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Abstract:

Background: Stroke is the leading cause of mortality and disability worldwide. The goal of this study was to design
stable, small-sized polyethylene glycol (PEG)/albumin nanoparticles (NPs) for delivering drugs targeting various
phases of stroke recovery.

Methods: RP-HPLC (Reversed-Phase High-Performance Liquid Chromatography) and spectrophotometry were used
to assess the stability and effectiveness of the drug carriers. The dynamic light scattering (DLS) technique was
employed to evaluate the size and zeta potential of the particles. The integrity of the blood-brain barrier (BBB) in
laboratory rats was assessed by measuring Evans Blue (EB) leakage after intracranial injection of 3% H,0,. AutoDock
Tools 1.5.7 was used to analyze the compatibility of the polymers with albumin.

Results: The particles exhibited high drug-loading efficiency. In all groups, the most prevalent particle size averaged
211.09 £ 92.72 nm. The drug-loaded particles exhibited prolonged circulation and had a half-life (T,/,) ranging from
7.64 to 13 days. Furthermore, both albumin particles and PEGylated albumin carriers loaded with dexamethasone
and allopurinol significantly preserved (BBB) integrity (2.92 = 0.4 pg, p < 0.04), as indicated by reduced (EB)
extravasation (6.73 + 0.58 pg) compared to the control group (9.12 £+ 1.2 ng, p < 0.04, t-test).

Discussion: The protective effect of albumin carriers on the BBB may be attributed to an increase in blood oncotic
pressure, which helps limit edema formation. PEG/albumin drug-loaded carriers demonstrated greater stability, as
indicated by their zeta potential, and exhibited a more pronounced BBB-preserving effect due to the combined
actions of albumin and the loaded drugs.

Conclusion: In this study, stable, layered NPs carrying different drugs were synthesized that could be applied for the
treatment of experimental stroke.
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1. INTRODUCTION

Stroke is ranked as the top cause of death and stands as
the major contributor to disability worldwide [1, 2]. Despite
advances in the field of the treatment of acute stroke, the
development of new interventions remains necessary, and
the clinical translation of these interventions is slow.
Several factors contribute to this delay in improvements,
including the limited therapeutic time window for drugs
(tissue-type plasminogen activator and its derivatives, such
as alteplase, retavase, and tenecteplase), patient hetero-
geneity, reliance on suboptimal animal models, and chal-
lenges related to drug safety and pharmacokinetics [3-5].

Long-term treatment includes medications to prevent
recurrence (such as antiplatelets, anticoagulants, etc.) and
to facilitate rehabilitation (physical, occupational, and
speech therapy). Advanced therapies can target inflam-
mation and oxidative stress to protect brain cells and
enhance recovery. Another aspect of the treatment is man-
aging risk factors, such as high blood pressure, cholesterol,
and diabetes [6].

Nanoparticle (NP)-based drug delivery systems (DDS)
offer significant improvements in drug pharmacokinetics,
pharmacodynamics, and safety by protecting drugs from
early deactivation and clearance, providing targeted access
to specific sites, and preventing off-target interactions.

These technical improvements result in prolonged circu-
lation time, increased drug accumulation in targeted
regions, and reduced dosage requirements, which certainly
minimizes toxicity [7]. The behavior of a nanoparticle (NP)
carrier is determined by several important factors. Firstly,
size plays a vital role, influencing biodistribution, cellular
internalization, and clearance by immune cells and the
reticuloendothelial system (RES). Particles with diameters
smaller than 200 nm are generally preferred because
smaller carriers may experience low encapsulation effi-
ciency and rapid drug release, while larger particles can
potentially cause the formation of clots in the micro-
vasculature. Secondly, shape determines transporting pro-
perties, cellular uptake, stability, and the available surface
area for functionalization and interactions with the sur-
rounding environment. Thirdly, rigidity is a significant
factor; flexible or deformable carriers demonstrate imp-
roved uptake and efficient tissue penetration [7].

Additionally, hydrophobicity and surface charge are
crucial, as they impact carrier toxicity, tendency for aggre-
gation, interactions with cell membranes, and adsorption by
serum proteins. The mechanisms of particle degradation
and drug release are equally important because these phe-
nomena control the precise unloading of the encapsulated
drug while maintaining stability at the site of action [8].

One class of nanoparticles that has garnered significant
attention is PEGylated NPs, which are coated with poly-
ethylene glycol (PEG). These particles are known for their
ability to improve drug stability and bioavailability, parti-
cularly in challenging conditions like cancer and stroke.
PEGylated NPs have demonstrated success in various appli-
cations. For example, it has been found that when incor-
porated into PEGylated nanotubes, the anticancer medi-
cation doxorubicin reduced the size of tumors in mice [9].
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When doxorubicin-loaded PEG-nanotubes were injected
intratumorally and, intravenously, tumor size was found to
be reduced in vivo even more extensively [9]. Nucleic acid-
functional nanoparticles have been demonstrated to be
effectively delivered to a variety of cancer cells using
PEGylated mesoporous silica and polysilsesquioxane nano-
particles [10, 11].

Beyond cancer, PEGylated lipid nanoparticles have been
instrumental in mRNA vaccine delivery. Pfizer/BioNTech
and Moderna vaccines are two lipid-based formulations that
include PEG and methoxy-PEG, respectively, and are app-
roved for emergency use in the US and numerous other
countries [12]. They transmit mRNA encoding the SARS-
CoV-2 antigen [13].

