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Clinical wound management is severely hindered by delayed hemostasis, high infection risk, inefficient
repair, and unregulated healing. Herein, a multifunctional KA-Ca®*/Cu,O@CuS composite hydrogel was
fabricated using konjac glucomannan (KGM) and acrylamide (AM) cross-linked with Ca2*, reinforced by
Cu,0O@CuUS nanoparticles. The most prominent superiority of this dynamic hydrogel over reported smart
dressings lies in its rapid swelling-driven hemostatic performance, forming a synergistic system of
“blood-triggered swelling occlusion-adhesive sealing-high-efficiency procoagulation” upon contact with
wound exudate. In vitro assays demonstrated a 298% swelling ratio in tissue fluid, robust wet-tissue
adhesion (26.3 kPa on porcine skin), rapid self-healing, and excellent biocompatibility (98% NIH3T3 cell
survival). Cu,O@CuS nanoparticles conferred broad-spectrum antibacterial activity (>91% inhibition
against Staphylococcus aureus and Escherichia coli). In vivo rat tail amputation models verified rapid
hemostasis (115 s) and accelerated wound healing (98.3% closure on day 12). Moreover, the hydrogel
senses wound exudate and tearing, enabling “proof-of-concept exudate/strain monitoring”. This multi-

Received 23rd February 2026
Accepted 13th March 2026

DOI: 10.1035/d6ra01581f effect hydrogel holds great promise for clinical acute hemostasis, wound monitoring, and therapeutic

Open Access Article. Published on 14 April 2026. Downloaded on 4/18/2026 1:13:34 AM.

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

(cc)

rsc.li/rsc-advances intervention.

1 Introduction

Acute wounds resulting from trauma, surgical interventions, or
accidental injuries are among the most common emergencies in
clinical emergency care and surgical practice."” Efficient
management of these wounds is directly pivotal to patients' life
preservation, treatment duration, and post-healing outcomes.?
Nevertheless, current acute wound management is still plagued
by four interconnected and pressing core challenges, which have
emerged as critical bottlenecks limiting clinical therapeutic effi-
cacy: delayed hemostatic efficiency, high wound infection
susceptibility,>® sluggish tissue repair progression,>® and
unregulated healing processes.’*** From a pathophysiological
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standpoint,”® failure to achieve effective hemostasis promptly
following acute wound occurrence can rapidly precipitate
hemorrhagic shock. Subsequent to hemostasis, wounds are
exposed to complex clinical settings and thus susceptible to
invasion by pathogenic bacteria, such as Staphylococcus aureus
and Escherichia coli. Bacterial colonization not only exacerbates
local tissue necrosis but also may trigger systemic inflammatory
response syndrome (SIRS) or sepsis via the systemic circulation,
thereby further prolonging the treatment course.**™¢

Although traditional wound care materials have been
systematically applied in clinical practice, their monofunctional
nature precludes simultaneous addressing of the aforemen-
tioned challenges, rendering them with notable performance
limitations."*® For instance, medical gauze, a staple in clinical
settings, exhibits moderate blood-absorbing capacity and
operational simplicity but suffers from poor conformability to
irregular wound surfaces (e.g., joint regions, deep
lacerations).*** Particularly in moist microenvironments with
excessive wound exudate, it is prone to displacement or leakage,
compromising hemostatic efficacy.”> Studies have demon-
strated that the hemostatic success rate of gauze on irregular
wounds is approximately 60%; frequent replacement is there-
fore necessitated, which elevates the risks of secondary wound
trauma and infection. While certain antibacterial materials can
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inhibit bacterial proliferation, they lack intrinsic procoagulant
activity and thus fail to accelerate wound healing. More criti-
cally, these traditional materials are categorized as “passive
care” modalities, incapable of real-time monitoring of physio-
logical indicators during wound healing (wound exudate,
temperature). Clinicians can only assess healing status through
visual inspection or periodic sampling and testing, resulting in
delays in treatment plan adjustments and impeding the
achievement of individualized precision intervention.

To address the limitations of traditional materials,
researchers have progressively shifted their focus to the devel-
opment of multifunctional integrated®***” hydrogel dressings,
aiming to concurrently achieve multiple functionalities*>°-
including hemostasis,* antibacterial activity,>* repair promo-
tion, and monitoring-through the synergistic effects of
constituent materials. However, a pervasive “performance
trade-off” issue persists in the integration of multiple func-
tionalities. For instance, high-concentration loading of antibi-
otics or nanoantibacterial particles to enhance antibacterial
efficacy often compromises the cytocompatibility of hydrogels,
resulting in reduced survival rates of fibroblasts and endothelial
cells.**?** Similarly, the introduction of strong cross-linking sites
to reinforce hydrogel adhesion to wound tissues tends to
sacrifice material flexibility, rendering it difficult to accommo-
date dynamic movements at wound sites and even inducing
secondary wound tearing during bodily activities. Furthermore,
most current multifunctional hydrogels® are confined to the
“therapeutic” realm, and the development of multifunctional
composite hydrogels that integrate therapeutic functionalities
with diagnostic capabilities (e.g., real-time monitoring of
wound status®~*?) is still in its nascent stage. Such hydrogels fail
to meet the clinical requirement for full-process management of
acute wounds—namely, “rapid hemostasis, infection control,
dynamic monitoring, and precise repair”—thereby significantly
hindering their clinical translation and application.

