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Enzyme-armed nanocleaner provides superior
detoxification against organophosphorus
compounds via a dual-action mechanism
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Abstract

By inhibiting acetylcholinesterase (AChE) activity, organophosphate compounds (OPs) can quickly cause severe
injury to the nervous system and death, making it extremely difficult to rescue victims after OP exposure.
However, it is quite challenging to construct scavengers that neutralize and eliminate these harmful chemical
agents promptly in the blood circulation system. Herein, we report an enzyme-armed biomimetic nanoparticle
that enables a ‘targeted binding and catalytic degradation’ action mechanism designed for highly efficient

in vivo detoxification (denoted as ‘Nanocleaner’). Specifically, the resulting Nanocleaner is fabricated with
polymeric cores camouflaged with a modified red blood cell membrane (RBC membrane) that is inserted with
the organophosphorus hydrolase (OPH) enzyme. In such a subtle construct, Nanocleaner inherits abundant
acetylcholinesterase (AChE) on the surface of the RBC membrane, which can specifically lure and neutralize OPs
through biological binding. The OPH enzyme on the membrane surface breaks down toxicants catalytically. The
in vitro protective effects of Nanocleaner against methyl paraoxon (MPO)-induced inhibition of AChE activity were
validated using both preincubation and competitive regimens. Furthermore, we selected the PC12 neuroendocrine
cell line as an experimental model and confirmed the cytoprotective effects of Nanocleaner against MPO. In mice
challenged with a lethal dose of MPO, Nanocleaner significantly reduces clinical signs of intoxication, rescues
AChE activity and promotes the survival rate of mice challenged with lethal MPO. Overall, these results suggest
considerable promise of enzyme-armed Nanocleaner for the highly efficient removal of OPs for clinical treatment.
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Introduction
Cases of poisoning by lethal chemical substances have
become a potent healthcare issue worldwide. Organo-
phosphorus compounds (OPs) are widely used as pesti-
cides, insecticides and even chemical warfare agents [1].
According to the World Health Organization, 200,000
people per year in developing countries died of OPs pes-
ticide poisoning [2]. After OPs exposure, acetylcholines-
terase (AChE) is irreversibly inactivated, leading to the
accumulation of acetylcholine (ACh). Such accumulation
has various neurotoxic effects throughout the nervous
system [3]. Although acute lethality can be effectively
prevented and intoxication signs can be alleviated after
the prompt application of traditional medical counter-
measures, including atropine, oxime reactivators and
anticonvulsants, the effects of OPs (convulsions, inca-
pacitation, performance deficits, and permanent brain
damage) are still devastating [4]. In addition, some seri-
ous side effects make the application of these classic anti-
dotes challenging [5]. Therefore, effective detoxification
of OPs poisoning is of great importance to human health.
Bioscavenger therapy has emerged as an efficacious
countermeasure to detoxify OPs in vivo. In general, these
bioscavengers function either by stoichiometric neutral-
ization with OPs (mole-to-mole binding) or by catalytic
facilitation of OPs hydrolysis. For instance, the thera-
peutic potential of the human plasma enzyme butyryl-
cholinesterase (HuBChE) is derived from the ability of
the enzyme to stoichiometrically scavenge OPs nerve
agents. Animal studies in guinea pigs have revealed that
intravenous administration of large doses of HuBChE
confers protection against soman and VX [6]. Further-
more, it has been estimated that 200 mg of HuBChE can
protect humans against 2 times the LDg, of soman [7].
However, HuBChE has quite a low efficiency in OPs scav-
enging because of its stoichiometric binding mechanism.
The application of high-efficiency catalytic enzymes to
hydrolyse OPs in the blood has received broad interest
and is considered to be relatively advantageous compared
to the use of stoichiometric binding partners [8]. As an
organophosphotriester hydrolysing enzyme originally
isolated from soil bacteria, organophosphorus hydrolase
(OPH) effectively hydrolyses a range of organophosphate
esters. However, the OPH enzyme is rapidly cleared by
the immune system and exhibits a short circulating half-
life (<1 h in rodents) if administered intravenously [9,
10]. Thus, OPH requires extraordinary drug doses and
frequent administration, and furthermore, it is unable to
exhibit a protective effect. Therefore, there is an unmet
need to develop new strategies to improve the catalytic
activity and stability of these OPHs in vivo. The urgent
need for safe and effective detoxification has prompted
the development of OP bioscavengers to neutralize or
remove toxicant molecules.
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Recently, cell membrane coatings have gained momen-
tum as therapeutic nanotechnologies that endow a series
of synthetic materials with cell-like functions, resulting
in biomimetic designs with multiple biological func-
tions [11]. Cell membrane-coated nanoparticles inherit
the surface merits of source cells and thus bear unique
biological functions. For example, nanoparticles coated
with red blood cell (RBC)-derived membranes could
act as decoys to capture toxic chemical agents, bacte-
rial toxins and pathological autoantibodies [4, 12, 13].
These membrane-coated nanoformulations divert haz-
ardous substances away from and prevent their attack
towards healthy RBCs. Furthermore, those cloaked
with macrophages, neutrophils and lung epithelial cells
can target and absorb a wide range of pathological tox-
ins, proinflammatory cytokines and pathogens [14—16].
The sequestration mechanism by which the membrane
endows the nanoparticles for detoxification is the stoi-
chiometric binding between the toxicants and the cell
membrane [17]. However, this stoichiometric bind-
ing mechanism has quite low efficiency and is unable
to achieve high detoxication against lethal organophos-
phates and other chemicals [18].

To achieve in vivo interception of toxic OPs in the
bloodstream, we developed a novel nanoparticle cloaked
with an OPH enzyme-armed RBC membrane, herein
denoted as ‘Nanocleaner, to serve as a bioscavenger
against OPs and protect AChE in the peripheral organs
and central nervous system. In this study, Nanocleaner
provided a dual-modal detoxification, including stoi-
chiometric binding and facilitation of the hydrolysis of
OPs that would otherwise attack self-generated RBCs.
Using methyl paraoxon (MPO) as the model OP, the
dual-action mechanism of Nanocleaner was validated
using a series of in vitro assays, including MPO hydro-
lysis test and AChE protection assays in two regimens.
It also shows cytoprotective effects against OP attack in
vitro, including maintaining the equilibrium of the mito-
chondrial membrane potential and attenuating excessive
ROS production in the neuroendocrine cell line PC12.
In a mouse intoxication model, intravenously injected
Nanocleaner efficiently reduced clinical signs of intoxica-
tion and improved mouse survival in a dose-dependent
manner. In addition, the results of blood cell analysis,
comprehensive metabolic panels and histologic exami-
nations of major organs demonstrated that Nanocleaner
has satifactory biosafety. The superior detoxification per-
formance and therapeutic potential in treating OP poi-
soning suggest the great potential of Nanocleaner as a
promising bioscavenger.
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Materials and methods

