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Abstract In the treatment of central nervous system disease, the bloodebrain barrier (BBB) is a major

obstruction to drug delivery that must be overcome. In this study, we propose a brain-targeted delivery strat-

egy based on selective opening of the BBB. This strategy allows some simple bare nanoparticles to enter the

brain when mixed with special opening material; however, the BBB still maintains the ability to completely

block molecules from passing through. Based on the screening of BBB opening and matrix delivery mate-

rials, we determined that phospholipase A2-catalyzed 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine li-

posomes can efficiently carry drugs into the brain immediately. At an effective dose, this delivery system is

safe, especially with its effect on the BBB being reversible. This mix & act delivery system has a simple

structure and rapid preparation, making it a strong potential candidate for drug delivery across the BBB.

ª 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute

of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Brain diseases seriously threaten human health, including chronic
disorders (e.g., brain cancers1 and neurodegenerative diseases2), and
acute conditions (e.g., cerebral infarction3 and poisoning4). The most
important complication in the treatment of brain diseases is the lack
of effective therapeutic drugs, primarily owing to the barrier function
of the bloodebrain barrier (BBB)5. Recently, brain-targeted delivery
systems (BTDS) that deliver drugs into the brain have been widely
reported6,7. The effectiveness ofBTDShas often relied heavily on the
surface modification of nanoparticles by linking these with targeted
peptides8, proteins9, and aptamers10.Many problems surrounding the
druggability, quality control, and industrialization of these strategies
have been highlighted11. Opening the BBB to improve drug
permeability into the brain is another strategy for drug brain
administration12. Physical and chemical processes, such as ultra-
sound13,14 and mannitol15,16, have been applied to allow drugs to
penetrate the brain. However, the problems surrounding safety
regarding BBB integrity and non-selective molecular penetration
restrict the application of this method. Owing to these disadvantages,
almost no BTDS have reached clinical development or have the
potential for industrialization.

Liposomes and lipid nanoparticles, utilized in mRNA vaccines,
are rarely mature, stable, and industrialized nano-delivery systems,
which have been consistently used until recently17,18. However,
there are still few reported liposomes with both quality control and
brain-targeted function. The traditional construction strategy of
brain targeting liposomes was linking targeting accessory onto the
surface of liposomes19,20 as same as other BTDS; however, this
strategy still could not overcome this difficulty for druggability due
to the linking process. Nonetheless, the best strategy against this
complication is to produce a liposome with an extremely simple
structure that does not possess any chemical modifications, but can
effectively transport drugs into the brain.

Herein, we generated a method to selectively open the BBB;
this strategy allowed certain simple and bare nanoparticles to
penetrate the brain while maintaining the BBB barrier function
against other molecules or particles. Based on initial screening, a
suitable combination of delivery material and BBB opening
component was found; specifically, we developed a mix & act
delivery system (DS) combined with phospholipase A2 (PLA2)21

and liposomes with phosphatidylserine (PS). The PS in this system
could effectively deliver drugs into the brain only when combined
with several drops of PLA2 solution immediately, without any
additional processing steps. Furthermore, brain detoxification
pharmacology was conducted to quickly reflect and screen the
cerebral delivery effect of this DS. Finally, an effective brain-
targeted antidote was also produced using this DS, which resul-
ted in a high-efficacy therapeutic.

2. Materials and methods

2.1. Cell lines and animals

bEnd.3, BV2, Neuro-2a, RAW264.7 cells were obtained from the
cell bank of Chinese Academy of Science, rat astrocytes were
obtained from Suncell Biotechnology Co., Ltd., (Wuhan, China).
The cells were cultured in Dulbecco’s modified Eagle media
(DMEM, Gibco, New York, USA), supplemented with 10% fetal
bovine serum (FBS, Gibco, Australia), penicillin (100 U/mL,
Gibco, New York, USA) and streptomycin (100 mg/mL, Gibco,
New York, USA). Cells were placed in an incubator at 37 � 0.5 �C
with 5% CO2 and 90% relative humidity and passaged every 2e3
days.

All experiments were performed in accordance with the Reg-
ulations of the Experimental Animal Administration, issued by the
State Committee of Science and Technology of the People’s Re-
public of China (November 14, 1988), the ARRIVE Guidelines
and the Guidelines for Care and Use of Laboratory Animals of the
Beijing Institute of Pharmacology and Toxicology. And the ex-
periments were approved by the Animal Ethics Committee of the
Beijing Institute of Pharmacology and Toxicology (IACUC permit
number: IACUC-DWZX-2023-P649). SpragueeDawley (SD) rats
(2 weeks old) were obtained from SPF Biotechnology Co., Ltd.
(Beijing, China), Kunming mice (20 � 2 g) and C57BL/6N
(19 � 2 g) mice were obtained from Beijing Vital River Labo-
ratory Animal Technology Co., Ltd. (Beijing, China). Rodents had
free access to sterilized food and distilled water and were main-
tained in stainless steel cages filled with hardwood chips in an air-
conditioned room on a 12:12 h light/dark.

2.2. Preparation of the BTDS

BTDS was composed of a delivery nanoparticle and opening
material. In construction of delivery nanoparticle, six types of
phospholipid, including 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoserine (POPS, Avanti Polar Lipids, Inc. Alabaster, AL,
USA), 1,2-dimyristoyl-sn-glycero-3-phospho-L-serine (DMPS,
Ruitaibio, Beijing, China), 1,2-dipalmitoyl-sn-glycero-3-phospho-
L-serine (DPPS, Ruitaibio, Beijing, China), 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC, Tokyo Chemical Industry Co.,
Ltd., Tokyo, Japan), 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC, Tokyo Chemical Industry Co., Ltd., Tokyo, Japan), and
2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE, Cor-
denpharma, Switzerland) were used for preparation of liposomes
using the film-ultrasonic method. Briefly, the phospholipid of
POPS, DPPC, DMPC was first dissolved in chloroform (DMPS,
DPPS, DPPE were dissolved in a mixture of chloroform and
methanol at a ratio of 3/2, v/v). A thin film was generated by rotary
evaporation at 30 �C slowly and desiccated until completely dry.
The antidote or fluorescent dye was dispersed in PBS solution,
added to the dry lipid film and ultrasound. Then the liposome
suspension was extruded through a 100 nm polycarbonate mem-
brane (Avanti Polar Lipids, Inc. Alabaster, AL, USA) by a syringe
extruder to obtain liposomes. Mesoporous silica nanoparticles
(MSN) were synthesized by the classical stöbler method as
mentioned in previous reports22 with mesoporous structure that
could adsorb an antidote or a fluorescent dye. After preparation of
delivery nanoparticle, the opening material of LPS (0.1 mg/mL,
MedChemExpress, Monmouth Junction, New Jersey, USA),
VEGF (0.1 mg/mL, MedChemExpress, Monmouth Junction, New
Jersey, USA), 50-N-ethylcarboxamidoadenosine (NECA, 5 mg/mL,
MedChemExpress, Monmouth Junction, New Jersey, USA),
mannitol (9 mg/mL, Baxter, Shanghai, China), borneol (0.1 mg/mL,
Aladdin, Shanghai, China), or PLA2 (0.5 U/mL) was adding to
the delivery nanoparticle suspension, respectively, to construct
BTDS. The final BTDS suspension was stored at 4 �C.