Numerous data exist regarding the application of
PEGylated nanoparticles in the setting of experimental
stroke. PEGylated NPs have gained popularity recently
because of their high blood-brain barrier (BBB) perme-
ability. A single intravenous injection of PEG with curcumin
(30% wt/wt) not only targets the central nervous system at
the site of injury but also reduces the apparent diffusion
coefficient, which is linked to cytotoxic edema in the brain
[14]. This indicates that substances that are often unable to
cross the BBB may be able to do so after binding with PEG.
Recent research using curcumin has shown that, after brain
ischemia-reperfusion in rats, the applied formulation with
PEG and polylactide-co-glycolide (PLGA) was more effective
than curcumin alone at lowering reactive oxygen species
and apoptosis [14]. Due to the poor biodistribution of free
curcumin to the brain, higher doses are required to achieve
comparable therapeutic efficacy [14].

Interestingly, another group created a novel formulation
of isoliquiritigenin (ISL)-loaded micelles, which were pre-
pared with DSPE-PEG2000 as the drug carrier and modified
with the brain-targeting polypeptide angiopep-2. Such a
strategy enhanced the physicochemical properties of the
particles, transforming them into well-water-soluble
carriers with high bioavailability of ISL for the treatment of
acute ischemic stroke [15].

The extent of the data related to the targeting of
ischemic stroke with liposomes loaded with a statin is insuf-
ficient. A group of investigators studied the impact of
atorvastatin-loaded PEG conjugated liposomes (LipoStatin)
on outcomes in rats with cerebral ischemia-reperfusion
[16]. The researchers modeled PEGylated liposomes loaded
with atorvastatin in a way that these nanoparticles would
specifically target and accumulate in the ischemic region to
ameliorate the harmful effects of the stroke [16].

Based on the existing results, PEG is able to enhance
the pharmacokinetics of drugs, particularly those with a
protein-like nature. Albumin is one of the known carriers of
medications, with limited encapsulation abilities and a short
circulation time in the bloodstream.

The aim of this work was to create layered albumin/PEG
particles efficiently loaded with drugs for the treatment of
different stages of stroke. The NPs were composed of addi-
tional compounds, each with specific therapeutic effects:
albumin, which increases blood oncotic pressure and aids in
reducing brain edema following stroke [17]; dexametha-
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sone, which alleviates post-stroke inflammation; and allo-
purinol, which inhibits xanthine oxidoreductase activity
(XOR; EC: 1.17.3.2) [18].

The particles were also characterized based on physico-
chemical properties, and their stability was evaluated. The
stabilizing effect of PEG was compared with that of other
biological as well as chemical polymers using in situ
analyses. This study examined the circulation properties of
the particles and characterized the pharmacokinetics of the
new formulations.

Finally, the impact of the prepared particles was
evaluated in the setting of experimental oxidative brain
damage. Oxidative brain damage caused by excessive free
radical formation after cerebral vessel injury is a critical
stage in stroke development, and was a central focus of our
current work.

2. MATERIALS AND METHODS

All reagents were purchased from Sigma-Aldrich-Merck.
The human serum albumin (HSA) 10% was purchased from
Arpimed (Armenia). Glutaraldehyde 40% (GA) was pur-
chased from Medisar (Armenia).

2.1. Molecular Docking

The structure of the HSA (PDB ID: 1A06) used in this
study was obtained from the Worldwide Protein Data Bank
[19]. The 2D chemical structures of the following compounds
were obtained from the PubChem database [20]: butyric acid
(PubChem CID = 264), ethylene glycol (PubChem CID =
174), lactic acid (PubChem CID = 612), lysine (PubChem
CID = 5962), cholesterol (PubChem CID = 5997), inositol
(PubChem CID = 892), ethanolamine (PubChem CID = 700),
choline (PubChem CID = 305), vinyl acetate (PubChem CID
= 7904), and ethylenimine (aziridine) (PubChem CID =
9033).

The 3D structures of the chemical compounds were
obtained using Open Babel [21, 22]. Preparation of the
basic source files for molecular docking, which included the
determination of grid box coordinates and format con-
version, was performed using AutoDock [22, 23]. Molecular
docking was performed using AutoDockTools 1.5.7 with all
default settings, except for the exhaustiveness parameter,
which was set to 128 for enhanced reliability. Auto-
DockTools 1.5.7, PyMol, and BIOVIA Discovery Studio
visualizer programs were used for the generation and
analysis of the results [22].

2.2. Generation of Albumin Particles

Five hundred microliters of 10% bovine albumin
(Arpimed, Armenia) was dissolved in 1 ml of water [24]. Ten
microliters of GA (40%) was added along with 1 ml of
lithium. After this, the mixture was incubated for 24 hours.
The mixture was centrifuged at 14,000 RPM for 30 minutes.
The precipitate was dissolved in 1 ml of water. The particles
were washed to remove the remaining GA by dialysis
against 0.1 M phosphate-buffered saline (PBS) (pH ~ 7.4)
[24, 25]. Additionally, for the formation of the shell of the
albumin particles, we used 10% PEG 2000, 3000, 12000,
and 32000. The concentration of dexamethasone used was 4
mg/mL. Allopurinol was used at 0.007%. After preparing the

particles, the suspensions for each group were dialyzed for
24 hours to remove the small reagents used in the poly-
merization process.

2.3. Fluorescence Confocal Microscopy

An inverted microscope (Model: Leica DM8) was used
for imaging the particles. The microscope was equipped
with traditional transmitted light, a fluorescence system,
three laser lines (488 nm, 532 nm, and 635 nm), and a
tunable emission detector. The system was equipped with
LAS X software to process the acquired images. All particles
were labeled with albumin-specific Evans Blue dye before
imaging.

2.4. Measurement of the Zeta Potential of the
Particles

The hydrodynamic diameters of the particles were
measured using the dynamic light scattering method with a
Litesizer™ 500 (Anton Paar, Graz, Austria). Measurements
were conducted under automatic settings optimized for
latex spheres at 25°C. The C-potential was measured using
an Omega cuvette Z (Anton Paar) with a 40 mW laser and a
wavelength of 658 nm. Each analysis was performed over
40 runs to ensure accuracy [24].

