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Introduction

Enzyme-containing double layer polymersomes
coated by erythrocytes as a biomimetic
nanoscavengers for in vivo protection from
toxicants¥

Tatiana Pashirova, (2 *@® Dmitry Tatarinov, (2° Zukhra Shaihutdinova,®

Albina Malanyeva,® Olga Vasileva,” Alexey Rogov,® Vladimir Evtjugin,?

Andrey Nemtarev,” Aida Gabdoulkhakova,® Eric Chabriére,“® Pauline Jacquet,®
David Daudé® and Patrick Masson*®

A new strategy for effective antidotes against organophosphorus compounds (OPs) is enzyme-loaded
nanoscavenger technology. Cell membrane-coated nanoforms of bioscavengers reduce adverse effects
and ensure stability, immunotolerance, and prolonged protective action. For the first time, synthesis of
double layers polymersomes coated by red blood cells (erythrocytes) ghosts, based on amphiphilic di-
and triblock polyethylene glycol—polysulfide copolymers (PEG-b-PPS) was carried out to make enzyme
microreactors. The enzyme was an evolved multiple mutant of the archaea Saccharolobus solfataricus
phosphotriesterase (PTE). Two approaches were used for making this formulation: lipid fusion and
hypotonic swelling. Respectively two types of PTE-loaded nanoscavengers (i) hybrid camouflaging RBC—
PTE-loaded polymersomes and (ii) PTE—polymersomes captured by erythrocytes ghosts (PTE-RBC-
microreactors) were prepared with high encapsulation efficiency, loading capacity and enzyme activity.
CD-1 mice were challenged with paraoxon as a model OP. Pre-treatment of animals with iv. injected
PTE-RBC-microreactors led to LDsg shifts up to 15.5 times compared to control mice. In post-
exposure treatments, LDsq shifts were up to 9.8 times. Pharmacokinetics of PTE-RBC-microreactors
showed half times of 20 min and 1 hour for distribution and elimination phases, respectively. These first
results with erythrocyte ghost microreactors are promising and open a new way to personalized medical
countermeasures for detoxification of OPs and other toxicants.

applicable. Antidotes used for organophosphorus poisoning,
oximes, are not fully effective because they do not penetrate the

The emergency treatment of poisoning by xenobiotics such as
methanol, ethylene glycol, organophosphorus compounds is
still imperfect," because metabolic products formed during
poisoning can be more dangerous than the parent toxicant
itself or because of trapping toxic molecules in fat. Usually,
antidotal therapy and accelerated elimination by dialysis are
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central nervous system or do not reactivate certain cholinester-
ase-OP adducts.”® Even oxime delivery systems are unable to
reach the desired effect.”° Today, the best detoxifying effect
against OPs is provided by bioscavengers (OP-reacting enzymes
such as butyrylcholinesterase and phosphotriesterases).™*™*?
The advantage of bioscavengers is their lightning-fast binding
to the toxicants, providing their rapid neutralization. Thus,
toxicant molecules do not reach biological targets and will not
harm the living organism. The disadvantages of bioscavengers
are their high cost and the immune response induced by
administration of heterologous enzymes. There are ways to
reduce these drawbacks."*'® It should be mentioned that
administration of homologous enzymes, does not induce
immune response after the second injection.®

A new approach is to create nanoforms of bioscavengers.
Encapsulation of bioscavengers in nanoparticles ensure their
stability, immunotolerance, prolongation and protective action
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in the body.”"** Various carriers such as liposomes, MOFs, poly-
meric nanoparticles, were applied for encapsulating enzymes like
butyrylcholinesterase (BChE).>* The high efficiency of nanoanti-
dotes is achieved when the toxicant present in the bloodstream
diffuses through the membrane of these nanoreactors to the sealed
enzyme compartment, where the enzymatic detoxification reaction
occurs.”® Lightning-fast diffusion of the toxicant through the
membrane is ensured by its reverse concentration and high
concentration of the enzyme.”® Enzyme nanocontainers must
be completely sealed to prevent leaks. This implies a multi-
layer structure of nanoparticles. That is, the retention of ther-
apeutic proteins inside nanoparticles for a long time can be
ensured by multilayer membrane, for example, multivesicular
liposomes (DepoFoam),”**® multiple emulsions using microfluidic
devices,”®? polyelectrolyte layer-by-layer self-assemblies.**® How-
ever, applications are limited by the difficulty of obtaining such
structures and lack of mechanistic explanations for their action.
Immobilization of enzymes on cartridges for extracorporeal dialysis
can be an alternative to injectable bioscavengers.>” However, long-
term stability issue of such fragile reusable devices has limited its
applicability.

A new approach with numerous advantages is the creation of
biomimetic membrane materials.’®**' Cell membrane-coated
and biomimetic nanoparticles have longer circulation time,
better pharmacokinetic profile and slower elimination
from the body.*>** various types of particles such as lipo-
somes, poly(lactic-co-glycolic) acid (PLGA) nanoparticles,
metal-organic framework (MOF), poly(e-caprolactone)-poly(-
ethylene glycol) have been used as cores for biomimetic
shells.*>*® The biomimetic approach has been applied for
protection against OPs, for example, using BChE as a biosca-
venger: more than 2 x 10° BChE tetrameric molecules were
associated with red blood cells in a formulation.*” Qil cores
coated by red blood cell membrane,*®* MOF nanoparticles with
double liposomal and erythrocyte membranes*®*° and PLGA-
nanoparticles® were used for in vivo protection against OPs.

