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Cardiovascular implantable electronic device (CIED) pocket infections represent a grave threat to the
survival quality and life safety of patients with cardiovascular diseases, while also imposing a substantial
economic burden on healthcare systems. However, the efficacy of current approaches employed for
preventing CIED pocket infections remains suboptimal. In this study, an injectable antibacterial hydrogel
was successfully constructed by physically crosslinking carboxyl groups on the surface of hyaluronic acid
microspheres (HAG) with amino groups on poly-L-lysine (PLL). The developed HAG/PLL hydrogel
exhibited not only non-toxicity toward L929 cells but also excellent cytocompatibility, accompanied by
a low hemolysis rate when tested with red blood cells. Furthermore, in vivo experiments demonstrated
that the HAG/PLL hydrogel showed no toxicity to vital organs (including the heart, liver, and kidney) as
well as local tissues at the implantation site. Moreover, the HAG/PLL hydrogel effectively eliminated
Staphylococcus aureus and Escherichia coli bacteria by promoting ROS production, thereby inducing
bacterial cell membrane disruption. In conclusion, HAG/PLL hydrogels were simply and conveniently
prepared and showed considerable potential in the prevention of CIED infections owing to their
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1. Backgrounds

Rapid advances in cardiac electrophysiology have led to
a significant rise in the number of patients receiving cardio-
vascular implantable electronic devices (CIEDs).! Concurrently,
there has been a significant increase in the incidence of CIED
pocket infections.>® Characterized by substantial healthcare
costs and high morbidity and mortality rates, CIED-associated
infections have emerged as a major challenge in the clinical
practice setting and impose a substantial economic burden on
both the national healthcare system and individual patients.*
Consequently, the prevention of such infections holds signifi-
cant implications and societal value.>*

Epidemiological studies have established Staphylococcus
aureus and Escherichia coli as the predominant pathogens in
CIED-associated infections, with a high prevalence of
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excellent biocompatibility and antimicrobial properties.

coagulase-negative and oxacillin sensitive S. aureus strains,
which are responsible for approximately 70% of infections.”™
According to an earlier study, among all cardiac device infec-
tions, pocket infections pose the greatest diagnostic chal-
lenge.” Current clinical guidelines recommend the use of
preoperative prophylactic intravenous antibiotics as the
primary preventive measure against CIED pocket infections.*™*
However, due to the avascular nature and poor tissue perfusion
of the pocket, intravenous antibiotics may not be effective in
preventing infections.® Thus, the development of medical
materials with inherent antimicrobial properties that can be
implanted directly into surgical incisions has garnered exten-
sive attention, offering innovative solutions to combat CIED-
associated infections and antibiotic resistance. The AigisRx
antimicrobial envelope, a high-polymer blend containing min-
ocycline and rifampicin, has been pioneered to mitigate device-
associated infections by regulating the release of antibiotics.™
Numerous studies have demonstrated that this envelope
significantly decreases the risk of CIED infections and has been
approved for clinical use in both the USA and Canada.”™®
Plasma-based material (PBM), a bioactive substance derived
from a mixture of allogeneic plasma and platelets, serves as
a reliable antibiotic delivery vehicle. Indeed, PBM, loaded with
minocycline and rifampicin, has been documented to effec-
tively eliminate bacteria in a rabbit pacemaker infection

© 2026 The Author(s). Published by the Royal Society of Chemistry
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model."”” However, the increasing challenge of antibiotic resis-
tance, exacerbated by the misuse of antibiotics and the forma-
tion of biofilms by bacteria on the surfaces of implanted
devices, has become a critical concern.'® While both the AigisRx
antimicrobial mesh and PBM are engineered to prevent CIED
pocket infections via the sustained release of antibiotics, this
approach also carries the potential to facilitate the development
of drug resistance.

Thus, there is an urgent need to develop novel antibiotics or
explore non-antibiotic alternatives, as well as to innovate drug
administration methods to enhance the bioavailability of anti-
microbial therapies and delay the onset of bacterial resistance.
Various novel antimicrobial materials have been developed,
encompassing antimicrobial peptides,'® organometallic ions,*
and bio-based antimicrobial materials,> which effectively
minimize the risk of hospital-acquired infections. Notably,
these materials exhibit broad potential for application across
various fields, particularly in medicine.*

e-Poly-lysine (e-PLL) is a homopolymer composed of r-lysine
residues derived from the essential amino acid r-lysine. It is
formed by the condensation of the e-amino group of r-lysine
with the a-carboxylate group, creating an e-amide bond. e-PLL is
heat-resistant, has a broad pH tolerance, exhibits low toxicity
and high safety, and possesses excellent water solubility.>*** In
its highly polymerized polyvalent cationic form, &-PLL can
disrupt the cell membrane structure of microorganisms

Scheme 1 The HAG/PLL hydrogels synthesis and application.
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through electrostatic interactions, thereby exerting broad-
spectrum bactericidal effects.***® Indeed, several studies have
corroborated the potent bactericidal effect of e-PLL against both
Gram-positive and Gram-negative bacteria, including S. aureus
and E. coli.**® However, as a small molecule antimicrobial
peptide, e-PLL is highly unstable in vivo and can be hydrolyzed
by various enzymes within minutes,* thereby restricting its
ability to provide sustained in vivo antimicrobial efficacy when
used alone.