2.5. Reverse-phase HPLC

The detection of dexamethasone and allopurinol was
performed using reverse-phase HPLC on a Shimadzu LC-20
chromatograph (Shimadzu, Kyoto, Japan) equipped with a
UV-Vis detector SM 5000 and C18 RP columns produced by
Avex (Tokyo, Japan), Waters (MA, USA), and Symmetry (AZ,
USA). Elution was performed at a flow rate of 0.6 mL/min
under isocratic conditions using a 70:30 (v/v) acetonitrile:
water ratio. Allopurinol was detected at 260 nm, whereas
dexamethasone was detected at 242 nm [24].

2.6. Vertebrate Animals

Experiments involving animals were conducted in
compliance with TACUC policies, by the US National Re-
search Council's “Guide for the Care and Use of Labo-
ratory Animals” and animal care standards, as well as the
regulations established by the Armenian Ethical
Committee of the Institute of Biochemistry named after H.
Buniatian, National Academy of Sciences of the Republic
of Armenia (International Registration N IRB0001621;
IORG 0009782; Reference Letter (Approval N 7, 2024).
Accepted international procedures, including anesthesia,
euthanasia, animal surgery, and blood collection, were
performed based on the regulations, policies, and guide-
lines written and approved by the organizations mentioned
above.

Healthy white laboratory male rats, 8-9 months old
(weight = 200 g; n = 41), were anesthetized via intra-
peritoneal injection of pentobarbital at a dose of 2 mg per
100 g of body weight, based on symptomatic and genetic
verification by the veterinarian. The animals were pur-
chased from the L.A. Orbeli Institute of Physiology,
National Academy of Sciences of Armenia. The specified
dosage typically induced anesthesia within 5 minutes. The
depth of anesthesia was evaluated by gently squeezing the
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animals' legs with forceps; a lack of response indicated
adequate anesthesia. When necessary, additional doses
were administered to maintain proper anesthesia depth.

To support the animals’ normal physiological state
during surgery, cranial and rectal temperatures were conti-
nuously monitored. After seven days, the animals were
deeply anesthetized and euthanized through cervical dis-
location. Entire pre-surgical, surgical, and post-surgical
observations were carefully documented [24, 25].

Two types of animal experiments were performed: 1.
circulation experiments, and 2. experiments related to the
evaluation of the integrity of the BBB after intracranial
injection of hydrogen peroxide (3%). For each experimental
group, 3-5 animals were used. Based on our experience, the
mentioned sample size was sufficient for obtaining accurate
results [26-28], due to the fluorescence as well as high
absorbance abilities of Evans Blue (EB) used in both types
of the above-mentioned experiments.

The circulation set of experiments included the fol-
lowing animal groups injected with a. albumin particles
(control), b. albumin particles coated with PEG, c. PEG/
albumin particles coated with drugs, and d. PEG/albumin
particles loaded with medicines. There were no inclusion or
exclusion criteria for the animals in the experiments.

The second set of experiments was devoted to evalua-
ting the possible protective abilities of a. albumin particles
(control), b. albumin particles coated with PEG, c. PEG/
albumin particles covered with drugs, and d. PEG/albumin
particles loaded with medicines under conditions of experi-
mental brain oxidative damage, reflecting one of the stages
of experimental stroke development. Animals were injected
with the formulations if they survived the surgery and were
included in the experimental group only if anesthesia did
not last more than 40 minutes.

All animals were kept under similar conditions. The
experiments were conducted in a blinded manner by
separate research groups.

2.7. Circulation of Particles

The animals were injected with 1.08-1.10 x 10°
albumin particles via the jugular vein. Blood samples were
collected at various time points into heparin-coated vacu-
tainers. The elimination constant, Kel, was calculated
using Eq. (1) [29, 30]. The half-life T1/2 was evaluated
using Eq. (2) [29, 30], as outlined in previous studies [24].
The equations are as follows:

Kel = Slope x (-0.23) )
T % =0.64/K el. )

The blood samples were centrifuged at 1000 RPM for 10
minutes, and the plasma containing the particles was
separated. The number of particles in the plasma was
calculated using a hemocytometer. Images were captured,
and particle counts were quantified using Pixcavator 5
software (Pixcavator Software, developed by Peter Saveliev,
Marshall University, WV, USA). A trinocular phase-contrast
microscope (Boeco GmbH), equipped with a 100x objective,
was utilized for visualization and calculation of the number
of particles [24].
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2.8. Modeling of Brain Damage in Rats

First, a small craniotomy was performed. Five micro-
liters of 3% hydrogen peroxide was injected into the brain
parenchyma of the animals using the following coordinates
relative to the bregma: 2 mm lateral to the midline, 4 mm
anterior to the coronal suture, and 3 mm below the skull
surface. Prior to the procedure, the rats were fixed in a
stereotaxic frame. A syringe connected to a 27-gauge
stainless steel cannula with a 30° bevel was carefully
inserted into the brain parenchyma. After the infusion, the
cannula was left in place for 2 minutes to ensure proper
delivery and was then slowly withdrawn. The burr hole was
sealed with bone wax, the scalp incision was sutured, and
the animals were returned to their cages with unrestricted
access to food and water [26, 27].

2.9. Evans Blue Extraction from the Brain Tissue

The integrity of the blood-brain barrier (BBB) was
evaluated by measuring the amount of EB dye (4% in saline,
4 mL/kg, injected intravenously via the femoral vein two
hours before sacrifice) that penetrated the brain paren-
chyma. The procedure for EB extraction was as follows:
under anesthesia, the chest was opened, and saline per-
fusion was performed through the left ventricle until the
perfusion fluid flowing out from the right atrium appeared
colorless [26]. After decapitation, the brain was sliced into
two parts at the levels of bregma +2.7 mm and —0.3 mm.
Coronal blocks were further divided into the right and left
hemispheres, and regions of interest were isolated for local
EB dye measurement [26].