2.3. Characterization of liposomes

The hydrodynamic diameter, size distribution, and zeta-potential
of liposomes were measured by dynamic light scattering (DLS,
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Zetasizer Nano ZS90; Malvern Panalytical, Malvern, UK), and the
morphology was assessed by transmission electron microscopy
(TEM, HT7800, HITACHI, Japan).

2.4. Drug release profile

The release profile of HI6 was measured using the dialysis
method. Briefly, 2 mL of HI6, POPS-HI6 or POPS-HI6-PLA2 was
added in a dialysis bag and immersed in 500 mL phosphate buffer
at 37 or 4 �C with gentle stirring. Samples were collected at
predetermined times points (1, 3, 5, 10, 15, 20, 30, 40, 50, 60, 120,
and 240 min), and then analyzed by high performance liquid
chromatography (HPLC; Agilent technologies, USA) method with
C18 reverse-phase column (SHISEDO, 250 mm � 4.6 mm,
Japan), and mobile phase of 5 mmol/L sodium n-heptanesulfonate
and 0.12% trifluoroacetic acid in acetonitrile (85/15, v/v). The
injection volume and flow rate were 20 mL and 1.5 mL/min,
respectively. The detection wavelength was 300 nm and the col-
umn temperature was 30 �C.

2.5. Cellular studies

2.5.1. Penetration studies using BBB models in vitro
Rat brain microvascular endothelial cells (BMECs) were separated
and cultivated to establish BBB model in vitro as previous re-
ports10,23,24. BMECs were plated on fibronectin-coated 0.4 mm
pore size Transwell Plates (24 mm Transwell�, Beijing Labgic
Technology Co., Ltd., Beijing, China), at a density of 1 � 105 cells
per well, and continuous growth for 2 weeks to allow the BMECs to
form a monolayer. The permeability assay performed after the 4 h
leakage verification that the liquid levels in the top and bottom
chambers of the Transwell remained constant throughout the 4 h
incubation period.

To investigate the ability and the pathway of different BTDS
to cross the BBB, 1 mL of fluorescein labeled BTDS (POPS
0.8 mg/mL, cy5 0.01 mg/mL, Xian Ruixi Biological Technology
Co., Ltd., Xi’an, China, DIO 0.01 mg/mL, Xi’an Ruixi Biolog-
ical Technology Co., Ltd., Xi’an, China, PLA2, NECA 5 mg/mL,
VEGF 0.1 mg/mL, LPS 0.1 mg/mL, borneol 0.1 mg/mL,
Mannitol 9 mg/mL, respectively) was then added to the upper
chamber. And the culture media in lower chamber were replaced
with 2 mL transparent HBSS (Servicebio, Wuhan, China) to
reduce interference and then collected at 30 min. The tempera-
ture in 37 or 4 �C was adjusted according to the experimental
design.

The fluorescein stored in the BMECs was measured when it
was extracted from monolayer of the Transwell film, which was
soaked in 2 mL of DMSO (Aladdin, Shanghai, China) and 1%
Triton (1:1 v/v, Zsbio, Beijing, China), stirred for 10 min, and then
stood at 4 �C for 3 h. Then the solution was collected, centrifuged
at 13,000 rpm for 10 min (3e18 K, Sigma, Germany), and then
measured the fluorescence intensity.

To investigate the effect of efflux on BTDS crossing the
BBB, HBSS (2 mL) and POPS-FLU or POPS-FLU-PLA2
(1 mL) was added into the lower and upper chamber, respec-
tively. The POPS-FLU or POPS-FLU-PLA2 (1 mL) in the
upper chamber was removed and replaced with HBSS after
30 min, and then the Transwell model was incubated at 37 �C,
4 �C and EPI (PSC833), respectively. Finally, supernants were
collected form the upper chamber and measured the absorption
at 490 nm.
2.5.2. Cell PI staining
To explore the ingredient and dosage of BTDS acted with cells, PI
staining method was applied for investigating the cell membrane
integrity. Cells incubated with materials in different concentra-
tions as follows: PLA2 (0.05, 0.1, 0.5, 1, and 2 U/mL), POPS
(100, 200, 400, 800, and 1600 mg/mL), LPS 18:1 (5, 20, 100, 200,
and 500 mg/mL), LPS 16:1 (5, 20, 100, 200, and 500 mg/mL), LPE
(5, 20, 100, 200, and 500 mg/mL), LPC (5, 20, 100, 200, and
500 mg/mL), oleic acid (1 mg/mL) and palmitic acid (1 mg/mL).
Besides, cells treated with different adding order, temperature, or
PLA2 inhibitors (Varespladib 100 mol/L, anthranilic acid 50 mol/L)
were proceed, and then imaged via LSCM (Dragonfly 200, Andor
Technology PLC, UK) after stained with PI (50 mg/mL,
MedChemExpress, Monmouth Junction, New Jersey, USA), DIO
(50 mg/mL) and hoechst 33342 (Thermo Fisher Scientific, Oregon,
USA).

For searching the effective components from the reaction be-
tween PLA2 and lipid, POPS (4 mg/mL) mixing with PLA2
(0.5 U/mL) at 37 �C for 1 h. The product of POPS and PLA2 was
separated the supernatant and the pellet by centrifugal filter
(10 KD, Merck Millipore, 30 min, 5000�g, 4 �C, Darmstadt,
Germany), and then incubated with cells, respectively. Following
that, PI staining was performed.

To investigate whether the opening effect of BTDS on cells
was reversible, POPS (800 mg/mL) þ PLA2 (0.5 U/mL) was
incubated with cells for 10 min and replaced with fresh complete
medium. The cells were stained with PI, DIO and Hoechst at
predetermined times points (1, 2, 4, 8, 12, and 24 h), following the
procedure described previously. The fluorescently labeled cells
were then imaged via LSCM (Dragonfly 200, Andor Technology
PLC, UK).

Different cells including BV2, Neuro-2a, RAW264.7 and rat
astrocytes acted with BTDS were performed. POPS (800 mg/mL)
þ PLA2 (0.5 U/mL) were added to the cells for 10 min at
37 �C. The cells were stained with PI, DIO and Hoechst, then were
imaged via LSCM (Dragonfly 200, Andor Technology PLC, UK).

2.5.3. Western blot for tight junction (TJ) proteins
The bEnd.3 cells were seeded into 6-well plates at a density of
1 � 105 cells per well and incubated under standard conditions for
TJ generation. After 7 days of incubation, the cells were washed
with PBS and incubated with fresh medium. The cells were then
incubated with PBS, POPS (800 mg/mL), PLA2 (0.5 U/mL) or
POPS (800 mg/mL) þ PLA2 (0.5 U/mL) 30 min at 37 �C,
respectively. Membrane proteins were collected from cells by the
Mem-PER Plus Membrane Protein Extraction Kit (Cat No. 89842,
Thermo Fisher Scientific, Oregon, USA). Sample of membrane
proteins was loaded on 10% SDS PAGE then separated at 80 V for
3 h, transferred to the nitrocellulose paper and blocked with
skimmed milk and incubated with anti-zo-1 (ab216880, abcam,
USA) and anti-occludin (Cat No. ab222691, abcam, USA) anti-
body overnight. Subsequently, samples were washed with TBST
and incubated with Goat Anti-Rabbit IgG-HRP (1/2000, v/v,
Zsbio, Beijing, China) for 1 h. After reaction, samples were
washed with TBST to remove the unreacted antibody and devel-
oped with ECL substrate and exposed to X-ray film. Anti-b-actin
antibody was used as loading control.

