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ARTICLE INFO ABSTRACT
Keywords: Antibiotic resistance poses a serious global threat, contributing to severe clinical outcomes such as skin and soft
Antimicrobial hydrogel tissue infections. Effective treatment of these infections requires both potent antimicrobial activity against

Wound infection
Membrane disruption
DNA targeting

Reactive oxygen species

resistant pathogens and wound dressings that can conform closely to the wound site. Degradable antimicrobial
polymers offer a promising solution to this challenge. Unlike traditional antibiotic-loaded dressings, which often
fail against multidrug-resistant (MDR) bacteria, antimicrobial polymers can effectively overcome resistance
barriers. Moreover, these polymers can be easily incorporated into wound dressing materials—hydrogels being a
particularly advantageous platform due to their biocompatibility and wound-conforming properties. In this
study, we developed a modular strategy to integrate a biodegradable cationic antimicrobial oligomer, oligoa-
midine (OA1), into a thermo-responsive hydrogel. OA1 exerts a triple antibacterial mechanism involving
membrane disruption, DNA binding, and ROS generation. The resulting hydrogel system can be conveniently
formulated by simple mixing and undergoes a solution-gel transition at body temperature, enabling easy
application to infected skin wounds. Importantly, the hydrogel matrix does not impair the bactericidal efficacy of
OA1, preserving its full antimicrobial potential. This synergistic system offers an effective and user-friendly
approach for treating wounds infected with MDR pathogens.

1. Introduction multiple factors and can be significantly impaired, posing a major
clinical challenge [5,6]. Chronic wounds in diabetic or immunocom-

The skin serves as a vital physical barrier against pathogens, aller- promised patients, especially when infected, are particularly difficult to
gens, and pollutants [1,5]. Yet, wounds frequently require disinfection treat [7,8]. Bacterial colonization delays healing by sustaining inflam-

[2-4]

to prevent bacterial infections . Wound healing is influenced by mation and tissue damage [3,4]. The issue worsens with multi-drug

Abbreviations: MDR, multidrug-resistant; OA1, oligoamidine 1; ROS, reactive oxygen species; DMEM, Dulbecco's Modified Eagle Medium; FBS, fetal bovine serum;
CFU, colony-forming units; MIC, minimum inhibitory concentration; PI, propidium iodide; DCFH-DA, 2',7'-Dichlorodihydrofluorescein diacetate; PBS, phosphate
buffer solution; CAMHB, Cation-Adjusted Mueller-Hinton Broth; LB, Luria-Bertani broth; MTT, 3-(4,5-dimethylthiazol-2-yl1)-2,5-diphenyltetrazolium bromide; SEM,
scanning electron microscope; EB, ethidium bromide; RBCs, red blood cells; MRSA, methicillin-resistant S. aureus; NIH/3T3, NIH Swiss Mouse Embryonic Fibroblasts
- 3T3 Cells; PF127, Pluronic F-127; CMT, critical micelle temperature; LGT, low gelation temperature.
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resistant (MDR) bacteria, as conventional antibiotics often fail [9],
particularly the nefarious MDR “ESKAPE” pathogens including Entero-
coccus faecium (E. faecium), Staphylococcus aureus (S. aureus), Klebsiella
pneumoniae (K. pneumoniae), Acinetobacter baumannii (A. baumannii),
Pseudomonas aeruginosa (P. aeruginosa), and Enterobacter species [10-12].

Cationic antimicrobial polymers and oligomers have attracted
considerable interest for combating antibiotic-resistant bacteria [13,
14]. Their positive charge enables interaction with and disruption of
negatively charged bacterial membranes, causing cell death [15]. This
membrane-targeting mechanism confers broad-spectrum activity while
overcoming drug resistance! ®'®], However, their therapeutic potential
is limited by off-target effects on eukaryotic membranes, compromising
biocompatibility [19,20]. Many approaches have been taken to tackle
this issue, including adjusting molecular weight, alkyl chain length, and
the hydrophilic-to-hydrophobic ratio to optimize performance and
biocompatibility[m’%]. Recently, improving biodegradability has
emerged as a key strategy to enhance biocompatibility.

