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Dual Antibiotics-Based pH-Responsive Carrier-Free
Nanodrug against Bacterial Mixed Infection for Accelerated
Wound Healing

Jiali Yang, Xiaoyu Zhang, Yanan Fu, Guofeng Li,* Wensheng Xie,* and Xing Wang*

Mixed infections caused by multiple bacteria are a key challenge hindering
wound healing in the field of trauma care. Although antibiotics have exhibited
efficient therapeutic efficacy, it is difficult for a single antibiotic to exert
synergistic bactericidal effects against both Gram-positive (G+) and
Gram-negative (G-) bacteria in mixed infection. Meanwhile, long-term
treatment in high doses is prone to induce drug toxicity and accelerate the
emergence of drug-resistance. Therefore, in this study, polymyxin B (PMB,
targeting G- bacteria) and bornyl p-aldehyde benzoate (BF, targeting G+

bacteria) are introduced to construct pH-responsive carrier-free nanodrug
(PBN) via a molecular self-assembly strategy based on dynamic Schiff-base
bonding. Once triggered by the acidic microenvironment in infection site,
PBN can specifically release PMB and BF synchronously through Schiff-base
bond breaking, which then targeting and killing multidrug-resistant
Pseudomonas aeruginosa (MDR-PA) and Staphylococcus aureus (MDR-SA),
respectively. Compared with PMB/BF dual-drug administration, PBN presents
higher efficiency for disrupting the membrane integrity of mixed infection.
Furthermore, in vivo experiments confirm that PBNs can efficiently eliminate
bacterial mixed infection to accelerate wound healing. Considering the good
biosafety, the carrier-free self-assemble strategy based on different antibiotics
provides an innovative route for the treatment of bacterial mixed infections.

1. Introduction

Bacterial infections pose a substantial threat to global public
health, exhibiting the capacity to invade diverse anatomical sys-
tems, which ranging from cutaneous tissues to the central ner-
vous system.[1,2] Notably, bacterial mixed infections represent a
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critical clinical challenge, as they compli-
cate therapeutic management in patholo-
gies such as diabetic foot ulcers, cystic
fibrosis-related pulmonary infections, and
chronic osteomyelitis.[3–5] For example, di-
abetic foot ulcers often experience delayed
wound healing due to mixed infections,
which also increases the risk of amputa-
tion. Meanwhile, in cystic fibrosis-related
pulmonary infections, the mucus layer
hinders drug penetration. These infections
are frequently complicated by synergis-
tic bacterial mixed interactions between
Gram-positive (G+) and Gram-genitive (G-)
bacterium, which demonstrate divergent
antibiotic susceptibility patterns.[6,7] Con-
temporary therapeutic strategies frequently
employ combination antibiotic regimens to
broaden antibacterial coverage. However,
the clinical utility of these approaches is
often limited by multifactorial challenges,
including elevated dosage requirements,
spatiotemporal heterogeneity in drug distri-
bution, and the risk of pharmacodynamic
antagonism between agents.[8,9] These
limitations are further compounded by the
inherent physicochemical constraints of

conventional antibiotics—such as suboptimal aqueous solubil-
ity, restricted tissue biodistribution, and rapid renal clearance—
as well as the escalating global burden of multidrug resistance
(MDR). Collectively, these factors contribute to suboptimal pa-
tient outcomes and necessitate the development of novel thera-
peutic paradigms to address the evolving complexity of bacterial
mixed infections.[10,11]

Nanoparticle-mediated drug delivery systems have emerged
as a paradigm-shifting therapeutic strategy to enhance the ef-
ficacy of antibacterial interventions. Engineered nanocarriers-
such as liposomal vesicles and polymeric matrices-offer mul-
tifunctional advantages, including enhanced pharmacokinetic
profiles, superior tissue permeation capabilities, and the abil-
ity to evade microbial resistance mechanisms through stealth
functionalization.[12–14] Nevertheless, conventional nanodelivery
platforms remain limited by intrinsic limitations, such as sub-
optimal drug-loading capacities, complex multi-step synthesis
protocols, and persistent biocompatibility challenges arising
from carrier material accumulation in vivo.[15,16] To address
these shortcomings, carrier-free nanodrug delivery systems have
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Scheme 1. Schematic illustration of PBN against bacterial mixed infection (MDR S. aureus and MDR P.aeruginosa) for accelerated wound healing. Once
penetrating into the wound tissue, acidic environment triggers deconstruction of PBN and releasing of PMB and BF. The combination PMB (interfering
with lipids) and BF (interfering with peptidoglycan) by PBN successfully induces the cytolysis of both G+ (MDR-SA) and G- (MDR-PA) bacteria in mixed
infection.

gained significant attention as a disruptive innovation in an-
tibacterial pharmacology.[17] These systems leverage supramolec-
ular co-assembly of pharmacologically active agents into discrete
nanostructures, achieving near-quantitative drug encapsulation
efficiencies (>90% w/w) while eliminating reliance on inert ex-
cipients. This carrier-free paradigm not only addresses physic-
ochemical limitations by enhancing aqueous solubility, colloidal
stability, and site-specific biodistribution,[18] but also enables spa-
tiotemporally coordinated co-delivery of combinatorial therapeu-
tics to pathological microenvironments. Such precision target-
ing potentiates synergistic therapeutic outcomes through simul-
taneous drug activation, thereby optimizing pharmacodynamic
profiles and mitigating off-target cytotoxicity.[19] The active com-
pound borneol, found in medicinal plants, exhibits bacterici-
dal and anti-inflammatory effects.[20] In our previous research,
its esterified derivative (BF) can effectively eliminate multidrug-
resistant staphylococcus aureus (MDR-SA). Polymyxin B (PMB),
on the other hand, is a poly-amino cyclic cationic polypeptide that
can effectively combat G- bacteria.[21]

In this study, PMB (targeting G- bacteria) and bornyl p-
aldehyde benzoate (BF, targeting G+ bacteria) were introduced
to construct a pH-responsive carrier-free nanodrug (PBN) via a

molecular self-assembly strategy based on the dynamic Schiff-
base bonding (Scheme 1). Once triggered by the acidic mi-
croenvironment at the infection site, PBN can specifically re-
lease PMB and BF synchronously through Schiff-base bond
cleavage, thereby targeting and killing multidrug-resistant P.
aeruginosa (MDR-PA) and MDR-SA, respectively. Compared
with dual-drug administration of PMB and BF, PBN presents
higher efficiency for disrupting the membrane integrity of
mixed infections. Furthermore, both in vitro and in vivo eval-
uations confirmed the outstanding capacity of PBN for eradi-
cating bacterial mixed infection and accelerating wound heal-
ing. Considering the biocompatibility, this carrier-free self-
assembly strategy based on two antibiotics offers an innova-
tive approach for treating bacterial mixed infections in trauma
care.

