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Methicillin-resistant Staphylococcus aureus (MRSA) is a major pathogen responsible for serious 
infections in humans. The overuse of antibiotics has led to the evolution of resistance genes in bacteria. 
This study aimed to develop a pH-responsive micelle, loaded with therapy drugs and modified with 
antimicrobial peptides, to treat drug-resistant bacterial infections at varying depths. pH-responsive 
micelles containing azithromycin and curcumin, modified with Magainin II, were prepared using the 
thin-film dispersion method. The physicochemical properties of the micelles were characterized, and 
their targeting properties and therapeutic effects on bacterial infections were investigated both in 
vivo and in vitro across various depths. The micelles demonstrated excellent targeting of bacterial 
infection sites and released drugs in response to degradation at the disease site. The combination of 
curcumin and azithromycin effectively mitigated bacterial resistance through multiple mechanisms, 
enhancing the antibacterial effect while reducing the required azithromycin dosage and associated 
toxicity. In infection models of varying depths—skin, muscle, and lungs—the micelles exhibited strong 
antibacterial, anti-biofilm, and anti-inflammatory effects with low toxicity. These findings provide a 
promising strategy for addressing drug-resistant bacterial infections.
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Bacterial infections occur when pathogenic or opportunistic bacteria invade the blood circulation, producing 
toxins and other metabolites. They are the second leading cause of death globally, following heart disease, with 
Staphylococcus aureus being a particularly deadly pathogen1–3. Since their discovery in the last century, antibiotics 
have been crucial in preventing and treating bacterial infections4. However, the widespread antibiotic use has 
led to the evolution of bacterial resistance genes. Bacteria accumulate in the slightly acidic microenvironment 
to form biofilms, which play a key role in many persistent and chronic bacterial infections5–7. Drug-resistant 
bacterial infections can occur at different depths in the body8–10, posing a global public health challenge that 
necessitates the urgent development of new antimicrobial agents or effective drug delivery systems.

Antibiotic therapy remains a common approach in the clinical treatment of drug-resistant bacteria11. 
Azithromycin (AZI) is a semi-synthetic macrolide antibiotic with a 15-membered ring structure; this is widely 
used in clinical practice due to its broad-spectrum antibacterial activity12,13. However, treating resistant bacterial 
infections often requires higher doses of AZI, resulting in reduced bioavailability and increased toxicity. To 
address these issues and enhance therapeutic effects while minimizing side effects, we selected another drug to 
use in combination with AZI. Curcumin (Cur), derived from the rhizome of Curcuma longa L., exhibits a wide 
range of pharmacological activities, including anti-inflammatory, anti-infective, and antiviral properties. Its low 
toxicity and minimal side effects14–17 make it an ideal candidate for combination therapy with antibiotics.

However, both AZI and Cur face challenges such as poor water solubility, low bioavailability, and limited 
stability. Among the various emerging drug delivery systems, polymer micelles (Ms) have garnered increasing 
attention for their ability to significantly enhance the solubility of hydrophobic drugs18,19. Poly(2-(diisopropyl 
amino)ethyl methacrylate) (PDPA) is a pH-responsive polymer20,21. When the pH drops below its pKa, PDPA 
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becomes hydrophilic due to the protonation of diisopropyl tertiary amines22,23. This property makes PDPA an 
excellent carrier for locally delivering drugs specifically to the acidic microenvironment of bacterial infections.

In clinical settings, bacterial infections often occur at sites such as the skin, mucous membranes, muscles, 
tissues, and organs8–10. However, the variations in depth, blood vessel density, and blood supply at these sites 
pose challenges to effectively delivering insoluble drugs in micelles. Incorporating targeting ligands on the 
surface of drug carriers can enhance drug delivery efficiency24,25. Magainin, a small antimicrobial peptide found 
in the skin of Xenopus frogs, has demonstrated activity against a wide range of gram-positive and gram-negative 
bacteria. Magainin II (MagII), a member of the Magainin family, is particularly effective. Modifying the micellar 
surface with MagII improves its active targeting capability, enabling more efficient drug delivery to the site of 
bacterial infection sites and enhancing therapeutic outcomes26,27.

In this study, we developed micelles composed of the microenvironment-responsive polymer PDPA and the 
amphiphilic polymer D-α-Tocopherol Polyethylene Glycol 1000 Succinate (TPGS1000). These micelles were used 
to encapsulate AZI and Cur and further functionalized with DSPE-PEG2000-MagII on their surface. Because 
of its ability to recognize and destroy bacteria in numerous host cells, MagII enables micelles to actively target 
bacterial infection sites at various depths after entering the systemic circulation. When the micelles are actively 
targeted to the infection site, the PDPA component responds to the slightly acidic microenvironment, triggering 
the release and accumulation of the therapeutic agents AZI and Cur, thereby enhancing their therapeutic 
effects. This study evaluated the therapeutic efficacy of these environment-responsive targeted micelles against 
infections at different depths. The findings have significant implications for the treatment of drug-resistant 
bacterial infections.

Results
Investigation of synergistic effect
The collaboration index was calculated based on the Bliss independent model28,29. According to the calculation 
formula of the Bliss model, the combined effect is the sum of the individual effects of the two inhibitors on the 
growth rate. We examined the combined effect of AZI and Cur, and the results were shown in Table S1. The 
results showed that the maximum synergy index between 12.5 µM AZI and 25 µM Cur was 0.53.