In 2022, Tang et al. developed glutathione-degradable polysulfides
via lipoic acid polymerization [27]. These polymers demonstrated
potent antibacterial activity while reducing accumulation/toxicity risks
through glutathione-triggered degradation. Our group recently designed
a triple-targeting degradable oligoamidine with enhanced biocompati-
bility via glutathione-responsive breakdown [28]. These examples
confirm that biodegradability optimization can effectively reduce
polymer toxicity.

These degradable polymers show promise for treating wound in-
fections, especially those caused by resistant bacteria. While antibiotics
in wound dressings'?® !, they are often fail against resistant strains,
antimicrobial polymers can overcome this limitation. They can be easily
incorporated into dressings like hydrogels, which provide drug-loading
versatility and may enhance therapeutic efficacy!® 1. Yang et al.
developed a biodegradable polycarbonate hydrogel with tunable char-
ge/molecular weight, demonstrating broad-spectrum activity [34].
However, its direct crosslinking formation limited the modularity
typical of antibiotic-loaded hydrogels [35,36].

A Reported crosslinking
polycarbonate hydrogel

Oligomer-containing hydrogel C
(PF127-0A1)
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In the present study, we developed a different approach to integrate
antimicrobial polymer and hydrogel system in a modulable manner. We
demonstrated that a biodegradable cationic antimicrobial oligomer,
oligoamidine 1 (OA1), which exerts triple antibacterial effects: mem-
brane disruption, DNA targeting, and reactive oxygen species (ROS)
generation can be effectively incorporated into a thermo-responsive
hydrogel for the treatment of wound infections (Fig. 1A and B). This
easily prepared hydrogel forms via simple mixing and undergoes sol-gel
transition at body temperature, enabling convenient application.
Crucially, the hydrogel maintains OA1's triple-action antibacterial effi-
cacy against MDR pathogens.

2. Materials and methods

All chemicals and solvents were of analytical grade and used as
received unless otherwise noted. Reagents were sourced from com-
mercial suppliers (Shanghai Adamas Reagent, Ltd.; Shanghai Macklin
Biochemical Co., Ltd.), while organic solvents were rigorously dried
over activated 4 A molecular sieves under inert atmosphere prior to use.
Cell culture media, including Dulbecco's Modified Eagle Medium
(DMEM), and fetal bovine serum (FBS) were procured from HYCLONE®
(USA) and TIANHANG Biotech (China). The sheared DNA (herring
sperm-derived) used in this study was obtained from Sigma-Aldrich
(Shanghai) Trading Co., Ltd. Ultrapure water was generated using a
Milli-Q Integral water purification system. Detailed instrument specifi-
cations and additional experimental procedures are provided in the
Supporting Information.

All experiments involving pathogenic bacteria must be conducted in
a Biosafety Level 2 (BSL-2) or higher containment facility.

2.1. Minimum inhibitory concentration (MIC) measurement

A bacterial overnight culture grown in CAMHB was diluted 1000-
fold into fresh medium and incubated at 37 °C until reaching mid-
logarithmic phase, corresponding to an optical density at 600 nm

MIC

Strains (ug/mL)

E. faecium 4
S. aureus 2
S. aureus-1 1
S. aureus (USA300)
MRSA
K. pneumoniae

K. pneumoniae-1

Oligoamidine

Kom

Multi-mode mechanism

K. pneumoniae-2

DNA E. coli

targeting

/

E. coli-1
E. coli-2

E. cloacae

8
8
8
2
4
A. baumannii 8
4
4
4
8
8

S. aureus in 50 % FBS

Fig. 1. A: A schematic presentation of conventional immobilized crosslinked hydrogels and our designed thermosensitive PF127-0A1 hydrogel with tunable drug-
loading capacity; B: Scheme for an antibacterial oligomer-based hydrogel with a multi-mode mechanism including membrane disruption, DNA targeting and ROS

damage; C: Antimicrobial activity of OA1 against different bacteria.
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(ODggp) of approximately 0.3. The culture was then further diluted in
fresh CAMHB to a final concentration of 5 x 10° colony-forming units
(CFU)/mL to prepare the working suspension. Aliquots of 100 pL were
dispensed into each well of a sterile 96-well microtiter plate. The com-
pound OA1 was added at defined initial concentrations, followed by
serial two-fold dilutions across eight consecutive wells using the same
bacterial suspension. Plates were incubated at 37 °C for 16-24 h with
continuous shaking at 220 rpm. Bacterial growth was assessed by
measuring ODggp, and the MIC was determined accordingly. All assays
were conducted in triplicate or more.

