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Insulin/PHMB-grafted sodium alginate
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by antibacterial-prompted macrophage
inflammatory requlation
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Abstract

Background Non-healing chronic wounds with high susceptibility to infection represent a critical challenge in
modern healthcare. While growth factors play a pivotal role in regulating chronic wound repair, their therapeutic
efficacy is compromised in infected microenvironments. Current wound dressings inadequately address the dual
demands of sustained bioactive molecule delivery and robust antimicrobial activity.

Results In this study, we developed a sodium alginate hydrogel (termed P-SA/Ins), which incorporated
polyhexamethylene biguanide (PHMB) grafting and long-acting glargine insulin loading. P-SA/Ins exhibited the
favorable physicochemical performance, biocompatibility and antibacterial efficacy against both Gram-negative and
Gram-positive pathogens through inhibition of bacterial proliferation and biofilm formation. Glargine insulin was
applied to prolonged insulin delivery. P-SA/Ins treatment attenuated S. aureus induced pro-inflammatory cytokine
cascades in macrophages. The evaluation in vivo using a rat model with S. aureus infected wound demonstrated
that P-SA/Ins significantly enhanced wound healing and optimized skin barrier through antimicrobial-mediated
modulation of macrophage polarization and subsequent inflammatory cytokine profiling.

Conclusions Our findings demonstrate that P-SA/Ins promotes wound healing and restores epidermal barrier
integrity, indicating its potential as a therapeutic dressing for chronic wound healing, particularly in cases with
infection risk.
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Background

Due to the aging population and the rise of lifestyle dis-
eases and their associated complications, non-healing
wounds have become a “silent epidemic” [1]. These
wounds affect impact the quality of life of nearly 2.5%
of the total population in the United States [2]. Chronic
unhealing wounds share several common features,
including prolonged inflammation, persistent infections
and impaired dermal and/or epidermal repair [3]. Opti-
mal wound management strategies aim to reduce pain
and hardship, as well as decreased morbidity, mortality
and economic burden. Wound dressings are designed to
provide a suitable microenvironment for healing. How-
ever, the need for frequent changes, adhesion to wound
surfaces, and limited ability to provide a proper moist
environment for wounds have made traditional wound
dressings based on natural and synthetic fibers increas-
ingly less desirable [4]. Advanced dressings, such as those
made from hydrogels and hydrocolloids, which are char-
acterized by better biocompatibility, degradability, and
moisture retention, are the most commonly used dress-
ings in clinical practice [5].

Alginate is one of the most practical polymer materi-
als in the clinic due to its excellent hygroscopic capacity,
gel-forming ability, pliability, and hemostatic properties.
Alginate dressings can absorb exudate to double their

own weight, maintaining a wet healing environment and
accelerating wound healing [6]. D-gluconolactone can
slowly hydrolyze and release protons in water, decreas-
ing the pH of the solution. As a gelation-triggering agent,
GDL induces the dissociation of CaCO; through pH
reduction, which releases calcium ions. The released cal-
cium ions crosslink with alginate to form a stable gel [7].
Unhealing wounds often exhibit persistent inflamma-
tion and an inadequate healing ability. Therefore, active
molecules, such as growth factors or cytokines, are incor-
porated into hydrogels to accelerate the healing process
[8]. However, growth factors, such as vascular endothelial
growth factor (VEGF), epidermal growth factor (EGF),
fibroblast growth factor (FGF) and platelet-derived
growth factor (PDGF) face limitations such as weak anti-
inflammatory activity, short half-life, and potential onco-
genicity [9-12]. In previous work, we explored the local
application of low-dose insulin as a “growth factor-like”
agent to enhance wound healing. Unlike conventional
growth factors, insulin exerts pleiotropic effects for accel-
erating wound healing and improving healing quality
through regulating inflammation, promoting angiogen-
esis, and basement membrane construction [13]. Clini-
cal trials also demonstrated that local insulin promotes
healing in acute and chronic wounds. Recently, a system-
atic review and network meta-analysis (NMA), with 23
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reports (1240 patients), was processed to assess its safety
and relative effectiveness. It identified local insulin statis-
tically reduced wound area by 27%, increased healing rate
by 23 mm/day, lowered Pressure Ulcer Scale for Healing
(PUSH) scores by 2.7, shortened time to complete clo-
sure by 10 days, and achieved a 20-fold higher odds ratio
for complete wound closure, with no significant adverse
events [14]. However, the therapeutic application of bio-
molecules, such as insulin, for wound healing is challeng-
ing. Efforts are still being made to achieve its prolonged
delivery in a localized and controlled manner, while
ensuring the stability of the molecule [15, 16]. Further-
more, the application of insulin in infected wounds and
the potential of long-acting insulin formulations to opti-
mize delivery have been scarcely explored. In this study,
we employed glargine insulin, a long-acting variant that
is fully soluble in acidic environments (pH 4). The neutral
environment precipitates it, resulting in small amounts of
insulin release over a prolonged period.

