represents the initial conductiv-
ity. As shown in Fig. 6b, when the BPGC-Gly sensor was exposed
to hot (45 °C) and cold water (0 °C) from room temperature
(20 °C), the dynamic response curves varied due to the changes
in relative conductance. The relative conductance of the BPGC-
Gly temperature sensor was studied over time during the
temperature cycling from 0 °C to 45 °C. As seen in Fig. 6c,
the dynamic response curves demonstrated repeatable signals,
suggesting the stability and reliability of the BPGC-Gly tem-
perature sensor. Notably, the response time and recovery time
of the BPGC-Gly temperature sensor were 193.3 s and 345.4 s,
respectively (Fig. 6d). These findings indicated that the BPGC-
Gly sensor could achieve rapid temperature responsiveness,
which will be beneficial for monitoring overheating or fever-
related conditions in the human body.

Further systematic investigations were conducted on the
performance of the BPGC-Gly sensor in relative humidity
detection. The detailed working principle of the BPGC-Gly
humidity sensor is presented in Fig. 6e. In low relative humidity
(RH) environments, the low vapor pressure induces the eva-
poration of some free water from BPGC-Gly, impeding the
migration of internal ions and leading to the increased resis-
tance. However, the presence of Gly in BPGC-Gly locks the
moisture, preventing excessive water loss and maintaining
stability in low RH environments. In high RH environments,
due to the highly hydrophilic groups (amino, carboxyl, and
hydroxyl groups) within BPGC-Gly, water molecules adsorb and
condense on the hydrogel through chemical and physical
means, causing a slight increase in the volume of the
organohydrogel.*® Overall, the BPGC-Gly humidity sensor uti-
lizes its moisture absorption and release properties to detect
the RH changes. The conductance variation reflected the
humidity level, allowing for accurate humidity sensing. Simi-
larly, the RH changes could be observed through the change of
electrical conductivity. As illustrated in Fig. 6f, with the
increase of environmental RH, the conductivity of the BPGC-
Gly humidity sensor also increased. Specifically, the conductiv-
ity increased from 0.15 S m™ ' at 24.2% RH t0 0.85 Sm™ " at 97%
RH. Furthermore, as shown in the inset of Fig. 6f, the con-
ductivity of the BPGC-Gly humidity sensor was also effectively
maintained in an open environment (21 °C, 60% RH). In
addition, the conductance changes under different RH condi-
tions were studied to evaluate the humidity sensing perfor-
mance of the BPGC-Gly sensor. As illustrated in Fig. 6g, starting
with an initial 24.2% RH, the BPGC-Gly sensor was placed in
chambers with different RH levels (97%, 84%, 75%, 60%, and
46.7% RH) until the conductance no longer changed, and then
transferred back to the initial environment until it recovered to
the initial conductance value. Notably, the response ranges of
the BPGC-Gly sensor were 12% and 2% in environments with
97% RH and 46.7% RH, respectively, demonstrating a wide
humidity response range. Additionally, the humidity cycling
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stability of the BPGC-Gly sensor was also analyzed. As depicted
in Fig. 6h, the standard deviation of the response curves for
various humidity changes within 30 cycles did not exceed 3%,
proving the reliability and stability of the humidity response of
the BPGC-Gly humidity sensor. Especially, the response time
and recovery time of the BPGC-Gly humidity sensor from RH
24.2% to RH 84% and then returning to the RH 24.2%
environment were 104.2 s and 94.2 s, respectively, indicating
that the BPGC-Gly sensor has the ability to quickly sense the
humidity change (Fig. 6i).

To further explore the practical application potential of the
BPGC-Gly sensor, it was fixed onto a mask to monitor real-time
human respiration. As shown in Fig. 6j and k, the changes of
relative conductance with time were clear and repeatable for
different breathing patterns (irregular and regular modes),
which proved that the BPGC-Gly sensor has the ability to
recognize breath environments with different lengths and
intensities. Meanwhile, due to the small size of the humidity
chamber within the mask, the airflow generated by human
respiration easily changes the RH around the sensor. Therefore,
compared to regular chamber humidity tests, the time required
for mask respiration detection was shorter. As depicted in
Fig. 6k, under the regular human breathing mode, the response
time of exhaled gas was 2.4 s, and the response time of inhaled
gas was 1.6 s, indicating that BPGC-Gly possesses fast respira-
tory responsiveness. In conclusion, these results demonstrated
that the BPGC-Gly sensor, with its dual sensing capabilities for
temperature and humidity, has potential applications in diag-
nosing respiratory system diseases and sleep monitoring.