In this work, for the first time, synthesis of double layers
polymersomes coated by erythrocytes ghosts based on amphi-
philic block copolymers PEG-b-PPS was carried out. Two
approaches for coating of PEG-b-PPS polymersomes by erythro-
cyte ghosts (lipid fusion and hypotonic swelling (using hyper-
tonic solution and co-incubation mixing) were used and
compared (Fig. 1). Encapsulation of bioscavenger into polymer-
somes coated by erythrocytes ghosts with high loading capacity
was implemented for preparation of nanoscavengers as new
effective antidotes. Toxicological and pharmacokinetic investiga-
tions of double layer polymersome nanoscavengers were success-
fully performed in a mouse model of paraoxon poisoning.

Experimental
Materials

The enzyme was a multiple mutant of the hyperthermophilic
archaea Saccharolobus solfataricus phosphotriesterase (PTE)-
like lactonase (PLL) that was functionally expressed in E. coli
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Fig. 1 Structures of di- and triblock copolymers PEG-b-PPS 1, 2 and 3
and preparation of PTE containing double layer polymersomes coated by
erythrocytes.

BL21(DE3). The enzyme is a dimer of 70 kDa (SsoPox-IIIC1).
The method and all details of preparation and purification were
previously described.>***°* Specific chemicals were: propylene
sulfide (stabilized with butyl mercaptan) (PS, Tokyo Chemical
Industry Co., Ltd, Tokyo, Japan), poly(ethylene glycol)methyl
ether with average M, = 750 (mPEGys,, Sigma-Aldrich, USA),
mPEG with average M,, = 2000 (mPEG,qo, Sigma-Aldrich, USA),
potassium thioacetate (98%, Sigma-Aldrich, Switzerland),
paraoxon-ethyl (POX, purity >90%, Sigma-Aldrich, product of
Canada). All other chemicals were of analytical grade.

Synthesis of amphiphilic di- and triblock copolymers
(PEG-b-PPS)

The synthesis of amphiphilic di- and triblock copolymers PEG-
b-PPS 1, 2 and 3 (Fig. 1) presented in Scheme S1 (SI) was
described in previous works.”>>**° There were several stages in
synthesis of thioacetate, namely thiolation of poly(ethylene
glycol)methyl ether tosylate, to obtain thioacetate. Then, one
pot method for preparation of 1-3 was applied. A detailed
description of synthesis, structure conformation established
by "H NMR and "*C, and calculation of the hydrophilic fraction
of PEG (fpc) using the "H NMR were presented earlier.”*>* The
optimal fpgg of 1, 2 and 3 PEG-b-PPS are 0.24, 0.27 and 0.23,
respectively. These values are suitable for formation of poly-
mersomes, and in agreement with literature data.>*™®

Preparation of PTE-loaded polymersomes

PEG-b-PPS 1 was dissolved in 1 mL ethanol: chloroform (1:1).
This solution was kept during 4 h at 33 °C for preparing the
thin film and then overnight for residual solvent evaporation.
PTE enzyme (12.5 and 25 pM) solution in Tris buffer (10 mM,
pH 7.4) or in 0.9% NaCl was added to rehydrate the thin-film of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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PEG-D-PPS at 37 °C. The solution was stirred, using a magnetic
stirrer plate (Ika, Germany) at 600 rpm for 3 h at 37 °C, and
then, kept overnight at room temperature.

Preparation of PTE-loaded double layer polymersomes coated
by erythrocytes

There were two stages of preparation, first preparation of
erythrocyte ghosts, and then, coating of PEG-PPS-polymer-
somes, using two approaches: hypotonic shock method and
fusing erythrocyte ghosts with PTE-loaded polymersomes. All
nanosystems coated with erythrocyte cell membranes were
used on the day of preparation for all studies.

Preparation of erythrocyte ghosts. Haemoglobin-free ery-
throcyte ghosts were prepared according to a slightly modified
method.>® Heparinized blood (1.5 mL) from male mice-CD-1
was centrifuged (2500 rpm, 15 min) at 4 °C, and the super-
natant plasma removed. Erythrocytes were washed three times
with two volumes of phosphate buffer (0.1 M, pH 7.4) at 4 °C.
Then, packed erythrocytes were diluted in about 150 volumes of
hypotonic phosphate buffer (6.7 mM, pH 7.4) on ice to facilitate
hemolysis, followed by centrifugation at 14 000 rpm for 30 min
at 4 °C, using a Rotanta 460 centrifuge (Hettich Zentrifugen,
Germany). The supernatant was subsequently removed. Three
washing cycles were used for preparation of erythrocyte ghosts.

Fusing erythrocyte ghosts with PTE-loaded polymersomes.
Prepared ghost aliquots in buffer solution (0.9% NaCl) were
homogenized on ice with a Sonopuls HD 3010 ultrasonic
homogenizer (Bandelin Electronic, Berlin, Germany) three
times for 5 s at 30 s intervals with minimum energy. PTE
(12.5 puM) in erythrocyte ghost solution (0.9% NaCl) from
~1.5 mL of whole blood was added to rehydrate the thin-film
of PEG-b-PPS 1 at 37 °C and stirred, using a magnetic stirrer
plate (Ika, Germany) at 600 rpm for 3 h at 37 °C, and then
maintained overnight at room temperature.