Building on the aforementioned clinical challenges and
current research landscape, this study precisely tailors material
properties to meet wound repair requirements by selecting
konjac glucomannan (KGM)* and acrylamide (AM) as compo-
nents for constructing a composite matrix—KGM, a natural
polysaccharide, boasts excellent biocompatibility, hydrophi-
licity, and inherent procoagulant potential to adapt well to the
physiological wound healing microenvironment, while AM
contributes favorable mechanical toughness and structural
tunability, achieving synergistic optimization of natural mate-
rials’ inherent biocompatibility and synthetic materials' struc-
tural stability; CaCl, is employed as the cross-linking agent to
supply Ca®>*, which forms stable coordination bonds with
oxygen-containing groups on KGM and AM molecular chains,
and as an endogenous ion, it circumvents biosafety risks of
exogenous cross-linking agents while enhancing the hydrogel's
swelling capacity and adhesion stability; additionally, Cu,-
O@CuS nanoparticles are loaded to establish a synergistic
antibacterial system (reducing individual nanoparticle dosage
to minimize cytotoxicity to normal cells) and endow conductive
properties for wound monitoring, successfully fabricating
a multifunctional composite hydrogel integrating swelling-
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adhesion and high-efficiency procoagulant activity that rapidly
initiates a “blood-triggered swelling occlusion-adhesive sealing-
high-efficiency procoagulation” mechanism upon contact with
wound exudate, exhibits a 298% swelling ratio in tissue fluid,
26.3 kPa wet-tissue adhesion strength on porcine skin, rapid
self-healing, 98% maximum NIH3T3 cell survival rate, over 91%
inhibition rate against Staphylococcus aureus and Escherichia
coli, and in vivo rat tail amputation assays confirm its superior
hemostatic performance (115 s hemostatic time), accelerated
wound healing (98.3% closure rate on day 12 post-treatment),
and capability to sense wound exudate concentration and
tearing to support integrated diagnosis and treatment, holding
substantial application prospects in clinical hemostasis, heal-
ing monitoring, and acute wound therapeutic intervention as
a multi-effect integrated wound repair material.

2 Results and discussion

2.1. Design and synthesis of the composite hydrogel KA-
Ca**/Cu,0@Cus

Fig. 1A illustrates the synthesis process of the composite
hydrogel KA/Ca®'/Cu,O@CuS. Firstly, Cu,0 was sulfited to
obtain Cu,O@CusS, and Cu,0@CuS nanocubes were success-
fully prepared by etching. The corresponding monomers acryl-
amide, glucomannan, and CaCl, were added to distilled water
and dissolved to form a mixed solution. After Cu,O@CuS was
ultrasonically dispersed into the above mixed solution, ammo-
nium persulfate (APS) was added. The mixture was poured into
a mold and placed in an oven at 60 °C for gelation, resulting in
the KA-Ca®*/Cu,0@Cu$ composite hydrogel (Fig. 1B).

In the synthesis process of the hydrogel, glucomannan
serves as the main body of the gel. APS as an initiator to trigger
the polymerization of acrylamide, and the cross-linking network
is formed through the entanglement and interaction between
polyacrylamide chains and glucomannan molecules. Hydrogen
bonding interactions between the hydroxyl groups of gluco-
mannan and the amino groups of polyacrylamide, thereby
forming the KA-Ca®"/Cu,0@Cu$S composite hydrogel with high
adhesiveness. The presence of CaCl, not only promotes gel
formation but also exhibits excellent coagulation function,
laying a solid foundation for wound hemostasis and healing.
The multifunctional properties of the composite hydrogel are
illustrated in Fig. 1C.

2.2. Structure and morphology analysis

The chemical composition of the KA-Ca*'/Cu,0@CuS
composite hydrogel was characterized using Fourier transform
infrared (FTIR). As shown in Fig. 2A, I, II, and III correspond to
the infrared spectra of KGM powder, KA-Ca®>" hydrogel, and KA-
Ca>*/Cu,0@Cus hydrogel, respectively. In I, the peak around
3415 cm ' is attributed to the stretching vibration of ~OH, the
peak at 3142 cm ™! corresponds to the absorption of free -NHj,
and the peak at 1614 cm™ " may be the absorption of -C=0. The
peak at 1406 cm ™" is assigned to ~CH, absorption, while the
peak at 1012 cm™ ' arises from the bending vibration of alco-
holic hydroxyl groups and the absorption of -C-O-.
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Fig. 1 Schematic of the fabrication process of KA-Ca?*/Cu,O@CuS composite hydrogel. (A) Preparation of/Cu,O@CuS Nanocubes. (B)
Preparation of composite hydrogels. (C) Multifunctional properties of KA-Ca?*/Cu,O@CuS composite hydrogels.

