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A B S T R A C T

Staphylococcus aureus (S. aureus) is recognized as among the most critical bacterial pathogens globally. A sig
nificant portion of the complications associated with S. aureus infections arises from its ability to persist inside 
host phagocytes, particularly macrophages, making the eradication of intracellular S. aureus vital for therapeutic 
success. Regrettably, many antibiotics exhibit limited penetration into cells, underscoring the necessity for 
efficient intracellular delivery mechanisms. In this study, vancomycin-loaded chitooligosaccharide nanoparticles 
(COS@Van) coated with hyaluronic acid (HA), were engineered to function as an active-targeting antibiotic 
carrier recorded as HA/COS@Van. The HA coating serves as an external shell, which 1) covers the positive 
surface charge of COS NPs, thereby enhancing their biocompatibility and extending circulation time, and 2) 
facilitates targeted delivery to macrophages through specific interactions with the CD44 receptor. Confocal laser 
scanning microscopy (CLSM) and flow cytometry (FCM) experiments confirmed that HA/COS could effectively 
accumulate in methicillin-resistant S. aureus (MRSA) infected macrophages. Additionally, when administered 
intravenously in mouse models, HA/COS demonstrated markedly increased accumulation in the liver, the pri
mary location of infected macrophages. These findings highlight the active-targeting capabilities of HA/COS both 
in vitro and in vivo settings. Consequently, after being loaded with Van, HA/COS@Van exhibited superior efficacy 
in killing intracellular MRSA in vitro, as compared to free Van. Furthermore, HA/COS@Van also demonstrated 
enhanced bactericidal activity in both mouse acute peritonitis model and mouse organ infection model. 
Therefore, this active-targeting delivery system may hold promise in advancing therapeutic outcomes for in
fections related to intracellular pathogens.

1. Introduction

The growing antimicrobial resistance presents a significant challenge 
to worldwide health systems. Staphylococcus aureus (S. aureus) remains a 
primary source of bacterial illnesses in community and hospital settings. 
Methicillin-resistant S. aureus (MRSA) represents a significant medical 
obstacle owing to its persistently elevated rates of illness and fatality 
[1–3]. While S. aureus has traditionally been regarded as an extracellular 
pathogen, mounting evidence suggests that it can survive intracellularly 
after being phagocytosed by macrophages, which may result in recur
rence of infection and increased resistance [4,5]. S. aureus can support 
its survival by manipulating macrophage activation to M2 phenotype. 
Besides, M2 macrophages promote the formation of antibiotic-tolerant 

S. aureus small colony variant and lead to higher intracellular abun
dance. More concerning is the fact that bacteria surviving within host 
cells are shielded from the bactericidal effects of antibiotics. In reality, 
numerous antibiotics prove limited efficacy against intracellular path
ogens owing to their minimal retention or poor intracellular accumu
lation [6–8]. Vancomycin, for example, which is often considered the 
treatment of last resort for MRSA, exhibits limited uptake by infected 
host cells. It is evident that, despite significant progress in antibiotic 
development, addressing intracellular bacterial infections remains a 
significant hurdle. Therefore, precise delivery of antimicrobial com
pounds to infected host cells, particularly macrophages, represents a 
vital approach for enhancing the efficacy of antibiotic therapies aimed at 
treating intracellular infections.
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Nanotechnology offers promising opportunities to overcome the 
biopharmaceutical limitations of both small-molecule and biological 
drugs, markedly enhancing their efficacy [9–12]. Following this ratio
nale, various nanodrug delivery systems have been explored to optimize 
the treatment of infectious diseases via systemic and localized routes of 
administration [13–16]. However, delivering antibiotics intracellularly 
to effectively eliminate bacterial pathogens still presents significant 
challenges. Chitooligosaccharide (COS), extracted from crustacean 
exoskeletons and fungal cell walls, stands as a prominent chitin deriv
ative. This highly alkaline, naturally occurring, positively charged 
polysaccharide exhibits mucoadhesive characteristics [17,18]. The 
United States FDA has acknowledged COS as a biocompatible polymer 
appropriate for applications in tissue engineering and drug delivery 
systems. The application of COS-based nanoparticles (COS NPs) could 
potentially result in enhanced intracellular bacterial eradication due to 
several factors, including activation of immune system, active targeting 
of polarized macrophages, and their ability to escape lysosomal degra
dation [19–21]. However, the positive surface charge might impede the 
systemic use of COS NPs. Hyaluronic acid (HA), a non-toxic, biode
gradable component of the extracellular matrix, is frequently employed 
as a targeting and capping agent. It specifically binds to CD44 receptor 
and can be broken down by hyaluronidase (Hyal) [22,23]. As known, 
numerous bacteria have been found capable of producing Hyal. There
fore, HA can function as a capping agent in reaction to the presence of 
Hyal within the bacterial infection microenvironment [24,25].

Herein, HA-capped vancomycin-loaded COS nanoparticles (HA/ 
COS@Van) were developed as a nanocarrier for the treatment of intra
cellular bacterial infections. Investigations were carried out on cell 
compatibility, cellular uptake, intracellular trafficking, and cell polari
zation in RAW 264.7 cells. Additionally, the suppressive impact on 
MRSA growth, both in vitro and in vivo, was examined with regard to 
planktonic and intracellular infections, respectively. Both in a mouse 
peritoneal infection model and in a mouse organ infection model, 
infection was more effectively cured by HA/COS@Van than free Van, a 
common antibiotic in clinical treatment (Scheme 1).

2. Materials and methods

2.1. Materials

Comprehensive specifics concerning the materials employed in this 
investigation are provided in the Supplementary Material.

