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A B S T R A C T

Introduction: Intracellular bacterial infections remain a major challenge in clinical antibiotic therapy. Surface- 
modified nanoliposomes may improve targeted, sustained, and precise drug delivery. In this study, we devel
oped a mannose-modified liposomal co-delivery system containing ciprofloxacin (Cip) and matrine (MT) (Man- 
Cip&MT-lips) to improve the treatment of intracellular bacterial infections at different tissue depths.
Methods: Liposomes were prepared using the thin-film dispersion method combined with the ammonium sulfate 
gradient method, followed by physicochemical characterization. The targeting ability, antibacterial activity, 
therapeutic efficacy against intracellular bacterial infections at different depths in vitro and in vivo, and biosafety 
of the liposomes were evaluated.
Results: Man-Cip&MT-lips exhibited a spherical morphology with a smooth surface and uniform distribution. The 
formulation showed enhanced uptake by infected RAW264.7 macrophages and favorable antibacterial activity, 
including biofilm inhibition and clearance. In addition, Man-Cip&MT-lips demonstrated improved therapeutic 
effects in in vitro and in vivo models of bacterial infections ranging from superficial to deep tissues.
Conclusion: Both in vitro and in vivo results suggest that Man-Cip&MT-lips may enhance macrophage-targeted 
delivery and improve the treatment of intracellular bacterial infections. This liposomal co-delivery strategy 
shows potential as a therapeutic approach for bacterial infections at different tissue depths.

1. Introduction

Bacterial infections present a significant challenge to global public 
health, as they can invade the human body through various routes and 
cause a range of diseases [1], including wound infections, pneumonia, 
and gastrointestinal infections [2–4]. This situation poses a severe threat 
to human health and safety. Since the advent of antibiotics such as 
penicillin and polymyxin, humanity has made remarkable strides in 
combating bacterial infections [5,6]. However, intracellular infections 
caused by bacteria remain a critical issue in clinical antibiotic therapy 
[7,8]. It has been reported that a substantial number of chronic 

recurrent diseases are primarily attributed to intracellular pathogenic 
bacterial infections [9]. Pathogenic bacteria residing within host cells 
can evade the host immune system by mimicking host enzymes or 
secreting specific proteins through virulence factors, which provide a 
degree of protection for the intracellular bacteria [10,11]. These 
mechanisms contribute to prolonged intracellular bacterial infections, 
rendering them difficult to eradicate.

Currently, antibiotics continue to be used clinically for the treatment 
of intracellular bacterial infections. Ciprofloxacin (Cip) is a quinolone 
antibiotic that exerts its bactericidal effect by inhibiting bacterial DNA 
gyrase and topoisomerase IV, thereby interfering with the replication, 
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transcription, and repair of bacterial DNA [12–14]. Cip exhibits potent 
antibacterial activity against most Gram-negative bacteria and also 
demonstrates antibacterial effects against certain Gram-positive bacte
ria. However, its use is frequently associated with severe gastrointestinal 
and central nervous system reactions [15], and it exhibits some 
cross-resistance with other antibiotics [16]. Matrine (MT) is an alkaloid 
extracted from the leguminous plant Sophora flavescens Aiton, which 
disrupts bacterial cell membranes and cell walls, inhibits biofilm for
mation, and interferes with bacterial metabolism, thereby suppressing 
bacterial growth [17,18]. However, the in vivo activity of matrine is 
limited, its duration of action is short, and adverse reactions often 
accompany its use, which restricts the full realization of its clinical ef
ficacy [19].

Over two-thirds of the antibiotics employed against intracellular 
bacterial infections—including ciprofloxacin—display limited thera
peutic efficacy because they cannot readily penetrate host-cell mem
branes to access the intracellular milieu where pathogens reside. [20]. 
Even for those antibiotics that can traverse host cells, the intracellular 
concentration remains insufficient to eliminate bacteria effectively, 
owing to cellular metabolism and robust drug efflux systems. Nano
materials, with their unique physicochemical properties, present new 
strategies for the treatment of bacterial infections [21,22].

For a long time, the targeted delivery of therapeutic compounds to 
infected sites has posed a significant challenge in the treatment of bac
terial infections. Nanoliposomes, when surface-modified with ligands, 
can achieve targeted, sustained, and precise drug delivery, thereby 
increasing the concentration of drugs at the infection site [23]. Mannose 
receptors, primarily expressed on the surfaces of immune cells such as 
macrophages, mediate the recognition, uptake, and phagocytosis of 
pathogens by these cells. When mannose-modified drug carriers 
encounter macrophages, the mannose groups specifically bind to the 
receptors, enabling the drug carriers to accurately recognize and attach 
to the surface of macrophages. This interaction facilitates the 

internalization of the mannose-modified drug carriers, along with their 
cargo, into the cells [24,25].

Based on this background, we constructed a mannose-modified 
liposomal co-delivery system containing Cip and MT (see Fig. 1). Ac
cording to the preparation method and the physicochemical properties 
of the two drugs, MT was presumed to be mainly distributed in the 
aqueous core, while Cip was inferred to be associated with the phos
pholipid bilayer. This liposomal system may provide a promising strat
egy for improving the treatment of intracellular bacterial infections.

2. Methods

2.1. Materials and reagents

Polyethylene glycol-distearoyl-sn-glycero-3-phosphoethanolamine 
(DSPE-PEG2000) was obtained from NOF Corporation, Tokyo, Japan. 
The DSPE-PEG2000-Man was synthesized and provided by Xi'an Ruixi 
Biological Technology Co., Ltd., Xi'an, China. Soluplus was sourced from 
BASF, Germany. TPGS1000, Cip, MT, Sephadex G-50, coumarin 6 (Cou), 
3,3,3,3-tetramethylindotricarbocyanine iodide (DiR), Hoechst 33342, 
and LB medium were acquired from Dalian Meilun Biotechnology Co., 
Ltd., Dalian, China. The Live/Dead Bacterial Staining Kit, Sirius Red 
Staining Kit, and ELISA Detection Kit were procured from Solarbio 
Science and Technology Co., Ltd., Beijing, China. The HE staining Kit 
and Masson Staining Kit were obtained from Obiory Technology Co., 
Ltd., Shenyang, China. The MMP and NF-κB-p65 antibody were sourced 
from Bioss Biotechnology Co., Ltd., Beijing, China. Methicillin-resistant 
Staphylococcus aureus (MRSA, ATCC29213) and Pseudomonas aeruginosa 
(P. aeruginosa, ATCC27853) were acquired from Zhongke Quality 
Testing Biotechnology Co., Ltd., Beijing, China.