Characterization of micelles
After confirming the synergistic antibacterial effect of AZI and Cur, we constructed an environmentally 
responsive MagII-modified AZI and Cur micelles (MagII-AZI/Cur-Ms). The morphology of MagII-AZI/Cur-
Ms was observed using TEM, and the result is shown in Fig. 1A. The figure shows that the micelles appeared 
spherical or quasi-spherical with uniform sizes. The encapsulation efficiency (EE) of AZI and Cur among 
MagII-AZI/Cur-Ms was 91.66% ± 0.78% and 83.65% ± 1.43%, respectively. The particle size distribution and 
potential distribution of MagII-AZI/Cur-Ms are shown in Fig.  1B,C. The research results indicate that the 
micelles had a negative Zeta potential. The particle sizes of different formulations were between 20 and 30 nm, 
and the polydispersity index (PDI) values were less than 0.22. The particle size of the MagII-AZI/Cur-Ms was 
36.19 ± 1.46 nm, and the zeta potential was − 1.27 ± 0.15 mV. The particle size and potential of micelles were 
measured at pH 6.5 to investigate the state of targeted micelles in a slightly acidic environment simulating 
bacterial infection. As shown in Fig. 1D,F, the particle size of MagII-AZI/Cur-Ms was 127.38 ± 2.02 nm, the zeta 
potential was − 2.9 ± 0.26 mV, and the PDI values were less than 0.24 at pH 6.5. Figure 1G shows the relationship 
between pyrene’s I373/I384 absorption ratio and micelle mass concentration. It indicated that the critical micelle 
concentration (CMC) value of MagII-AZI/Cur-Ms was 0.0178 mg/mL. Figure 1H,I shows the evaluation results 
of micelle stability. After 0 days, the EE of AZI was about 90%, and the EE of Cur was about 85%. The EE of both 
drugs decreased with the passage of storage time, and the decrease at 4 °C was slower than that at 25 °C. On day 
20, the EE of AZI at 4 °C and 25 °C was 72.01% ± 1.32% and 58.69% ± 1.03%, respectively. The EE of the Cur at 
4 °C and 25 °C was 70.46% ± 0.79% and 54.60% ± 2.24%, respectively.

Colocalization of fluorescently labeled micelles and planktonic bacteria.
Figure  2 shows the qualitative and quantitative analyses of Colocalization of Fluorescently Labeled Micelles 
and Planktonic Bacteria. We used the fluorescent probe Cou to label the micelles and co-localized them 
with planktonic bacteria to evaluate the targeting capability of the micelles. The particle size of Cou-Ms was 
32.71 ± 1.15  nm, PDI was 16.24 ± 6.09%, and Zeta potential was − 2.2 ± 0.62 mV. The particle size of MagII-
Cou-Ms was 36.50 ± 4.08  nm, PDI was 17.59 ± 2.34%, and Zeta potential was − 2.33 ± 0.42 mV. Cou-Ms and 
MagII-Cou-Ms have similar particle sizes to the drug-loaded micelles, both have a negative Zeta potential and a 
relatively narrow PDI (Fig. S1). Figure 2A shows the co-localization of planktonic bacteria with micelles under 
an inverted fluorescence microscope. The fluorescence density was analyzed using Image J, and the results are 
shown in Fig. 2B. Combining the results of these two experiments, we found that the amounts of Coumarin (Cou) 
absorbed by cells in each group were in the order: MagII-modified Cou micelles (MagII-Cou-Ms) > Coumarin 
micelles (Cou-Ms).

Evaluation of antibacterial activity in vitro
First, the minimum inhibitory concentration (MIC) of each formulation was determined by the microbroth 
dilution method. The AZI concentration in AZI micelles (AZI-Ms), AZI plus Cur micelles (AZI/Cur-Ms), and 
MagII-AZI/Cur-Ms groups was 2.5, 1.25, and 0.625 µM when the bacterial fluid in the plate showed a clear state. 
As shown in Supplementary Table S2, the MIC of MagII-AZI/Cur-Ms against MRSA was determined to be 0.625 
µM. Blank micelles had no antibacterial activity, and when both AZI and Cur were encapsulated in the micelles, 
the MIC was lower than that when AZI was encapsulated separately. The growth of bacteria after treatment 
was dynamically monitored, and the time–growth curve of bacteria after administration was plotted. Figure 3A 
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shows the time-growth curves of bacteria under different micelles in the four compound pores. We combine this 
into Fig. 3B. It was observed that the control group entered a stable growth state. In contrast, the AZI-Ms, AZI/
Cur-Ms, and MagII-AZI/Cur-Ms groups showed different degrees of growth inhibition after 4 h. The growth 
rates of bacteria in AZI-Ms, AZI/Cur-Ms, and MagII-AZI/Cur-Ms groups slowed down and were the lowest 
in the MagII-AZI/Cur-Ms group. These results indicated that MagII-AZI/Cur-Ms had a significant inhibitory 
effect on the growth and reproduction of MRSA.

The antibacterial zone size of drug-carrying micelles was tested, and the results are shown in Fig.  3C,D. 
The diameters of the inhibition zones for the AZI-Ms and AZI/Cur-Ms groups were 16.85 ± 0.79  μm and 
18.23 ± 0.62 μm, respectively. The diameter of the antibacterial zone in the MagII-AZI/Cur-Ms group increased 
to 20.89 ± 1.60 μm with the addition of Cur and modification of MagII. The scanning electron microscope (SEM) 
results showed that the morphology of MRSA treated with Blank-Ms was complete, and the body was smooth. 
After treatment with different formulations, the intracellular bacterial content leaked (Fig. 3E), with the MagII-
AZI/Cur-Ms group showing significant morphological changes.

Destructive effect of MagII-AZI/Cur-Ms on biofilms
In this study, the effects of MagII-AZI/Cur-Ms on MRSA biofilms were investigated by crystal violet staining and 
live/dead bacterial staining. Different formulations exhibited inhibitory effects on biofilms, with the MagII-AZI/
Cur-Ms group showing the most obvious inhibitory effect (Fig. 4B). Live/Dead bacterial staining was used to 
stain the cells in the biofilm to further verify this finding. The 3D results of live/dead bacterial staining are shown 
in Fig. 4A. The number of live cells decreased, whereas the number of dead cells increased successively in the 
order of Blank-Ms, AZI-Ms, AZI/Cur-Ms, and MagII-AZI/Cur-Ms groups.