Hypotonic swelling, using hypertonic buffer solution.
Washed erythrocyte ghosts were resuspended and mixed with
2 mL of prepared PTE-loaded polymersomes solution (Cprg =
12.5 uM) in Tris buffer (10 mM, pH 7.4) and kept for 15 minutes
on ice. Then, hypertonic buffer solution (1.8% Nacl) in a ratio
of 1:1 was added. The volume was adjusted to 2 mL using
Amicon™ Ultra-4 3 K centrifugal filters (Millipore Merck KGaA,
Darmstadt, Germany) at 3000 rpm and 4 °C for 15 min, using a
Rotanta centrifuge (Hettich Zentrifugen, Germany).

Hypotonic swelling, using co-incubation mixing. Purified
erythrocyte ghosts were resuspended and mixed with 2 mL
prepared PTE-loaded polymersomes solution (Cprg = 12.5 pM)
in isotonic 0.9% NaCl solution and kept for 30 min on ice.

Characterization of PTE-loaded double layer polymersomes
coated by erythrocytes

Size, surface charge and morphology. A Malvern Instrument
Zetasizer Nano (Worcestershire, UK) and Brookhaven 90Plus
Nanoparticle Size Analyzer (Holtsville, New York, USA) were
used to measure size, zeta potential and polydispersity index of
nanoparticles. Dynamic light scattering (DLS) method allows to
determine, the size (hydrodynamic diameter, nm), according to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the Einstein-Stokes relationship D = kg7/3n#x, in which D is the
diffusion coefficient and x is the average hydrodynamic dia-
meter of nanoparticles. Transmission electron microscopy
(TEM) was used to image the size and to reveal the morphology.
TEM images were obtained, using a Hitachi HT7700 (Exalens
microscope, Japan). Images were acquired at an accelerating
voltage of 100 keV. Samples (Cpgg_pps = 0.05 pg mL™") were
added to a 300-mesh copper grid with continuous carbonform-
var support films. High-resolution scanning electron micro-
scope (SEM) Merlin (Carl Zeiss, Oberkochen, Germany) at an
accelerating voltage of 5 kV was used to analyze the surface of
erythrocyte ghost in the absence and presence of PEG-PPS
polymersomes. The samples were fixed in 1% glutaraldehyde
in phosphate buffer (0.1 M and pH 7.4 overnight), then in 2.5%
glutaraldehyde for 2 hours, dehydrated in ethanol (30, 40, 50,
60, 70, 80, 90, and 96%). The specimens were mounted on
aluminum stubs with double-sided carbon tape and sputter-
coated with gold using the Q150T ES coater (Quorum Technol-
ogies, Lewes, UK).

Encapsulation efficiency (EE, %) and loading capacity
(LC, %). EE and LC were calculated using eqn (1) and (2).
These parameters were determined indirectly by filtration/
centrifugation, measuring the free PTE by spectrophotometry.
A volume 500 pL of sample was placed in a centrifugal filter
device Amicon®™ Ultra-4 Centrifugal Filter Ultracel® 100 K
(Millipore Merck KGaA, Darmstadt, Germany) for centrifuga-
tion (3000 rpm, 4 °C, 5 min), using a centrifuge (Eppendorf SE,
Germany) to separate polymersomes and nonencapsulated PTE
(free PTE). The concentration of free PTE in Tris buffer was
quantified by absorbance using PerkinElmer Lambda 35 (Per-
kinElmer Instruments, USA) at 265 nm (¢ = 93333 M 'cm ™ ') in
10 mM Tris buffer, pH 7.4. UV absorbance spectra and calibrate
curve are presented in SI file.>*

Total amount of PTE enzyme — Free PTE enzyme

EE (%) =
(%) Total amount of PTE enzyme
x 100%

(1)

Total amount of PTE enzyme — Free PTE enzyme

LC (%) =
(%) Total amount of PEG — PSS copolymer

x 100%
(2)

Purification of PTE-loaded polymersomes and double layer
polymersomes coated by erythrocytes. The same procedures
and conditions were used as for the encapsulation efficiency
study. The solution of PTE-loaded polymersomes was centri-
fuged, using Amicon™ Ultra-4 Centrifugal Filter Ultracel™ 100 K
(Millipore Merck KGaA, Darmstadt, Germany) at 3000 rpm and
4 °C for 5 min in a centrifuge (Eppendorf SE, Germany). Upper
layer of solution without free PTE was used for in vitro and in vivo
studies.

PTE release study. This experiment was performed by the
dialysis bag diffusion method, using spectra/Por® dialysis
membrane (Biotech CE Tubing, MWCO: 100 kDa). The spectro-
photometry method (Lambda 35, PerkinElmer Instruments, USA)

Mater. Adv.
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was used to detect PTE released from dialysis bag containing 1 mL
PTE-loaded double layer polymersomes coated by erythrocytes.
PTE extinction coefficient ¢ = 93333 M~' cm™" at 265 nm in
10 mM Tris buffer, pH 7.4.>* All details were described earlier in
ref. 55 and 60. The receiving phase was 10 mL of 10 mM Tris
buffer, pH 7.4.