Hyaluronic acid (HA) is renowned for its excellent biocom-
patibility and biodegradability.****> HA not only mitigates
inflammatory responses and scar formation but also facilitates
the migration and repair of epithelial cells, thereby promoting
wound healing and tissue regeneration. These properties have
led to its widespread application in biomedicine.**** Of note,
HA can form a network with water molecules through hydrogen
bonding involving the carboxyl and amino groups in its struc-
ture. Consequently, HA with a high molecular weight exhibits
greater stability, viscosity, and viscoelasticity.*® The ionic
strength, pH, and temperature of the solution can influence the
mobility and degradability of HA, factors that must be consid-
ered when formulating HA-based biomaterials.’” Additionally,
previous investigations have demonstrated that HA can modu-
late intracellular signaling by binding to CD44 receptors on the
surfaces of monocytes and granulocytes, thereby exerting anti-
inflammatory and pro-angiogenic effects that promote the
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healing of damaged skin.*®**’ Various HA-based wound dress-
ings, such as sponges,*® hydrogels,** electro-spun membranes,*
and fillers,**** have been utilized in clinical practice and show
significant potential for applications in bioengineering.

To effectively prevent CIED pocket infections, an injectable
antimicrobial hydrogel was developed by integrating hyaluronic
acid microspheres (HAG) with &-PLL (Scheme 1). In this anti-
bacterial system, the HA scaffold is pre-crosslinked with 1,4-
butanediol diglycidyl ether (BDDE) to form an HA hydrogel with
a low crosslinking density, which prevents rapid degradation
while preserving fluidity. Following this, the carboxyl groups of
HAG electrostatically interact with the amino groups on poly-t-
lysine (PLL), whilst the milled micro-hydrogel is further rein-
forced through physical crosslinking, resulting in the hybrid
hydrogel (HAG/PLL). Characterized by superior physicochem-
ical properties, injectability, and self-healing capabilities, the
HAG/PLL hydrogel can be easily and uniformly administered
within the CIED pocket. Moreover, its outstanding antimicro-
bial capacity can effectively protect against potential bacterial
infections, while its excellent biocompatibility limits foreign
body responses. Overall, the findings of this study suggest that
the injectable antimicrobial hydrogel holds significant impli-
cations for the prevention of CIED infections owing to its
remarkable antimicrobial properties and biocompatibility.****

2. Materials and methods
2.1 Materials

HA (1.48 x 10° kDa) was purchased from Shanxi Dasheng
Science and Technology Company. PLL (Mw: 3500-4500 kDa)
was procured from Zhengzhou Forida Company. Bacteria were
sourced from the American Typical Culture Collection (ATCC,
USA), and L929 mouse fibroblasts were kindly provided by the
Chinese Academy of Sciences Stem Cell Bank. Live/dead
viability/cytotoxicity kit (L3224), live/dead BacLight Bacterial
Viability Kit (L7012), phosphate-buffered saline (PBS), Dulbec-
co's modified Eagle's medium (DMEM), fetal bovine serum
(FBS), nutrient agar, and tryptic soy broth (TSB) were acquired
from Thermo Fisher Scientific (USA). N-Acetylcysteine (NAC)
was purchased from sigma. Rifampicin (RFP) was purchased
from SparkJade. Other reagents were used directly without
purification.

2.2 Synthesis of HA hydrogels

The method used to synthesize HA hydrogels was based on
a previous study.* Initially, 10 g of HA powder was gradually
added to 100 mL of 1 mol L™ NaOH solution while stirring, and
then 1 mL BDDE were introduced. The resulting mixture was
stirred at room temperature until homogeneous. Next, it was
heated and stirred at 35 °C for 3 h to ensure complete cross-
linking, resulting in cross-linked sodium hyaluronate. The ob-
tained cross-linked sodium hyaluronate was dialyzed to discard
NaOH and BDDE, following which residual BDDE was removed
via ethanol reprecipitation. Finally, HA hydrogel powder with
consistent particle sizes were obtained via lyophilization,
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milling, and sieving. The diameter of HA hydrogel powder was
0.74 pm.

2.3 Preparation of HAG and HAG/PLL hydrogels

To prepare HAG hydrogel, 0.06 g of HA hydrogel powder was
dissolved in 1 mL PBS. Separately, 0.10 g of PLL powder was
dissolved in 1 mL PBS to obtain the PLL solution. Then, the
HAG hydrogel and PLL solution were mixed in a 1:1 volume
ratio, and the pH was adjusted to 8 by adding NaOH solution.
The carboxyl group with a negative charge on HA interacts
electrostatically with the amino group with a positive charge on
PLL. Finally, the injectable antimicrobial hydrogel was formed.

2.4 Rheology measurements of the hydrogels

The viscoelastic and self-healing characteristics of the hydrogels
were assessed using a HAAKE MARS III rheometer. Briefly,
hydrogels were carefully positioned between the rheometer's
plates. To determine the energy storage modulus (G') and loss
modulus (G") of the hydrogels, strain tests were conducted at
a physiological temperature of 37 °C and a frequency of 1 Hz.
Furthermore, the thixotropic behavior of the HAG/PLL hydrogel
was assessed using a dynamic rheometer over the whole range
or alternate strain amplitudes of 0.1% and 1000% at a constant
frequency (1 Hz).