2.2. Methods

2.2.1. Preparation of HA/COS@Van
A total of 125 mg of COS was measured and solubilized in 10 mL of 

deionized (DI) water. Under ultrasonic conditions, 2.5 mL of PAA (10 
mg/mL) was gradually introduced to the mixture to generate COS NPs. 
Subsequently, 1.5 mL of Van (5 mg/mL) was incorporated into the above 

Scheme 1. Preparation of HA-capped vancomycin-loaded COS NPs (HA/COS@Van) (A). Eradication of intracellular MRSA by HA/COS@Van in a mouse acute 
peritonitis model and in a mouse organ infection model (B).
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COS NPs solution, which underwent sonication for 5 min and continuous 
agitation for 6 h to yield COS@Van. Following this, HA/COS@Van was 
obtained by mixing COS@Van with HA or FITCHA at different weight 
ratios (5:1, 4:1, 3:1, 2:1, 1:1, 1:2 and 1:3), respectively. The mixture was 
vortexed for 3 min, continuously agitated for 2 h, then purified utilizing 
ultrafiltration at 4000 rpm for 20 min and re-dispersed in 10 mL of DI 
water.

2.2.2. Characterization of HA/COS@Van
The size and zeta potential of HA/COS@Van and absorbance of 

FITCHA/COS@Van with different weight ratios of COS@Van and HA or 
FITCHA were analyzed using the NanoBrook 90PlusPALS analyzer (USA) 
or TU-1810 ultraviolet–visible spectrophotometer (Purkinje, China), 
respectively. The morphological characteristics of COS NPs, COS@Van 
and HA/COS@Van were observed with the JEOL JEM1400 TEM 
(Japan). The structure and interaction of HA/COS were analyzed using a 
Fourier transform infrared (FTIR) spectrometer (Nicolet IS10, Co., 
America). The encapsulation efficiency (EE%) of Van was computed 
using Equation (1). The absorbance at 282 nm was ascertained to 
quantify the concentration of Van. 

DL%=
Weight of Van in NPs
Weight of feeding Van

× 100% (1) 

The prepared COS@Van and HA/COS@Van were utilized to inves
tigate Van’s release profile within the nanocomposite by employing 
dialysis. Specifically, the prepared HA/COS@Van and COS@Van were 
enclosed in a dialysis bag (MW = 1000), and 0.1 mol/L phosphate- 
buffered solution (pH 7.4, 5.5 and 5.5+Hyal) was used as the release 
medium, respectively. At predefined intervals, 3 mL of dialysis solution 
was extracted, and an equivalent volume of fresh PBS was replenished. 
The cumulative release of Van was assessed using UV spectroscopy, with 
the results presented as mean ± SD.

2.2.3. Targeted binding of NPs toward planktonic MRSA
The bacterial adhesion of NPs was evaluated by incubating MRSA 

suspensions with fluorescent NP@RHB (COS@RHB and HA/ 
COS@RHB), which had been infused with Rhodamine B (RHB) as a 
fluorescent probe. Free RHB was utilized as a control. After incubation 
for 0.5 h, the fluorescence of RHB was examined utilizing an Olympus 
BX53F2 Fluorescent Microscope (Japan) and a BD FACSCanto II flow 
cytometer (USA), respectively.

2.2.4. Evaluation of antibacterial activity

2.2.4.1. Minimum inhibitory concentration (MIC) and minimum bacteri
cidal concentration (MBC). The MICs of various formulations, encom
passing free Van, COS@Van, HA/COS@Van and HA/COS@Van + Hyal, 
were determined using the micro-dilution method against MRSA (1 ×
105 CFU/mL) at pH levels of 5.5 and 7.4, ranging in concentrations from 
0.25 to 64 μg/mL. Bacterial suspensions were utilized as a negative 
control to establish a baseline. The measurements were conducted uti
lizing six separate repetitions to guarantee accuracy.

The minimum bactericidal concentrations (MBC) of free Van, 
COS@Van, HA/COS@Van and HA/COS@Van + Hyal were also deter
mined at pH 7.4 and 5.5, respectively. The concentration of Van ranged 
from 0.25 to 64 μg/mL. Viable bacteria were determined after 24 h in
cubation at 37 ◦C. The MBC was defined as the lowest concentration that 
killed 99.9 % of original inoculum.

2.2.4.2. Live/dead assay. Bacterial viability was assessed utilizing a 
BacLight Bacterial Viability Kit on samples treated at pH 5.5. These 
samples included free Van, COS@Van, HA/COS@Van, and HA/COS@
Van + Hyal at pH 5.5. The Van concentration was maintained at 2 μg/ 
mL, followed by overnight incubation. After incubation, bacterial sam
ples underwent staining with a dye blend comprising propidium iodide 

and SYTO 9 in a 1:1 ratio. The staining was executed for 30 min at a 
steady temperature of 25 ◦C. Fluorescent micrographs were procured 
utilizing an Olympus BX53F2 Fluorescent Microscope (Japan).

2.2.4.3. Observation with scanning electron microscopy (SEM). The 
impact of various formulations on bacterial suspensions was addition
ally examined using SEM. MRSA was cultivated at 37 ◦C for 12 h under 
different treatments, including free Van, COS@Van, HA/COS@Van, and 
HA/COS@Van + Hyal at pH 5.5. The formulations containing Van were 
set at a concentration of 2 μg/mL, succeeded by overnight treatment 
with 2.5 % glutaraldehyde. After incubation, the bacterial samples were 
mixed, gradually dehydrated, coated with gold, and analyzed utilizing a 
Zeiss EVO LS15 SEM (Germany).