Another important factor that prevents wounds from
healing is bacterial infection, which compromises the
efficacy of growth factors [17-19]. The topical applica-
tion of antimicrobial agents is reported to be effective. In
contrast to antibiotics, antiseptics are favored due to their
broad antimicrobial spectrum and low risk of inducing
bacterial resistance [20-23]. In this study, PHMB, a safe
and commonly used antiseptic with a broad spectrum
of effects against G and G~ bacteria, fungi and even
certain viruses, was selected as a polymer drug. On the
market, PHMB has been used in various products, but no
acquired microbial resistance has been reported [24].

Herein, we report the preparation, characterization
and potential application of a biocomposite hydro-
gel formed by loading long-acting glargine insulin and
PHMB onto sodium alginate (SA) and D-gluconolactone.
In our work, 0.05% w/v PHMB was determined to be the
optimal grafting concentration through comprehensive
evaluation of physicochemical properties, antibacterial
properties and biocompatibility. The pH change induced
by GDL facilitated the assembly of glargine insulin into
polymer, resulting in sustained release. In a full-layer skin
infection wound rat model, P-SA/Ins accelerated wound
healing and optimized the skin barrier via antibacterial-
prompted macrophage inflammatory regulation (Scheme
1). These results indicate that P-SA/Ins is a promising
candidate for infected wound dressings.

Materials and methods

Materials

Sodium alginate (SA) powder was purchased from Alad-
din. Polyhexamethylene biguanide (PHMB), a 20% w/v
aqueous solution (Cosmocil CQ), was obtained from
Energy Chemical. GDL powder was obtained from Alad-
din. Glargine insulin (300 IU/3 ml) was obtained from
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Sanofi-Aventis Deutschland GmbH. All other chemicals,
NaCl and CaCO,, were purchased from local vendors.
The CCK-8 and AO/EB staining kits were obtained from
Sangon Biotech (Shanghai) Co., Ltd. E. coli (ATCC25922)
and S. aureus (ATCC6538) were obtained from Nanjing
Clinic Biological Technology Co., Ltd. The human umbil-
ical vein endothelial cell (HUVEC) and human dermal
fibroblast (HDF) cell lines were purchased from ASTRI
Cell Resource Center (Shanghai).

Preparation of P-SA/Ins

Sodium alginate (0.9625 g) was continuously stirred until
it was completely dissolved in 25 ml of deionized water
at room temperature. Then, 0.4 g of CaCO5 powder was
added. Moreover, a 1% w/v GDL solution was prepared.
Next, 8 ml of GDL to get Sodium alginate hydrogel (SA).
Then, glargine insulin (4.3 IU/ml final concentration)
were mixed with SA/CaCO; to get SA loading insulin
(SA/Ins). Before gelation, every 10-ml mixture was cast
in a 6-cm dish and allowed to stand at room temperature
until cross-linking was complete. After cross-linking, the
gel was cut with a 0.8-cm corneal trephine and abun-
dantly rinsed with deionized water. Finally, the gel was
immersed in PHMB for 10 min and washed with non-
grafted PHMB to obtain P-SA/Ins.

Characterization of P-SA/Ins

The surface morphology and elemental composition of
the gel were detected via field emission scanning electron
microscopy (FE-SEM, Hitachi S-4800, Tokyo, Japan).
FT-IR was measured in the range of 1000-4000 cm™!
(Nicolet 5DX, MA, USA). The mechanical proper-
ties of the hydrogels were assessed via universal test-
ing machines. With a 100 N sensor, the load speed was
5 mm/min. The swelling properties of the hydrogels were
characterized. The Whydrogel was placed in a test tube
containing PBS to balance for a period of time. After
complete hydration, the excess water on the gel sur-
face was wiped with paper and weighed, and the weight
was denoted as Wt. The swelling ratio was calculated as
(W,-Wy)/Wy*100%.

Kinetics of insulin release

-SA/Ins and P-SA/Ins (8-mm diameter) were separately
added to 5 mL of PBS at 180 rpm and 37 °C. At set times,
1-ml aliquots of the release solution were collected,
and fresh PBS was added to compensate for the volume
removed. Insulin in the supernatants were analyzed using
a human insulin ELISA kit (RayBiotech, Peachtree Cor-
ners, USA).