2. Results and Discussion

2.1. Preparation of PBN and Characterization

The carrier-free nanodrug PBN was prepared using an oil-water
emulsion template method. In this process, the hydrophobic

Adv. Healthcare Mater. 2025, e01845 © 2025 Wiley-VCH GmbHe01845 (2 of 12)

 21922659, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adhm

.202501845 by B
eijing U

niversity of C
hem

istry T
echnology, W

iley O
nline L

ibrary on [23/10/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advhealthmat.de


www.advancedsciencenews.com www.advhealthmat.de

Figure 1. Preparation and characterization of PBN. A) Schematic illustration of preparation process for PBN; B) 1H-NMR analysis of BF, PMB, and PBN;
C) FT-IR spectra of BF, PMB, and PBN; D) Tyndall effect of PBN in aqueous solution with different concentration; E) SEM image of PBN; F) TEM image
of PBN; G) Particle size distribution of PBN by DLS analysis; H) Surface charge of PBN in aqueous solution, N=3; I) Particle size of PBN in aqueous
solution for 7 days, N=3; J) Accumulative release profile of PMB from PBN under different pH buffers (5.5, 6.5, 7.4), N=3.

compound BF (Figure S1, Supporting Information) was dis-
solved in the oil phase, while the hydrophilic antibiotic PMB
was dispersed in the aqueous phase. At the oil-water interface,
BF’s aldehyde groups reacted with PMB’s amino groups via
Schiff-base formation, yielding an amphiphilic conjugate. This
conjugate subsequently self-assembled through hydrophilic-
hydrophilic interactions, resulting in the formation of PBN
nanoparticles (Figure 1A). Proton nuclear magnetic resonance
(1H NMR) spectroscopy of PBN exhibited a characteristic -C═N-
chemical shift between 𝛿 9.23 and 10.00 ppm (Figure 1B). Mean-
while, free -CHO from BF were also detected in PBN due to in-
complete reaction. The mass ratio of PMB to BF in the formula-
tion was determined to be 4:6 (w/w) (Table S1, Supporting Infor-
mation). Fourier-transform infrared (FT-IR) spectroscopy of PBN

revealed a distinctive imine (-C═N) absorption peak at 1640 cm−1

compared to PMB and BF, confirming the successful Schiff-base
formation between BF and PMB (Figure 1C).[22] A concentrated
PBN dispersion in deionized water exhibited an emulsion-like
appearance and displayed a distinct Tyndall effect upon dilution
(Figure 1D), demonstrating the self-assembled nanostructure.
Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) images demonstrated that PBN nanoparticles
possessed a regular, solid spherical morphology with diameters
ranging from 200 to 300 nm (Figure 1E,F). Dynamic light scat-
tering (DLS) measurements corroborated these findings, indicat-
ing a hydrated particle size within the same range (≈300 nm)
and a polydispersity index (PDI) of 0.142 (Figure 1G). Zeta po-
tential analysis revealed a positive surface charge of +17.1 ± 1.1
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Figure 2. Evaluation of in vitro antibacterial activity of PBN on MDR-SA or MDR-PA model. A) MIC assay of PMB, BF, PMB/BF, and PBN co-incubated
with MDR-SA,N=3; B) MBC assay of PMB, BF, PMB/BF, and PBN co-incubated with MDR-SA; C) MIC assay of PMB, BF, PMB/BF, and PBN co-incubated
with MDR-PA, N=3; D) MBC assay of PMB, BF, PMB/BF, and PBN.

mV (Figure 1H), suggesting that PBN could effectively interact
with negatively charged bacterial surfaces through electrostatic
attraction.[23,24] PBN exhibited notable stability in phosphate-
buffered saline (PBS) at pH 7.4 over a seven-day period, main-
taining an average particle size of ≈ 300 nm without observable
precipitation or aggregation (Figure 1I). Cumulative drug release
exhibits that only less 20% of PMB was released from PBN over
48 h under pH 7.4 and 6.5 conditions, confirming the stable self-
assemble structure of PBN. However, under more acidic condi-
tions (pH 5.5), 57.4% of PMB was released within 12 h with cu-
mulative release reaching 69.5% at 48 h (Figure 1J), as measured
and calculated according to the standard curve (Figure S2, Sup-
porting Information). This pH-responsive release behavior is at-
tributed to the acid-sensitive nature of the Schiff-base linkage,
which undergoes hydrolysis in acidic environments.[25] These
unique advantages suggest that PBN can effectively release its
therapeutic payloads in the acidic microenvironment of infected

tissues, thereby minimizing premature drug leakage and reduc-
ing potential systemic toxicity.