2.2.5. Cellular uptake
For flow cytometry (FCM) analysis, RAW264.7 cells were grown in 6- 

well plates at 1 × 106 cells per well and exposed to RHB-loaded NPs, 
including COS@RHB, HA/COS@RHB + Hyal (0.5 h), HA/COS@RHB +
Hyal (4 h) and free RHB for 0.5 h, respectively. After exposure, the cells 
were harvested, rinsed thrice with PBS, resuspended in 1 mL of PBS, and 
analyzed by FCM. For microscopic examination, RAW264.7 cells (1 ×
106 cells/well) were placed on coverslips in 6-well plates and left 
overnight. The treatment of cells followed the procedure outlined for 
FCM. Upon completion of the uptake process, the cells underwent three 
rinses with PBS, after which the nuclei were labeled utilizing Hoechst 
33258 for 15 mi and observed by an Olympus BX53F2 Fluorescent Mi
croscope (Japan).

2.2.6. Intracellular antibacterial activity study
RAW264.7 cells were placed in 24-well plates at 3 × 105 cells per 

well and left overnight in a 37 ◦C, 5 % CO2 environment. MRSA was 
subsequently introduced into the cell culture medium of RAW264.7 cell 
culture medium at a 20:1 bacteria-to-cell ratio and kept for 4 h at 37 ◦C. 
To eliminate extracellular bacteria, gentamicin (50 μg/mL) was intro
duced. The infected cells were then treated with saline, free Van, 
COS@Van, HA/COS@Van, and HA/COS@Van + Hyal with the Van 
concentration of 4 μg/mL. Following 12 h of exposure, the medium was 
removed, and cells were promptly rinsed twice with PBS. Afterwards, 
cells underwent lysis with 0.5 % Triton X-100 for 15 min, which was 
succeeded by centrifugation to extract the supernatant. The count of 
viable intracellular bacteria was ascertained by culturing on tryptic soy 
agar plates.

2.2.7. Antibacterial mechanism of HA/COS@Van

2.2.7.1. Nanoparticle co-localization in infected RAW264.7 cells. RAW 
264.7 cells underwent infection with sfGFPMRSA for 4 h in 6-well 
chamber slides. Following infection, gentamicin (50 μg/mL) was 
added for a 1.5 h incubation to eliminate extracellular bacteria. The cells 
were then exposed to RHB-labeled NPs for 0.5 h. Following this, the cells 
underwent staining with Hoechst 33258 for 15 min. Afterwards, the 
cells were rinsed twice using a PBS solution. Ultimately, the cells were 
observed using a Zeiss LSM 880 laser confocal microscope (CLSM).

2.2.7.2. Lysosomal escape. Lysosomal escape behavior was investigated 
in RAW264.7 cells. Cells (1 × 106/well) were placed in 6-well plates and 
kept at 37 ◦C for 24 h. COS@RHB or HA/COS@RHB was then added, 
and it was succeeded by incubation at 37 ◦C for 0.5 h and 4 h, respec
tively. LysoTracker green staining was applied for 40 min, and the cells 
were rinsed 2–3 times with PBS. Ultimately, the cells were exposed to 
Hoechst 33258 for 15 min and subsequently rinsed twice with PBS. The 
observations were conducted utilizing a Zeiss LSM 880 laser confocal 
microscope (CLSM).

2.2.7.3. Membrane potential (MP) detection. The bacterial MP was 
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assessed utilizing the BacLight bacterial MP kit. Plasma MP of MRSA was 
examined following treatment with CCCP, COS NPs, and HA/COS in the 
presence or absence of Hyal, respectively. The COS concentration was 
kept at 50 μg/mL. After incubation, 3,3′-diethyloxacarbocyanine 
(DiOC2(3)) was added to the suspensions, followed by an additional 
incubation of 30 min. Changes in red/green fluorescence intensity were 
carefully measured using a BD FACSCanto II flow cytometer (USA).

2.2.7.4. Outer membrane permeabilization assay. The N-Phenyl-1-naph
thylamine (NPN) uptake assay was utilized to assess outer membrane 
permeability. NPN was introduced to MRSA bacterial suspensions to 
attain a final concentration of 10 μM. Initial fluorescence levels were 
recorded using a Tecan Infinite M200 PRO multifunctional microplate 
reader, operating at specific excitation and emission wavelengths (350 
nm and 420 nm). The bacterial suspensions were subsequently exposed 
to COS NPs and HA/COS, with and without Hyal, at the concentrations 
outlined in Section 2.2.7.3. The fluorescence enhancement following 
treatment was determined utilizing the forementioned method.

2.2.7.5. Pro-inflammatory immunomodulatory. RAW264.7 cells (1 × 106 

per well) were placed into 6-well plates, and the medium was 
substituted with a new medium comprising saline, free Van, COS NPs, 
COS@Van, or HA/COS@Van. After co-incubation at 37 ◦C for 24 h, the 
cells were incubated with CD86 for 20 min. Following PBS washing, 
Hoechst 33258 staining was applied for 15 min, and the cells were 
observed utilizing CLSM. The same culture method described above was 
also employed to measure the secretion levels of antibodies against 
tumor necrosis factor (TNF)-α and interleukin (IL)-6 using ELISA kits.

2.2.8. In vitro and in vivo biocompatibility

2.2.8.1. In vitro cytotoxicity and hemolysis assay. The cytotoxicity of 
HA/COS@Van and COS@Van was evaluated in RAW 264.7 cells using 
the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide 
(MTT) assay. RAW 264.7 cells were placed into 96-well plates and 
incubated at 37 ◦C for 24 h. The medium was then substituted with a 
fresh medium comprising different concentrations of HA/COS@Van and 
COS@Van (4–256 μg/mL), respectively. Following a further 24-h incu
bation at 37 ◦C, 10 μL of MTT (5 mg/mL) was introduced, and the cells 
were cocultured for 4 h. Following this, the DMSO solution was intro
duced and placed on a shaker at 37 ◦C for 10 min. These crystals’ 
absorbance was subsequently quantified at 490 nm employing a BioTek 
Synergy H1 hybrid multimode microplate reader (USA). The average 
percentage of CV was computed, with all data denoted as the mean ±
SD.