2.2. Preparation of PF127-0A1

A certain mass of OA1 was weighted in a centrifuge tube, and PF127
solution of a specific concentration and volume (pre-cooled at 4 °C) was
added. The mixture was sonicated until OA1 was fully dissolved, and the
solution was stored in a 4 °C refrigerator for later use.

2.3. PF127-0OA1 antibacterial experiment

At 4 °C, 100 pL of PF127-0A1 (PF127 = 20% w/w) containing OA1
of different concentrations was added to the wells of a 96-well plate. The
plate was placed in a 37 °C incubator for 5 min to allow gelling. Bacterial
solution of interest (100 pL, 5 x 10° CFU/mL) was added to each well.
After a 24 h incubation, 2 pL solution was taken out from each well and
was loaded onto an agar plate for growing at 37 °C. After 8-24 h of
growth, the minimum concentration without bacterial growth was
determined it as the MIC of PF127-OA1l against the corresponding
bacteria [37].

2.4. Time-kill assay

An overnight bacterial culture grown in CAMHB was diluted 1:1000
into the same medium and incubated at 37 °C until reaching an ODgg( of
approximately 0.3. This actively growing culture was subsequently
diluted in CAMHB to obtain a working suspension containing 5 x 10°
CFU/mL. The bacterial suspension was then exposed to serially diluted
test compounds, with the time of compound addition designated as 0 h.
At each predetermined time point, 10 pL aliquots were withdrawn,
serially diluted ten-fold in sterile buffer, and plated on LB agar. After
incubation at 37 °C overnight, visible colonies were enumerated to
determine bacterial viability, expressed as CFU per milliliter.

2.5. Effects on bacterial membrane permeability

The overnight culture of E. coli or S. aureus were harvested, washed,
and resuspended in PBS to achieve a final concentration where ODggg =
0.1. Subsequently, cells were dispensed into a 96-well plate (200 pL per
well). OA1 at indicated concentration were added to the wells, followed
by the addition of Propidium Iodide (PI, final concentration = 100 pM).
The samples were then incubated for 3 h at 37 °C/220 rpm. The fluo-
rescence intensity of PI was observed and recorded using the PE channel
on a flow cytometer. The red fluorescence was detected with an exci-
tation of 488 nm and an emission of 585 + 30 nm. The fluorescence
signal was quantified by geometric mean.

2.6. Morphology observation using scanning electron microscopy (SEM)

The overnight culture of bacteria was diluted 20 times in CAMHB in
culture tubes. OA1 was added into the culture tubes at indicated con-
centration. Samples without treatment were served as the negative
control. After incubation at 37 °C/220 rpm for 4 h, the samples were
centrifugated at 1500 g for 12 min. The samples were further dehy-
drated by treating with a series of ethanol/water mixtures (30%, 50%,
70%, 90%, and 100%) and were dried. The samples were mounted on a
copper tape, air-dried and sputter-coated with gold for observation
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using a Hitachi S-4800 field emission scanning electron microscope.

2.7. Confocal observation of bacterial membrane permeability

Overnight cultured E. coli was suspended in PBS (ODgoo = 0.5), and
PI was added (The final concentration = 100 pM) as working solution.
Then add the working solution and the specified concentration of OA1
to the centrifuge tube, using samples without the drug as a control, and
incubate them at 37 °C for 2 h. After incubation, centrifuge the samples
at 5000 g for 3 min, discard the supernatant, and wash the bacteria twice
with PBS. Finally, transfer it to a glass slide and imaged using a Nikon
A1R MP confocal microscope with a 60x objective lens.