Antibacterial properties of P-SA/Ins in vitro
E. coli (ATCC25922, Nanjing Clinic Biological Tech-
nology Co., Ltd.) and S. aureus (ATCC6538, Nanjing
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Scheme 1 Schematic illustration of P-SA/Ins promoted wound healing and optimized the skin barrier by antibacterial-prompted macrophage inflam-

matory regulation

Clinic Biological Technology Co., Ltd.) are representa-
tive strains of G- and G +bacteria. A disc diffusion assay
was performed to assess the antibacterial properties of
the materials. Moreover, the extraction solutions of each
group and 100 pl of S. aureus bacterial mixture (OD =0.2)
were seeded and cultured in 96-well plates at 250 rpm
and 37 °C. The OD value was determined after overnight
culture. Moreover, scanning electron microscopy (SEM)
was performed to assess bacterial morphology. Crystal
violet staining was performed to assess biofilm formation
in each group.

Cytotoxicity of P-SA/Ins in vitro

HUVECs and HDF cells were used for the cytotoxicity
assay. AO/EB staining was performed to evaluate the tox-
icity of materials by assessing the apoptosis of HUVECs

and/or HDFs after coculture with extraction solution of
each group after 24 h. A scratch assay was used to assess
the migration of HUVECs and HDFs. The viability of
HUVECs and HDFs was detected with a CCK-8 assay.

Infected wound-healing assessment

Forty-eight SD rats were randomly assigned to 4 groups:
Ctrl group were treated with Saline, SA group were
treated with SA hydrogel, SA/Ins group were treated with
SA/Ins hydrogel and P-SA/Ins group were treated with
P-SA/Ins hydrogel. After anesthetization, the backs of
the rats were shaved, and the hairs were removed once a
day. S. aureus was grown as described above and diluted
to 10" CFU/ml in PBS on the day of wounding. After the
shaved area was cleaned and disinfected, four full-thick-
ness dorsal wounds were established via 8-mm corneal
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trephines and scissors. The wound area was covered with
3 M Tegaderm (Cat. 1642 W). Sterile gauze and 100 pl of
bacterial suspension were added to the wounds. The rats
were administered the appropriate gels 48 h after bacte-
rial inoculation. The Ctrl group was inoculated with ster-
ile PBS. The dressing and gels were changed every other
or two days, depending on the dressing conditions. The
rats were maintained separately and supplied with unre-
stricted access to food and water. The wounds were pho-
tographed, and wound closure was measured at Days 0,
5,9, and 14. The wound tissues and an additional 5 mm
of the surrounding skin were collected.

Antibacterial properties in vivo

Under aseptic conditions, wound tissues were collected at
0, 5, 9, and 14 days after treatment. After being weighed,
1 ml of PBS was added to 100 mg of tissue for homog-
enization, and gradient dilution with PBS was performed.
One hundred microliters from each dilution were inocu-
lated on LB agar plates, and colony growth was observed
after overnight culture. The bacterial colony number per
gram (CFU/g) was calculated as colony number (CFU)x
dilution factor/tissue weight (g).

Histology and Immunofluorescence

The harvested wound tissues were fixed in 10% poly-
formaldehyde solution. The fixed tissues were embedded
in paraffin and sectioned. H&E and Masson’s trichrome
staining were performed for histological and morpho-
metric evaluation. Gram staining was used to detect bac-
teria. The multicolor IHC stain was performed according
to the manufacturer’s recommendations. The primary
and secondary antibodies used included mouse anti-rat
CD68 (Bio-Rad, MCA341R), iNOS polyclonal antibody
(Invitrogen, PA1-036), Arginase-1 rabbit mAb (Cell Sig-
naling Technology, 93668), ZO-1 polyclonal antibody
(Proteintech, 21773-1-AP), and Cytokeratin 14 (K14)
polyclonal antibody (Proteintech, 10143-1-AP). Goat
anti-rat IgG H&L (HRP) (Abcam, ab205720), goat anti-
rabbit IgG H&L (HRP) (Abcam, ab205718), TSA assay
kits from Runnerbio, Try-488 (Bry-try488), Try-cy3
(Bry-trycy3), and Try-cy5 (Bry-trycy5) were used. The
quantification of the staining was performed via Image]
software (National Institutes of Health, USA). At least six
images were obtained for each group.

