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Introduction: Resistance of intracellular pathogens is a challenge in microbial therapy. Methicillin-resistant Staphylococcus aureus 
(MRSA), which is able to persist inside the cells of infected tissues, is protected from attack by the immune system and many 
antimicrobial agents. To overcome these limitations, nano-delivery systems can be used for targeted therapy of intracellular MRSA.
Methods: Hyaluronic acid-modified azithromycin/quercetin micelles (HA-AZI/Qe-M) were synthesized by thin film hydration. The 
micelles were characterized by transmission electron microscopy (TEM), dynamic light scattering (DLS) and Fourier transform 
infrared spectroscopy (FTIR), and the drug loading (DL) and encapsulation efficiency (EE) were detected by high performance liquid 
chromatography (HPLC). The uptake ability of RAW264.7 cells was investigated, and its distribution in mice was evaluated by in vivo 
imaging. The inhibitory effect of the micelles against MRSA in vitro and its ability to eliminate intracellular bacteria were evaluated. 
Bacterial muscle-infected mice were constructed to evaluate the therapeutic effect of the micelles on bacterial infections in vivo and 
the biocompatibility of the micelles was investigated.
Results: HA-AZI/Qe-M had suitable physical and chemical properties and characterization. In vitro antibacterial experiments showed 
that HA-AZI/Qe-M could effectively inhibit the growth of MRSA, inhibit and eliminate the biofilm formed by MRSA, and have an 
excellent therapeutic effect on intracellular bacterial infection. The results of RAW264.7 cells uptake and in vivo imaging showed that 
HA-AZI/Qe-M could increase the cellular uptake, target the infection site, and prolong the treatment time. The results of in vivo 
antibacterial infection experiments showed that HA-AZI/Qe-M was able to ameliorate the extent of thigh muscle infections in mice 
and reduce the expression of inflammatory factors.
Conclusion: HA-AZI/Qe-M is a novel and effective nano-drug delivery system that can target intracellular bacterial infection, and it 
is expected to be safely used for the treatment of MRSA infection.
Keywords: MRSA, hyaluronic acid, antibiotics, micelles, azithromycin, quercetin

Introduction
Infectious diseases caused by pathogenic microorganisms pose a great threat to human health.1 Scientific reports have 
proved that methicillin-resistant Staphylococcus aureus (MRSA) is one of the main causes of hospital-acquired infections, 
often causing muscle, skin, soft tissue and blood infections.2,3 In addition, MRSA is a pathogen that can enter host cells, 
allowing intracellular bacteria to escape the host immune system attack, and host cells also provide shelter for intracellular 
bacteria to avoid drug attack.4,5 More importantly, intracellular bacteria can also spread to different tissues from the site of 
infection in the host cells, causing meningitis, osteomyelitis, pulmonary infection, endocarditis and other diseases.6–8 This 
kind of intracellular bacterial infection poses a great challenge to clinical treatment. Antibiotics are the first-line drugs for 
the treatment of bacterial infections, which have the characteristics of high antibacterial efficiency, wide range and low 
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cost.9,10 However, antibiotics are difficult to accurately target the site of infection, cause toxic side effects on tissues and 
organs, and even cause multi-drug resistance of bacteria due to excessive use of time or drug concentration.11,12 In recent 
years, natural plant products have played a crucial role in drug development, and their secondary metabolic products have 
potential antibacterial activities, such as flavonoids, terpenoids, alkaloids, and phenols.13,14 Bacteria have little resistance to 
natural plant products, so they are widely used in the study of antibacterial activity.15,16

Azithromycin (AZI, C38H72N2O12) is a macrolide antibiotic that has antibacterial activity against both Gram-positive 
and Gram-negative bacteria, and can be used in clinical practice to treat a variety of diseases such as respiratory 
infections, intestinal infections, and sexually transmitted infections.17,18 Quercetin (Qe, C15H10O7) is the most bioactive 
polyhydroxyl flavonoid among flavonoids and has been shown to be very effective against bacterial infections and 
inflammatory diseases.19–21 Qe exerts its antibacterial effect against MRSA by inhibiting nucleic acid synthesis, destroy-
ing the bacterial membrane integrity, inhibiting biofilm formation and inhibiting the expression of virulence factors.22,23 

Due to bacterial resistance to antibiotics, poor water solubility, low dissolution rate, and low bioavailability of AZI and 
Qe have limited their application in clinical practice.24 Therefore, in order to effectively cure bacterial infectious 
diseases, there is an urgent need to achieve the targeted delivery of antibacterial drugs to the lesion site to avoid drug 
damage to tissues and organs, so as to improve the therapeutic effect.

Nanotechnology has recently developed rapidly in the field of medicine, which has made breakthroughs in the 
treatment of bacterial infections and achieved excellent results. Currently, nanoparticles,25,26 liposomes,27,28 and 
micelles29–31 with antibacterial effects, have been developed. Among these systems, micelle is a compelling nano-drug 
delivery system that can not only encapsulate hydrophobic drugs but also increase blood circulation time, thereby 
improving therapeutic efficiency.32,33 Micelle has its unique properties, including small particle size, high stability, good 
biocompatibility, strong targeting, and adjustable surface modification.34,35 Encapsulation of antibacterial drugs into 
micelles can effectively improve the permeability of the drug to the cell membrane and increase the uptake of the drug by 
cells.36,37 Hyaluronic acid (HA, (C14H21NO11)n) is a naturally occurring acidic mucopolysaccharide composed of 
D-glucuronic acid and N-acetylglucosamine linked by β −1, 4 - and β - 1, 3 - glycosidic bonds, and the molecular 
weight of HA ranges from 1 to 10000 kDa.38 HA is widely distributed in the extracellular matrix of human connective 
tissues and has multiple physiological functions such as maintaining cellular structure and providing energy sources.39 

Hyaluronic acid has recently been widely used in biomedical applications due to its good biochemical properties such as 
biocompatibility, non-immunogenicity, and hydrophilicity.40,41 CD44 is a transmembrane adhesion molecule, and its 
main function is to bind and internalize HA.42 The specific binding of hyaluronic acid to CD44 into the body can lead to 
cytoskeletal reorganization, activate macrophages, and increase the ability of macrophages to phagocytize drug.43 When 
the body is attacked by pathogens, the inflammatory response occurs, and the transmembrane glycoprotein CD44 is 
highly expressed on macrophages in the inflammatory site.44

In this study, we prepared a multifunctional micellar, hyaluronic acid-modified azithromycin and quercetin micelles (HA- 
AZI/Qe-M), targeting macrophages infected by bacteria, treating bacterial infections and the schematic is shown in Figure 1.