Strain/pressure sensing properties of the BPGC-Gly sensor

Based on its excellent mechanical properties, electrical con-
ductivity, anti-freezing properties, biocompatibility and sensing
stability, the BPGC-Gly organohydrogel could be used as a
strain/pressure sensor. When BPGC-Gly is applied with a vol-
tage, its internal porous structure provides channels for the
directional movement of ions, thus forming an electric current.
As shown in Fig. S11 (ESIt), when BPGC-Gly is stretched, the
change in the cross-sectional area and length causes the inter-
nal channels to change, making it more difficult for the ions to
move, which is reflected in an increase in BPGC-Gly’s resistance
and a decrease in the current. Similarly, when BPGC-Gly is
compressed, the cross-sectional area increases and the length
decreases, making the internal channels tighter, and the con-
nection is tighter despite the reduced space for ion movement,
which may make ion movement easier, resulting in a decrease
in resistance and an increase in current. As shown in Fig. 7, the
BPGC-Gly sensor could be used to monitor different move-
ments of the human body (small, medium and large move-
ments). As depicted in Fig. 7a, when the BPGC-Gly sensor was
utilized to monitor the pronunciation of volunteers, the sensor
could obtain the highly repetitive and reliable electrical signals
when word and sentence (“Hi”, “Hello” and “How are you”)
were repeatedly said. These results indicated that the BPGC-Gly
sensor not only could detect small movements of the human
body, but also had certain speech recognition capability.
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Fig. 7 Strain sensing property of the BPGC-Gly sensor. Real-time AR/Ry change curves of BPGC-Gly as strain sensors to monitor various human
movements, including human pronunciation (a), smiling (b) and frowning (c), knee bending (d) and walking (e) at different frequencies and finger (f), wrist

(g) and elbow (h) bending at different angles.

Meanwhile, when the BPGC-Gly sensor was attached to the
volunteer’s face skin, medium movements of smiling (Fig. 7b)
and swallowing (Fig. 7c) could be detected and a continuous
and stable signal output was obtained. Notably, the relative
resistance signals in real time at different tensile frequencies
and different bending angles could also be monitored by using
the BPGC-Gly sensor. As shown in Fig. 7d and e, repeated
movements of knee bending and walking at different frequen-
cies could be clearly captured by the BPGC-Gly sensor and
the changing frequency did not affect the shape of the
peaks, proving that the sensor has stable and accurate perfor-
mance for human monitoring. In addition, a series of human

6952 | J Mater. Chem. B, 2024,12, 6940-6958

movements at different angles such as finger bending, wrist
bending and elbow bending could also be clearly and comple-
tely recorded by the BPGC-Gly sensor (Fig. 7f-h). Thus, through
the peak height, width and peak shape of the electrical signal,
we could obtain the feedback on the health of human joint
movement. In addition, the motion detection performance of
the BPGC-Gly sensor in different environments was also inves-
tigated. As depicted in Fig. S11 (ESIt), the BPGC-Gly sensor was
placed in —21 °C/49% RH, 20 °C/97% RH, and 20 °C/24.2% RH
environments, respectively. After 60 h, the BPGC-Gly sensor
was used to monitor the relative resistance variations over
time during different human movements, producing stable
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characteristic peaks similar to those at room temperature.
These results indicated that the BPGC-Gly sensor has good
environmental adaptability and could be used for monitoring
human motion in different temperature and humidity
environments.