Fig. 1. The strategy diagram of mannose-modified liposomes co-delivering Ciprofloxacin and Matrine to effectively inhibit intracellular bacterial infection in 
macrophages.
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2.2. Preparation of liposomes

In this study, liposomes were prepared using the thin-film dispersion 
method in conjunction with the ammonium sulfate gradient method 
[26]. Accurately weigh the prescribed amounts of DSPE-PEG2000-Man, 
DSPE-PEG2000, EPC, Chol, and Cip (molar ratio 1:1.07:58.4:37.9:4.42), 
dissolve them in methanol and rotary-evaporated to a thin film. The film 
was hydrated with (NH4)2SO4 (250 mM), sonicated on ice for 10 min 
(500 W, 10 s on/5 s off, JY92-IIDN, Ningbo Scientz). The hydrated liquid 
was dialysed in the dark for 24 h using 12–14 kDa MWCO bags. MT was 
separately film-formed from methanol and hydrated with the dialysed 
liposomes at 40 ◦C for 10 min. Free MT was removed on a Sephadex G-50 
column to afford Man-Cip&MT-lips. During the lipid film formation 
stage, Cip and MT were not added, and PBS was used instead of 
ammonium sulfate solution for hydration to obtain Cou-lips, Man-
Cou-lips, DiR-lips, and Man-DiR-lips (see Table 1). Blank liposomes 
without drugs (Control-lips) were prepared following the above method 
and subjected to dialysis. Subsequently, RhoB was co-incubated with the 
dialyzed Control-lips to obtain RhoB-lips and Man-RhoB-lips.

2.3. Characterization of liposomes

After successfully preparing the liposomes, Control-lips, Cip-lips, 
MT-lips, Cip&MT-lips, and Man-Cip&MT-lips were placed in vials. A 
laser pen was employed to shine through one side of the vials to deter
mine whether the laser passed through to the other side, thereby con
firming whether liposomes exist in the solution. The particle size, zeta 
potential, and polydispersity index (PDI) of Cip&MT-lips and Man- 
Cip&MT-lips were measured using the Litesizer 500 laser nanoparticle 
size analyzer. The absorption spectra of free Cip, free MT, Control-lips, 
Cip&MT-lips, and Man-Cip&MT-lips were obtained using a FTIR spec
trometer (Nicolet iS50, Thermo Scientific). Add small amounts of the 
prepared freeze-dried powders of free Cip, free MT, Control-lips, 
Cip&MT-lips, and Man-Cip&MT-lips into appropriate amount of potas
sium bromide, grind thoroughly, and press into tablets for infrared 
spectroscopy analysis. The morphology of Cip&MT-lips and Man- 
Cip&MT-lips was examined using a Tecnai G220 transmission electron 
microscope.

The encapsulation efficiency (EE) of the two drugs in the liposomes 
was measured separately using a high-performance liquid chromatog
raphy (HPLC, Agress1100, Dalian Elite Analytical Instruments Co., Ltd.) 
instrument. Take 1 mL of Man-Cip&MT-lips and pass it through a 
Sephadex G-50 column, eluting with PBS to separate unencapsulated 
free drugs. Collect the eluted liposome fraction, add methanol for 
demulsification, vortex, and centrifuge at 12,000 rpm for 3 min. Take 
the supernatant for HPLC analysis to determine the total amount of 
drugs encapsulated in the liposomes (Wpost). Separately, take an un
separated sample from the same batch of liposomes, perform demulsi
fication and measurement using the same method to obtain the total 
drug amount (Wpre). The EE was calculated using the formula: Wpost/ 
Wpre × 100%, where Wpost represents the drug content in the liposomes 
after column passage, and Wpre indicates the drug content in the 

liposomes before column passage.

2.4. Evaluation of in vitro targeting of liposomes

To investigate the active targeting of liposomes, we assessed their 
targeting capabilities towards RAW264.7 cells infected with bacteria 
and towards the bacteria themselves. RAW264.7 cells in the logarithmic 
growth phase were seeded at a density of 2 × 105 cells per well in a six- 
well plate and incubated overnight at 37 ◦C. When the cells reached 70% 
confluence, MRSA or P. aeruginosa were inoculated into the wells at a 
multiplicity of infection (MOI) of 10 and incubated for an additional 
hour to establish an intracellular bacterial infection model. The wells 
were washed three times with PBS, and fresh medium was added. Sub
sequently, free Cou (Cou), Cou-liposomes, and Man-Cou-liposomes were 
added to the wells, with the final concentration of Cou being 3 μM. After 
3 h, the cells in the plate were collected and washed three times with 
PBS. The fluorescence intensity in RAW264.7 cells infected with MRSA 
or P. aeruginosa was measured using a FACScan flow cytometer (BD 
Biosciences, NJ, USA) to evaluate the targeting ability of the liposomes.

Co-incubate 1 × 108 CFU/mL of MRSA or P. aeruginosa with Cou- 
labeled liposomes for 0.5, 1, 1.5, and 2 h, ensuring a final Cou concen
tration of 3 μM. After washing the bacteria three times with PBS, stain 
them with Hoechst 33342 in the dark for 15 min. Following the staining 
procedure, observe the targeting of the liposomes using a fluorescence 
microscope (Nikon Eclipse E800, Nikon, Tokyo) and perform quantita
tive fluorescence analysis with Image J software.

SYTO-9 was co-incubated with MRSA or P. aeruginosa for 2 h to 
construct green fluorescent-labeled bacteria. RAW264.7 cells in the 
logarithmic growth phase were seeded in six-well plates at a density of 
2 × 105 cells per well. When the cells reached 70% confluence, 
fluorescent-labeled MRSA or P. aeruginosa were inoculated into the wells 
at a MOI of 10 and further incubated for 1 h. Fresh medium containing 
50 μg/mL gentamicin was added to the culture for 0.5 h to eliminate 
extracellular bacteria. The medium was then replaced with fresh me
dium, and free RhoB, RhoB-liposomes, and Man-RhoB-liposomes were 
added for incubation for 4 h. After staining with Hoechst 33342 in the 
dark for 15 min, the plate was washed three times, and the targeting of 
liposomes to cells was observed using a fluorescence microscope.

2.5. Determination of minimum inhibitory concentration

The minimal inhibitory concentrations (MICs) of various liposomes 
against MRSA or P. aeruginosa were determined using the broth dilution 
method. MRSA or P. aeruginosa was inoculated onto LB solid medium 
and incubated at 37 ◦C for 12 h. Once single colonies appeared on the 
medium, a colony was selected and transferred into liquid medium, 
followed by incubation at 37 ◦C in a shaking incubator for an additional 
12 h. The bacteria were washed with PBS, adjusted to a concentration of 
1 × 106 CFU/mL, and subsequently inoculated into a 96-well plate. Free 
CIP (CIP), free CIP and with MT (CIP&MT), CIP&MT-liposomes, and 
Man-CIP&MT-liposomes were added to the wells of the plate, with CIP 
concentrations of 20, 10, 5, 2.5, 1.25, 0.625, and 0.3125 μM, 

Table 1 
Formulations of different preparations.

