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Purpose: In this study, cell membrane-coated nanoparticles (CMCNPs) were loaded with the organophosphorus antidote Pralidoxime 
Chloride (PAM) to improve the ability of the drug to penetrate the blood‒brain barrier (BBB) and evade immune clearance, providing 
a novel drug delivery strategy for the treatment of central organophosphorus poisoning.
Methods: 1) The cell membranes of mouse melanoma cells (B16F10), breast cancer cells (4T1), glioblastoma cells (GL261), and 
monocytic macrophage leukemia cells (RAW264.7) were extracted, and their purities were verified. The cell membranes were 
combined with PAM in mesoporous silica (SiO2) spheres by ultrasonic fusion to prepare the CMCNPs. 2) The immune evasion 
ability of CMCNPs was evaluated by laser confocal microscopy and flow cytometry after coculture with macrophages. 3) HPLC was 
used to screen the best CMCNPs through an in vitro BBB model. 4) After the CMCNPs were injected into malathion-poisoned mice, 
the phosphate chloride concentration in the peripheral blood and brain homogenates was tested, and the rate of acetylcholinesterase 
(AChE) reactivation was determined.
Results: All four types of CMCNPs were spherical particles with diameters of approximately 100 nm. Compared with unwrapped 
nanoparticles, CMCNPs exhibited a stronger immune evasion ability and enhanced BBB penetration ability in an in vitro BBB model. 
They also significantly prolonged the in vivo circulation time of PAM, increased its delivery dose to the central nervous system, and 
markedly increased cholinesterase activity in brain tissues. Furthermore, in an organophosphorus-poisoned mouse model, CMCNPs 
significantly improved the survival rate of intoxicated mice.
Conclusion: In this study, CMCNPs with a significant BBB penetration ability and immune evasion ability were successfully 
prepared and improved the therapeutic effect of PAM on central organophosphate poisoning.
Keywords: cell membrane wrapping, nanoparticles, blood‒brain barrier, organophosphorus poisoning, pralidoxime chloride

Introduction
Organophosphate (OP) compounds represent a double-edged sword in modern agriculture.1 Their low production cost 
and high insecticidal efficacy have led to their widespread global use, with organophosphorus pesticides constituting 
more than 38% of total pesticide consumption.2 However, acute poisoning caused by accidental exposure or intentional 
misuse remains a critical public health challenge. Annually, approximately 3 million OP poisoning cases are reported 
worldwide, resulting in 200,000 fatalities, underscoring the urgent need for improved therapeutic interventions.3,4 The 
primary toxicity mechanism involves the irreversible inhibition of acetylcholinesterase (AChE), leading to excessive 
cholinergic signaling and life-threatening neurological symptoms.5,6 Current treatments, such as oxime reactivators (eg, 
pralidoxime),7 are limited by poor blood‒brain barrier (BBB) penetration, and central nervous system (CNS) toxicity is 
inadequately addressed.
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Nearly 98% of small-molecule drugs and the vast majority of large-molecule therapeutics are incapable of crossing 
the intact BBB under physiological conditions.8–10 Researchers have turned their attention to nanoparticle-based drug 
delivery systems to address this limitation. These systems combine drug-loaded nanoparticle cores (including gold, 
silver, carbon dots, and organic polymers)11–13 with diverse surface modification techniques (such as PEGylation14 and 
transferrin conjugation15) through flexible combinations to achieve the desired delivery objectives, particularly CNS- 
targeted delivery.8 However, conventional polymeric nanoparticles face challenges such as rapid immune clearance (eg, 
by the reticuloendothelial system) and batch-to-batch variability in size or surface charge, which may promote unin
tended interactions with immune cells and trigger inflammatory responses.8,10

Emerging as a breakthrough in nanomedicine, cell membrane-coated nanoparticles (CMCNPs) integrate drug-loaded 
cores with natural membrane shells (eg, erythrocyte or cancer cell membranes). This biomimetic design not only exhibits 
enhanced biocompatibility but also enables tissue-specific homing, addressing critical challenges in traditional nanopar
ticle therapies. Recent studies highlight their potential in overcoming biological barriers for CNS drug delivery, 
positioning CMCNPs as a transformative platform for next-generation precision medicine.16–18 Biomimetic nanocom
posites can mimic the properties of source cells with a wide range of desirable functions, such as prolonged cycle times 
and disease-associated targeting.8 According to Wang et al, fluorescently labeled nanoparticles with brain metastasis- 
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capable tumor cell membranes can penetrate the BBB to target tumor cells during brain metastasis. Compared with naked 
nanoparticles, the constructed CMCNPs significantly improved blood–brain barrier penetration and immune escape.19 

Macrophage membrane-coated solid lipid nanoparticles inherit the immune characteristics of macrophages and prevent 
the nanoparticles from being captured by the reticular endothelial system. A biomimetic nanoformulation can effectively 
cross the BBB to target neuronal cells and further localize to the mitochondria to inhibit the production of reactive 
oxygen species, protect neurons, inhibit their apoptosis, and effectively delay the progression of Alzheimer’s disease.20 

Liu et al reported that the use of a glioma cell membrane to deliver treatment to brain tumors prolonged the blood 
circulation time of the drug, improved the BBB permeability and increased drug accumulation and retention in drug- 
resistant tumors.21 In conclusion, CMCNPs have unique advantages over other approaches in targeting drug delivery to 
the CNS.

To date, no previous attempts to utilize CMCNPs to counteract OP poisoning have been reported. This study aimed to 
develop a biomimetic nanocarrier with a core‒shell structure for the targeted treatment of central nervous system OP 
poisoning. The core consists of mesoporous silica nanoparticles labeled with CY5 fluorescence, enabling dual function
ality for drug loading and real-time imaging. The shell was engineered using tumor cell membranes derived from four 
distinct cancer cell lines: B16F10 melanoma, 4T1 breast carcinoma, GL261 glioblastoma, and RAW264.7 macrophage 
leukemia cells. These membranes were selected based on their documented roles in BBB penetration (GL261), immune 
evasion (RAW264.7), and brain tropism (B16F10/4T1). We hypothesize that the hybrid membrane coating synergistically 
confers BBB traversal, immune escape, and brain-targeted delivery capabilities to the nanocarrier, thereby increasing the 
efficacy of OP antidotes in the CNS.