Reagents

DSPE-PEGyy,,-NHS was obtained from Ruixi Biologi-
cal Technology (Xi'an, China). OPH (EC3.1.8.1, UniProt
ID Q5W503) was obtained from Schengenbiya Bioen-
gineering Technology (Beijing, China). Carboxy-termi-
nated poly(D, L-lactide-co-glycolide) acid (PLGA, 50:50,
My, = 15000) was obtained from the Institute of Medi-
cal Instruments (Shandong, China). Methyl paraoxon
(MPO, purity 98.9%) was obtained from CATO Research
Chemicals (Guangzhou, China). Isopore™ hydrophilic
polycarbonate porous membranes, polyvinylidene fluo-
ride (PVDF) membranes and Immobilon western chemi-
luminescent HRP substrate were obtained from Milipore
Corporation (Billerica, MA, USA). A bicinchoninic acid
(BCA) assay kit, a cell plasma membrane staining kit with
1,1’-dioctadecyl-3,3,3}3’-tetramethylindocarbocyanine
perchlorate (Dil), 1,1’-dioctadecyl-3,3,3,3’-tetramethylin-
dodicarbocyanine, 4-chlorobenzenesulfonate salt (DiD)
and a mitochondrial membrane potential assay kit with
5,6,6'-tetrachloro-1,1;3,3-tetraethylbenzimidazolylcarbo-
cyanine iodide (JC-1) were obtained from Beyotime Bio-
technology (Shanghai, China). A gel fast preparation kit
and multicolor prestained protein ladder were obtained
from Epizyme Biomedical Technology (Shanghai, China).
Anti-CD47 (ab218810) and anti-GAPDH (ab185059)
goat anti-rabbit IgG H&L (HRP) (ab205718) antibodies
were obtained from Abcam (Cambridge, UK). WB ultra-
sensitive ECL luminescent liquid was obtained from Invi-
gentech (CA, USA). Fluorescein isothiocyanate, isomer
1 (FITC) was obtained from Heowns Biochemical Tech-
nology (Tianjin, China). Acetylthiocholine iodide was
obtained from Sigma-Aldrich (MO, USA). 5,5’-Dithiobis-
(2-nitrobenzoic acid) (DTNB) was obtained from BioR-
uler (CT, America). Dulbecco’s modified Eagle’s medium/
nutrient mixture F-12 (DMEM/F-12, 11330-032), fetal
bovine serum (FBS) and horse serum were obtained from
Gibco (NY, USA). A cell counting kit-8 (CCK-8) was
obtained from Biosharp (Anhui, China). 2}7’-Dichloro-
dihydrofluorescein diacetate (DCFH-DA) was obtained
from MedChemExpress (NJ, USA). The optimal cut-
ting temperature compound (O.C.T.) was obtained from
Sakura Tissue-Tek (USA). H&E staining kit was obtained
from Leagene Biotechnology (Beijing, China). All other
chemical reagents were obtained from Chemical Reagent
Company (Tianjin, China).

Animal use and care

Male ICR mice (6—8 weeks old, 20-25 g) were purchased
from HFK Bioscience. Co., Ltd. (Beijing, China). The use
of experimental mice was approved by the Animal Exper-
iments Ethical Committee of the Tianjin Institute of
Environmental and Operational Medicine. Animals were
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housed in individually ventilated cages (IVC) and were
provided food and water.

Derivation of mouse erythrocyte membranes

The RBC membranes were obtained according to a pre-
vious report [4]. Briefly, collected mouse RBCs were
washed with cold 1 x PBS three times at 800 x g for 5 min
and then suspended in hypotonic 0.25 X PBS on ice for
20 min for hemolysis using refrigerated microcentrifuges
(Microfuge 20R, Beckman Coulter Life Science, USA).
The mixture was then centrifuged at 10,000 X g for 5 min.
The hypotonic treatment was repeated three times, and
the pink RBC ghosts were collected. The collected mem-
brane was aliquoted and stored at -80 °C for subsequent
studies. The membrane protein concentration was quan-
tified by a BCA protein assay kit. One milliliter of whole
blood yielded approximately 6 mg of cell membrane (pro-
tein weight).

OPH conjugation on RBC membranes

OPH was conjugated to the DSPE-PEG,;,-NHS linker
according to a previous report with slight modifications
[19]. Briefly, 50 mg of OPH was dispersed in 50 mL of
PBS, fully dissolved and transferred to a reaction flask.
Subsequently, 250 mg of DSPE-PEG,,,-NHS was added,
and the mixture was stirred overnight at 4 °C. Finally,
the unreacted DSPE-PEG,,,-NHS and free OPH were
removed by ultrafiltering and washing 3 times using an
Amicon centrifugal filter device (Millipore, UFC901096,
USA) with a MWCO of 10 kDa at 4 °C for 15 min. The
purified DSPE-PEG-OPH and OPH were analysed by
native PAGE. Fourier transform infrared (FT-IR) spectra
of DSPE-PEG-OPH, DSPE-PEG-NHS and OPH were col-
lected and compared using OMNIC Mercury TGA soft-
ware (Nicolet™ iS50 FT-IR, Thermo Scientific, USA).

Then, the OPH enzyme-armed RBC membrane was
prepared by mixing the DSPE-PEG-OPH solution and
RBC membrane suspension, followed by incubation at
4 °C for 24 h. The mixture was washed 3 times with PBS
to remove unbound DSPE-PEG-OPH and free OPH. To
further concentrate the OPH-armed RBC membranes,
the mixture was further centrifuged at 10,000 x g at 4 °C
for 15 min, followed by washing and resuspension in 2
mL of PBS.

To obtain an optimized input concentration, RBC
membranes and DSPE-PEG-OPH conjugates were mixed
in different proportions (10:1, 10:2, 10:4, 10:6 and 10:8,
w/w). After modification, the activities of the OPH-RBC
membrane conjugates were calculated according to the
concentration of para-nitrophenol (PNP). In brief, 100
puL of OPH-RBC membrane conjugates (0.4 mg/mL)
and 100 puL of MPO (0.25 mg/mL) were added to 300 uL
of HEPES buffer solution (pH 8.0, 50 mM). After being
incubated at 37 °C for 5 min and 15 min, the reaction was
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terminated by the addition of 100 pL trichloroacetic acid
(TCA, 10 wt%) in an ice and water bath. The mixture was
immediately centrifuged (10,000 X g) at 4 °C. Then, 50 pL
of Na,CO; (10 wt%) was added to 300 pL of the superna-
tant for colorimetric detection at 409 nm.