DSPE-PEG2000- Man DSPE-PEG2000 EPC Chol Cip MT Cou RhoB DiR

Control-lips - + + + - - - - -
Cip&MT-lips - + + + + + - - -
Man-Cip&MT-lips + + + + + + - - -
Cou-lips - + + + - - + - -
Man-Cou-lips + + + + - - + - -
RhoB-lips - + + + - - - + -
Man-RhoB-lips + + + + - - - + -
DiR-lips - + + + - - - - +

Man-DiR-lips + + + + - - - - +

Note: "+" indicates that the preparation contains a drug, and "-" indicates that the preparation does not contain a drug.
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respectively. The incubation continued at 37 ◦C for 12 h, during which 
bacterial growth in the wells was observed. The MIC is defined as the 
minimum concentration of the drug that inhibits bacterial growth. 
Additionally, Gram staining was employed for the preliminary identi
fication of MRSA or P. aeruginosa.

2.6. Dynamic observation of bacterial growth

Dynamically monitor the inhibitory effects of various preparation on 
bacterial growth. Adjust the concentration of MRSA or P. aeruginosa to 
1 × 106 CFU/mL and inoculate into a 96-well plate. Add CIP, CIP&MT, 
CIP&MT-lips, and Man-CIP&MT-lips to the wells individually to achieve 
a final CIP concentration of 2.5 μM, using PBS as a blank control, and 
incubate at 37 ◦C. Measure the OD600 values of the bacteria at 0, 4, 8, 
12, 16, 20, and 24 h, and plot the corresponding time-growth curve of 
the bacteria.

2.7. The zone of inhibition test

The antibacterial effect of liposomes was evaluated using the inhi
bition zone test. The concentrations of MRSA or P. aeruginosa were 
adjusted to 1 × 106 CFU/mL and inoculated onto LB solid agar plates. 
Antibiotic sensitivity discs were evenly placed on the LB solid agar 
plates, and 30 μL of CIP, CIP&MT, CIP&MT-lips, and Man-CIP&MT-lips 
were slowly dripped onto the discs, respectively, achieving a final con
centration of 2.5 μM for CIP. The plates were incubated at 37 ◦C for 24 h, 
and the diameters of the inhibition zones surrounding the antibiotic 
sensitivity discs were measured using a vernier caliper.

2.8. Bacterial live/dead staining

The effects of different liposomes on bacteria were examined using a 
live/dead bacterial staining kit. The concentrations of MRSA or 
P. aeruginosa were adjusted to 1 × 106 CFU/mL and placed in tubes. CIP, 
CIP&MT, CIP&MT-lips, and Man-CIP&MT-lips were added to the tubes 
with the final concentration of CIP set at 2.5 μM. After incubating the 
bacteria with the drugs for 4 h, the bacteria were washed three times 
with PBS and subjected to live/dead bacterial staining. The live/dead 
staining solution was prepared containing 2 μM SYTO-9 and 1 μM PI, 
and the bacteria were stained in the dark at room temperature for 
15 min. Following three washes with PBS, the bacteria were observed 
using an inverted fluorescence microscope.

2.9. Post-treatment colony count

Spread the bacteria onto the plate to observe the inhibitory effect of 
the drug on the bacteria more intuitively. The concentrations of MRSA 
or P. aeruginosa were adjusted to 1 × 106 CFU/mL and placed in an tube. 
CIP, CIP&MT, CIP&MT-lips, and Man-CIP&MT-lips were added to the 
tube, with the final concentration of CIP being 2.5 μM. After incubating 
the bacteria with the drugs for 4 h, the bacteria were inoculated onto LB 
solid plates and further incubated for 24 h. Following this incubation 
period, the colonies on the solid plates were counted.

2.10. Investigation of biofilm inhibition

The effect of liposomes on bacterial biofilms was investigated using 
crystal violet staining. The concentrations of MRSA or Pseudomonas 
aeruginosa were adjusted to 1 × 107 CFU/mL and placed in a 48-well 
plate. Simultaneously, CIP, CIP&MT, CIP&MT-lips, and Man-CIP&MT- 
lips were added to the wells, with a final concentration of CIP set at 
2.5 μM. The plate was incubated at 37 ◦C to assess the inhibitory effects 
of liposomes on biofilm formation. After 48 h, the planktonic bacteria 
were removed, and the biofilms in the wells were stained with crystal 
violet solution for 15 min. The excess crystal violet dye in the wells was 
gently washed away with PBS. Following natural drying, the biofilm was 

dissolved using 33% acetic acid, and the OD was measured at 595 nm.
After adjusting the concentration of MRSA or P. aeruginosa to 

1 × 107 CFU/mL, inoculate them into a 48-well plate. Place the plate in a 
37 ◦C incubator to cultivate the biofilm. After 48 h, gently replace the 
medium in the plate and simultaneously add CIP, CIP&MT, CIP&MT- 
lips, and Man-CIP&MT-lips, ensuring that the final concentration of CIP 
is set at 5 μM, to investigate the inhibitory effects of different liposomes 
on mature biofilms. Continue incubation for an additional 24 h, and then 
employ the same method to perform crystal violet staining on the bio
film. Besides this, resuspend the biofilm in PBS, inoculate the bacteria 
onto LB solid medium, and incubate at 37 ◦C for 24 h. Finally, count the 
colonies on the plate.

2.11. Construction of animal models

We established bacterial infection models of increasing complexity, 
specifically the "skin-muscle-lung" bacterial infection models. BALB/c 
female mice were obtained from Liaoning Changsheng Biotechnology 
Co., Ltd. (Shenyang, China). The mice were housed with free access to 
food and water, under natural lighting, and maintained at a constant 
temperature of 23 ◦C. All animal experiments in this study were per
formed in compliance with the ARRIVE guidelines and approved by the 
Animal Ethics Committee of Liaoning University Of Traditional Chinese 
Medicine (Ethics Approval Number: 210000420230202) for Shenyang 
Medical College. All procedures were conducted in accordance with the 
NIH Guide for the Care and Use of Laboratory Animals (NIH Publications 
No. 8023, revised 1978). ARRIVE Guidelines. The concentration of 
MRSA in the logarithmic growth phase was adjusted to 1 × 108 CFU/mL 
100 μL of MRSA was subcutaneously inoculated into the exposed skin. 
The appearance of redness, swelling, and suppuration at the inoculation 
site indicated the successful establishment of the skin bacterial infection 
model. 100 μL of MRSA was injected into the muscle. The model is 
considered successfully established when the mouse's muscles exhibit 
redness and swelling, accompanied by mobility difficulties. The con
centration of MRSA in the logarithmic growth phase was adjusted to 
1 × 109 CFU/mL and the nasal drip method was employed to construct 
the MRSA lung infection model, which is deemed successfully con
structed when the mouse exhibits coughing accompanied by rapid 
breathing.