PTE catalytic activity measurement

For free and encapsulated PTE measurements of catalytic
activity, steady-state kinetics were recorded by monitoring the
release of p-nitrophenolate (pNp) at 400 nm for 180 s with POX
as the substrate at 25 °C in 10 mM Tris buffer, containing EtOH
(1.5 vol%), pH 7.4, and supplemented with 0.2 mM CoCl,, using
Lambda 35 spectrophotometer (PerkinElmer Instruments,
USA). POX concentration ranged from 5 to 1250 uM. Measure-
ments were performed in triplicates. PTE hydrolyzes POX
according to the classical Michaelis-Menten mechanism of
enzyme Kkinetics, involving two steps: binding of substrate
followed by kinetic step. Catalytic parameters (v - rate constant
(velocity), min™"; K, — Michaelis constant, uM; k., — catalytic
constant or turnover number, Viax = kea[E] maximum reaction
rate, min~") for hyperbolic dependencies v = f(S) were deter-
mined, using the Michaelis-Menten eqn (3):°*

y = kC‘dl [E] [S] (3)

K+ [S]
where [E] is the concentration of PTE and [S] is the concen-
tration of substrate POX. Rate data fitted with OriginPro 8.5
(Originlab Co., Northampton, MA, USA).

In vivo study

Animals. Mice-CD-1 (males, 6-10 weeks, 20-25 g) were used
for experiments. They were maintained under standard condi-
tions (12 h light/dark cycle; 22 £+ 3 °C and a 50 + 20% relative
humidity). The adaptation time before starting experiment was
at least 10 days. During this period, daily inspection of external
animal conditions was carried out. All experimental procedures
with animals were performed in accordance with the ethical
principles in animal research and were approved by the local
ethics committee of the Kazan Federal University (protocol
no 40).

POX LDj, shifts in pre- and post-exposure treatments of
mice. Mice were stratified by weight and randomly assigned
into groups of three or six animals. POX was extemporaneously
diluted in isotonic saline solution (0.9% NaCl) containing EtOH
(10 vol%). POX LD, were determined by subcutaneous (s.c.)
injections at POX doses ranging from 0.5 to 0.7 mg kg .
Injections of 0.2 mL POX solution per 20 g animal were
performed s.c., using an insulin syringe (1 mL). 0.9% NacCl
containing EtOH (10 vol%) solution (s.c.) was administered to a
control group. Then LDs, determinations were performed after
pre-treatment (prophylactic) and post-exposure (therapeutic)
treatment of animals by PTE-loaded polymersomes or PTE-
loaded double layer polymersomes coated by erythrocytes.
100 uL (PTE dose 3.7 mg kg™ ', PEG-PPS dose 25 mg kg™ )
was injected in tail vein, using insulin syringe 5 min before POX
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challenge (pre-treatment) and 1 min after POX challenge (post-
exposure treatment). The initial POX doses were selected as the
doses expected to cause mortality in some animals. Further
groups of animals were dosed at higher or lower fixed doses,
depending on the mortality in challenged animal groups, until
the study objective was achieved. For each dose, 3 animals were
used to minimize the number of animals. If in a group of
3 animals an unequivocal response was obtained (all animals
died or survived), then we proceeded to the next dose. All
animals were observed individually for symptoms and mortality
after dosing with a special attention for the first 4 hours, and
twice a day for two weeks after challenge. Poisoned animals
that did not survive, died in less than 24 h. Died animals were
autopsied. LDs, were calculated by Probit analysis using IBM
SPSS Statistics software.

Pharmacokinetics in mice. The recommended maximum
volume for iv. administration in mice is 0.1 mL. Proceeding
from this recommended volume, free enzyme solutions and
PTE-loaded double layer polymersomes coated by erythrocytes
(enzyme dose of 3.7 mg kg~ ') were slowly administered into the
tail vein of mice weighing 20 g. Enzyme-loaded nanoreactor
solutions were injected into the tail vein of each group animals.
For each predetermined time interval (10, 30 min and 1, 2, 3, 4,
and 24 h after injection) in each group, blood samples were
collected into test tubes. After sampling, blood was centrifuged
for 15 min under 2500 rpm at 4 °C, and the serum supernatant
and erythrocytes were collected and frozen at —20 °C. PTE
activity with POX as the substrate was subsequently assayed in
each sample.

Results and discussion

Bioengineered strategies based on the use of cells®® like red
blood cells (RBC or erythrocytes) as drug delivery systems®* are
attractive due to their ability to evade the immune system, and
thus, to perform the task for a more prolonged action in the
body without adverse effects.®*®® Erythrocyte-based delivery
systems are ideal carriers for bioscavengers®”®® because of
their space of pharmacological activity is the blood and their
ability to serve as long-term drug carrier in the bloodstream.
Today, biotechnological methods for erythrocyte-based systems
are expanding and including:**7° (i) surface modified RBCs or
surface coupling, (ii) RBCs as carriers, including hybrid camou-
flaging of nanoparticles by wrapping them with fragments of
RBC membrane. In turn, methods of internal loading into
erythrocytes are divided into co-incubation, lipid fusion tech-
nique, osmosis-based method, electroporation and other
tools.”" Different ways of preparation for such systems affect
their efficiency in terms of circulation and distribution times.*®

Preparation of erythrocyte-coated PTE-loaded polymersomes

For preparation of erythrocyte-based systems loading PTE-
enzyme, we implemented two approaches, namely the lipid
fusion and the hypotonic swelling (Fig. 1). Lipid fusion
technique allows to obtain hybrid camouflaging erythrocyte

© 2025 The Author(s). Published by the Royal Society of Chemistry
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nanoparticles. For the second approach, two methods were
used: hypotonic/hypertonic solution transfer method and co-
incubation mixing method. These led to the creation of poly-
mersome containing RBC-microreactors.