Preparation of nanocleaner

Biodegradable PLGA nanoparticles were prepared by
a nanoprecipitation method reported previously [20].
First, 50:50 carboxy-terminated PLGA was dissolved
in acetone at a concentration of 10 mg/mL. A 1 mg/mL
solution was rapidly added to 3 mL of ultrapure water. To
remove the acetone, the solution was stirred for 2 h and
then placed in a 25 °C vacuum drying oven for 8 h. The
solution of the nanoparticle suspensions was adjusted
to 1 x PBS using 10 x PBS. Then, the PLGA solution was
mixed with a suspension containing OPH enzyme-armed
RBC membranes (polymer: membrane protein weight
ratio=1:1). The mixture was then sonicated for 15 min on
a probe sonicator (SCIENTZ-750 F, Ningbo Scientz Bio-
technology, China) at a power of 105 W with 2 s on and
1 s off and subsequently extruded sequentially through
400 and 200 nm polycarbonate porous membranes (Mil-
lipore, USA) on an extruder (Nayi Instrument Technol-
ogy, China) to form Nanocleaner. To determine the
content of OPH enzyme on the Nanocleaner, the mixture
was centrifuged and ultrafiltered to collect nanoparticles
and the concentration of unbound OPH molecules in the
supernatants was calculated according to the concen-
tration of its catalytic product at 409 nm. Nanocleaner
was resuspended in PBS solution (1x) and then injected
intravenously for in vivo treatment with MPO intoxica-
tion. For the preparation of RBC-NPs, RBC membranes
and PLGA cores were mixed, sonicated and extruded as
described above.

To determine whether OPH conjugates were anchored
on the membranes, OPH was fluorescently labelled with
FITC dye (green) according to a previous study [21] and
then conjugated with DSPE-PEG,,,-NHS. Meanwhile,
RBC membranes were labelled with Dil dye (orange
red) following the vendor’s protocol. For the prepara-
tion of fluorescently labelled Nanocleaner, dye-labelled
RBC membranes and DSPE-PEG,,,-OPH-FITC were
mixed, washed, sonicated and extruded. The Nanoclean-
ers labelled with dual immunofluorescence were immo-
bilized in glycerol and visualized on a laser scanning
confocal microscope (LSCM, Zeiss LSM710, Germany).

Physicochemical characterization
To further confirm the coating, nanoparticles were
stained with uranyl acetate and visualized using trans-
mission electron microscopy (TEM, FEI 200X, USA) to
visualize the core-shell structure.
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The hydrodynamic diameter, polydispersity index (PDI)
and surface { potential of Nanocleaner with a suitable
concentration were measured via dynamic light scatter-
ing (DLS, NanoBrook 90Plus PALS, USA). The colloi-
dal stability of Nanocleaner was examined in 1 X PBS,
followed by measuring the sizes for 5 consecutive days.
PLGA NP and RBC-NP served as controls.

Gel electrophoresis and western blotting

Native-PAGE was performed using a 10% separating gel,
and the gels were stained with Coomassie blue dye and
discoloured with a methanol solution-acetic acid mixture
and deionized water.

To confirm the presence of CD47 on the surface of
the nanoparticles, anti-CD47 antibodies were used for
western blotting. Samples containing RBC ghosts, RBC-
NP, and Nanocleaner were denatured in protein sample
buffer containing 2-mercaptoethanol, a reducing agent,
and loaded on an 8% polyacrylamide gel in Tris-glycine
(Laemmli) SDS running buffer. The samples were run
at 80 mV for 20 min and 120 mV for 60 min. The pro-
teins were then transferred onto polyvinylidene fluoride
(PVDF) membranes at 220 mA for 80 min, blocked with
milk at 25 °C for 1 h, and incubated with the primary
antibodies CD47 and GAPDH at 4 °C overnight. Finally,
the PVDF membranes were further incubated with a rab-
bit anti-mouse IgG horseradish peroxidase (HRP) con-
jugate. The stained PVDF membrane was subjected to
enhanced chemiluminescence (ECL) and photographed
by a bolt and gel imager (Amersham Imager 680, General
Electric Company, USA).

In vitro hydrolase activity

3 mL of aqueous PBS solution (1 X) containing MPO
(1 mg/mL) Nanocleaner at various concentrations
(0.01-1 mg/mL) was incubated at 37 °C, and 1 mg/mL
RBC-NP and 6.08 nmol/mL free OPH were used as con-
trols. At each predetermined time point, 50 pL of solu-
tion was collected and diluted by the addition of 150 pL
of PBS. The reaction was then terminated by the addi-
tion of 100 uL of trichloroacetic acid (10% w/v) and cen-
trifuged at 14,000 rpm at 4 °C for 5 min. Then, 50 puL of
Na,CO; (10% w/v) was introduced into 100 pL of the
supernatant for colorimetric reaction. The absorbance
of the supernatant at 409 nm was recorded by using a
pQuant microplate spectrophotometer (BioTeK, USA).
The absorbance and catalytic product amount were
determined according to standard curves.

In vitro protection of AChE against MPO

The half maximal inhibitory concentration (ICy,) was
first identified as the concentration at which MPO inhib-
ited 50% of AChE activity in RBC ghosts. One hundred
microliters of PBS (1 %, pH 7.4) containing 2.5% (v/v)
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RBC ghosts was mixed with various concentrations of
MPO solution. AChE activity was plotted and fitted with
a dose-response—inhibition curve. To investigate the pro-
tective effect of Nanocleaner on AChE activities under
MPO exposure, tests were carried out with two regimens.
In a preincubation regimen, 10 uL of MPO solution (final
concentration: 1.435 mg/mL) was mixed with 100 pL of
nanoparticles at various concentrations. After incubation
for 15 min, the solutions were centrifuged at 14,000 X g
for 30 min, and the nanoparticles were removed. 90 uL of
supernatant was collected, added to 10 pL of 2.5% (v/v)
RBC ghost and incubated at 37 °C for 30 min. Pellets of
RBC ghost were collected by centrifugation at 2000 rpm
for 10 min to measure AChE activity.

In a competitive regimen, 100 pL of PBS (1 X, pH 7.4)
containing 4 mg/mL Nanocleaner and 2.5% (v/v) RBC
ghosts was incubated with a gradient concentration
of MPO at 37 °C for 30 min. RBC ghosts were pelleted
and harvested by centrifugation at 2000 rpm for 10 min,
while the supernatant containing nanoparticles and MPO
was discarded.