2.12. Evaluation of the in vivo targeting ability of liposomes

The mice were randomly divided into four groups: the control group, 
the free DiR group, the DiR-lips group, and the Man-DiR-lips group, with 
saline serving as the control. Following the successful establishment of 
the model, the fluorescent probe DiR was injected into the tail vein of 
mice in each group. Mice with skin and muscle infections were anes
thetized and placed in a small animal in vivo imaging system (IVScope 
8200; QINXIANG, China) to observe the distribution of the fluorescent 
probe. At 6 and 12 h, one mouse with a lung infection was sacrificed 
from each group, and the heart, liver, spleen, lung, and kidney were 
removed and placed in the small animal in vivo imaging system to 
observe the distribution of the probe.

2.13. In vivo therapeutic efficacy evaluation

Mice were randomly divided into five groups: the model group, the 
free Cip group (Cip), the free Cip and MT group (Cip&MT), the CIP&MT- 
lips group, and the Man-CIP&MT-lips group. Administration occurred 
every other day for a total of three treatments, with a Cip concentration 
of 0.22 mg/kg in each group's formulation. The status of the infected 
sites in the skin and muscle of the mice was recorded the day after the 
last administration. Blood was collected from mice with infections at 
varying depths, and the mice were subsequently euthanized. The skin, 
muscle, and lung tissues from the infected sites were embedded and 
sectioned. Hematoxylin and eosin (HE) staining was performed to 
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observe the pathological changes at the infected sites across the three 
different infection depths. Masson and Sirius red staining were utilized 
to examine changes in muscle and collagen expression at the infection 
sites in the skin and muscle of the infected mice. Immunofluorescence 
staining was conducted to assess the expression of MMP-9 and NF-κB- 
p65 at the infection sites in the three different depth infection models. 
Kaplan-Meier survival curves were plotted for mice throughout the 
treatment process, and daily body weight changes of the mice were 
recorded after drug administration. ELISA detection kits were employed 
to investigate the expression of inflammatory factors IL-1β, TNF-α, and 
IL-6 in the blood of the mice.

2.14. Evaluation of formulation safety

Saline, Cip, Cip&MT, CIP&MT-lips, and Man-CIP&MT-lips were 
administered via tail vein injection to healthy BALB/c mice according to 
treatment protocols for bacterial infections. On the day following the 
last administration, blood was collected from each group of mice, and 
the mice were subsequently euthanized. The organs were harvested for 
embedding and sectioning. HE staining was employed to observe path
ological changes in the organs. A complete blood analyzer was used to 
determine the number of immune cells in the blood of mice treated with 
Man-CIP&MT-lips, and this was compared with the physiological saline 
group. A hemolysis assay was conducted to evaluate the hemolytic effect 
of Man-CIP&MT-lips. Man-CIP&MT-lips at different mass concentra
tions were co-incubated with a 2% red blood cell suspension at 37 ◦C for 
2 h, with saline serving as the negative control and distilled water as the 
positive control. Following centrifugation at 3000 rpm for 5 min, the 
supernatant was collected to measure absorbance at 540 nm and 
calculate the hemolysis rate. The cytotoxicity of Man-CIP&MT-lips on 
RAW264.7 and A549 cells was determined using the SRB method. Cells 

were seeded in 96-well plates at a concentration of 1 × 104 cells/well. 
When the cells reached 50% confluence, Man-CIP&MT-lips at concen
trations of 100, 50, 25, 12.5, 6.25, 3.125, and 1.5625 μg/mL were added 
to the wells. After 48 h of incubation, the SRB method was utilized to 
assess cytotoxicity.

2.15. Data analysis

Data analysis was conducted using GraphPad Prism 9 software (IBM, 
USA). Differences between groups were assessed using a one-way 
ANOVA test. All data are presented as mean ± standard deviation 
(mean ± SD), with p < 0.05 considered statistically significant.

3. Results and discussion

3.1. Characterization of liposomes

The characterization results of the liposomes are presented in Fig. 2. 
The apparent images of various liposomes are displayed in Fig. 2A. 
When illuminated from one side of the vial, the laser creates a bright 
path through the solution, exiting from the opposite side. The formation 
of liposomes transforms the solution into a colloidal suspension, and the 
laser illumination induces the Tyndall effect. This result suggests that 
the solution contains colloidal particles [27]. The EE of Cip and MT in 
liposomes was 88.38 ± 2.47 % and 89.28 ± 7.66 %, respectively. Both 
Cip and MT exhibited high EE. This efficient encapsulation is primarily 
attributed to the successful application of the ammonium sulfate 
gradient method and the thin-film dispersion method. As an alkaloid, 
MT's lipid-water partition properties suggest that it may preferentially 
associate with the lipid bilayer. Meanwhile, the ammonium sulfate 
gradient method allows Cip is presumed to be captured and stabilized in 

Fig. 2. Preparation and characterization of liposomes. (A) Appearance and transmittance of different liposomes a.Control-lips, b.Cip-lips, c.MT-lips, d.Cip&MT-lips, 
e. Man-Cip&MT-lips. (B) Particle size distribution of different liposomes. The average particle sizes of Cip&MT-lips and Man-Cip&MT-lips are 112.20 ± 5.01 nm and 
125.26 ± 4.34 nm. (C) Potential distribution of different liposomes. The Zeta potentials of Cip&MT-lips and Man-Cip&MT-lips are − 6 ± 0.43 mV and − 5.24 ± 0.48 
mV. (D) Fourier infrared spectra of different components. (E) Transmission electron microscopy of different liposomes Data are presented as mean ± SD (n = 3); *p <
0.05, **p < 0.01, ***p < 0.001.
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the aqueous core of liposomes through active drug loading. Conse
quently, both drugs with distinct physicochemical properties achieved 
and maintained high encapsulation efficiency. Representative results of 
particle size and potential distribution of Cip&MT-lips and Man-
Cip&MT-lips are shown in Fig. 2B and C. The particle size of 
Cip&MT-lips is 112.20 ± 5.01 nm, while the potential is 
− 6.00 ± 0.43 mV. For Man-Cip&MT-lips, the particle size is 
125.26 ± 4.34 nm, with a potential of − 5.24 ± 0.48 mV. The PDI of both 
Cip&MT-lips (17.83 ± 0.84 %) and Man-Cip&MT-lips (19.16 ± 1.37 %) 
was less than 0.2, indicating that the particle size distribution of lipo
somes was uniform and the system was stable. The slight increase in 
particle size and the change in Zeta potential are consistent with the 

insertion of DSPE-PEG2000-Man into the liposome bilayer, although 
direct structural confirmation was not performed in this study. Upon 
entering the organism, liposomes with smaller particle sizes exhibit a 
longer circulation time in vivo, are more likely to penetrate the gaps in 
the vascular endothelium, and can effectively reach inflammatory sites 
[28,29]. Here, they may be recognized and internalized by local mac
rophages, thereby increasing the drug concentration in the target tissue 
and enhancing the therapeutic effect. The Fourier infrared spectra re
sults for the different liposomes are illustrated in Fig. 2D. Cip and MT 
exhibit characteristic absorption peaks at 1700 and 1680 cm− 1, 
respectively [30,31]. However, after encapsulation within the lipo
somes, these characteristic peaks weaken or disappear, supporting the 