Materials and Methods
Materials and Reagents
AZI, lipopolysaccharide (LPS), D-a-Tocopherol polyethylene glycol 1000 succinate (TPGS1000), Hoechst 33258 dye and 
gentamicin were supplied by Meilun Co., LTD. (Dalian, China). Soluplus was supplied by Basf New Materials Co., LTD. 
(Shanghai, China). Qe was purchased from Pufeide Biotechnology Co., LTD. (Chengdu, China). Polyethylene glycol- 
distearyl phosphatidylethanolamine (DSPE-PEG2000), DSPE-PEG2000-HA were purchased from Ruixi Biotechnology 
Co., LTD (Xi ‘an, China). 1,1-dioctadecyl-3,3,3,3-tetramethylindotricarbocyanine iodide (DiR) was supplied by Keygen 
Biotechnology Development Co., Ltd. (Nanjing, China). Coumarin was obtained from Sigma-Aldrich Trading Company 
Co., Ltd. (Shanghai, China). Staphylococcus aureus (ATCC 29213) was purchased from Xin Yu Biotechnology Co., Ltd. 
(Shanghai, China). SYTO-9/PI kit was purchased from Fushen Biotech Co., Ltd. (Shanghai, China). LB Broth, LB agar, 
ELISA kits were supplied by Solarbio Co., LTD. (Beijing, China). All other reagents used were of analytical grade.
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Mice and Cells
8 weeks BALB/c female mice (18–22 g) were purchased from Liaoning Changsheng Biotechnology Co., LTD. (Benxi, 
China). Mice were maintained in the Laboratory Animal Center of Liaoning University of Traditional Chinese Medicine 
at a constant temperature of 25 °C and 60% humidity, and cultured by exposure to sunlight for 12 h per day. All 
procedures with animals were approved by the Animal Research Ethics Committee of Liaoning University of Traditional 
Chinese Medicine (210,000420230202) and performed in accordance with the guidelines set forth in the Guide for the 
Care and Use of Laboratory Animals published by the National Institutes of Health (Eighth Edition).

Murine monocyte-macrophage leukemia cells (RAW264.7, serial: SCSP-5036, CSTR: 19375.09.3101MOUSCSP5036) 
cells were obtained from Institute of Basic Medical Sciences, Chinese Academy of Medical Sciences (Beijing, China). Cells 
were cultured in DMEM medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (100 
U/mL penicillin and 100 µg/mL streptomycin) at 37 °C in an air humidified atmosphere with 5% CO2; these reagents were 
purchased from GIBCO (Billings, MT, USA).

Preparation of Micelles
Using a thin-film dispersion method, we prepared HA-AZI/Qe-M.45 Briefly, 80 mg of Soluplus, 20 mg of TPGS, 2 mg of 
DSPE-PEG2000, 2 mg of DSPE-PEG2000-HA, 1 mg of AZI and 2.5 mg of Qe, were placed in a round-bottom flask and 
dissolved with methanol. The round-bottom flask containing the above samples was then rotated in a rotary evaporator at 
40 °C until the methanol was completely evaporated to form a thin film. The film was then hydrated with 5 mL phosphate 
buffered saline (PBS, pH 7.4, 0.01M) and the film was sonicated into PBS in a water bath to obtain hydrated micelles 
(bath sonication conditions: operating frequency 40KHz, ultrasonic power 150W). The sample obtained from hydration 
was penetrated twice through a 0.22 μm polycarbonate membrane to obtain HA-AZI/Qe-M. Blank micelles (Blank-M), 

Figure 1 Schematic diagram of HA-AZI/Qe-M for the treatment of MRSA infection.
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azithromycin micelles (AZI-M), azithromycin and quercetin micelles (AZI/Qe-M), coumarin micelles (Coumarin-M), 
and DiR micelles (DiR-M) were also prepared according to the same procedure.

Characterization of Micelles
The shape of micelles was observed by transmission electron microscopy (TEM, JEM-1200EX; JEOL, Tokyo, Japan). 
Particle size, zeta potential and polydispersity index (PDI) were determined using a dynamic light scattering instrument 
(DLS, Zetasizer Nano ZS90, Malvern, UK). The molecular functional groups of micelles were investigated by Fourier 
transform infrared spectroscopy (FTIR-850, Tianjin, China). The unencapsulated drug was removed on a Sephadex G-50 
column, and AZI and Qe contents were determined by high-performance liquid chromatography (HPLC) equipped with 
an ultraviolet detector. The encapsulation efficiency (EE) was calculated using the formula: EE% = (W1/W2) × 100%, 
where W1 and W2 represented the content of drug after and before elution. The drug loading (DL) was calculated using 
the formula: DL% = (W3/W4), W3 and W4 represent the amount of drug within the micelles and the total weight of the 
drug-loaded micelles.

Synergy Determination with SynergyFinder
The strain of MRSA used in this study is ATCC 29213, with a diameter of 0.5–1μm. It has the characteristics of rapid 
growth and is collected from human wound sites. MRSA was inoculated into 96-well plates at 2×107 CFU/well. AZI and 
Qe were diluted at a certain concentration (AZI concentration: 20, 10, 5, 2.5, 1.25, and 0.625 μg/mL, Qe concentration: 
50, 25, 12.5, 6.25, 3.125, and 1.5625 μg/mL) and mixed with MRSA for 8 h. The absorbance of bacteria at 600nm 
represents the density of the bacteria, OD600 between 0.6 and 0.8 represents that the bacteria are in the logarithmic 
growth phase, and more than 1.0 represents that the bacteria are saturated. Therefore, OD600 values per well were 
measured hourly using a microplate reader (Synergy H1, Biotek, USA), and the synergy scores of the drugs were 
calculated using the online SynergyFinder software to calculate the zero interaction potentials (ZIP) of the two drugs.46

Cytotoxic Effects on RAW264.7 Cells
The cytotoxicity of drugs on RAW264.7 cells was evaluated using the sulforhodamine B (SRB) assay.47 After the 
RAW264.7 cells were attached to the wall, the cells were observed under the electron microscope, and the confluence 
rate reached 70–80%. At this time, the cells were in log phase. RAW264.7 cells in logarithmic growth phase were 
inoculated in 96-well plates at a density of 1.5×104 cells/well, and incubated in an incubator at 37 °C and 5% CO2 for 
24 h. The administration groups were given AZI, AZI-M, AZI/Qe-M, HA-AZI/Qe-M and Blank-M treatments, respec-
tively (AZI concentration range: 0–20 μg/mL; Qe concentration range:0–50μg/mL). After the cells were treated with 
drugs for 48 h, the culture medium was discarded and 200 μL of 10% trichloroacetic acid was added to each well. Cells 
were fixed at 4 °C for 1 h, washed five times with distilled water, and then stained with 0.4% SRB for 20 min, and finally 
washed with 1% acetic acid solution to remove unbound SRB dye. The absorbance was measured at 540 nm after 
shaking with 200 μL (10 mmol/L) of Tris buffer per well for 30 min. Cell viability was calculated as follows: viability 
(%) = (A1/A0) × 100%, where A1 and A0 represent the absorbance at 540 nm of treated cells and blank control cells, 
respectively.