2.2. Antibacterial Performance of PBN against MDR-SA and
MDR-PA

As the BF and PMB components of PBN are sensitive to G-

and G+ bacteria respectively, MDR-SA and MDR-PA were used
as models to assess the antibacterial efficacy of PBN against
mixed infections. As shown in Figure 2A, the minimum in-
hibitory concentration (MIC) for MDR-SA was determined to be
8 μg mL−1 for BF, 128 μg mL−1 for PMB, and 16 μg mL−1 for
the physical mixture of PMB and BF (PMB/BF, consisting of
6.4 μg mL−1 BF and 9.6 μg mL−1 PMB). It is evident that BF is
more effective against MDR-SA compared to PMB. Notably, the
MIC of PBN against MDR-SA was reduced to 4 μg mL−1, rep-
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Figure 3. In vitro evaluation of antibacterial activity of PBN under the co-mixture model of MDR-SA and MDR-PA. A) MIC assay of PMB, BF, PMB/BF,
and PBN co-incubated with MDR (SA/PA), N=3; B) MBC assay of PMB, BF, PMB/BF, and PBN co-incubated with MDR (SA/PA); C–E) Growth curves of
different concentrations of PMB, BF, PMB/BF, and PBN co-incubated with MDR (SA/PA), N=3.

resenting a 4-fold decrease compared to PMB/BF. These find-
ings suggest that the self-assembled nanostructure contributes
to the antibacterial effect with BF as the primary contributor.
The minimum bactericidal concentration (MBC) against MDR-
SA (Figure 2B) was >128 μg mL−1 for PMB, 32 μg mL−1 for BF,
32 μg mL−1 for PMB/BF, and 8 μg mL−1 for PBN. This indi-
cates a fourfold reduction in the MBC of PBN compared to free
BF alone. These results indicate that the carrier-free nanodrug
PBN not only preserves the antibacterial activity of BF against
MDR-SA but also effectively reduces the required drug dosage,
potentially mitigating adverse effects associated with high-dose
administration.[26]

In contrast, the MIC for PMB, BF, PMB/BF, and PBN for
G- MDR-PA was about 4, >128, 8, and 4 μg mL−1, respectively
(Figure 2C). Notably, the antibacterial activity of PBN is primar-
ily attributed to the PMB component. More importantly, PBN
showed a lower MIC value (4 μg mL−1) compared to PMB/BF
(8 μg mL−1), which is agreement with the results on G+ MDR-
SA. Additionally, the MBC of PBN (8 μg mL−1) was 8-fold lower
than that of PMB/BF (64 μg mL−1) (Figure 2D). These findings
confirm that the nanoparticle formulation effectively reduces the
required antibacterial dosage of PMB against MDR-PA. Collec-
tively, the results demonstrate that PBN retains the efficacy of
BF against G+ bacteria and that of PMB against G- bacteria re-
gardless of the Schiff-base reaction. Notably, the self-assembled
nanostructure of PBN further enhance the antibacterial per-
formance of PMB and BF to G- and G+ bacteria respectively,
suggesting potential advantages for treating bacterial mixed
infections.

2.3. In Vitro Antibacterial Activity for Bacterial Mixed Infections

In an effort to evaluate the efficacy of PBN in eradicating bac-
terial mixed infections, a model comprising equal volumes of
MDR-SA and MDR-PA was employed. The MIC assay results
(Figure 3A) demonstrated that both PMB/BF and PBN exhib-
ited significantly greater antibacterial activity compared to PMB
or BF alone. The MIC for MDR(SA/PA) of PMB/BF and PBN
was ≈ 16 and 4 μg mL−1, respectively. PBN exhibited a 4-fold
decrease in MIC relative to the PMB/BF, suggesting the ad-
vantages of PBN for effectively inhibiting the growth of both
G+/G- bacterial strains at lower concentrations. Furthermore,
the MBC measurements underscored the enhanced bactericidal
performance of PBN in eliminating the mixed bacterial popula-
tion compared to PMB, BF, and PMB/BF (Figure 3B). Specif-
ically, PBN eradicated all mixed bacteria at a concentration of
10 μg mL−1, representing a 2-fold improvement in bacterici-
dal activity compared to the PMB/BF combination (20 μg mL−1

for similar efficacy). Conversely, although PMB and BF alone
demonstrated significant inhibitory effects against single bac-
terial strains (Figure 2A,C), they showed no substantial bac-
tericidal activity against the mixed MDR (SA/PA) population.
Growth curve analyses of the mixed MDR(SA/PA) provided a
more intuitive depiction of the antibacterial effects across differ-
ent treatment groups (Figure 3C–E). At a high concentration of
16 μg mL−1 PBN (equivalent to 6.4 μg mL−1 BF and 9.6 μg mL−1

PMB), both PMB/BF and PBN groups demonstrated completely
inhibited bacterial growth, whereas bacterial proliferation per-
sisted in the PMB and BF groups (Figure 3C). When the PBN
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Figure 4. Antibacterial mechanism study of PBN. A) Colony counts after co-incubation of PBN with bacteria under the influence of CCCP in TSB en-
vironment, N=3; B) Colony counts after co-incubation of PBN with bacteria under the influence of CCCP in NaCl environment, N=3; C) Changes in
bacterial surface charge after co-incubation of different concentrations of PBN with MDR-SA, N=3; D) SEM images of bacteria after 6 h of incubation
with different drugs; E) Different drug treatments protein leakage rate of bacteria, N=3; F) Changes in membrane permeability after co-incubation of
MDR-SA with different drugs, N=3; G) Depolarization of bacterial membrane after treatment with different drug groups, N=3.

concentration was reduced to 8 or 4 μg mL−1, only PBN main-
tained a pronounced antibacterial effect, while PMB/BF failed to
inhibit the growth of MDR(SA/PA) (Figure 3D,E). Notably, the
inhibitory concentration of PBN for MDR(SA/PA) is consistent
with the MIC values for MDR-SA andMDR-PA individually. Col-
lectively, these results suggest that PBN not only exhibits effi-
cient antibacterial efficacy against bacterial mixed infections, but
also reduces the required drug dosage compared with physically
mixed administration. This robust antibacterial activity positions
PBN as a promising therapeutic candidate for the treatment of
clinical bacterial mixed infections.