The AChE activity assay was based on Ellman’s method
described in a previous report [22, 23]. The pellets of
fresh RBC ghosts were suspended in 100 pL of PBS.
Then, 40 pL of RBC membrane resuspension solution
and 60 pL of aqueous working solution (50 mM Tris-HCI,
20 mM KCl, 2 mM DTNB, and 2 mM acetylthiocholine
iodide) were added to a 96-well plate, and the absorbance
of each well at 412 nm was recorded at the beginning and
end of incubation at 37 °C for 20 min.

Hemolytic test

In brief, 100 pL of nanoparticles (4 mg/mL) was added to
100 pL of fresh red blood cells from mice, and the volume
was adjusted to 1 mL with sterile PBS (1 %, pH 7.4). One
hundred microliters of blood mixed with 900 uL of PBS
served as the negative control, and an equivalent volume
of blood mixed with 900 pL of PBS containing 100 mg
of ammonium chloride was used as the positive control.
After incubation at 37 °C for 90 min, the solutions were
centrifuged at 10,000 x g for 10 min. The absorbance at
543 nm was recorded using a plate reader.

In vivo treatment with MPO intoxication

The lethal dose 100% (LD,,) was determined by observ-
ing the survival of ICR mice after 30 min of treatment
with various doses of MPO (2.7-3.0 mg/kg) via intraperi-
toneal injection. To examine the therapeutic efficacy of
Nanocleaner, the mice randomized to three groups of 6
mice. Each group of mice was intraperitoneally admin-
istered with MPO at an LD, (2.9 mg/kg). After MPO
exposure, Nanocleaner treatment group immediately
received a tail vein intravenous injection of 50-200 mg/
kg of Nanocleaner, while the RBC-NP treatment group
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received 50-100 mg/kg of RBC-NP. The control group
received an equivalent amount of saline. In addition,
according to the quantitative results of OPH content on
the Nanocleaner, OPH group received injection of OPH
(340.28, 608.57 and 1217.14 nmol/kg).

Typical symptoms of MPO poisoning and survival
rate were monitored. The scoring criteria for the intoxi-
cation score are shown in Table S1, in which each syn-
drome contributes a score of 1, with a maximum score
of 4. In addition, 50 pL of blood was collected from each
mouse by puncturing the retro-orbital venous plexus
15 min after MPO injection or cardiac puncture immedi-
ately after death. RBC ghosts were then derived from the
collected blood, and the AChE activity of 10 pL of RBC
ghosts was measured and compared to that of normal
mice.

Cell cultures

The PC12 neuroendocrine cell line was cultured in Dul-
becco’s modified Eagle medium/nutrient mixture F-12
(DMEM/F-12) medium supplemented with 1% penicil-
lin-streptomycin solution, 5% fetal bovine serum (FBS)
and 5% house serum at 37 °C with 5% CO, in a constant
temperature incubator.

In vitro cytotoxicity assay

A cell counting kit-8 (CCK-8) assay was utilized to deter-
mine the cytotoxicity of Nanocleaner and RBC-NP over
the course of 12 h. PCI12 cells (3x10% 100 pL) were
seeded into 96-well plates (coated with poly-L-lysine)
and cultured at 37 °C with 5% CO, for 24 h. Then Nano-
cleaner and RBC-NP in different concentrations were
added, and the cells were cocultured for 12 h. Then, the
medium was removed, and 100 pL of medium contain-
ing 10% CCK-8 (v/v) was added to each well. After incu-
bating for 1 h, the OD,;, was recorded in a microplate
reader. Cell viability (%) = (A Trated A blank/A control~ A
blank) X 100%, where A ;. is the absorbance of medium
containing CCK-8, and A [ueq a0d A coneol FEPresent
the absorbance values with and without Nanocleaner
treatment and RBC-NP, respectively.

Mitochondrial membrane potential assay

PC12 cells were seeded on top of poly-l-lysine-coated
glass coverslips (¢=15 mm, NEST Biotechnology, Wuxi,
China) in 24-well plates at a density of 2.5x10° cells
per well. The plates were placed into a CO, incubator
and incubated for 24 h to firmly attach to the cover-
slips. Subsequently, the cells were incubated in 500 pL
of medium supplemented with MPO (5 pg/mL), MPO
(5 pg/mL)+Nanocleaner (50, 500 ug/mL) or MPO (5 pg/
mL)+RBC-NP (50, 500 pg/mL) for 6 h. Blank medium
without MPO or nanoparticles served as the control
group. After the medium was removed, JC-1 dye was
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added, and the cells were incubated and washed accord-
ing to the manufacturer’s instructions. Green and red
fluorescence images were recorded and visualized using
a fluorescence microscope (Leica DM4B, Germany). The
fluorescence intensity was quantified by Image] (NIH,
USA).

Intracellular ROS detection

PC12 cells (0.5 mL, 2.5x10° cells) were seeded on coated
glass coverslips for 24 h. After incubation with MPO (5
pg/mL), MPO+Nanocleaner, or MPO+RBC-NP for 6 h,
the PC12 cells were stained with a 10 uM DCFH-DA
ROS probe for 20 min and visualized using a fluorescence
microscope.

In vivo retention and biodistribution of nanocleaner

The nanoparticles were labelled with DiD for the biodis-
tribution test. In brief, Nanocleaner and RBC-NP were
incubated with 10 uM DiD for 30 min at 37 °C, respec-
tively. A total of 180 pL of DiD-labelled Nanocleaner or
RBC-NP were intravenously administered to the mice
at 8 mg/mL. The fluorescence signal at different inter-
vals (3, 24, 48, and 72 h) was observed using a Maestro
in vivo optical imaging system (Calliper Life Sciences,
USA). At 72 h postadministration, organs, including the
heart, liver, spleen, lung and kidney, were harvested and
weighed, and the fluorescence signals were recorded. The
resulting signal was normalized to the organ weight.

In vivo toxicity of nanocleaner

To assess acute toxicity, 15 mg/mL Nanocleaner was
given intravenously through the tail vein to the mice at
100 mg/kg. At 24 h after injection, whole blood from
the eyes was sampled into a microcentrifuge tube and
allowed to coagulate. The sample was centrifuged at
3000 rpm for 10 min, and the supernatant was cen-
trifuged at 12,000 rpm for 10 min again. Completely
separated serum from the top of the sample was used
for the comprehensive metabolic panel (CMP). In addi-
tion, 100 pL of whole blood was collected for complete
blood analysis. Serum and whole blood samples were
analysed using an automated haematology analyser (BC-
5100, Mindray, China) and a fully automatic biochemical
analyser (BS-350E, Mindray, China), respectively. At 72 h
postinjection, the mice were sacrificed. The major organs
(heart, liver, spleen, lung, and kidney) were fixed, fro-
zen, sectioned at a thickness of 6—8 pum, and stained with
hematoxylin-eosin (H&E).