Materials and Methods
Materials
Mesoporous silica nanospheres (approximately 80 nm in diameter) fluorescently labeled with CY5 were purchased from 
Xi ‘an Ruixi Biotechnology Co., Ltd. (Xi’ an, China). Malathion (O, O-dimethyl-S-(1,2-dicarbethoxyethyl) dithiopho
sphate) at 95% purity was purchased from Dezhou Green Ba Fine Chemical Co., Ltd. (Dezhou, Shandong, China). 
Pralidoxime Chloride (93% purity) was obtained from the State Key Laboratory of National Nuclear and Biochemical 
Disaster Prevention (Beijing, China), and the chlorophospidine standard was purchased from the China Institute for Food 
and Drug Control (Beijing, China). The BCA protein quantitative analysis kit, acetonitrile, sodium n-heptane sulfonate, 
and trifluoroacetic acid were purchased from Thermo Fisher Scientific (Waltham, MA, USA). The acetylcholinesterase 
(AChE) activity detection kit was purchased from BioEngineering Co., Ltd. (Shanghai, China). Tris-HCl, D-mannitol, 
sucrose, EGTA, and polyacrylamide (4% to 15%) for denaturing gel electrophoresis were purchased from Solebio 
(Beijing, China).

Animals and Cells
Animals
A total of 150 male Kunming white mice, aged 10 weeks and weighing 30±2 g, were purchased from Beijing Huafukang 
Biotechnology Co., Ltd. (License No. SCXK (Jing) 2019–0008). The experimental animals were housed at room temperature 
22±1 °C with a 12-hour light/dark cycle and had free access to food and water. The care and use of experimental animals 
followed the “3R” principles and the “Guide for the Care and Use of Laboratory Animals” in China.

Cells
Murine melanoma cells (B16F10), breast cancer cells (4T1), mouse glioblastoma cells (GL261), mouse monocyte 
macrophage leukemia cells (RAW264.7), and immortalized human brain microvascular endothelial cells (hCMEC/D3) 
were purchased from Anwei Biotechnology Co., Ltd. (Shanghai, China).

Preparation of Cell Membrane-Coated Nanoparticles
The four cancer cell lines, mouse melanoma cells (B16F10), mouse glioblastoma cells (GL261), mouse monocyte macrophage 
leukemia cells (RAW264.7), and mouse breast cancer cells (4T1), were cultured in media containing 10% fetal calf serum and 
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1% antibiotics (100 U/mL penicillin and 100 μg/mL streptomycin). The basal medium used for B16F10 cells was DMEM 
(Gibco), and the basal medium for GL261 cells was DMEM supplemented with 2 mm L-glutamine (Gibco). The basal 
medium used for RAW264.7 cells was DMEM (Gibco) supplemented with 2 mm L-glutamine and 0.11 g/L sodium pyruvate. 
The basal medium used for the 4T1 cells was RPMI 1640 (Gibco). All four cell lines were cultured at 37 °C with 5% CO2 and 
monitored under a microscope. After reaching a growth density of 70% to 80%, the cells were washed three times with PBS 
(HyClone), suspended in a hypotonic solution (225 mm D-mannitol, 30 mm Tris-HCl, 0.2 mm EGTA and 75 mm sucrose), 
and then centrifuged at 20000 × g for 25 min at 4 °C. The supernatant was transferred to a new centrifuge tube and centrifuged 
again for 35 min at 100,000 × g and 4 °C. After centrifugation, the supernatant was discarded, and the precipitate contained the 
cell membranes. After the protein content of the membrane was measured via a BCA kit, the samples were stored at −80 °C in 
the short term. CY5-labeled mesoporous silica nanospheres (3 mg) were mixed with pralidoxime chloride (PAM, 15 mg) in 
7.5 mL of PBS (pH 7.4). The mixture was stirred at 400 rpm for 8 hours using a magnetic stirrer (IKA RCT Basic, 4 °C) to 
allow the PAM to adsorb to mesoporous silica, forming nanosilica nanospheres (hereafter named PAM-SiO₂). Finally, the 
PAM-SiO₂ solution (0.5 mL, the concentration of PAM was 2 mg/mL) and the cell membrane solution (0.5 mL, with a protein- 
adjusted concentration of 2 mg/mL) were mixed and sonicated using a probe sonicator (SCIENTZ - IID, 20% amplitude, 
5 second pulse-on/10 second pulse-off) for 3 min on ice to obtain the four CMCNPs (B16-PAM-SiO₂, 4T1-PAM-SiO₂, RAW- 
PAM-SiO₂, and GL261-PAM-SiO₂). After preparation, the samples were stored at 4 °C for a short period.

Morphology and Characterization of the Cell Membrane-Coated Nanoparticles
The above prepared biomimetic nanoparticles (B16-PAM-SiO2,4T1-PAM-SiO2, RAW-PAM-SiO2 and GL261-PAM- 
SiO2) were negatively stained according to methods described in the literature,22 and successful fusion of the cell 
membrane and PAM-SiO2 nanoparticles was verified by transmission electron microscopy (TEM).

Characterization of Cell Membrane-Coated Nanoparticles
The particle size distribution was measured by electron microscopy imaging and the software Nano Measurer 1.2. The 
zeta potential of the nanoparticles was measured using a Zetasizer Nano ZS (Malvern Instruments Ltd., UK).

Determination of the Encapsulation Efficiency of the Nanoparticles
The encapsulation efficiency was determined by placing the four nanoparticle solutions with a PAM concentration of 3 mg/ 
mL in 100 kDa ultrafiltration tubes, centrifuging them at 4000 × g for 30 min to remove the free drug, washing the 
nanoparticles twice with 40 times the volume of ultrapure water, combining the filtrates, and measuring the free drug 
content (F) by HPLC.

The specific parameters of the HPLC method were as follows: CAPCELL PAKC18MG III (250 mm×4.6 mm, 5 µm) 
chromatographic column; column temperature, 30 °C; mobile phase A, 5 mmol/L sodium heptane sulfonate containing 
a volume ratio of 0.12% trifluoroacetic acid; phase B, acetonitrile; flow rate, 1 mL/min; detection wavelength, 294 nm; 
sample intake, 20 µL; and gradient elution (0–5 min, 92% A; 5–15 min, 92% A→80% A; 15–25 min, 80% A; and 
25–35 min, 80% A→92% A).