Fig. 3. Uptake of liposomes by bacteria and cells. (A-B) Flow cytometry analysis of coumarin uptake by MRSA (A) and Pseudomonas aeruginosa (B)-infected 
RAW264.7 cells. (C-D) Quantitative statistics of coumarin uptake by MRSA (C) and Pseudomonas aeruginosa (D)-infected RAW264.7 cells detected via flow cytometry. 
(E-F) Fluorescence microscopy observation of coumarin uptake by MRSA (E) and Pseudomonas aeruginosa (F). (G-H) Fluorescence microscopy observation of 
coumarin uptake by MRSA (G) and Pseudomonas aeruginosa (H)-infected RAW264.7 cells. (I-L) Quantitative statistical results of E(I), F(J), G(K), and H(L). The data 
are presented as mean ± SD (n = 3); *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 4. Detection of antibacterial activity of MRSA. (A) MIC values of MRSA in different preparation groups. (n = 4) (B) Gram stain for MRSA (C) Bacterial growth 
curves after treatment with different preparations. (D-E) Antibacterial zone and antibacterial zone diameter of different preparations. (F) LIVE/DEAD staining of 
bacteria treated with different preparations. (G) Colony count after treatment of different preparation groups (H) Statistics of LIVE/DEAD relative fluorescence 
intensity. (I) Statistics of colony counts. Data are presented as mean ± SD (n = 3); *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 5. Detection of antibacterial activity of Pseudomonas aeruginosa. (A) MIC values of Pseudomonas aeruginosa in different preparation groups. (n = 4) (B) Gram 
stain for Pseudomonas aeruginosa. (C) Bacterial growth curves after treatment with different preparations. (D-E) Antibacterial zone and antibacterial zone diameter of 
different preparations. (F) LIVE/DEAD staining of bacteria treated with different preparations. (G) Colony count after treatment of different preparation groups (H) 
Statistics of LIVE/DEAD relative fluorescence intensity. (I) Statistics of colony counts. Data are presented as mean ± SD (n = 3); *p < 0.05, **p < 0.01, ***p < 0.001.
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successful encapsulation of the two drugs within liposomes. The drug 
molecules are presumed to be localized either within the internal 
aqueous phase or associated with the phospholipid bilayer, based on the 
preparation method and their physicochemical properties, although this 
distribution was not directly verified in the present study. This physical 
entrapment significantly restricts the free vibration and rotation of C=O 
bonds in the drug molecules, thereby resulting in the disappearance of 
the characteristic peaks. The TEM results of Cip&MT-lips and Man-
Cip&MT-lips are presented in Fig. 2E. The liposomes exhibit structurally 
intact vesicles with well-defined boundaries, displaying both spherical 
and elliptical shapes. The regularity of these morphologies indicates the 
successful formation of structurally intact vesicles. The appearance of 
elliptical structures is likely due to natural deformation and collapse of 
the liposomes onto the grid during sample preparation and drying. This 
is a common phenomenon observed with flexible lipid nanoparticles in 
TEM imaging and does not affect our core conclusion regarding their 
successful formation as intact vesicular structures. Following Man 
modification, the fundamental structural characteristics of Cip&MT-lips 
were preserved, exhibiting a more uniform size distribution and a more 
stable aggregation state. This observation is attributed to the influence 
of DSPE-PEG2000-Man addition on the preparation process and proper
ties of the liposomes. To ensure the reliability and comparability of all 
fluorescently labeled liposomes in subsequent targeting and distribution 
studies, we characterized the Cou-, RhoB-, and DiR-labeled liposomes. 
All formulations exhibited uniform nanoparticle sizes similar to 
drug-loaded liposomes, low PDI, and comparable zeta potentials 
(Supplementary Table S1). These results indicate the high reproduc
ibility of our preparation process and demonstrate that the fluorescent 
labeling procedure does not significantly affect the critical physico
chemical properties of liposomes, thereby ensuring the reliability of 
subsequent biological experimental results. The liposomes exhibited 
slight aggregation during long-term storage, which is a common phe
nomenon in nanoformulations. However, within the first two weeks, the 
changes in particle size and PDI remained relatively mild, indicating that 
the formulation maintained good physical stability within a reasonable 
storage period (Supplementary Table S2). Additionally, the liposomes 
demonstrated excellent colloidal stability in serum, with their surface 
PEG layer effectively delaying serum protein-induced aggregation 
(Supplementary Table S3). These stability data indicate that Man-
Cip&MT-lips exhibit outstanding stability during the critical time win
dow required for exerting pharmacological effects in physiological 
environments.

3.2. Evaluation of in vitro targeting of liposomes

The in vitro targeting evaluation results of liposomes are presented in 
Fig. 3. Since neither Cip nor MT exhibits intrinsic fluorescence, Cou was 
encapsulated within the liposomes as a fluorescent probe to enable 
visualization and quantitative analysis [32]. The flow cytometry results 
depicting the uptake of different liposomes by RAW264.7 cells infected 
with MRSA or Pseudomonas aeruginosa are illustrated in Fig. 3A–D. Cells 
infected with bacteria exhibited minimal uptake of free Cou. In contrast, 
when Cou was encapsulated within liposomes, cellular uptake was 
significantly increased. Furthermore, after mannose modification, the 
uptake of liposomes by RAW264.7 cells was further enhanced compared 
to unmodified liposomes. The higher intracellular fluorescence intensity 
observed in the Man-Cou-lips group compared to the Cou-lips group 
suggests enhanced cellular uptake. This enhancement may be associated 
with mannose receptor-mediated endocytosis, which has been widely 
reported as a potential uptake pathway for mannosylated carriers in 
macrophages.

Fig. 3E–F, I–J, and S1 present the evaluation of liposome interactions 
with MRSA or P. aeruginosa. Encapsulation of Cou in liposomes effec
tively improved the uptake of the hydrophobic probe compared to the 
free Cou group. However, no significant difference was observed be
tween the Cou-lips and Man-Cou-lips groups in terms of bacterial 

uptake. This phenomenon may be related to the fact that mannose re
ceptors are primarily expressed on immune cells such as macrophages. 
When Man-modified liposomes were co-incubated with bacteria, the 
lack of significant difference in uptake suggests the absence of specific 
recognition sites on the bacterial surface, resulting in comparable uptake 
behavior between modified and unmodified liposomes.

