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Introduction: Lung cancer has a high resistance rate to current chemotherapies. Therefore, there is an urgent need to develop new 
anticancer drugs. Celastrol is a promising anticancer bioactive compound for various types of cancers. However, its poor solubility and 
severe liver damage have limited its clinical application.
Methods: BIF@CEL/LF/CMCS-Lipo (Bif@CLC-LP), a self-driving biomotor that targets tumor tissues, was used to deliver 
celastrol, which was encapsulated in surface-modified lactoferrin liposomes, which were then coated with carboxymethyl chitosan 
and loaded onto the surface of Bifidobacterium infantis (Bif). Extensive in vitro and in vivo experiments were performed to assess its 
physicochemical and antitumor properties and safety in treating lung cancer.
Results: Bif@CLC-LP responds to pH and is bioselective, precisely targeting hypoxic regions of tumors. In the acidic tumor 
environment, the carboxymethyl chitosan coating breaks down, releasing liposomes that can specifically target the cancer surface 
receptor for endocytosis. This process increases the production of reactive oxygen species (ROS) and decreases the mitochondrial 
membrane potential in lung cancer cells, leading to apoptosis.
Conclusion: In our work, Bif@CLC-LP significantly inhibited tumor growth while minimizing celastrol-induced liver damage in 
a mouse lung cancer model. This bacteria-mediated liposome delivery system is a promising new nanoplatform for treating different 
types of solid cancer.
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Introduction
Lung cancer is the most common type of cancer worldwide and the leading cause of cancer-related death.1 Chemotherapy 
remains an essential part of systemic therapy for treating lung cancer, even though neoadjuvant treatments such as 
immunotherapy and targeted medications have been developed.2,3 However, challenges such as drug resistance, poor drug 
bioavailability, inadequate targeting, and significant systemic toxicity often hinder the effectiveness of chemotherapy in 
treating lung cancer.4 Therefore, chemotherapeutic drugs with greater efficacy and lower toxicity need to be developed.5

Celastrol is a quinone methoxy triterpenoid molecule derived from the root bark of the plant tretinoin.6 Its 
pharmacological properties, including its ability to inhibit tumor growth, reduce inflammation, and facilitate weight 
reduction, have been extensively investigated.7 Studies have confirmed that cancer cells treated with celastrol exhibit 
significantly high levels of ROS and mitochondrial damage, leading to apoptosis.8,9 Celastrol strongly inhibits the growth 
of various types of human cancer cells and has shown strong anticancer effects in various mouse models of tumors, 
including lung cancer,10 hepatocellular carcinoma,11 glioma,12 and melanoma.13

Liposomes are widely used as carriers for delivering anticancer drugs to improve their efficacy and reduce systemic 
toxicity.14 Therefore, the biocompatibility, lack of immunogenicity, degradability, and other advantages of liposomes 
make them excellent clinical drug carriers.15 PEGylated liposomes form a hydration layer on their surface, decreasing 
their absorption by regular tissues and preventing the reticuloendothelial system from ingesting the drug, thus increasing 
drug levels in the bloodstream and improving the effectiveness of the drugs.16
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Additionally, the surface expression of the lactoferrin receptor and its metabolic activity are high in cancer cells.17 

This property can be used to create a targeted delivery system that significantly increases the potency of anticancer 
drugs.18 Lactoferrin is a naturally occurring protein with antibacterial and anticancer properties.19 When lactoferrin is 
attached to receptors on the surface of cancer cells, the cells take medications modified with lactoferrin through 
endocytosis, increasing drug absorption.20

Tumor hypoxia is often caused by vascular anomalies that hinder the transportation and storage of traditional chemother
apeutic drugs, significantly reducing their effectiveness.21,22 Many studies have suggested that certain bacteria, which 
commonly colonize tumors in hypoxic and immunosuppressed environments, can act as effective delivery systems for 
targeted tumor therapy. These bacteria include Salmonella, Escherichia, Clostridium, Bifidobacterium, Proteus, and 
Lactobacillus.23,24 Studies have shown that the anaerobic probiotic Bifidobacterium infantis, which is naturally present in 
the gut of infants, can actively target and colonize hypoxic regions of solid tumors following intravenous injection.25,26 The 
concentration of B. infantis in these areas can be 1000 times greater than that in normal tissue, making it an ideal candidate for 
drug delivery owing to its unique targeting ability and biological safety profile.27,28

In this study, celastrol was encapsulated in polyethylene glycolated liposomes with modified lactoferrin attached to 
their surface to enhance uptake by cancer cells.10,29 These liposomes easily attach to bifidobacteria via a carboxymethyl 
chitosan coating, resulting in the formation of the biomotor Bif@CLC-LP, which precisely colonized the tumor tissue. In 
the acidic tumor microenvironment, CEL/LF/CMCS-Lipo (CLC-LP) breaks down and releases celastrol liposomes that 
specifically target the lactoferrin receptor, inducing apoptosis in cancer cells. This strategy showed remarkable anticancer 
benefits in a lung cancer mouse model.