The brain tissue was homogenized and centrifuged, and
the dye was extracted using ethanol (at a 1:3 ratio). The
concentration of EB was determined using a spectro-
photometer at 620 nm (Cary 60, Agilent, USA). The dye
content in the tissue was calculated using external stan-
dards prepared in the same solvent (100-500 ng/mL). The
tissue EB levels were quantified from a linear standard
curve generated from known dye concentrations and
expressed as absolute values [26, 27].

2.10. Statistical Analysis of the Results

Data are presented in the work as mean * SEM.
Statistical significance between control and experimental
groups was calculated using one-way analysis of variance
(ANOVA) or the Student t-test (SigmaStat 10, Excel). Before
applying the ANOVA test, SigmaStat 10 automatically ran a
normality test to verify the distribution of the means of the
groups’ samples.

The statistical power was set at 80% for the calculation
of significance between the experimental groups and the
control, with a significance level of p < 0.05. The number of
variables per group, calculated by the SigmaStat program,
was also taken into consideration.

3. RESULTS AND DISCUSSION
3.1. Docking Analyses of the Polymers Used for the
Preparation of Drug Carriers

Polymers of chemical or biological origin can be applied
for the generation of particles used for drug delivery.
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A cholesterol-rich nano-emulsion (CRNE) can serve as a
transporting agent for chemotherapeutic drugs in the
bloodstream and target them to neoplastic and inflam-
matory tissues. This approach enhances the drug's biodistri-
bution and reduces systemic toxicity [31].

Choline might serve as an ionic coating material for the
delivery of drugs into the brain parenchyma [32]. To enable
distribution while minimizing coprecipitation and functiona-
lization of ferrite NPs, ethanolamine (EA), along with other
compounds, may be effectively used [33].

Sugar alcohols are phase-change materials with several
benefits, but they may experience leakage during use. Mo
S.and Li Y. et al. synthesized inositol nano-capsules under
different conditions, varying the number of precursors and
the timing of their addition [34].

Another monomer is vinyl acetate, which might serve as
a component of polyvinyl alcohol (PVA) nanoparticles. These
particles can be synthesized using the water-in-oil emulsion
technique, with PVA acting as a stabilizer to regulate
particle size and morphology. Due to its hydrophilic nature
and compact structure, PVA is often used in conjunction
with other polymers and nanomaterials to enhance the
composite's barrier properties [35].

Messenger RNA (mRNA) vaccines have been widely
used worldwide to fight the COVID-19 pandemic. These
vaccines consist of non-amplifying mRNA encapsulated in
lipid nanoparticles (LNPs), which have become the bench-
mark for non-viral nucleic acid delivery carriers. However,
the formulation and production of these mRNA-LNP nano-
particles are expensive and time-consuming.

To overcome these challenges, researchers have emp-
loyed self-amplifying mRNA (saRNA) and developed novel
polymers as alternative non-viral carriers to LNPs. This
innovative approach has enabled the simple and rapid one-
pot formulation of saRNA-polyplexes. The polymer-based
carrier scaffold consisted of ethylenimine and propy-
lenimine comonomers, resulting in linear poly(ethylenimine-
ran-propylenimine) (L-PEIx-ran-PPIy) copolymers with pre-
cisely controllable degrees of polymerization [36].

Butyric acid has been shown to enhance the radiosen-
sitivity of cancer cell lines in vitro; however, its short
systemic half-life has limited its effectiveness in vivo. To
overcome the unfavorable pharmacokinetics of low-mole-
cular-weight (LMW) butyric acid, N. Madbouly, A. Ooda,
and colleagues created a novel polymeric prodrug using
amphiphilic block copolymers, specifically poly (ethylene
glycol)-b-poly(vinyl butyrate) (PEG-b-PV(BA)).

This prodrug incorporates multiple butyric acid units
conjugated through enzymatically degradable ester linkages
within the hydrophobic segment. The PEG-b-PV(BA) copoly-
mers spontaneously self-assemble into nanoparticles
(NanoBA) with diameters in the nanometer range [37, 38].

Poly(D,L-lactic acid) (PLA) is widely used in the bio-
medical field due to its biodegradable, biocompatible, and
non-toxic properties. Numerous techniques, including emul-
sion, salting out, and precipitation, have been employed to
optimize PLA micro- and nanoparticle formulations. These
particles serve as controlled drug delivery systems for
therapeutic agents, including proteins, genes, vaccines, and
medications.

Particles made from PLA mostly have low loading
capacity, limited encapsulation efficiency, and difficulties
with terminal sterilization. However, the utility of these NP
materials remains an important, clinically viable solution
[39, 40].

Poly(amino acids) are effective as drug carriers for
delivering anticancer drugs. Studies have focused on confir-
ming the role of isomers in the formation of nanoparticles.
Yu, B., and Lang, X. demonstrated in their study that two
polylysine isomers, €-polylysine (¢-PL) and a-polylysine (a-
PL), exhibit different capacities for entrapping metho-
trexate (MTX) and functioning as nano-drug delivery
systems [41].

First, we conducted docking analyses to compare the
affinity of ethylene glycol, the monomer of PEG, with that
of other possible monomers, focusing on their interaction
with the main component of the carriers, i.e., albumin
(Fig. 1A-D). Ethylene glycol interacted with albumin
through the formation of a conventional hydrogen bond
involving LEU 516. It also showed an unfavorable donor-
donor interaction with ARG 521 and a van der Waals
interaction with GLU 167.

To compare the effectiveness of different monomers
with that of PEG, we selected seven compounds, which are
presented below.

Butyric acid interacted with albumin through a hydrogen
bond between the oxygen atom of the acid molecule and
ARG 410 of albumin. An alkyl-alkyl interaction was also
observed.

Lactic acid formed an unfavorable acceptor-acceptor
interaction with TYR 150 and hydrogen bonds with ARG 257
and SER 287.