ROS measurement
We treated different groups of planktonic bacteria with 2′,7′-DCFH-DA to further explore the mechanism of 
micellar destruction of bacteria. The MagII-AZI/Cur-Ms group showed the most significant increase in Reactive 

Fig. 1.  Characterization of MagII-AZI/Cur-Ms. (A) TEM image of MagII-AZI/Cur-Ms. Scale bar, 20 nm. (B) 
Particle size distribution map of MagII-AZI/Cur-Ms. (C) Zeta potential distribution map of MagII-AZI/Cur-
Ms. (D) Particle size of different formulation at pH7.4 and pH6.5. (E) Zeta potential of different formulation at 
pH7.4 and pH6.5. (F) PDI of different formulation at pH7.4 and pH6.5. (G) Determination of CMC. (H) EE of 
AZI at different times under 4 °C and 25 °C conditions. (I) EE of Cur at different times under 4 °C and 25 °C 
conditions. Data are presented as mean ± SD (n = 3), P < 0.05.
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oxygen species (ROS) compared with the Blank-Ms and AZI-Ms groups (Fig.  4C). However, there was no 
significant difference in ROS increase between the AZI/Cur-Ms group and the MagII-AZI/Cur-Ms group.

In vivo fluorescence imaging
A noninvasive optical imaging system was used to capture the real-time images of model mice to evaluate 
the targeting of micelles. Since neither AZI nor Cur fluoresces, we chose lipophilic fluorescent dye DiR 
instead of AZI and Cur to investigate the distribution of micelles in animals. The particle size of DiR-Ms was 

Fig. 3.  Evaluation of antibacterial activity in vitro. (A) The time–growth curve of different micelles. (B) 
Summary of time–growth curve. (C) Representative image of bacteriostatic zone. a, for Blank-Ms. b, for 
AZI-Ms. c, for AZI/Cur-Ms. d, for MagII-AZI/Cur-Ms. (D) Quantitative analysis of bacteriostatic zone. a, 
for Blank-Ms. b, for AZI-Ms. c, for AZI/Cur-Ms. d, for MagII-AZI/Cur-Ms. (E) Representative images of 
bacteria by SEM after treatment with different formulations. Data are presented as mean ± SD (n = 3), *P < 0.05. 
**P < 0.01, ****P < 0.005.

 

Fig. 2.  Targeting effects after incubation with varying formulations. (A) Co-localization of planktonic bacteria 
with fluorescently labeled micelles. Scale bar = 50 μm. (B) Quantitative analysis of fluorescence intensity. Scale 
bar, 25 μm. Data are presented as mean ± SD (n = 3), *P < 0.05.
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35.73 ± 4.64 nm, PDI was 17.73 ± 7.85%, and zeta potential was − 2.2 ± 1.44 mV. The particle size of MagII-DiR-
Ms was 38.13 ± 6.63 nm, PDI was 16.36 ± 6.19%, and zeta potential was − 2.07 ± 1.27 mV. MagII-DiR-Ms and 
DiR-Ms have similar particle sizes to those of encapsulated AZI and Cur micelles, both carry a negative Zeta 
potential, and have a relatively narrow PDI (Fig. S2). In vivo imaging of the three different depth models of 
bacterial infection showed that only a small fraction of the free DiR accumulates at the site of bacterial infection. 
The MagII-modified DiR micelles (MagII-DiR-Ms) could accumulate at the infected site for 96 h, and the DiR 
concentration at the infected site was higher than that of the unmodified DiR micelles (DiR-Ms) (Figs. 5 and 
8A and S8).

Evaluation of pharmacodynamics in vivo
The antibacterial effect was investigated in skin infection, muscle infection, and pneumonia models with different 
depths of bacterial infection to further verify the effect of MagII-AZI/Cur-Ms in vivo. First, the therapeutic effect 
of micelles on superficial infection was investigated. Figure  6A shows the representative images of the skin 
infection wound on day 6 of treatment. All mice with skin infections showed some degree of suppuration on 
day 1. The wounds were scabbed after 4 days of suppuration in the saline group, and redness and swelling were 
observed around the scabbed part on day 6. The redness and swelling disappeared, and large scabs appeared in 
the free AZI and Cur (free AZI/Cur) groups. The scab faded and returned to a near-healthy state in the MagII-

Fig. 4.  Inhibition of biofilms. (A) Results of living/dead bacteria staining in biofilm. (B) Results of quantitative 
analysis of crystal violet staining. (C) ROS measurement. Data are presented as mean ± SD, *P < 0.05, **P < 0.01, 
****P < 0.005.

 

Scientific Reports |         (2025) 15:7383 5| https://doi.org/10.1038/s41598-025-92384-z

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


AZI/Cur-Ms group. Figure  6B shows the representative image of mice with muscle infection on day 6 after 
treatment. All mice with muscle infection showed redness and swelling of leg muscles, inability to bend joints, 
and limited movement on day 1. The symptoms of mice in the saline group and free AZI/Cur groups were not 
relieved after treatment. The mice in the AZI/Cur-Ms group experienced mild remission, whereas the muscle 
redness disappeared in the MagII-AZI/Cur-Ms group, and the mouse activity returned to normal. The infected 

Fig. 5.  Real-time imaging observation of mice treated with varying formulations in vivo. (A) Representative 
real-time imaging results of skin infection mice. (B) Representative real-time imaging results of muscle 
infection mice.
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sites of mice with skin and muscle infections were homogenized and cultured on an LB solid medium, as shown 
in Fig. 6C,D. The bacterial growth of skin and muscle infected mouse tissues is shown in Fig. S4A,B. The MagII-
AZI/Cur-Ms group had the lowest number of bacteria in the skin and muscle infected mice (Fig. 6E,F). It showed 
that MagII-AZI/Cur-Ms can effectively treat bacterial infections.

Tissue samples from the infection sites of mice in each model group were collected for HE and Masson 
staining to assess inflammation, necrosis, and inflammatory cell infiltration after treatment (Fig. 7A–D). HE 
staining revealed normal skin morphology and structure in the blank group, with no significant inflammatory 
reactions in epithelial cells. Compared with the saline group, the MagII-AZI/Cur-Ms-treated group exhibited 
more intact epithelial cells. Masson staining showed substantial collagen deposition in the skin tissue of the 
MagII-AZI/Cur-Ms group. In contrast, the saline and free AZI/Cur groups exhibited disordered and loosely 
distributed muscle structures with evident abscess formation. After MagII-AZI/Cur-Ms treatment, the muscle 
tissue became organized, significantly reducing pathological damage from bacterial infections. Masson staining 
showed that the number of intercellular collagen fibers was notably lower in the treatment group than in the 
model group, with the least collagen observed in the MagII-AZI/Cur-Ms group. These results indicated that 
MagII-AZI/Cur-Ms effectively inhibited inflammation at infection sites. The serum levels of tumor necrosis 
factor TNF-α, interleukin IL-1β, and IL-6 were measured in mice with skin infection (Fig. 7E–G) and muscle 
infection (Fig. 7H–J). The levels were significantly lower after MagII-AZI/Cur-Ms treatment than those in the 
saline and free AZI/Cur groups and even lower than in the AZI/Cur-Ms group.