Materials and Methods
Cells and Animals
A549 and Lewis (LLC) cell lines were purchased from the Chinese Academy of Sciences Cell Bank (Shanghai, China). 
Bifidobacterium infantis (GIMI.207) was purchased from the Microbial Strain Preservation Centre (Guangzhou, China). Male 
C57BL/6J mice weighing 16–20 g (six weeks old) were purchased from Tengxin Huafu Laboratory Animal Sales Co., Ltd. 
(Chongqing, China). The mice were maintained under standard specific standard specific pathogen-free (SPF) conditions at the 
Animal Experiment Centre of Southwest Medical University. All animal experiments were approved by the ethical and scientific 
committee of the Animal Care and Treatment Committee of Southwest Medical University (license no. 20230731-001). All 
animal experimental procedures were performed in accordance with the requirements of the National Research Council’s Guide.

Preparation and Characterization of BIF@CEL/LF/CMCS-Lipo Biohybrid
The ethanol injection method was used to prepare celastrol liposomes (Cel-LP). The effects of different formulations on 
the liposome particle size, PDI, and encapsulation rate were shown in the Supplementary Material. Lactoferrin was then 
modified on the surface of the celastrol liposomes to form CEL/LF-Lipo (CL-LP), which was subjected to gel 
electrophoresis, Fourier transform infrared spectroscopy (FT-IR) and nuclear magnetic resonance spectra (NMR) detec
tion. Next, carboxymethyl chitosan was coated to produce CEL/LF/CMCS-Lipo (CLC-LP). The preparation method is 
described in the Supplementary Material. A suspension containing B. bifidum (2.0 × 107 CFU/mL) was incubated with 
the CLC-LP solution for 3 h at 37 °C, and then the BIF@CEL/LF/CMCS-Lipo (Bif@CLC-LP) biohybrid was obtained 
by centrifuging the mixture for 3 min at 2500 rpm. The precipitate was washed twice with PBS (pH = 7.4). Transmission 
electron microscopy (TEM; JEM-1200EX, Japan) and scanning electron microscopy (SEM; SU8020, Japan) were 
performed to analyze the morphology of the Bif@CLC-LP hybrids. The size and ζ-potential of the celastrol liposomes 
were determined via dynamic light scattering (DLS, NanoBrook90 plus zeta, Brookhaven, NY).

In vitro Study of the Stability of CEL/LF/CMCS-Lipo
The CEL/LF/CMCS-Lipo (CLC-LP) was immersed in double-distilled water, DMEM, FBS, and PBS at different 
temperatures and durations. The particle size and ζ-potential were then measured using DLS with a particle size analyzer 
(NanoBrook 90Plus Zeta, Brookhaven Instruments Corporation, NY, USA).
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Drug Release Performance Testing
The optimal absorption peak of celastrol was determined using an ultraviolet (UV) spectrophotometer (UV-5800 PC, 
Shanghai Metash Instruments Co., Ltd., Shanghai, China). Liposomal nanoparticles were used along with dialysis 
techniques to evaluate the in vitro release properties of celastrol (Cel). A release medium of pH 7.4 or 6.5 PBS 
(including 20% ethanol) was added to 50 mL centrifuge tubes, along with 2 mL dialysis bags containing Cel, Cel-LP, 
and CLC-LP. These centrifuge tubes were incubated at 100 rpm and 37 °C on a shaker. At specific time intervals (1, 3, 6, 
12, 24, 48, 72, 96, and 120 h), 3 mL of the release medium was extracted from the centrifuge tubes. The same volume of 
release medium was then added back to the tubes while the original temperature and pH were maintained. The 
concentration of celastrol in the dissolution medium was measured via a spectrophotometer, and the cumulative release 
rate of celastrol was calculated.

Cytotoxicity Assay of the Drugs
To determine the harmful effects of different medications (Liposome, Cel, Cel-LP, CL-LP, CLC-LP, and Bif@CLC-LP) 
on lung cancer cells in a pH-dependent manner, A549 and Lewis cells were seeded in 96-well plates and cocultured with 
liposome solutions at different concentrations for 24 h. Each well received 20 µL of thiazolyl blue (MTT) solution (5 mg/ 
mL). The precipitated crystals were diluted in 150 µL of dimethyl sulfoxide (DMSO) to determine the absorbance using 
a microplate reader (RedMax, Shanghai Flash Spectrum Biological Technology Co., Ltd., Shanghai, China).