2.4. Antibacterial Mechanism of PBN

MDR-SA and MDR-PA depend on PMF across their cytoplas-
mic membranes for ATP production. Disruption of PMF impairs
ATP synthesis, thereby reducing the active transport of drugs and

diminishing their bactericidal efficacy. For instance, preincuba-
tion of bacteria with carbonyl cyanide m-chlorophenylhydrazone
(CCCP), a protonophore that dissipates PMF, has been shown to
inhibit the uptake of aminoglycosides, resulting to increased bac-
terial survival.[27] We preincubated MDR-SA and MDR-PA with
CCCP prior to exposure to PBN. The results indicated that CCCP
pretreatment led to a significant increase in bacterial colony
counts compared to untreated controls in a TSBnutrient environ-
ment (Figure 4A), suggesting that inhibition of PMF reduced the
active uptake of PBN and attenuated its antibacterial activity. In
contrast, under saline conditions, CCCP did not significantly af-
fect the bactericidal efficacy of PBN, highlighting the role of PMF
in mediating PBN’s effects (Figure 4B). Therefore, we hypothe-
size that PBN, upon entering bacterial cells via active transport
mechanisms facilitated by PMF, exerts its antibacterial effects by
disrupting normal metabolic processes.
As the surface membrane potential is closely related to the

structural integrity of bacterial membrane,[28] the changes in
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membrane potential of MDR-SA and MDR-PA during various
treatments weremeasured. As shown in Figure 4C and Figure S3
(Supporting Information), PBN treatment significantly increased
the membrane potential of both MDR-SA and MDR-PA com-
pared to untreated ones due to the positive surface charge of PBN
(+17.1mV).Moreover, this effect intensified with increasing con-
centrations of co-incubated PBN. Cationic interactions with an-
ionic sites on bacterial surfaces have been documented to disrupt
bacterial physiological states.[29] The positive charge on PBN’s
surface enhances its adsorption onto bacterial membranes, fa-
cilitating potent bactericidal activity. The morphological changes
of bacteria after different drug treatments were explored by scan-
ning electron microscopy (Figure 4D). SEM images of MDR-SA
subjected to various treatments revealed that cells treated with
PBS and PMBmaintained intact membranes with clear textures.
In contrast, treatments with BF, PMB/BF, and PBN induced obvi-
ousmembrane damage forMDR-SA. Similarly, obvious wrinkled
and damaged membranes of MDR-PA were detected in PMB,
PMB/BF, and PBN treatment groups compared to bacteria in
the control group. This is consistent with the previous reports.
The aminoglycoside antibiotic PMB exerts its bactericidal effects
by disrupting the integrity of the bacterial cell membrane.[30,31]

It achieves this by binding to lipid A components of the
outer membrane of G- bacteria through electrostatic interac-
tions, leading to membrane destabilization and subsequent leak-
age of cellular contents by the proton motive force (PMF)
process.[32,33]

Damage to bacterial membrane integrity triggers the leakage
of intracellular protein intomedium.[34,35] As shown in Figure 4E,
quantification of protein leakage in MDR-SA and MDR-PA post-
treatment showed that significantly higher protein leakage in the
PBN group was detected compared to the control group, which
corroborating the SEM findings. More importantly, PBN group
exhibited higher protein level than PMB/BF group, demonstrat-
ing the enhanced antibacterial activity contributed by nanos-
tructure of PBN. Additionally, o-nitrophenyl-𝛽-galactopyranoside
(ONPG) assays indicated increased membrane permeability in
both the PMB/BF and PBN groups, with PBN showing a more
pronounced effect (Figure 4F). DiOC2(3), a membrane potential-
sensitive probe, was employed to further investigate the mem-
brane polarization. As shown in Figure 4G, PBN treatment sig-
nificantly disrupted the cell membrane potential of both MDR-
SA and MDR-PA, leading to depolarization. The effects were
more pronounced for PBN compared with PMB/BF, which is
align with MIC and MBC data. These results reveal that PBN ef-
ficiently retains antibacterial efficacy of PMB and BF against bac-
teria while reducing the required administrated dosage. Collec-
tively, these findings demonstrate that PBN’smechanism against
bacteria involves electrostatic adsorption to the bacterial surface,
resulting in substantial cell wall and membrane disruption, pro-
motion of intracellular content leakage, and subsequent bacterial
death.

2.5. Therapeutic Efficacy for Mixed-Bacteria Wound Infection
Model

A murine skin wound infection model was employed to further
investigate the efficacy of PBN in eradicating bacterial mixed in-

fections (Figure 5A). Specifically, MDR-SA and MDR-PA were
combined in a 1:1 ratio and introduced into murine skin wounds
for 24 h, followed by in situ treatment administration (PBS, PMB,
BF, PMB/BF, and PBN). Photographic documentation of the
wounds was conducted on days 0, 1, 3, 5, 7, 9, and 11 across the
various treatment groups (Figure 5B). At 24 h post-infection, ex-
tensive ulceration of the wounds was observed, confirming the
successful establishment of the bacterial mixed infection model.
After 11 days of treatment, wounds in the PBN group exhibited
near-complete healing, whereas other groups displayed residual
scabbing. The temporal progression of wound healingwas visual-
ized through simulation graphs depicting wound area reduction
over time (Figure 5C). The PBN group demonstrated the most
rapidwound closure, the smallest residual wound area, and accel-
erated weight gain during the recovery period (Figure 5F,G), indi-
cating improved overall health and reduced systemic inflamma-
tion in these mice. To quantitatively assess the antibacterial activ-
ity of PBN, wound tissues from each groupwere collected after 11
days of treatment, homogenized, and the bacterial load was eval-
uated using the agar plate dilutionmethod (Figure 5D,E). Results
indicated that monotherapy groups achieved partial bacterial re-
duction, while the PMB/BF combination and PBN groups exhib-
itedmore substantial bacterial clearance, with the PBN group dis-
playing the lowest bacterial burden, significantly outperforming
other treatment groups. These findings substantiate that PBN ef-
fectively combats mixed bacterial wound infections in vivo and
facilitates wound healing.
Histological analyses were performed to further assess tissue