Cellular Uptake Assay
RAW264.7 cells were inoculated into 6-well plates (3 × 105 cells/well) and after cell adherence, LPS (100 ng/mL) was 
added to each well for induction overnight.48 Flow cytometry was used to detect the uptake of different micelles by 
RAW264.7 cells. Blank-M, Coumarin-M, and HA-modified coumarin micelles (HA-Coumarin-M) were added to the 
above 6-well plates (final concentration of coumarin was 3 μM). After incubating at 37 °C for 2 h, the cells were 
resuspended in 500 μL of PBS. The mean fluorescence intensity of coumarin was determined by flow cytometry (BD 
Biosciences, NJ, USA).

Confocal laser scanning microscope (CLSM) was used to observe the uptake of different formulated micelles by 
RAW264.7 cells. RAW264.7 cells were inoculated into confocal dishes (3 × 104 cells/dish), then cells were incubated 
with micelles of different formulations as described above, and after 4 h of incubation, cells were washed three times 
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with PBS and then fixed with p-formaldehyde (4%) at room temperature for 10 min. The above samples stained with 
Hoechst 33258 dye for 15 min in the dark, and subsequently observed under CLSM (HOOKE S3000, HOOKE 
Instruments Ltd, China).

Hemolysis Rate Determination
2% Red blood cells (RBC) suspension was prepared with fresh mouse blood,49,50 1.5 mL RBC suspension was added to 
each group, and then 0.5 mL HA-AZI/Qe-M (0.125 mg/mL, 0.25 mg/mL, 0.5 mg/mL, 1 mg/mL, 2 mg/mL), normal 
saline and water were added according to the group. Above samples were incubated in incubators at 37 °C for 5 h, then 
centrifuged, and the supernatant was aspirated (saline was used as a negative control and water as a positive control). The 
supernatant was transferred to a 96-well plate and the absorbance at 540 nm was measured using a microplate reader 
(HBS-1096A, DeTie, Nanjing, China). Hemolysis rate (HR%) = (A sample - A negative)/(A positive - A negative) × 100%.

Inhibition Zone Determination
First, 100 µL of MRSA (1×109 CFU/mL) solution was applied on LB solid medium and spread evenly. Then drug- 
sensitive paper sheets with 30 µL of AZI, AZI-M, AZI/Qe-M, HA-AZI/Qe-M and Blank-M (AZI concentration: 200 µg/ 
mL; Qe concentration: 500 µg/mL) drops were placed on the medium, respectively. After the aforementioned steps, all 
petri dishes were incubated at 37 °C for 24 h. The diameter of inhibition zone was recorded for each group.

Determination of Minimum Inhibitory Concentration (MIC)
180 µL of MRSA (1×109 CFU/mL) was first inoculated into 96-well plates, and 20 µL AZI, AZI-M, AZI/Qe-M, HA- 
AZI/Qe-M, and Blank-M (AZI concentration range: 0.3125–20 µg/mL; Qe concentration range: 0.7813–50 µg/mL) were 
mixed with the MRSA bacterial solution. The positive control was 180 µL of bacterial solution and 20 µL of sterile 
water, and the negative control consisted of 180 µL of LB broth medium and 20 µL of sterile water. After incubation at 
37 °C for 24 h, the above samples were incubated in a microplate reader (Synergy H1, Biotek, USA). The MIC of the 
drug against MRSA was determined as the lowest concentration in which no bacterial growth was observed (OD600 did 
not increase). The MIC mentioned in the subsequent studies were those of AZI against MRSA.

Growth Experiments
MRSA was inoculated in 96-well plates (2×108 CFU/well) and AZI, AZI-M, AZI/Qe-M, HA-AZI/Qe-M and Blank-M 
(control) were all added at 1/2MIC. The above samples were placed in the incubator at 37 °C for 24 h, during which the 
OD600 value of each well was measured every 1 h with an microplate reader (Synergy H1, Biotek, USA), and the growth 
curves of each group of MRSA in 24 h were plotted according to the value of OD600.

Live and Dead Staining of Bacteria
MRSA were treated with different groups of drugs (MIC) and incubated in an incubator for 3 h. Above samples were 
centrifuged and stained by adding propidium iodide (PI) and SYTO 9 Green Fluorescent Nucleic Acid Stain (SYTO-9) to 
avoid light for 30 min. At the end of the staining, the bacteria were washed with PBS for 3 times, and 10 µL of bacterial 
fluids were taken on slides, and then covered with a coverslip and observed by CLSM (Mica, Leica, GER).

Anti-intracellular Bacterial Infection Experiment
RAW264.7 cells were inoculated in 24-well plates and cultured for 24 h until the cells fused into a monolayer. MRSA 
was then inoculated into RAW264.7 cells at a ratio of bacteria: cells= 100:1. After incubating the cells and bacteria for 
2 h at 37 °C, DMEM medium containing 100 µg/mL gentamicin was added and incubated for 1 h to kill the extracellular 
free bacteria. After three washes with PBS, the above samples were treated with different groups of drugs (MIC) for 
12 h. The medium was then rinsed with PBS and 100 µL of 0.5% Triton X-100 to lysed cells for 8 min, and immediately 
added 100 µL PBS to blow up. The cell lysates were diluted in PBS gradient, and the diluted cell lysates were then 
spread on plates and cultured until obvious colonies were formed, and the number of colonies was counted. The 
intracellular bacterial load is represented as CFU/well.
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Biofilm Inhibition Test
The inhibitory effect of drugs on biofilm formation was first evaluated by crystal violet staining.51 MRSA was inoculated 
into 96-well plates (2 × 108 CFU/Well), and different groups of drug treatments (MIC) were added and incubated at 37 
°C for 24 h. The liquid was discarded from the 96-well plate, then washed three times with PBS and the plate was fixed 
with methanol for 15 min and the excess methanol was aspirated. After being allowed to dry naturally at room 
temperature, 200 µL of crystal violet solution at a concentration of 0.4% was added and incubated for 15 min at room 
temperature, followed by aspiration of excess dye and 3 washes with PBS. After again leaving to dry naturally at room 
temperature, 200 µL of 33% glacial acetic acid dissolution fuel was added to each well and absorbance was measured at 
590 nm. Similarly, MRSA was inoculated in 24-well plates and treated as described above, and biofilm crystal violet 
staining was observed under a fluorescence microscope (Nikon Eclipse E800, Nikon, Tokyo).