Lysine formed five conventional hydrogen bonds
between its two negatively charged carboxyl oxygens, the
hydrogens of its amino groups, and the nitrogen of one
amino group with the following residues of albumin: LYS
195, GLU 153, SER 192, TYR 150, and ARG 257. Addi-
tionally, LYS 199 and TYR 150 were involved in alkyl-type
interactions.

Cholesterol, due to the formation of multiple alkyl-type
interactions, interacted with albumin (Fig. 2A).

Inositol was able to bind to albumin through hydrogen
bond formation with SER 192 and ARG 257, and an un-
favorable donor-donor interaction with HIS 288 was
observed (Fig. 2B).

The hydrogen of the hydroxyl group of ethanolamine
formed a hydrogen bond with SER 192 of albumin (Fig. 2C).

Similarly, the hydrogen of the hydroxyl group of choline
formed a hydrogen bond with TYR 161 of albumin (Fig. 2D).

A highly negatively charged oxygen atom of vinyl
acetate formed a hydrogen bond with ARG 257 of albumin
(Fig. 2E).

Ethylenimine interacted with GLU 153 of albumin
through a hydrogen bond involving the hydrogen atom con-
nected to its nitrogen atom (Fig. 2F).
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Interestingly, PEG, which is widely accepted as one of
the best drug carriers due to its biodegradability, exhibited
one of the lowest affinities and binding energies toward
albumin compared to the other monomers analyzed in this
study (Table 1).

(A)

ALA172
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As mentioned in Table 1, cholesterol, due to its steroid
ring structure, which is very similar to that of the reference
compound dexamethasone, exhibited the highest binding
affinity and the most negative binding energy value. Posi-
tively charged compounds, through the formation of
hydrogen bonds with albumin, also demonstrated high
binding affinity values. Examples include lysine and choline.

(B)

(C) (D)

LEU260
261

ARG222

PHE1ST z
92
L 2 Hisz08

"ALA291

LEU260

[

ARG25T

Fig. (1). Interaction between albumin and ethylene glycol, butyric acid, lactic acid, and lysine.A. Interaction of the albumin with
the ethylene glycol (ID =174). B. Interaction of the albumin with the butyric acid (ID =264). C. Interaction of the albumin with the lactic

acid (ID =612). D. Interaction of the albumin with the lysine (ID =5962).

Table 1. Comparison of the effectiveness of the binding of monomers to the molecule of albumin.

Compounds BNl Ay Binging Encroy RusD
Cholesterol -8.58 -5.30 35.497
Ethanolamine -2.65 -2.92 37.761
Choline -3.2 -2.40 39.881
Inositol -5.3 -1.77 38.279
Vinyl Acetate -3.56 -2.29 40.14
Ethylenimine -2.07 -2.60 30.936
Butyric acid -3.8 -2.76 37.539
Ethylene Glycol -2.9 -1.86 33.077
Lactic acid -3.76 -2.58 35.2925
Lysine -4.47 -2.23 36.131
Reference -8.58 -4.10 37.318
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Fig. (3). Efficiency of allopurinol and dexamethasone entrapment and/or binding to PEG/albumin particles evaluated by RP-
HPLC. The chromatography conditions were as follows: an isocratic regime, with a concentration of the eluent of 70% water and 30%
acetonitrile. The speed of the elution was equal to 0.6 ml/min. The experiments used a C18 RP column. For each group, we had n = 5
samples. The representative chromatograms are included in the work. A. The absolute amount of dexamethasone used for the preparation
of the carriers. B. Absolute amount of the allopurinol used for the preparation of the particles. C. The chromatogram represents the
amount of unbound dexamethasone that remained in the solution after the formation of the carriers covered with the drugs. D. The
chromatogram represents the amount of the unbound allopurinol that remained in the solution after the formation of the carriers covered
with the drugs. E. The chromatogram represents the amount of unbound dexamethasone that remained in the solution after the formation
of the carriers, which were entrapped with the drugs. F. The chromatogram represents the amount of unbound allopurinol that remained
in the solution after the formation of the carriers, which were entrapped with the drugs. G. The background chromatogram. H. Calculation

of the absolute bound amount of allopurinol and dexamethasone based on the linearity of the dependence of the concentration of the
drugs on the area of the peaks.
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Based on previously developed methods, we prepared
albumin nanoparticles with two major size populations: one
with an average diameter of 22.65 nm, representing 72.9%
of the sample, and the second with an average diameter of
421.05nm, representing 27.1% (Fig. 4B). After filtration,
the PEG/albumin particles exhibited two size populations as
well: 164.1nm, comprising 98.89% of the particles, and
3119.61 nm, comprising 1.11% (Fig. 4C).

The diameter of the drug-loaded particles was distri-
buted across three populations: 7.1 nm (13.8%), 217.16 nm
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(27.9%), and 554.5nm (58.26%) (Fig. 4D). In the case of
albumin/PEG particles coated with drug, the size distri-
bution also revealed three primary populations: 8.64 nm
(69.4%), 55.9 nm (18.62%), and 255.7 nm (11.94%) (Fig. 4E).

We also characterized the zeta potential, as a measure
of the stability, of the particles. For albumin, it was 13.69 +
0.74 mV, for PEG/albumin particles, it was 18.99 + 1.4 mV,
for PEG/albumin particles loaded with the drugs, it was
14.88 = 2.063 mV, and for albumin/PEG carriers covered
with the drugs, it was 15.23 = 1.53 mV (SEM) (Fig. S1).
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Fig. (4). Evaluation of the size of the generated drug carriers. The number of measurements for every group was equal to 6. A.
Dependence of the particle's size on the PEG's Molecular Weight (MW). B. Percentile of the distribution of albumin particles. B’. Insert:
Percentile of NPs distribution in the albumin group C. Percentile of the distribution of PEG/albumin particles. C’. Insert: Percentile of NPs
distribution in PEG/albumin group. D. Percentile of the distribution of PEG/albumin particles loaded with the drug's particles. D’. Insert:
Percentile of NPs distribution in PEG/albumin particles loaded with the drug group E. Percentile of the distribution of albumin/PEG
carriers covered with the drugs. E’. Insert: Percentile of NPs distribution in albumin/PEG carriers covered with the drug group.
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A. Albumin NP

Zagqaryan et al.