recovery using hematoxylin and eosin (H&E) staining and Mas-
son’s trichrome staining (Figure 5H). H&E staining revealed ep-
ithelial regeneration and epidermal thickening in the PBS, PMB,
and BF groups, whereas the PMB/BF and PBN groups exhib-
ited more advanced recovery, including regeneration of hair fol-
licles, dermis, and other skin structures. Masson’s trichrome
staining assessed collagen fiber formation during the healing
process,[36] demonstrating collagen deposition across all groups,
with the PBN group exhibiting the most abundant collagen syn-
thesis, significantly exceeding that of the control and other treat-
ment groups. Additionally, the efficacy of anti-infection treat-
ments was evaluated by measuring serum cytokine levels (IL-6,
TNF-𝛼, and IL-1𝛽) (Figure S4, Supporting Information). The PBS
group showed elevated inflammatory cytokine infiltration com-
pared to those of normal mice, which was moderately alleviated
in monotherapy and PMB/BF groups. Notably, the PBN group
displayed cytokine levels comparable to normal mice, indicating
effective resolution of systemic bacterial infection. Collectively,
these results demonstrate that PBN possesses robust bactericidal
activity, effectively promotes wound healing, and holds promise
for treating mixed-bacterial wound infections.

2.6. Biosafety Measurement

Ensuring the biosafety of nanomedicines intended for in vivo
therapeutic applications is paramount for their clinical transla-
tion. The in vivo biocompatibility and biosafety of PBN were as-
sessed through cytotoxicity and hemolysis assays (Figure 6A,B).
Free PMB and BF showed significant in vitro cytotoxicity toward
Raw264.7 and L929 cells at a co-incubation concentration of ≈
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Figure 5. In vivo study of PBN for the treatment of bacterial mixed infections. A) Schematic diagram of modeling and treatment of mixed bacterial
infection; B) Photographs of wounds of infected mice in each treatment group over time; C) Schematic of simulated infected skin wounds in each
treatment group; D) Images of residual bacterial smears on the wounds of each treatment group on day 11; E) Count of residual bacteria (MDR(SA/PA))
on the trauma surface of each treatment group on day 11, N=3; F) Change curves of trauma area of mice in each treatment group, N=3; G) Change
curve of mouse body weight in each treatment group, N=3; H) H&E staining and Masson staining images of skin tissues in each treatment group on
day 11.

128 μg mL−1 (Figure S5, Supporting Information). However, the
results of PBN demonstrated that the viability of both L929 and
Raw264.7 cells remained above 80% even at high PBN concen-
trations up to 128 μg mL−1 (MIC of PBN is only 4 μg mL−1),
which greatly guarantee the biosafety requirement. Furthermore,
the hemolysis rate remained substantially below 5% even at con-
centrations as high as 256 μg mL−1, indicating negligible ery-
throcyte lysis (Figure 6B). These findings suggest that PBN ex-
hibits favorable hemocompatibility, a critical factor for blood-

contacting biomaterials. In addition, organ toxicity was evaluated
via H&E staining of major organs (heart, liver, spleen, lung, and
kidney) from treated mice. Histological analyses revealed no sig-
nificant morphological abnormalities or damage in any of the
examined organs across all treatment groups (Figure 6C). Both
in vitro and in vivo biosafety evaluations substantiate that PBN
possesses commendable biocompatibility and negligible toxic-
ity, rendering it a promising candidate for in vivo anti-infective
therapy.

Adv. Healthcare Mater. 2025, e01845 © 2025 Wiley-VCH GmbHe01845 (8 of 12)
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Figure 6. Biosafety evaluation of PBN. A) Relative cell viability of Raw264.7 and L929 cells after 24 h of treatment with different concentrations of PBN,
N=3; B) Hemolysis of erythrocytes induced by different concentrations of PBN, N=3; C) H&E staining images of major organs of mice heart, liver,
spleen, lung, and kidney in each treatment group.

3. Conclusion

In summary, a pH-responsive, carrier-free nanodrug PBN was
developed through the self-assembly of two pharmacologically
active agents (PMB and BF) to simultaneously eliminate bacte-
rial mixed infection synchronously and accelerate wound heal-
ing. The nanostructured PBN adsorbs onto bacterial surfaces via
electrostatic interactions, increasing the local concentration of
the therapeutic agents. Then, Once triggered by the acidic mi-
croenvironment at the infection site, PBN specifically releases
PMB and BF through the cleavage of Schiff-base bonds, targeting
and killing MDR-PA and MDR-SA, respectively. The therapeutic
mechanism against bacteria involves disruption of the cell wall
and membrane, promotion of intracellular protein leakage, and
subsequent bacterial death. Compared to dual-drug administra-

tion of PMB/BF, PBN demonstrates higher efficacy against bac-
terial mixed infections due to its self-assembled nanostructure.
Furthermore, both in vitro and in vivo evaluations confirm the
outstanding capacity of PBN to eradicate bacterial mixed infec-
tions and promote wound healing. Considering its biocompati-
bility, this carrier-free self-assembly strategy based on two antibi-
otics offers an innovative approach for treating bacterial mixed
infections in trauma care.

4. Experimental Section
Materials: Polymyxin B (PMB, purity ≥99%) and 4-formylbenzoic

acid (p-formylbenzoic acid, purity ≥97%) were purchased from Adamas
Biochemical (Shanghai, China). Borneol was purchased from Ab-
mole BioScience (Shanghai, China). Dicyclohexylcarbodiimide (DCC,