2.5 In vitro PLL release measurement

Fluorescein isothiocyanate (FITC) was covalently conjugated to
PLL, and the absorption standard curve of PLL-FITC was
established via quantitative detection with a microplate reader.
Briefly, 200 uL of HAG-PLL-FITC hydrogels was transferred into
EP tubes, with the initial weight of each tube recorded. Subse-
quently, 2 mL of PBS (pH = 7.4 or 5.0) was added to each tube,
and the tubes were incubated at 37 °C. At predetermined time
points, 1 mL of the supernatant was collected from each tube,
and the fluorescence absorbance of the supernatant at 495 nm
was measured using a microplate reader. The concentration of
released PLL-FITC was calculated according to the regression
equation of the pre-established standard curve, and the cumu-
lative release rate of PLL-FITC at each time point was further
determined based on the calculated concentration.

2.6 In vivo degradation assay

The in vivo degradation of the HAG/PLL hydrogels was assessed
in a Sprague-Dawley (SD) rat model using fluorescence imaging.
FITC-labeled hydrogels (100 pL) were injected into a dorsal
subcutaneous pouch in SD rats. The retention and morpho-
logical integrity of the fluorescent hydrogels were monitored in
vivo under ultraviolet light at predetermined time points to
visually track the degradation process.

2.7 Morphological analysis

The prepared HAG and HAG/PLL hydrogels were stored at —21 ©
C overnight before being freeze-dried in a lyophilizer for 48
hours. The freeze-dried hydrogels were subsequently frozen in
liquid nitrogen. Selected surfaces of the samples were sputter-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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coated with gold, and their morphology was examined using
scanning electron microscopy (SEM, Model S-4800, HITACHI) at
an acceleration voltage of 5 kv.

2.8 Biocompatibility of hydrogel in vitro

2.8.1 CCKS8 cytotoxicity assay. The biocompatibility of
HAG/PLL hydrogels with L929 mouse fibroblasts was assessed
using the CCK-8 assay kit. L929 cells were seeded into 96-well
plates at a density of 3 x 10* cells per mL and allowed to adhere
overnight in a humidified incubator at 37 °C with 5% CO,.
Subsequently, the original medium was discarded, and the cells
were treated with PLL solution of different concentrations for 24
hours and the cells were treated with HAG/PLL hydrogel for 24
hours and 72 hours respectively. As a control, the cells were
cultured with DMEM modified Eagle Medium containing 10%
fetal bovine serum. Then 100 pL of DMEM supplemented with
10 pL of CCK-8 reagent was introduced into each well. The
plates were subsequently incubated for 2 hours. Lastly, absor-
bance (OD) was recorded at 450 nm using a microplate reader to
quantify cell viability.

2.8.2 Staining of living and dead cells. The biocompati-
bility of the hydrogel was evaluated using a live/dead assay Kkit.
L1929 cells were cultured in 24-well plates at two different
seeding densities, 1 x 10* cells per mL and 2 x 10* cells per mL.
The cells were then exposed to the growth medium extract of the
hydrogel as well as to DMEM for 24 and 72 hours, respectively.
Following incubation, each sample was stained with a solution
containing calcein AM (0.5 puL mL™') to label live cells and
ethidium homodimer-1 (EthD-1, 2 uL. mL ") to label dead cells.
Afterward, the cells were incubated at 37 °C for 20 minutes to
allow for the penetration and binding of the dyes. The stained
cells were subsequently visualized under an inverted fluores-
cence microscope to distinguish live from dead cells based on
their fluorescence signatures.

2.8.3 Evaluation of hemocompatibility. In addition, the in
vitro biocompatibility of the HAG/PLL hydrogel was determined
by evaluating its in vitro hemocompatibility. Whole blood was
collected from SD rats. Erythrocytes were collected through
centrifugation at 1500 rpm for 15 min, washed 3 times with PBS,
and resuspended in PBS. Prepare red blood cells into a 4% red
blood cell solution for substitution; Take a 1 mL EP tube, add
1 mL of 4% red blood cell solution, centrifuge at 3000 rpm for
10 minutes, and discard the supernatant. Add PBS to the
hydrogel prepared with different concentrations of PLL at
a ratio of 10:1, and after 24 hours of extraction, 1 mL of
hydrogel extract was taken and added to an EP tube containing
red blood cell sediment. Triton X-100 and PBS were used as
positive and negative controls, respectively. After mixing the
above solution evenly, place it in a 37 °C oven for 3 hours, then
centrifuge it at 3000 rpm for 10 minutes, observe whether there
is hemolysis in the supernatant, the absorbance of the super-
natant was measured at 540 nm.

2.9 In vivo biocompatibility of hydrogel

All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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National Natural Science Foundation of China and approved by
the Animal Ethics Committee of the National Natural Science
Foundation of China. Male SD rats, weighing between 250-350
grams, were randomly assigned to either the control group or
the experimental group. A surgical incision of approximately
3 cm was made using a scalpel to dissect the fascia and create
a pouch. Rats in the control group received an injection of
phosphate-buffered saline (PBS), whereas those in the experi-
mental group were injected with the HAG/PLL hydrogel at the
surgical site. During the study, tissue, heart, liver, kidney, and
blood samples were harvested from the vicinity of the injection
site at two predefined time points: the 7th and 30th days post-
injection. Tissue samples were then stained with hematoxylin
and eosin (H&E) to evaluate the local inflammatory response.
Additionally, blood samples were collected from rats for
a comprehensive assessment of routine blood parameters, as
well as liver and kidney function.