B. Albumin/PEG NP

Fig. (5). Representation of the NP shapes for the different formulations of the carriers and drugs.A. Albumin NP; B. Albumin
/PEG NP, C. Albumin/PEG/drugs loaded particles, D. PEG/drugs covered albumin particles. It was used with a 10x objective. The line

length is 10 microns.

The number of measurements for every group was equal
to 6.

The stability of the particles was assessed under
thermostatic temperature conditions of 25.0 °C. The buffer
for the particles was 0.1 M PBS (pH = 7.4).

3.4. Evaluation of the Shape of the Particles

After applying LAS X software, images were obtained
for all four groups: Albumin NP, albumin/PEG NP, albumin/
PEG/drugs-loaded particles, and PEG/drugs-covered
albumin particles (Fig. 5). The size of the particles varied
from 100 nm up to several microns. The results reflect a
more accurate representation of the size distribution
presented above. The highest distribution of large particles
was noted in the PEG/drugs-covered albumin particles
group (Fig. 5A-D).

3.5. Degradation of Albumin, PEG/Albumin, and
PEG/Albumin Particles Carrying the Drugs at 36.6 °C

3.5.1. Quantitative Evaluation of the Extent of the
Degradation of the Particles based on the
Measurement of the Free Phase of the Drugs in the
Suspension

Fig. (6) represents the degradation dynamics of the
PEG/albumin particles, serving as carriers of the drugs,
based on the appearance and detachment of the free drugs
in the solution. The peak change in eluent consistency
mostly occurred at 1.42 + 0.099 minutes. The retention time
of allopurinol in the suspension was 1.76 £ 0.085 minutes,
whereas dexamethasone's was 3.32 = 0.19 minutes. It was
also found that after 15 days, a new peak appeared on the
chromatograms. This peak corresponded to the degradation
product of dexamethasone with a retention time of 9.44 +
0.45 minutes.
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Fig. (6). Degradation at 36.6 C2 of PEG/albumin particles carrying the drugs. For each group, we had n = 5 samples. The
representative chromatograms are included in the work. Detection was carried out for allopurinol at the wavelength of 260 nm and for
dexamethasone at the wavelength of 242 nm. A. Detection of dexamethasone, a degradation product released from PEG/albumin-coated
drug particles, after 24 hours of incubation. B. Detection of the degradation product allopurinol from PEG/albumin particles loaded with
drugs, after 24 hours of incubation. C. Detection of dexamethasone, a degradation product of PEG/albumin-entrapped drug particles, after
24 hours of incubation. D. Detection of allopurinol, a degradation product of PEG/albumin-entrapped drug particles, after 24 hours of
incubation. E. Detection of dexamethasone, a degradation product of PEG/albumin particles coated with drugs, after 15 days of
incubation. F. Detection of allopurinol, a degradation product of PEG/albumin particles coated with drugs, after 15 days of incubation. G.
Detection of dexamethasone, a degradation product of PEG/albumin-entrapped drug particles, after 15 days of incubation. H. Detection of
allopurinol, a degradation product of PEG/albumin-entrapped drug particles, after 15 days of incubation. I. Detection of dexamethasone, a
degradation product of PEG/albumin particles coated with drugs, after 30 days of incubation. J. Detection of allopurinol, a degradation
product of PEG/albumin particles coated with drugs, after 30 days of incubation. K. Detection of dexamethasone, a degradation product of
PEG/albumin-entrapped drug particles, after 30 days of incubation. L. Detection of allopurinol, a degradation product of PEG/albumin-
entrapped drug particles, after 30 days of incubation.

Based on the analysis of the results regarding the 24 and 48 hours were more stable than the PEG/albumin
dynamic degradation of the carriers over 1 month, it was particles loaded with medicines, and this was supported by
found that carriers loaded with dexamethasone and allo- the results from one-month incubation of the different
purinol were more stable compared to the formulations formulation groups.

loaded with the medicines. The quantitative evaluation of

the degradation extent of the particles was based on the 3.5.2. In vivo Circulation of the Medication Carriers

detection of the free phase of the medicine in the Fig. (8) represents the circulation kinetics of four
suspension, Fig. (6K, L). formulations. PEG-coated particles persisted longer in the
. . . bloodstream compared to non-coated particles.
Fig. (7) represents the dynamic changes in the degra- { . PEG/albumi ticles d trated
dation process of the particles in one month. Fig. (7D) 0 comparison, albumin particles demonsirate
presents a summary of the calculated absolute amount of 83.97 + 3.27% and 42.0 + 3.02% of the initial dosage

remaining on days 3 and 7, respectively (p < 0.05). Albumin
particles circulated for a shorter period, with only 20 +
2.51% of the injected dosage remaining on day 3 and
complete elimination by day 7 (p < 0.02). Interestingly,
PEG/medicine-coated albumin particles were more stable in

free, degraded protein in the suspension after one month.
Figs. (6 and 7) are graphs representing the dynamic
changes in the degradation process for all groups during 24
and 48 hours of incubation at 36.6 °C.