Luminex multiplex assay and enzyme-linked
immunosorbent assay

To assess wound healing and inflammation-associated
cytokines, Luminex multiplex assay rat kits (BIO-Plex,
Pro Rat Cytokine 10plx) were used according to the
manufacturer’s recommendations. The plates were read
via a Luminex X-200. The conditioned media from pri-
mary macrophages derived from rat peritoneal fluid were
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extracted as previously described [25]. The macrophages
were cocultured with S. aureus in the extraction solu-
tion of each group. Cultured cell supernatants were col-
lected for subsequent experiments. The wound tissue was
harvested at 5, 9, and 14 days after injury and stored at
- 80 °C. After homogenization, the lysates were incubated
on ice for 30 min before centrifugation at 12,000 rpm for
15 min. The supernatants were collected and stored at
-80 °C. Insulin levels were detected in the wound tissue
9 days after injury via an insulin ELISA kit.IL-1p, IL-10,
IL-13 and TNF-a levels in the wound tissue at 5 and 14
days after injury were measured via the Luminex multi-
plex assay.

Statistical analysis

All the data were obtained from at least three indepen-
dent experiments and are presented as the means + SDs.
Data analysis was performed via GraphPad Prism.
The significant differences were determined via one-
way ANOVA (Dunnett’s post hoc test) and evaluated
via a standard two-tailed Student’s t test. Differences
were considered significant when *p <0.05, **p<0.01 or
**#*p <0.001.

Results

Characterization of P-SA/Ins

When the GDL was added, the mixture with glargine
insulin was crosslinked slowly and evenly for approxi-
mately 30 min~1 h at RT. And Macroscopic images of
the hydrogels were shown in Fig. 1A. SEM revealed that
alginate forms a highly crosslinked network structure
after crosslinking with calcium ions, as shown in Fig. 1B.
After insulin loading, the overall structure of the hydro-
gel did not change significantly, indicating that insulin
loading did not damage the structure of the hydrogel.
After the grafting of PHMB was completed, a PHMB
membrane formed on its surface, indicating successful
PHMB loading. The successful grafting of PHMB was
verified by FI-TR spectra (Fig. 1C). In the spectrogram
of the P-SA/Ins, the characteristic infrared absorption
peaks of PHMB appeared at 2150 cm™! and 2900 cm™?,
representing the absorption peaks of the C=N bond and
C-O bond, respectively. In addition, a vibrational absorp-
tion peak appeared at 1400 cm™!, indicating amide bond
formation. Figure 2D and Table S1 show that P-SA/Ins
has a swelling rate of 200%, which plays an important
role in absorbing wound tissue exudate. Glargine insulin
has the ability to stimulate stable and prolonged insulin
release for 6-24 h in a neutral environment [26]. In this
program, the acidic environment created by the GDL
maintained the soluble state of glargine insulin. With
the reaction of the system and cross-linking comple-
tion, the acidity was neutralized, and insulin was precipi-
tated to achieve stable and sustainable release for at least
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spectra of gels of each group. D: The swelling ratio of each group in 37°C PBS within 48 h. E: The cumulative released amount of insulin from SA/Ins and

P-SA/Ins incubated in 37°C PBS

96 h. The cumulative release of insulin from SA/Ins and
P-SA/Ins in PBS was approximately 689.8 + 25.5 mIU and
664.2 +28.2 mIU within 7 days (Fig. 1E).

Biocompatibility of P-SA/Ins

AO/EB staining, CCK-8 assays and scratch assays were
subsequently performed to evaluate the biocompatibil-
ity of the P-SA/Ins by observing the viability, prolifera-
tion and migration of HUVECs and HDFs. The viability
of HUVECs and HDFs was assessed via an AO/EB assay.
The cells were cultured with an extraction solution of
endothelial cell medium or DMEM from SA, SA/Ins or
P-SA/Ins (0.05%, w/v)). Figure 2A-B shows that the num-
ber of dead cells (stained orange by EB) in each group was
similar to that in the control group for 24 h, indicating
that P-SA/Ins had barely toxicity. Cell proliferation under
P-SA/Ins was detected via a CCK-8 assay. Compared with
other groups, the growth of HDF (Fig. 2D) and HUVEC
(Fig. 2E) from the SA/Ins and P-SA/Ins groups was sig-
nificantly greater at 3 and 5 days. PHMB grafting had no
effect on insulin-induced HDF or HUVEC growth. For
wound healing assay, the migration rates of the HDFs
and HUVECs in the SA/Ins group reached 89% and
93%, whereas those in the P-SA/Ins group reached 88%

and 90%, which were significantly greater than those in
the control group (65% for HDFs and 78% for HUVECs:)
and the SA group (68% for HDFs and 76% for HUVECs:)
(Fig. 2F-I). Based on these results, P-SA/Ins was able to
facilitate fibroblast and endothelial cell proliferation and
migration, with barely cytotoxicity.