In Vitro Studies of BIF@CEL/LF/CMCS-Lipo Targeting
A549 and Lewis cells were seeded in six-well plates and treated with NR-LP, LF-NR-LP, CL-NR-LP, Bif@CL-NR-LP, 
or LFR-blocking (the latter was pretreated with a lactoferrin solution at a concentration of 2 mg/mL). After incubation for 
3 h, the nuclei were stained with DAPI and subsequently washed three times with PBS (pH = 7.4) before being observed 
using a fluorescence microscope (OLYMPUS, IX73, Japan).

Cell Migration Assay
A scratch assay was performed to assess the in vitro migration of A549 cells. After 5.0×105 tumor cells were seeded per 
well in a six-well plate to confluence, a sterile pipette tip was used to make a scratch. Different drugs (including NS, Cel, 
Cel-LP, CL-LP, CLC-LP, and Bif@CLC-LP) were administered, and the cells at the site where the scratch was made 
were washed before being cultured. The migration rate was calculated by analyzing the scratch coverage at 0, 12, and 
24 h using a microscope (OLYMPUS, CKX53, Japan).

Cell Apoptosis Assay
First, A549 and Lewis cells were inoculated in six-well plates at a density of 5.0×104 cells per well and incubated 
overnight. The cells were then co-incubated with various drugs (including NS, Cel, Cel-LP, CL-LP, CLC-LP, or 
Bif@CLC-LP, and the concentration of celastrol was 30μg/ mL) for 24 h. The cells were harvested, washed twice 
with PBS (pH = 7.4), and stained with 5 µL of 647A-Annexin V and 5 µL of PI dye for 20 min. The apoptosis rate was 
measured via flow cytometry (DxFLEX, Beckman Coulter). Additionally, apoptosis was evaluated via live-dead cell 
staining. A549 and Lewis cells were seeded at a density of 1.0×105 cells per well in six-well plates and incubated with 
each drug for 24 h. After being washed twice with PBS (pH 7.4), the cells were stained with calcein-AM (1 µg/mL) and 
propidium iodide (PI:1 µg/mL) for 30 min. The samples were then observed via fluorescence microscopy (OLYMPUS, 
IX73, Japan).

Exploring the Antitumor Mechanisms of BIF@CEL/LF/CMCS-Lipo
Lewis cells were treated with drugs (including NS, Cel, Cel-LP, CL-LP, CLC-LP, or Bif@CLC-LP, and the concentration 
of celastrol was 30μg/mL) for 24 h at a density of 5.0×104 cells per well in six-well plates. After treatment, the cells were 
incubated with DCFH-DA dye for 30 min. The cells were washed thrice with PBS (pH = 7.4) and examined using an 
inverted microscope (OLYMPUS, IX73, Japan). Moreover, JC-1 dye was added to the cells treated with Bif@CLC-LP, 
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which were then incubated for 30 min. The cells were washed twice with PBS (pH = 7.4), and the mitochondrial 
membrane potential changes were observed using an OLYMPUS IX73 microscope (Japan).

Bacterial Growth Inhibition Experiment
The semisolid Petri plates were evenly covered with a Bif suspension and incubated overnight. Next, 6 mm drug- 
sensitive paper tablets were soaked in saline, Cel, Cel-LP, CL-LP, CLC-LP, or Bif@CLC-LP. The tablets were dried, 
placed in the center of a Petri dish, and then incubated for 24 h at 37 °C. The growth inhibition zone of each tablet was 
measured.

In Vitro Hemolysis Assay for Celastrol Preparation
The blood compatibility of various formulations was evaluated via an in vitro hemolysis assay. Briefly, 1 mL of 0.2% (v/v) 
red blood cell suspension was mixed with equal volumes of physiological saline solutions containing Cel, Cel-LP, CL-LP, 
CLC-LP, and Bif@CLC-LP. Distilled water was used as the positive control, and physiological saline was used as the 
negative control. Hemoglobin released from erythrocytes was detected at 540 nm using a UV-visible spectrophotometer 
(UV-5800PC, Shanghai Yuan Instrument Co., Ltd., China). The hemolysis rate was calculated as follows:

Anaerobic Targeting Evaluation of BIF@CEL/LF/CMCS-Lipo
The ability of Bif to target hypoxic areas in vitro was assessed. To conduct the assay, the upper chamber of the transwell 
system was filled with 200 μL of Bif and Bif@CLC-LP suspensions (5 × 107 CFU/mL). In contrast, the lower chamber 
was made hypoxic by adding 0.4 mL of glucose (0.4 mg/mL), glucose oxidase (0.5 kU), and catalase (0.5 kU). Normal 
oxygen levels were maintained in the control group. After incubation for 2 h, the number of bacteria that migrated to the 
lower compartment was determined.