Short-term incubation results (24 and 48 hours) the bloodstream than particles with medicines entrapped in
demonstrated a clear difference between the stability of PEG/albumin, with 93 * 6.25% remaining on day 3 and 75
PEG/albumin particles compared to albumin formulations. + 8.25% on day 7 (p < 0.05 compared to the initial dosage).
Interestingly, as with previous experimental analyses, the Entrapped particles showed 85 + 4.15% remaining on day 3

PEG/albumin carriers coated with medicines during the first and 63 * 3.38% on day 7 (p < 0.035).
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Fig. (7). The degradation of the carriers based on the quantification of the amount of the released protein at 36.6 °C during
one month. For each group, we had n = 5 samples. The representative chromatograms are included in the work. A., B., C. Graph
showing the linear correlation between albumin concentration and peak surface area. D. Calculation of the amount of the free degraded
albumin in the suspension of the particles made from albumin, PEG/albumin, either coated with or containing drugs, after 1 month. E.
Detection of degraded albumin in the suspension of albumin particles after one month, measured at 280 nm. F. Detection of degraded
albumin in the suspension of PEG/albumin particles after one month, measured at 280 nm. G. Detection of degraded albumin in the
suspension of PEG/albumin particles containing drugs after one month, measured at 280 nm. H. Detection of degraded albumin in the
suspension of PEG/albumin particles coated with drug particles after one month, measured at 280 nm. I. Dynamic degradation process of
the albumin as well as PEG/albumin particles during 24 and 48 hours (t-test, p<0.03 between the groups at 24 and 48 hours' time points).
J. Dynamic degradation process of the PEG/albumin entrapped medicines and PEG/albumin particles coated with medicine particles
during 24 and 48 hours of incubation (t-test, p<0.05 for 24 hours and p<0.03 for 48 hours).
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Fig. (8). Circulation of PEG-coated and uncoated albumin particles in the bloodstream of rats. N=3-5 for every group. A.
Circulation of the albumin particles. p< 0.002 between days 3 and 1; p<0.001 between days 1 and 7. B. Albumin particles, coated with
PEG. p<0.05 between days 1 and 7, as well as 1 and 3. C. Circulation of PEG/albumin particles coated with medicines (p<0.05 between
day 7 and the initial day). D. Pharmacokinetics of the PEG/albumin particles loaded with the medicines (p< 0.05, One-way ANOVA).

Table 2. Pharmacokinetic parameters of the carriers and the particles coated/loaded with the medicines.

Parameters | Albumin Particles | PEG-albumin Formulations PEG/albun;il?el;Z:iiccl?seCsoated Ll leél éi;ﬁﬁigﬁ,pgsgui;ge
Slope -0.04 -0.00276 -0.00095 -0.00164
k elimination 0.1 0.00635 0.00219 0.00377
T 1/2 7.2 109.14 316.73 183.7

Additionally, the elimination percentage of the par-
ticles over time was approximated as a linear dependence,
allowing calculation of the half-life (t,/,) of circulation for
each group. The half-life for albumin particles was 7.2
hours, for PEG/albumin formulations, it was 4.6 days, for
coated particles, it was 13.197 days, and for particles with
entrapped medicines, it was 7.65 days (Table 2).

Experimental in vivo results provide evidence of the
higher stability of PEG/albumin carriers compared to albu-
min particles. Formulations coated with medicines circu-
lated in the bloodstream longer than carriers loaded with
drugs.

The effects of albumin particles, PEG/albumin particles,
as well as PEG/albumin particles coated with medicines and
drugs entrapped into the carrier formulations, were eva-
luated under conditions of experimental brain oxidative
injury.

We extracted EB from the ipsilateral and contralateral
zones of the brain in all groups of animals: control (38.6 *
2.0 pg ipsilateral, 29.48 = 1.4 ug contralateral), albumin
carriers (43.19 + 3.0 ng ipsilateral, 36.46 = 1.0 pg

contralateral), PEG/albumin particles (40.6 += 1.95 ug
ipsilateral, 32.35 = 1.7 pg contralateral), PEG/albumin
carriers coated with medicines (42.64 = 1.006 ng ipsi-
lateral, 32.7 £ 1.31 pg contralateral), and PEG/albumin par-
ticles with entrapped medicines (26.69 = 0.025 pg ipsi-
lateral, 23.79 = 0.45 pg contralateral).

To account for potential variability introduced by the
intracardiac perfusion procedure, we calculated the diff-
erence in Evans Blue content between the contralateral and
ipsilateral hemispheres. The resulting values were as
follows: for control group, it was 9.12 * 1.2 pg; for albumin
group, it was 6.73 = 0.58 ng; for PEG/albumin group, it was
8.25 + 0.52 ug; for PEG/albumin coated with medicines, it
was 9.95 = 1.006 ng; and for PEG/albumin with entrapped
medicines, it was 2.92 + 0.4 ug (p < 0.04, t-test; Fig. (9).

The protection of the BBB was noted in two treatment
groups: albumin carriers and PEG/albumin carriers loaded
with medication. The effect of albumin carriers may be
explained by an increase in the oncotic pressure of the
blood, preventing exacerbation of BBB damage. The circu-
lation time of albumin particles was shorter compared to
PEG/albumin particles, likely due to faster degradation.
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Fig. (9). The extent of blood-brain barrier (BBB) disruption in rats following the application of carriers and/or carrier-medicine
formulation. N=5 for every group. A t-test was carried out. The difference between the control group and albumin particles, as well as
between the control group and coated medicines, was statistically significant (=SD, p < 0.04).

Evaluation of BBB integrity was performed 7 days after
brain damage, a sufficient period for degradation of albu-
min as well as carriers loaded with allopurinol and dexa-
methasone.

Numerous publications provide evidence of the neuro-
protective abilities of albumin in experimental settings,
including transient middle cerebral artery occlusion (MCAo)
models of stroke in rats, as well as permanent occlusion of
the same artery [26, 43-45]. However, clinical trials
investigating the utility of albumin in humans have not been
successful. Thus, animal-based experiments may not always
guarantee success in clinical trials. According to published
results, treatment with intravenous 25% albumin injection
was not successful at 90 days and was associated with
increased rates of intracerebral hemorrhage and pulmonary
edema [46]. It has been observed that peptide-type com-
pounds also possess neuroprotective abilities [47].