To further visualize the targeting behavior of liposomes toward 
intracellularly infected cells, fluorescence microscopy was employed. 
MRSA or P. aeruginosa was first labeled with SYTO-9, a membrane- 
permeable nucleic acid dye that enhances fluorescence upon binding 
to bacterial nucleic acids, enabling live bacteria to emit green fluores
cence [33]. After establishing the intracellular infection model in 
RAW264.7 cells, the uptake of liposomes was evaluated (Fig. 3G–H, 
K–L). Consistent with the flow cytometry results, encapsulation of RhoB 
within liposomes resulted in a significant increase in intracellular red 
fluorescence intensity. Moreover, mannose modification further 
enhanced liposome uptake by macrophages compared to unmodified 
liposomes.

Overall, the in vitro targeting evaluation results suggest that 
mannose-modified liposomes exhibit improved uptake in 
RAW264.7 cells infected with bacteria, supporting their potential 
application for targeted intracellular drug delivery.

3.3. Determination of minimum inhibitory concentration

After successfully constructing Man-Cip&MT-lips and determining 
their targeting ability, we evaluated their pharmacological efficacy in 
vitro. Figs. 4 and 5 illustrate the inhibitory effects of Man-Cip&MT-lips 
on MRSA and P. aeruginosa, respectively. The MIC of free CIP against 
MRSA or P. aeruginosa was 5 μg/ml (Figs. 4A–5A). When MT and CIP 
were used in combination, the MIC for both bacteria decreased to 
2.5 μg/ml, indicating a synergistic antibacterial effect between CIP and 
MT. Furthermore, when CIP and MT were encapsulated in liposomes, 
the MIC decreased further to 1.25 μg/ml. The limited water solubility of 
CIP adversely affected its therapeutic efficacy. However, encapsulating 
CIP in liposomes significantly increased its solubility, allowing for a 
lower dose to achieve the desired therapeutic effect. Notably, after Man 
modification, the MIC of Man-Cip&MT-lips remained at 1.25 μg/ml. 
This result can be attributed to the absence of mannose receptor 
expression on the bacterial surface, a phenomenon that is consistent 
with the findings from the targeting investigation. The Gram staining 
results indicated that MRSA appeared purple (Fig. 4B), while 
P. aeruginosa exhibited a reddish hue (Fig. 5B), thereby preliminarily 
confirming the presence of both MRSA and P. aeruginosa.

3.4. Dynamic observation of bacterial growth

We measured the OD values of bacteria at different time points 
during growth to plot the time-growth curves, thereby understanding 
the growth characteristics of the bacteria. The time-growth curves for 
MRSA and P. aeruginosa are shown in Figs. 4C–5C. During the first 0-2 h, 
the bacteria were in a lag phase, with relatively stable OD values. After 
adapting to the new culture environment, the bacteria entered the 
exponential growth phase between 2 and 10 h. The OD values of the 
control group exhibited a linear increase, indicating that the bacteria 
were growing at an exponential rate. Following drug treatment, bacte
rial growth was inhibited, and the slope of the curve significantly 
decreased. During the stable phase from 8 to 24 h, the bacterial growth 
in the CIP&MT-lips and Man-CIP&MT-lips groups tended to stabilize, 
while the Control, Cip, and Cip&MT groups continued to show an up
ward trend. The plotting of the time-growth curves allows for a visual 
observation of the inhibitory effects of CIP&MT-lips and Man-CIP&MT- 
lips on the growth of MRSA and P. aeruginosa.
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3.5. The zone of inhibition test

The antibacterial circle experiment is a commonly used method for 
assessing the efficacy of antibiotics [34]. After diffusion on solid LB agar, 
antibiotics create a concentration gradient from high to low. When the 
antibiotic concentration at the edge of the agar reaches the MIC, bac
terial proliferation ceases, resulting in a specific size of the inhibition 
zone to evaluate the antibacterial activity of the antibiotic. The results of 
the inhibition zone experiments for various drug groups against MRSA 
or P. aeruginosa are shown in Fig. 4D and E and 5D-E. The diameters of 
the inhibition zones for the Cip, CIP&MT, Cip&MT-lips, and Man
Cip&MT-lips groups against MRSA were 1.22 ± 0.18, 1.47 ± 0.12, 
1.81 ± 0.03, and 2.32 ± 0.29 cm, respectively; against P. aeruginosa, the 
diameters were 1.18 ± 0.03, 1.38 ± 0.03, 1.85 ± 0.02, and 
2.05 ± 0.06 cm, respectively. Compared to the Cip&MT-lips group, the 
Man-Cip&MT-lips group exhibited a significantly enhanced inhibitory 
effect against MRSA, and also showed inhibitory effects on P. aeruginosa, 
although the effect was not significant. Man-Cip&MT-lips may have a 
higher sensitivity against MRSA.

3.6. Bacterial live/dead staining

The results of live-dead bacterial staining for each group of drugs 
against MRSA or P. aeruginosa are shown in Fig. 4F, H, 5F, and 5H. The 
live-dead bacterial staining kit contains two fluorescent probes, SYTO-9 
and PI [35]. SYTO-9 is a nucleic acid dye that labels live bacteria green 
[36]. PI binds to double-stranded DNA in damaged cell membranes and 
emits red fluorescence [37]. The ratio of live to dead bacteria can be 
determined by observing the amounts of green and red fluorescence. In 
the Control, Cip, CIP&MT, Cip&MT-lips, and Man-Cip&MT-lips groups, 
the number of bacteria exhibiting green fluorescence gradually 
decreased, while conversely, the number of bacteria exhibiting red 
fluorescence gradually increased. The treatment with the drugs 
demonstrated a bactericidal effect; however, the modification with Man 
did not enhance this effect.

3.7. Post-treatment colony count

The results of bacterial plating after drug treatment are shown in 
Fig. 4G, I, 5G, and 5I. The Control group exhibited a large number of 

Fig. 6. Determination of biofilm inhibitory effects (A-B) Inhibitory effects of different formulations on MRSA biofilm formation; (C-D) Eradication effects of different 
formulations on MRSA biofilms; (E-F) Inhibitory effects of different formulations on Pseudomonas aeruginosa biofilm formation; (G-H) Eradication effects of different 
formulations on Pseudomonas aeruginosa biofilms; (I-J) Colony counts of MRSA biofilms treated with different formulations; (K-L) Colony counts of Pseudomonas 
aeruginosa biofilms treated with different formulations. Data are presented as mean ± SD (n = 3); *p < 0.05, **p < 0.01, ***p < 0.001.
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bacterial colonies in the culture dishes, indicating that bacteria can grow 
and reproduce normally in the absence of drug treatment. From the Cip 
group to the Cip&MT group, the antibacterial effect gradually increased. 
Furthermore, encapsulating the drugs in liposomes, particularly in Man- 
modified liposomes, demonstrated a more significant antibacterial ef
fect. The combined use of Cip and MT exhibited a synergistic antibac
terial action, with liposomes serving as drug carriers that effectively 
protect the drugs, prolong their action time, and enhance their 

concentration at the site of infection. Man-modified liposomes further 
improved the targeting of the drugs, achieving a more efficient anti
bacterial effect.