The sterility of materials and solutions was maintained at all
stages. First stage was preparation haemoglobin free erythro-
cyte ghosts, and then, there was coating of PEG-PPS polymer-
somes by erythrocyte membrane. The required volume of blood
to cover all polymersomes was calculated, using several para-
meters: surface area, membrane thickness, concentration of
RBC in mouse blood,”*”® size and number of PTE-loaded
polymersomes (SI). In the beginning, PTE was loaded into the
polymersomes based on PEG-b-PPS 1, using a slightly modified
thin film method.>® The enzyme concentration inside nano-
particles was chosen as optimal, based on our previous work.>*
This “local” concentration inside nanoparticles ensured a
substrate reverse concentration gradient for its fast degradation
within seconds. The block copolymer concentration was opti-
mized to ensure the release of the reaction product, pNp, from
nanoparticles. PTE-loaded polymersomes were characterized by
DLS (Table 1, Fig. S1) and TEM (Fig. 2A and Fig. S2, SI). The size
of obtained PTE-loaded polymersomes was about 160 nm (Z-
average, nm), higher than the size of empty polymersomes
(130 nm). Zeta potential (¢) was about —7 mV, and PDI about
0.17 (Fig. S1, SI). TEM revealed spherical morphology and
visible core-shell structure of PTE-loaded polymersomes
(Fig. 2A and Fig. S2, SI). EE was rather high about 94 + 1%
with high loading about 16 + 1% (Fig. S3, SI). PTE-loaded
polymersomes were stable: storage for two months in a refrig-
erator at +4 °C had almost no effect on their characteristics.
Increasing the enzyme concentration from 12.5 to 25 pM and
PEG-PPS concentration from 5 to 10 mg mL ' led to an
increase the polydispersity of the systems. Comparison of
characteristics (Table 1) with previous properties of nano-
formulations for the same enzyme and different PEG-b-PPS
indicates that the molecular weight of the PEG chain greatly
affects the size. The size decreased from 160 nm to 106 nm with
increasing PEG chain length from 750 (PEG-b-PPS 1) to 2000
(PEG-b-PPS 2) (Table 1 and Fig. S4, SI). PEG-PPS polymersomes
based on PEG-b-PPS 2 with smaller size also had lower encap-
sulation efficiency (82 + 7%). There was a small difference
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Fig. 2 TEM imaging and DLS data (distribution by number) of PTE—polymer-
somes in Tris buffer, pH = 7.4, (A), empty (B) and PTE-loaded (C, D)
polymersomes coated by erythrocytes in 0.9% NaCl, C; = 0.05 pg mL™%,
25 °C.

between the size of nanoparticles based on di- (PEG-b-PPS 1)
and triblock (PEG-b-PPS 3) copolymers with PEG 750 (Table 1
and Fig. S4, SI). This resulted to a decrease in zeta potential
from —7 to —19 mV, indicating a better stability.

Creation of erythrocyte-based vehicles — polymersomes was
carried out on PEG-PPS 1, i.e. nanosystem showing the highest
EE, LC, the lowest polydispersity and a good stability. Hybrid
camouflaging erythrocyte-polymersomes were prepared, using
the lipid fusion technique. First, the isotonic suspension of
hemoglobin free erythrocytes was subjected to ultrasonic
homogenization to achieve a homogeneous matrix. Then, pre-
pared polymeric thin of PEG-PPS 1 was hydrated by this
homogeneous suspension of erythrocytes in different mass
ratio (wt/wt) of 1:0.1; 1:0.2, 1:0.3, 1:0.5, 1:1. This method

Table 1 DLS data for PTE-loaded polymersomes based on PEG-b-PPS 1, 2 and 3 in 10 mM Tris buffer and polymersomes coated by erythrocytes
(1-RBC) in 0.9% NaCl-Tris buffer, pH = 7.4, 25 °C, size is hydrodynamic diameter, Z-average is the mean size, PDI is polydispersity index, ¢ is zeta potential

Size (nm)
Nanoscavengers Cpeg_pps (mg mL ™) Crpre (UIM) Int Num Z-aver (nm) PDI ¢ (mv)
1“ 5 — 142 £ 20 68 + 13 130 £5 0.15 £ 0.01 —5.0£2
1 5 12.5 164 + 23 91 £+ 20 161 + 2 0.17 £ 0.01 —72+14
1 5 25 173 £ 7 94 £ 8 154 + 1 0.27 £ 0.01 —-7.4£09
1 10 25 178 £3 95+ 5 161 £ 2 0.22 £ 0.01 —6.0 £ 0.6
1-RBC 5 — 125 + 2; 500 + 8 113 + 13 — 0.23 £ 0.05 —
1-RBC 5 12.5 69 £ 3; 276 £ 20 62 £5 — 0.23 £ 0.05 —
1° 5 12.5 187 + 16 94 + 12 161 + 2 0.19 + 0.01 -7.0+1.1
2¢ 5 12.5 106 + 14 59 £ 12 106 £ 1 0.17 £ 0.01 —8.3£0.3
3¢ 10 20 190 £ 20 79 £ 16 175 £1 0.18 £ 0.01 —-19.0 £ 1
@ From ref. 55. ? Stability for 2 months at 4 °C. © From ref. 54. ¢ From ref. 23.
© 2025 The Author(s). Published by the Royal Society of Chemistry Mater. Adv.
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allowed obtaining rather homogeneous nanoparticles without
implementing extrusion through membranes.