The encapsulation efficiency of the CMCNPs was calculated using the following equation:

where T is the total drug volume input (mg) and F is the amount of free drug (mg) not encapsulated in the nanoparticles.

Drug Release from the Nanoparticles in vitro
One milliliter of CMCNPs solution containing 5 mg/mL PAM was added to the dialysis bag (MWCO 3000), both ends of the 
dialysis bag were sealed, the dialysis bag was placed in a 50 mL centrifuge tube, and 25 mL of PBS (pH=7.4) solution was added 
to the centrifuge tube. The centrifuge tube was shaken at 37 °C and 100 rpm. At 0.5 h, 1 h, 2 h, 3 h, 3 h, 4 h, 6 h, 8 h, 12 h, and 
24 h, 1 mL of solution was removed, and 1 mL of PBS solution was added to the centrifuge tube. A release curve was drawn for 
the PAM drug content measured using HPLC. The specific parameters of the HPLC method were as follows: CAPCELL 
PAKC18MG III (250 mm×4.6 mm, 5 µm) chromatography column; column temperature, 30 °C; mobile phase A, 5 mmol/L 
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sodium heptane sulfonate containing 0.12% trifluoroacetic acid by volume; phase B, acetonitrile; flow rate, 1 mL/min; detection 
wavelength, 294 nm; sample intake, 20 µL; and gradient elution (0–5 min, 92% A; 5–15 min, 92% A→80% A; 15–25 min, 80% 
A; and 25–35 min, 80% A→92% A).

In vitro BBB Model Construction
Construction and Evaluation of the in vitro BBB Model
An in vitro BBB was first constructed and evaluated before testing to assess whether nanocarriers covered by metastatic 
cancer cell membranes could cross the BBB in vitro. First, 1*104 hCMEC/D3 cells were seeded into 1% polylysine- 
coated 24-well Transwell plates and cultured in DMEM supplemented with 5% FBS, 1% antibiotics (100 U/mL and 100 
U/mL and 100 μg/mL streptomycin) and 1% endothelial cell culture additive at 37 °C with 5% CO2. The solution was 
changed daily, and cell growth was observed under an inverted microscope. Transmembrane resistance measurements 
and fluorescein sodium permeability experiments were performed on the model for approximately 2–3 days.

Measurement of Transendothelial Electrical Resistance
Transendothelial resistance (TEER) was tested to quickly and easily determine the integrity and function of tight 
junctions in a single-cell culture model of endothelial cells. The transendothelial resistance values of the models were 
measured using a Millicell® ERS-2 instrument. The electrode was inserted vertically into the Transwell chamber, the 
short electrode was placed in the upper chamber, the long electrode was placed in the lower chamber, the electrode piece 
was inserted below the liquid level, and the displayed resistance value (Ω) was recorded.

where AC is the resistance value of wells containing cells (Ω); A0 is the resistance value of the blank wells (Ω); and S is 
the membrane area (cm2).

Fluorescein Sodium Permeability Test
The maximum absorption peak intensity of fluorescein sodium (FLU) at concentrations of 0, 0.1, 1, 10 and 100 μg/mL 
was determined using a microplate reader, with four complex wells for each sample, and a standard curve was drawn. 
FLU penetration into the hCMEC/D cell monolayer was determined according to established methods.23,24 (1) In the 
hCMEC/D alone culture group and Transwell blank control group (no cells were added), the upper and lower chambers 
were cleaned with D-Hank’s buffer before determination. (2) A total of 1 mL of 100 μg/mL FLU was added to the upper 
chamber, 2 mL of D-Hank’s buffer was added to the lower chamber, and the mixture was incubated for 60 min before 
500 μL of liquid was collected from the lower chamber. (3) The collected samples were diluted and added to 96-well 
plates to determine the fluorescence value (excitation wavelength of 490 nm and emission wavelength of 515 nm), and 
the amount of FLU penetration in the model group and the blank control group was calculated according to the FLU 
standard curve. (4) The permeability coefficient of FLU was calculated as follows to evaluate the permeability of the 
BBB model:

where CA is the liquid concentration in the lower chamber; VA is the liquid volume in the lower chamber; C is the initial 
liquid concentration in the upper chamber; PSt is the permeability surface area of the model group; PSf is the permeability 
surface area of the blank group; and S is the membrane area of the cell culture pool. For this experiment, S is 0.33 cm2.
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In vitro BBB Model Testing
Cytotoxicity of the Nanoparticles to hCMEC/D3 Cells
The cytotoxicity of the nanoparticles to hCMEC/D3 cells was measured via a CCK-8 assay. First, the cells (1 * 104 cells/ 
well) were seeded in 96-well plates and cultured for 24 h. After hCMEC/D3 cells, the main component of the blood– 
brain barrier, were cultured with different concentrations of SiO2 (0.5, 1, 2, 4, 8, and 16 µg/mL) of PAM-SiO2, B16-PAM 
-SiO2, 4T1-PAM-SiO2, RAW-PAM-SiO2, and GL261-PAM-SiO2 for 8 h, 10 µL of CCK-8 solution was added to each 
well, incubated again in the incubator for 2 h, and the OD at 450 nm was measured with a microplate reader. Cell 
viability was calculated according to the following formula to determine acceptable experimental concentrations that do 
not affect cell activity:

Asample is the OD of wells with cells, CCK-8 solutions, and nanoparticles;
A0 is the OD of wells with medium and CCK-8 solution without cells; and
Acontrol is the OD of wells with cells and CCK-8 solution without nanoparticles.

In vitro BBB Permeability of the Nanoparticles
SiO2 at a concentration of 16 µg/mL in the form of PAM-SiO2, B16-PAM-SiO2, 4T1-PAM-SiO2, RAW-PAM-SiO2, or 
GL261-PAM-SiO2 was added to the upper chamber of a successfully constructed BBB to evaluate whether nanocarriers 
coated with cancer cell membranes could cross the BBB in vitro. The solution in the lower chamber was collected to 
measure the fluorescence intensity, and the concentration of pralidoxime chloride was detected using high-performance 
liquid chromatography.