Statistical analysis

All the quantitative results were obtained from at least
three samples for data analysis. The data are shown as
the meantstandard error of the mean (s.e.m.). Graph-
Pad Prism Software Version 9.0 (CA, USA) was used for
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statistical analysis. Two groups of comparisons were car-
ried out using Student’s t test. Multiple comparisons were
performed using one-way analysis of variance (ANOVA).
The log-rank (Mantel-Cox) test was used to compare
survival data.

Results and discussion

Physicochemical characterization

A novel nanoparticle cloaked with an OPH enzyme-
armed RBC membrane (denoted as ‘Nanocleaner’) was
fabricated, as shown in Fig. 1la. With the assistance of
abundant AChE and enzyme molecules on the surface,
Nanocleaner could compete with host cells and protect
AChE from OP intoxication by targeted binding and
catalytic degradation (Fig. 1b). To fabricate RBC mem-
brane-coated nanoparticles, RBC membranes were first
collected using an established process involving hypo-
tonic treatment and successive centrifugation and then
verified for purity. The polymeric cores were prepared
using poly(lactic-co-glycolic) acid (PLGA) through a
nanoprecipitation method [20]. Finally, RBC membranes
were coated onto the PLGA cores via sonication and
physical extrusion.

As a medium with editable modifications, DSPE-PEG
polymers have been extensively used for medical appli-
cations [24—-26]. To introduce OPH onto the surface of
the RBC membrane, the NHS-terminated DSPE-PEG
polymer was covalently bonded to the OPH enzyme
through the reaction of active esters with amino groups
(Fig. 2a). Native PAGE was performed to confirm the suc-
cessful conjugation of the NHS-terminated DSPE-PEG
linker with the OPH enzyme (Fig. 2b). The movement
of enzymes became observably slow after the polymer
modification. Compared with those of native OPH, the
enzyme-polymer building blocks were further confirmed
due to the presence of discrete, free protein bands in
the gels. FTIR was used to observe the OPH before and
after DSPE-PEG-NHS modification (Figure S1). The peak
at 3286 cm™! was attributed to the stretching vibration
of N-H, and the peak at 1650 cm™! was attributed to
the stretching vibration of C=0. The above peaks were
characteristic of OPH and were observed for the product
DSPE-PEG-OPH, which indicated the successful prepa-
ration of DSPE-PEG-OPH. Furthermore, the peak at
1738 cm™! was attributed to the C=0 stretching vibra-
tion of the active ester in DSPE-PEG-NHS, and this peak
disappeared for the DSPE-PEG-OPH product, indicating
that DSPE-PEG-OPH was obtained through the reaction
of activated NHS esters of DSPE-PEG-NHS with primary
amines of OPH under physiological conditions to pro-
duce stable amide bonds.

The synthesized DSPE-PEG-OPH was then introduced
to RBC membranes by the interaction between DSPE
chemical groups and phospholipid bilayer membranes.
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targeted binding and catalytic degradation

To confirm that OPH enzymes were indeed located on
cell membranes, RBC membranes and enzymes were
labelled with fluorescent dyes of two different colors.
When observed under a confocal fluorescence micro-
scope, significant fluorescence signal overlap was
detected (Fig. 2c). It has been reported that the inner
polymeric core could stabilize the RBC membrane shell
[27]. The pristine and enzyme-armed RBC membranes
were then coated onto polymeric PLGA nanoparticle
cores through an ultrasonic-assisted extrusion method
to formulate RBC-NP and NanocleanerN, respectively.
RBC-NP and Nanocleaner were further examined via
transmission electron microscopy (TEM). Under the
microscope, Nanocleaner had a spherical core-shell
structure, similar to that of conventional RBC-NP
(Fig. 2d). Dynamic light scattering (DLS) revealed that

upon enzyme-armed membrane coating, the average
diameter of Nanocleaner increased ~20 nm with a nar-
row size distribution, which was consistent with the
coating of RBC membranes onto bare PLGA-NP. How-
ever, the RBC-NP were relatively large (Fig. 2e), possibly
because of the mechanical rigidity of the pure RBC mem-
brane [20].

Compared with that of the PLGA-NP, the { potential
value of the RBC-NP increased by 10 mV, which could be
attributed to surface charge shielding caused by the RBC
membrane coating [13]. However, the potential value of
Nanocleaner decreased and became more negative (~7
mV vs. RBC-NP) (Fig. 2f), which was likely due to the
association of the RBC membrane with OPH, a nega-
tively charged acidic protein.
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After being coated onto the nanoparticles, the pro-
tein composition of the cell membrane was well retained
(Fig. 2g), indicating that the Nanocleaner inherited com-
plex antigenic information and surface properties from
the RBC ghost. Furthermore, the CD47 protein, a specific
“self-marker” on the RBC membrane, was still present to
prevent clearance by the immune system (Fig. 2h) [28].

To investigate the stability of the nanoparticle solu-
tions, the samples were dispersed in PBS, stored at 4 °C
and measured by DLS at predetermined time points. The
diameters of the PLGA-NP, RBC-NP and Nanocleaner
remained stable throughout the entire observation period
(Fig. 2i), demonstrating good stability of these nanoparti-
cles. These results suggested that cell membrane coating
and modification did not alter the colloidal stability of the
nanoformulation.

In vitro catalytic properties

We further examined the catalytic properties of Nano-
cleaner, which was fabricated with various input con-
centrations of OPH-RBC membrane protein (weight
to weight). A series of input concentrations (1:10, 2:10,
4:10, 6:10 and 8:10) were assessed through a systematic

a
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optimization process (Figure S2). As the proportion of
OPH increased, the absorbance increased. Considering
in vitro catalytic performance, the ratio of OPH to RBC
membrane protein (4:10), was selected as the optimal
ratio and utilized for subsequent experiments. The result
of a catalytic experiment showed that the content of OPH
on the Nanocleaner (1 mg/mL) was approximate 6.08
nmol/mL.