2.5.4. In vitro cell viability study
Cell Counting Kit-8 (CCK-8, Vazyme Biotech, Nanjing, China)
assay was used to evaluate the cell viability of POPS, PLA2 and
POPS þ PLA2 treated with bEnd.3 cells. The cells were seeded



1830 Zinan Zhang et al.
into 96-well plates at 20,000 cells per well and cultured for 24 h to
attach, and then incubated with POPS (3.125, 6.25, 12.5, 25.50,
100, 200, 400, and 800 mg/mL), PLA2 (0.0039, 0.0078, 0.0156,
0.0312, 0.0625, 0.125, 0.25, 0.5, and 1 U/mL), POPS (800 mg/mL)
mixed with PLA2 (0.0039, 0.0078, 0.0156, 0.0312, 0.0625, 0.125,
0.25, 0.5, and 1 U/mL) and POPS (3.125, 6.25, 12.5, 25.50, 100,
200, 400, and 800 mg/mL) mixed with PLA2 (0.1 U/mL) for
30 min, respectively. Then, the cells were treated with cell
counting kit for 2 h at 37 �C. Six replicates were performed in
each case. The absorbance was measured at 450 nm using a
microplate reader (Molecular Devices, California, USA).

2.5.5. In vitro hemolysis test
Different volumes of HI-6 (3 mg/mL), POPS (8 mg/mL), PLA2
(25 U/mL) and BTDS (HI6 3 mg/mL, POPS 8 mg/mL, PLA2
25 U/mL) were added to 1 mL of red blood cell suspension (v/v
2%) and the total liquid volume was adjusted to 2 mL (drugs was
diluted by different multiples). 1 mL of saline was added to 1 mL
of red blood cell suspension as a negative control, while 1 mL of
distilled water was added as a positive control. Five independent
duplicate samples were used for each of the above groups. Sam-
ples were incubated at 37 �C for 3 h before centrifugation
(3000 rpm, 10 min, 3e18K, Sigma, Germany) and the OD value
of the supernatant was determined at a wavelength of 545 nm. The
hemolysis rate was calculated by Eq. (1):

Hemolysis rate (%) Z [(ODtreatment � ODpositive)/(ODnegative �
ODpositive)] � 100 (1)

where ODtreatment is the OD of sample in treatment group,
ODpositive is the mean value of the OD of the positive control
group, ODnegative is the mean value of the OD of the negative
control group.

2.6. In vivo studies

2.6.1. Fluorescein in brain
The C57BL/6N mice were intravenously administered with free
FLU (1 mg/kg), BTDS loaded with FLU (phospholipid 80 mg/kg,
MSN 20 mg/kg, FLU 1 mg/kg), and free FLU (1 mg/kg) with
opening material (PLA2 25 U/kg, NECA 0.1 mg/kg, VEGF 2 mg/kg,
LPS 2 mg/kg, borneol 50 mg/kg, mannitol 2 g/kg), respectively.
After 1 h of administration, mice brains were collected, ho-
mogenized, and centrifuged at 4 �C for 10 min (13,000 rpm,
3e18K, Sigma, Germany) to obtain the supernatants. The
fluorescence intensity of the supernatants was measured with Ex
499 nm, Em 517 nm. At the same time, mice were treated with
the same drugs only except the substitution of FLU with Cy3.
Brain tissues were collected, cryosectioned and imaged using
LSCM (Dragonfly 200, Andor Technology PLC, UK).

2.6.2. Determination of the acetylcholinesterase reactivation
rate (ARR)
Kunming mice were randomly divided into groups including un-
treated non-poisoned controls (blank), untreated soman-poisoned
(130 mg/kg soman, poisoned), soman-poisoned and treated
with HI-6 (30 mg/kg) solution and several treatment groups.
Component doses in the treatment groups were list as follows:
phospholipid (80 mg/kg), HI-6 (30 mg/kg), PLA2 (250 U/kg),
NECA (0.1 mg/kg), VEGF (2 mg/kg), LPS (2 mg/kg), borneol
(50 mg/kg), mannitol (2 g/kg), Varespladib (50 mg/kg,
MedChemExpress, Monmouth Junction, New Jersey, USA),
diphyline (50 mg/kg, MedChemExpress, Monmouth Junction,
New Jersey, USA), anthranilic acid (50 mg/kg, MedChemExpress,
Monmouth Junction, New Jersey, USA), PSC833 (10 mg/kg,
MedChemExpress, Monmouth Junction, New Jersey, USA),
SCH58261 (5 mg/kg, MedChemExpress, Monmouth Junction,
New Jersey, USA). Among them, borneol and mannitol were
administered in the same way mentioned before, and the five in-
hibitors were injected intraperitoneally 1 h in advance. The other
treatments were carried out simultaneously with the exposure with
soman. Blood and brain samples were collected 10 min later.
Brains were collected, homogenized, and centrifugated at 4 �C for
10 min, (13,000 rpm, 3e18K, Sigma, Germany) to obtain the
supernatants for subsequent analyses. Twenty microliters of blood
or tissue supernatant diluted 50-fold were added per well of an
EIA/RIA plate (Costar 9018; SigmaeAldrich, Durham, USA).
Adrenocorticotrophic hormone (30 mL of a 1% solution) and PBS
(30 mL of a 0.1 mol/L solution) were added to three wells each.
After incubation for 30 min at 37 �C, 5,5-dithiobis-2-nitrobenzoic
acid (200 mL of a 1% solution) was added to each well and the
optical density (OD) was measured at the wavelength of 415 nm.
The ARR was calculated using Eq. (2):

ARR (%) Z [(ODtreatment � ODpoisoned)/(ODblank � ODpoisoned)]
� 100 (2)

where ODtreatment is the OD value of the treatment group samples,
ODblank is the average OD value of the blank group samples,
ODpoisoned is the average OD value of the poisoned group samples.

2.6.3. Evaluation of the survival time of poisoned animals
Kunming mice were poisoned with soman (640 mg/kg). There-
after, animals were either kept untreated, or treated with HI-6
(30 mg/kg) solution, BTDS I (POPS 80 mg/kg, HI-6 30 mg/kg,
PLA2 25 U/kg), BTDS II (POPS 80 mg/kg, HI-6 30 mg/kg, PLA2
50 U/kg). The survival time of mice was recorded.

2.6.4. Histopathological analysis
Kunming mice were divided into 4 groups: untreated soman-
poisoned group, soman-poisoned þ HI6 (30 mg/kg) group,
soman-poisoned þ BTDS (POPS 80 mg/kg, HI6 30 mg/kg, PLA2
250 U/kg) group. The brains of the mice were collected and fixed
in glutaraldehyde (3%) for 48 h. After that, dehydration and
embedding the brains to cut into 4 mm sections and stained with
hematoxylin and eosin. The images were then acquired by a light
microscope.

2.6.5. Safety of the BTDS in vivo
Kunming mice were divided into 10 groups administered with
drugs as follow: PBS group, POPS (80 mg/kg) group, POPS
(80 mg/kg) þ PLA2 (2.5, 25, 250, and 500 U/kg) 4 groups, PLA2
(2.5, 25, 250, and 500 U/kg) 4 groups. The major organs and
blood of mice were collected after administrated 1 h later. The
tissue samples were subjected to histopathological analysis. Blood
samples were tested for biochemical indicators.