Fluorescence confocal dishes were inoculated with MRSA, incubated at 37 °C for 24 h, then treated with different 
groups of drugs (MIC), and incubated for another 8h. After washing with PBS for 3 times, SYTO-9/PI dye was added 
and incubated at 37 °C for 30 min in dark condition, followed by aspirating the excess dye, washing with PBS for 3 
times, and drying naturally at room temperature, and then photographed with CLSM (Mica, Leica, GER) to observe the 
fluorescence.

Establishment and Treatment of Mouse Muscle Bacterial Infection Model
Thirty six 8-week-old female mice were randomly divided into six groups: control, model, AZI, AZI-M, AZI/Qe-M 
group, and HA-AZI/Qe-M groups. Mice were injected intramuscularly with 100 μL of MRSA (1 × 108 CFU/mL). 
24 h after bacterial injection, mice were injected with 200 µL of the corresponding drug in the tail vein every 48 h and 
administered three times consecutively.

After 7 days of treatment, mice were euthanized. Hematoxylin and eosin (HE) staining and Masson staining were 
performed to observe the integrity of muscle structure, muscle tissue necrosis and inflammatory cell infiltration. 
Changes in the infectious injury of mouse thigh muscles during the treatment period were recorded. Blood was 
collected from the eyeballs of the mice, and serum was obtained by freezing and centrifugation. The serum levels of 
tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6) and interleukin-1β (IL-1β) were detected by ELISA. Mouse 
muscle tissues were homogenized and plated, and the number of colonies on the coated plates was counted after 
incubation at 37 °C for 24 h.

In vivo Fluorescence Imaging
To evaluate the real-time distribution of HA-AZI/Qe-M in vivo, a non-invasive optical imaging system was used. DiR 
was encapsulated into micelles as a fluorescent probe. 100 μL of saline, DiR, DiR-M, and HA-DiR-M were injected via 
the tail vein (DiR concentration was 200 μg/kg, and free DiR was dissolved in 10% ethanol + 90% PBS). Mice were 
anesthetized with isoflurane, and fluorescent images of the mice were captured at 3, 6, 12, 24, 36, 48, 72, and 96 h using 
an in vivo fluorescence imaging system (CareStream, Health Inc., USA).

Biocompatibility
To evaluate the biocompatibility of the drug, we first recorded the changes in body weight of the mice during the 
treatment. After euthanasia of mice, heart, kidney, liver, spleen and lung were taken for histological analysis. Serum was 
also collected for blood chemistry studies, including the liver function indices of alanine aminotransferase (ALT) and 
aspartate aminotransferase (AST).

Statistical Analysis
Statistical analysis was performed using GraphPad Prism 8.0.2 software, and the data were expressed as the mean ± 
standard deviation (mean ± SD). Differences more than three groups were assessed by one-way analysis of variance 
(ANOVA) and Student’s test for two groups. P < 0.05, the difference was significant and statistically significant.
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Results
Characterization of Micelles
The chemical structural formulas of AZI, Qe, and HA are shown in Figure 2A–C. As shown in Figure 2D, we observed the 
shape of HA-AZI/Qe-M by TEM, which had a spheroidal shape with a uniform size and a particle size of about 130 nm. In 
the FTIR, as shown in Figure 2E, the stretching vibration of ether bond (C-O-C), carbonyl group (C=O) and hydroxyl group 
(O-H) in Qe was 1311 cm−1, 1670 cm−1 and 3346 cm−1, respectively. The stretching vibration of carbonyl group (C=O) in 
azithromycin was 1721 cm−1, the stretching vibration of ether bond (C-O-C) was 1052 cm−1, and the stretching vibration of 
hydroxyl group (O-H) was 3496 cm−1 and 3561 cm−1. The stretching vibrations in the blank micelles (C-H) were 2921 cm−1 

and 2837 cm−1, and the carbonyl group (C=O) was 1730 cm−1. The particle size distribution and PDI, as well as the zeta 
potential values of the four micelles were measured by dynamic light scattering. Figure 2F and G indicated the particle size 
distribution and zeta potential value plots of Blank-M, and the average particle size of Blank-M was 74.13 ± 1.25 nm, and the 
average zeta potential value was −2.17 ± 0.12 mV. Figure 2H and I show the particle size distribution and zeta potential value 
of HA-AZI/Qe-M. The average particle size of HA-AZI/Qe-M is 127.47 ± 3.64 nm, and the average zeta potential value is 
−2.63 ± 0.21 mV. Figure 2J–L and Table 1 show the average particle size, zeta potential values, and PDI values of the four 
groups of different micelles. The results showed that the average particle size of HA-AZI/Qe-M was about 124.47 ± 3.64 nm, 
the zeta potential was about −2.63 ± 0.21 mV, and the PDI was about 0.24 ± 0.03. Figure 2M shows that the EE of AZI/Qe-M 
is 89.55 ± 1.14%, and that of HA-AZI/Qe-M is 89.55 ± 2.57%. Figure 2N shows that the DL of AZI and Qe in AZI/Qe-M 
were 2.18 ± 0.16% and 2.47 ± 0.07%. The DL of AZI and Qe in HA-AZI/Qe-M were 2.59 ± 0.13% and 2.30 ± 0.15%.

Synergy Determination with SynergyFinder
To determine the favorable ratio of AZI and Qe, we calculated the drug ZIP synergy score using the online software 
SynergyFinder, and determined the ratio used for the two drugs based on synergy experiments. As shown in Figure 3A, 
ZIP synergy score of the two drugs was 7.005, indicating that AZI and Qe had a good synergistic effect on combined 
antibacterial activity (10 > ZIP synergy score > 0), the white rectangle is the maximum synergistic effect area. Combined 
with previous encapsulation efficiency experiments, we chose azithromycin concentration of 20 μg/mL and quercetin 
concentration of 50 μg/mL as the combination concentration for the following study.

RAW264.7 Cytotoxicity Assay
The cytotoxicity of the micelles was further determined according to the concentration ratio of the combination of the 
two drugs determined by the synergy experiment. The in vitro cytotoxicity of AZI, AZI-M, HA-AZI/Qe-M, and Blank-M 
at different concentrations on RAW264.7 cells was studied. As shown in Figure 3B, the cell survival rate was greater than 
80% in each group within the range of drug concentrations administered.