Finally, a pneumonia model was established to treat deep bacterial infections. In vitro imaging results of 
the lungs are shown in Fig. 8A. Post-treatment, the lungs of mice with pneumonia were homogenized in pre-
cooled PBS and plated on LB solid medium. The results showed that MagII-AZI/Cur-Ms effectively inhibited 
bacterial growth at the infection site (Figs. 8B and S4C). HE staining of lung tissue (Fig. 8C) revealed normal 
lung structure with no congestion, edema, or inflammatory exudation in the blank group. Lung hyperemia and 
inflammatory cell infiltration were pronounced in the saline group. Hyperemia and inflammatory cell infiltration 
were improved to varying degrees in the free AZI/Cur, AZI/Cur-Ms, and MagII-AZI/Cur-Ms groups, with the 
most significant improvement observed in the MagII-AZI/Cur-Ms group.

Immunofluorescence staining revealed increased expression of C5aR1, C5b-9, C3c, and NF-κB p65 in 
the saline group, indicating complement system activation. Treatment with MagII-AZI/Cur-Ms significantly 
reduced expression (Fig.  8D,G). The results of semi-quantitative immunofluorescence analysis are shown in 
Fig S5. In addition, bronchoalveolar lavage fluid (BALF) analysis revealed reduced levels of TNF-α, IL-1β, and 
IL-6 in the MagII-AZI/Cur-Ms group compared with the saline group, indicating almost complete elimination 
of lung inflammation (Fig.  8H,J). Reye’s staining showed that the white blood cells (WBCs), Neu, and Lym 

Fig. 6.  Representative images of mice with skin infection and muscle infection and bacterial count at infection 
site. (A) Representative images of mice with skin infection after treatment. (B) Representative images of mice 
with muscle infection after treatment. (C) Representative images of skin tissue homogenate plate spreading. 
(D) Representative images of muscle tissue homogenate plate spreading. (E) Quantitative analysis of bacterial 
colony number in skin infection site. (F) Quantitative analysis of bacterial colony number in muscle infection 
site. Data are presented as mean ± SD (n = 6), *P < 0.05, **P < 0.01, ****P < 0.005.
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counts in the MagII-AZI/Cur-Ms group approached healthy levels (Fig. 8K,M). These findings demonstrated the 
targeted antibacterial efficacy and therapeutic potential of MagII-AZI/Cur-Ms in lung infections.

Safety evaluation
The results of the safety evaluation are presented in Supplementary Fig. S5. HE staining showed no significant 
organ damage in any group following treatment with micelle preparations (Fig. S6A). The mouse body weight 

Fig. 7.  Antibacterial effect of different micellar preparations after treatment. (A) Representative images of 
pathological changes in skin tissue by HE staining. (B) Representative images of pathological changes in skin 
tissue by Masson staining. (C) Representative images of pathological changes in muscle tissue by HE staining. 
(D) Representative images of pathological changes in muscle tissue by Masson staining. (E–G) Expression of 
inflammatory factors in blood of mice with skin infection after treatment with different formulations. (H–J) 
Expression of inflammatory factors in blood of mice with muscle infection after treatment with different 
formulations. Scale bar = 50 μm. Data are presented as mean ± SD (n = 6), *P < 0.05, **P < 0.01, ****P < 0.005.
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remained stable throughout treatment (Fig. S6B). Blood analysis revealed no significant changes in WBC, 
granulocyte (GRA), or Lym counts after treatment (Supplementary Fig. S6C–E), indicating high biocompatibility. 
The hemolysis test revealed a hemolysis rate of 4.81% ± 0.70% for MagII-AZI/Cur-Ms, demonstrating good 
biosafety (Supplementary Fig. S6F). The long-circulation test showed that micelles extended blood circulation 
time compared with free DiR, with DSPE-PEG2000-MagII modification further enhancing this effect 
(Supplementary Fig. S6G).

Discussion
The resistance of pathogenic bacteria has significantly increased in recent years due to the excessive or improper 
use of antibiotics, making antimicrobial resistance one of the most critical public health threats globally. Among 
these bacteria, Staphylococcus aureus is particularly deadly, causing infections at various depths in the body1,2. 
Developing new antibacterial drugs or materials is urgently needed to manage bacterial infections. AZI, 
a commonly used clinical antibiotic in current clinical practice, faces the challenges of increasing toxicity at 
higher therapeutic doses. To address this issue, researchers combined AZI with Cur, which is known for its 
anti-inflammatory and anti-infective properties, to reduce dosage while maintaining therapeutic efficacy12,14,15. 
However, both AZI and Cur exhibited limitations such as poor water solubility, low bioavailability, and instability18. 
These challenges were addressed by constructing an acid-responsive polymer micelle that encapsulates AZI and 
Cur, allowing for targeted delivery to the slightly acidic microenvironment of bacterial infection20.