Based on the previous experiments, we know that BPGC-Gly
exhibited pressure hypersensitivity, rapid responsiveness, and

View Article Online
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long-term stability. To further explore the potential of BPGC-Gly
as a flexible pressure electronic device, we conducted a detailed
analysis of its rapid responsiveness and stable feedback. As
illustrated in Fig. 8a, under different frequencies of pressure
stimulation, the peak heights of the curves of |AR|/R, changing
over time remained unchanged. Moreover, with increasing
frequency, the response and recovery time of the signal peak
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Fig. 8 Pressure sensing property of the BPGC-Gly sensor. (a) The resistance change curves of the BPGC-Gly sensor at different pressure frequencies. (b)
The resistance change curves of five compressing and releasing cycle tests of the BPGC-Gly sensor under different pressures. (c) The resistance change
curves of the BPGC-Gly sensor compressing from 0% to 50% and releasing to the original state. The digital picture of 50 g weight (d) placed on the
BPGC-Gly sensor array, and the corresponding 2D-mapped pressure distribution (e), and 3D-mapped response graph (f). The digital picture of different
weights (g) placed on the BPGC-Gly sensor array, and the corresponding 2D-mapped pressure distribution (h), and 3D-mapped response graph (i). The
digital picture of different numbers of rectangular blocks (j) randomly arranged on the BPGC-Gly sensor array, and the corresponding 2D-mapped
pressure distribution (k), and 3D-mapped response graph (l).
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also become shorter, indicating the reproducible and rapid
feedback properties of BPGC-Gly at different frequencies. Addi-
tionally, during the continuous testing process under different
pressures, almost no performance loss or interruption of con-
tinuous feedback was observed (Fig. 8b). BPGC-Gly with a
highly porous structure exhibited a wide range of pressure
(8.5-125 kPa) durability and stable feedback during compres-
sion. Its rapid responsiveness was demonstrated by compres-
sing it from 0% to 50% and restoring it to its original state. As
shown in Fig. 8c, BPGC-Gly could be almost restored to the
original state and produce a fast response curve under rapid
and sustained pressure. The aforementioned tests, including
varying compression frequency, pressure, and compression-
recovery tests, further confirm that BPGC-Gly possesses remark-
able sensitivity and stability, making it a promising candidate
for various applications in flexible pressure electronic devices.

BPGC-Gly pieces were coupled with an electrochemical
workstation to create a 4 x 4 matrix pressure sensor for
detecting pressure distribution in space. The working principle
was based on the compression of BPGC-Gly under external
pressure, which increases the contact area and shortens the ion
flow path, resulting in a change in BPGC-Gly’s conductivity.>°
Each BPGC-Gly sensor was shaped as a cylindrical patch (15 x
15 x 10 mm) for individual operation. When a 50 g weight was
placed on a single unit of the array sensor (Fig. 8d), the 2D
mapping pressure distribution (Fig. 8e) and the 3D pressure
signal distribution (Fig. 8f) could be clearly observed. Similarly,
by placing different weights (100 g, 50 g, 20 g, and 10 g) on the
BPGC-Gly pressure array, the response signal decreased as the
weight decreased. Notably, the BPGC-Gly array sensor could
also accurately identify different external intensity pressures
and integrate into 2D and 3D mapping images. As shown in
Fig. 8g-i, by placing different rectangular blocks of varying
quantities on the pressure sensor unit, accurate pressure posi-
tion distribution and relative resistance intensity could be
obtained graphically. The visualization application of the
BPGC-Gly pressure array sensor has potential applications in
the human-computer interaction system of multi-touch
devices.

Electrophysiological monitoring property of the BPGC-Gly
sensor

Currently, hydrogel sensors face challenges such as the
need for an external power supply and difficulty in monitoring
subtle physiological indicators like heartbeat and muscle
contractions.> Therefore, the development of a portable power
device and sensitive wearable sensing equipment is particularly
important. Due to its good biocompatibility, mechanical prop-
erties, electrical conductivity, and sensitivity, BPGC-Gly pro-
vided the possibility of detecting the human physiological
index. In our work, BPGC-Gly was used as an electrode patch
and bioelectrical signals of the human body were output in a
microcomputer via Bluetooth transmission module in order to
solve the above problem (Fig. S13, ESIt). Specifically, BPGC-Gly
was made into an electrode pad (10 mm diameter and 1 mm
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thick) for detecting electromyography (EMG) and electrocardio-
gram (ECG) signals of volunteers.