3. Results and discussion

3.1. Design, synthesis, and characterization of BTDS

We proposed a DS that selectively opens the BBB. This DS was
composed of a delivery nanoparticle and opening material that
were used to produce effective cerebral drug delivery with an
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ultra-simple structure (Fig. 1A); overall, these components indi-
cate strong prospects for this DS in industrialization. Liposomes
with PS or phosphatidylcholine (PC) were chosen as delivery
nanoparticles for constructing lipid-based particles with a
deformable and active surface. As a control, mesoporous silicon
nanoparticles (MSNs) were chosen and synthesized as solid par-
ticles with an inert and stable surface. For opening materials, the
traditional BBB opening materials lipopolysaccharide (LPS)25,
vascular endothelial growth factor (VEGF)26, adenosine receptor
agonist 50-N-ethylcarboxamidoadenosine (NECA)27, mannitol28,
and borneol29 were selected. LPS serves as the control group for
the evaluation of opening material performance in some reports25,
while mannitol is widely used in clinical treatment for reducing
intracranial pressure28. Borneol is the most common opening
material even applied as drugs sometimes29. NECA27 and VEGF26

have discovered and proven the BBB opening function recently
(Supporting Information Table S1). Although there are few reports
on the influence of PLA2 on the BBB30e32, this enzyme was also
investigated as an opening material in this study due to its po-
tential to interfere with the membrane structure.

Liposomes with 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoserine (POPS), 1,2-dimyristoyl-sn-glycero-3-phospho-L-
serine (DMPS), 1,2-dipalmitoyl-sn-glycero-3-phospho-L-serine
(DPPS), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC), and 2-
dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE), 1-stearoyl-
2-oleoyl-sn-glycero-3-phosphocholine (SOPC) were prepared using
the same extrusion method, respectively; these particles had a glob-
ular morphology (Fig. 1B) with a uniform size<200 nm in diameter
Figure 1 Characterization of Liposomes. (A) Schematic illustration

penetrate the brain. (B) Transmission electron microscopy (TEM) images

MSN. Scale bar Z 50 nm. (C) Size of the different nanoparticles charact

(n Z 3). (D) Zeta potential of the different nanoparticles. Data are presen

37 �C. Scale bar Z 50 nm. (F) The stability of POPS liposomes combined

rate of the different nanoparticle BTDS combined with PLA2 at different
(Fig. 1C), except for DPPS liposomes. All liposomes possessed a
negative surface charge (Fig. 1D), which improved the stability of the
suspension of nanoparticles. MSNs were synthesized using the clas-
sical stöbler method22, with a uniform size of 100 nm in a globular
shape and a mesoporous structure for adsorbing drugs (Fig. 1B).

After mixing with the opening material, the liposome may
undergo small changes. LPS, NECA, mannitol, borneol and VEGF
had no reported reaction with the phospholipid. Only PLA2 could
catalyze the sn-2 cleavage of phospholipids. The liposome with
POPS became denser when combined with PLA2, as shown in the
corresponding TEM images (Fig. 1E and F); additionally, when
combined with PLA2, the releasing speed of the POPS liposome
was further accelerated by the liposome surface reaction with the
enzyme even at 4 �C (Fig. 1G), lower than the phase inversion
temperature (PIT) of POPS. But the releasing speed of POPS li-
posomes was lower than that in 37 �C, due to the inhibition of
enzyme activity and nanoparticles in solid state without stretching
(Supporting Information Fig. S1).

3.2. Exploration of enlarge production

Based on the mix & act BTDS strategy, no chemical reaction was
required during the entire preparation process; this avoided extra
coproduct production, the need for complex purification and
separation, and excessive use of organic solvents. Liposomes of
POPS were easily prepared using technology with stable high
quality and yield such as syringe extrusion (Supporting
Information Fig. S2A), high-pressure extrusion (Fig. S2B), and
microfluidics methods (Fig. S2C) explored in this study. All
of nanoparticles working in conjunction with opening materials to

of POPS-, DMPS-, DPPS-, DPPC- and DMPC-based nanoparticles;

erized by dynamic light scattering. Data are presented as mean � SD

ted as mean � SD (n Z 3). (E) The stability of POPS liposomes at

with PLA2 at 37 �C. Scale bar Z 50 nm. (G) Cumulative drug release

temperatures.



Figure 2 Brain target effect evaluation in vitro and in vivo. (A) The quality of fluorescein that penetrated into the lower chamber of the

Transwell systems treated with different BTDS. Data are presented as mean � SD (n Z 6). (B,C) Fluorescence images of brain sections from

mice treated with Cy3 or POPS-Cy3 in the presence or absence of higher levels of (B) PLA2, (C) VEGF, LPS, NECA, mannitol, and borneol.

Scale bar Z 200 mm. (DeF) The fluorescence intensity (FI) of dye delivered into the brain of mice treated with different (D) opening materials,

(E) MSN, and (F) phosphatidylcholine. Data are presented as mean � SD (n Z 6). (G) Schematic representation of the varied BBB penetration

activity following treatment with different combinations of nanoparticles and opening materials based on evaluation of fluorescent content in

brain. *P < 0.05; **P < 0.01; ***P < 0.001, ****P < 0.0001 vs. indicated. n.s., not significant.
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Figure 3 The detoxification potential of HI-6-loaded BTDS. (A) Comparison of disease treatment time between chronic disease and acute

poisoning in brain. (B) Schematic illustration of poisoning and the corresponding reactivation process of the cholinergic system. (C) Mouse brain

AChE reactivation rate when treated with different BTDS loaded with HI-6 after being poisoned with the soman. Data are presented as

mean � SD (n Z 12). (D) Images showing hematoxylin and eosin (H&E)-stained brain sections from the groups treated with antidotes. Scale

barZ 200 mm. (E) Images showing the symptoms of stiffness of the tail, salivation, and incontinence before and after detoxification treatment. (F)

The survival time of mice poisoned with soman (640 mg/kg) and treated with POPS liposome antidotes. (G) Summary and comparison of different

brain targeting systems and the pharmacodynamics evaluation in vitro and in vivo. ***P < 0.001 vs. indicated. n.s., not significant.
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Figure 4 The mechanism of brain targeting effect evaluation in vitro. (A) Schematic illustration of red and green fluorescence-labeled POPS

liposomes. (B) The processing flow scheme of BTDS penetrating the Transwell system across different temperature treatments. (C) The FI of

fluorescence dye in the (I, II) cell layer and (III, IV) lower chamber. Data are presented as mean � SD (n Z 6). (D) Schematic representation of

the process of liposomes penetrating the cell layer in Transwell model. (E) The processing flow scheme of BTDS efflux treated at (a) 37 �C, (b)
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liposomes prepared by different methods maintained the same
morphology (Fig. S2D) and surface charge (Fig. S2E). The
widely used microfluidic method, which is used in mRNA vac-
cine production, could also be applied for POPS liposome
preparation, with the smallest size of product than that prepared
from other methods (Fig. S2F). Using a high-pressure extruder,
20 mL of sample was produced in one round, which was 20 times
greater than that prepared by syringe extrusion method (1 mL)
used in this study. Nonetheless, nearly 50 mL of POPS liposomes
could be prepared by the microfluidic method (Fig. S2G). This
BTDS using POPS was a rare DS that had potential for
industrialization.