In Vivo Evaluation of the Antitumor Effect of BIF@CEL/LF/CMCS-Lipo
Male C57BL/6J mice were subcutaneously injected with 0.1 mL of Lewis cells suspension (5.0 × 106 cells) in the right 
leg to construct a tumor model. When the tumor volume reached 50–100 mm³, the mice were randomly divided into five 
groups as follows (n = 6 per group): NS, Cel, CL-LP, CLC-LP, and Bif@CLC-LP (Cel: 2 mg/kg). Each mouse received 
an intravenous injection every second day for one week, for a total of three treatments. Tumor size and body weight were 
measured every two days over two weeks. After two weeks, blood samples were collected via the retroorbital route for 
blood biochemistry examinations and routine testing. The major organs (including the heart, liver, spleen, lungs, and 
kidneys) were harvested along with the tumors to conduct various tests and analyses, including H&E staining, TUNEL 
staining, Sirius red, MPO tests, and immunohistochemical analysis of Ki67.

MicroPET/CT Scanning to Assess Drug Efficacy
Tumor metabolism following medication was evaluated via small animal PET/CT scanning (InveonMM Siemens, 
Germany). After fasting for 6 h, the mice were injected with 200–250 μCi of 18F-FDG through the tail vein. These 
mice were anesthetized via isoflurane inhalation and subjected to whole-body scanning. Two nuclear medicine physicians 
analyzed the PET/CT scans, identified the region of interest (ROI) manually on the tumor images, and calculated the 
average uptake value (SUVmean) and the maximum standard uptake value (SUVmax).

In vivo Fluorescence Imaging for BIF@CEL/LF/CMCS-Lipo Targeting Studies
To assess the ability of the developed Bif@CLC-LP/ICG biomotor to target tumors, in vivo fluorescence imaging was 
performed. All samples, including the ICG-labeled Bif@CLC-LP, CLC-LP, and Bif solutions, underwent a dark reaction 
for 24 h. The nanoparticles were retrieved after being centrifuged and washed three times with deionized water. When the 
tumor volume reached 100–200 mm3, 0.1 mL of ICG, Bif@CLC-LP/ICG, CLC-LP/ICG, or Bif/ICG was injected 
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intravenously. Imaging was performed using an IVIS imaging system (FxPro, USA) at 6, 12, 24, and 48 h after injection. 
The mice were euthanized after 48 h, and the tumors and vital organs were removed for systematic imaging.

Statistical Analysis
All the data are expressed as the means ±standard deviations (SDs). Statistical analysis was conducted via two-tailed 
Student’s t tests or one-way ANOVA in GraphPad Prism. All differences among and between groups were considered 
statistically significant at P < 0.05 (*P < 0.05, **P < 0.01, and ***P < 0.001).

Results
Preparation and Characterization of BIF@CEL/LF/CMCS-Lipo Biohybrid
The celastrol-loaded liposomes (Cel-LP) exhibited a solid, spherical shape resembling that of the blank liposomes (LP) 
(Figure 1A and B). Lactoferrin-modified celastrol (CL-LP) liposomes were coated with an outer layer of carboxymethyl 
chitosan (CMCS) to form CLC-LP (Figure 1C). The Bif@CLC-LP biohybrid was created by loading CLC-LP onto the 
surface of Bifidobacterium bifidum (Figure 1D and S1, Supplementary Material). Protein electrophoresis experiments 
revealed that lactoferrin and CL-LP exhibited similar blue streaks in the 75–100 kDa range (Figure 1E). The CL-LP 
group had a particle size of 64.85 nm (Figure 1F). In contrast, zeta potential measurements revealed a shift from 
a negative potential in Cel-LP to a positive potential in CL-LP (Figure 1G). FT-IR detection revealed an amide C=O and 
C-N stretching vibrational peak at 1648 cm–1 and 1424 cm–1 (Figure S2). NMR showed -CO-NH- formed at 6.13 ppm 
(Figure S3). These results indicated that lactoferrin was successfully attached to the celastrol liposomes. The liposomes 
demonstrated good stability in various media, with diameters ranging from about 50–80 nm (Figure 1H and I). Celastrol 
and Bif@CLC-LP peaked at 424 wavelengths under UV spectrophotometer detection, confirming successful loading of 
celastrol by Bif@CLC-LP (Figure 1J). Compared with the 34.33% released from the CLC-LP at pH 7.4, 71.22% of the 
celastrol in the free celastrol group (Cel) was released after 24 h. Additionally, in an environment at pH 6.5, 51.12% of 
the medication was released from the CLC-LP. These results indicated that the CMCS coating may decompose more 
easily in an acidic environment, preventing premature or off-target release of the drug (Figure 1K).