As presented in the FTIR spectrum, the absorption peak at
1012 cm™ ' in region II was significantly enhanced, which is
attributed to the increased number of -C-O- bonds formed
during the coordination reaction between KA and Ca**. This
result confirms the successful cross-linking of the hydrogel
matrix, indicating that the coordination reaction between KA
and Ca®" proceeded smoothly. In region III, the absorption peak
at 3415 cm ™', which corresponds to the stretching vibration of -
OH and -NH groups, exhibited an increasing trend. This
phenomenon is mainly associated with the introduction of
Cu,O@CuS nanoparticles, as the interaction between Cu,-
O@CusS and the hydrogel matrix can promote the exposure of
free -NH, groups from polyacrylamide, thereby leading to the
enhancement of peak intensity. Additionally, the relative
intensity of the peak at 1406 cm™ ", assigned to the bending
vibration of -CH, groups, was observed to increase. This change
is reasonably ascribed to the structural rearrangement of the
hydrogel matrix during the reaction process. Collectively, the
FTIR characterization results provide strong evidence for the
successful preparation of the Cu,O@CuS nanocube-loaded
composite hydrogel, and also verify the effective interaction
between the components of the hydrogel system.
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As displayed in Fig. 2B, the scanning electron microscopy
(SEM) image of the KA-Ca**/Cu,0@CuS composite hydrogel
exhibits a distinct irregular grooved structure, which was
attributed to the certain degree of shrinkage of the composite
hydrogel during the freeze-drying process. Fig. 2C presents the
X-ray photoelectron spectroscopy (XPS) spectra of the composite
hydrogel, which was mainly composed of elements including C,
O, Cu, N, and Ca. Fig. 2D reveals that element C exists
predominantly in three chemical states: -C-O-, -C-C-, and O-
C=0. In Fig. 2E, oxygen is mainly present in the forms of -C-O-
and -C=0. Fig. 2F indicates that N primarily exists as -C-NHj.
As depicted in Fig. 2G, the Cu element is mainly present as
cuprous oxide (Cu,0). Fig. 2H shows that Ca is mainly in the
forms of calcium ions (Ca®") and calcium oxide (CaO). In
addition, energy-dispersive spectroscopy (EDS) mapping was
performed to analyze the element distribution of the composite
hydrogel, and the results are shown in Fig. 2I. The EDS mapping
images clearly demonstrate the uniform distribution of the
aforementioned elements in the hydrogel matrix, which further
confirms the successful preparation of the KA-Ca>*/Cu,0@CuS
composite hydrogel. It is worth noting that the Cl element
exhibits a relatively non-uniform distribution, which is mainly

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(A) FTIR of KGM powder, KA-Ca®*, KA-Ca?*/Cu,0@CuS composite hydrogels. (B) SEM of KA-Ca?*/Cu,O@CuS composite hydrogels. (C)

XPS spectra of KA-Ca®*/Cu,0@CuS composite hydrogels. XPS of element in the composite hydrogel. (D) C. (E) O. (F) N. (G) Cu and (H) Ca. (1) EDS

of the composite hydrogel.

attributed to the swelling-drying process of the hydrogel and
the local aggregation of functional components during the
formation of the three-dimensional network structure.

2.3. Self-healing properties of KA-Ca®*/Cu,0@CuS
composite hydrogel

The frequency sweep curves of the hydrogel measured at 1%
strain and 25 °C are displayed in Fig. 3A. Within the linear
response range of 1-10 Hz, the KA-Ca®>*/Cu,0@CuS composite
hydrogel demonstrates stable elastic behavior. Notably,
throughout the entire frequency sweep, the storage modulus
(G") remains consistently higher than the loss modulus (G”),
which confirms that the hydrogel behaves as an elastic solid
with reliable stability.

The self-healing potential of hydrogels remarkably enhances
the durability of wound dressings.*** To assess the self-healing
capability of the KA-Ca**/Cu,0@Cus composite hydrogel, strain

© 2026 The Author(s). Published by the Royal Society of Chemistry

amplitude sweep measurements were conducted at 25 °C to
explore its rheological response to external strain. As depicted
in Fig. 3B, the KA-Ca®"/Cu,0@CuS composite hydrogel main-
tains network integrity until the strain reaches approximately
161%. This phenomenon is ascribed to the incorporation of
AM, which constructs a dense hydrogen bond network within
the hydrogel framework, thereby substantially augmenting the
hydrogel's mechanical properties. Beyond this threshold, both
the storage modulus (G') and loss modulus (G”) undergo a sharp
decline and attain equilibrium-an observation that explicitly
signifies hydrogel network disruption, with the material trans-
itioning from a gel state to a sol-gel state upon exceeding the
critical strain. Subsequently, the self-healing performance of
the KA-Ca*"/Cu,0@CuS composite hydrogel was evaluated via
consecutive cyclic strain tests (1% strain — 200% strain — 1%
strain) at a fixed angular frequency of 10 rad s . As shown in
Fig. 3C, the hydrogel transitions to a sol-gel state (G’ < G’) when