A BBB model with an effective resistance value greater than 50 Ω·cm2 was selected. The 24-well Transwell plates 
were washed with D-Hank’s buffer. Five groups were prepared. PAM-SiO2, B16-PAM-SiO2, 4T1-PAM-SiO2, RAW- 
PAM-SiO2 or GL261-PAM-SiO2 were mixed with D-Hank’s solution at 16 µg/mL, 0.6 mL was added to the upper 
chamber of the 6-well Transwell plate, and 1.5 mL of D-Hank’s buffer was added. The fluid from the lower chamber was 
collected 8 h later.

First, fluorescence measurements were performed. With the CY5 fluorescence label on the surface, the number of 
silicon nanoparticles penetrating the external BBB was laterally verified by measuring the CY5 fluorescence intensity in 
the lower chamber (excitation wavelength: 640 nm; emission wavelength: 680 nm). After the sample was fully sonicated 
(30% for 3 min), it was centrifuged (15000 rpm, 20 min) to elute the phosphorus from the mesoporous silica nano
spheres. After ultrafiltration (with a 100 kDa ultrafiltration column), the filtrate was removed to determine the 
concentration of phosphorus in the sample filtrate.

Nanoparticle Immune Escape Experiments
The cell membrane wrapped around the nanoparticle surface can inherit many of the interface features of the original 
cell, such as the immune escape ability. RAW264.7 macrophages were seeded in dishes (1 * 105 cells) and cultured for 
24 h. The cells were then incubated for 8 h with PAM-SiO2, B16-PAM-SiO2, 4T1-PAM-SiO2 or GL261-PAM-SiO2. 
After three washes with PBS, the nuclei were stained with DAPI at 37 °C for 15 min, and the cells were analyzed by 
confocal laser scanning microscopy and flow cytometry. Nanoparticles with a strong immune escape ability are not easily 
captured by macrophages and are washed away in the washing step. Thus, the more the nanoparticles bound to the cells, 
the stronger the fluorescence became, indicating a weaker immune escape capability.

In vivo Experiment
Based on the results of the in vitro tests (see the Results: In vitro model testing) regarding BBB penetration and immune 
escape, the ability of the naked PAM-SiO2 nanoparticles to cross the mouse BBB was tested in vivo. The mice were 
injected with PAM-SiO2 and two biomimetic nanoparticles at a SiO2 dose of 0.3 mg·kg−1 via the tail vein. Because the 
silicon nanoparticle itself carries a CY5 fluorescent label, the distribution of the drug can be determined using a live 
fluorescence imaging system. PAM, PAM-SiO2, B16-PAM-SiO2, and GL261-PAM-SiO2 were injected, and the 
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concentrations of phosphoridine in the serum and brain homogenates were measured by high-performance liquid 
chromatography. The activity in the serum and brain homogenates was determined using the Ellman method.

In vivo Fluorescence Imaging Analysis
Mice were injected with 1.5 mg/kg PAM in the form of vehicle containing PAM-SiO2, B16-PAM-SiO2, or GL261-PAM- 
SiO2 via the tail vein. Fluorescence imaging of live animals was performed using a fluorescent animal imaging system 
with an excitation wavelength of 640 nm and an emission wavelength of 680 nm. The distribution of fluorescence in the 
mice, especially in the brain, was examined at 0, 1, 2, 4, 8, 12 and 24 h after injection. After 24 hours of imaging, intact 
brain tissue from the mice was removed on ice, and the fluorescence intensity in the mouse brain was measured again.

Pharmacokinetic and Pharmacodynamic Experiments
Thirty Kunming mice were randomly divided into 6 groups (5 mice per group): Group 1 was the blank control group, and 
the mice in Groups 2 to 6 were subcutaneously injected with 1.25 g/kg malathion. One hour later, the mice in Group 2 
were injected with normal saline via the tail vein, while the mice in Groups 3, 4, 5, and 6 were injected with 22.5 mg/kg 
(1/4LD50) PAM in the form of pralidoxime chloride, PAM-SiO2, B16-PAM-SiO2, and GL261-PAM-SiO2, respectively. 
Four hours later, 1 mL of blood was collected from the heart and centrifuged twice at 4 °C and 5000 rpm for 20 min to 
extract the serum; the brain tissue was removed on ice after decapitation, mechanically ground, homogenized at −4 °C for 
3 min, and then centrifuged at 12000 rpm and 4 °C for 5 min, after which the supernatant was collected for further use. 
The concentrations of PAM in the serum and brain homogenate supernatants were measured by high-performance liquid 
chromatography. The activity of AChE in the serum and brain homogenate supernatants was determined using the 
Ellman method. The principle of the Ellman method is as follows: AChE catalyzes the hydrolysis of acetylcholine (ACh) 
to produce choline, which reacts with 5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB) to form 5-thio-2-nitrobenzoic acid 
(TNB). TNB has an absorption peak at 412 nm, and the activity of the AChE enzyme can be determined by measuring 
the rate of increase in the absorbance (OD) at 412 nm. The formula for calculating the AChE reactivation rate (RR) is as 
follows:

The concentration of pralidoxime chloride, the activity of AChE, and the reactivation rate of AChE in the mice were 
determined at 12 hours and 24 hours using the same method.

CMCNPs Treatment for Malathion Poisoning
An analysis of the overall survival rate of the animals was conducted to further clarify the advantages of CMCNPs in 
rescuing mice from malathion poisoning. Fifty Kunming mice were randomly divided into five groups of 10 mice each. 
A subcutaneous injection of 1.25 g/kg malathion was administered to Kunming mice. One hour later, saline or PAM, 
PAM-SiO2, B16-PAM-SiO2, or GL261-PAM-SiO2 containing 22.5 mg/kg (1/4LD50) pralidoxime chloride was injected 
into the tail veins of the mice in the different groups. The survival status of the five groups of mice was recorded at three 
time points: 4 hours, 12 hours, and 24 hours.

Results
We integrated key methodologies and their outcomes to systematically evaluate the synthesis and characteristics of cell 
membrane-coated nanoparticles, as shown in Table 1.