Antibacterial ability of P-SA/Ins

E. coli and S. aureus were used as representative strains
of G- and G +bacteria for antibacterial ability. Studies
have reported that 0.019-2% PHMB is applied to kill bac-
terial [27]. The concentration of PHMB grafted on the
sodium alginate hydrogel was fully evaluated. An anti-
bacterial ability of hydrogels with PHMB concentrations
on 107°%, 107%%,107%%, 10™%%, 0.05%, 0.1%, 0.2%, 0.5%,
1%, 2%, and 5% w/v was conducted. A disk diffusion assay
was performed to evaluate antibacterial activity by mea-
suring the zone of inhibition (ZOI), with penicillin-strep-
tomycin used as a positive control. As shown in Figure
S1A-B, 107°%, 107%%,1073% PHMB grafted didn’t show
the zone of inhibition, indicating that they had no bacte-
ricidal effect. When the PHMB concentration was greater
than 0.2%, the antibacterial effect did not increase with
increasing PHMB concentration. The diameters of the
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ZOIs for E. coli were approximately 12, 15, 20 mm and
more than 22 mm for 1072%, 0.05%, 0.1%, 0.2% PHMB-
grafted. For S. aureus, approximately 10 mm, 13 mm,
15 mm and 16 mm for 1072%, 0.05%, 0.1%, and 0.2%
PHMB-grafted, respectively. To further optimize the
concentration of PHMB, the viability of HDFs cultured

with extraction solution from the 1072%, 0.05%, 0.1%,
and 0.2% P-SA/Ins was assessed by an AO/EB assay for
24 h. As shown in Figure S2, the number of early apop-
totic or dead cells in the 1072% and 0.05% groups was
close to that in the control group, indicating their good
cytocompatibility. When the concentration of PHMB was
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greater than 0.05% w/v, the number of dead cells drasti-
cally increased and reached approximately 15%, indicat-
ing an adverse effect on cell viability and cytotoxicity.
Moreover, the hydrogels immersed in PBS for 3 and 5
days still exhibited strong antibacterial effects on both S.
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aureus and E. coli, with 12—-13 mm inhibition diameters
(Fig. 3A-D). Thus, 0.05% w/v PHMB was considered the
optimal concentration for P-SA/Ins.

The antibacterial effect of P-SA/Ins (0.05%, w/v) was
also assessed via an OD value counting assay. Compared
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with other groups, the leaching culture medium of the
P-SA/Ins substantially reduced the bacterial density of S.
aureus and E. coli, as shown by the bacterial optical den-
sity (Fig. 3B). A crystal violet assay for biofilm biomass
indicated that P-SA/Ins was more effective in alleviating
the formation of S. aureus biofilms (Fig. 3C). Visualiza-
tion of the bacterial biofilms via SEM revealed a wide
spectrum of morphological differences (Fig. 3E). Unlike
the good condition and aggregation of S. aureus cells in
other groups (Red arrow), scattered and crimpled cells
(Yellow arrow) were observed after exposure to the leach-
ing culture medium of P-SA/Ins. Taken together, these
results demonstrated that P-SA/Ins effectively inhibited
bacterial activity and biofilm formation in both G- and
G + bacteria.

Regulation of macrophage inflammation by P-SA/Ins
Macrophages are important inflammatory cells involved
in wound regulation [28]. To evaluate the effect of P-SA/
Ins on the inflammatory response of macrophages in
the presence of infection, macrophages were cocultured
with S. aureus in the leaching culture medium of each
group for 24 h. The cell culture supernatant was col-
lected and analyzed via a Luminex multiplex assay to
detect typical M1- and M2-related cytokines (Fig. 3F).
A heatmap revealed that the P-SA/Ins group had distin-
guishable protein profiles from those of the other three
groups (Fig. 3G). The levels of Interleukin-1p (IL-1p),
Interleukin-1a (IL-1a), Tumor necrosis factor-a (TNF-
a) and Interleukin-6 (IL-6) in the P-SA/Ins group were
significantly lower than those in the Ctrl group. There
were significant differences in the levels of IL-1, TNEF-
a, IL-1a and Interferon—y (INF-y) (p<0.05) (Fig. 3H-K).
In addition, the typical anti-inflammatory cytokine Inter-
leukin-13 (IL-13) increased (Fig. 3L). These results sug-
gested that insulin alone could not effectively inhibit the
inflammatory response of macrophages induced by bac-
teria. Suppresses bacterial activity effectively controls the
release of inflammatory cytokines, and the levels of anti-
inflammatory factors increase to a certain extent.