The delivery of insoluble drugs using micelles is particularly challenging due to the variations in vascular 
density and blood supply across different infection depths. MagII, a small antimicrobial peptide, was added to 
the micellar surface to enhance targeting, improving its ability to actively target bacterial infection sites26. The 
MagII-AZI/Cur-Ms micelles were successfully constructed and characterized. The probabilistic theory states 
that the combined effect of two inhibitors on survival is defined as the probability of being affected by at least one 
of the inhibitors. Based on this theory, the Bliss model was developed, which equates Bliss independence to the 
sum of all individual effects of various inhibitors30. When applied to the specific case of bacterial growth rates, 

Fig. 8.  Antibacterial effect of different micellar preparations on mice with pneumonia. (A) Real-time imaging 
observation of lungs treated with varying formulations in vivo. a, for Blank-Ms. B, for free DiR. c, for DiR-Ms. 
d, for MagII-DiR-Ms. (B) Representative images of lung tissue homogenate plate spreading. (C) Representative 
images of pathological changes in lungs by HE staining. (D–G) Expression of C5aR1, C5b-9, C3c and NF-
κB p65 detected by immunohistochemistry in lungs. (H–J) Expression of inflammatory factors in BALF 
after treatment with different formulations. (K–M) Number of inflammatory cells in BALF after treatment 
with different micelles. Scale bar = 50 μm. Data are presented as mean ± SD (n = 6), *P < 0.05, **P < 0.01, 
****P < 0.005.
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the combined effect is the sum of the individual effects of the two inhibitors on the growth rate. Therefore, the 
maximum achievable effect with two inhibitors is predicted according to Bliss independence. A synergy index 
greater than “0” indicates that the two drugs have a synergistic effect. The closer the value is to “1,” the stronger 
the synergistic effect. AZI and Cur show a strong effect, confirming their combined antibacterial efficacy.

Particle size is an essential factor influencing the EE, stability, and other physicochemical properties of 
targeted preparations. After MagII modification, the particle size and zeta potential of AZI/Cur-Ms slightly 
increased, possibly due to the positive charge of MagII26. The particle size distribution of MagII-AZI/Cur-Ms 
followed normal characteristics with a narrow polydispersion coefficient. Although the zeta potential was just 
below 0 mV and slightly negative, the hydration layer on the outer layer of the micelle maintained stability and 
facilitated prolonged circulation in the body. The micelles exhibited significant changes in particle size and zeta 
potential in a slightly acidic environment mimicking bacterial infections, confirming the pH-responsive behavior 
of PDPA, which altered micelle structure. CMC is the lowest concentration of surfactant molecules associated 
with the formation of micelles in solution31,32. The surface tension of the solution is no longer reduced, and a 
large number of micelles are formed when the solution concentration is greater than CMC. Small CMC values 
enable MagII-AZI/Cur-Ms to maintain structural integrity. Due to the flocculation of micelles and the leakage 
of drugs during placement, the EE of micelles decreased within 20 days. Stability tests revealed minimal leakage 
of AZI and Cur in 20 days, with EE remaining above 50%, thus confirming the stability of MagII-AZI/Cur-Ms.

We investigated the targeting ability of environment-responsive micelles, specifically MagII-Cou-Ms, toward 
planktonic MRSA after successfully constructing environment-responsive MagII-AZI/Cur-Ms. As neither AZI 
nor Cur exhibits fluorescence, Cou with fluorescence was selected as a fluorescence probe to investigate the 
targeting of micelles to bacteria by fluorescence microscopy33. The results indicated that the targeting ability of 
micelles modified by MagII was significantly enhanced. MagII, an antimicrobial peptide, is known to interact 
with bacterial membranes by forming α-helix structures, which enable it to induce membrane disruption and 
facilitate the transmembrane transfer of peptides. This property allows MagII to effectively target and damage 
microbial cell walls while minimizing damage to human host cells. The enhanced targeting observed in MagII-
modified micelles may be due to this specific interaction, which enhances the affinity of the micelles for MRSA 
and facilitates their entry into bacterial34,35.

The antibacterial effects of different micelle formulations were evaluated in vitro. AZI and Cur have poor 
water solubility, which makes it difficult for them to be evenly distributed in the culture medium in vitro 
experiments, thereby affecting the drug efficacy. Therefore, we examined the MIC of different micelles. Studies 
have shown that the MIC of AZI against MRSA was 2 µg/mL36. In this study, the MIC of AZI-Ms was slightly 
higher than this value. This is due to the strong hydrophobic interaction between the drug and the micelle core, 
resulting in a slower release rate of the drug encapsulated in the micelles, which in turn leads to less significant 
inhibitory effects compared to free drugs. In addition, the good stability of the micelles also contributed to 
this result. When used alone, the MIC of Cur is 125 to 500 µg/mL37. However, when combined with AZI, the 
addition of Cur reduced the MIC of AZI-Ms, indicating a good synergistic effect between AZI and Cur. After 
modification with DSPE-PEG2000-MagII, the MIC of AZI/Cur-Ms was further reduced, confirming the targeting 
ability of DSPE-PEG2000-MagII. The bacteriostatic zone experiment is a common method used to test the titer of 
antibiotics. The concentration difference of antibiotics from high to low is formed after the diffusion of antibiotics 
on the solid LB medium. The bacteria on the medium do not reproduce when the antibiotic concentration on 
the edge reaches the MIC, thus producing a certain size of inhibitory zone to test the antibacterial activity of 
antibiotics38,39. The result of the bacteriostatic zone experiment also indicated the bacteriostatic effect of MagII-
AZI/Cur-Ms. In addition, the bacteriostatic effect of MagII-AZI/Cur-Ms was directly observed through the 
morphological changes of bacteria.

We further investigated the bacteriostatic mechanism of MagII-AZI/Cur-Ms. Bacteria rely on their own 
synthesis of proteins, polysaccharides, extracellular DNA (eDNA), and other non-water-soluble extracellular 
polymeric substances that cross-link to form dense biofilms after adhering and colonizing to biological or 
abiotic surfaces40–42. Biofilms exhibit strong hydrophobicity, which prevents the penetration of antibiotics and 
the infiltration of immune cells through electrostatic adsorption and physical shielding. Biofilms act as a natural 
physical barrier, contributing to bacterial drug resistance. In addition, biofilms can induce bacterial metabolic 
quiescence, stress responses, and quorum sensing or upregulate the expression levels of the bacterial efflux pump 
expression levels, further increasing drug resistance43,44. As a result, bacterial biofilms can colonize the human 
body for extended periods, leading to local inflammation, chronic infections, and severe outcomes such as 
sepsis, organ failure, or death45–47.