In vitro Targeting and Antitumor Effects of BIF@CEL/LF/CMCS-Lipo
The results of the cellular uptake assays revealed that Nile Red-labeled liposomes were taken up by Lewis cells 
(Figure 2A and B) and A549 cells (Figures S4 and S5). The uptake of lactoferrin-modified liposomes (LF-NR-LP) 
increased significantly. Pretreatment of Lewis cells with lactoferrin almost completely inhibited the uptake of LF-NR-LP. 
These findings suggest that lactoferrin competitively binds to lactoferrin receptors on the surface of cancer cells, 
preventing LF-NR-LP uptake. These results indicated that liposomes modified with lactoferrin can specifically bind to 
cancer cell surface receptors, increasing the cellular uptake of liposomes. The outer layer of LF-NR-LP coated with 
CMCS (CL-NR-LP) did not affect its cellular uptake. The Bif@CL-NR-LP group exhibited strong fluorescence intensity, 
suggesting that the liposomes separated from bacteria and were absorbed by cells. The survival rates of Lewis cells and 
A549 cells treated with high concentrations of liposomes (1000 μg/mL) were 91.22% and 90.98% (Figure 2C and S6). 
These findings indicate that liposomes are noncytotoxic and can be considered safe and reliable carriers for drugs. The 
cell viability of CLC-LP decreased from 87.34% to 12.43% in a neutral environment (pH 7.4). Additionally, in a weakly 
acidic environment (pH 6.5), the cell viability of the CLC-LP decreased from 60.82% to 3.56%, possibly due to the 
disintegration of the CMCS. Bif@CLC-LP showed similar cytotoxicity (Figure 2D and E). The cytotoxicity results were 
also confirmed in A549 cells (Figures S7 and S8). Additionally, the 24 h healing rate was 47.27% in the control group, 
25.4% in the CLC-LP group, and 23.44% in the Bif@CLC-LP group, confirming that Bif@CLC-LP effectively inhibited 
the migration of A549 cells (Figure 2F and G).

BIF@CEL/LF/CMCS-Lipo Induces the Apoptosis of Cancer Cells
During the live-dead cell staining experiment, the Lewis cells (Figure 3A and B) and A549 cells (Figure S9) in the Bif@CLC- 
LP group had a significantly greater number of dead cells than did those in the group treated with free celastrol (Cel). Reactive 
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Figure 1 In vitro characterization of BIF@CEL/LF/CMCS-Lipo. (A–D) TEM images of LP, Cel-LP, CLC-LP, and Bif@CLC-LP. (E) Protein molecular weight profiles of 
lactoferrin and Bif@CLC-LP stained with Coomassie Brilliant Blue were determined by 10% SDS-PAGE. (F and G) Size and potential of LP, Cel-LP, CL-LP, and CLC-LP. 
(H and I) Size and Polymer dispersity index (PDI) of CLC-LP in the stability assay. (J) UV–vis absorption spectra of the free celastrol and Bif@CLC-LP solutions. (K) In 
vitro release profiles of Cel, Cel-LP, and CLC-LP in PBS at pH 7.4 and 6.5. 
Abbreviations: LP, Liposome; Cel-LP, CEL-Lipo; CL-LP, CEL/LF-Lipo; CLC-LP, CEL/LF/CMCS-Lipo; Bif@CLC-LP, BIF@CEL/LF/CMCS-Lipo.
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oxygen species (ROS) were produced intracellularly in Lewis cells via the use of a DCFHDA probe. The distinct green 
fluorescence, along with the statistical analysis of the average fluorescence intensity, confirmed that, compared with the Cel 
group, the CL-LP, CLC-LP, and Bif@CLC-LP groups produced high levels of ROS (Figure 3C and F). ROS may be the 
primary reason for apoptosis in cancer cells. Apoptosis was detected via flow cytometry. The apoptosis rate of Lewis cells 
treated with Bif@CLC-LP was 93.92%, which was significantly greater than that of the other groups (Figure 3D and G). 
Similar results were also found in A549 cells (Figure S10 and S11). Additionally, the mitochondrial membrane potential 
decreased, which likely accelerated apoptosis as a result of mitochondrial dysfunction caused by excess ROS (Figure 3E).