However, based on the results of our experiments, we
propose that low dosages of albumin might be beneficial for
stroke treatment, and mild elevation of oncotic pressure
will not induce adverse effects, such as hemorrhage and
pulmonary edema. PEG/albumin drug-loaded carriers
demonstrated greater stability, as indicated by their zeta
potential, and exhibited a more pronounced BBB-preserving
effect due to the combined actions of albumin and the
loaded drugs.

This study has several limitations. One limitation of this
study is the formation of a small percentage of PEG/
medicines or other unintended particle formulations. This is
supported by observed deviations in the zeta potential
measurements across the three main groups: PEG/albumin
particles, PEG/albumin particles loaded with medicines, and
albumin/PEG carriers coated with medicines
(Supplementary Fig. 1). Another limitation is the presence
of particle populations with varying sizes. However, the
primary population of particles has a diameter of about
100-200 nm.

In this study, several monomers were identified that,
when combined with PEG, may be used for the development
of medicine carriers, including polylysine, cholesterol, and
polyinositol. We were able to develop the largest proportion
of the carrier population with dominant sizes of up to
164.098 nm for the loaded formulations and 521.99 nm for
those coated with drug carriers. Both formulations were
highly effective in loading or coating the medicines. Based
on fluorescence confocal microscopy results, the particles
in all groups had round or spheroidal shapes.

After evaluating the physicochemical properties of the
medicine carriers, their stability was assessed not only in
vitro but also in vivo. PEG/albumin particles, as well as
those coated with medicines, remained in the bloodstream
longer compared to classical albumin particles and those
loaded with medicine formulations. We suggest that the
steroid ring of dexamethasone possesses a stabilizing effect
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through interaction with PEG and albumin molecules. This
stabilizing effect can be explained by the formation of
numerous hydrogen bonds between dexamethasone and
albumin [24].

As mentioned in Table 1, cholesterol (-8.58 kcal/mol),
which has a similar steroid ring, exhibited the highest
binding affinity compared to other compounds.

Drug-carrying formulations remain in the bloodstream
for up to 13 days, which is a sufficient period after stroke to
prevent excessive immune response aggression [48], reduce
the extension of brain damage, or prevent the formation of
free radicals that exacerbate stroke conditions [49] due to
overactivity of xanthine oxidoreductase (XOR) [50].

Considering that the main factor contributing to sec-
ondary injury following cerebral ischemia is likely brain in-
flammation, which accelerates neuronal death and hinders
nerve tissue regeneration, the prolonged use of dexametha-
sone in low dosages may serve as an effective treatment
regimen for stroke patients.

Finally, two formulations of nanoparticles were found to
be beneficial for treating oxidative brain damage: albumin
particles and carriers loaded with medicines. The first
formulation possibly exerted a positive effect due to the
neuroprotective nature of albumin, whereas the second
showed faster degradation compared to the more stable
nanoparticles covered with medicines and released the
medicines in a shorter time period matching with the
frames of the modeling design.

CONCLUSION

This study highlights the potential of PEG/albumin-
based nanoparticles (NPs) to serve as effective carriers for
drug delivery, particularly in the context of experimental
stroke. Despite limitations, such as a small percentage of
unintended particle formulations and broad size distri-
butions within the particle populations, the dominant size
range of 100-200 nm indicates promising uniformity in the
developed spherical carriers. One area for future improve-
ment is the application of NP surface coating techniques
[51]. NPs could be coated with compounds complementary
to neuronal or glial cell surface proteins expressed during
brain injury [52-54].

This study has some limitations as well. One of the
limitations of the study is the use of a single animal model
to evaluate formulation efficacy. Hydrogen peroxide, an
unstable compound that generates free radicals (FR)
harmful to tissues, represents only one mechanism of brain
damage and stroke development. It has been observed that
no rodent model can fully replicate the complexity of
clinical stroke [55]. Therefore, additional models will be
employed in future studies to better clarify the overall
effects of the newly developed formulations.

This study demonstrated that PEG/albumin carriers,
whether loaded with or covered by drugs, exhibited pro-
nounced stability and prolonged circulation time compared
to simple albumin particles. This extended circulation may
provide a promising feature of the developed particles for
targeting various stages of stroke.

Hence, it can be concluded that the observed stabi-
lizing effects, particularly with dexamethasone, are attri-
buted to its steroid ring and hydrogen bonding potential
with albumin and PEG. Cholesterol, due to its high binding
affinity, also appears as a viable component for future
carrier development.

Two formulations showed significant benefits: albumin-
based NPs, due to their inherent neuroprotective pro-
perties, and drug-loaded carriers, due to their faster
degradation and effective drug release suitable with the
brain damage modeling design time period. Thus, we
successfully created stable NPs carrying different drugs,
applicable for the treatment of experimental stroke.
Future work should focus on optimizing particle formu-
lations to reduce variability and further enhance clinical
applicability.
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ANOVA = One-way analysis of variance

PEG = Polyethylene glycol

NPs = Nanoparticles

RP-HPLC = Reversed-Phase High-Performance
Liquid Chromatography

DLS = Dynamic light scattering

EB = Evans blue

DDS = Drug delivery systems

RES = Reticuloendothelial system

PLGA = Polylactide-co-glycolide

ISL = Isoliquiritigenin

HSA = Human serum albumin

GA = Glutaraldehyde

CRNE = Cholesterol-rich nano-emulsion

EA = Ethanolamine

PVA = Polyvinyl alcohol

mRNA = Messenger RNA

LNPs = Lipid nanoparticles

saRNA = Self-amplifying mRNA

L-PEIx-ran-PPly = Linear poly(ethylenimineran-
propylenimine)

LMW = Low-molecular- weight

PEG-b-PV(BA) = Poly (ethyleneglycol)-b-poly(vinyl
butyrate)

PLA = Poly(D,L-lactic acid)
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