2.10 Assessment of antimicrobial properties in vitro

In this study, the antimicrobial properties of HAG/PLL hydrogel
in vitro were evaluated using antibacterial assays, including the
ring of inhibition, colony counting assay, fluorescence staining
of live/dead bacteria, and electron microscopic morphology
analysis of Gram-negative and Gram-positive bacteria.

HAG/PLL hydrogels were prepared with different PLL levels
and co-cultured with infection-causing bacteria G* (S. aureus)
and G~ (E. coli) to investigate the effect of PLL content on the
antibacterial effect. PBS and HAG/PLL hydrogels with varying
PLL contents (0 wt%, 1 wt%, 3 wt%, 5 wt%, and 10 wt%) were co-
cultured with bacteria (100 uL, 1 x 10’ CFU mL™") for 24 hours.
Subsequently, the inhibition zone diameters for each group
were measured and subjected to statistical analysis. All experi-
ments were performed in triplicate.

100 pL bacterial suspension with a concentration of 1 x 10’
CFU mL ™" was collected and co cultured with 1 mL PBS, HAG
solution, PLL solution, and HAG/PLL hydrogel extract respec-
tively. After 24 hours, the bacteria were collected centrifugally
and inoculated onto LB medium. After 24 hours, the bacterial
colony growth was observed and quantitative analysis was
carried out. The experiment was repeated three times.

A layer of HAG/PLL hydrogel was evenly applied to the
surface of peptide slices in the experimental group while control
peptide slices remained untreated. A 100 pL aliquot of bacterial
suspension, with a concentration of 1 x 10’ CFU mL™ ', was
added dropwise to both experimental and control peptide slices
and subsequently incubated at 37 °C for 24 hours before being
removed. Each peptide slice was subsequently soaked in sterile
PBS and placed in an ultrasonic water bath at 37 °C for 1 minute
to dislodge any attached bacteria. After the suspensions were
diluted 10 000-fold and uniformly spread onto nutrient agar
plates, the plates were incubated at 37 °C for 24 hours. The
plates were then observed and photographed. Additionally, 100
uL of a1 x 107 CFU mL ™" bacterial suspension was transferred
onto the surfaces of blank wells and HAG/PLL hydrogel,
respectively, and incubated at 37 °C for 1 hour. Following this,
100 pL of a bacterial live/dead staining working solution

RSC Adv, 2026, 16, 9440-9454 | 9443
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containing SYTO9 and PI was added, and the mixture was
incubated at 37 °C for 20 minutes. The staining solution was
then removed, and the residual bacterial staining solution was
rinsed with PBS three times. Finally, the samples were observed
and photographed under a fluorescence microscope.

In addition, the HAG/PLL hydrogel was co-cultured with S.
aureus and E. coli, following which the morphology of adherent
bacteria on the hydrogel was observed using SEM.

2.11 Assessment of antimicrobial properties in vivo

To evaluate the in vivo antimicrobial performance of HAG/PLL
hydrogels, the New Zealand rabbit pocket infection model was
constructed. In short, New Zealand rabbits were shaved and
disinfected after anesthesia, and pacemakers and 100 pL 1 x
10° CFU mL ' S. aureus bacterial solution were implanted in the
subcutaneous pouch of rabbits to simulate the CIED pocket.
Subsequently, 200 pL HAG/PLL hydrogel was added to the
hydrogel group, 200 uL PBS was added to the model group, and
200 puL RFP injection was added to the RFS group. The control
group only had pacemakers implanted and did not require
infusion. Immediately suture the wound after each group has
completed the treatment. After 7 days, observe the infection of
the pocket and remove the pacemaker for live/dead bacterial
staining. Collect rabbit blood to detect inflammatory indicators
and perform H&E staining and immunohistochemical analysis
on the pocket tissue.

2.12 Exploration of potential antimicrobial mechanisms in
HAG/PLL hydrogels

To explore the specific antimicrobial mechanism of HAG/PLL
hydrogels, bacterial reactive oxygen species assays, bacterial
MDA content determination, and biofilm formation assays were
conducted.

To begin, were used to treat 1 mL of 1 x 10® CFU mL™" S.
aureus bacterial solution was treated with 1 mL of HAG/PLL
hydrogel extract, PBS, PLL solution, NAC, and NAC + HAG/PLL
hydrogel extract for 1 h, respectively. Then the organisms
were collected via centrifugation, suspended in diluted DCFH-
DA, and incubated at 37 °C for 20 min. Every 3-5 minutes, the
mixture was mixed. After incubation, DCFH-DA was removed
through centrifugation, washed three times with serum-free
medium, and then transferred into 24-well plates, and bacte-
rial reactive oxygen species levels were visualized using fluo-
rescence microscopy.