The PDI of biomimetic erythrocyte-modified PEG-PPS nano-
particles ranged from 0.22 to 0.27 with increasing the content of
erythrocytes (Table S1, SI). The particle size decreased and ¢
became more electronegative with increasing erythrocytes con-
tent (Table S1, SI). The optimal ratio PEG-PPS 1: erythrocytes was
1:0.3, so it was used for further PTE loading. DLS data (Fig. S5-
S7, SI) and TEM imaging (Fig. S8, SI) of hybrid camouflaging
erythrocyte-polymersomes show large difference compared to
uncounted PTE-polymersomes (Fig. 2). The successful modifica-
tion of polymersome surface by erythrocyte lipids is visible. The
slight decrease of the size is due to the isotonicity of buffer
(Fig. S5, SI). Determination of EE showed close results 87 + 7% and
LC = 15% as for nonmodified PTE-polymersomes (Fig. S9, SI).

The second type of double layer polymersomes coated by
erythrocytes — polymersome-containg RBC microreactors were
prepared by incubation using two methods: in isotonic or in
hypotonic/hypertonic buffer solutions. These methods are based
on formation of transient openings in the RBC membrane via
osmotic swelling in hypotonic solution. Co-incubation of pur-
ified erythrocyte membranes and PTE-loaded polymersomes in
isotonic solution was not sufficient for complete coverage of
erythrocyte membrane surface. Polymersomes were included
only on the periphery of RBCs (Fig. S10, SI).

In this regard, this protocol was divided into two parts,
namely, first, PTE-loaded polymersomes were mixed with pur-
ified RBC membranes in hypotonic solution. That is, polymer-
somes were loading through the membrane holes. Then, RBCs
were sealed, using a hypertonic solution.

In this case, polymersomes were captured by RBCs (white
specks) and looked like microreactors (Fig. 3A, Fig. S11, SI).
This protocol of particle encapsulation in RBCs is based on the
principle of hypotonic swelling where membrane pores can
open, allowing nanopatrticles to diffuse into the cell’”* before
returning to isotonic conditions to seal the cell pores. PTE-
loaded PEG-PPS polymeric nanoparticles captured by erythro-
cytes (microreactors) are systems with multi-compartment cel-
lular architecture close to structures of molecular factories.”
The encapsulation efficiency of PTE-microreactors is higher
than for PTE-polymersomes and PTE-hybrid camouflaging
erythrocyte-polymersomes and close to 99% (Fig. S12, SI).
However, the dialysis method showed that PTE was released
from these microreactors over time (Fig. 3B). Fig. S13 in SI
shows spectra and enzyme release over time.

Hydrolysis of substrate POX by encapsulated PTE under in vitro
conditions

Before studying hydrolysis of POX catalyzed by PTE-loaded into
nanoparticles, all types of nanoparticles were purified for
removing external non-encapsulated enzyme. The enzyme
concentration was determined by measuring the encapsulation
efficiency of PTE. The reaction was monitored by the formation
of reaction product p-Np. We previously shown that POX can
easily penetrate into polymersomes due to high enzyme
concentration “local concentration”’® inside polymersomes

Mater. Adv.
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Fig. 3 Characteristics erythrocyte coated PTE-polymersome microreac-
tors: SEM imaging (A) and release of PTE in 0.9% NaCl (B), insert in B:

erythrocyte without PTE-polymersomes in hypotonic solution as a
control.

(in the range of 0.17 £ 0.0189 and 0.93 + 0.09 mM).>* The
number of enzyme molecules (Ng), taking into account the
volume occupied by enzyme, is more than 300”7 with a turnover
of 73.5 s~ " per active site®® that is much more than the number
of substrate molecules penetrating into the nanoparticles
per second. This condition creates reverse gradient of substrate
concentration, triggering rapid enzyme-mediated neutraliza-
tion of substrate molecules. Our concept is opposite to that of
ref. 78 where encapsulated single enzyme molecules in nano-
particles can be inhibited due to the high concentration of
reaction products. In our system, the product p-Np formed
during the reaction does not accumulate and leaves the inner
core of polymersomes.>® Thus, the aim of this work was to
evaluate the influence of double membrane of PEG-b-PPS
polymersomes on the kinetic parameters of the enzymatic
reaction.

All kinetic curves are presented in Fig. S14 (SI). The hydro-
lysis of POX catalyzed by PTE and PTE-loaded into nano-
particles follows the classical Michaelis-Menten mechanism
of enzyme. In all cases, the reaction rate as a function of POX
concentration v = f(S) is described by the hyperbolic michaelian
saturation eqn (3) with 7> = 0.98 (Fig. S15, SI) and Fig. 4. Thus,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Rate of POX hydrolysis catalyzed by PTE (1), PTE-loaded polymer-
somes (2), erythrocyte-modified PTE-polymersomes (3), erythrocytes
coated PTE—polymersomes microreactor (4) on POX concentration in
Tris/HCL (0.01 M) containing CoCl, (C = 0.0002 M) and ethanol 1.5%
(vol), pH = 7.4, 25 °C.

the encapsulation of PTE into polymersomes (line 2), PTE-
hybrid camouflaging erythrocyte-polymersomes (line 3) and
erythrocyte-coated polymersome microreactors (line 4)
does not change the reaction mechanism. The enzyme reaction
parameters K, and Vp.,x were determined using the
Michaelis-Menten eqn (3), then k. and the catalytic speci-
ficity (kca/Km) were calculated. All catalytic parameters
are presented in Table 2. Analysis of catalytic parameters
shows a difference between free PTE (nonencapsulated) and
encapsulated PTE:

(i) kcac values of reference systems PTE-liposomes and PTE-
solid lipid nanoparticles are lower than for PTE-polymersomes.