3.8. Investigation of biofilm inhibition

Biofilms are complex community structures formed by bacteria 
through the extracellular secretion of polysaccharides, proteins, and 

Fig. 7. In vivo distribution of DiR in different formulations. (A) In vivo distribution in skin-infected mice. (B) In vivo distribution in muscle-infected mice.
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Fig. 8. Evaluation of therapeutic effect of different formulations on mice with skin infection (A) Skin images of mice with skin infection after different treatments. (B) 
HE staining of skin infected mice after different treatments. (C) Masson staining of skin infected mice after different treatments. (D) The skin of infected mice was 
stained with Sirius red after different treatments. (E) MMP-9 immunofluorescence staining of skin infected mice after different treatments. (F) NF-kβ-p65 immu
nofluorescence staining of skin infected mice after different treatments. (G) Survival curve of mice within 5 days of administration. (H) Weight change curve of mice 
within 5 days of administration (I-K) The expression levels of IL-1β, TNF-α and IL-6 in different treated mice were measured. Data are presented as mean ± SD (n =
6); *p < 0.05, **p < 0.01, ***p < 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 9. Evaluation of therapeutic effect of different formulations on mice with muscle infection (A) Different preparations treated muscle pictures of mice with 
muscle infection. (B) HE staining of muscle infected mice with different preparations. (C) Muscular-infected mice were stained with masson by different preparations. 
(D) Sirian red staining of muscle in mice with muscle infection was observed with different preparations. (E) Immunofluorescence staining of MMP-9 in muscle 
infected mice with different preparations (F) Immunofluorescence staining of NF-kβ-p65 in muscle infected mice with different preparations(G) Survival curve of 
mice within 5 days of administration. (H) Weight change curve of mice within 5 days of administration (I-K) The expression levels of IL-1β, TNF-α and IL-6 in 
different treated mice were measured. Data are presented as mean ± SD (n = 6); *p < 0.05, **p < 0.01, ***p < 0.001. (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.)
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Fig. 10. Therapeutic effects of different preparations on mice with pulmonary infection. (A) HE staining of lung treated with different formulations. (B) Expression of 
MMP-9 in lung after treatment with different formulations. (C) Expression of pulmonary NF-kβ-p65 after treatment with different formulations. (D) Survival curve of 
mice within 5 days of administration. (E) Weight change curve of mice within 5 days of administration (F-H) The expression levels of IL-1β, TNF-α and IL-6 in 
different treated mice were measured. Data are presented as mean ± SD (n = 6); *p < 0.05, **p < 0.01, ***p < 0.001.
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extracellular DNA, creating a cohesive network [38,39]. They represent 
a structure formed by bacterial populations that adhere to a specific 
substrate. Biofilms exhibit strong hydrophobicity, preventing the pene
tration of antibiotics and the infiltration of immune cells through elec
trostatic adsorption and physical shielding, leading to bacterial 
resistance [40,41]. Furthermore, biofilms can induce bacterial meta
bolic dormancy, stress responses, and quorum sensing, or upregulate the 
expression levels of bacterial efflux pumps, further increasing resistance 
and resulting in severe consequences such as local inflammation, 
chronic infections, and organ failure or death [42,43]. Using crystal 
violet staining, the distribution of MRSA biofilms was observed during 
the formation phase (Fig. 6A and C) and maturation phase (Fig. 6B and 
D) [44]. Drug intervention during the biofilm formation phase can 
effectively prevent its development. When MT is used in conjunction 
with Cip, the biofilm color lightens compared to the Cip group. Encap
sulating the drug in liposomes significantly enhances this inhibitory 
effect. For mature biofilms, after treatment, the distribution of the bio
film becomes increasingly uneven, and the color diminishes. The effects 
of the CIP&MT-lips group and the Man-CIP&MT-lips group are compa
rable. A similar phenomenon was observed in the formation of 
P. aeruginosa biofilms at the mature stage, akin to that seen with MRSA. 
To quantitatively analyze the bacterial status in the biofilms 
post-treatment, we performed a plate coating experiment on the bacteria 
within the biofilms after drug treatment (Fig. 6I–L). Consistent with the 
results observed through crystal violet staining, the Control group still 
harbored a significant number of bacteria. The bacterial counts in the 
Cip and Cip&MT groups gradually decreased. The CIP&MT-lips and 
Man-CIP&MT-lips groups exhibited the lowest bacterial counts, effec
tively inhibiting the formation of MRSA or P. aeruginosa biofilms.

3.9. Evaluation of the in vivo targeting ability of liposomes

In clinical treatment, bacterial infections often occur in areas such as 
the skin, mucous membranes, muscles, tissues, and organs. Infection 
sites at different depths typically exhibit distinct vascular densities and 
blood supply characteristics, which can influence the distribution and 
delivery efficiency of nanocarriers in vivo [45,46]. To investigate the in 
vivo targeting behavior of Man-CIP&MT-lips, a “shallow-to-deep” bac
terial infection model was established.

DiR was selected as a fluorescent probe for in vivo imaging. The 
targeting behavior of Man-DiR-lips in mice with skin and muscle in
fections is shown in Fig. 7. Due to its relatively low solubility and limited 
effective concentration, free DiR was not clearly detected at the infec
tion site after 48 h. In contrast, when DiR was encapsulated within li
posomes, the fluorescence signal at the infection site was prolonged, 
with detectable retention exceeding 72 h, indicating that liposomal 
encapsulation may extend the in vivo circulation time and improve local 
retention.

At 72 h, fluorescence signals from Man-DiR-lips were also observed 
at the infection site, with significantly higher intensity compared to DiR- 
lips. This result suggests that mannose modification may enhance the 
accumulation of liposomes at infected sites. This enhanced accumula
tion may be related to increased uptake by macrophages at infection 
sites, which are known to express mannose receptors, although this 
mechanism was not directly verified in the present study.

Overall, these in vivo imaging results suggest that mannose-modified 
liposomes exhibit improved accumulation at infection sites, which is 
consistent with the enhanced cellular uptake observed in the in vitro 
targeting studies.