To assess the hemolytic potential of HA/COS@Van and COS@Van, 
the method described in our earlier study [26]. The hemolysis per
centage was determined utilizing Equation (2): 

Hemolysis (%)=
ODt − OD0

OD100 − OD0
× 100% (2) 

Where ODt represents the absorbance of rRBCs exposed to HA/COS@
Van or COS@Van at concentration t, OD0 refers to the absorbance of 
rRBCs exposed to saline, and OD100 indicates the absorbance of rRBCs 
exposed to 0.5 % Triton X-100.

2.2.8.2. In vivo acute toxicity. Male BALB/c mice were injected intra
venously with HA/COS@Van once a day for 3 days, while the control 
group received saline injections. The Van dose in HA/COS@Van group 
was equivalent to 25 mg/kg which exceeds the in vivo experimental dose 
utilized in this investigation five times. On the 4th day post-injection, all 
mice were euthanized. Major organs, including the heart, lungs, kidneys, 
liver, and spleen, were collected for H&E staining and then examined 
under an optical microscope to evaluate potential in vivo toxicity.

2.2.9. In vivo biodistribution and antibacterial effect in MRSA-infected 
mice

2.2.9.1. In vivo targeting study. RHB-labeled HA/COS were adminis
tered via tail vein injection into BALB/c mice to investigate the bio
distribution of HA/COS. The ex vivo fluorescence images of organs were 
subsequently observed at diverse time points (0.5 h, 1 h, 3 h and 24 h) 
utilizing an IVIS® Spectrum imaging system (PerkinElmer, USA).

2.2.9.2. In vivo therapeutic effect. The in vivo antimicrobial effectiveness 
of HA/COS@Van was firstly examined utilizing an MRSA-infected acute 
peritonitis model in mice. Mice were initially injected intraperitoneally 
(i.p.) with MRSA (5 × 107 CFU/mouse, 100 μL). Following 24 h of 
infection, the mice were arbitrarily separated into four groups (6 mice/ 
group): (i) saline, (ii) free Van, (iii) COS/Van, and (iv) HA@COS/Van. 
Every group was administered a single intraperitoneal injection of the 
designated treatment, standardized to 200 μL per formulation. The Van 
doses in the NP groups were equivalent to 5 mg/kg. Post-treatment, all 
mice were euthanized, peritoneal macrophages were collected by 
washing the peritoneal cavity with 5 mL cold PBS. Macrophages cells 
were collected by centrifugation at 4 ◦C, 1300 rpm for 10 min, and the 
collected cell precipitate was re-dispersed with pre-cooled saline and 
centrifuged at 900 rpm for 3 min to collect the cells again. Finally, 
macrophages were lysed by homogenization. The number of surviving 
peritoneal bacteria was determined by plating on tryptic soy agar plates.

Mouse organ infection model was also established to evaluate the 
killing of MRSA by HA@COS/Van. The peritoneal infection model was 
established to isolate peritoneal macrophages containing in vivo inter
nalized MRSA. For this, MRSA was administered to eight-week-old male 
BALB/c mice. To acquire macrophages containing internalized MRSA, 
peritoneal fluid was extracted 24 h following MRSA inoculation, 
yielding 5 × 107 macrophages/mL. These MRSA-laden macrophages 
were subsequently introduced into mice via intravenous injection to 
establish mouse organ infection model. Then, a single administration of 
saline, free Van, COS/Van, or HA@COS/Van was administered to the 
mice 2 h post-infection. The Van doses in the NP groups were equivalent 
to 5 mg/kg. On the 4th day post-treatment, the mice were collected, and 
diverse organs were harvested, homogenized, and plated.

2.2.10. Statistical analyses
Data were denoted as the mean ± standard deviation (S.D.). Differ

ences between the two groups were analyzed utilizing the Student’s t- 
test. Statistical significance was denoted as follows: *p < 0.05, **p <
0.01, ***p < 0.001, and ****p < 0.0001.

3. Results and discussions

3.1. Preparation and characterization of HA/COS@Van

First, positively charged chitooligosaccharide (COS) and negatively 
charged polyacrylic acid (PAA) were employed to fabricate COS NPs, 
given that COS and PAA can spontaneously form nanoparticles in 
aqueous media through electrostatic interactions. As illustrated in 
Fig. 1A, the morphology of the resultant COS NPs revealed a spherical 
morphology with an approximate average diameter of 155 nm. The zeta 
potential of these COS NPs was measured at +25 mV, which was 
attributed to the abundance of secondary and primary amine groups 
present in the chitooligosaccharide chains. The incorporation of Van did 
not alter the particle size and zeta potential of COS@Van, maintaining a 
diameter of roughly 160 nm and a zeta potential of +22 mV (Fig. 1B). 
HA/COS@Van with varying weight ratios of HA and COS@Van were 
subsequently produced in order to fine-tune both particle size and sur
face charge. As depicted in Fig. 1C, it was evident that the zeta potential 
consistently decreased while particle size increased until the HA loading 
content reached a ratio of 1:1. Beyond this ratio, further increases in HA 
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content caused the surface charge and particle size to plateau, poten
tially attributed to the saturation of electrostatic adsorption of HA. 
Additionally, FITC labeled HA was also selected to determine the 
capping of HA on COS NPs. As shown in Fig. 1D, the fluorescence in
tensity was proportional to the HA loading content until the weight ratio 
reached 1:1, consistent with particle size and zeta potential results. 
Consequently, HA/COS@Van (1:1), with a particle size of approxi
mately 200 nm and a zeta potential of − 8.5 mV, was selected for further 
investigation. The prepared HA/COS@Van exhibited a spherical shape, 
with particles demonstrating a uniform size distribution (Fig. 1E). 
Additionally, the characteristic peaks at 1409 cm− 1 (ν-COO-) and 1034 
cm− 1 (νC-N), corresponding to hyaluronic acid, were present in the HA/ 
COS FTIR spectrum (Fig. 1F). Moreover, the encapsulation efficiency of 
Van within the HA/COS@Van was 67.07 %.