3.3. Evaluation of targeting the central nervous system

The central targeting properties of these BTDS were investigated
in vitro and in vivo. As shown in Fig. 2A, these liposomes with POPS
could only transport FLU across the barrier with the assistance of
PLA2 orNECA; this was proven bymonitoring the FLU levels in the
lower chamber of a Transwell system in vitro10,23,24. For the solid
nanoparticles with MSNs, none of the opening materials used could
open the BBB to allow these nanoparticles into the lower chamber
(Supporting Information Fig. S3). Corresponding results were also
obtained in vivo. Only POPS liposomes with the assistance of PLA2
could effectively transport the loading content into the brain, which
was preliminarily shown by the brain fluorescence pathology
(Fig. 2B and C). The NECA administration group showed slight red
Cy3 fluorescence in the brain pathology evaluation. It was inter-
esting that VEGF can only confer the transport of POPS liposomes to
the cortex of the outer edge of the brain (Fig. 2C). Accurately
measuring the fluorescent content that was transported into the brain
(Fig. 2D) revealed that borneol completely opened the BBB,
allowing all exogenetic molecules to penetrate into the brain; how-
ever, the liposome did not enter the brain under these conditions. All
the POPS liposome and exogenetic molecules could cross the BBB
into the brain with the help of NECA.Additionally, POPS liposomes
combined with PLA2 could cross into the brain at significant levels,
whereas the exogenetic molecules remain blocked outside of the
brain. VEGF also possessed this same function, but with a lower
efficacy than PLA2. No obvious fluorescence was observed in the
brain in the groups treated with POPS liposomes mixing with LPS
and mannitol (Fig. 2D), MSNs combined with all opening materials
(Fig. 2E, and Supporting Information Fig. S4) and PLA2 incorpo-
rated with other liposomes (Fig. 2F). In brief, opening materials led
to different penetration effects (Fig. 2G); only the BTDS composed
of POPS liposome mixed with PLA2 could effectively transport
drugs into the brain while maintaining the BBB function against
exogenetic molecules.

3.4. The acute brain detoxification potential of HI-6-loaded
BTDS against NA

Pharmacodynamic evaluation is the accepted, accurate, and final
method used for the evaluation of brain-targeted drugs. In
4 �C, and (c) EPI (PSC833). (F) FI of dye efflux (I) back into the test cham

(n Z 3). (G) PI staining for cell membrane permeability when cells treate

(H) PI staining for cell membrane permeability of different cells treated wit

occludin and ZO-1 protein expression from cells treated with POPS comb

Data are presented as mean � SD (n Z 3). (K) Immunofluorescence ima

bar Z 50 mm. *P < 0.05; **P < 0.01; ***P < 0.001, ****P < 0.0001 v
traditional reports, most brain-targeted drugs have been focused on
cancers or neurodegenerative diseases33. The pharmacodynamic
evaluation of these chronic diseases requires for more than 1e3
months form establishing suitable animal models to evaluate its
efficacy34,35; ultimately, this method is not suitable for fast, large-
scale BTDS screening and innovation. Nonetheless, there has been
a strong demand for BTDS in emergency brain poisoning treatment
(Fig. 3A). Organophosphorus inhibit the cerebral enzyme acetyl-
cholinesterase (AChE) and cause immediate death; therefore, to
treat this poisoning, the corresponding antidote needs to pass across
the BBB quickly. Unfortunately, reactivator antidotes, such as HI-6
(asoxime chloride), which detach the organophosphorus from
AChE to recover the cholinergic system36, cannot cross into the
brain to confer this function37. The ideal BTDS should carry the
corresponding antidote into the brain to reactivate AChE, leading to
detoxification (Fig. 3B). This therapeutic effect could be quanti-
tatively analyzed by assessing enzymatic activity over the entire
detoxification process (1 h) to determine the final efficiency of
different BTDS38. Therefore, in this study, BTDS were utilized in
brain detoxification against organophosphorus; this was conducted
to not only quickly verify the efficacy of these BTDS, but also to
allow efficient implementation against terrorist threats of the
chemical weapon, organophosphorus39.

For pharmacodynamic evaluation of brain-targeted antidote,
the organophosphorus soman was utilized for brain poisoning. The
reactivator HI-6 was loaded into POPS liposomes (POPS-HI-6). In
the resultant analysis of the brain AChE activity rate (AAR), the
AAR of VEGF-treated groups (Fig. 3C and I) was nearly 20 times
greater than that of the HI-6 solution-treated group; this was
consistent with prior results, presented in Fig. 2C and D. The AAR
from LPS-treated groups may be caused by the tiny free HI-6
being able to penetrate into the brain to detoxify inhibited
enzyme (Fig. 3C II). It’s worth noting that the negligible amount
of penetrated drugs such as transporting into brain with the help of
LPS could not be detected and recognized by the traditional
methods (Fig. 2) due to its low content. The groups treated with
the commonly used cerebral opening materials borneol and
mannitol showed no brain AAR (Fig. 3C III and IV). In contrast,
the combination of NECA and PLA2 with POPS-HI-6 demon-
strated a remarkable effect in brain AAR (Fig. 3C V and VI),
Specifically, this group reached nearly 80% reactivation, which
was 4, 10, and 30e40 times higher than that of VEGF, LPS, and
bare HI-6 solution (AAR 4%), respectively; this AAR was far
beyond those achieved in prior studies10,22. This data revealed that
the combination of PLA2 and POPS liposomes provided effective
delivery of drugs into the brain to effectively treat cerebral
disease.

The further beneficial treatment effects provided by this BTDS
were evaluated sequentially. Cell apoptosis and large edema foci
were detected in the cerebral cortex and hippocampal CA2 region
of the poisoned and HI-6-treated groups. After treatment with
POPS-HI-6-PLA2, most of the pyramidal cells in the hippo-
campus remained morphologically normal and compact in
arrangement (Fig. 3D). Regarding behavior, the poisoned mice
ber and (II) stored in the cell layer. Data are presented as mean � SD

d with different liposomes combined with PLA2. Scale bar Z 50 mm.

h POPS combined with PLA2. Scale bar Z 20 mm. (I) Western blot of

ined with PLA2. (J) Densitometric analysis of the Western blot data.

ges of ZO-1 in cells treated with POPS combined with PLA2. Scale

s. indicated. n.s., not significant.



1836 Zinan Zhang et al.
developed a series of symptoms: salivation, incontinence, stiffness
of the tail (Fig. 3E) and convulsion (Supporting Information Vedio
S1). While the mice treated with POPS-HI-6-PLA2 remained
stable and silent. Even with poisoning at three times higher than
the lethal dose, the average survival time extended from 4 to
13 min after administration of POPS-HI-6-PLA2 (Fig. 3F); this
additional 9 min gained may provide a pivotal chance for subse-
quent comprehensive treatment, including oxygen supplementa-
tion, anticonvulsants, and continuous AChE reactivation. Overall,
this data revealed the protective effect of POPS-HI-6-PLA2 in the
context of soman-induced brain injury.

Supporting video related to this article can be found at https://
doi.org/10.1016/j.apsb.2023.11.015.

Compared with the brain targeting data (Fig. 2AeD) and the
resultant therapeutic effect of drugs implementing this BTDS
(Fig. 3C), it was interesting that the targeting results obtained by
the different methods were sometimes inconsistent (Fig. 3G), due
to individual differences alongside the accuracy and universality
of the test method; this was specifically observed in the differing
results obtained in vitro and in vivo in the VEGF, NECA and
borneol treated group. Crucially, only the data produced by the
pharmacodynamic results of brain detoxification can truly reflect
the therapeutic effect of the drug’s targeting system (Fig. 3C).
Therefore, it is strongly suggested that the pharmacodynamic
evaluation of central poisoning treatment could be used as the core
verification method to determine the central targeting of DS under
the provided conditions.