OPs are bound to the active metal center of OPH, and
the P-O bonds are broken by proton-assisted nucleo-
philic attack [29, 30], by which MPO is hydrolysed into
para-nitrophenol (PNP) and phosphonic acid dimethyl
ester (Fig. 3a). Then, the generated PNP was detected
spectrophotochemically, and a standard curve of PNP
concentration was plotted to further quantify PNP con-
centration during MPO hydrolysis by OPH (Fig. 3b). To
confirm the contribution of OPH anchored on Nano-
cleaner, time- and concentration-dependent hydroly-
sis experiments of MPO were carried out (Fig. 3c). The
results demonstrated that the concentration of generated
PNP increased as Nanocleaner concentration increased
(from 0.001 to 1 mg/mL). PNP-generating properties
were relatively smooth, with a steady increasing trend
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Fig. 3 Catalytic properties of Nanocleaner facilitating OP hydrolysis. (a) Reaction process of the hydrolysis of methyl paraoxon by OPH. (b) Standard curve
of PNP measured spectrophotometrically. (c) PNP release in the RBC-NP (1 mg/mL), OPH (6.08 nmol/mL) and Nanocleaner (0.001,0.01, 0.1 and 1 mg/mL)
groups at pH 7.4 (n=3). The data are presented as the mean +s.e.m. for each group
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that eventually reached a plateau after 30 min in the
Nanocleaner group. Impressively, the release kinetics of
PNP in the 1 mg/mL Nanocleaner group were quite simi-
lar to those in the group hydrolysed by free OPH (6.08
nmol/mL), which demonstrated the excellent catalytic
activity of Nanocleaner. In contrast, no release of PNP
could be observed in the presence of RBC-NP as RBC
membranes are unable to hydrolyse MPO catalytically.
Substrate concentration is an important factor to eval-
uate the free enzyme activity. To compare the catalytic
performance and mechanism of OPH with Nanocleaner,
a typical Michaelis-Menten curve was obtained at equi-
molar OPH (Figure S3a and S3b). When the MPO con-
centration was sufficiently high, we observed increased
enzyme activity by occupying active site. The steady-state
kinetic parameters V,, and K, were calculated (Fig-
ure S3c and S3d) and summarized in Table S2 using the
Lineweaver-Burk double-reciprocal plotting method. As
Michaelis constant, K, represents the substrate affinity
of the enzyme. The higher the K value is, the less affin-
ity of enzymes for the substrate is, and vice versa. V.

a
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represents the reaction rate when the enzyme is satu-
rated with substrate, and a higher V,_,,  value indicates
an improved reaction rate. Therefore, the experimental
data showed that the OPH on the surface of Nanocleaner
have a higher affinity for MPO than the free OPH and a
decreased V,,,, value means less active site. Meanwhile,
the reduction of first-order rate constant (k) and sec-
ond-order rate constant (k.,/K) demonstrated that cat-
alytic efficiency slightly decreased.

At a concentration of 4 mg/mL, Nanocleaner had
almost no loss of activity after 10 freeze-thaw cycles, and
over 90% of the activity of Nanocleaner was maintained
after storage at 4 °C for 7 days (Figure S4).

In vitro neutralization of MPO

We then investigated the in vitro protective effects of
Nanocleaner against MPO-induced inhibition of AChE
activity by two regimens. As shown in Fig. 4a, a preincu-
bation regimen was established in which various concen-
trations of nanoparticles (RBC-NP or Nanocleaner) were
thoroughly mixed with MPO, and then RBC ghosts were
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Fig. 4 In vitro neutralization efficacy of Nanocleaner against MPO in a preincubation regimen. (a) Schematic depicting the experimental design used to
evaluate AChE protection by Nanocleaner. (b) Quantification of the remaining AChE activity after incubation of RBC ghosts with various concentrations
of MPO and calculation of the half maximal inhibitory concentration (ICy,) of MPO against AChE activity (n=3). (c) Quantification of the remaining AChE
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added to the above mixture. Before preincubation, the
AChE-inactivating effects were established. Specifically,
RBC ghosts were incubated with various concentrations
of MPO, after which the relative AChE activity was mea-
sured. After the introduction of MPO, the AChE activity
of the RBC ghosts significantly decreased. The values pre-
sented a sigmoidal curve as a function of the logarithm
of the toxic OP concentration. It could be estimated that
when the concentration of MPO was 0.1435 pg/mL, the
relative AChE activity decreased to 50% of the initial
activity (ICy,, Fig. 4b). Then, we mixed different con-
centrations of nanoparticles (RBC-NP or Nanocleaner,
respectively) with 0.1435 pg/mL MPO (ICs,). Next, fresh
RBC ghosts were added to the mixtures at a final concen-
tration of 2.5% (v/v), after which the relative AChE activ-
ity of the RBC ghost was detected. The results showed
that the relative AChE activity progressively increased
with increasing concentrations of Nanocleaner (Fig. 4c),
while the RBC-NP had no positive effect on the recovery
of AChE activity because of the small amount of AChE
on the surface of the RBC-NP. These AChE enzymes were
insufficient for neutralizing high-dose MPO. This finding
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also indicated that a small amount of AChE decoy had
no advantage in terms of neutralization. Impressively,
8 pg/mL Nanocleaner salvaged almost 100% of the AChE
activity, indicating that the introduction of the OPH
enzyme effectively enhanced the removal of OP. Taken
together, these data showed that Nanocleaner neutralized
MPO in a concentration-dependent manner. The intro-
duction of OPH remedied the weakness of competitive
neutralization at low doses.

Nanocleaner was further examined for its ability to
protect against MPO-induced inhibition of RBC AChE
in a competitive regimen (Fig. 5a), where Nanocleaner
was first mixed with RBC ghosts. Then, various concen-
trations of MPO were added to the mixtures. RBC-NP
was used as a control group. In this case, the relative
ACHhE activity of the RBC ghosts gradually decreased as
the MPO concentration (0.01-1000 pg/mL) increased
(Fig. 5b). Specifically, there were significant differences
in the activities of AChE on the RBC membrane after
treatment with 1-100 pg/mL MPO. Within this concen-
tration range, there was less loss of AChE activity in solu-
tions supplemented with Nanocleaner. Compared with
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Fig. 5 In vitro neutralization efficacy of Nanocleaner against MPO in a competitive regimen. (a) Schematic depicting the experimental design used to
evaluate the AChE protective effect of Nanocleaner on RBC ghosts. (b) The remaining AChE activity of RBC ghosts in the presence of different concentra-
tions of RBC-NP and Nanocleaner following incubation with various concentrations of MPO for 30 min. Data are presented as the mean +s.e.m. for each

group. *p<0.05, *p<0.01, **p <0.001
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(See figure on previous page.)