Considering the pH sensitivity and Hyal-specific degradation of COS 
NPs and HA shell, it is anticipated that HA/COS@Van would disinte
grate under acidic and enzymatic conditions, such as those found in 
infection microenvironments, thereby triggering the collapse of both the 
inner core and outer shell. Thus, it was hypothesized that the pH/Hyal- 
sensitive breakdown of HA/COS would result in a pH/Hyal-responsive 
release of Van. Consistent with expectations, the cumulative release of 
Van from HA/COS@Van at pH 7.4 was found to be approximately 30 %. 
In contrast, nearly 70 % of Van was released rapidly at lower pH values, 
while the cumulative release of Van exceeded 90 % in the presence of 
Hyal (Fig. 1G). Moreover, it could be noted that the release behavior of 
Van from COS@Van was accelerated at pH 7.4 and 5.5 compared with 
that of HA/COS@Van, suggesting the stabilizing capability of HA shell. 
However, there was no difference in the releasing behavior between 
HA/COS@Van and COS@Van under acidic and enzymatic condition (pH 
5.5+Hyal), which might be due to the collapse of the HA shell. Taken 
together, these findings demonstrated that HA/COS@Van could main
tain stability under physiological pH conditions and underwent rapid 
degradation in response to acidic and enzymatic environments, facili
tating Van release and leading to targeted effects while minimizing off- 
target toxicity in normal tissues.

3.2. Bacterial binding affinity and extracellular antibacterial activity

The bacterial targeting capacity of the formulated RHB-loaded NPs 

was examined using fluorescent microscopy (FM). The NP@RHB/bac
teria suspension was incubated in a shaker at 37 ◦C for 0.5 h to facilitate 
the binding of NP@RHB to bacteria. As depicted in Fig. 2A, the RHB- 
loaded NP-treated groups displayed more intense fluorescence after 
coincubation compared to free RHB. Among the tested agents, COS/RHB 
exhibited the highest fluorescence intensity due to its positive surface 
charge. HA/COS@RHB demonstrated increased fluorescence intensity 
in the presence of Hyal, which was attributed to the degradation of the 
HA shell, resulting in an enhanced surface charge. Furthermore, a 
comparison of bacteria-associated fluorescence between 0.5 h and 4 h 
after exposure in the presence of Hyal revealed similar fluorescence 
intensities at both time points, a little weaker than that of COS@RHB. 
Flow cytometry (FCM, Fig. 2B) was employed to quantitatively confirm 
the binding of the prepared NPs to bacteria. Consistent with the FM 
results, FCM analysis showed that the COS@RHB group exhibited the 
highest fluorescence intensity, followed by HA/COS@RHB + Hyal, HA/ 
COS@RHB, and free RHB. Additionally, rapid saturation of fluorescence 
was observed, with approximately 85 % of maximal binding achieved 
within 0.5 h in the presence of Hyal. This suggests that even a brief 
exposure at the infection site may suffice for bacterial binding when 
utilizing HA/COS.

Next, the antibacterial effects of free Van, COS@Van, HA/COS@Van, 
and HA/COS@Van + Hyal against planktonic MRSA were investigated. 
The results (Table 1) indicated that free Van exhibited the strongest 
antibacterial activity with a MIC of 1 μg/mL at pH 7.4. The MICs of 
COS@Van, HA/COS@Van, and HA/COS@Van + Hyal were determined 
to be 4, 8, and 4 μg/mL, respectively. Van-loaded NPs required higher 
initial Van concentrations compared to the free drug to achieve com
parable antibacterial effects at physiological pH, which may be attrib
uted to the sustained drug release characteristics. As expected, all Van- 
loaded NPs showed markedly enhanced activity at pH 5.5. HA/COS@
Van + Hyal demonstrated comparable antibacterial potency as that of 
free Van, indicating that the accelerated release under acidic and 
enzymatic conditions could improve its antibacterial efficacy. For MBC 
assay, similar results were obtained, except for the MBC values of 
COS@Van and HA/COS@Van + Hyal at pH 5.5. Both COS@Van and 
HA/COS@Van + Hyal showed even stronger bactericidal capability 
than that of free Van, with the MBC value of 2 μg/mL, which might be 
due to the enhanced NP-bacterium electrostatic interactions. These 

Fig. 1. The particle sizes and TEM images of COS NPs (A) and COS@Van (B). The particle size and zeta potential of HA/COS@Van with different weight ratios of HA 
and COS@Van (C). The fluorescence intensity of FITCHA/COS@Van with different weight ratios of FITCHA and COS@Van (D). The particle size and TEM image of HA/ 
COS@Van with the weight ratio of 1:1 (E). FTIR spectra of HA, COS NPs and HA/COS (F). The cumulative drug release behavior of Van from HA/COS@Van and 
COS@Van under different conditions (G).
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interactions, as demonstrated, might facilitate the entry of released Van 
through the compromised bacterial cell membrane. Moreover, consid
ering the lower toxicity of HA/COS@Van, further underscored the po
tential of this delivery system for treating infections. Although several 
studies have confirmed the antibacterial potential of COS NPs [27–29], 
the COS NPs alone exhibited limited killing effects, possibly due to the 
low concentrations used in this study (<1600 μg/mL).