Adv. Healthcare Mater. 2025, e01845 © 2025 Wiley-VCH GmbHe01845 (9 of 12)
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>98%) was purchased from Bioruler Biotechnology (Beijing, China). 4-
dimethylaminopyridine (DMAP, HPLC grade, ≥99.5% purity) was pur-
chased from MedChemExpress (Princeton, NJ, USA). The mouse fibrob-
last cell line L929 and mouse monocyte macrophage cell line RAW 264.7
were obtained from the Cell Resource Center of the Chinese Academy
of Sciences (Beijing, China). Tryptic Soy Broth (TSB) and Tryptic Soy
Agar (TSA) were purchased from Sinopharm Chemical Reagent (Shang-
hai, China). Triton X-100 surfactant and BCA protein quantification kit
and carbonyl cyanide 3-chlorophenylhydrazone (CCCP) were purchased
from Solarbio Life Sciences (Beijing, China). The experimental strains
including methicillin-resistant Staphylococcus aureus (MDR-SA, CMCC
26003) were provided by the China Industrial Microbial Strain Collection
and Management Center (CICC), and multidrug-resistant Pseudomonas
aeruginosa (MDR-PA, clinical isolate PA2019) was gifted by the Clini-
cal Microbiology Laboratory of the Sino-Japanese Friendship Hospital
(CJFH), Beijing, China. 3,3’-diethyloxacarbocyanine iodide, 2-Nitrophenyl-
𝛽-D-galactopyranoside, and absolute ethanol were purchased from J&K
Scientific (Beijing, China).

The Preparation of BF: Bornyl p-aldehyde benzoate (BF) was syn-
thesized by esterification of ((1S)-endo)-(-)-borneol with p-formylbenzoic
acid as follows: p-formylbenzoic acid (1.45 g, 9.658 mmol), 4-
dimethylaminopyridine (0.15 g, 1.228 mmol), dicyclohexyl carbodiimide
(2.60 g, 12.601 mmol), and ((1S)-endo)-(-)-borneol (1.00 g, 6.483 mmol)
were added into a round-bottom flask, followed by the addition of 30 mL
of anhydrous tetrahydrofuran. The reaction was kept overnight under an-
hydrous dry ambient conditions. The reaction product was then collected
via three times filtration operations, during which it was treated with 1 mL
of 50% acetic acid solution and 120 mL of ice petroleum ether. The crude
product was purified by silica gel column chromatography (ethyl acetate:
petroleum ether = 1:10, v/v). The chromatographic solution was dried to
obtain the target product BF. The molecular structure of BF was analyzed
and identified by 1H-NMR (AVANCE III, Bruker).

The Synthesis of Carrier-Free Self-Assembly Nanodrug (PBN): 24.4 μmol
BF was weighed in a glass vial. Then, 1 mL of dichloromethane (CH2Cl2)
and 3.4 mL deionized water was added to form an oil-water mixed so-
lution. The mixed solution was stirred continuously for 4 h at a stirring
speed of 1600 rpm under 37 °C. 15.3 μmol PMB was dissolved in 1.6 mL
deionized water, and then slowly added dropwise to BF emulsion, and the
reaction was continued for 2 h. After that, 100 μL of a 3% aqueous solution
of triethylamine was added to the reaction solution, and the stirring was
continued for 2 h. The precipitated product was collected and dissolved in
1mL anhydrous ethanol and dialysis (3500Da) in 5mL deionized water for
48 h. After dialysis, the solution was freeze-dried to obtain PBN product.

Characterization: The size distribution and surface charge of PBN
were determined using a dynamic light scattering (DLS, ZetaSizer Nano
ZS90, Malvern Instruments). The PBN solution obtained by dialysis was
diluted 10-fold with deionized water, and its particle size distribution and
surface potential were measured by DLS. The surface morphology and
structure of PBN were observed by scanning electron microscopy (SEM-
7800, Hitachi) and transmission electron microscopy (TEM-7650B, Hi-
tachi). Specifically, the PBN solution obtained by dialysis was dropped
onto a conductive adhesive and a copper grid, and then dried. Subse-
quently, the magnification of SEM was 10,000x, and that of TEM was
40,000x. The surface chemistry reaction was measured by Fourier Trans-
form infrared spectroscopy (FTIR, TENSOR 27). Specifically, the PBN pow-
der obtained by dialysis and lyophilization was co-ground with KBr. After
pressing into tablets, the sample was tested by FTIR.

Loading Efficiency (LE) and Encapsulation Efficiency (EE): The drug
loading of PBN was determined by UV–vis spectrophotometer (UV-2450,
Shanghai Yuananalytical Instrument Co., Ltd.). 2.4 mg of PMB was accu-
rately weighed and dissolved in 2 mL of PBS with different pH values (3.0,
5.5, 6.5, and 7.4). A series of PMB standard solutions were obtained by
gradient dilution of the above PMB standard solutions. The absorbance
values of different concentrations of PMB standard solutions were mea-
sured at 206 nm, and the standard curve of PMB was plotted with the
concentration as the horizontal coordinate and the absorbance value as
the vertical coordinate. Subsequently, the PBN was placed in pH 3.0 PBS
solution to destroy the structure completely, and the absorbance value of

the solution was measured at 206 nm, and then the content of polymyxin
B in the PBN was calculated according to the standard curve of PMB, and
then the loading and encapsulation efficiency of the PBN were calculated
according to the following formulas:

LE (%)=m(PMB in PBN)∕m (PBN) × 100% (1)

where m(PBN) denotes the total mass of PBN particles and m(PMB in
PBN) denotes the mass of PMB in PBN.

EE (%)=m(PMB in PBN)∕m (PMB) × 100 (2)

where m(PBN in PBN) denotes the mass of PMB in PBN, and m(PMB)
denotes the total mass of PMB added in the synthesis process.

pH-Responsive Releasing Curve of Drugs: PBS with different pH values
(5.5, 6.5, and 7.4, respectively) was used as the buffer medium to simulate
the normal tissue environment and the acidic microenvironment of bacte-
rial infection. The PBNwas placed in a dialysis bag with amolecular weight
cut-off of 3500 Da, which was then placed in a centrifuge tube with buffer
medium and shaken gently at 37°C. At a predetermined fixed time point, 1
mL of extradialysis fluid was removed from the centrifuge tube and imme-
diately replenished with the same volume of fresh PBS buffer solution. The
absorbance of the withdrawn extradialysis solution was measured by ul-
traviolet spectrophotometer, and the absorbance was converted into drug
concentration according to the standard curve previously established, so
as to plot the drug release curve of PMB/BF in different simulated envi-
ronments.