Morphology and Characterization of CMCNPs
We first determined whether the cell membranes were successfully fused with PAM-SiO₂ nanoparticles by measuring the 
zeta potential of the nanoparticles (PAM-SiO₂, B16-PAM-SiO₂, 4T1-PAM-SiO₂, RAW-PAM-SiO₂, and GL261-PAM- 
SiO₂) using a Zetasizer Nano, followed by observing their morphology and size via transmission electron microscopy 
(TEM) with negative staining. The TEM results revealed that the synthesized CMCNPs consisted of a core of PAM-SiO2 

and an outer layer of a cell membrane wrapper (Figure 1A–E). The diameter of the unwrapped PAM-SiO2 particles was 
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75.23±7.47 nm, whereas the diameter of the nanoparticles wrapped by the cell membrane was significantly increased by 
10–15 nm (Figure 1F). The zeta potential analysis indicated successful cell membrane encapsulation, with B16-PAM- 
SiO₂, 4T1-PAM-SiO₂, RAW-PAM-SiO₂, and GL261-PAM-SiO₂ nanoparticles exhibiting a significant reduction of 10 
mV compared with uncoated PAM-SiO₂ controls (Figure 1G). We placed the nanoparticles (B16-PAM-SiO2,4T1-PAM- 
SiO2, RAW-PAM-SiO2 and GL261-PAM-SiO2) in an ultrafiltration tube, collected the filtrate, and measured the free 
PAM in the filtrate by HPLC to detect the encapsulation of PAM in CMCNPs. The results revealed that the encapsulation 
efficiency of the CMCNPs was approximately 80% (Figure 1H). We added 1 mL of the CMCNPs solution to a dialysis 
bag (MWCO 3000) to determine whether the nanoparticles would affect PAM release, and the results revealed that the 
nanoparticles slowed the PAM release rate (Figure 1I).

In vitro Model Testing
Five nanoparticles, PAM-SiO2, B16-PAM-SiO2, 4T1-PAM-SiO2, RAW-PAM-SiO2 and GL261-PAM-SiO2, were placed in 
the upper chamber of an in vitro model to determine the penetration of each group and evaluate whether tumor cell membrane- 
covered nanoparticles could cross the blood–brain barrier in vitro. The key to this experiment was to first construct the BBB 
and evaluate whether the constructed BBB was accurate. In vitro BBB construction was performed by seeding 1 * 104 

hCMEC/D3 cells into 1% polylysine-coated 24-well Transwell plates. The solution was changed daily, and cell growth was 
observed under an inverted microscope. Fluorescein sodium permeability and transmembrane resistance were measured after 
cell fusion. (1) TEER monitoring of the hCMEC/D3 monolayer culture model was performed. At an inoculation density of 
1×105 cells/well, the TEER reached 62.37 Ω·cm2 at 1–2 days of culture and peaked at 102.63 Ω·cm2 at 5–6 days of culture. 
According to the literature,25,26 in an in vitro BBB model constructed with hCMEC/D3 cells, when the TEER value exceeds 
50 Ω·cm2, the cell layer grows densely and forms a barrier (Figure 2A). (2) A fluorescein sodium permeability experiment was 
subsequently performed. The permeability coefficient of FLU penetrating the in vitro BBB model at 60 min was 0.33 
±0.04×10−3 cm·min−1, which is close to the reported range of 0.34±0.14×10−3 cm·min−1.27 These findings indicate that the 
established in vitro BBB model has low permeability, indicating successful model establishment. After successful establish
ment of the BBB in vitro, the permeability rate of the nanoparticles was determined. Before the development of the 
experiment, the cytotoxicity of different concentrations of PAM-SiO2, B16-PAM-SiO2,4T1-PAM-SiO2, RAW-PAM-SiO2 

and GL261-PAM-SiO2 toward hCMEC/D3 cells, the main components of the BBB, was tested to determine the optimal 
concentration. The results showed that at a SiO2 concentration of 16 µg/mL (Figure 2B), these nanoparticles caused no 
significant cytotoxicity, indicating that this concentration can be used to determine the penetration rate of the nanoparticles 
through the BBB in vitro.

Table 1 Summary of the Key Results

Research Content Key Methods Summary of Results

CMCNPs Construction • Tumor membrane extraction (centrifugation) 
• PAM loading (electrostatic adsorption) 
• Ultrasonic fusion

• Four CMCNPs were synthesized: B16-, 4T1-, RAW-, and GL261-PAM-SiO₂.

CMCNPs Characterization • TEM imaging 
• Zeta potential measurements 
• Encapsulation efficiency tests 
• Release kinetic experiments

• The core–shell structure was confirmed 
• Zeta ↓10 mV 
• 80% encapsulation 
• The release rate was slightly lower than uncoated PAM-SiO₂

In Vitro Testing (four particles) • hCMEC/D3 Transwell model • 2.8× higher BBB penetration compared with uncoated NPs

• Immune evasion (macrophage uptake) • 2.4× reduced phagocytosis 
• Ranking: GL261 > B16 > RAW > 4T1

B16-PAM-SiO₂ and GL261-PAM-SiO₂ with optimal BBB penetration and immune evasion capability were selected for in vivo testing.

In Vivo Testing (two particles) • Fluorescence imaging 
• AChE activity assay 
• 24-h survival tracking

• 3.5× brain accumulation (B16-PAM-SiO₂) 
• AChE activity was high in the CNS (CMCNPs vs PAM-SiO₂ and PAM) 
• 100% survival (CMCNPs vs the 50% control)
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Each group of nanoparticles was added to the upper Transwell chamber at a final concentration of 16 μg/mL SiO2 to 
assess whether these cancer cell membrane-covered nanocarriers could cross the blood–brain barrier in vitro. After 8 h, the 
mixture in the lower chamber was collected to detect the CY5 fluorescence intensity (Figure 3B) and chloride concentration 
(Figure 3A). The results from the two methods revealed that B16-PAM-SiO2,4T1-PAM-SiO2, PAW-PAM-SiO2 and Gl261- 
PAM-SiO2 were significantly better able to penetrate the BBB than was PAM-SiO2, and the penetration rates were 
consistent with those of B16-PAM-SiO2, Gl261-PAM-SiO2, RAW-PAM-SiO2,4T1-PAM-SiO2, and PAM-SiO2.