A Live/Dead assay was subsequently utilized to observe cell viability 
following exposure to the evaluated compounds at a 2 μg/mL dose under 
a pH of 5.5, simulating the bacterial microenvironment. Upon exposure 
to HA/COS@Van in the presence of Hyal, MRSA cells were effectively 
eradicated, as confirmed by the appearance of merged yellow cellular 
fluorescence (Fig. 2C). To further assess bacterial morphological 
changes after various treatments, SEM imaging was employed. In the 
blank control group (saline), MRSA organisms retained their typical 

morphology and unblemished exteriors. Conversely, exposure to HA/ 
COS@Van combined with Hyal resulted in notable alterations to bac
terial form and textured surfaces, along with enhanced efflux of cellular 
components, suggesting its robust capacity for eliminating planktonic 
MRSA.

3.3. Cellular uptake and intracellular antibacterial activity

MRSA can invade mammalian cells, survive within them, and 
replicate after ingestion, making the treatment of such infections more 
challenging. The intracellular distribution of HA/COS@RHB in 
RAW264.7 cells was assessed using both FM and FCM. As depicted in 
Fig. 3A, markedly stronger fluorescence intensities were observed in all 
RHB-loaded NPs compared to free RHB. This may be attributed to the 
mannose receptor and CD44 receptor on the cell surface, which likely 
facilitates the uptake into macrophages. A similar trend was seen in the 
FCM assay, where the fluorescence intensities of all RHB-loaded NPs 
substantially exceeded those of free RHB (Fig. 3B).

As the formulated NPs were capable of enhancing drug delivery into 
macrophages, their efficacy in eradicating intracellular MRSA within 
RAW 264.7 cells infected for 4 h was assessed by enumerating the CFU of 
persisting intracellular bacteria. Following a 24-h treatment, all Van- 
encapsulated NPs exhibited markedly more potent suppressive effects 
against intracellular bacteria in comparison to unencapsulated Van in 
MRSA-infected macrophages (Fig. 3C). Free Van exhibited limited 
inhibitory activity, presenting the highest CFU among the tested agents, 

Fig. 2. Bacterial binding affinity between planktonic MRSA and free RHB, COS@RHB, HA/COS@RHB, HA/COS@RHB + Hyal (0.5 h) and HA/COS@RHB + Hyal 
(4.0 h) as observed via fluorescence microscope (A) and flow cytometry (B). Live/Dead fluorescence images and SEM images of MRSA following overnight exposure 
to saline, free Van, COS@Van, HA/COS@Van and HA/COS@Van + Hyal (C). Scale bar = 50 μm.

Table 1 
Antibacterial effects of tested agents against MRSA.

Tested Agents MIC (μg/mL) MBC (μg/mL)

pH 7.4 pH 5.5 pH 7.4 pH 5.5

free Van 1 1 4 4
COS NPs >1600 >1600 >1600 >1600
COS@Van 4 1 16 2
HA/COS@Van 8 2 32 8
HA/COS@Van + Hyal 4 1 16 2
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except for the untreated control group. These findings indicated that 
efficient delivery of Van to MRSA-infected RAW 264.7 cells could 
significantly kill intracellular bacteria.

3.4. The antibacterial mechanism of HA/COS@Van

3.4.1. Nanoparticle co-localization and intracellular trafficking in infected 
RAW264.7 cells

It is well-documented that MRSA can enter a quiescent phase after 
invading host cells, allowing it to survive intracellularly and often 
contributing to treatment failure. To explore this, RAW 264.7 macro
phages infected with sfGFPMRSA were employed as model phagocytes to 
examine the capacity of HA/COS to actively target intracellular MRSA. 
As shown in Fig. 4A, cells infected with sfGFPMRSA and treated with HA/ 
COS@RHB exhibited markedly stronger red fluorescence relative to 
those exposed to free RHB. Additionally, the distinct co-localization of 
green and red fluorescence signals suggested that HA/COS@RHB not 
only effectively crossed the cell membrane barrier but also localized to 
intracellular MRSA.

Chitooligosaccharide (COS), a polycation, has been reported to 
enable endosomal/lysosomal escape due to the “proton-sponge” effect, 
attributed to its relatively high pKa value of 6.0–6.5 resulting from pri
mary amine groups present in its side chain. To obtain a more 
comprehensive insight into the intracellular trafficking pathways of HA/ 
COS, we examined the co-localization of fluorescent NP signals with 
acidic compartments, such as lysosomes, which were tracked using 
LysoTracker green (Fig. 4B). It was observed that both COS NPs and HA/ 
COS exhibited strong green fluorescence signals after 0.5 h of incuba
tion, indicating receptor-mediated endocytosis. As the incubation period 
extended to 4 h, the intensity of green fluorescence weakened in both 
COS NPs and HA/COS treated groups, suggesting that lysosomal escape 
occurred following initial entry into lysosomes. Moreover, the HA shell 
did not impede the lysosomal escape behavior of HA/COS, which might 
be due to the enzymatic degradation of HA in lysosome.