BIF@CEL/LF/CMCS-Lipo Selectively Targets Hypoxic Regions of Tumors
The lack of a distinct inhibitory zone in the drug inhibition trials suggested that the different medications (Cel, Cel-LP, CL- 
LP, and CLC-LP) did not significantly inhibit bacterial growth (Figure 4A). In the hypoxic zone of the lower chamber, the 
number of bacteria was considerably greater than that in the normoxic zone of the upper chamber of the transwell system 
after Bif@CLC-LP was added to the upper chamber for 2 h. This observation indicated that Bif@CLC-LP maintained the 
anaerobic characteristics of Bifidobacterium (Figure 4B and C). Additionally, after Bif@CLC-LP was injected into the mice, 
the bacteria grew mainly in the kidney, liver, and tumor tissues; the number of bacteria in the tumor tissues was significantly 

Figure 2 In vitro cell experiments. (A) Fluorescence images of different drugs taken up by Lewis cells; scale bar: 20 µm. (B) Flow cytometry assay of drugs uptake by Lewis 
cells. (C) Cytotoxic effects of liposomes on Lewis cells (n = 3). (D and E) Cytotoxic effects of different drugs on Lewis cells at pH 7.4 and 6.5. (F) A549 cell scratch 
experiment; scale bar: 200 µm. (G) Healing rate of each group; ns: not statistically significant, ****P < 0.0001. 
Abbreviations: I, Cel; II, Cel-LP; III, CL-LP; IV, CLC-LP; V, Bif@CLC-LP; A, Control; B, NR-LP; C, LF-NR-LP; D, CL-NR-LP; E, Bif@CL-NR-LP; F, LFR-Blocking, the cells 
were treated with lactoferrin solution in advance.
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greater than that in the other organs. Greater bacterial colonization was found in tumor tissues one week after injection. These 
results suggested that Bif@CLC-LP can specifically localize to tumor tissue (Figure 4D).

In vivo Antitumor Effects of BIF@CEL/LF/CMCS-Lipo
Indocyanine green (ICG) was used as a tracer to track the in vivo distribution of Bif@CLC-LP (Figure 5A). Bif-loaded ICG and 
CLC-LP/ICG showed considerable aggregation in the tumor area at 6 h, reached peak drug accumulation at 24 h, and remained 

Figure 3 In vitro apoptosis experiments. (A) Live/dead staining of Lewis cells treated with various drugs (NS, Cel, Cel-LP, CL-LP, CLC-LP, Bif@CLC-LP) for 24 h; calcein-AM 
(green: live cells) and PI (red: dead cells); scale bar: 200 µm. (B) Live/dead cell rates of each group. (C) Fluorescence images of DCFH-DA-stained tumor cells after treatment 
with various drugs for 24 h. (D) Flow cytometry analysis was performed on Lewis cells after treatment with different conditions for 24 h. (E) Fluorescence images of Lewis 
cells treated with Bif@CLC-LP for 24 h and stained with JC-1; scale bar: 200 µm. (F) Quantitative analysis of DCFH-DA fluorescence in Lewis cells (n = 3). (G) Apoptosis 
rate in each group; **P < 0.01 and ****P < 0.0001.
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concentrated in the tumor area at 48 h. In contrast, the other groups accumulated only a small amount in the tumor area and were 
gradually cleared. Among the isolated organ tissues, the Bif@CLC-LP/ICG group presented the greatest tumor accumulation at 
5.26×1010 (p/s)/(μW/cm2), followed by the liver at 2.18×1010 (p/s)/(μW/cm2) and the kidney at 4.15×109 (p/s)/(μW/cm2). The 
other major organs presented significantly lower accumulation levels (Figure 5B). Fluorine-18-labeled deoxyglucose positron 
emission tomography/computed tomography (18F-FDG PET/CT) imaging was conducted to analyze antitumor metabolism in 
mice with lung tumors (Figure 5C). The SUVmax of the Bif@CLC-LP group was 1.2 (Figure 5D), and the SUVmean was 0.88 