Crystal violet staining is a commonly used method for detecting biofilms due to its simplicity, convenience, 
and relative accuracy, allowing for the semi-quantitative analysis of total biofilm48. SYTO-9, a green fluorescent 
nucleic acid dye, penetrates intact cell membranes to label live bacteria, whereas PI only stains bacteria with 
intact damaged membranes49. The results demonstrated that MagII-AZI/Cur-Ms effectively disrupted biofilm 
formation.

DCFH-DA can be oxidized by cytoplasmic ROS to produce a strongly green fluorescent compound, 
2′,7′-dichlorofluorescein (DCF), which is used to quantify ROS formation. Studies suggest that the body 
generates some ROS to combat bacterial infections. Excessive ROS production can enhance the antibacterial 
effect against drug-resistant bacteria, prevent biofilm formation, and destroy existing biofilms50–52. Based on 
the inhibitory effect of MagII-AZI/Cur-Ms on bacterial growth and biofilm destruction, we preliminatively 
concluded that the antibacterial activity of MagII-AZI/Cur-Ms is partly related to ROS induction.

After confirming the potent antibacterial activity of MagII-AZI/Cur-Ms in vitro, we examined its efficacy in 
vivo. Three bacterial infection models—skin infection, muscle infection, and lung infection—were constructed 
to simulate varying infection depths and assess the therapeutic effects of the drug under these conditions. Studies 
indicate that enhanced permeability and retention (EPR) effects, similar to those observed in tumors, occur at 
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bacterial infection sites. This facilitates the accumulation of nanoparticles at the infection site through passive 
targeted transport53–55. In this study, micelles modified with MagII demonstrated strong targeting properties, 
possibly due to their small particle size. This enhanced passive targeting to bacterial infection sites via the EPR 
effect, increasing drug accumulation. The DSPE-PEG2000 in the micelles formed a hydrophilic membrane on the 
micelle surface, improving hydrophilicity and prolonging the drug’s circulation time in the body. Additionally, 
modifying antimicrobial peptide MagII enabled micelles to actively target bacterial infection sites, further 
enhancing drug accumulation at the infection site.

The in vivo antibacterial effects of MagII-AZI/Cur-Ms were evaluated using skin, muscle, and pneumonia 
models with bacterial infections at varying depths. Based on HE staining, Masson staining, bacterial plating, and 
inflammatory cytokine expression analysis, MagII-AZI/Cur-Ms demonstrated significant therapeutic effects in 
treating skin and muscle infections. This was attributed to the inhibitory effect of micelles on the inflammatory 
response at the site of bacterial infection. After treatment, the pathological injury of muscle tissue was weakened, 
accompanied by a decrease in the number of collagen fibers. The results suggest that micelles promote muscle 
tissue repair and regeneration, allowing damaged tissue to reorganize, thereby reducing the inflammatory 
response caused by bacterial infection and the deposition of collagen fibers. In addition, during normal tissue 
repair, collagen fibers undergo degradation and remodeling to restore the normal structure and function of the 
tissue56,57. The degradation and remodeling process of collagen fibers explains the decrease in the number of 
collagen fibers after treatment.

We evaluated the efficacy of MagII-AZI/Cur-Ms in a pulmonary bacterial infection model to explore the 
therapeutic potential of micelles in treating deep-organ bacterial infection. Similarly, MagII-AZI/Cur-Ms have a 
good effect on the treatment of bacterial infections in the lungs. The complement system is the first line of defense 
against microbial invasion. Overactivation of the complement system is a recognized mechanism of bacterial 
pneumonia. Complement components C3 and C5 are particularly implicated, enhancing inflammation and 
activating macrophages. Furthermore, the C5a receptor triggers cytokine storms characterized by elevated levels 
of IL-6 and TNF-α, which can amplify cell sensitivity to infections58–60. MagII-AZI/Cur-Ms effectively inhibited 
complement system activation in the lungs and suppressing the overproduction of inflammatory cytokines. 
This regulation highlights their potential in addressing bacterial infections and the associated inflammatory 
complications. Safety evaluations of organ tissues and blood samples confirmed that the micelles exhibited low 
toxicity, long circulation times, and no adverse effects, supporting their suitability as a therapeutic strategy for 
pulmonary bacterial infections.

Recent studies have shown that compared to free antibiotics, antibiotics encapsulated in micelles can more 
effectively kill bacteria and inhibit the formation of bacterial biofilms within the same time61. Additionally, 
research has confirmed the excellent therapeutic effects of combining azithromycin and curcumin in nano 
emulsions62. Some studies have focused on using antimicrobial peptide-modified micelles to treat infections 
caused by MRSA63. This study extends the application to infection models of different depths, such as skin, 
muscle, and lung. In this study, we conducted a more comprehensive evaluation of the micelles in infection 
models of varying depths, providing more data to support their application at different infection sites. In 
addition, we introduced the combination of targeting ligands and environmentally responsive materials, which 
synergistically enhances antibacterial efficacy and reduces bacterial resistance through multiple mechanisms, 
offering new insights for the treatment of MRSA.

Materials and reagents
TPGS1000, AZI and Cur were obtained from Meilun Co., Ltd. (Dalian, China). Polyethylene glycol-distearoyl 
phosphatidylethanolamine (DSPE-PEG2000) was purchased from NOF Co., Ltd. (Tokyo, Japan). DSPE-PEG2000-
MagII and mPEG114-PDPA10 were synthesized and provided by Xian Ruixi Biological Technology Co., Ltd. 
(Xian, China). 3,3,3,3-tetramethylindotricarbocyanineiodide (DiR) was obtained from Sigma (Sigma-Aldrich). 
ELISA kit, live/dead bacterial viability kit and Luria-Bertani (LB) culture were purchased from Beijing Solarbio 
Technology Co., Ltd. (Beijing, China). C5aR1 and NF-κB p65 antibodies were purchased from Boster Co., Ltd. 
(Wuhan, China). C5b-9 antibodies were purchased from Bioss Co., Ltd. (Beijing, China). C3c antibodies were 
purchased from Proteintech North America (Rosemont, IL 60018, USA). Other chemicals were of analytical or 
chromatographic grade.