RSC Adv, 2026, 16, 19674-19686 | 19677
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performance of the composite hydrogel with different substrates.

the strain exceeds 200%. Upon strain restoration to 1%, the G’
and G” values immediately recover to their initial states, fol-
lowed by seamless network reorganization. The rapid, reversible
sol-gel transition behavior exhibited in the cyclic tests high-
lights the inherent, excellent self-healing characteristics of the
hydrogel network.

Materials based on hydrogen bonding interactions can
achieve structural reconstruction and performance recovery
after damage through intermolecular or intramolecular inter-
actions, with the core lying in the dynamic reversibility and
responsiveness of hydrogen bonding interactions. In this
system, a double network is formed by introducing poly-
acrylamide and CaCl, ionic liquid into the glucomannan
network, and the hydrogen bonding interactions formed
between them possess both stability and dynamic adjustability.
These interactions are not permanent combinations but are in
a dynamic equilibrium of “breakage-reconstruction”, providing
a solid structural foundation for the self-healing of the material.

19678 | RSC Adv, 2026, 16, 19674-19686

Endowed by hydrogen bonding interactions, the composite
hydrogel achieves remarkable self-healing capability at room
temperature without the need for external stimuli. As depicted
in Fig. 3D, a cylindrical composite hydrogel sample was cut into
two halves, with one half stained. The cut surfaces were merely
brought into simple contact without applying any pressure.
After standing for 5 minutes, the sample formed an intact gel
that could withstand stretching. This phenomenon is attributed
to the rearrangement of reversible multiple hydrogen bonds,
which facilitates the healing of the hydrogel.

2.4. Adhesion performance of KA-Ca>*/Cu,0@CusS
composite hydrogel

Adhesion performance serves as a core indicator governing the
fixation stability of wound dressings and the continuity of
wound monitoring, which directly impacts therapeutic efficacy
and patient safety during application.**** In the present study,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the superior adhesiveness of the KA-Ca**/Cu,0@Cus composite
hydrogel to diverse substrates (Fig. 3G)stems from the dynamic
cross-linked network fabricated among acrylamide (AM), konjac
glucomannan (KGM), and calcium ions (Ca**). Leveraging the
synergistic effects of hydrogen bonds and ionic bonds, this
network not only reinforces the internal structural stability of
the gel molecules but also confers the hydrogel with robust
binding capacity to various wet substrates, particularly biolog-
ical tissues.

To quantitatively characterize the adhesion strength of the
composite hydrogel, lap shear tests were conducted (Fig. 3E).*
As illustrated in Fig. 3F, under the dual effects of strong
hydrogen bonds and ionic bonds, the KA-Ca®'/Cu,0@CuS
composite hydrogel demonstrates stable adhesive performance
on three typical substrates (porcine skin, glass, and wood), with
measured adhesion strengths of 26.3 kPa, 132.6 kPa, and 261.1
kPa, respectively. Among these substrates, porcine skin-
employed as a standard substrate for simulating human skin
tissue-exhibits an adhesion strength that is directly correlated
with the hydrogel application potential as a wound dressing.

As documented in relevant literature,*® the adhesion
strength between wound dressings and porcine skin must
reside within a specific range to balance fixation efficacy and
application safety: adhesion strength below 8 kPa renders the
dressing susceptible to displacement or detachment during
patients' daily activities, compromising continuous wound
coverage and the exertion of hemostatic, antibacterial, and
other essential functions; conversely, adhesion strength
exceeding 32 kPa may lead to epidermal tearing of the wound
during dressing replacement, thereby inducing secondary
injury. In the present study, the adhesion strength of the KA-
Ca**/Cu,0@Cu$ composite hydrogel to porcine skin (26.3 kPa)
falls precisely within the optimal range of 8-32 kPa. This not
only enables stable dressing fixation but also safeguards wound
integrity during replacement, laying a crucial performance
foundation for its practical application as an integrated diag-
nosis and treatment dressing for acute wounds.