RAW264.7 Cell Uptake
As shown in Figure 4A and B, the level of FL1-H in HA-Coumarin-M treated cells was greater than that in the 
Coumarin-M. Figure 4C and D show the fluorescence image and fluorescence quantification diagram of coumarin uptake 
in cells observed by CLSM. The results show that the fluorescence of coumarin in cells treated with HA-Coumarin-M is 
the strongest and the amount of fluorescence absorbed is the largest.

In vitro Antibacterial Experiments
MRSA (ATCC 29213) was used in this study. As shown in Figure 5A and B, the diameter of inhibition zone was 15.42 ± 
0.61mm in AZI group, 15.48 ± 0.57mm in AZI-M group, 17.17 ± 0.41mm in AZI/Qe-M group, and 17.48 ± 0.32mm in 
HA-AZI/Qe-M group. (a: control, b: AZI group, c: AZI-M group, d: AZI/Qe-M group, e: HA-AZI/Qe-M group). 
Figure 5C shows the MIC of different groups of drugs against MRSA. The MIC of AZI and AZI-M for MRSA was 
2.5 μg/mL, and the MIC of AZI/Qe-M and HA-AZI/Qe-M was 1.25 μg/mL. We then incubated MRSA with AZI, AZI-M, 
AZI/Qe-M, and HA-AZI/Qe-M and examined the OD600 values of MRSA detected at one-hour intervals over 24 h. As 
shown in Figure 5D, although the OD600 values of MRSA in AZI group and AZI-M group were significantly lower than 
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Figure 2 Characterization of HA-AZI/Qe-M. (A) Structural formula for AZI. (B) Structural formula for Qe. (C) Structural formula for HA. (D) Transmission electron 
microscopy images of HA-AZI/Qe-M. (E) FTIR spectra of Qe, AZI, and HA-AZI/Qe-M. (F) Particle size distribution of Blank-M. (G) Zeta potential distribution of Blank-M. 
(H) Particle size distribution of HA-AZI/Qe-M. (I) Zeta potential distribution of HA-AZI/Qe-M. (J) Particle size distribution of different micelles. (K) Zeta potential 
distribution of different micelles. (L) PDI distribution of zeta for different micelles. (M) EE of HA-AZI/Qe-M. (N) DL of HA-AZI/Qe-M. Scale bar: 100 nm. Data are 
presented as means ± SD (n = 3). *P < 0.05.
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those in control group, the antibacterial effect was not obvious, while the OD600 values of AZI/Qe-M and HA-AZI/Qe-M 
groups were lower, and the growth inhibition of MRSA was stronger.

To investigate the bactericidal effect of micelles on MRSA, we stained with the Live/Dead kit and observed bacterial 
survival and death with CLSM. Live bacteria appear green, and dead or dying bacteria appear red. As shown in 
Figure 5E, all the bacteria in the blank control group showed green fluorescence. Compared with the control group, 
the green fluorescence in the AZI and AZI-M groups was weakened, and some red fluorescence appeared, indicating that 
some bacteria were killed in the AZI and AZI-M groups, and the bactericidal effect was good. We observed that the green 
fluorescence of HA-AZI/Qe-M group was significantly weakened and a large number of red fluorescence appeared, 
indicating that HA-AZI/Qe-M killed most of the bacteria and had stronger bactericidal effect.

Intracellular Bacterial Experiments
With the increasing resistance of bacteria to antibiotics, intracellular bacterial infection caused by MRSA has become 
a difficult problem to solve. As shown in Figure 5F, compared with the control group, AZI can kill a certain amount of 
intracellular bacteria. AZI-M and AZI/Qe-M can kill most of the intracellular bacteria, but the antibacterial effect is far 
less than HA-AZI/Qe-M.

Inhibition of Biofilm Research
Biofilm generated by bacteria is one of the reasons why bacteria are resistant to antibiotics and have poor therapeutic 
effect. At the early stage of biofilm formation, we used crystal violet staining to evaluate the inhibitory effect of MRSA 
biofilm after different drug treatments. As shown in Figure 6A–C, the crystal violet staining results showed that HA-AZI/ 
Qe-M effectively inhabited the biofilm formed by MRSA and it was superior to free AZI and AZI-M. We also stained the 
bacteria with Live/Dead kit and observed the disruption of the biofilm by the drugs with CLSM. As shown in Figure 6D, 
after the treatment of MRSA-formed biofilm by different drugs, the HA-AZI/Qe-M group showed strong red fluores-
cence, indicating that HA-AZI/Qe-M had a strong scavenging effect on biofilm.

Table 1 Particle Size, PDI, and Zeta Potential of the Micelles (n=3).

Micelles Particle Size (nm) Polydispersity Index (PDI) Zeta Potential (mV)

Blank-M 74.13 ± 1.25 0.056 ± 0.09 −2.17 ± 0.12
AZI-M 86.04 ± 6.12 0.107 ± 0.03 −1.07 ± 0.12

AZI/Qe-M 107.44 ± 5.50 0.24 ± 0.01 −1.2 ± 0.1

HA-AZI/Qe-M 124.47 ± 3.64 0.24 ± 0.03 −2.63 ± 0.21

Figure 3 Synergy determination with SynergyFinder and RAW264.7 cytotoxicity assay. (A) Heatmaps of drug combination responses. ZIP Synergy scores were calculated 
using Synergyfinder software. Scores > 0 indicated synergism, and scores > 10 were considered strong synergistic (n = 4). (B) Survival rate of RAW264.7 cells after 
treatment with different groups of drugs at different concentrations of AZI (n = 5). Data are presented as means ± SD (n = 4 or 5). ns = no significance.
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In vivo Fluorescence Imaging in Mice
To demonstrate that HA-AZI/Qe-M can better target the MRSA infection site in vivo, we replaced the drug within the 
micelles with the fluorescent probe DiR (concentration of DiR: 10 μg/mL). Drug distribution in MRSA infected mice was 
evaluated by in vivo imaging at 3 h, 6 h, 12 h, 24 h, 48 h, 72 h, and 96 h after tail vein injection of free DiR and DIR-M 
and HA-DiR-M. As shown in Figure 7, after 96 h of administration, there was no fluorescence in the mice of the DiR 
group, while DiR-M and HA-DiR-M still had fluorescence in the mice, and the fluorescence intensity of HA-DiR-M was 
the strongest, which may be related to the effect of DSPE-PEG2000-HA.