Fig. 9a illustrates the mechanism of using BPGC-Gly as a
flexible electrode for bioelectric detection. Let’s take muscle
cells as an example. It is well known that muscle contraction
begins in the central nervous system, where alpha motor
neurons generate muscle contraction signals (neurons are
mainly composed of dendrites, cell bodies, and axons).>> As
shown in the left picture of Fig. 9a, when the signal has not
reached the cell body, the neuron exhibits a resting potential
(approximately —70 mV due to the outflow of K' ions from the
cell membrane). The neuron is in a polarized state at this time.
However, when an organism is stimulated by a stimulus, such
as a nerve impulse or chemical signal, the organism generates
an excitatory or inhibitory electric signal along the motor
neuron. When the electrical signal reaches the cell body, the
balance of the polarized state is broken, and a significant influx
of Na* from outside the cell membrane causes an increase in
the membrane potential of the muscle fiber (about +40 mV),
known as depolarization (in the right picture of Fig. 9a). Lastly,
the potential at this time is called the action potential, and its
generation causes a change in the transmembrane potential
difference, which prompts the electrons in the BPGC-Gly flex-
ible electrode attached to the skin to move directionally.?”>>
Therefore, the electrochemical signal curve of the generated
bioelectricity can be obtained based on the potential difference
between the reference and working electrodes.

Fig. 9b depicts the hydrogel-skin tissue equivalent model for
bioelectrical recording. Generally, human skin tissue cells
consist of stratum corneum, epidermal cells, and dermal
tissue.>® These three structures could generally be regarded as
body impedance and skin impedance. The skin impedance is
composed of the equivalent resistance R, (which has a higher
impedance and can reach resistivity values of 100-1000 KQ m)
of the stratum corneum and the equivalent capacitance Cs
between the epidermis and dermis.>**® Since the dermis and
subcutaneous tissue mainly consist of cells and a large amount
of extracellular matrix, their equivalent impedance is smaller
and can be represented as the resistance Ry,.*”*> Additionally,
Fig. 9c demonstrates the process of bioelectrical signal acquisi-
tion, detection, and analysis. Specifically, the electrical signals
generated by movement are conducted through neural and
muscular tissues, causing electron migration within the
BPGC-Gly flexible electrode, which is in contact with the human
epidermis. Subsequently, bioelectric signals are acquired by
collecting the potential difference between the working and
reference electrodes. And then, these signals were conveyed to
the core control circuitry through the analog-to-digital conver-
sion circuitry, and transmitted to a computer terminal in real-
time via Bluetooth for real-time data detection and analysis.
Compared to traditional bioelectrodes, the BPGC-Gly electrode
exhibits excellent sensitivity, flexibility, stability, reusability,
and low impedance. These characteristics are advantageous
for maintaining a high signal-to-noise ratio in flexible electro-
des, thereby enhancing the clarity and reliability of bioelectrical
signals.
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As illustrated in Fig. 9d and e, the bioelectric acquisition
device based on BPGC-Gly was used for muscle signal detection
at room temperature (25 °C) and low temperature (—20 °C). It
could be found that prolonged elbow flexion training showed
stable and repetitive EMG signals, demonstrating the ability of
the BPGC-Gly flexible electrode to monitor subtle muscle
signals of the human body, as well as its tolerance to low-
temperature environments. Based on the portability and sensi-
tivity of the BPGC-Gly bioelectrode acquisition device, we have
attempted to apply it to motion monitoring in other parts of the
human body. As depicted in Fig. 9f and g, BPGC-Gly could