2.5. In vitro antibacterial activity and biocompatibility

Surface contaminants are prone to compromising the perfor-
mance of wound dressings and wound management strategies;
thus, antibacterial activity is regarded as an indispensable
property for wound dressings.**° The antibacterial efficacy of
the KA-Ca®*/Cu,0@Cu$S composite hydrogel was assessed using
the viable colony counting method based on the standard plate
counting technique. Test bacterial strains encompassed Gram-
positive Staphylococcus aureus (Fig. 4A and B) and Gram-
negative Escherichia coli (Fig. 4C and D). Notably, the antibac-
terial activity of the composite hydrogel is primarily derived
from the synergistic antibacterial mechanism of Cu,O and CusS.
All experiments were performed in quintuplicate, and the
results were presented as mean values. As illustrated in Fig. 4E,
in comparison with the control group (the untreated bacterial
group), the KA-Ca**/Cu,0@CuS composite hydrogel (gels-the
hydrogel-treated experimental group), significantly inhibited
bacterial growth, with inhibition rates of 93.8% against

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

Escherichia coli and 91.6% against Staphylococcus aureus,
respectively.

The synergistic antibacterial mechanism of the composite
hydrogel is mainly achieved through the sustained release of
Cu** from Cu,O@Cu$S nanoparticles, which serves as the core
antibacterial pathway. The sustained and controlled release of
Cu”" effectively addresses the inherent bactericidal limitations
of single-component nanoparticles, such as excessive burst
release of Cu®" that triggers biotoxicity and insufficient long-
term bactericidal efficiency. Consequently, the sustained Cu>*
release achieves a “1 + 1 > 2” enhancement in bactericidal
efficiency by maintaining an effective antibacterial concentra-
tion for a long time while avoiding adverse effects on normal
cells. Moreover, the combination of Cu,O and Cus regulates the
release rate of Cu®’, enabling a reduced dosage of each nano-
particle and further minimizing cytotoxicity toward normal
tissue cells. This favorable feature renders the composite
hydrogel particularly suitable for the management of skin
wound infections.

Biocompatibility is of paramount importance for hydrogel
dressings that adhere closely to wound surfaces and are
employed for integrated wound diagnosis and therapy.”***
Initially, the biocompatibility of the KA-Ca®>"/Cu,0@CuS
composite hydrogel was evaluated using a live/dead staining
assay. As depicted in Fig. 4F, konjac glucomannan (KGM),
a natural polysaccharide, inherently exhibits excellent biocom-
patibility and hydrophilicity. Following 24 h and 72 h of co-
culture with the KA-Ca**/Cu,0@CuS composite hydrogel,
immunofluorescence observations revealed that all cells in the
samples maintained a healthy growth status, confirming the
composite hydrogel's superior cytocompatibility for application
as a wound healing dressing. To verify the biosafety of the KA-
Ca®*/Cu,0@CuS composite hydrogel at varying concentrations,
a cytocompatibility assay was conducted: NIH;T; cells were
cultured in extracts of the KA-Ca®'/Cu,0@CuS composite
hydrogel with different concentrations for 24 h to 72 h, and cell
viability was assessed via the CCK-8 assay.*” The results
demonstrated that cell viability remained stably above 96%
(Fig. 4G), further validating the excellent biocompatibility of the
KA-Ca>"/Cu,0@CuS composite hydrogel. However, this study
still has certain limitations, as a comprehensive and systematic
evaluation of in vivo biosafety has not yet been performed. The
excellent biocompatibility of the material is attributed to the
sustained and controlled release of copper ions from Cu,-
O@Cus for antibacterial activity, as well as the low and safe
copper content in the system.

2.6. Hemostatic performance of the KA-Ca”*/Cu,0@Cus
composite hydrogel

To evaluate the hemostatic efficacy of the KA-Ca>*/Cu,0@CuS
composite hydrogel, a rat tail amputation model was estab-
lished in this study (Fig. 5A). Four treatment groups were set up
for comparative hemostatic testing on amputated rat tails,
namely the untreated control group, gauze group, cotton group,
and composite hydrogel dressing group. Concurrently, the

intrinsic hemostatic mechanism of the hydrogel was

RSC Adv, 2026, 16, 19674-19686 | 19679


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra01581f

Open Access Article. Published on 14 April 2026. Downloaded on 4/18/2026 1:13:34 AM.

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

(cc)

RSC Advances

E.coli

S. aureus

B

EL@

250 <0
P Control
= P Gels =100 ~
Q P Antibacterial efficience (%) X
g 200 \J
S 13080 S
= O
2 1504 i3
S N L=
3 [
= <
o 1004 =
g 40 E
Q
- {10 <
50+ L20 =
=]
<
0 -0
S & & &