We expect CMCNPs to inherit most of the interfacial features of the original cell, such as immune escape capabilities. The 
ability of PAM-SiO2, B16-PAM-SiO2, 4T1-PAM-SiO2, RAW-PAM-SiO2 and GL261-PAM-SiO2 to escape phagocytosis by 
RAW264.7 macrophages in mice was determined by laser confocal microscopy and flow cytometry. The fluorescence of the cells 
incubated with the membrane-masked nanoparticles (B16-PAM-SiO2,4T1-PAM-SiO2, RAW-PAM-SiO2 and GL261-PAM- 

Figure 1 Characterization of CMCNPs. (A-E) TEM images of PAM-SiO2, Gl261-PAM-SiO2, B16-PAM-SiO2, 4T1-PAM-SiO2, and RAW-PAM-SiO2, with a scale bar of 200 nm. 
(F) Particle sizes of the five nanoparticles under an electron microscope: the PAM-SiO2 diameter was 75.23±7.47 nm (n=10, the same as below); the Gl261-PAM-SiO2 

diameter was 98.45±7.37 nm; the B16-PAM-SiO2 diameter was 90.31±5.53 nm; the 4T1-PAM-SiO2 diameter was 96.02±5.91 nm; and the RAW-PAM-SiO2 diameter was 
92.35±6.94 nm. (G) Zeta potential of PAM-SiO2, Gl261-PAM-SiO2, B16-PAM-SiO2, 4T1-PAM-SiO2, and RAW-PAM-SiO2 (n=6). (H) The encapsulation efficiency of the 
CMCNPs in each group. (I) In vitro release profiles of CMCNPs and NPs in PBS (n=3).
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SiO2) was very weak, whereas intense red fluorescence was observed in the cells treated with the uncoated nanoparticles (PAM- 
SiO2) (Figure 4A); the fluorescence of the PAM-SiO2 nanoparticles was 2.4 times stronger than that of the biomimetic 
nanoparticles (Figure 4B and C). These results revealed that the immune escape ability of the nanoparticles was significantly 
improved (p <0.0001) in the order of Gl261-PAM-SiO2, B16f10-PAM-SiO2, RAW-PAM-SiO2,4T1-PAM-SiO2, and PAM-SiO2.

In vivo Studies
The in vitro experiments showed that biomimetic nanoparticles exhibited significant advantages in penetrating the BBB 
and evading the immune system, with Gl261-PAM-SiO2 and B16-PAM-SiO2 being the most effective. These two 
preparations were chosen for further in vivo trials.

First, fluorescence imaging was performed in vivo to detect the distribution of nanoparticles in the body, especially in 
the mouse brain. PAM-SiO2, B16-PAM-SiO2, and GL261-PAM-SiO2 were injected intravenously into healthy mice with 

Figure 2 (A) TEER monitoring of the A.hCMEC/D3 monolayer culture model. (B) Cytotoxic effects of different nanoparticles on hCMEC/D3 cells (n=8).

Figure 3 (A) Nanoparticle penetration through the BBB in vitro. Proportion of pralidoxime chloride penetrating the BBB in vitro. (B) The fluorescence intensity of 
nanosilica spheres penetrating the BBB in vitro (n=3). Compared with the PAM-SiO2 group, ****P<0.0001 and ***P<0.001; compared with the PAM group,####P<0.0001.
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an intact BBB. At 2 hours after the injection, particularly at 4 hours, stronger fluorescence signals were observed in the 
brain regions of the mice injected with B16-PAM-SiO2 and GL261-PAM-SiO2 (Figure 5A), indicating that SiO2 coated 
with cancer cell membranes could cross the intact BBB and enter the brain. However, no significant accumulation was 
observed in the brains of the mice injected with uncoated nanoparticles (PAM-SiO2). A quantitative analysis using Living 
Image 4.4 revealed that the fluorescence intensities in the brain regions of the mice injected with B16-PAM-SiO2 and 
GL261-PAM-SiO2 were 3.5 and 2.5 times higher, respectively, than those in the brain regions of the mice injected with 
PAM-SiO2 at 4 hours after the injection (Figure 5B). Moreover, fluorescence in the brain tissue at the 24-hour time point 
was visibly stronger in the mice injected with B16-PAM-SiO2 and GL261-PAM-SiO2 than in those injected with PAM- 
SiO2 (Figure 6), indicating that silica coated with cell membranes can efficiently enter the BBB and accumulate within 
the brain.

The live fluorescence results confirmed the ability of the CMCNPs to pass through the BBB. The next step involved 
injecting CMCNPs into organophosphorus-poisoned mice to assess the ability of the CMCNPs to counteract central 

Figure 4 In vitro immune escape conditions. (A) Confocal images of RAW264.7 cells cocultured with 1. PAM-SiO2, 2. B16-PAM-SiO2, 3. 4T1-PAM-SiO2, 4. RAW-PAM-SiO2, 
and 5. GL261-PAM-SiO2 for 8 hours. SiO2 content=16 µg/mL. Nuclei were stained with DAPI. Scale bar = 50 µm. (B) Flow cytometry analysis of RAW264.7 cells cocultured 
with B16-PAM-SiO2 (Orange line), 4T1-PAM-SiO2 (green line), RAW-PAM-SiO2 (black line), GL261-PAM-SiO2 (red line), and PAM-SiO2 (blue line) for 8 hours. (C) Average 
fluorescence intensity of SiO2 in RAW264.7 cells treated with different nanoparticles. n=4. Compared with the PAM-SiO2 group, ****p<0.0001.
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organophosphorus poisoning. After the subcutaneous injection of 1.25 g/kg malathion into the mice, saline, PAM, PAM- 
SiO2, B16-PAM-SiO2, or GL261-PAM-SiO2 was injected. The PAM concentrations in the serum and brain homogenate 
supernatants were measured by high-performance liquid chromatography at 4 h, 12 h, and 24 h, and the serum and brain 
homogenate supernatants were tested for AChE activity using Ellman’s method. The concentration of chlorpyrifos 
oxime, AChE activity, and the reactivation rate of AChE in the brains of the mice injected with B16-PAM-SiO2 and 
GL261-PAM-SiO2 were significantly higher than those in the groups administered uncoated PAM-SiO2 nanoparticles or 
free PAM (Figure 7A, C and E). In terms of the serum chlorpyrifos oxime concentration, the rate of AChE activity, and 
the reactivation rate of serum AChE (Figure 7B, D and F), although the serum chlorpyrifos oxime concentration and 
AChE activity measured at 4 h and 12 h in the mice injected with B16-PAM-SiO2 and GL261-PAM-SiO2 were not as 
good as those in the groups administered uncoated PAM-SiO2 nanoparticles or free PAM), at 24 h, the serum chlorpyrifos 
oxime concentrations of the B16-PAM-SiO2 and GL261-PAM-SiO2 groups were higher than those in the groups 
administered uncoated PAM-SiO2 nanoparticles or free PAM, and the activities of AChE in the groups administered 
uncoated PAM-SiO2 nanoparticles or free PAM were not significantly different, indicating that the cell membrane coating 
effectively prolonged the circulation time of the drug in the body.