3.5. The mechanism of targeting the central nervous system

The mechanisms underlying the selective BBB opening strategy
were investigated. The initial targeting site was first investigated
using a Transwell cell barrier model in vitro. The POPS liposome
was stained with DIO (green) in the phospholipid membrane and
loaded with fluorescein Cy5 (red) for characterization of the
matrix and of the cargo penetration properties, respectively
(Fig. 4A). The Transwell model was also tested at 4 �C when the
cell uptake inhibited to investigate inter- and intra-cellular pene-
tration by measuring the fluorescence observed both in the lower
chamber and cell layer (Fig. 4B). The DIO fluorescence of bEnd.3
cells treated with PLA2 at 4 �C was higher than any other treated
groups, including at 37 �C; this proved that the POPS liposomes
could penetrate the barrier via tight junctions (TJs) in an inter-
cellular manner, even with cell uptake inhibition (Fig. 4C I).
Alternatively, no significant difference in Cy5 expression was
observed between any cells; this indicated that most hydrophilic
molecules that penetrated into cells leaked out from the cell layer
into the lower chamber without being stored (Fig. 4C II). In the
lower chamber, the group treated with POPS liposomes at 37 �C
showed the highest DIO (Fig. 4C III) and Cy5 (Fig. 4C IV)
fluorescence. Additionally, part of the POPS liposome could
maintain its particle morphology, even when passing into the cell
at 37 �C in all groups in the Transwell assays; specifically, this
was proven (Fig. 4C III) and illustrated (Fig. 4D I) by the
observation of penetrative DIO across all groups. The liposomes
could also penetrate intercellularly via TJs; however, phospholipid
of POPS entrapment would occur in the TJs, and only the loaded
hydrophilic content could continue through (Fig. 4D II).

In the improved Transwell system for efflux effect investigation
(Fig. 4E), the fluorescein in the test chamber significantly decreased
after treatment with efflux pump inhibitor (EPI) PSC833, whereas
the fluorescein expression in the low temperature-treated and un-
treated groups remained the same, whether or not PLA2 was added
(Fig. 4F I). Meanwhile, EPI did not increase the fluorescein storage
in bEnd.3 cells (Fig. 4F II). The central efflux could be effectively
inhibited by EPI, preventing the loss of existing cerebral molecules.
Therefore, drug delivery could be enhanced by inhibiting the efflux
pump to some degree; however, BTDS of POPS-PLA2 did not
interfere with the barrier efflux process.

More detailed investigation of the combination of PLA2 and
POPS liposomes was conducted to establish the specific potential
targets at the cell membrane and TJs. The TEM images about TJs
before and after POPS-PLA2 treated proved the BBB opening
directly (Supporting Information Fig. S5). Furthermore, propidium
iodide (PI) staining does not only reflect the occurrence of cell
apoptosis but is also a method used to assess the permeability of the
cell membrane40. The cell nuclei were only stained with PI when
treated with POPS combined with PLA2 (Fig. 4G), which resulted
in the penetration of PI through the membrane. However, no
staining was achieved when treating with POPS or PLA2 sepa-
rately. The other liposome materials, such as DPPC, DPPE, and
SOPC, combined with PLA2 showed no observable PI staining
(Fig. 4G). Alongside the bEnd.3 cells, other cell types were also
stained with PI when treated with the combination of POPS and
PLA2, except for Neuro-2a cells (Fig. 4H). However, the cause for
this exception in Neuro-2a cells is currently unknown and requires
further investigation. Additionally, the potential proteins affected in
TJs were investigated by Western blot analysis (Fig. 4I and J) and
immunofluorescence (Fig. 4K). After being treated with POPS-
PLA2, the expression of the TJ proteins ZO-1 and occludin
significantly decreased in TJs; this caused an increase in TJ
permeability and led to some nanoparticle transport into the brain.
And the combination of other opening materials with POPS did not
effectively reduce the expression of ZO-1 protein as show in
immunofluorescence (Supporting Information Fig. S6). Overall,
these results revealed that only the combined treatment of POPS
and PLA2 affected the permeability of the cell membrane, the
expression of ZO-1 and occludin in TJs, and promoted nanoparticle
transport across the cell barrier, as illustrated in Fig. 4D.

Pharmacodynamic evaluation of brain detoxification was
applied to more accurately indicate the target pathway. After
mixing with PSC833, the AAR from mice treated with the nano-
antidote of POPS-HI-6-PLA2 was significantly increased
(Fig. 5A), which was consistent with the Transwell results
(Fig. 4F). However, treatment with N-(p-amylcinnamoyl) anthra-
nilic acid (ACA; a PLA2 inhibitor) (Fig. 5B) and diphylline
(adenosine receptor inhibitor) (Fig. 5C) showed a remarkable
decrease in this detoxification effect; this indicated that the PLA2
enzyme activity and membrane permeability have an important
impact on brain delivery properties. It’s worth noting that the
PLA2 inhibitor was specific. The PLA2 from bee venom was
applied in our study, which was different from the exogenous
group II secretory PLA2 producing during inflammation or as an
endogenous snake venom. The inhibitor varespladib, selectively
inhibiting the latter ones41, had no influence on AAR (Fig. 5C)
when mixing with PLA2-POPS; this indicated that different types
of enzymes were independent with each other, and inhibiting one
PLA2 enzyme didn’t affect other types of enzymes. Without
PLA2 addition, no inhibitors showed any effect on increasing or
decreasing the ARR (SCH58261, adenosine A2A receptor

https://doi.org/10.1016/j.apsb.2023.11.015
https://doi.org/10.1016/j.apsb.2023.11.015


Figure 5 The investigation of factors influencing the interaction between POPS and PLA2. (AeC) The brain ARR when treated with PSC833,

PLA2 inhibitor ACA, adenosine receptor inhibitor diphylline, and PLA2 inhibitor varespladib combined with PLA2. Data are presented as

mean � SD (n Z 10). (D) The brain ARR when treated with different inhibitors but without PLA2. Data are presented as mean � SD (n Z 10).

(EeP) Schematic diagrams of different treatment methods of PLA2 and POPS interaction with the cell (left) and fluorescent images of PI staining

(right): (EeH) different mixing orders of PLA2 and POPS, (IeK) reaction components, (LeN) incubation temperatures, and (OeP) PLA2 in-

hibitors. Scale bar Z 50 mm. **P < 0.01; ****P < 0.0001 vs. indicated. n.s., not significant.

A mix & act brain delivery system 1837



Figure 6 The brain targeting active product generated by PLA2 catalytic reacted with POPS. (A, B) Fluorescent images of PI staining with

different concentrations of POPS and PLA2. (A) 800 mg/mL POPS, 0.05e2 U/mL PLA2. Scale bar Z 200 mm. (B) 2 U/mL PLA2,

100e1600 mg/mL POPS. (C) The FI of dye carried by POPS combined with PLA2 penetrating the cell layer of the Transwell model. Data are
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antagonist) (Fig. 5D); this effect further proved that PLA2 was key
for the BTDS.