< gv’? @. %;’ Q)- &

View Article Online

Paper

Gel

Control

G

140 -—-Conlrol |
250 [soo [ 1000

625 125

2120
'S 100 g e o—
=
= 80
Q
I
S 40-
~
20

24 h

72 h

Fig. 4 Antibacterial properties and biocompatibility of hydrogels. (A and C) The antibacterial activities of the KA-Ca®*/Cu,O@CuS composite
hydrogel against Staphylococcus aureus and Escherichia coli were evaluated separately using the spread plate method. (B and D) Staphylo-
coccus aureus and Escherichia coli treated with the KA-Ca?*/Cu,0@CuS composite hydrogel. (E) Bacterial inhibition rates of the composite
hydrogel against Escherichia coli and Staphylococcus aureus. (F) Live/dead cell imaging under a fluorescence microscope at 100x and 200x
magnifications (green: live cells; red: dead cells), scale bar: 50 um. (G) Cell viability of NIH3T3 cells co-cultured with KA-Ca®*/Cu,0@CuS
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comprehensively explored. The core hemostatic mechanism of
the composite hydrogel is characterized as “blood-triggered
swelling - firm adhesion - physical occlusion - synergistic
coagulation promotion”: upon contact with wound blood, the
hydrogel promptly initiates a swelling response and firmly
adheres to the bleeding site via intermolecular interactions. It
achieves direct occlusion of blood flow through physical barrier
formation, thereby facilitating the coagulation process (Fig. 5B).

This proposed mechanism was first corroborated by swelling
experiments (Fig. 5D). Tests simulating various in vivo micro-
environments (deionized water, normal saline, and tissue fluid)
revealed that the maximum swelling ratios of the composite
hydrogel were 549%, 443%, and 298%, respectively. These
findings confirm that the composite hydrogel exhibits rapid

19680 | RSC Adv, 2026, 16, 19674-19686

swelling capacity for physical occlusion in the vascular injury
microenvironment containing blood, which lays a robust
foundation for its subsequent hemostatic performance.

With respect to the in vitro hemostatic outcomes (Fig. 5C, E
and F), the amputated rat tails in the untreated control group
displayed extensive bleeding on filter paper, with a blood loss of
0.18 =+ 0.002 mg within 2 minutes and a prolonged hemostatic
time of 570 + 4 seconds. Although the gauze group showed
a modest reduction in blood loss, the enhancement in hemo-
static efficiency was marginal. The cotton group achieved partial
bleeding control (blood loss: 0.06 & 0.001 mg; hemostatic time:
162 £ 3 seconds), yet slight exudation persisted. In striking
contrast, immediate application of the KA-Ca®>'/Cu,0@CuS
composite hydrogel to the wound post tail amputation resulted

© 2026 The Author(s). Published by the Royal Society of Chemistry
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in nearly complete bleeding control within several seconds.
Ultimately, the composite hydrogel group exhibited a remark-
ably shortened hemostatic time of 115 + 2 seconds and
a minimal blood loss of 0.04 £ 0.0037 mg within 2 minutes.

Collectively, the experimental data unequivocally demon-
strate that the KA-Ca®"/Cu,0@Cu$S composite hydrogel signifi-
cantly shortens hemostatic time and reduces blood loss via its
core mechanism of “blood-triggered swelling - physical occlu-
sion”. Its hemostatic efficacy outperforms that of traditional
hemostatic materials (gauze and cotton) and the blank control,
indicating its great potential in achieving rapid hemostasis for
acute wounds.

2.7. Wound healing evaluation of the KA-Ca>*/Cu,0@CuS
composite hydrogel

Given the excellent tissue adhesion and efficient hemostatic
properties of the KA-Ca**/Cu,0@Cus composite hydrogel, this

© 2026 The Author(s). Published by the Royal Society of Chemistry

study established a timeline for the composite hydrogel-
mediated wound treatment (Fig. 6A) and further investigated
its promotional effect on skin wound healing using a 2 cm rat
skin incision model (Fig. 6B). At the initial stage of the study,
the adhesive performance of the hydrogel was verified experi-
mentally: it could not only stably adhere to rigid substrates such
as wood and glass but also tightly conform to the serosal layer,
muscle layer, epidermal layer, and fat layer of porcine liver,
porcine heart, and porcine skin under moist conditions
(Fig. 3E). Notably, the hydrogel was capable of re-adhering two
completely transected porcine skin segments. As illustrated in
Fig. 6B, upon application to the wound, the KA-Ca®>*/Cu,0@Cu$S
composite hydrogel achieved complete wound coverage and
occlusion through water absorption and swelling, thereby
facilitating the reconnection of wound tissues. Observations on
day 10 post-surgery revealed obvious and uneven scar hyper-
plasia in the untreated control group, whereas almost no scar

RSC Adv, 2026, 16, 19674-19686 | 19681
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formation was observed in the KA-Ca*'/Cu,0@Cu$S composite
hydrogel-treated group. Meanwhile, the regeneration of new
epidermis and hair in the hydrogel-treated group was signifi-
cantly improved compared with the control group. These
experimental results fully demonstrate that the KA-Ca**/Cu,-
O@CuS composite hydrogel can significantly enhance the
quality of wound healing.