In addition, reference systems were not stable as a function
of time at 4 °C.

(ii) kcae values of encapsulated enzymes into PEG-PPS
polymersomes are slightly increased (less than 3 times) com-
pared to free enzyme values. This may be due to interactions
of the enzyme with the internal membrane of nanoreactors,
which has a beneficial effect on the enzyme dynamics or on
the reaction taking place in a confined space. Authors®’
showed that k.,/K,, was overestimated in the case of enzyme
encapsulated in liposomes. Interestingly, the specific catalytic

View Article Online
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effect (keae/Kim) is decreasing in the same sequence as the size D
(nm):

DPTE—polymersome > DPTE—camouﬂaging RBC-polymersomes

> DPTE—RBC microreactors

The effect of liposome size on internal reactions was
analyzed.®' The higher solute concentration in liposomes might
account for high reactivity and the volume, which determines
the concentration of included molecules,®” is a key factor for the
reaction occurring inside the compartment.®?

(iii) The two methods used for erythrocyte coating of poly-
mersomes had a moderate effect on all parameters. Thus, the
double shell formed of polymersomes membrane and erythro-
cyte membrane coating does not affect the diffusion of POX to
the active center of encapsulated enzymes. The substrate POX is
an uncharged molecule of small molecular weight. In the
literature free diffusion into liposomes is assumed only for
small uncharged substrates®®* rarely without changing the
catalytic parameters of enzymatic reactions.®®

LDs, study

The approach based on coating nanoparticles with fragments
of RBC membrane for detoxification of OPs has already been
used applying the lipid fusion method.**”° Thus, our main
interest is to develop this approach, using PTE-loaded polymer-
somes encapsulated into erythrocytes (erythrocyte-PTE-micro-
reactors). As we know, such systems have been investigated
here for the first time. For the in vivo experiment, the leader
system - polymersomes-1 with the highest EE, LC, low poly-
dispersity, the best stability and good in vitro catalytic para-
meters was used. In a previous work, we showed that
administration of PTE from Saccharolobus solfataricus caused
a mild humoral response. In addition, challenged mice did not
show observable physiological and behavioral effects after a
second injection.>® This makes our investigated nanosystems
particularly safe and unable to trigger immune and adverse
physiological responses. Looking ahead, our results showed
that mild cellular, oxidative stress and cytokine responses took
place, causing only mild transitory adverse effects (Gabdoul-
khakova A. G. et al. article in preparation). To determine LDs5, of
POX, a single subcutaneous (s.c.) injection was used. The
nanoparticle solution was administered intravenously. Seven
groups of animals (three animals in each group) were used: two

Table 2 Catalytic parameters for PTE-catalyzed hydrolysis of POX in Tris/HCL (0.01 M) containing CoCl, (C = 0.0002 M) and ethanol 1.5% (vol), pH = 7.4,

25°C

Systems Vinax, dA min ™" keaty S~ Ky, UM keat/Km, x10°, M~ 571
PTE 0.054 + 0.004 29 + 2 250 + 54 1.16 + 0.37
PTE-polymersomes 0.209 & 0.01 65 £ 3 265 + 44 2.45 £ 0.68
PTE-RBC-polymersomes 0.140 £+ 0.01 74 £5 351 £ 67 2.1 £0.75
PTE-RBC-microreactors 0.093 £+ 0.007 43 +£3 303 + 64 1.42 + 0.47
PTE—liposomes“ 0.061 £+ 0.001 28 £ 0.5 70 £ 5 4.06 + 0.94

PTE-solid lipid nanoparticles” 0.0027 + 0.0001 45+ 2.4 607 £+ 75 0.74 + 0.32

“ Ref. 79.

© 2025 The Author(s). Published by the Royal Society of Chemistry Mater. Adv.
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Table 3 POX LDsg shifts at pre- and post-exposure treatments in mice

POX LDs, shift

Systems Pre-treatment Post-exposure
PTE-polymersomes-1 12.1 7.2
PTE-RBC-microreactors-1 11.7 8.9
PTE-loaded polymersomes-2* 15.6 5.3
PTE-loaded polymersomes-3° 16.6 9.8

“ Dose of PTE = 3.7 mg kg~*.5* ? Dose of PTE = 6.6 mg kg~'.*

0.6-
-
1
£
€ 04/
>
_": *
S
O 92/ @
S 0.2
>
0.0 $-.. Y VP L e
0 1 2 3 4 5 20 24

Time, hours

Fig. 5 PK of PTE in mouse plasma after intravenous injection of erythro-
cyte—PTE-microreactors. PTE dose 3.7 mg kg%, PEG-PPS dose 25 mg kg™,
Each point represents the mean £ SD in four mice.

control groups (i.v.) polymersome solution without PTE in 0.9%
NaCl and s.c. solution 0.9% NaCl containing ethanol (10 vol%).
The third group received doses of POX from 0.25 to 0.7 mg kg™ .
The fourth group received PTE-loaded-polymersomes solution
and 5 minutes later POX with doses ranging from 5 to
15 mg kg ' (pre-treatment). The fifth group received POX at dose
from 2.5 to 10 mg kg™ " and 1 min later PTE-loaded-polymersomes
solution was injected (post-exposure treatment). The sixth and
seventh groups were pre- and post-exposure treatment received
erythrocyte-PTE-microreactors with POX dose ranging from 1.5
to 10 mg kg™ and from 1.5 to 7 mg kg™, respectively.