Figure 4 Evaluation of the bioactivity and targeting ability of the biomotor BIF@CEL/LF/CMCS-Lipo. (A) The antibacterial effects of various drugs (NS, Cel, Cel-LP, CL-LP, 
CLC-LP) on Bif. (B) A schematic diagram illustrating the hypoxia model in which the transwell system was used to assess the chemotaxis of Bif and Bif@CLC-LP. (C) The 
number of bacteria in the transwell chambers. (D) Representative images of bacterial growth in the heart, liver, spleen, lung, kidney, and tumor tissues were captured after 
Bif@CLC-LP was injected into lung tumor-bearing mice on days 1, 3, and 7; ns: not statistical significance, **P < 0.01.
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(Figure 5E), which was the lowest among all the groups. These findings suggested that tumor glucose metabolism was 
significantly inhibited by Bif@CLC-LP treatment. These results confirmed that Bif@CLC-LP can effectively target tumor 
tissues and inhibit tumor growth and metabolism. As shown in the treatment plan outlined in Figure 6A, the mice in the group that 
received free celastrol were in poor condition. They experienced significant fluctuations in body weight and short survival times, 
probably due to the toxic effects of the drug. The growth of tumors in the mice treated with Bif@CLC-LP was significantly 
inhibited (Figure 6B–D). The isolated tumor volume was 44.99 ±18.59 mm3, and the weight was 0.24 ±0.04 g, both of which 
were significantly lower than those in the other groups (Figure 6E and F). Additionally, these mice showed slight changes in body 
weight and had the longest survival time (Figure 6G and H). H&E and TUNEL staining of the tumor tissue sections revealed 
a lower tumor cell density, significant apoptotic necrotic areas, and decreased Ki67 expression in the Bif@CLC-LP group than in 
the other groups (Figure 6I).

Figure 5 In vivo evaluation of the targeting of BIF@CEL/LF/CMCS-Lipo. (A) Fluorescence images of Lewis lung tumor-bearing mice after intravenous injection of free ICG, 
CLC-LP/ICG, Bif@ICG, and Bif@CLC-LP/ICG. (B) Total fluorescence counts of isolated organs. (C) Representative images of 18F-FDG PET/CT on day 12 after treatment. 
Upper layer: cross-sectional images; lower layer: coronal images; the white circles indicate the tumor sites. (D) SUVmax values for each group. (E) SUVmean for each group. 
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. 
Abbreviations: I, Control; II, Cel; III, CL-LP; IV, CLC-LP; V, Bif@CLC-LP.
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Figure 6 In vivo evaluation of antitumor efficacy of BIF@CEL/LF/CMCS-Lipo. (A) A schematic diagram of the treatment plan. (B) Curve showing growth after each drug treatment 
was administered. (C) Representative photographs of Lewis lung tumor-bearing mice were taken on day 14 after treatment (n = 3). (D) Representative photographs of isolated 
tumors (n = 3). (E) Weights of the isolated tumors. (F) Volume of the isolated tumors. (G) Body weight fluctuations during treatment. (H) Survival curves of the mice after the 
treatments were observed statistically (n = 3). (I) Immunohistochemical staining with H&E, Ki67, and TUNEL. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. 
Abbreviations: I, Control; II, Cel; III, CL-LP; IV, CLC-LP; V, Bif@CLC-LP.
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In vivo Safety of Celastrol Preparation
No hemolytic reactions were detected in the in vitro hemolysis assay for any of the drug groups, indicating that the drugs 
were compatible with blood and suitable for intravenous injection (Figure S12). Blood analysis revealed that the levels of 
alanine aminotransferase (ALT), aspartate aminotransferase (AST), total bilirubin (TBIL), white blood cells (WBC), 
platelets (PLT), and neutrophils (NEU) were significantly greater in the free celastrol group than in the control group, 
whereas the albumin (ALB), hemoglobin (HGB), and red blood cells (RBC) levels were lower. These results suggest that 
celastrol may cause liver damage and inflammation in mice. In contrast, the Bif@CLC-LP group did not show abnorm
alities in these indicators. The levels of GFR, UREA, and CK did not increase substantially (Figure 7A–I and S13–S15). 
Hepatic necrosis, inflammatory cell infiltration, upregulation of hepatic medullary peroxidase (MPO) expression, and signs 
of hepatic fibrosis were found in the livers of the mice in the free celastrol group. In contrast, the liver tissue from the 
Bif@CLC-LP group presented no abnormalities in these indicators (Figure 7J). Additionally, no abnormalities were found 
in the other major organs, as determined by H&E staining (Figure S16).