Figure 5 Live fluorescence imaging. (A) Real-time fluorescence imaging of the mice at various time points.1. PAM-SiO2, 2. B16-PAM-SiO2 and 3. GL261-PAM-SiO2 (B) 
Corresponding quantitative analysis of fluorescence in the brain. The fluorescence contrast was analyzed using software. The results obtained at all time points were 
compared with those of the PAM-SiO2 group. ns: no significant difference; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
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An analysis of the overall survival rate of the animals was conducted to further clarify the advantages of the membrane-coated 
nanocarriers in rescuing malathion-poisoned mice. Fifty Kunming mice were randomly divided into 5 groups (10 mice in each 
group) and subcutaneously injected with 1.5 g/kg malathion. One hour later, the survival of the mice injected via the tail vein with 
PAM, PAM-SiO2, B16-PAM-SiO2, GL261-PAM-SiO2, saline, or 22.5 mg/kg (1/4LD50) chlorophospidine was recorded at three 
time points: 4 h, 12 h and 24 h. The survival status of the mice indicated that B16-PAM-SiO2 and GL261-PAM-SiO2 were 
significantly superior to unencapsulated PAM-SiO2 and free PAM in rescuing the mice from malathion poisoning (Table 2).

Discussion
Recent strategies for the BBB penetration of pralidoxime have included obtaining compounds with both an excellent 
reactivation ability and BBB permeability through molecular structural modifications, such as developing prodrugs of 
pralidoxime such as Pro-PAM,28 developing monoquaternary oximes, and altering the compound structure to a cis- 
isomer.29 Further research revealed that the synthesis of the pro-PAM drug is quite difficult and that pro-2-PAM is 
inherently unstable and prone to oxidation.28 Although the penetration ability of monoquaternary oximes or cis-isomers 
has improved, their therapeutic efficacy has decreased.30 This experiment aimed to obtain a drug that can penetrate the 
BBB while ensuring the efficacy of cholinesterase reactivation; hence, CMCNPs with a core‒shell structure were 
constructed by applying cell membranes to the surface of presynthesized nanoparticles.17 This study used tumor cell 
membranes to coat mesoporous silica loaded with PAM to penetrate the BBB and counteract central nervous system 
organophosphate poisoning. The core nanoparticle used in this experiment was mesoporous silica, which has good 

Figure 6 Fluorescence in the brain tissue at the 24-hour time point. The fluorescence contrast was analyzed using software. The results were compared with those of the 
PAM-SiO2 group.**p<0.01; ***p<0.001.
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biocompatibility and a porous, sponge-like structure that can ensure the adsorption of many drug molecules while 
maintaining a direct drug release channel to the outside, making it particularly suitable for the treatment of organopho
sphate poisoning, which requires rapid drug release into the brain.31,32 Mesoporous silica nanoparticles are recognized for 
their excellent biocompatibility and high drug-loading capacity. In a subchronic toxicity assessment, mice receiving 
50 mg/kg MSNs via intravenous injection twice weekly for 8 weeks presented no adverse effects on body weight, organ 
indices (liver, spleen, or kidney), or blood biochemistry (p > 0.05 compared with the saline controls).33 These findings, 
which are consistent with ISO 10993–11 standards, support the use of silica-based carriers for the targeted delivery of 
oxime therapeutics (eg, pralidoxime) in organophosphate poisoning models. The cell membranes were selected from 
tumor cells that often metastasize to the brain, primary brain tumors, and macrophages that perform immune functions. 
Brain metastasis is a common complication of most tumors, including breast cancer and melanoma, with approximately 

Figure 7 Pharmacokinetics and pharmacodynamics. Concentrations of pralidoxime chloride in the brain homogenate (A) and serum (B); activities of AChE in brain 
homogenate (C) and serum (D); reactivation rates of AChE in brain homogenate (E) and serum (F) at different times after the intravenous tail vein injection; n=5 (due to 
mouse death, the sample size for the 0.9% NaCl group at the 12 h and 24 h time points was 3, and that for the PAM group at 12 h was 4). Compared with the PAM group, 
#p<0.05,##p<0.01,###p<0.001, and ####p<0.0001. Compared with the PAM-SiO2 group, *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001. No significant difference was 
detected if not indicated.
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20% to 30% of malignant tumors able to metastasize to the brain. Therefore, these tumors have the ability to cross the 
BBB. The adhesion and transendothelial migration of tumor cells to the main components of the blood–brain barrier, 
brain endothelial cells, are mediated by the interaction of proteins on the tumor cell membrane with adhesion molecules 
on brain endothelial cells, such as integrins, selectins, and chemokines.34 Tumor cell membrane proteins exhibit 
exceptional BBB penetration and immune evasion capabilities, rendering tumor cell membrane-coated NPs more 
promising than uncoated NPs as therapeutic agents.35 The superior penetration mechanism of tumor cell membrane- 
coated nanoparticles across the BBB has not yet been comprehensively elucidated. However, Zou et al proposed that 
these nanoparticles downregulate the expression of tight junction proteins (ZO-1 and Claudin-5) in endothelial cells, 
thereby disrupting intercellular tight junctions.36 Additionally, integrins on the cell membrane may facilitate the adhesion 
of biomimetic nanoparticles to endothelial cells within the BBB.34 The immune evasion properties of CMCNPs are 
closely associated with surface proteins derived from the source tumor cell membrane. For example, CMCNPs retain 
proteins such as CD47 and CD55, which bind to inhibitory receptors (eg, SIRPα on macrophages), thereby reducing 
clearance by the reticuloendothelial system and preventing macrophage-mediated attacks.37 This mechanism is supported 
by our flow cytometry data, which revealed a 2.4-fold reduction in macrophage uptake of the CMCNPs and subsequent 
prolongation of the systemic circulation time. Researchers have inferred that the tumor cell membrane plays a key role in 
brain metastasis; hence, we selected tumor cells that often metastasize to the brain, such as breast cancer and melanoma 
cells. In addition, considering that glioma cells originate from the brain and that macrophages cross the BBB while 
performing immune functions, this study included two other cell types, namely, mouse glioma cells and mouse monocyte 
macrophage leukemia cells, for membrane extraction, with the hope that nanoparticles coated with these membranes 
would inherit these characteristics. The four types of membrane-coated nanoparticles were subjected to the same 
experimental conditions for in vitro control screen, and according to the results presented in vitro model testing, B16- 
PAM-SiO2 showed an advantage in its ability to cross the BBB, and Gl261-PAM-SiO2 showed an advantage in avoiding 
immune cell phagocytosis; hence, B16-PAM-SiO2 and Gl261-PAM-SiO2 were chosen for subsequent pharmacodynamic 
and pharmacokinetic experiments.