Anti-Bacterial Effect of HA-AZI/Qe-M in vivo
In this study, we further evaluated the anti-infective effect of HA-AZI/Qe-M on MRSA muscle-infected mice, and 
we divided the mice into control, model, AZI, AZI-M, AZI/Qe-M, and HA-AZI/Qe-M groups. In vivo anti- 
infective treatment was carried out as shown in Figure 8A. After intramuscular injection of MRSA for 24 h, the 
thighs of mice showed redness and swelling, and even slight ulceration, which indicated that the model was 

Figure 4 Uptake and distribution of RAW264.7 cells after incubation with micelles of different formulations. (A) RAW264.7 Uptake of cells. (B) Quantitative analysis of 
fluorescence intensity. (C) Confocal fluorescence images of RAW264.7 cells incubated in different formulations of micelles. (D) Average fluorescence intensity of RAW264.7 
cells. Scale bar: 20 μm. Data are presented as means ± SD (n = 3). *P < 0.05, **P < 0.01.
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successful. After successful modeling of the mice, drugs were injected into the tail vein every 48 h for three times. 
As shown in Figure 8B, we photographed and recorded the changes of the infection site in each group of mice 
during the treatment period, and the infection site of the HA-AZI/Qe-M group had recovered to be comparable to 
that of the blank group at the end of the treatment, which was a significant control with the model group.

Figure 5 In vitro antibacterial effect of HA-AZI/Qe-M. (A) Circle of inhibition of different groups of drugs. (a) Blank-M; (b) AZI; (c) AZI-M; (d) AZI/Qe-M; (e) HA-AZI/Qe- 
M. (B) Histogram of the circle of inhibition of different groups of drugs. (C) Minimum inhibitory concentrations of different groups of drugs against MRSA. (D) Growth 
curves of MRSA within 24 h of different groups of drug treatments. (E) Confocal imaging of MRSA with death/live staining after treatment with different groups of drugs. (F) 
Bacterial counts in MRSA-infected RAW264.7 cells treated with different groups of drugs. Scale bar: 20 μm. Data are presented as mean ± SD (n =3). *P < 0.05, **P < 0.01, 
***P < 0.001.
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Figure 6 Inhibition of MRSA biofilms. (A) Crystal violet staining of biofilm (n = 8). (B) Absorbance of the biofilm at 590 nm (n = 8). (C) Biofilm inhibition rate of different 
groups (n = 8). (D) Confocal imaging of MRSA biofilms (n = 6). Scale bar: 100 μm. Data are presented as mean ± SD (n = 6 or 8). *P < 0.05, **P < 0.01.
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After the end of treatment, the muscle tissues of mice in each group were collected for HE staining and Masson staining to 
observe the integrity of muscle tissue structure and the inflammation, necrosis, and inflammatory cell infiltration and fibrosis. 
As shown in Figure 8C and D, the results showed that the improvement of muscle tissue in HA-AZI/Qe-M group was 
significantly better than that in AZI, AZI-M and AZI/Qe-M groups, and there was basically no damage to muscle tissue 
structure and no inflammatory cell infiltration. The muscle tissues of different groups of mice were homogenized and plated to 
count the number of colonies. As shown in Figure 8E and F, compared with the control group, the AZI group had a significant 
reduction in the number of bacteria in muscle homogenate, but the HA-AZI/Qe-M group had the lowest number of colonies.

Serum levels of IL-1β, IL-6 and TNF-α were measured by ELISA. As shown in Figure 8G, the levels of IL-1β, IL-6 
and TNF-α in AZI, AZI-M and AZI/Qe-M groups were significantly increased compared with the blank group, while the 
levels of IL-1β, IL-6 and TNF-α in HA-AZI/Qe-M group returned to the same level as the control group.

Biocompatibility
To evaluate the blood compatibility of HA-AZI/Qe-M, we performed a hemolytic test. As shown in Figure 9A and B, we 
co-incubated 2% RBCs with different concentrations of HA-AZI/Qe-M, and the hemolysis of HA-AZI/Qe-M were all 
less than 5%.

In order to evaluate the biocompatibility of HA-AZI/Qe-M, we recorded the body weight changes of mice within 
seven days of drug administration. As shown in Figure 9C, the body weights of mice in the control group showed 
a certain increase, while the body weights of mice in the remaining four dosing groups showed a decreasing and then 

Figure 7 Real-time imaging observation in mice after intravenous administration (n = 3).
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Figure 8 Anti-infection effect of HA-AZI/Qe-M in vivo. (A) Schematic diagram of in vivo anti-infection experimental design. (B) Representative photographs of infected thighs of mice 
seven days after treatment (n = 6). (C) HE staining of muscle tissue (n = 6). (D) Masson staining of muscle tissue (n = 6). (E and F) Bacterial counts in muscle homogenates (n = 3). (G) 
Levels of inflammatory factors (n = 3). Scale bar: 50 μm. Data are presented as mean ± SD (n = 3 or 6). *P < 0.05,**P < 0.01,***P < 0.001,****P < 0.0001.
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increasing trend. Figure 9D shows the AST and ALT of the treated mice, and the results show that the ALT and AST 
values of the treated group were not significantly different from control group, indicating that our preparation was not 
hepatotoxic to the mice.

To further evaluate the toxicity of the drug, we evaluated the pathological changes of five groups of organs (heart, 
liver, spleen, lung and kidney) by HE staining. As shown in Figure 9E, no fibrosis, necrosis, or histological abnormality 
were observed in the pathological sections of organs in each group. In summary, the results showed that HA-AZI/Qe-M 
did not cause significant damage to heart, liver, spleen, lungs and kidneys, and had a good biocompatibility.

Discussion
The physicochemical properties of micelles, such as particle size, zeta potential, PDI, encapsulation efficiency, and drug 
loading, are important for their pharmacokinetics and biodistribution. The surface of HA-AZI/Qe-M smooth and 
spherical in shape as seen by the TEM images. FTIR showed that in HA-AZI/Qe-M, the characteristic peaks of AZI 
and Qe disappeared, and only the characteristic peak of Blank-M was left, indicating that the drug may be encapsulated 
in micelles. The increased particle size of HA-AZI/Qe-M compared to Blank-M indicated that the drug was encapsulated 
by micelles, and the results were consistent with FTIR. The narrow PDI indicates that the micelles are uniformly 
distributed. Both HA and DSPE-PEG2000 were negatively charged,52,53 so HA-AZI/Qe-M had the most negative charge 
among the four micelles. The negative charge on the micelle surface may help to reduce its nonspecific interactions 
in vitro and in vivo.54

Biomaterials should be non-toxic or low toxic and not affect normal cell function.55 RAW264.7 cells, which have 
been widely used in terms of cytotoxicity and viability, were used as the model cells in this study.56 On the basis of this 
administration concentration, we performed cytotoxicity experiments of different drugs on RAW264.7 cells for cell 
viability assay. Based on the results of synergy experiments, the survival rates of RAW264.7 cells treated with different 
drugs were investigated. As shown in the results, the concentration of AZI was increased from 0 to 20 μg/mL, and 
although there was a slight decrease in cell viability, they all exceeded 80%, which indicated good cell viability. This 
indicates that HA-AZI/Qe-M is safe in cells and is a prerequisite for further experimentation.