This journal is © The Royal Society of Chemistry 2024

adhere completely to the arm skin for signal transmission. We
placed the reference electrode adjacent to the working elec-
trode and grounded the ground electrode on the arm bone. By
performing repetitive weightlifting and cup-grasping motions,
stable motion signal curves were obtained. Through compar-
ison, it could be observed that different motion activities of the
same muscle resulted in varying peak signal intensities. This
phenomenon allowed us to identify different actions on the
same body part based on peak intensity. Additionally, we
further utilized BPGC-Gly for monitoring large-scale body
movements such as walking and running. As shown in
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Fig. 9h and i, the bioelectrical signal intensity and waveform
obtained during fast walking and fast running (with consistent
stride length) are essentially the same. However, due to the
higher frequency of running movements, the corresponding
electrical signals displayed a faster frequency state. Notably, the
ECG signals of volunteers could also be clearly and completely
detected, and the heart rate of the volunteers could be pre-
dicted by detecting the signal peak, which was compared with
the heart rate of the smart bracelet. It was found that they both
showed 68 beats per minute (Fig. 9j). Meanwhile, the magnified
ECG could display characteristic peaks of the heartbeat, includ-
ing P-wave, QRS complex and T-wave, which are key indicators
of symptoms such as arrhythmia and myocarditis (Fig. 9k). Due
to the importance of the T/R ratio and signal-to-noise ratio
(SNR) as key indicators of accuracy in ECG detection devices, a
comparison was made between the BPGC-Gly electrode (BE)
and commercial electrode pads (CE) in terms of these two
parameters. As shown in Fig. 91, the ECG waveform detected
by CE was consistent in shape with that of BE. Additionally, the
T/R ratio for BE and CE was measured to be 0.22 and 0.24,
respectively, while the SNR was reported as 10.29 and 10.13,
respectively (Fig. 9m). These results indicated that BE exhibited
comparable monitoring accuracy to commercial electrodes,
making it suitable for ECG/EMG monitoring during muscle
movements. The above findings showed that BPGC-Gly has
excellent micro signal sensing performance and is expected to
be used as a portable bioelectrode and for human-computer
interaction, human motion monitoring, and heart disease
monitoring through a complete data acquisition, reception,
and analysis process. Finally, to showcase the versatility of
the BPGC-Gly sensor, it was qualitatively and quantitatively
compared with previously reported hydrogel sensors (Fig. 9n
and Table S4, ESIt). The results indicated that the BPGC-Gly
sensor possessed excellent properties, including anti-freezing,
moisturizing, antibacterial, and biocompatibility. Additionally,
BPGC-Gly exhibited a diverse range of multifunctional sensing
capabilities, encompassing temperature, humidity, strain sen-
sing, pressure sensing, and biological signals. This brings
new possibilities to the field of multifunctional conductive
hydrogels.

Conclusions

In summary, a multifunctional conductive organohydrogel
BPGC-Gly was designed and fabricated, utilizing waste collagen
fibers (BD), Gel, and PVA as the basic framework, loaded with a
conductive antibacterial material (silver nanoparticles (BD-
CQDs@AgNPs)) and the anti-freezing moisturizer Gly. The
resulting BPGC-Gly displayed a natural fiber-like structure,
boasting exceptional mechanical properties, conductivity,
anti-freezing properties, and moisturizing properties. In terms
of structure, the introduction of BD endowed BPGC-Gly with a
“surface synapse” and an internal multilayered fiber network,
enabling high sensitivity with an S value of up to 4.26 kPa"
under low pressure conditions (0-12.5kPa). In terms of
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performance, the unique multilevel fiber skeleton structure of
BPGC-Gly, coupled with the hydrogen bonding interactions
among different substances, served as a dissipative pathway.
Consequently, BPGC-Gly possessed the advantages of ‘“three
highs” (high tensile strength (0.72 MPa), high elongation
(270%), and high toughness (0.86 MJ m™°)). In terms of
applications, based on its outstanding properties, this leather
solid waste-derived multifunctional organohydrogel exhibited
diverse modal sensing capabilities, including temperature,
humidity, strain, pressure, and bioelectrical signals. As a tem-
perature and humidity sensor, it demonstrated an excellent
temperature response range (—20-60 °C) and a wide humidity
detection range (24.2-97% RH), with rapid response (2.4 s) and
recovery (1.6 s) to human respiration. As a strain/pressure
sensor, the fabricated BPGC-Gly sensor has a wide response
range and high sensitivity, enabling real-time monitoring of
human movements. Notably, BPGC-Gly could also be used as a
portable bioelectrode for collecting and analyzing bioelectrical
signals (such as ECG and EMG) and could serve as a supple-
mentary means for motion monitoring. In conclusion, this
multidimensional and multimodal human health monitoring
based on the multifunctional BPGC-Gly can provide compre-
hensive and complementary health monitoring data. Therefore,
BPGC-Gly holds great potential in the fields of human health
monitoring devices, wearable electronic devices, and human-
machine interactions.
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