To further confirm the promotional efficacy of the KA-Ca
Cu,O@CuS composite hydrogel in tissue regeneration,
a continuous observation period of 12 days was conducted in
this study. The results showed that the wound closure rate in
the KA-Ca®*/Cu,0@Cu$S composite hydrogel-treated group was
consistently higher than that in the control group throughout
the entire observation period (Fig. 6C). After 12 days of treat-
ment, the wounds in the KA-Ca*'/Cu,0@Cus composite
hydrogel-treated group had achieved almost complete healing,

2+/

19682 | RSC Adv, 2026, 16, 19674-19686

with a healing area of 98.3% =+ 3.5%. In contrast, the wound
closure rate in the control group was only 76.5% =+ 4.8%
(Fig. 6D).

It is well recognized that natural polysaccharide-based
materials possess favorable biocompatibility. The present
study further confirmed that the KA-Ca**/Cu,O@Cu$S composite
hydrogel not only exhibits robust wet tissue adhesion and
adequate structural stability but also has inherent cell and
tissue affinity. Specifically, the abundant hydroxyl and amino
groups in the molecular structure of the composite hydrogel
endow it with strong binding affinity to various nucleophilic
groups on the tissue surface (including hydrogen bonding and
ionic bonding interactions), thereby enhancing its tissue
adhesion efficacy. In addition, benefiting from its porous
structural characteristics, the KA-Ca**/Cu,0@Cus composite
hydrogel can rapidly absorb exudates from the injured site upon

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.7 Sensing performance of the KA-Ca®*/Cu,0O@CuS composite hydrogel (including tearing, different types and concentrations of exudates):
(A) electrical conductivity. (B) Response of the hydrogel to tearing strain. (C) Tensile strength. Responses of the hydrogel to 0.2-0.8 mL and 10—
90 uL exudates: (D and G) deionized water; (E and H) normal saline; (F and ) tissue fluid.

application to the wound, and then form a protective layer with
procoagulant function through the synergistic effect of
“swelling—adhesion-occlusion”. The synergistic effect of these
multiple properties collectively enhances the wound healing-
promoting capacity of the KA-Ca®>*/Cu,0@CuS composite
hydrogel.

2.8. Sensing performance of the composite hydrogel

The electrical conductivity of the KA-Ca*'/Cu,0@Cus
composite hydrogel was evaluated via an electrochemical
workstation, with the corresponding results presented in
Fig. 7A. The hydrogel without Cu,O@CuS nanoparticles
exhibited relatively low electrical conductivity; specifically, the
pristine AM hydrogel showed a conductivity value of merely 0.04
S m~ . Benefiting from the cross-linking effect of Ca>" ions, the
conductivity of the KA-Ca®>" hydrogel increased to 0.46 S m™".
Nevertheless, the incorporation of Cu,0O@CuS nanoparticles
significantly enhanced the electrical conductivity of the

© 2026 The Author(s). Published by the Royal Society of Chemistry

hydrogel. With the increase in Cu,O@CuS nanoparticle
content, the conductivity of the hydrogel increased steadily, and
the KA-Ca**/Cu,0@Cus hydrogel with a nanoparticle concen-
tration of 1 mol L™" achieved a maximum conductivity of 2.24 S
m™". These findings highlight the effectiveness of Cu,0@CuS
nanoparticles in boosting the electrical conductivity of the
hydrogel. The superior electrical conductivity of the KA-Ca®"/
Cu,O@Cus composite hydrogel indicates its great potential for
wound status monitoring, rendering it a promising candidate
material for flexible skin sensors.

Accumulating evidence has confirmed that the occurrence of
skin infections is likely to induce alterations in temperature or
humidity. Additionally, external tearing forces can, to a certain
extent, reflect the surface status of wounds. As documented in
the literature, mechanical trauma induced by external tearing
can exacerbate tissue damage and lead to scar hyperplasia or
impaired healing by triggering excessive inflammatory
responses, compromising the functions of fibroblasts and

RSC Adv, 2026, 16, 19674-19686 | 19683
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vascular endothelial cells, and disrupting the alignment of
collagen fibers as well as the homeostasis of collagen metabo-
lism. Consequently, effective management of external tearing
forces is crucial for mitigating wound inflammation and
oxidative stress. Given the remarkable electrical conductivity
and biocompatibility of the KA-Ca*>*/Cu,0@CuS composite
hydrogel, this sensor is expected to monitor changes in external
tearing forces and exudates (wound humidity) for the preven-
tion of skin damage and infections.

Herein, a skin sensor based on the KA-Ca®'/Cu,0O@Cu$S
composite hydrogel was fabricated to monitor two critical
indicators of acute wound healing: exudates with varying types
and concentrations, and external tearing forces. As illustrated
in Fig. 7B, the AR/R, value of the KA-Ca>*/Cu,O@Cu$S composite
hydrogel increased progressively with the applied strain in the
20-40% tensile-release range. The variation in AR/R, value was
well-correlated with the applied strain, exhibiting a consistent
dose-response relationship. The skin sensor stably yielded AR/
R, values of 0.0019% and 0.0027%, respectively, demonstrating
prominent repeatability and sensitivity toward changes in
external tearing forces. Fig. 7C verifies the excellent tensile
properties of the hydrogel; such features not only guarantee
monitoring accuracy but also prolong the service life of the
flexible skin sensor.