Investigating the targets of drug action on MRSA and the targeting of MRSA by drugs has become particularly 
important.57–59 The efficacy of drug-loaded micelles for the treatment of intracellular bacterial infections is strongly 
influenced by cellular uptake.60,61 Therefore, cellular uptake is a key factor in the micellar drug delivery system. AZI and 
Qe do not have fluorescent properties, so coumarin was chosen as a fluorescent probe to investigate cellular uptake. 
Coumarin, a fluorescent probe with a long service life and no cytotoxicity, has been widely used in mechanistic studies of 
in vivo tracking, cellular uptake, and microparticle drug delivery systems.62,63 LPS induced RAW264.7 cells were used 
to simulate the intracellular bacterial infection environment. Flow cytometry and confocal laser microscope were used to 
quantitatively and qualitatively analyze the uptake of different micelles by RAW264.7 cells. Flow cytometry and CLSM 
showed that the fluorescence intensity of RAW264.7 cells in HA-Coumarin-M group was the highest. This was due to the 
activation of CD44 on the surface of macrophages after LPS induction, which promoted the uptake of hyaluronic acid- 
modified micelles by RAW264.7 cells.

The antibacterial effect in vitro is related to the therapeutic effect of drugs in vivo, and it is also the premise of animal 
experiments. Inhibition zone, minimum inhibitory concentration, bacterial growth curve and bacterial live/dead staining 
can be used as indicators to judge the antibacterial effect of drugs. Inhibition zone method is to use the test drug diffusion 
in LB solid medium to inhibit the growth of bacteria around it to form a circle.64 It is the most intuitive method to judge 
the antibacterial effect of drugs according to the size of inhibition circle. In this study, the diameter of inhibition zone of 
HA-AZI/Qe-M group was 17.48 ± 0.32 mm, indicating that it had a strong inhibitory effect on bacteria (more than 
15 mm indicated a strong inhibitory effect).

A lower minimum inhibitory concentration represents a stronger antibacterial potency. The clinical anti-infection 
treatment is to inhibit the growth of bacteria by rational use of drugs to maintain only the minimum inhibitory 
concentration, which can avoid excessive drug damage to the body.65 The minimum inhibitory concentrations of HA- 
AZI/Qe-M and AZI/Qe-M were 1.25 μg/mL, which was lower than the other groups.
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Growth curve measurement based on optical density (OD) is one of the most commonly used methods for real-time 
monitoring of microbial growth and proliferation in microbiology. It provides a simple and reliable method for under-
standing microorganisms and has been used routinely to determine the growth of bacteria and other microorganisms 

Figure 9 Biocompatibility of HA-AZI/Qe-M. (A, B) Hemolysis of HA-AZI/Qe-M (n = 3). (a) saline; (b-g) HA-AZI/Qe-M concentrations were 0.0675–2mg/mL; (h) water. 
(C) Changes in body weight of mice during treatment (n = 6). (D) Liver Function Indicators (n = 3). (E) HE staining of heart, liver, spleen, lung and kidney of mice one week 
after intravenous injection of corresponding drugs (n = 6). Scale bar: 50 μm. Control: mice treated with normal saline. Data are presented as mean ± SD (n = 3 or 6). ns = no 
significance, *P < 0.05.
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treated with antibiotics.66 We observed that HA-AZI/Qe-M and AZI/Qe-M significantly inhibited MRSA growth, which 
was superior to the AZI and AZI-M groups.

In the Live/Dead staining assay, SYTO 9 could penetrate the cell membrane of living bacteria and stain the bacteria as 
green, while propidium iodide (PI) could only penetrate the bacteria with damaged cell membrane and produce red 
fluorescent cells.67 Thus bacteria with intact membrane structure appear green and bacteria with damaged membranes 
appear red. In this experiment, the red fluorescence of HA-AZI/Qe-M and AZI/Qe-M groups was strong, indicating that 
more bacteria died and the antibacterial effect was good, and the antibacterial effect was stronger than that of AZI and 
AZI-M groups. In the above experiments, HA-AZI/Qe-M showed excellent antibacterial activity in vitro, which may be 
due to the addition of the regulator quercetin. However, the antibacterial activity of AZI/Qe-M was almost the same as 
that of HA-AZI/Qe-M, probably because HA-AZI/Qe-M lacks the ability to target bacteria directly in vitro. We then 
examined the ability of HA-AZI/Qe-M to treat intracellular bacterial infections.

Intracellular pathogens can cause a variety of diseases, and are an important cause of the increase in the morbidity and 
mortality of infectious diseases worldwide, which has become an international public health problem.68 Maintaining 
intracellular therapeutic concentrations of antibiotics is challenging, and intracellular pathogens are exposed to subther-
apeutic concentrations for long periods of time, which is more likely to lead to bacterial resistance to antibiotics.61 In the 
intracellular bacteria elimination experiment, HA-AZI/Qe-M group was significantly better than other groups, because 
HA targeted macrophages and had a significant effect on eliminating intracellular bacteria. We can draw a preliminary 
conclusion that free AZI reaches the infected cells through passive diffusion, while HA-AZI/Qe-M can enter the cells in 
large amounts through endocytosis mediated by the highly expressed HA receptor on the macrophage cell membrane, 
thereby killing intracellular bacteria efficiently.

Bacteria are capable of producing biofilms during growth and reproduction, which cause most chronic and recurrent 
infections.69 Biofilm-associated infections recur in approximately 65–80% of cases.70 Bacteria associated with biofilms 
are highly resistant to antibiotics.71 The prevalence of biofilm-mediated infections is very rapid and is observed in 
periodontitis, endocarditis, osteomyelitis and urinary tract infections.72 Nanoparticles have been used to overcome 
biofilms because of their small size, which allows them to easily penetrate into the porous structure of biofilms.73,74 

We hypothesized that micelles with similar properties could also overcome the challenges posed by biofilms. We 
prepared different micelles and evaluated their biofilm inhibition and removal effects. The MRSA biofilms were 
incubated with different groups of drugs, and then crystal violet staining and live/dead staining were performed. Both 
crystal violet staining and live-dead staining showed that HA-AZI/Qe-M and AZI/Qe-M exhibited better biofilm 
inhibition and clearance than AZI and AZI-M. In conclusion, HA-AZI/Qe-M was able to penetrate deeply into the 
MRSA biofilm, inhibit and remove the biofilm.