Fig. 6 In vitro cytoprotection of Nanocleaner. (a) Schematic depicting the experimental design used to evaluate the cytocompatibility of Nanocleaner
or RBC-NP on PC12 cells. (b) PC12 cell viability after treatment with different concentrations of nanoparticles. The data are presented as the mean +s.e.m.
for each group. n.s.: not significant. (c) Schematic depicting the experimental design used to evaluate the cytoprotection of PC12 cells by Nanocleaner.
(d) Representative fluorescence images of PC12 cells coincubated with cationic JC-1 dye. The cells were exposed to PBS (Ctrl), MPO (5 ug/mL), or MPO
(5 ug/mL) and incubated with Nanocleaner (50, 500 ug/mL), and the cells were incubated with MPO (5 pg/mL) and RBC-NP (50, 500 pg/mL). Scale bars,
100 um. (e) Representative fluorescence images of PC12 cells coincubated with DCFH-DA dye. The cells were exposed to PBS (Ctrl), MPO (5 ug/mL), MPO
(5 pg/mL) incubated with Nanocleaner (50, 500 pg/mL) and MPO (5 pg/mL) incubated with RBC-NP (50, 500 pg/mL). Scale bars, 100 um. (f) Fluorescence
intensity of JC-1 dye in different combinations. The data are presented as the mean +s.e.m. for each group. n.s.: not significant vs. Ctrl, *p <0.05 vs. 50 pg/

mL Nanocleaner, ##

p<0.001 vs. 500 ug/mL Nanocleaner. (g) Fluorescence intensity of DCFH-DA dye in different combinations. The data are presented as

the mean = s.e.m. for each group. *p < 0.05 vs. 50 ug/mL Nanocleaner, #p <0.01 vs. 500 ug/mL Nanocleaner

RBC-NP group, AChE activity in Nanocleaner group
increased 5-fold under the attack of 10 pug/mL of MPO.
Moreover, the shift to the right of the curve reflected that
Nanocleaner helped AChE tolerate higher doses of MPO.
These results demonstrated that Nanocleaner could
effectively compete with RBC ghosts and preserve their
ACHhE activity against MPO.

Biocompatibility of nanocleaner

The biocompatibility of the resulting nanoparticles is
essential for their biomedical applications [31]. A cell
cytotoxicity experiment was first carried out with a
CCK-8 assay (Fig. 6a). NPs at various concentrations
had no obvious inhibitory effects on cell proliferation
(Fig. 6b), revealing good cytocompatibility.

Then, a hemolysis assay was carried out to evaluate
the blood compatibility of Nanocleaner. As expected,
the NH,Cl solution showed hemolytic properties toward
RBCs, while no hemolytic phenomenon was observed
for either RBC-NP and Nanocleaner (Figure S5). Collec-
tively, these results indicated the desirable biocompatibil-
ity of Nanocleaner and RBC-NP.

Cytoprotective effects of nanocleaner

After demonstrating the protective effects of Nano-
cleaner in vitro, the PC12 neuroendocrine cell line was
selected as an experimental cell model to evaluate the
protective effects of Nanocleaner. It has been reported
that OPs can induce a decrease in the mitochondrial
membrane potential [32]. A cationic fluorescent probe,
5,6,6’-tetrachloro-1,1;3,3-tetraethylbenzimidazolylcar-
bocyanine iodide (JC-1), was applied to investigate the
influence of invasive MPO on the mitochondrial mem-
brane potential in neuroendocrine cells. Red fluorescent
JC-1 aggregates at higher mitochondrial concentrations,
indicating greater mitochondrial membrane potential,
and green fluorescent JC-1 monomers at lower mito-
chondrial concentrations, reflecting lower membrane
potential [33-35]. As illustrated in Fig. 6¢, the presence
of hostile MPO resulted in an obvious reduction in the
red fluorescence intensity and an increase in the green
fluorescence intensity. Moreover, the intensity of the red
fluorescence signal gradually decreased, and the intensity
of the green fluorescence signal increased with increasing

concentrations of MPO, indicating an imbalance in the
membrane potential (Figure S6). MPO-poisoned cells
presented green fluorescent signals, indicating severe
damage to the cell body. Fortunately, this damage was
effectively alleviated with the aid of Nanocleaner and
RBC-NP (Fig. 6d). Therefore, it could be concluded that
Nanocleaner could realize excellent cytopotection per-
formance with good cytocompatibility. Excessive reactive
oxygen species (ROS) production is often accompanied
by mitochondrial dysfunction and is closely related to
cell apoptosis [36, 37]. To further investigate whether
MPO can trigger cellular oxidative stress, the intracel-
lular content of ROS was detected with the H,DCFDA
(DCFH-DA) probe. The results showed that MPO can
indeed trigger a significant increase in ROS in PC12 cells
(Fig. 6e). However, green fluorescence was obviously
reduced by treatment with Nanocleaner (500 pg/mL)
and RBC-NP (500 pg/mL), which was equivalent to that
of normal cells (Fig. 6g). Overall, the detoxification func-
tion of Nanocleaner can significantly attenuate MPO-
induced mitochondrial dysfunction and excessive ROS
production.

In vivo detoxification experiments in a mouse intoxication
model

Toxic OPs represent a great threat to both military and
civilian populations [38]. The efficient in vitro protec-
tive effect encouraged us to provide proof of concept that
Nanocleaner could exert detoxification effects and exploit
its therapeutic potential on MPO-induced damage in
vivo. A corresponding mouse model of OP intoxication
was then established (Fig. 7a). To determine the lethal
dose of MPO, a single intraperitoneal injection of various
doses of MPO solution (2.7, 2.8, 2.9 and 3.0 mg/kg) was
administered, and the survival rate and time of death of
the mice were monitored. As expected, the survival rate
dramatically decreased as the OP dosage increased. All
animals were rapidly poisoned to death within 10 min
when the injection dose reached 2.9 mg/kg (LD,,,) (Fig-
ure S7). Next, the mice were injected with MPO at the
LD, dose, followed by a single intravenous injection of
RBC-NP (50 or 100 mg/kg) or Nanocleaner (0, 50, 100
or 200 mg/kg). Immediately after OP injection, the poi-
soning symptoms of the mice, including the appearance
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Fig. 7 In vivo neutralization efficacy of Nanocleaner against MPO intoxication. (@) Schematic showing the experimental design for in vivo detoxifica-
tion of MPO. i,p.: intraperitoneal, i.v.: intravenous. (b) Intoxication scores of ICR mice after injection of MPO at the LD, o, and RBC-NP (50 or 100 mg/kg) or
Nanocleaner at various dosages (0, 50, 100, or 200 mg/kg). (c) Quantification of blood AChE activity 15 min post-MPO injection. (d) Survival rate of ICR
mice (n=6) 24 h after injection of MPO at the LD, o, and RBC-NP (50 or 100 mg/kg) or Nanocleaner at various dosages (0, 50, 100 or 200 mg/kg). The data
are presented as the mean +s.e.m. for each group. n.s.: not significant vs. 50 mg/kg Nanocleaner, AAA: p<0.001 vs. 0 mg/kg Nanocleaner, **: p<0.01 vs.
50 mg/kg Nanocleaner, ***: p <0.001 vs. 50 mg/kg Nanocleaner, * p <0.05 vs. 100 mg/kg Nanocleaner, #: p<0.01 vs. 100 mg/kg Nanocleaner

of salivation, muscle cramping, whole body tremors, and
hypoventilation, were observed and carefully recorded
on a 0—4 scale (Table S1) [17]. As expected, mice that
received a higher dose of Nanocleaner had lower scores
than those in the no-treatment groups, indicating the
protective effects of Nanocleaner against MPO (Fig. 7b).
No deterioration was observed in the following days.
Interestingly, at both high and low detoxification doses,
the treated mice did not tend to show anticholinergic side
effects, including coma, nausea, blurred vision, loss of
balance, photophobia, or extreme confusion [39].