2.8. ROS measurement in bacteria

Overnight cultures of E. coli, S. aureus, A. baumannii or B. subtilis were
harvested, washed, and resuspended in PBS to an ODggo of 0.1. The
bacterial suspensions were then incubated with 5 pM of the fluorescent
probe DCFH-DA for ROS detection. Following probe loading, 200 pL of
each suspension was transferred into individual wells of a sterile 96-well
microplate and treated with OA1 for 3 h at 37 °C under dark conditions.
ROS levels were assessed immediately after treatment using a flow cy-
tometer. Green fluorescence was excited at 488 nm and detected at 533
+ 30 nm. Fluorescence intensity was quantified as the geometric mean
of the signal.

2.9. Propidium iodide or Ethidium bromide competition assay

A Propidium Iodide or Ethidium bromide (EB) competition assay was
used to quantify the DNA-binding affinity of OA1 The experiment was
performed in PBS (pH 7.4) at 25 °C. Sheared DNA (10 pg/mL) and 4 pg/
mL Propidium Iodide or Ethidium bromide were added to a 200 pL
centrifuge tube. Then, different concentrations of OA1 were introduced
into the centrifuge tubes. The final volume was 200 pL. The solution was
mixed and incubated at 37 °C for 30 min. The process was monitored by
a microplate reader. Experiments were carried out in duplicate. The Kd
value determined for Ethidium bromide is 1 x 107 M, for Propidium
Todide is 2.1 x 107> uM [38].

2.10. MTT assay

Cytotoxicity of the PF127-OA1 was determined using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
with RAW 264.7. Cells were seeded in 96-well plates at 1 x 10* cells per
well and cultured for 12 h in a cell incubator. Subsequently, cells were
treated with different concentrations of PF127-0A1 in DMEM with 10%
FBS and then incubated for 24 h. Cells with no added compounds were
used as controls. After 24 h, DMEM medium was removed, cells were
washed once with PBS, and then 120 pL of fresh medium containing
MTT 0.5 mg/mL was added. Cells were further incubated in a 37 °C
incubator for 1.5 h. Following this, the DMEM medium was replaced
with 100 pL of DMSO, and cell viability was determined by measuring
the absorbance at 600 nm using a microplate reader. Cell viability values
were expressed as percentages and calculated as follows: Viability =
(ODggp nm of treated sample)/(ODggo nm of control) x 100%.

2.11. Statistical analyses

All experiments were performed with at least three independent
replicates (N > 3), unless otherwise specified in figure captions or
methods. Data are presented as mean =+ SD. Statistical significance was
determined by Student's t-test with thresholds denoted as follows: P <
0.05 (*), *P < 0.01 (**), and P < 0.001 (***).
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3. Results and discussion

3.1. OA1 has excellent antibacterial performance via multiple
mechanisms

We have previously reported a degradable polycationic oligoami-
dine, OA1, as an antibiotic adjuvant working through multimodal
antimicrobial mechanisms [29]. However, their antibacterial properties
as a standalone agent remained largely unexplored, despite preliminary
evidence of antimicrobial activity. To further evaluated the antimicro-
bial spectrum of OA1, we evaluated its antibacterial activity against the
most clinically relevant pathogens, ESKAPE. The oligomer showed MICs
of 1-8 pg/mL (Fig. 1C). Several resistant strains, including
methicillin-resistant S. aureus (MRSA), S. aureus USA300, clinical iso-
lates of E. faecium, S. aureus, K. pneumoniae, A. baumannii, E. coli and
E. cloacae were also tested, revealing comparable MICs of 2-8 pg/mL.
Importantly, OA1 could maintain its activity in biologically relevant
environment. For example, OA1 maintained strong antimicrobial ac-
tivity in 50% FBS, with no significant activity loss, demonstrating its
stability in protein-rich environments (Fig. 1C).