Effects of P-SA/Ins on wound healing

To verify the effects of P-SA/Ins treatment on the heal-
ing of infected wounds. A rat model of wound infection
was established [29]. P-SA/Ins treatment was given, the
healing process was recorded, and the wound samples
were collected as shown in Fig. 4A. Photographs of heal-
ing wounds revealed that P-SA/Ins treatment efficiently
accelerated wound healing at 5, 9, and 14 days (Fig. 4B-
C). On Day 5, the percentage of the nonhealing wound
area was 53.0+3.2% in the P-SA/Ins group, and those
in the Ctrl, SA, and SA/Ins groups were 71.1+2.4%,
67.2+5.9%, and 60.3 +£7.8%, respectively. On Day 9, the
percentage of the nonhealing wound area in the P-SA/Ins

Page 9 of 16

group (9.3+1.2%) was significantly less than that in the
Ctrl (32.9£2.7%), SA (26.5+2.5%), and SA/Ins (16 +2.9%)
groups. On Day 14, the wounds in the P-SA/Ins group
were healed already, whereas the nonhealing wound
area percentages in the Ctrl, SA, and SA/Ins groups were
12.3+7.5%, 7.2+1.7%, and 3.4+ 1.5%, respectively. H&E
staining revealed that the P-SA/Ins substantially acceler-
ated the wound healing rate. After 14 days of treatment,
the wounds completely closed, with rapid re-epithelial-
ization (Fig. 4D-F). The general view of the regenerated
area and the infiltration of inflammatory cells were shown
in Figure S3A-B. Moreover, the P-SA/Ins increased colla-
gen deposition (Fig. 4E, G). These data suggest that P-SA/
Ins promote healing of infected wounds.

Antibacterial properties of P-SA/Ins in vivo

At 0, 5, 9, and 14 days after treatment, the wound tis-
sues were harvested and processed for bacterial analysis.
Gram staining revealed that the bacteria (Yellow arrow)
in the tissues under P-SA/Ins treatment was signifi-
cantly lower than that in the other three groups at 0, 5,
9, and 14 days (Fig. 5A). The bacteria in the wound tis-
sues decreased rapidly in each group. However, the P-SA/
Ins treatment had significantly fewer bacteria (Fig. 5B).
In addition, SA/Ins treatment also reduced the number
of bacteria on Day 14, which may partially attribute to
immunomodulatory effect of insulin [30].

Insulin concentrations in wounds

To evaluate the insulin release in the wound, the wound
tissues were harvested at 5 and 9 days. After homog-
enization, the insulin level of the wound extract was
detected via ELISA. Figure 5C shows that the insulin
level in the wound tissue from the SA/Ins (378.3+51.8
mlU) and P-SA/Ins (354.3+59.3 mlIU) groups was sig-
nificantly greater than that in the Ctrl (44.6+12.4 mIU)
and SA (61.2+20.9 mIU) treatment groups. A similar
trend was also observed on Day 9 (SA/Ins: 161.8+28.4
mlU; P-SA/Ins: 173.5+30.4 mlIU; Ctrl: 80.9+14.2 mIU;
SA: 85.9+15.1 mlIU), suggesting that insulin was released
effectively into the wounds.

Regulation of infected wound inflammation by P-SA/Ins

To examine the inflammatory state in the wound, typical
inflammatory factors and M1/M2 markers were detected
in the wound. Multicolor fluorescence was used to deter-
mine the proportion of iNOS-marked M1 macrophages
and Arg-1-marked M2 macrophages in the wound on
Day 9 after treatment (Fig. 6A). Compared with those in
the Ctrl (39.67 & 10.08%) and SA (26.33 £ 4.19%) groups,
the numbers of macrophages in wounds in the SA/Ins
(20.33 = 0.94%) were decreased. However, the proportion
of macrophages was further reduced (14.67 + 3.09%),
with Arg-1-marked macrophages (55 =+ 0.09%) being the
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predominant phenotype in the P-SA/Ins group (Figure
S4). Collectively, these observations indicate that P-SA/
Ins decreased macrophage infiltration and promotes the
M2 phenotype in wounds. Furthermore, high amounts
of the inflammatory and anti-inflammatory factors

IL-13, IL-10, IL-1B, and TNF-a were observed in the
Ctrl, SA, SA/Ins groups at Days 5 and 9 after treatment.
P-SA/Ins treatment substantially increased the level of
IL-13, blunted the levels of Interleukin-10 (IL-10) and
the inflammatory factors IL-1p and TNF-«, indicating
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that P-SA/Ins markedly alleviated inflammation in the

wounds (Fig. 6B-E).