Discussion
The development of new chemotherapeutic agents is one way to address resistance to chemotherapy. Celastrol, 
a triterpenoid with significant anticancer activity, has great potential as a broad-spectrum anticancer drug. However, its 
toxicity and side effects are causes for concern.30 Nanomedicines provide new solutions for the diagnosis and treatment 
of cancer.31 Bacteria-mediated nano-delivery systems are being studied more extensively for cancer therapy because they 
are accurate and effective.32 We developed a targeted biohybrid to precisely deliver celastrol in lung cancer treatment. 
The growth and spread of tumor cells are significantly influenced by hypoxia, acidity, nutrient abundance, and 
immunosuppression, which characterize the tumor microenvironment (TME).33,34 Conventional chemotherapy often 
has poor efficiency in transporting drugs and effectively targeting tumor tissues. Moreover, vascular anomalies in 
hypoxic tumor locations also decrease the effectiveness of traditional chemotherapy.35 Using the properties of the 
TME to develop tumor-targeted medications can increase therapeutic effectiveness and improve the prognosis of cancer 
patients.36 Additionally, by modifying lactoferrin on the surface of liposomes loaded with celastrol, we increased the 
uptake of the liposomes by lung cancer cells through receptor-mediated endocytosis.19 Conversely, cellular uptake 
decreased significantly when the transferrin receptor was blocked early in the process. Our earlier in vitro findings 
revealed that tumor cells targeted by lactoferrin can enhance the effectiveness of chemotherapy. Many recent studies have 
focused on the application of live bacterial therapy in cancer treatment.37 Specific species of bacteria, such as Escherichia 
coli,38 Salmonella typhimurium,39 and Listeria monocytogenes,40 can target tumors. After being injected intravenously, 
a significant number of bacteria colonize the tumor site, resulting in a 1,000-fold increase in the bacterial concentration in 
the TME compared with that in other organs.41 This unique characteristic makes bacteria excellent carriers for medical 
use. Recent studies have shown that chemoimmunotherapy for cancer via bacteria-loaded drugs that target the oxygen- 
deprived area of the tumor is effective, indicating that bacteria can be reliable delivery vehicles.42,43 Our approach 
included coating liposomes with positively charged carboxymethyl chitosan, which binds to the negatively charged 
Bifidobacterium surface and forms BIF@CEL/LF/CMCS-Lipo(Bif@CLC-LP) biohybrids, which is consistent with 
previous research.44–46 Celastrol can be efficiently transported to the tumor site by Bif@CLC-LP. Furthermore, 
carboxymethyl chitosan prevents celastrol leakage, which occurs when celastrol breaks down in the tumor’s acidic 
environment, thereby decreasing the toxicity of celastrol to the organs. Transwell and bacteriostatic assays revealed that 
the drug-loaded Bif could still grow and thrive under anaerobic conditions. The anticancer effect of Bif@CLC-LP was 
confirmed via in vivo fluorescence imaging and microPET/CT, which revealed that Bif@CLC-LP effectively targeted 
tumor tissues and had strong antitumor effects on lung cancer models. Additionally, Bif@CLC-LP significantly increased 
the formation of ROS in cancer cells and decreased the mitochondrial membrane potential, as demonstrated by in vitro 
experiments. These findings may be related to the mechanisms of necrosis and apoptosis in lung cancer cells. Our future 
studies will focus on determining the efficacy of this delivery system in various tumor models and further investigating 
the targets of celastrol.
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Figure 7 Safety analysis of celastrol preparations. Blood analysis of (A) alanine aminotransferase (ALT), (B) aspartate aminotransferase (AST), (C) total bilirubin (TBIL), (D) 
the glomerular filtration rate (GFR), (E) urea (Urea), (F) creatine kinase (CK), (G) white blood cells (WBC), (H) neutrophils (NEU), and (I) albumin (ALB) in C57BL/6J mice 
treated with different celastrol preparations for one week. (J) Liver sections were stained with H&E, Sirius red, and myeloperoxidase (MPO) to investigate the hepatotoxicity 
of celastrol preparations. The arrows indicate positive results for MPO and Sirius red; scale bar: 100 µm. *P < 0.05, **P < 0.01, and ****P < 0.0001. 
Abbreviations: I, Control; II, Cel; III, CL-LP; IV, CLC-LP; V, Bif@CLC-LP; ns, not statistically significant.
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Conclusion
This study used lactoferrin and B. bifidum to create a targeted drug delivery system (Bif@CLC-LP) was used to target 
tumor tissue and control drug release to precisely deliver celastrol. This process leads to the production of high levels of 
ROS and decreases the mitochondrial membrane potential in cancer cells, ultimately triggering significant antitumor 
effects while reducing hepatotoxicity. Therefore, applying bifidobacterium-loaded lactoferrin-modified celastrol lipo
somes may be an effective strategy for precise anticancer therapy.
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