3.10. In vivo therapeutic efficacy evaluation

We investigated the in vivo therapeutic effects of various drug groups 
on a "shallow to deep" infection model involving the skin, muscle, and 
lungs. At the end of the treatment period, the skin of the Model group 
mice still exhibited purulence, while the skin of the Man-Cip&MT-lips 

group mice had returned to a healthy state (Fig. 8A). Histological ex
amination (HE staining) revealed a significant infiltration of inflam
matory cells in the skin tissue of the Model group mice. After treatment, 
the infiltration of inflammatory cells gradually decreased, with the most 
notable reduction observed in the Man-Cip&MT-lips group (Fig. 8B). 
Masson's trichrome staining indicated that collagen fibers stained blue, 
while cytoplasm and red blood cells appeared red, and cell nuclei were 
stained blue-purple. Sirius Red staining showed that muscle fibers 
appeared yellow, and collagen fibers were red. Results from Masson 
staining (Fig. 8C) and Sirius Red staining (Fig. 8D) demonstrated that 
the number of intercellular collagen fibers in the liposome treatment 
group was significantly higher than that in the Model group. These re
sults indicate that Man-Cip&MT-lips effectively inhibited inflammation 
at the infection site, and the tissue repair process is underway. Matrix 
metalloproteinases (MMPs) play a crucial role in the degradation and 
remodeling of the extracellular matrix, capable of degrading collagen 
and other matrix components, thereby influencing the degree of tissue 
fibrosis. NF-κB-p65 can induce the expression of various inflammatory 
factors in the body, promoting the occurrence and development of in
flammatory responses. Immunofluorescence staining results show 
(Fig. 8E and F) that after treatment, the expression of MMP-9 and NF-κB- 
p65 in skin tissue was reduced, with the Man-Cip&MT-lips group 
showing the most significant decrease. During the treatment process, all 
mice in the Model group died by the fifth day (Fig. 8G); however, after 
treatment with Man-Cip&MT-lips, the survival rate of the mice reached 
60%, and there was an upward trend in body weight (Fig. 8H). Addi
tionally, the expression of inflammatory factors IL-1β, TNF-α, and IL-6 in 
serum was significantly reduced, indicating the effective therapeutic 
effect of Man-Cip&MT-lips (Fig. 8I–K).

The therapeutic effects of Man-Cip&MT-lips on muscle infections 
and pulmonary infections were investigated similarly. The results indi
cated that Man-Cip&MT-lips exhibited effects comparable to those 
observed in mice with skin infections for both muscle and pulmonary 
infections. In the Model group, the legs of the mice showed persistent 
redness and swelling, with joint flexion and mobility being restricted 
(Fig. 9A). After treatment, the symptoms alleviated, with the following 
order of relief: Man-Cip&MT-lips > Cip&MT-lips > Cip&MT > Cip. 
Histological staining results from HE, Masson, and Sirius Red 
(Fig. 9B–D) revealed that the Model group exhibited disorganized 
muscle structure, infiltration of inflammatory cells, increased deposition 
of collagen fibers, and some muscle fibers showing signs of rupture or 
dissolution. Following treatment, the tissue structure gradually returned 
to normal, with a reduction in inflammatory cell infiltration, decreased 
collagen fiber deposition, and normalization of muscle fiber expression. 
The most severely infected mice displayed pulmonary congestion along 
with significant inflammatory cell infiltration, which normalized after 
treatment (Fig. 10A). Post-treatment, the expression of MMP-9 and NF- 
κB-p65 in the tissues was suppressed (Fig. 9E and F, 10B-C), leading to 
improved survival rates in the mice, normalization of body weight, and a 
significant decrease in the expression of inflammatory factors in the 
blood (Fig. 9G–K, 10D-H).

Man-Cip&MT-lips exhibit a synergistic antibacterial effect in bacte
rial infections spanning “skin–muscle–lung” from superficial to deep 
tissues. Compared with Cip alone, the combination of Cip and MT 
demonstrated improved therapeutic efficacy, supporting the rationale 
for the co-administration of these two agents. Furthermore, encapsula
tion within liposomal nanocarriers further enhanced the therapeutic 
performance, which may be related to the sustained release behavior 
and improved in vivo retention of the drugs. Following systemic 
administration, the presence of a PEG hydration layer on the liposome 
surface may help reduce rapid clearance by the mononuclear phagocyte 
system, thereby prolonging circulation time. After mannose modifica
tion, the enhanced accumulation and cellular uptake observed in both in 
vitro and in vivo studies suggest that the liposomes may exhibit 
improved interaction with macrophages at infection sites. This effect 
may be associated with mannose receptor-mediated endocytosis, a 
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Fig. 11. Safety evaluation of preparation (A) HE staining of major organs of mice treated with different preparations. (B) Blood cell analysis after blank group and 
Man-Cip&MT-lips treatment. (C) Hemolysis behavior of GA-Cip&MT-lips at different concentrations. (D) Toxicity of Man-Cip&MT-lips at different concentrations to 
RAW 264.7 (E) Toxicity of GA-Cip&MT-lips at different concentrations to A549 cell line Data are presented as mean ± SD (n = 6); *p < 0.05, **p < 0.01, ***p 
< 0.001.
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pathway widely reported for mannosylated nanocarriers, although this 
mechanism was not directly verified in the present study. Overall, these 
findings suggest that Man-Cip&MT-lips can enhance intracellular drug 
delivery and antibacterial efficacy, contributing to improved therapeu
tic outcomes against intracellular bacterial infections.

3.11. Evaluation of formulation safety

The results of histopathological examinations for each group are 
shown in Fig. 11A. The tissue structures of the heart, liver, spleen, lungs, 
and kidneys of the mice were all normal, with no obvious signs of cell 
necrosis or infiltration of inflammatory cells, and no significant patho
logical changes were observed. Blood analysis results indicate (Fig. 11B) 
that the levels of white blood cell count (WBC), red blood cell count 
(RBC), platelet count (PLT), hemoglobin (HGB), and others were all 
within the normal range, with no significant differences among the 
groups. The hemolysis rate of mice in each dosage group was below 5% 
(Fig. 11C), showing no significant difference compared to the blank 
control group, indicating that Man-CIP&MT-lips has a weak hemolytic 
effect on red blood cells and demonstrates good blood compatibility. 
Cytotoxicity test results show that Man-CIP&MT-lips exhibit low cyto
toxicity to RAW264.7 and A549 cells, with cell viability remaining 
above 50% across the concentration range of 1.5625 μg/mL to 100 μg/ 
mL. Man-CIP&MT-lips demonstrate good safety and have promising 
application prospects.

4. Conclusion

In this study, we developed a mannose-modified liposomal co- 
delivery system encapsulating Cip and MT. The prepared liposomes 
exhibited spherical morphology, uniform size distribution, and negative 
surface charge. In both in vitro and in vivo models, the mannose- 
modified liposomes demonstrated enhanced cellular uptake and 
improved therapeutic performance against intracellular bacterial in
fections under conditions of varying vascular density and blood supply. 
The co-delivery of Cip and MT resulted in a synergistic antibacterial 
effect, contributing to improved efficacy in bacterial clearance and 
biofilm inhibition. Overall, these findings suggest that Man-Cip&MT-lips 
may enhance intracellular drug delivery and improve the treatment of 
bacterial infections from superficial to deep tissues. This liposomal co- 
delivery strategy shows promising potential as a therapeutic approach 
for intracellular bacterial infections.
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