Once entered the blood plasma, MPO irreversibly
inhibits AChE activity in the blood [18, 40]. Thus, the
ACHhE activity of red blood cells was measured as a bio-
marker for MPO intoxication. Blood samples were col-
lected from all mice at 15 min post-MPO injection, and
the levels of AChE activity were measured. The levels
of AChE activity improved as the administered Nano-
cleaner dose increased (Fig. 7c).

The survival rate of the mice, measured as the percent-
age of death in the first 24 h after MPO challenge, is sum-
marized in Fig. 7d. No survival benefits were observed
when the mice received 50 mg/kg RBC-NP, while two-
thirds of the animals survived after treatment with
50 mg/kg Nanocleaner. When the dose of Nanocleaner

increased to 100 mg/kg, the survival rate dramatically
increased from 66.7 to 100%. In contrast, half of the mice
challenged with MPO were still killed after treatment
with 100 mg/kg RBC-NP. Considering that the blood
volume of mice is approximately 72 mL/kg [41], it can
be estimated that the minimum blood concentration of
Nanocleaner needed to prevent lethality is 1.39 mg/mL,
and at least 2.78 mg/mL could alleviate poisoning symp-
toms in mice challenged with MPO.

Compared with Nanocleaner group, a similar protec-
tive efficacy was observed in OPH groups since the lev-
els of intoxication score, AChE activity and survival rate
were improved as the administered OPH dose increased.
Despite the improved detoxification capacity, venous
administration of biological OPH, especially repeated
dosing, might trigger the accelerated blood clearance
(ABC) phenomenon [42]. To this end, RBC membrane-
coated nanoparticles have been developed to mimic the
long circulation time of natural RBCs in an effort, and
they serve as an alternative strategy to engineer stealth
nanoparticles that have the potential to be more effective
than current approaches [20].
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In vivo biodistribution, clearance and biosafety of
nanocleaner

The in vivo distribution profile and biosafety of Nano-
cleaner after intravenous administration were evaluated.
To assess the organ-level distribution, these nanoma-
terials were labelled with a fluorescent dye, followed by
intravenous administration through the tail vein. The
mice were imaged and analysed for fluorescent signals at
predetermined time points (3, 24, 48 and 72 h) postinjec-
tion (Fig. 8a). At 3 h, the fluorescence signal was incon-
spicuous because the majority of the nanoparticles were
still distributed in the bloodstream. The fluorescent sig-
nals of the nanoparticles were detected at 24 h and were

a

I.v. injection

In vivo fluorescent imaging
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still detectable until 72 h (Fig. 8b and Figure S9). When
analysed for in vivo distribution per organ, Nanocleaner
was distributed mainly in the liver (Fig. 8c). In contrast,
nanoparticles were largely retained in the spleen, liver
and lung when they were normalized to the organ weight
(Fig. 8d and Figure S10). This distribution pattern was
consistent with that of other cell membrane-derived
nanoparticles [43, 44], implying the recognition and
phagocytosis of these nanoparticles by the reticuloendo-
thelial system (RES) [20, 31].

The acute toxicity of Nanocleaner in mice was evalu-
ated after in vivo administration. Nanocleaner was
injected intravenously through the tail vein into healthy
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ICR mice at a dose of 100 mg/kg. PBS injection was used
for the control group. The red blood cell, white blood cell
and platelet counts at 24 h postadministration were first
examined (Fig. 9a). The results showed that the values in
the Nanocleaner group were comparable to those in the
PBS group. In addition, a panel of blood markers was also
tested and was shown in Fig. 9b. The levels were consis-
tent with the baseline levels, without significant differ-
ences. Therefore, blood analysis indicated the short-term
biosafety of Nanocleaner. The major organs, including
the heart, liver, spleen, lung and kidney, of the mice were
further harvested, frozen and cut into sections. H&E
staining of tissue sections revealed no visible pathological
changes in the Nanocleaner group compared to the PBS
group (Fig. 9¢). Collectively, these experiments provided
strong evidence that Nanocleaner has good biosafety.

It deserves to note that, in this work, we established
an acute OP intoxication model. In this model, all ani-
mals were rapidly poisoned to death within 10 min after

MPO exposure. This horrible mortality required the IV
administration of Nanocleaner occurring immediately
after OP exposure. However, this kind of poisoning was
in quite extreme situation and was far different from
the actualities. In normal times, OP poisoning is often
caused by inhalation, ingestion, and dermal absorption of
organophosphorus compounds. The process of poisoning
is usually slow and provides sufficient time window for
treatment.

In addition, intranasal administration is expected to
achieve faster delivery to the brain. The nasal mucosa
allows direct drugs delivery to the brain bypassing the
blood brain barrier (BBB). Therefore, strategies for
improving antidote delivery to the brain by intranasal
administration would provide a promising alternative for
OP poisoning treatment.
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Conclusion

In this study, we designed a biomimetic Nanocleaner
with a unique ‘targeted binding and catalytic degrada-
tion’ action mechanism for safe and efficient detoxi-
fication against hypertoxic OP. Notably, the resulting
Nanocleaner combined the merits of the cell mem-
brane and OPH enzyme and elicited synergistic effects
of biological binding and concurrent degradation of
MPO, leading to effective dual-action detoxification. As
a result, Nanocleaner protected AChE on RBC mem-
branes from OP attack in two regimens. Furthermore,
Nanocleaner reduced clinical signs of intoxication and
enhanced the survival rate of mice challenged with lethal
MPO. In addition, the administration of Nanocleaner to
mice resulted in no obvious toxicity. Taken together, the
results obtained thus far demonstrate the outstanding
detoxification effects of Nanocleaner on OP removal in a
mouse model.

Although the use of Nanocleaner in this study is still a
proof-of-concept study, its efficient detoxification abil-
ity implies its universality and feasibility, allowing for the
development of extended detoxification strategies in the
future. However, large animal models, such as pigs or
even monkeys, should be developed for additional valida-
tion of the therapeutic efficacy of Nanocleaner in com-
parison with that of antidote treatment before human
clinical trials. Overall, it is an important step toward the
development of treatments for acute OP poisoning.
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