Cell lines and animals
MRSA (ATCC29213) was purchased from Beijing Zhongke Quality Inspection Biotechnology Co., Ltd. BALB/c 
female mice (~ 18–22 g) were obtained from the Liaoning Changsheng Biological Co., Ltd. (Shenyang, China). 
This study was approved by the Ethics Committee of Liaoning University of Traditional Chinese Medicine in 
accordance with the institution’s animal care and use guidelines (210000420230202). The experimental animals 
were cultured in the experimental center with free drinking water and food and natural light at 20–25 °C.

Investigation of synergistic effect
The Bliss independence model was used to determine drug synergy, and the synergy index was calculated using 
the following formula: S = (Fx/F0) (Fy/F0) – (Fxy/F0), where Fxy represents the bacterial growth rate with combined 
drug treatment, Fx and Fy represent the bacterial growth rates in the presence of x and y drugs, respectively, F0 
represents the bacterial growth rate without drug treatment, and S represents the synergy index64. The growth 
rate at different time points was determined by calculating the slope of the growth or inhibition curve.

Preparation of micelles
MagII-AZI/Cur-Ms were prepared using the thin-film hydration method65–68. mPEG114-PDPA10, TPGS1000, 
DSPE-PEG2000, DSPE-PEG2000-MagII, AZI, and Cur were dissolved in methanol in a molar ratio of 
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114:132:7:4:13:54 and placed in a round-bottom flask. A rotary evaporator was used to dry the mixed solution at 
40 °C for 10 min, forming a thin film. The film was hydrated with 5 mL of PBS for 20 min. After centrifuging the 
hydrate at 1.61 × 10− 2 g for 10 min, the supernatant obtained by passing 0.22 μm polycarbonate membrane three 
times was micelle. Other formulations, including Blank-Ms, AZI-Ms, AZI/Cur-Ms, Cou-Ms, MagII-Cou-Ms, 
DiR-Ms, and MagII-DiR-Ms, were prepared using the same procedure.

Characterization of micelles
A transmission electron microscope (TEM, Tecnai G220ST; FEI Co., Tokyo, Japan) was used to observe the 
micellar morphology. The Z-average diameter size, PDI, and zeta potential of the micelles were measured using 
a Nano Series Zen 4003 Zetasizer (Litesizer 500; Anton Paar Instruments Ltd., Graz, Austria).

Pyrene was used as a fluorescence probe to determine the CMC. Pyrene solution and then various 
concentrations of Blank-Ms were added after natural drying in the dark overnight, ensuring the final pyrene 
concentration as 2 × 10−6 M. The test tubes were kept in the dark overnight, and the values were recorded at 
excitation wavelengths of 373 and 384 nm and an emission wavelength of 340 nm.

The EE was determined using high-performance liquid chromatography with an ultraviolet detector. The 
EE was calculated as follows: EE (%) = (W1/W) × 100%, where W1 is the amount of drug after passing through 
the 0.22-µm polycarbonate membrane, and W is the total amount of drug before centrifugation. MagII-AZI/
Cur-Ms was stored at 4 °C and 25 °C for 20 days to evaluate micellar stability, with EE measured after 0, 5, 10, 
15, and 20 days.

Colocalization of fluorescently labeled micelles and planktonic Bacteria
Cell uptake in different formulations was observed using confocal microscopy69. The bacterial suspension (1 × 108 
CFU/mL) was incubated with Blank-Ms, Cou-Ms, and MagII-Cou-Ms for 4 h, where the final concentration 
of Cou was 3 µM. MRSA was washed three times with PBS and then fixed with 4% paraformaldehyde at 
room temperature for 10 min. The nuclei were stained in the dark with Hoechst 33,258 dye for 10 min. The 
bacteria were placed in confocal dishes and observed by spinning disk confocal microscope (HOOKE S3000, 
HOOKE Instruments Ltd, China). Finally, we use ImageJ software to measure fluorescence intensity in confocal 
microscopy imaging. The fluorescence intensity was quantified using ImageJ.

Determination of minimum inhibitory concentration
The MIC of MRSA for Blank-Ms, AZI-Ms, AZI/Cur-Ms, and MagII-AZI/Cur-Ms was determined using the 
microbroth dilution method. MRSA was inoculated into an Luria-Bertani (LB) solid medium and cultured at 
37 °C for 24 h. A single colony was cultured in a liquid medium at 37 °C for 12 h. The MRSA was adjusted to 
1 × 106 Colony-Forming Units/mL (CFU/mL) with the culture solution and added to the 96-well plate. The 
dosages of AZI in the formulation were 25, 18.75, 12.5, 10, 7.5, 5, 2.5, 1.25, and 0.625 µM, respectively. The mixed 
96-well plate was incubated at 37 °C for 24 h, and the MIC of MRSA was the minimum concentration of the drug 
without bacterial growth.

Evaluation of antibacterial activity in vitro
Bacterial time-growth curves were used to observe MRSA growth. A bacterial suspension (1 × 106 CFU/mL) was 
incubated in 96-well plates at 37 °C for 24 h (the final concentration of AZI was 0.625 µM). The OD600 values 
were measured every 1 h with a multifunctional enzyme marker for 24 h, and the time-growth curve was plotted.

The bacteriostatic effects of different micelles were assessed by a bacteriostatic zone experiment. Bacterial 
suspensions (1 × 106 CFU/mL) were spread on plates, and a blank drug-sensitive paper was placed on the 
surface. Blank-Ms, AZI-Ms, AZI/Cur-Ms, and MagII-AZI/Cur-Ms were applied to the paper. The diameter of 
the antibacterial zone was measured vertically after 24 h.

The bacterial morphology after treatment with different preparations was observed using a SEM. The bacteria 
were fixed overnight with 2.5% glutaraldehyde solution at 4 °C and then dehydrated with 30%, 50%, 70%, 80%, 
and 90% ethanol for 15 min and with 100% ethanol for 20 min. The bacteria were dried in a Leica EM CPD300 
critical point dryer (Leica Microsystems Wetzlar GmbH, German) and imaged with an Hitachi SU3500 scanning 
electron microscope (Hitachi, Ltd., Japan).