S. aureus and E. coli were harvested by centrifugation, and
each bacterial strain was individually resuspended in broth,
HAG, PLL solution, and hydrogel extract to a final concentration
of 1 x 10® CFU mL™*. The bacterial suspensions were then
inoculated into 24-well plates, with three wells per group, which
were incubated in a 5% CO, incubator at 37 °C for 24 hours to
observe biofilm formation. After incubation, the biofilms were
fixed with 70% methanol for 30 minutes, and the plates were
air-dried at 37 °C for 30 minutes. Afterward, a 1% crystal violet
staining solution was added, and the plates were incubated at
room temperature for 5 minutes. The staining solution was
then aspirated, and the wells were washed three times with PBS.

9444 | RSC Adv, 2026, 16, 9440-9454

View Article Online

Paper

Finally, the stained biofilms were photographed under
a microscope, and the experimental results were recorded.

S. aureus was cultured to a concentration of 1 x 10° CFU
mL ™" and then treated with HAG/PLL hydrogel extracts or PBS
for 1 hour at 37 °C. After the treatment, bacterial were harvested
by centrifugation, rinsed three times with sterile PBS to remove
residual extracts, and lysed using a mixture of western blot and
IP histiocyte lysis buffer combined with ultrasonic disruption.
Subsequently, the bacterial lysate was centrifuged at 12 000xg
for 10 minutes at 4 °C to collect the supernatant, and the
protein concentration of the supernatant was determined using
a BCA protein concentration assay kit according to the manu-
facturer's instructions. For malondialdehyde (MDA) quantifi-
cation, the supernatant was mixed with the MDA assay working
solution, and the absorbance was measured at 532 nm using
a microplate reader. MDA, a well-recognized indicator of
oxidative stress, was quantified based on the measured absor-
bance values.

2.13 Statistical analyses

All data are shown as mean =+ standard deviation (SD). Experi-
mental data were analyzed using one-way analysis of variance
(ANOVA) and Tukey post hoc analysis. A p-value of <0.05 was
considered statistically significant.

3. Results and discussion
3.1 Characterization of the HAG/PLL hydrogels

To screen for the optimal PLL content, the rheological proper-
ties of HAG/PLL hydrogels were characterized at 37 °C using
a HAAKE MARS III advanced rotational rheometer. Under
a constant frequency (1 Hz) and strain amplitude (1%). As
illustrated in Fig. 1A, the storage modulus (G') of both HAG and
HAG/PLL hydrogels remained consistently higher than the loss
modulus (G"), indicating that both hydrogel formulations
existed in a gel state. Moreover, G' of HAG/PLL hydrogels was
observed to be higher than that of pure HAG hydrogels, which is
ascribed to the electrostatic interactions arising from proton-
ated amino groups (-NH;"') of PLL and deprotonated carboxyl
groups (-COO™) on the HAG surface. Notably, as the PLL
concentration increased, G’ exhibited a gradual decline. The
incorporation of PLL may alters the pH value of the gel system,
which in turn affects the ionization states, molecular confor-
mations, and interaction modes of HAG and PLL, thereby
influencing the modulus of the hydrogel. As shown in Fig. 1B,
the HAG/PLL hydrogels could be injected via a26 G (¢ 0.46 mm)
syringe needle. As illustrated in Fig. 1C and D, the HAG/PLL
hydrogel was in a completely fragmented state under a 1000%
strain rate at 37 °C, as determined by a scanning test of strain
amplitude in the range of 0.1 to 1000% at a frequency of 1 Hz.
Consequently, two strain rates, 1% and 1000%, were selected
for the cyclic transition test. Interestingly, the hydrogel repeat-
edly shattered at a 1000% strain rate and recovered at a 1%
strain rate. The HAG/PLL hydrogel forms a polyelectrolyte
complex network primarily through electrostatic interactions.
The formation process of the hydrogel is a dynamic equilibrium

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Experiments on the injectable properties of HAG/PLL hydrogels. (A) Modulus of injectable antimicrobial HAG/PLL hydrogel with different
PLL contents; (B) state of the hydrogel passing through a 26 G injection needle; (C) strain rate amplitude of injectable antimicrobial hydrogel
HAG/PLL from 0.1 to 1000% at a fixed temperature of 37 °C and a frequency set at 1 Hz scanning test; (D) thixotropy experiment of injectable
antimicrobial hydrogel HAG/PLL by continuous conversion of strain rate at a fixed temperature of 37 °C.

process where cross-linking points continuously form and
dissociate. The results confirm that the HAG/PLL hydrogel
possesses self-healing capabilities. This attribute ensures that
the HAG/PLL hydrogel is malleable during application and can
be manually kneaded to uniformly fill the entire pocket.

3.2 Morphology of the hydrogels

As anticipated, the interface of the freeze-dried HAG-PLL
hydrogel observed through SEM differed from that of the HAG
hydrogel. The HAG hydrogel (Fig. 2A) exhibits a layered, flaky
structure, which appeared smooth at higher magnifications. In
contrast, the HAG-PLL hydrogel (Fig. 2B) displayed an inter-
connected three-dimensional (3D) porous microstructure.
Magnification depicted that the surface adsorbed solid mate-
rials, likely ascribed to the electrostatic interactions between the
amine groups on PLL and the carboxyl groups on HAG. This
could account for the observed increase in the storage modulus
(G') of the HAG/PLL hydrogel upon the introduction of PLL.