Malathion, a broad-spectrum organophosphorus pesticide, is widely used in agricultural production, leading to 
frequent incidents of organophosphorus poisoning.38,39 Therefore, this study established an animal model of organopho
sphorus poisoning by subcutaneously injecting mice with 1.25 g/kg malathion. The experimental treatments included an 
intravenous tail injection of PAM, PAM-SiO2, B16-PAM-SiO2, or GL261-PAM-SiO2 containing 22.5 mg/kg (1/4LD50) 
PAM. The AChE reactivation rate was measured, and the survival status of the mice was observed. According to the 
results of the AChE activity determination for the treatment of central nervous system organophosphorus poisoning, the 
groups treated with the cell membrane-coated B16-PAM-SiO2 and GL261-PAM-SiO2 nanoparticles presented better 
AChE reactivation than did the groups that received uncoated PAM-SiO2 or free PAM. Owing to the ability of the 
nanoparticles to enter the CNS and achieve sustained release, the peripheral blood systemic concentrations of PAM in the 
groups receiving cell membrane-coated B16-PAM-SiO2 and GL261-PAM-SiO2 were not as high as those in the groups 
receiving uncoated PAM-SiO2 and free PAM at the first time point (12 hours), but at the 24-hour time point, the 
CMCNPs had longer circulation times. According to the overall animal survival rates, the cell membrane-coated B16- 

Table 2 Survival Status of the Mice at Various Time Points

Group n4/N n12/N n24/N

0.9% NaCl 8/10 6/10 5/10
PAM 9/10 8/10 7/10

PAM-SiO2 9/10 8/10 8/10

GL261-PAM-SiO2 10/10 10/10 10/10
B16-PAM-SiO2 10/10 9/10 9/10

Notes: N represents the total number of mice in the group; n4 represents the number of 
surviving mice in the 4-hour group; n12 represents the number of surviving mice in the 12- 
hour group; and n24 represents the number of surviving mice in the 24-hour group.
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PAM-SiO2 and GL261-PAM-SiO2 nanoparticles clearly presented advantages. We believe that the cell membrane-coated 
B16-PAM-SiO2 and GL261-PAM-SiO2 nanoparticles inherited the original biological functions of the tumor cell 
membrane, helping PAM penetrate the BBB to mitigate central malathion poisoning. Given the disadvantages of 
CMCNPs, namely, low PAM concentrations in the peripheral blood circulation and low AChE reactivation rates in the 
initial period, we believe that central and peripheral organophosphorus poisoning can be resolved by administering both 
free PAM and cell membrane-coated drug-loaded nanoparticles. This study utilized CMCNPs to load and deliver 
organophosphorus antidotes, increasing the penetration of the antidotes through the BBB and transporting the target 
drugs to the brain for release, verifying that CMCNPs have potential as a strategy for delivering organophosphorus 
antidotes.

Although this study verified the various advantages of CMCNPs in delivering drugs into the CNS, some limitations to 
their widespread application also exist, such as the difficulty of extracting large quantities of cell membranes and the 
tendency for cell membranes to degrade and surface proteins to become inactive during storage, which can affect the 
performance of CMCNPs. Challenges in controlling the uniformity and consistency of cell membranes during the 
preparation of CMCNPs also exist. Furthermore, as biological products, CMCNPs must be comprehensively evaluated 
by regulatory agencies such as the FDA/EMA in accordance with biologic product standards prior to their clinical 
application.40 These problems need to be addressed in further research.

Conclusions
This study developed a bioinspired nanoparticle platform that successfully overcomes the critical challenge of BBB 
penetration in the treatment of organophosphate poisoning. By combining tumor cell membrane coatings (B16F10, 4T1, 
GL261, and RAW264.7 cell membranes) with PAM-loaded mesoporous silica nanoparticles, we achieved three key 
breakthroughs: (1) The successful construction of four types of CMCNPs loaded with pralidoxime chloride—B16-PAM- 
SiO₂, 4T1-PAM-SiO₂, RAW-PAM-SiO₂, and GL261-PAM-SiO₂; (2) In tests of the in vitro model, CMCNPs demon
strated an enhanced immune evasion ability and BBB penetration ability; (3) CMCNPs had advantages in treating CNS 
organophosphate poisoning in mice, such as an increased delivery of PAM to the CNS that significantly increased brain 
cholinesterase activity in poisoned mice, a prolonged systemic circulation time of PAM and an improved survival rate in 
mice. Compared with traditional therapeutic approaches, this CMCNPs platform significantly increases the efficiency of 
PAM delivery to the CNS, with the potential to overcome the clinical limitations associated with current cholinesterase 
reactivators.

Our research provides a potentially effective strategy for treating CNS symptoms caused by organophosphate 
poisoning.
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