Optimized healing of infected wounds by P-SA/Ins

Since infected wounds are prone to blisters and repeated
ulcers due to poor epidermal and dermal connections, we

further explored the effects of the P-SA/Ins on the heal-
ing quality of infected wounds on Day 14. Compared
with the other 3 groups, the epidermis (Black dash line)
was closely connected to the dermis with extensive skin
nails (Red arrow), as shown by Masson’s staining under
P-SA/Ins treatment (Fig. 7A, C). Immunofluorescence



Liu et al. Journal of Nanobiotechnology (2025) 23:328

Ctrl SA

in

Masson Zoom

Ctrl

Page 13 of 16

SA/Ins

P-SA/Ins

C

8_
E *%
E 6
g
» 4 ns
E
c 27
£
7]

0-

Ctrl SA SA/lns P-SA/Ins

D

-~

*%

=23

ns

K14 positive Rate(%)
P

w

Ctrl SA SA/Ins P-SA/Ins

m
(=2
o
*

N H
(=3 (=3

Z0-1 positive Rate(%)
=)

Ctrl SA SA/Ins P-SA/Ins

Fig. 7 Optimized healing of infected wounds by P-SA/Ins. A: The skin nails in zoom-in of Masson staining. Scale bar: 250 um. Black dashed line: the
epidermis. Red arrow: basement membrane and skin nails. B: Immunofluorescent staining showed K14, ZO-1in rat wounds on 14 days after treatment.
Scale bar: 50 um. White dashed line: basement membrane. White arrow: Expression and distribution of K14, ZO-1 C: The statistical data of skin nails in rat
wounds. (ns: p>0.05, **P<0.01, n=>5) D: The statistical data of K14 positive rate cell in rat wounds. (ns: p>0.05, **P<0.01, n=5). E: The statistical data of

Z0-1 positive rate cell in rat wounds. (ns: p>0.05, *P<0.05, n=5)

of keratin 14 (White arrow) suggested excellent conti-
nuity of the basement membrane (White dashed line)
in Fig. 7B. Tight junction ZO-1 (White arrow) staining
revealed compact junctions between keratinocytes, indi-
cating better integrity and stability of the skin barrier
(Fig. 7C-E). Thus, we determined that the P-SA/Ins opti-
mized the healing of infected wounds via rapid re-epithe-
lialization and strengthen the skin barrier and basement
membrane.

Discussion

Wound healing involves overlapping and integrated
phases of hemostasis, inflammation, proliferation and
remodeling [31]. Among the various reasons, infection
is one of the most frequent causes and potentially delays
or, in some cases, causes the wound to not heal. Further-
more, wound infection can also lead to complications,
such as osteomyelitis, septicemia, and even death [32].
Commercially available wound dressings, such as Aqua-
cel, Comfeel’, DuoDerm®, Granuflex’, and Tegasorb®
wound dressing materials, are not suitable for infected
wounds. In addition, they are highly priced and carry
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the risk of infection and antigenicity [33]. Therefore, the
presence of bacteria is one of the greatest challenges in
the wound healing process. Currently, the treatment of
infected wounds is considered an unmet clinical need.

Polysaccharide-based hydrogels display appropriate
biomaterial properties, such as biodegradability, biocom-
patibility, hygroscopicity, and cost-effectiveness. Alginate,
which is characterized by high hygroscopicity, glue-form-
ing and hemostatic properties, and soft and easy folding,
is suitable for many advanced clinical and biomedical
applications. Like other wound dressings, commercially
available alginate wound dressing materials, such as Nu-
derm®, Algisite M°, and Melgisorb®, are not suitable for
infected wound applications because of their insufficient
antimicrobial activity. Moreover, most bioactive mol-
ecules associated with inadequate healing have poten-
tial oncogenicity and weak inflammation regulation [12].
Insulin has been shown to act as a “growth-like factor” by
accelerating wound healing and improving healing qual-
ity [13, 34]. However, the disadvantage of insulin is its
short half-life.

In this study, we developed a sodium alginate hydrogel
loaded with long-acting insulin and PHMB for the treat-
ment of infected wounds. PHMB is a cationic antimi-
crobial. Its positive charge easily interacts with anionic
groups [35]. Thus, PHMB interacts with negative com-
ponents of the microorganism cell wall, resulting in dis-
ruption and death of the bacteria. Moreover, PHMB can
penetrate and bind to the DNA of several bacterial spe-
cies, condense their chromosomes and prevent cell divi-
sion [36]. Studies have reported that 0.019-2% PHMB
were applied [27, 37]. Through comprehensive evalu-
ation, the optimal grafting concentration of PHMB, a
safe broad-spectrum antiseptic, on sodium alginate was
determined to be 0.05% w/v. The P-SA/Ins (0.05% w/v)
provided persistent antimicrobial activity and effec-
tive wound infection prevention. Moreover, the sur-
vival, proliferation and migration of endothelial cells and
fibroblasts ensure good biocompatibility of P-SA/Ins.
Furthermore, GDL is used to control pH and realize the
loading of long-acting glargine insulin, resulting in low-
dose sustained release of insulin.