3.4.2. Membrane susceptibility assay
Prior research has demonstrated that antibacterial agents with pos

itive charges can disrupt cellular membranes. Investigations using 
electron microscopy on diverse bacterial species have revealed the 
interplay between COS and bacterial cell surfaces [19,30,31]. Conse
quently, the interaction of positively charged primary amine group 
(NH3

+) of COS with bacterial cell membranes carrying negative charges 
results in enhanced membrane permeability, causing the release of 
intracellular components and eventually leading to cellular demise. As 

mentioned earlier, while COS NPs alone did not exhibit bactericidal 
activity, the enhanced activity of COS@Van may be attributed to the 
improved NP-bacterium interactions, which compromise the bacterial 
membrane and allow more Van to translocate through the membrane. 
To assess membrane potential (MP) changes in MRSA, the BacLight 
bacterial membrane potential kit was employed. As noted in the intro
duction, DiOC2(3) was used to analyze the inner membrane potential. 
This dye emits red fluorescence when self-associated in an intact 
membrane and green fluorescence when it exists in a monomeric state in 
a depolarized membrane. As shown in Fig. 4C, COS NPs exhibited a 
notable rise in green fluorescence intensity, both with and without Hyal, 
indicating depolarization of the inner bacterial membrane. The HA/COS 
group displayed moderate MP alterations without Hyal, while compa
rable MP changes to COS NPs were observed in the HA/COS group in the 
presence of Hyal. Additionally, outer membrane permeability was 
evaluated utilizing NPN as a fluorescence probe. Fig. 4D shows a marked 
increase in NPN fluorescence intensity following incubation with COS 
NPs, both in the presence and absence of Hyal. However, HA/COS also 
increased outer membrane permeability, but only in the presence of 
Hyal, suggesting that membrane alterations were induced. These results 
indicated that in the presence of Hyal, HA/COS@Van can effectively 
achieve MRSA eradication through a combination of chemotherapy, MP 
alteration, and induced outer membrane permeabilization.

3.4.3. Pro-inflammatory immunomodulatory
Macrophages, a vital class of immune cells, serve a pivotal function 

in resolving inflammation and regenerating tissue. In mammals, these 
cells can differentiate into either pro-inflammatory M1 or anti- 
inflammatory M2 phenotypes, contingent on environmental signals. 
With the deeper understanding of intracellular infectious diseases, a 
relationship between anti-inflammatory M2 macrophage phenotypes 
and persistent intracellular infections has been gradually identified. 
Given the important role of M2 macrophages in persistent MRSA in
fections, Given the important role of M2 macrophages in persistent 
MRSA infection, immunomodulation basing on macrophage repolari
zation may be a promising strategy for intracellular MRSA therapy. COS 
has been demonstrated to trigger the secretion of pro-inflammatory 
mediators in macrophages, thus initiating an appropriate immune re
action against intracellular pathogens. The pro-inflammatory immuno
modulatory impact of COS NPs was further examined using 
immunofluorescence techniques. M1 macrophages, identified by CD86 
expression, actively participate in microbicidal functions and generate 
pro-inflammatory mediators such as interleukin-6 (IL-6), TNF-α, and 
interleukin-12 (IL-12). As illustrated in Fig. 4E, compared to the control 

Fig. 3. Cellular uptake of HA/COS@RHB by RAW 264.7 cells. The photos were taken with fluorescence microscopy (A), and the mean fluorescence intensity of cells 
was ascertained by flow cytometric analyses (B) after incubation with free RHB, COS/RHB, HA/COS@RHB, HA/COS@RHB (0.5 h) and HA/COS@RHB (4 h) at the 
same dose of RHB. Effects of free Van, COS@Van, HA/COS@Van, and HA/COS@Van + Hyal on intracellular MRSA in infected RAW 264.7 cells (C). Scale bar =
50 μm.
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group, increased CD86 expression (red fluorescence) was noted in the 
groups treated with COS NPs, COS@Van, and HA/COS@Van, suggesting 
that COS induces macrophage polarization toward the M1 phenotype. 
Similarly, RAW264.7 cells cultured with COS NPs, COS@Van, and HA/ 
COS@Van secreted higher levels of IL-6 and TNF-α, confirming that COS 
possesses pro-inflammatory immunomodulatory properties. These 
findings demonstrate that COS can polarize macrophages toward the M1 
phenotype, thereby enhancing antibacterial immunity.

3.5. In vitro and in vivo toxicity

The biocompatibility of HA/COS@Van was evaluated in both in vitro 
and in vivo models. For in vitro assessment, biocompatibility was 

examined via cell viability and hemolysis assays (Fig. 5A). Cytotoxicity 
toward RAW264.7 cells was ascertained utilizing the MTT assay, where 
HA/COS@Van displayed minimal toxicity. At a 256 μg/mL concentra
tion, over 85 % of RAW264.7 cells remained alive, a percentage mark
edly exceeding that required at clinical doses. Additionally, the 
hemolytic potential of HA/COS@Van was assessed, and no substantial 
hemolytic effects were observed, even at the highest tested level, sug
gesting strong blood compatibility (Fig. 5B). These results suggest that 
HA/COS@Van is well-suited for systemic administration. In contrast, 
COS@Van exhibited mild hemolytic activity at a 256 μg/mL concen
tration (>15 %), which may be attributed to its positive surface charge.

To evaluate the in vivo toxicity of HA/COS@Van, major organs 
(heart, liver, spleen, lung, and kidney) from BALB/c mice were procured 

Fig. 4. Intracellular targeting ability of free RHB, COS@RHB, and HA/COS@RHB. Scale bar = 20 μm (A). Co-localization observation of the COS@RHB and HA/ 
COS@RHB with LysoTracker in RAW 264.7 cells after 0.5 h- and 4 h-incubation by CLSM. Scale bar = 20 μm (B). Evaluation of cytoplasmic membrane potential (C) 
and outer membrane permeability (D) after treatment with COS NPs and HA/COS in the presence and absence of Hyal. Immunofluorescent staining of RAW 264.7 
cells post-incubation with saline, free Van, COS NPs, COS@Van, or HA/COS@Van (E). Quantitative analysis of IL-6 and TNF-α levels utilizing enzyme-linked 
immunosorbent assay (F).
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after a three-day treatment period with a dosage five times higher than 
the therapeutic level and were subsequently analyzed via H&E staining. 
Importantly, no mortality was observed in the treatment groups. 
Moreover, histological analysis of the major organs, including the liver, 
heart, spleen, kidneys, and lungs, revealed normal tissue morphology 
without any notable pathological changes (Fig. 5C). These results sug
gest that HA/COS@Van possesses favorable biocompatibility.