Deionized water, normal saline, and tissue fluids with
varying concentrations were extruded via a syringe to simulate
acute wound exudates, as illustrated in Fig. 7D-I. Fig. 7D-F
depict the relative resistance changes of the flexible sensor in
response to different types of exudates (deionized water, normal
saline, and tissue fluid) within the volume range of 0.2-0.8 mL.
Notably, Fig. 7G-I demonstrate the rapid response of the sensor
to trace volumes (10-90 pL) of different exudate types. Collec-
tively, these findings confirm the potential of the composite
hydrogel for monitoring multiple parameters, including
external tearing forces and exudates with varying types and
concentrations, thereby providing critical performance support
for the practical implementation of integrated diagnosis and
treatment dressings for acute wounds.

3 Conclusions

In summary, addressing critical clinical bottlenecks of delayed
hemostasis and high infection risk in wounds, this study
developed a KA-Ca®>*/Cu,O@CuS composite hydrogel based on
the demand for integrated diagnosis-treatment of acute
wounds. Fabricated via Ca**-mediated crosslinking of KGM/AM
matrix with Cu,O@CuS loading, the hydrogel integrates
swelling-adhesion, antibacterial, conductive, and procoagulant
properties. Endowed with the “blood-triggered swelling-occlu-
sion-adhesion-sealing—procoagulation” mechanism, it exhibits
excellent hemostatic efficacy (115 s in rat tail amputation),
broad-spectrum antibacterial activity (>96% inhibition against
S. aureus and E. coli), and wound monitoring potential. With
a tissue fluid swelling ratio of 287%, porcine skin adhesion
strength of 26.3 kPa, and good biocompatibility (max NIH3T3
survival rate 98%), it significantly promotes wound healing
(98.3% healing area on day 12 in rat model). Compared with
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traditional materials, its integrated “hemostasis-antibacterial-
healing  promotion-monitoring”  advantages  enhance
diagnosis-treatment efficacy remarkably, showing great pros-
pects in complex clinical wounds. Its conductivity also lays
a foundation for intelligent devices, making it a promising
candidate for acute wound management.

4 Experimental section

4.1. Materials (experimental materials in SI)

4.1.1 Preparation of KA-Ca®*/Cu,0@CusS hydrogel

4.1.1.1 Synthesis of Cu,O@CusS. The synthesis of Cu,0@CuS
nanocubes was performed as follows: polyethylene glycol (PEG)
served as the capping agent, sodium borohydride (NaBH,) as
the primary reducing agent, and ascorbic acid as the antioxi-
dant, with sodium hydroxide (NaOH) used to adjust the pH of
the reaction system. At the initial synthesis stage, 1.25 g of
CuSO0,-5H,0 was dissolved in 50 mL of deionized water to form
a blue solution. A 50 mL deionized water solution containing 6 g
of PEG was then added to this blue solution under vigorous
stirring, resulting in a white solution. Subsequently, a 100 mL
deionized water solution containing 0.9 g of ascorbic acid and
0.4 g of NaOH was introduced into the aforementioned mixture,
followed by the dropwise addition of a 50 mL aqueous solution
of 0.4 g NaBH,. Continuous stirring produced a dark red solu-
tion, which was allowed to stand and cool overnight, leading to
a color change to yellow. Copper(1) oxide (Cu,O) nanocubes were
harvested via centrifugation, washing, and drying processes.
The as-prepared Cu,O nanocubes were dispersed in 150 mL of
deionized water, and 0.065 g of Na,S was added under constant
stirring. After a 1 hour reaction, the dark red product was
collected by centrifugation and dried in a vacuum oven at 60 °C
to obtain Cu,O@CuS nanocubes, which were reserved for
subsequent experiments.

4.1.1.2 Fabrication of the KA-Ca”*/Cu,0@CuS hydrogel. The
preparation procedure for the KA-Ca®'/Cu,0@CuS nano-
hydrogel matrix was conducted as follows: initially, 3.5 g of
acrylamide (AM) and 0.02 g of home-synthesized copper(1) oxi-
de@copper sulfide (Cu,0@CuS) were co-dissolved in 10 mL of
deionized water. Subsequently, 0.35 g of konjac glucomannan
(KGM) was added to the mixture, which was then stirred until
homogeneous. Thereafter, a cross-linker solution, prepared by
dissolving 0.5 g of calcium chloride (CaCl,) in 2 mL of deionized
water, was introduced, followed by the addition of 1 mL of an
aqueous solution containing 0.1 g of ammonium persulfate
(APS) to initiate polymerization. Finally, the resulting mixture
was poured into a Petri dish and incubated in an oven at 60 °C.
After a 20 minute reaction, the target hydrogel was successfully
fabricated.

Other specific methods are in the SI (4.1-4.9)
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