To verify whether OA1 exerts antimicrobial effects through mem-
brane disruption, a comprehensive and systematic study is conducted on
its interaction with membrane. Firstly, the effect of OA1 on bacterial
membrane permeability was determined by flow cytometry using PI
dye. PI is a dye commonly used to study the permeability of cell mem-
brane, as it can enter cells and bind to DNA only when the cell mem-
brane is damaged. We investigated the membrane permeability changes
of E. coli and S. aureus at different OA1 concentrations. As shown in
Fig. 2, OA1 increased the membrane permeability of E. coli at > 8 pg/mL
and of S. aureus at > 2 pg/mL, both with clear dose dependence.
Meanwhile, confocal microscopy was utilized to observe that upon
treatment of E. coli with 32 pg/mL OA1 (Fig. 3A), PI entered the bacteria
and bound to DNA, emitting red fluorescence. This observation indi-
cated an alteration in bacterial membrane permeability, further sup-
porting the flow cytometry experiment as demonstrated in Fig. 2.
Concurrently, SEM was employed to visualize the membrane-damaging
effects on bacteria following OA1 treatment. As shown in Fig. 3B, the
surface structure of bacteria changed significantly after OA1 treatment,
resulting in the formation of pores, wrinkles, and folds. Some bacteria
even showed severe fractures on their surfaces. These results clearly
supported that OA1 may possess membrane targeting and damaging
capabilities.

In addition to disrupting bacterial membranes, OA1 is hypothesized
to exert antimicrobial activity through additional mechanisms, such as
DNA binding. This possibility was investigated using standard DNA-dye
displacement assays. PI and EB are two well-established DNA-binding
fluorescent dyes, and OA1 induced a dose-dependent displacement of PI
or EB from their interaction with DNA (Fig. 4A). This phenomenon in-
dicates that OA1 is a strong DNA binder with a higher binding affinity to
DNA compared to PI or EB. The inhibition constant (K;) of OA1 was

A E. coli E. coli
OA1 (ug/mL)
N 256 | & 4009 T T
/\ 128 s T
E 64 c
3 - 3 5000 T
O £
16 o e
w o
8 10 5 D8 o o D P
e Unireated 40 TP
100 102 104 106 N OA1 (ug/mL)

PIF.IL
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determined to be 6.1 pM for PI-DNA and 73.8 nM for EB-DNA, further
supporting its potent DNA-binding capability.

We also observed that OA1 may impact bacterial redox balance, as
OA1 markedly induced oxidative stress in bacterial cells. We quantified
the ROS production levels in different bacteria after being treated with
OA1 (Fig. 4B and S1). The results indicated that all four bacteria pro-
ducing different degrees of ROS. These findings imply that the antimi-
crobial effect of 0A1 may be not simply due to membrane damaging, but
also caused by DNA binding and the disruption of redox balance. This
multi-targeting antimicrobial mechanism of OA1 may significantly
enhance its effectiveness against antibiotic-resistant bacteria.

3.2. OA1 showed effectiveness in different ex vivo and in vivo infection
models

When a wound becomes infected, it is not only the wound area that
experiences bacterial infection, but there can also be blood infection and
systemic infection (Fig. 5A). Based on this, we tested the antibacterial
effects of OA1 in several different infection models. To assess the effi-
cacy of OA1 in eliminating bacteria from blood and protecting red blood
cells (RBCs) from pathogen-induced lysis, and also to evaluate potential
hemolytic toxicity concerns associated with the oligoamidine, an ex vivo
blood infection model was established by incubating S. aureus with 4%
sheep blood in PBS for 2 h at 37 °C. Subsequently, OA1 at a concen-
tration of 4 x MIC (8 pg/mL) was applied for the treatment. Then, the
bactericidal efficacy and the hemolysis-rescuing ability of OA1 were
evaluated with this ex vivo blood infection model. As shown in Fig. 5B,
an infection with S. aureus at an initial concentration of 5 x 10® CFU/mL
led to rapid bacterial proliferation. This uncontrolled bacterial growth
was accompanied by complete RBC lysis in the control group. In
contrast, OA1 treatment not only eradicated all S. aureus, but also fully
preserved RBC integrity without inducing any hemolytic toxicity,
demonstrating its potent antimicrobial efficacy and biocompatibility.

When OA1 was used to treat S. aureus-infected NIH/3T3 cells, at
concentrations of 16 and 32 pg/mlL, the load of S. aureus was signifi-
cantly reduced (Fig. 5C and S2). In particular, at the treatment con-
centration of 32 pg/mL, the bacterial load was significantly decreased by
10 LogCFU. Such markedly reduction indicates that OA1 has strong
antibacterial ability. Importantly, it was found that the morphology of
cells in the OAl-treated group was similar to that of normal cells,
whereas the cells of the untreated group exhibited severe damage due to
bacterial infection and proliferation. For healthy NIH/3T3 cells, the
treatment of OA1 does not affect their morphology or viability.