The inflammatory response, as the first stage of several
overlapping wound healing phases, has been reported
to play essential roles in the orchestration of transitions
among the three healing phases [38]. Macrophages con-
stitute important immunomodulatory cells and regulate
wound healing through multiple mechanisms, such as
phagocytosis, inflammation initiation and resolution, and
growth factor secretion, to promote cell proliferation and
tissue recovery in wounds [39]. Their phenotype readily
changes according to spatiotemporal cues during repair-
ment. Unhealing wounds are closely associated with sus-
tained infiltration and impaired phenotypic transition
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from proinflammatory to anti-inflammatory phenotypes
[40].

Therefore, we examined the effects of P-SA/Ins on the
secretion of inflammatory cytokines by macrophages
under S. aureus stimulation in vitro. These results sug-
gested that P-SA/Ins dramatically reduced the release of
IL-1B, IL-1a, TNF-a and IL-6 from macrophages induced
by S. aureus. The typical anti-inflammatory cytokines
IL-13 and IL-4 were increased (Fig. 4I). In addition, insu-
lin is generally believed to regulate the inflammatory
response of macrophages [13], but our results revealed
that the regulatory effect of insulin on inflammation was
not significant during infection. Interestingly, a high-
affinity insulin-binding protein secreted by S. aureus
was reported to mediate insulin resistance in a mouse
model of infection [41]. Thus, we propose that P-SA/Ins
regulates inflammation in macrophages by controlling
bacteria and infection. Similarly, in vivo, P-SA/Ins effec-
tively eliminated bacteria from wounds. Compared with
the robust inflammatory factors IL-1p and TNF-a and a
large number of M1-dominant macrophages in infected
wounds, P-SA/Ins not only effectively blunted the levels
of macrophage proinflammatory factors but also pro-
moted the M2 phenotype of macrophages and macro-
phage regression.

Another challenge is the occurrence of blisters and the
repeated ulceration of infected wounds that have com-
pleted epithelization, especially chronic infected wounds.
As the largest organ of the human body, the skin com-
prises three distinct layers: the epidermis, dermis, and
hypodermis. The epidermal and dermal layers are sepa-
rated from each other by a basement membrane termed
the dermo-epidermal junction. The complex dermo-
epidermal junction structure comprises keratinocytes
with K5 and K14 expression, ECM components, the basal
lamina, filaments, and anchoring fibrils. In addition, the
better integrity and stability of the skin barrier are closely
related to the formation of cell-cell junctions [42]. It is
reported that S. aureus damages lipid and corneocyte
barriers by producing Sal2/Geh lipase and potent prote-
ases, respectively. The scalded skin toxin, found in a sub-
set of S. aureus isolates, is a protease that disintegrates
stratum corneum integrity [43]. Cytokines are respon-
sible for the control of cellular communication. Cyto-
kine signaling can affect the physiology of keratinocytes
and the quality of the skin barrier [44]. IL-1f stimulation
for 96 h downregulated the expression of thigh junction
proteins, including occludin, claudin-1 and ZO-1 [45].
The serum levels of TNF-« in suction skin blister fluids
are correlated with the severity of psoriasis. In psoriasis
patients, TNF-a prevents proper barrier formation by
inhibiting the expression of FLG and LOR, resulting in
weakening of the skin barrier [46].The detection of K14
and ZO-1, which connect tight junctions, demonstrated
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that P-SA/Ins optimized the healing qualities of infected
wounds by enhancing the continuity of the basement
membrane and compact junctions between keratino-
cytes. This may be due to the remarkable reduction in
the S. aureus load and the regulation of the inflammatory
environment in the wound by P-SA/Ins.

Conclusion

In this study, we developed a sodium alginate hydrogel
loaded with long-acting insulin and grafted with PHMB
and demonstrated its therapeutic effects on infected
wounds in vitro and in vivo. The P-SA/Ins composite
provided persistent antimicrobial activity and effec-
tive wound infection prevention. GDL is applied to and
realize the loading of insulin and sustained release of
long-acting insulin by pH control. Based on the results
of animal studies of infected wounds in rats, we further
demonstrated that P-SA/Ins was a practical therapeutic
solution for the treatment of infected wounds by antibac-
terial-prompted macrophage inflammatory regulation.
Given the aforementioned effectiveness, the maturity of
the raw material and preparation process and the known
merits of hydrogels, they have great potential and appli-
cation prospects for infected wound healing.
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