To observe the real-time distribution and retention time of different formulations of micelles in mice, we used 
a noninvasive optical imaging system to record in vivo fluorescence imaging of mice in real time. The fluorescence of 
HA-DiR-M reached its peak when it remained at the infection site for 24 hours, and the fluorescence was still present at 
96 hours, indicating that the micelles remained in the mice for at least 96 hours. This may be due to the fact that HA- 
modified micelles can bind to CD44 on the surface of inflammatory macrophages to enter the inflammatory tissue, 
increase the accumulation of drugs, improve the uptake rate of drugs at the infection site, and achieve the “active 
targeting” effect.75 Meanwhile, the surface of micelles was modified with DSPE-PEG2000, and the hydrophobic 
environment formed by long lipid-acyl chains could accommodate lipophilic drug molecules, thus effectively solubiliz-
ing low-water-soluble drugs while restricting the mobility of the incorporated drugs, leading to sustained drug release; 
the PEG portion of the hydrophilic shell would generate spatial site-blocking, which would stabilize micellar aggrega-
tion, reduce the clearance rate of the reticuloendothelial system (RES), and prolong the cycling time of the drug-loaded 
micelles.76,77

Animal models provide opportunities to better study disease progression and pathogenesis and to evaluate potential 
therapeutic strategies for disease. The tissue was homogenized and plated on LB solid medium, and the number of 
colonies was counted as a simple and practical method to observe the ability of drugs to clear tissue bacteria. After 
treatment with HA-AZI/Qe-M, the number of bacteria in thigh muscle tissue of mice was significantly reduced, and it 
was preliminarily concluded that HA-AZI/Qe-M had excellent antibacterial effect in vivo. Histological analysis is the 
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basic and main method for biological research and even disease diagnosis. The results of histological analysis show the 
state of cells and tissues in the organ, allowing us to infer the condition of the whole organism.78,79 HE staining and 
Masson staining are commonly used to study the state of cells and tissues. In the results of HE staining, the muscle tissue 
cells in the blank control group were arranged neatly, the gap was clear, and there was no damage, while the tissue in the 
model group showed necrosis and inflammatory cell infiltration. After treatment, tissue necrosis was greatly improved 
and inflammatory cell infiltration was significantly reduced in HA-AZI/Qe-M group. Masson staining collagen levels 
reflect the level of muscle fibrosis. The collagen deposition in the bacterial infection group was significantly increased, 
and the collagen deposition in the HA-AZI/Qe-M treatment group was significantly reduced, and the level of collagen 
deposition was restored to the blank control group. When pathogens invade the body, infection often occurs, which 
changes the levels of pro-inflammatory factors in the body, leading to immune dysfunction or pathological damage.80 

TNF-α, IL-6 and IL-1β are important pro-inflammatory factors. After bacterial infection, the levels of TNF-α, IL-6 and 
IL-1β in mice were up-regulated. After treatment with different drugs, HA-AZI/Qe-M could significantly down-regulate 
the levels of three inflammatory factors in mice, and the levels were similar to those in the blank group, indicating that 
HA-AZI/Qe-M can significantly inhibit the inflammation caused by bacterial infection. In conclusion, HA-AZI/Qe-M 
exerts its in vivo antibacterial activity by eliminating bacteria in tissues and relieving inflammation caused by bacterial 
infection.

The internal environment of animals is quite complex, and nano delivery systems are equivalent to a foreign object, 
which may cause a series of reactions, such as an immune response to the foreign object, when it enters the organism.81 

In addition, the nanomaterials themselves may also have an effect on the organism.82 Hemocompatibility evaluation is an 
important criterion for determining the biosafety of biomaterials, especially those in direct contact with blood.83 

Hemolysis refers to the rupture and dissolution of red blood cells. Because our preparations are injected through the 
tail vein, some drugs contain hemolytic components or physical or chemical aspects, which will cause hemolysis after 
injection into the blood vessels. Some drugs can cause blood cell condensation after injection into blood vessels and 
cause blood circulation disorders, so we need to test the hemolysis of micelles to ensure the biocompatibility of the 
preparations.84 The hemolysis rate of the prepared targeted micelles was less than 5%,85 which indicated that it had good 
blood compatibility. Due to the presence of long-cycling material DSPE-PEG2000, the residence time of micelles in the 
body was increased to more than 96h. In addition, after the drug was wrapped in the membrane to form micelles, the 
toxicity was minimal, which was exactly confirmed by the weight changes and histological examination of mice.

There are several limitations to our study. For example, HA-AZI/Qe-M was constructed to target the macrophages 
infected with bacteria and showed excellent therapeutic effect against intracellular bacterial infection. However, it did not 
target bacteria directly, which resulted in less antibacterial effect than those drugs that directly target bacteria in vitro. 
The antibacterial mechanism of HA-AZI/Qe-M has not been studied, and we will further investigate its antibacterial 
mechanism in the subsequent experiments.

Conclusion
HA has good biocompatibility, hydrophilicity, biodegradability, non-toxicity, and binding ability to CD44 receptor, 
making it the best choice for antibacterial and anti-inflammatory drug delivery systems. In this study, we encapsulated 
AZI and Qe into nano-micelles and modified HA on the surface of the micelles, which greatly improved the drug 
targeting and therapeutic efficacy against intracellular bacterial infections. The results of cellular uptake assay and anti- 
intracellular bacterial infection assay showed that HA specifically bound to CD44 on the surface of infected macro-
phages, significantly enhanced the uptake of micelles by macrophages, thereby achieving targeted clearance of bacteria. 
HA-AZI/Qe-M has a long circulation time in vivo, accurately targets the infection site, effectively eliminates MRSA at 
the infection site and reduces muscle tissue damage, and has good biocompatibility. Therefore, we believe that HA-AZI/ 
Qe-M can be used as a promising formulation for the treatment of MRSA infection.

Abbreviations
MRSA, Methicillin-resistant Staphylococcus aureus; HA, Hyaluronic acid; Qe, Quercetin; AZI, Azithromycin; HA-AZI/ 
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succinate; DiR, 1,1-dioctadecyl-3,3,3,3-tetramethylindotricarbocyanine iodide; FBS, Fetal bovine serum; PBS, Phosphate 
buffered saline; PDI, Polydispersity index; Blank-M, Blank micelles; AZI-M, Azithromycin micelles; AZI/Qe-M, 
Azithromycin and quercetin micelles; Coumarin-M, Coumarin micelles; HA-Coumarin-M, Hyaluronic acid-modified 
coumarin micelles; DiR-M, DiR micelles; HA-DiR-M, Hyaluronic acid-modified DiR micelles; HPLC, High perfor-
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1β, Interleukin 1β; ALT, Alanine aminotransferase; AST, Aspartate aminotransferase.
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