The Measurement of MIC and MBC: Multi-drug-resistant S. aureus
(MDR-SA) and P. aeruginosa (MDR-PA) were selected asmodel pathogens
for in vitro antibacterial evaluation. Single colonies of each strain were
aseptically transferred into Tryptone Soy Broth (TSB) and incubated under
standardized conditions (37°C, 180 rpm) for 8 h to achieve logarithmic-
phase bacterial suspensions (1 × 106 CFU mL−1).

The antibacterial efficacy of the synthesized nanodrug (PBN) was quan-
tified via determination of the Minimum Inhibitory Concentration (MIC).
Four experimental groups were established: 1) PMB monotherapy, 2) BF
monotherapy, 3) a physical mixture of PMB and BF (PMB/BF), and 4)
the PBN complex. The PMB/BF group was formulated to maintain sto-
ichiometric equivalence to the PBN composition (physical mixing). Se-
rial dilutions of each treatment were prepared, and 100 μL aliquots of di-
luted agents were co-incubated with 100 μL bacterial suspensions (1 ×
106 CFU mL−1) in 96-well plates (Nest, Jiangsu, China) for 24 h at 37°C.
Bacterial growth inhibition was assessed via microplate reader (OD6nnnm,
PerkinEImer, USA), with the MIC defined as the lowest drug concentration
yielding ≥90% growth suppression relative to untreated controls (N = 3).

Minimum Bactericidal Concentration (MBC) determination was per-
formed using a colony enumeration protocol. Post-incubation bacterial
suspensions from MIC assays were serially diluted, and 100 μL aliquots
were plated onto Tryptone Soy Agar (TSA). Plates were incubated at 37°C
for 24 h, after which viable colonies were enumerated. The MBC was de-
fined as the lowest drug concentration resulting in ≤5 CFU per plate, cor-
responding to ≥99.9% bactericidal activity (N = 3).

Influence by CCCP Co-Incubation: To investigate energy-dependent an-
tibacterial mechanisms, bacterial suspensions were pre-incubated with
the protonophore inhibitor carbonyl cyanide m-chlorophenylhydrazone
(CCCP; 2 μg mL−1) for 10 min to dissipate transmembrane proton gra-
dients. Post-treatment, samples were subjected to centrifugation (8,000
× g, 3 min; 7500 rpm equivalent) for cellular pelleting, followed by su-
pernatant removal. Pelleted biomass was resuspended in sterile TSB or
isotonic saline (0.9% NaCl) to generate CCCP-treated experimental co-
horts and untreated controls. For comparative antibacterial assessment,
equimolar concentrations of the nanotherapeutic PBN were introduced to
both CCCP-compromised and untreated bacterial suspensions. Reaction
systems were maintained at 37°C under orbital agitation (200 rpm) for 8
h to simulate physiological conditions. Post-incubation, bacterial viability
was quantified via a standardized serial dilution protocol. Briefly, cultures
were serially diluted in sterile PBS, and 100 μL aliquots were plated onto
TSA using a quantitative spread-plate technique. Plates were aerobically in-
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cubated at 37°C for 24 h, after which CFU were enumerated. Bactericidal
efficacy was calculated as log1n reduction in CFU/mL relative to untreated
controls (N = 3).

Measurement of Bacterial Surface Charge: The PBN solution was
mixed with the bacterial suspension (bacterial concentration of 1 × 109

CFU mL−1) and co-cultivated for 2 h (37°C, 200 rpm). Then, the mixture
containing bacteria was transferred to a centrifuge tube and centrifuged
at 7500 rpm for 3 min. The supernatant was discarded, and the precipi-
tated bacteria were resuspended in deionized water, after which the sur-
face charge of the bacteria was measured by DLS.

Bacterial Morphology Detection: PMB, BF, PMB/BF, and PBN drugs
were co-cultured with bacterial suspension (1×109 CFU mL−1) for 6 h.
After the incubation, the mixture containing bacteria was transferred to a
centrifuge tube and centrifuged at 7500 rpm for 3 min to precipitate the
bacteria. After the supernatant was discarded, 2.5% glutaraldehyde so-
lution was added to the precipitated bacteria to immobilize the bacteria
for 2 h. After fixation, the samples were dehydrated with different concen-
trations of ethanol solution (30%, 50%, 60%, 70%, 80%, 90%, 100%) in
a gradient, and then the morphology of the bacteria was observed and
recorded by scanning electron microscope (SEM), in order to analyze the
effects of different drug treatments on the morphology and structure of
the bacteria.[37]

Protein Leakage Measurement: The PMB, BF, PMB/BF, and PBN drugs
were incubated with the bacterial suspension (1×109 CFU mL−1) for 6 h.
After incubation, 20 μL aliquots were aseptically collected from each treat-
ment group and combined with 200 μL of bicinchoninic acid (BCA) protein
assay working solution. Reaction mixtures were incubated at 37°C for 1 h
to facilitate chromogenic development. Absorbance measurements were
performed spectrophotometrically at 562 nm. Protein concentrations were
interpolated from a pre-established bovine serum albumin (BSA) standard
curve (R2 ≥ 0.995), enabling quantitative determination of cytoplasmic
protein release.[38] The positive control, representing maximal protein lib-
eration via complete membrane disruption, and the negative control, re-
flecting baseline autolytic activity, served as critical reference points for
normalizing experimental data (N = 3).

Membrane Polarization Assay: Bacterial suspensions (1 × 109

CFU mL−1) were co-incubated with PMB, BF, PMB/BF, and PBN for 4 h at
37°C under aerobic conditions. Post-incubation, 100 μL aliquots of each
treatment group were combined with 10 μL of 3,3′-diethyloxacarbocyanine
iodide (DiOC2(3), 30 μm) and incubated in light-protected conditions
at ambient temperature (25°C) for 15–20 min to facilitate dye internal-
ization and membrane potential-dependent staining.[39] Fluorescence
quantification was performed using a fluorescence microplate reader
(PerkinEImer, USA) calibrated for the cyanine dye spectrum, with excita-
tion and emission wavelengths set to 482 and 497 nm, respectively. Signal
intensities were normalized to untreated bacterial controls to account for
background fluorescence (N = 3).