To further evaluate the in vivo antibacterial efficacy of OA1, a Cae-
norhabditis elegans (C. elegans) infection model was employed. As shown
in Fig. 5D, the infection of S. aureus in worms resulted in severe symp-
toms such as lethargy, cuticle darkening, and complete body rigidity,
indicating a substantial bacterial burden and damage. In contrast,
worms treated with OA1 exhibited obvious protecting effects against
S. aureus infection: OA1 (32 pg/mL) treatment led to an antibacterial

B S. aureus S. aureus
OA1 (ng/mL T
T 15000
64 5 T a"
*g a2 §1oooo .
&} 16 € 5000 -
2
s A |2, mENENS
Untreated ré@b L NS
ALLCLSD S %
100 102 104 106 & OA1 (ug/mL)
PIF.I.

Fig. 2. Flow cytometry results of PI assay, indicating the membrane permeability of E. coli and S. aureus treated by OA1.
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Fig. 3. A: Confocal image of E. coli stained by PI after OA1 treatment; B: SEM images of OA1-treated E. coli, with untreated sample serving as controls.
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effect of up to 98% reduction in bacteria burden, effectively protecting
worms from developing characteristic infection symptoms such as body
stiffness and locomotor dysfunction. The survival rate of worms was also
improved. These findings suggest that OA1 also shows strong antibac-
terial activity in vivo, mitigating bacterial-induced damage to the host.
Taken together, our ex vivo and in vivo results further support that OA1
shows a great application potential as an active antibacterial agent for
modulating a biodegradable and biocompatible antimicrobial hydrogel.
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3.3. Pluronic F-127 could integrate OA1 to form antimicrobial hydrogel
with excellent performance

As we had demonstrated the excellent antibacterial activity of OA1,
we then sought to integrate this oligomer into a hydrogel matrix to
generate an antimicrobial hydrogel for effective topical application on
skin wounds. The normal human skin temperature on the trunk ranges
from 33.5 to 36.9 °C. Based on this, we chose a thermosensitive Pluronic
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Fig. 6. A: PF127-OA1 Preparation Diagram; B: The morphology of PF127-0A1 at different temperatures; C: MIC of PF127-OA1 against S. aureus (The darker color
represents a weaker antimicrobial effect); D: Bactericidal kinetics of PF127-OA1 against S. aureus; E: Rescue of S. aureus-infected RBCs by PF127-0A1 (4 x MIC); F:

Rescue of S. aureus-infected eukaryotic cells (RAW 264.7) with PF127-OAl.
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F-127 (PF127) hydrogel as the matrix for loading OA1 (Fig. 6A). PF127
dissolves in water as a single molecular chain at low temperatures
(below 15 °C). When the temperature rises to the critical micelle tem-
perature (CMT = 14 °C), the hydrophobic PPO segments dehydrate and
aggregate to form spherical micelles. As the temperature continues to
increase to the low gelation temperature (LGT = 20 °C), the micelles
closely pack into a cubic lattice structure, forming a physically cross-
linked network that macroscopically appears as a gel. At physiological
temperatures (>LGT), PF127 rapidly gels, exhibiting plastic deforma-
tion, which allows the material to conform to skin deformations without
breaking [39]. First, we characterized the gelation behavior of the
formulating PF127-0A1 hydrogel. As shown in Fig. 6B, the PF127-0A1
hydrogel undergoes sol-to-gel transition at 35 °C, confirming its suit-
ability for topical applications as it forms gelling upon administration
and thus the contact with tissues at the wound areas can be maximized.
We then assessed the impact of PF127-OA1 hydrogel on cellular
viability in RAW 264.7 cell cultures. As shown in Fig. S3, cell viability
assays performed after 24 h incubation demonstrated that the
PF127-0A1 combination was safe for the cells, leading to well-preserved
cell viability (>90% survival rate) at MIC concentrations.