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

3.3 Invitro PLL release

The antimicrobial efficacy of HAG/PLL hydrogels is largely
dependent on PLL. Therefore, it is crucial to detect the PLL
release of HAG/PLL hydrogels in vitro. As depicted in Fig. 3, at
pH 7.4, the hydrogel exhibited a sustained release pattern, with
approximately 79% of PLL being released within the 1st day and
around 91% by the 4th day, followed by a gradual release, in line
with the desired therapeutic strategy of delivering a substantial
amount of PLL immediately postoperatively to combat potential
pathogens, while the subsequent slower release phase acts as
a prophylaxis.”**** Furthermore, the sustained release duration
can extend up to approximately 18 days, corresponding with the
natural healing timeline of human tissues. Experimental data
showed that the release rate and cumulative daily release of PLL
at pH 5.0 were higher than those at pH 7.4. Given that the
microenvironment of infected wounds is typically acidic (pH
5.5-6.5), this pH responsive characteristic can precisely
promote the rapid release of PLL, thereby enhancing local
antibacterial efficacy. Taken together, the findings implied the
release profile of the hydrogel was satisfactory.
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Fig. 3 The cumulative release of PLL from HAG/PLL hydrogel in
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3.4 Biocompatibility assay

Biomaterials are foreign to the host and are bound to elicit
response or rejection in the body after implantation.> There-
fore, excellent biomaterials must possess outstanding biocom-
patibility so that the response is acceptable and not detrimental
to the host. While in vitro safety evaluation is generally excellent
owing to its simplicity, shorter duration, and high reproduc-
ibility, simulating the complex environment in vivo poses
challenges. Conversely, in vivo safety evaluation can better
reflect the behavior of biomaterials after implantation but can
only observe specific time points rather than the whole
implantation process. Therefore, the combination of in vivo and
ex vivo safety can better reflect the impact of biomaterials on the
organism and their overall safety.

The results of CCK8 cell viability assay and cell live-dead
staining demonstrated that HAG/PLL hydrogels had excellent
cytocompatibility. Noteworthily, cell viability is an indicator of
cytotoxicity, with cell viability >80% representing non-toxicity.
As shown in Fig. 4A, the effect of PLL concentration on cell
viability was investigated. The results show that noticeable
cytotoxicity occurs only when the PLL concentration reaches
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10 wt%. In our HAG/PLL hydrogel system, the PLL content is
maintained at 5 wt%, which further confirms the favorable
biocompatibility of the hydrogel. As delineated in Fig. 4B, the
HAG/PLL hydrogel group did not induce significant cytotoxicity
compared to the control group, with cell survival rates >100%
on both days 1 and 3. As shown in Fig. 4C-E, the hemolysis
assay unveiled that the hemolysis rate marginally decreased
with an increase in PLL content and was below 5%. This meets
the acceptance criteria of ISO 10993-4.>%>* At the same time,
microscopic examination displayed that the hemoglobin in the
positive experimental group was basically dissolved, whereas no
such changes were noted in the negative control and HAG/PLL
hydrogel groups, suggesting that HAG/PLL hydrogel did not
damage red blood cells and possessed excellent blood
compatibility. As presented in Fig. 4F, green fluorescence was
observed in both the control and HAG/PLL hydrogel groups,
with no significant difference in cell morphology, indicating the
absence of significant cytotoxicity in the co-culture of the
hydrogel extract with L929 cells. Given that HA and PLL are
metabolized by the liver and kidneys, liver and kidney function
tests were conducted to evaluate the impact of the hydrogel on
these functions. At the same time, hematological tests,
including C-reactive protein (CRP) levels, were performed, and
skin, myocardial, liver, and kidney tissues were harvested from
the injection area for hematoxylin and eosin (HE) staining to
comprehensively evaluate the in vivo safety of the HAG/PLL
hydrogel. As shown in Fig. 4G, HE staining of the tissues
surrounding the injection site, as well as myocardial, liver, and
kidney tissues, revealed no significant inflammatory cell infil-
tration. Additionally, there were no noticeable changes in tissue
architecture. As depicted in Fig. 4H, the levels of alanine
aminotransferase (ALT), glutamate aminotransferase (AST),
urea nitrogen (BUN), serum creatinine (CREA), and C-reactive
protein (CRP) were comparable between the control and
experimental groups on the 7th and 30th days post-hydrogel
implantation (Fig. S1). These findings collectively imply that

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Biocompatibility assay. (A) Cell viability curves of cells treated with different concentrations of PLL; (B) cytotoxicity evaluation (n = 3); In
vitro hemocompatibility assay of HAG/PLL antimicrobial hydrogel: (C) Physical pictures of red blood cell hemolysis; (D) HAG/PLL hydrogel

hemolysis rate at different concentrations of PLL (PBS was the negative control and Triton x-

100 was the positive control); (E) erythrocyte

compatibility assay; (F) cell live-dead staining; (G) HE staining of the control group and the HAG/PLL group on 7th day HE staining; (H) blood
biochemical levels (CRP, liver, kidney function) in control group and HAG/PLL group on 7th day (n = 3), P = 0.05.
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the HAG/PLL hydrogel did not induce significant toxicity or
provoke an inflammatory response. Additionally, we injected
hydrogels of FITC-labeled HAG-PLL into a dorsal subcutaneous
pouch in rat. At regular intervals, the in vivo retention of the
hydrogels was observed under ultraviolet light. As shown in the
Fig. S2, the hydrogel was almost completely degraded around
day 25.