Membrane Permeability Assay: The drugs in each group of PMB, BF,
PMB/BF, and PBN were co-cultured with bacterial suspension (1 × 109

CFU mL−1) at 37°C and 180 rpm for 1 h. Bacteria were centrifuged (7500
rpm, 3 min) and re-suspended in 2-nitrophenyl-𝛽-D-galactopyranoside so-
lution (0.015 g mL−1) for 3 h. After that, the bacterial were centrifuged
(7500 After that, the bacteria were centrifuged (7500 rpm, 3 min) and the
supernatant was aspirated to determine the OD value at 420 nm.[40]

Bacterial Growth Kinetics Analysis: Bacterial growth dynamics were ob-
served by determining the bacterial growth curves. Different concentra-
tions of PMB, BF, PMB/BF, PBN dilutions were co-cultured with the mixed
bacterial suspensions, and the samples were continuously sampled at in-
tervals of 1 h. After each sample was taken, the absorbance at OD600 was
determined to plot the growth curve of the mixed bacteria, and the cor-
responding concentrations of PMB, BF, and PMB/BF were formulated to
mirror the stoichiometric composition of PBN (N = 3).

Establishment and Therapeutic Evaluation of a Mixed-Bacteria Wound In-
fection Model In Mice: Female BALB/c mice (18–20 g; 7–8 weeks old)
were procured from Beijing Viton Lihua Laboratory Animal Science and
Technology Co. The experimental protocol received approval from the SPF
Animal Section of China-Japan Friendship Hospital (approval number:
035389). A mixed bacterial suspension was prepared by combining MDR-

SA and MDR-PA at a concentration of 1 × 109 CFU mL−1 in a 1:1 vol-
ume ratio. The mice were randomly divided into 5 groups (N = 3). Fol-
lowing anesthesia and hair removal from the dorsal region, a circular full-
thickness skin wound (1 cm diameter) was created using a circular per-
forator. Subsequently, 50 μL of the MDR(PA/SA) suspension was applied
to the wound, which was then covered with a sterile transparent dressing
to facilitate a 24-h bacterial infection period, thereby establishing a mixed
bacterial infection model. Daily treatments were administered via in situ
injection of PBS, PMB, BF, PMB/BF, and PBN. Throughout the treatment
period, mice were monitored daily for body weight, and wound progres-
sion was documented through observation and photography. Upon com-
pletion of the treatment regimen, blood samples were collected for serum
inflammatory factor analysis. Skin tissues underwent hematoxylin-eosin
(H&E) and Masson staining, and were homogenized to quantify residual
bacterial counts in the wounds. Additionally, major organs—including the
heart, liver, spleen, lungs, and kidneys—were subjected to H&E staining
to assess biosafety (N = 3).

In Vitro Cytotoxicity Assay: The cytotoxicity of the compounds was
evaluated using the MTT assay on RAW264.7 macrophages and L929
fibroblasts.[41] Cells were seeded into 96-well plates at a density of 8×103
cells per well and incubated overnight to allow for adherence. Subse-
quently, cells were treated with varying concentrations of the test com-
pounds (final concentrations: 1, 2, 3, 4, 8, 16, 32, 64, and 128 μg mL−1) for
24 h. Following treatment, 10 μL of MTT solution was added to each well,
and the plates were incubated for an additional 4 h under light-protected
conditions. After incubation, 100 μL of 10% SDS solution was added to
each well to solubilize the formazan crystals formed. The absorbance at
570 nm was then measured using a microplate reader to determine the
relative cell viability. This protocol aligns with standard MTT assay pro-
cedures, which measure the reduction of MTT to insoluble formazan by
mitochondrial dehydrogenases in living cells, serving as an indicator of
cell viability (N = 3).

Hemolysis Assay: The hemolysis assay was conducted using fresh
mouse blood. Initially, 1 mL of anticoagulated whole blood was diluted
with 2 mL PBS and centrifuged at 500 g for 10 min. The supernatant was
discarded, and the erythrocytes were washed three times with PBS to re-
move plasma and leukocytes, ensuring a standardized erythrocyte suspen-
sion. The final erythrocyte suspension was adjusted to a total volume of
10 mL with PBS. For the hemolysis assay, 0.8 mL of each drug formula-
tion was incubated with 0.2 mL of the prepared erythrocyte suspension
at 37°C with gentle agitation at 30 rpm for 3 h. Following incubation, the
mixtures were centrifuged at 10,000 g for 5 min to pellet intact erythro-
cytes. A 100 μL aliquot of the resulting supernatant from each sample was
transferred to a 96-well plate, and the absorbance was measured at 540
nm using a microplate reader to quantify the extent of hemolysis. Deion-
ized water served as the positive control, representing 100% hemolysis,
while PBS was used as the negative control, indicating 0% hemolysis. The
percentage of hemolysis induced by each drug formulation was calculated
relative to these controls.

Hemolysis rate was calculated as follows:

Hemolysis Rate (%)=Abs(drug)−Abs(PBS)∕Abs (DIwater) − Abs (PBS) × 100%

(3)

where Abs(drug) is the OD value after co-incubation of different concen-
trations of drug and erythrocyte suspension; Abs(PBS) is the OD value
after co-incubation of PBS and erythrocyte suspension; DI water is the OD
value after co-incubation of DI water and erythrocyte suspension.

Data Statistical Analysis: Statistical analysis was performed in Graph-
Pad Prism (GraphPad Software, USA). Quantitative data were expressed
as mean± standard deviation (SD). Statistically significant differences (p)
were analyzed by Student’s t-test or one-way ANOVAwith a Tukey test. ****

p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05, ns p > 0.05.
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