The antibacterial performance of the PF127-0A1 hydrogel was also
studied (Fig. 6C). Bactericidal kinetics against S. aureus demonstrated
that the PF127-0A1 hydrogel showed fast-killing antimicrobial kinetics,
although slightly slower than free OA1 likely due to the amphiphilic
masking effect of PF127 matrix (Fig. 6D). Furthermore, in RBC-
bacterium coculture model, treatment with PF127-OA1 hydrogel

Pharmaceutical Science Advances 3 (2025) 100091

demonstrated a significant reduction of bacterial load and effective
protection of RBCs from hemolytic damage (Fig. 6E). The mammalian
cell-bacterial co-culture system also confirmed that the hydrogel showed
robust antibacterial activity and cellular protective effects against bac-
terial infection (Fig. 6F and S4). The PF127 system loaded with OA1
significantly delayed the drug release rate [40]. Although this sustained
release effect somewhat reduced the immediate antibacterial efficacy of
PF127-0A1 against eukaryotic cells infected with S. aureus (Figs. 5C and
6F), it significantly enhanced the sustained therapeutic effect on infec-
ted cells by prolonging the action time of OA1. These collective findings
may verify that PF127-OA1 hydrogel has potent antimicrobial activity
and excellent biocompatibility for therapeutic applications.

3.4. The antibacterial effect of OA1 in ex vivo model

Encouraged by the excellent ex vivo effects of PF127-0A1 hydrogel,
the antibacterial activity of this hydrogel on wound infections was sys-
tematically evaluated using an ex vivo pig skin model (Fig. 7A). At
physiological temperature (37 °C), the pre-cooled PF127-OA1 solution
underwent a phase transition, forming a stable gel at the wound site.
Notably, even when this antimicrobial gel was subjected to mechanical
stress such as stretching, bending, torsion, and compression, the
hydrogel remained firmly adhered to the wound surface, ensuring sus-
tained local drug delivery (Fig. 7B).

To further assess its antibacterial efficacy, the PF127-OA1 hydrogel
was applied to infected pig skin, and the bacterial growth was monitored
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over a 24 h treatment period. These results showed that the hydrogel
exhibited a remarkable ability to suppress S. aureus proliferation
compared to both the untreated group and the blank hydrogel control
group (Fig. 7C, D and S5). Notably, after 24 h of treatment, the PF127-
OA1 hydrogel completely eradicated S. aureus, achieving a statistically
significant antibacterial effect. In contrast, PBS buffer alone did not form
a gel on the skin, providing minimal wound protection, whereas the
blank PF127 hydrogel formed a gel-like layer that maintained a moist
wound environment, which actually helped S. aureus as the S. aureus
CFU was determined to be higher than that of the PBS buffer group.
These findings highlight the potent antibacterial potential of the PF127-
OA1 hydrogel and demonstrate its strong ability to eliminate S. aureus
while maintaining a stable and adherent gel structure on the wound
surface.

4. Limitation

In this study, PF127-OA1 hydrogel exhibits excellent antibacterial in
vitro. However, its internal performance, particularly the stability of
wound adhesion and the lasting antibacterial effect, needs to be verified.
Although the experimental conditions were precisely controlled (such as
maintaining a physiological temperature of 37 °C) to replicate the in vivo
microenvironment, the complexity of real biological systems far exceeds
that of in vitro models. Therefore, subsequent research urgently needs to
systematically evaluate the performance of PF127-OA1 in vivo using
small animal skin defect infection models.

5. Conclusions

In summary, we have developed a biodegradable and biocompatible
oligomer (OA1) showing potent antimicrobial activity as a standalone
agent, and demonstrated that OA1 was able to damage bacterial mem-
branes, target bacterial DNA, and induce ROS stress in bacteria, leading
to multi-form of damage to the bacterial cells for improved anti-
resistance effectiveness. We also demonstrated that OA1 could be
easily formulated with a thermosensitive hydrogel PF127 to produce a
ready-to-use thermo-responsive antimicrobial hydrogel with excellent
antibacterial performance, which was validated in both in vitro and ex
vivo models. Compared to most reported antimicrobial hydrogels pro-
duced by direct crosslinking of antimicrobial polymers, our newly
developed PF127-OA1 hydrogel provides more advanced features
including the unique thermosensitive property, allowing easy and
effective administration, maximizing wound protection, and controlled
releasing of OA1 for therapeutic applications.
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