Destructive effect on biofilms
The activity of micelles in preventing the formation of bacterial biofilms was assessed using crystal violet staining. 
MRSA suspensions (1 × 106 CFU/mL) in the logarithmic growth phase were incubated in 96-well plates at 37 °C 
for 24 h ((the final concentration of AZI was 1.25 µM). The floating bacteria were removed, and the biofilms 
were stained with crystal violet. The biofilm was dissolved with 33% acetic acid, and optical density (OD) values 
at 595 nm were determined using a multifunctional enzyme analyzer (BioTek Synergy H1, Agilent Technologies 
Inc., America).

To visualize the cleaning effect on biofilms, treated biofilms were stained with SYTO 9 green fluorescent 
nucleic acid stain‌‌ (SYTO-9) for live bacteria and Propidium Iodide (PI) for dead bacteria. MRSA suspensions 
(1 × 106 CFU/mL) were incubated on confocal dishes at 37 °C for 24 h. The biofilms were treated with Blank-Ms, 
AZI-Ms, AZI/Cur-Ms, and MagII-AZI/Cur-Ms at 37 °C for 3 h ((the final concentration of AZI was 1.25 µM)), 
washed three times with PBS buffer [containing SYTO-9 (2 µM) and PI (1 µM)], stained in the dark at room 
temperature for 15 min, and observed under the spinning disk confocal microscope.

Reactive oxygen species assays
ROS assays were conducted to explore the antimicrobial mechanisms of micelles. A bacterial suspension (1 × 106 
CFU/mL) was resuspended in PBS and incubated with various formulations at 2 MIC in the dark for 4 h. MRSA 
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was stained with 2,7-dichlorodihydrofluorescein (DCFH-DA, 10 µM) at 37 °C in the dark for 30 min and washed 
three times with PBS. The OD value was determined at excitation and emission wavelengths of 485 and 535 nm, 
respectively using a multifunctional enzyme marker.

Evaluation of in vivo targeting
The targeting ability of micelles was investigated using small-animal in vivo imaging. Bacterial infection models 
of varying depths were established in BALB/c mice. The MRSA concentration in the logarithmic growth 
phase was adjusted to 1 × 108 CFU/mL. A skin infection model was constructed by injecting 100 µL of MRSA 
subcutaneously into the back of mice. A muscle infection model was constructed by the intramuscular injection 
of 100 µL of MRSA. The bacterial concentration was adjusted to 1 × 109 CFU/mL, and the bacterial pneumonia 
model was established by the nasal drop method. The mice were randomly divided into four groups 12 h. and 
treated with either normal saline, free DiR, DiR-Ms, or MagII- DiR-Ms via tail vein injection. In vivo fluorescence 
imaging system (IVScope 8200; Clinx, China) was used to observe the fluorescence distribution in mice with 
skin and muscle infections at 2, 6, 8, 10, 24, 48, 72, and 96 h post-anesthesia. The lungs of mice with pneumonia 
were resected 48 h after injection, and the fluorescence distribution in the lungs was observed.

Evaluation of pharmacodynamics in vivo
Mice in the same infection model were randomly assigned to four groups. Each group received one of the 
following treatments via tail vein injection: free AZI/Cur, AZI/Cur-Ms, MagII-AZI/Cur-Ms, or normal saline. 
The AZI concentration was maintained at 2.5 mg/mL and the free drug was dissolved in PBS containing 5% 
Dimethyl sulfoxide. The drug was administered once every other day for a total of three times. The weight of the 
mice was recorded after each administration. The expression levels of inflammatory cytokines were evaluated 
in the blood of mice with skin and muscle infections. The homogenates of infected parts of the skin or muscle 
tissue were cultured on an LB solid medium to evaluate the bacteriostatic effect. The skin or muscle tissue was 
embedded in paraffin wax and cut into 3- to 5-µm-thick sections. Hematoxylin–eosin (HE) staining was used 
to examine cell density, and Masson staining was performed to investigate tissue distribution. Similarly, the cells 
of the BALF of mice with pneumonia were counted using Reye’s staining, and the expression of inflammatory 
cytokines in BALF was investigated. After the mice were sacrificed, their lungs were embedded in paraffin wax 
and cut into 3- to 5-µm-thick slices. The expression of inflammation-related proteins, including C5aR1, C5b-9, 
C3c, and NF-κB p65, was examined by immunofluorescence. In simple terms, deparaffinize the sections to water 
and perform antigen retrieval. Block non-specific binding sites with 5% bovine serum albumin (BSA), and then 
incubate with the primary antibody (C5aR1, C5b-9, C3c, and NF-κB p65) overnight at 4 °C. After that, carry 
out the secondary antibody incubation while avoiding light. Thoroughly wash the sections with PBS buffer after 
each step. Finally, stain the nuclei with DAPI. Observe and capture images of the mounted sections under a 
fluorescence microscope. Use Image J software to quantitatively analyze the fluorescence intensity.

Statistical analysis
The data were analyzed using GraphPad Prism software and presented as mean ± standard deviation. One-way 
analysis of variance was used to evaluate significant differences among sample groups. A P value < 0.05 indicated 
a statistically significant difference.

Conclusions
In this study, MagII-modified AZI and Cur micelles were prepared, and their targeting and antibacterial effects 
in models of bacterial infection at various depths were evaluated. MagII-AZI/Cur-Ms demonstrated excellent 
targeting and antibacterial efficacy due to several factors. First, the insoluble drugs were encapsulated in micelles, 
and the micellar surface was modified with long-circulating materials, extending their action in vivo. Second, 
the combination of AZI and Cur increased the antibacterial activity while reducing bacterial resistance. Finally, 
the modification of antimicrobial peptide MagII enabled micelles to actively target bacterial infection sites at 
different depths of the body, increasing drug accumulation at bacterial infection sites. These findings provide 
valuable insights for combating drug-resistant bacteria; however, their potential clinical applications warrant 
further investigation.

Data availability
Data is provided within the manuscript and supplementary information files. The data that support the findings 
of this study are available from the corresponding author upon reasonable request.
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