3.5 Evaluation of antimicrobial performance

At present, antibiotic resistance is a growing issue due to anti-
biotic abuse and continuous microbial mutation.** Therefore,
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non-antibiotic materials with antimicrobial properties were
used to address CIED-associated infections.

3.5.1 Invitro antimicrobial evaluation. Herein, the in vitro
antimicrobial properties of HAG/PLL hydrogel were evaluated
by the hydrogel ring of inhibition test, colony counting assay,
and live/dead bacterial fluorescent staining.

The hydrogel inhibition test exposed (Fig. 5A-D) that the
antimicrobial activity of the hydrogel steadily increased with an
increase in PLL content. However, to maintain the modulus of
the hydrogel, the content of PLL was not continuously increased
to enhance its antimicrobial effect. For further comparison, the
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Fig. 5 HAG/PLL hydrogel circle of inhibition assay. (A and B) S. aureus circle of inhibition size and its statistical graph (n = 3); (C and D) E. coli
circle of inhibition size and its statistical graph (n = 3); (E—H) colony counts (n = 3); (I) staining of live-dead bacteria; (J) bacterial morphology on

the surface of the HAG/PLL hydrogel (E. coli and S. aureus).
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antimicrobial performance of HAG hydrogel alone, PLL solu-
tion alone, and the composite HAG/PLL hydrogel itself are
directly contrasted in Fig. S3, highlighting the synergistic
contribution of PLL within the hydrogel system.

After co-culturing the HAG/PLL hydrogel extract with repre-
sentative CIED infection pathogens, namely G~ (E. coli) and G*
(S. aureus), for 24 h, colonies were counted and compared. As
shown in Fig. 5E-H, the control group was densely populated
with colonies, indicating that a large number of S. aureus and E.
coli survived, while colonies were occasionally observed in the
HAG/PLL hydrogel group, and the difference was statistically
significant (P value < 0.0001), signaling that the HAG/PLL
hydrogel possessed excellent in vitro antibacterial properties.
The in vitro antimicrobial activity of HAG/PLL hydrogels was
further evaluated by live/dead bacterial staining. As shown in
Fig. 5I, live and dead bacteria were stained green and red,
respectively. The results revealed that the HAG/PLL hydrogel
group exclusively emitted red fluorescence, which indicated
that the majority of bacteria were killed after 1 h of co-
cultivation, reflecting its favorable antibacterial performance.

In addition, the morphology of bacteria (S. aureus and E. coli)
was observed after co-culturing with the HAG/PLL hydrogel
using SEM. As illustrated in Fig. 5], the cell walls of S. aureus
and E. coli were wrinkled and perforated after contact with the
HAG/PLL hydrogel, thus validating the antimicrobial properties
of the HAG/PLL hydrogel.

3.5.2 In vivo antimicrobial evaluation. To simulate CIED
infection, a pacemaker was implanted in the back of New Zea-
land rabbits. The pocket was opened and observed on the 7th
day after implantation. The Fig. 6A showed the general diagram
of pacemaker pocket infection in male New Zealand rabbits. As
shown in Fig. 6B, considering that the bacterial load injected
exceeded that of clinical infection and the implanted pace-
maker was a foreign body, a secretion indicative of inflamma-
tory reaction was detected in all groups. However, the amount of
pus in the pocket in the hydrogel group was significantly
reduced compared with the model group, and the inflammatory
reaction and infection degree were significantly reduced, but
there was no significant difference with the RFP group, indi-
cating that HAG/PLL hydrogel had significant antibacterial
effect on bag infection. To further evaluate the antibacterial
effect of hydrogel on bag infection, we collected the peripheral
blood of experimental rabbits, and measured the total number
of white blood cells and neutrophils. As shown in Fig. S4, the
level of inflammatory cells in the model group significantly
increased, indicating that infection triggered a systemic
inflammatory response. Although the inflammatory indicators
in the treatment group decreased, there was no statistically
significant difference compared to the model group, indicating
that the impact of local pocket infection on systemic inflam-
matory response is relatively limited. In addition, there is no
significant difference in inflammatory cell level between the
hydrogel group and the rifampicin group, suggesting that
hydrogel has certain antibacterial activity in controlling local
infection, but its systemic anti-inflammatory effect may be
limited by the local infection focus and the low-level diffusion of
inflammatory mediators. Besides, the antimicrobial activity of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the HAG/PLL hydrogel was assessed through bacterial live-dead
staining and HE staining of tissues around the pocket. As
shown in Fig. 6C, the difference between green and red fluo-
rescence was not significant on the surface of the pacemaker in
the model group, whereas the red fluorescence intensity on the
surface of the pacemaker in the HAG/PLL hydrogel group and
RFP group was significantly higher than the green fluorescence
intensity, indicating the presence of a large number of dead S.
aureus. Meanwhile, the HE staining results (shown in Fig. 6D)
revealed a large number of neutrophils in the mucous
membrane of the muscle tissues of the model group and
a significantly lower infiltration level of neutrophils in the HAG/
PLL group and RFP group. To further compare the inflamma-
tory response, the levels of inflammatory factors around the
pocket were measured. The results of the immunohistochem-
ical assay showed (shown in Fig. 6E) that the levels of the
inflammatory factors IL- and TNF-a were significantly higher
in the model group compared to the HAG/PLL group. In
conclusion, our results demonstrated that the HAG/PLL
hydrogel possessed potent anti-inflammatory and antimicro-
bial properties, which can effectively prevent pocket infection.