The binding order between cells, POPS, and PLA2 should be
verified. The effects of adding components in a special order was
illustrated in Fig. 5EeH. If the cells were initially treated with
either POPS (Fig. 5E) or PLA2 (Fig. 5F) individually for 10 min,
and then the other component was added after removing the
former, the PI could not penetrate into the cell to stain the nucleus.
When POPS was combined with PLA2 for 10 min and this
mixture was added into the cell (Fig. 5G), the PI staining was
distinctly greater than that when POPS and PLA2 were added to
the cells simultaneously (Fig. 5H). These results demonstrated that
POPS or PLA2 alone did not interact effectively with the cells.
Specifically, PLA2 initially reacted with POPS to modify the
POPS liposome surface to enable its penetration ability; this
combination could then interact with corresponding cells. To
further proving this, the interaction of PLA2 with POPS was
characterized using ultrafiltration membrane technology (Fig. 5I).
After PLA2 reacted with POPS for 10 min, the reacted liposome
nanoparticles and reaction liquid, which may contain the mole-
cules formed by the PLA2-catalyzed cleavage of POPS, were
separated by ultrafiltration. These separated two products were
added into cells for PI staining, respectively. The cells maintain
the same state without PI-stained when mixing with the reaction
liquid (Fig. 5K), but stained when treated with the PLA2-reacted
liposome nanoparticles (Fig. 5J); this further proved that the active
ingredient for cell penetration remained on the nanoparticle, rather
than separated from the liposome, after PLA2 reacted with POPS.
Therefore, the final active delivery system was considered to be
the enzyme-catalyzed POPS liposomes.

The factors influencing the delivery of POPS-PLA2 were also
investigated. The penetration process was tested with different
temperatures and inhibitors in stages (Fig. 5LeP). PLA2 still
catalyzed the POPS nanoparticles even when the enzyme activity
was inhibited by a low temperature of 4 �C (Fig. 5L), which was
consistent with the releasing results (Fig. 1G). However, when the
cell was treated at 4 �C (Fig. 5M and N) or the enzyme was
inhibited by the suitable inhibitor ACA (Fig. 5O), the red PI
fluorescence is hardly observed. The specificity of the PLA2 in-
hibitor was been proved again using the PI staining signal from the
inhibitor varespladib-treated group (Fig. 5P), which was similar to
the results in Fig. 5B and C. These results demonstrated that both
the cell endocytosis and enzyme activity determined the efficacy
of drug delivery; specifically, the influence of temperature on
endocytosis was stronger than that of the PLA2 enzyme activity.

The dose-effect relationship of each component was also
evaluated. At the cellular level, the increase in POPS enhanced
cell permeability, indicated by an increase in PI red fluorescence
(Fig. 6A); however, this change was not very strong, leading to a
small amount of cell damage. However, cell penetration was
enhanced sharply with an increase in PLA2 dose (Fig. 6B),
leading to more liposome penetration through the cell barrier
presented as mean � SD (nZ 3). (D) The FI of dye delivered into the brain

PLA2. Data are presented as mean � SD (n Z 8). (E) Schematic illustra

acids by PLA2 catalytic decomposition. (F, G) Fluorescent images of PI st

analysis of PI-stained image data for different lysophospholipids. Scale bar

of PL with PLA2. (I) Association and dissociation steps were divided by the

as mean � SD (n Z 3). **P < 0.01; ****P < 0.0001 vs. indicated. n.s.,
layer into the lower chamber (Fig. 6C) also as proved in the
Transwell system. Additionally, Transwell analysis of the PLA2
enzyme (Fig. 6C) showed no obvious dose-dependent relation-
ship with the permeability of nanoparticles into the barrier layer,
but the POPS-PLA2 effect occurred after 10 min. However,
in vivo, an optimal dose of PLA2 (2.5 U) was established for
improving efficacy regarding this targeting effect (Fig. 6D),
which differed with the Transwell assay results. Overall, the
PLA2 enzyme activity and dosage have a crucial influence on
drug penetration into cells.

Finally, the active compounds from the POPS were determined
in this study. PLA2 could break the sn-2 bond of a phospholipid
(Fig. 6E) to produce a corresponding lysophospholipid (Lyso-PL)
and fatty acids (FAs), such as oleic acid. Each component was
measured using PI staining. The FAs, including oleic acid and
palmitic acid, could not affect the permeability of the cell mem-
brane (Fig. 6F). In contrast, lysophosphatidylcholine (LPC) and
lysophosphoethanolamine (LPE), the products from phosphati-
dylcholine (PC) and phosphoethanolamine (PE), could slightly
open the cell membrane, leading to PI staining of the nucleus
when the concentrations were high, at 100 and 500 mg/mL,
respectively (Fig. 6G). Lysophosphatidyl serine (LPHS) had the
greatest impact on membrane permeability. T type 16:0 LPHS
resulted in a PI-stained nucleus even with a dosage of 20 mg/mL;
however, many cells underwent apoptosis following treatment
with 200 mg/mL of LPHS. Contrastingly, type 18:1 LPHS had
only a small effect when the concentration reached 500 mg/mL
(Fig. 6H). Further data have demonstrated that PLA2 had the
strongest binding force with PS lipid (POPS, DMPS, DPPS),
followed by PC then PE (Fig. 6I and J). These two series exper-
iments established why DPPC and other materials did not work as
BTDS despite these compounds having the potential to produce
effective cell penetration lyso-material. These results also revealed
why POPS had the strongest efficacy in targeting the brain.

The relationship between POPS and PLA2 was further inves-
tigated in vivo. PLA2 was labeled with fluorescent dyes FITC or
Cy7 for effective monitoring and measurement. First, no signifi-
cant green fluorescence form PLA2-FITC in the brain pathology
was observed in Fig. 7A, indicating that PLA2 didn’t locate or
penetrate into the brain. And then the organs of live fluorescence
images (Fig. 7B and C) of animals injected with PLA2-Cy7 and
POPS-Cy7, respectively, reflected that the PLA2 didn’t bind with
POPS liposome and circulated together. The POPS liposome
tended to accumulate in the lungs, while proteins of PLA2 tended
to accumulate in the livers. In the blood, the content of PLA2-Cy7
gradually decreases after reaching its peak within an hour,
whereas that of POPS continues to decrease during the whole
monitoring period (Fig. 7D). Finally, administering a mixture of
POPS and PLA2 simultaneously, or administering POPS and
PLA2 in different orders, did not show any significant differences
in the amount of substance transported into the brain as revealed in
Fig. 7E. All of evaluations in vivo reflected that liposomes (POPS)
of mice treated with POPS combined with different concentrations of

tion of phospholipids (PL) converted into lysophospholipids and fatty

aining of (F) fatty acids and (G) lysophospholipids. (H) Concentration

Z 200 mm. (I, J) Wavelength shift during the binding and dissociation

dotted line. (J) The binding ratio of PL with PLA2. Data are presented

not significant.



Figure 7 The relationship between POPS and PLA2 in vivo. (A) The brain fluorescence pathology of mice administrated with PLA2-FITC

during 24 h. Scale bar Z 200 mm. (B,C) The main live organs of live fluorescence images (B) and corresponding fluorescence intensity

(C) of animals injected with PLA2-Cy7 and POPS-Cy7. (D) The fluorescence intensity in blood. (E) The fluorescence intensity (FI) of dye FLU

delivered into the brain of mice treated with different administration orders. Data are presented as mean � SD (n Z 3) (n.s., not significant).
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Figure 8 The brain targeting effect and biocompatibility of other

PS materials. (A) The FI of dye delivered into the brain of mice

treated with different PS combined with PLA2. Data are presented as

mean � SD (n Z 8). (B) The brain ARR when treated with different

PS combined with PLA2. Data are presented as mean � SD (n Z 8)

(**P < 0.01; ****P < 0.0001 vs. indicated). (C and D) Fluorescent

images of PI staining with (C) DMPS and (D) DPPS. Scale

barZ 50 mm. (E and F) Images of a suspension of DPPS and hydrogel

of DMPS. (G) The number of animal deaths following administration

with POPS or DMPS at various doses (n Z 6).
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and proteins (PLA2) circulate and metabolize independently in the
body, and the order of administration of the two components
didn’t significantly affect the overall brain target effect.