Animals treated with empty polymersomes and solvent
(10% EtOH) showed no clinical signs. Results about the acute
toxicity study of POX are presented in Table S2 (SI). As a result
of POX s.c. administration, depression of animal activity,
dyspnoea, and convulsions were observed immediately after
injections; death occurred within 20 min. Pathomorphological
autopsy of animals revealed lung damage in some mice. LDs, of
POX was 0.6 mg kg™ ". High in vivo protective efficacy against
POX (s.c.) was established for both prophylactic and therapeutic

Table 4 Pharmacokinetic parameters
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administration PTE-loaded nanoparticles (Table 3). The highest
LDs, shift was 15.6 for prophylactic administration of PTE-
loaded polymersomes based on diblock PEG-b-PPS 2. For
therapeutic administration, the most effective is erythrocyte—
PTE-microreactors-1 with LDs, shift ~9. Therefore, PEG-PPS-
polymersomes coating by biomimetic erythrocyte layer, show-
ing improved detoxifying action are a promising approach for
both pre-treatment (prophylaxis) and post exposure treatment
of emergency acute OP poisoning.

Then, we studied the pharmacokinetics of erythrocyte-PTE-
microreactors-1 intravenously injected to mice for comparison
with pharmacokinetics of PTE-loaded polymersomes-2. PTE
activity with POX as the substrate was assayed in plasma
(Fig. S16, SI). The pharmacokinetic curve is in Fig. 5. Time
plots from the intravenous route of erythrocyte-PTE-micro-
reactors administration were fitted (r* = 0.968, Fig. S17, SI) to
the two-compartment pharmacokinetic model (eqn (4)):

[E], = Ae ™ + Be /" (4)

where E, is the PTE activity at time ¢, « and f are distribution
and elimination rate constants, respectively. The calculated
pharmacokinetic parameters are in Table 4, where t;,,, = In 2/,
according to eqn (4) in which o is the distribution rate (h ") from
blood and t;,,; = In2/p, according to eqn (4) in which f is the
elimination rate (h™") from blood. As seen, the distribution phase
for PTE-microreactors-1, PTE-polymersomes-1 and nonencapsu-
lated PTE is almost the same ~20 min.** On the other hand,
there is a difference in the elimination phase.

The elimination phase for microreactors is more than
1 hour. Likely, the greatest effect in post-exposure treatment
for PTE-microreactors-1 (LDs, shift = 8.9) compared to PTE-
polymersomes-1 (LDs, shift = 5.3) could be explained by the
longest elimination phase for PTE-erythrocyte microreactors-1.
It may be stated that the longest elimination phase of PTE-
erythrocytes microreactors is due to transfer of PTE-PEG-PPS
polymersomes from RBCs to endothelium in the vasculature. This
“RBC-hitchhiking” was shown for RBC-PLGA-nanoparticles.?”*®
In our previous work, the direct biodistribution of enzyme-
encapsulated PEG-PPS 1 polymersomes in organs (IVIS imaging)
provided evidence for elimination of nanoreactors by the liver but
via different pathways unlike the free enzyme.’® It needs to
require further assessment in highly vascularized organs for
PTE-microreactors in a future. Application of biomimetic micro-
reactors and double coating of enzyme are more promising for
post-exposure treatment of organophosphorus poisoning than for
pre-treatment. The creation of formulations with a biomimetic
membrane requires additional research and effort. Since particles
can quickly detach from red blood cells,* which facilitates a rapid
distribution phase for the enzyme. Change of deformability,

System o (h™)

t1/29< (h)

B tizp (h)

PTE-microreactors-1 3.15 + 0.91

Mater. Adv.

0.22 + 0.064

0.683 + 0.067 1.015 £ 0.1

© 2025 The Author(s). Published by the Royal Society of Chemistry
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mechanical flexibility and physical sturdiness of RBCs can be
caused by attached nanoparticles” and can accelerate RBC
clearance. Also it is known that senescent red blood cells can be
recognized and removed by the cellular immune system.”*

Future work will focus on cellular immune reactions, opti-
mization of the composition of erythrocyte-PTE-microreactors
and to use different types of cell materials.

Conclusions

The creation of enzyme microreactors based on cell-membrane
coated polymersomes is an extension of the concept of enzyme-
loaded nanoscavengers. In the present work, we demonstrated
that a highly toxic OP, POX, can be effectively detoxified in vivo,
after injection to mice of double membrane enzyme reactors.
This proof of concept shows that inclusion of numerous
enzyme nanoscavengers in erythrocyte ghosts is a step forward
the use of cocktails of multiple therapeutic enzymes for pleio-
tropic effects or for targeting numerous types of toxicants. The
external envelope of the “therapeutic bag”, erythrocyte
membrane, links the multiple potential uses of this new
technology to personalized medicine. However, the road to
practical implementation of these enzyme microreactors at
the bedside of patients is still long. As enzyme-RBC-polymer-
some microreactors is a novel biomimetic nanoplatform.
Therefore, in future, several quality controls need to be
explored: cell collection and isolation process, sterilization,
optimization of the ratio of biological and synthetic compo-
nents. All of these affect storage and long-term stability.”>°* In
particular, addition of cryoprotectants with the goal of mini-
mizing membrane damage during storage in freezing condi-
tions is planned. Other types of natural cell membranes or
artificial membranes will certainly lead to practical formula-
tions more stable than erythrocyte ghosts and easier to
fabricate.
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