3.6 Antimicrobial mechanism of HAG/PLL hydrogels

Herein, SEM displayed that S. aureus and E. coli had folds and
perforations in their cell walls after exposure to HAG/PLL
hydrogels. Therefore, we speculate that the primary mecha-
nism underlying the antibacterial activity of HAG/PLL hydrogels
involves the disruption of the integrity of the bacterial cell wall.
To further explore the antibacterial mechanism of HAG/PLL
hydrogels, bacterial reactive oxygen species and MDA levels
were measured, and a biofilm formation assessment was con-
ducted. As shown in Fig. 7A, after treating the bacterial solution
with HAG/PLL hydrogel extract and PBS for 24 h, minimal green
fluorescence was observed in the control group, whereas
significant green fluorescence was observed in the HAG/PLL
group, suggesting that treatment with HAG/PLL hydrogel
extract for 24 h promoted ROS generation in bacteria. Besides,
the ROS level in NAC group is significantly reduced compared
with that in HAG/PLL group, indicating the role of ROS in the
sterilization of HAG/PLL hydrogel. Regarding the biofilm
formation, as shown in Fig. 7B, no significant biofilm formation
was noted in the hydrogel group, whereas intact biofilms were
observed for both S. aureus and E. coli. In summary, the specific
antibacterial mechanism of HAG/PLL hydrogel involves its
bactericidal effects by stimulating bacteria to produce excessive
ROS upon contact, which subsequently attacks the lipids on the
bacterial cell membranes, eventually culminating in lipid per-
oxidation, bacterial cell membrane destruction, and the loss of
bacterial integrity.>® In addition, the HAG/PLL hydrogels exert
antimicrobial effects by inhibiting bacterial biofilm formation
to limit the activity and pathogenicity of bacteria. As shown in
Fig. 7C, the level of MDA, the end product of lipid
peroxidation,®*” was markedly higher in the HAG/PLL hydrogel
group compared to the control group (P < 0.0005).

We adopted the strategy of “BDDE covalent micro gel
blocking”: firstly, HAG was prepared by crosslinking BDDE,
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Fig. 6

In vivo antimicrobial evaluation. (A) General diagram of pacemaker pocket infection in male New Zealand rabbits; (B) pocket infection

status in each group 7 days postoperatively; (C) staining of live dead bacteria; (D) HE staining of muscle tissue around the pocket: the red arrow
indicates inflammatory cell infiltration; (E) detection of inflammatory factors in the surrounding tissue of the pocket by immunohistochemistry

(IL-B, TNF-a).

which significantly increased the specific surface area; subse-
quently, excess &-PLL was anchored through secondary elec-
trostatic adsorption. This strategy not only enhances
antibacterial efficacy, but also endows the material with
injectable and moldable properties, and presents instantaneous

9450 | RSC Adv, 2026, 16, 9440-9454

shear recovery ability and stable elastic modulus, which can
perfectly fit narrow and irregular CIED bags and intraoperative
operation needs. Salma Ancane et al.*® reported that the anti-
bacterial rate of physical cross-linked HA/PLL hydrogel against
standard strains exceeded 99.999%, while chemical cross-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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linking weakened the antibacterial performance, which directly
supported the superiority of our design route. In addition, the
existing HA/PLL hydrogel**** focuses on the repair of skin
wounds, and there is no system specially developed for the
prevention of CIED bag infection. Our HAG/PLL antibacterial
hydrogel can be completely degraded within 30 days without
obvious cytotoxicity.® It is the first time to provide hyaluronic
acid based antibacterial injection for implantable cardiac elec-
tronic devices, marking a key step for the clinical trans-
formation of HA antibacterial materials.

4. Conclusion

This study developed an injectable and antimicrobial hydrogel
based on HA and PLL by leveraging its physical properties and
antimicrobial activity. This hydrogel exhibited excellent inject-
ability, self-healing capabilities, and degradability. Additionally,
the HAG/PLL hydrogel is not only non-toxic to L929 cells but
also demonstrates an erythrocyte hemolysis rate of less than
5%, which is significantly lower than the international stan-
dard, highlighting its superior cytocompatibility. In New Zea-
land rabbit pocket infection models, the HAG/PLL hydrogel
significantly eliminated S. aureus and alleviated the inflamma-
tory response compared to the control group, demonstrating
favorable antimicrobial effects. Furthermore, the experimental
results revealed that the HAG/PLL hydrogel effectively targeted
representative flora associated with CIED infections by

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

inducing excessive reactive oxygen species (ROS) production in
bacteria, which in turn damaged lipids on bacterial cell
membranes, resulting in membrane disruption. In summary,
the HAG/PLL hydrogel is simple and convenient to prepare,
possesses  satisfactory biological safety, and exhibits
outstanding antibacterial activity. It shows promise in pre-
venting CIED pocket infections and is anticipated to offer new
perspectives and solutions for addressing challenges related to
CIED infections.
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