3.6. In vivo biodistribution and antibacterial effect in MRSA-infected mice

The tissue distribution of HA/COS in vivo was further investigated. 
BALB/c mice were intravenously injected with RHB-labeled HA/COS 
and COS NPs, and their distribution was monitored over time utilizing 
an IVIS imaging system. As depicted in Fig. 6A, in HA/COS NP-treated 
mice, strong RHB signals were detected in the liver during the 24-h 
treatment period, with subsequent accumulation observed in kidney, 
lung, and spleen. Notably, HA/COS exhibited rapid accumulation in the 
liver as early as 0.5 h post-injection, persisting for over 24 h. Although 

Fig. 5. Cell viability (A) and hemolysis analysis (B) following exposure to diverse concentrations of COS@Van and HA/COS@Van, respectively. The images of major 
organs after treatment with saline and HA/COS@Van in normal BALB/c mice (n = 6). Scale bars = 50 μm.

Fig. 6. Ex vivo visualization of primary organs 24 h post-administration (A). Diagram of the utilized mouse acute peritonitis model (B). Intracellular CFU count was 
obtained from peritoneal macrophages, which was extracted 48 h following intraperitoneal antimicrobial administration (C). Illustration of the employed mouse 
intravenous infection model. Organ infection was triggered by intravenous delivery of 200 μL suspension containing mouse macrophages with intracellular MRSA, 
succeeded 2 h later by intravenous administration of 200 μL saline or saline with Van, COS@Van, or HA/COS@Van (D). Mouse body weight over time post-treatment 
(E). CFU count retrieved from 1 g of homogenized organ tissue for various organs, excised 96 h after intravenous antimicrobial administration (F). Data are displayed 
as means ± standard deviations for 6 mice per group. Asterisks above data points denote statistical significance at p < 0.05 (*), p < 0.01 (**), p < 0.001 (***) and p <
0.0001 (****).
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COS NPs also accumulated in the liver, the fluorescence intensity 
became undetectable after 24 h. It is well established that the liver 
serves as a primary organ where infected macrophages predominantly 
reside. Thus, HA/COS have the potential to preferentially deliver 
encapsulated antibiotics to macrophages, facilitating transport to bac
terial infection sites in vivo.

The in vivo antibacterial efficacy of HA/COS@Van was initially 
evaluated using a peritonitis model induced by MRSA, a “serious threat” 
as classified by the U.S. CDC, and commonly employed as a represen
tative model for intracellular infections [16,32]. To assess antibacterial 
effectiveness, the mice were euthanized 3 days post-infection (Fig. 6B). 
The highest intracellular CFU count was recorded from the plating of 
peritoneal macrophages following saline injection (Fig. 6C). Free Van 
treatment resulted in a 2 log-unit reduction in CFU counts relative to 
saline, whereas COS@Van further decreased the CFU count by an 
additional 1 log-unit. HA/COS@Van treatment demonstrated the 
greatest efficacy, reducing the peritoneal CFU count by 4 log-units 
compared to saline, markedly outperforming both COS@Van and free 
Van. Notably, HA/COS@Van exhibited a stronger inhibitory effect than 
COS@Van, which contrasts with the in vitro findings. The enhanced 
bactericidal activity observed in vivo for HA/COS@Van may be attrib
uted to its targeted delivery mechanism. Although COS@Van has the 
potential to improve macrophage targeting via mannose-receptor in
teractions, the negatively charged tissue cells at the infection site may 
compete with macrophages for COS@Van, internalizing and seques
tering them, thereby limiting their interaction with macrophages.

Macrophages harboring intracellular MRSA can disseminate through 
the bloodstream, leading to organ infections and exacerbating disease 
severity. Thus, the antimicrobial efficacy of HA/COS@Van was further 
assessed using a mouse model of organ infection, established by intra
venous administration of infected macrophages with MRSA to facilitate 
systemic infection. Similarly, HA/COS@Van also proved more effective 
at eliminating organ infections in mice. As illustrated in Fig. 6D, 2 h after 
intravenous infection with MRSA-laden macrophages, mice were 
administered a single dose of saline, free Van, COS@Van, or HA/ 
COS@Van. On day 4 post-treatment, the mice were sacrificed, and 
various organs were harvested, homogenized, and plated for analysis. 
No visible adverse effects were observed following HA/COS@Van 
administration, and the body weight of the mice remained stable 
throughout the experimental period until sacrifice (Fig. 6E), consistent 
with the lack of in vitro cytotoxicity previously noted (Fig. 5A). MRSA 
CFU counts per gram of homogenized organ tissue are presented in 
Fig. 6F for five organs and blood. HA/COS@Van achieved significant 
bacterial reduction, decreasing CFU counts by 1–3 log-units compared to 
saline across all organs. These results suggest that HA/COS@Van 
effectively inhibited the proliferation of intracellular MRSA in vivo.

4. Conclusions

In conclusion, HA/COS have been demonstrated to be an effective 
targeted delivery system, which is attributed to their HA coating. HA/ 
COS specifically target MRSA-infected macrophages in vitro, and when 
utilized to eradicate intracellular MRSA, antibiotic-loaded HA/COS@
Van exhibits greater potency compared to free Van. In addition to its 
significant intracellular accumulation, HA/COS show the capacity to 
rapidly degrade within the acidic lysosomal environment, initiating an 
influx of water that disrupts lysosomal homeostasis. The released Van 
serves a crucial function in combating intracellular MRSA. When 
administered in a MRSA-induced peritonitis model and organ infection 
model, HA/COS@Van markedly enhances Van’s efficacy. The remark
able effectiveness of HA/COS@Van suggests its potential for clinical 
success in treating intracellular MRSA infections.
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