Other PS materials were investigated to verify the prior
findings. The brain targeting effect of DMPS and DPPS combined
with PLA2 was measured from cell to mice. All PS could
transport drugs into the brain with the help of PLA2 (Fig. 8A),
leading to strong brain detoxification against organophosphorus
(Fig. 8B). In PI staining, DMPS showed successful nucleus
staining when combined with PLA2 (Fig. 8C). Owing to the high
PIT and relatively rigid rod molecular structure of DPPS, this
material was hard to prepare for liposomes, leading to poor
dispersion and formation of a film that covered the cells
(Fig. 8D); DPPS was also prone to agglomerate, forming a
flocculent precipitate (Fig. 8E). After a week of storage, DMPS
liposomes formed a stable gel and were unable to disperse
(Fig. 8F). Next, the lethal dosage evaluation was conducted.
When the intravenous dose reached 80 mg/kg, all animals in the
DMPS group died, whereas all animals in POPS group survived
(Fig. 8G). Overall, these results revealed that different types of
PS could carry drugs across the BBB with the help of catalysis of
PLA2; nonetheless, POPS was the best candidate for the BTDS
owing to its relatively higher safety than DMPS and easier
preparation than DPPS.

3.6. BTDS safety

PLA2 is an early biomarker and accelerator for inflamma-
tion42,43; the application of PLA2 must be within a safe and
reliable dose range. Treatment with PLA2, POPS and all the
opening materials alone were determined to be safe, as indicated
by Cell proliferation and toxicity analysis (Fig. 9A and B,
Supporting Information Fig. S7) and pathology of main organs
(Supporting Information Fig. S8). Although POPS-PLA2 influ-
enced integrity, no apoptosis occurred following treatment with
POPS (800 mg/mL) combined with PLA2 below 0.0156 U/mL or
PLA2 (0.1 U/mL) combined with POPS below 0.2 mg/mL
(Fig. 9C). Beside cytotoxicity, the evaluation of erythrocyte he-
molysis in vitro reflected the same process (Fig. 9D and E).
POPS combined with the PLA2 caused hemolysis only if the
treatment concentration was above 0.024 mg/mL POPS and
0.3 U/mL PLA2 (Fig. 9E). All of the individual components,
including the reactivator HI-6, were considered to be safe for
cells (Fig. 9E). In animal models determined via blood
biochemistry (Fig. 8FeH), only aspartate aminotransferase
(AST) levels were abnormal when rats were treated with a high
dosage of PLA2 (50 U) with POPS (Fig. 9G). The corresponding
pathology results confirmed that no damage was observed in the
main organs when the combination of POPS and PLA2 was used
at a safe concentration (POPS 8 mg/mL, PLA2 50 U/mL; Fig. 9I
and Supporting Information Fig. S9).

Evaluating the lethality of each component in mice showed
that PLA2 and POPS alone did not cause animal death at
25e400 U/mL and 2e16 mg/mL, respectively (Fig. 9J). When the
two components were mixed, the mixture would cause death at
concentrations greater than 8 mg/mL for POPS and 200 U/mL for
PLA2. When treated with PLA2 alone under 1000 U, the rat was
considered to be safe, with the BBB maintaining its barrier
function, which inhibited the transport of molecules into the brain.
Beyond the safe dosage of PLA2, the animal would die, due to a
dysfunctional BBB and large amounts of molecules penetrating
the brain (Fig. 9K). In the studied drug delivery system, the
concentrations of the two components we used were determined to
be within the safe range.

The persistence and restorability of POPS-PLA2 were also key
for BTDS safety. Cells stained with PI were used to determine the
recovery time after POPS-PLA2 treatment (Fig. 9L). Then, 2 h
after stimulation from POPS-PLA2, PI could no longer penetrate
the cell membrane to stain the nucleus due to the recovery of
membrane integrity (Fig. 9M) and the molecules couldn’t pene-
trate through the bEnd.3 cell layer in BBB Transwell system
totally after 24 h (Supporting Information Fig. S10). The
following results demonstrated that combining POPS with PLA2
was safe in the concentration we used for brain target delivery;



Figure 9 The safety evaluation of POPS and PLA2. (AeC) Viability of bEnd. 3 cells treated with (A) PLA2 alone, (B) POPS alone, or (C)

POPS combined with PLA2. Data are presented as mean � SD (n Z 6). (D and E) Erythrocytic hemolysis of cells treated with (D) PLA2

(0.125e2.5 U/mL), POPS (0.04e0.8 mg/mL), (E) PLA2 (0.025e0.075 U/mL), POPS (0.008e0.024 mg/mL), or HI-6 (0.003e0.009 mg/mL).

Data are presented as mean � SD (n Z 3). (FeH) Blood biochemistry of (F) blood urea nitrogen (BUN), (G) AST, (H) alanine transaminase

(ALT) in mice treated with POPS combined with PLA2. Data are presented as mean � SD (n Z 3). (I) Images of H&E-stained liver, lung, and

kidney sections. Scale barZ 200 mm. (J) Lethality of POPS, PLA2, and POPS combined with PLA2 at various concentrations (nZ 6). (K) The FI

of dye delivered into the brain of mice treated with PLA2 at various concentrations. Data are presented as mean � SD (n Z 8). (L) Schematic

diagram evaluating the recovery time after POPS combined with PLA2 after interacting with cells for 10 min and (M) corresponding fluorescent

images of PI staining (n.s., not significant). Scale bar Z 50 mm.
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additionally, the BBB opening process activated by this combi-
nation was reversible.

4. Conclusions

In this study, the strategy of selectively opening the BBB was pro-
posed with the construction of a BTDS, using an ultra-simple
structure and components. Based on the screening of BBB opening
and matrix delivery materials, the strongest candidate was the
combination of POPS liposomes and PLA2, which effectively
transport molecules into the brain. The mechanism responsible for
this was identified, showing that the enzyme PLA2 catalyzed the
POPS liposome into LPS nanoparticles immediately, which allowed
for efficient delivery of drugs into the brain. During this process, the
BBB consistently exhibited a comprehensive inhibitory effect
against all molecules, permitting only the passage of LPS nano-
particles into the brain. The utilization of POPS and PLA2 in
combination was found to be both safe and effective at a specific
dosage., and cells treated with these twomaterials displayed prompt
restoration. Most PS observed in this study capable of effectively
transporting drugs across the BBB into the brain when combined
with PLA2. This demonstrated a significant advantage over other
liposome materials, such as PC and PE. Specifically, POPS was the
optimumPSmaterial owing to its high safety and stable preparation.
By utilizing this BTDS, a novel brain-targeted nano-antidote was
efficiently prepared. This BTDS possessed the most effective
detoxification effect against organophosphorus poisoning, sur-
passing any previously observed effects. Further, the BTDS created
using this strategy exhibited an ultra-simple structure and can be
efficiently manufactured in large quantities while maintaining strict
quality standards. In brief, the combination of POPS and PLA2
presents a highly encouraging therapeutic delivery system for
addressing central nervous system disorders.
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