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we developed an antioxidant nanotherapy based on lipid (vesicular and cubosomal

antioxidant-loaded nanocarriers were prepared by a self-assembly method via
hydration of a lyophilized mixed thin lipid film. We evaluated the LNPs in a new in
vitro model for studying neuronal dysfunction caused by oxidative stress in
coronavirus infection. We examined the key downstream signaling pathways that
are triggered in response to potassium persulfate (KPS) causing oxidative stress-
mediated neurotoxicity. Treatment of neuronally-derived cells (SH-SY5Y) with KPS
(50 mM) for 30 min markedly increased mitochondrial dysfunction while depleting
the levels of both glutathione peroxidase (GSH-Px) and tyrosine hydroxylase (TH).
This led to the sequential activation of apoptotic and necrotic cell death processes,
which corroborates with the crucial implication of the two proteins (GSH-Px and TH)
in the long-COVID syndrome. Nanomedicine-mediated treatment with ginkgolide B-
loaded cubosomes and vesicular LNPs showed minimal cytotoxicity and completely
attenuated the KPS-induced cell death process, decreasing apoptosis from 32.6%
(KPS) to 19.0% (MO-GB), 12.8% (MO-GB-Quer), 14.8% (DMPC-PEG-GB), and 23.6%
(DMPC-PEG-GB-Quer) via free radical scavenging and replenished GSH-Px levels.
These findings indicated that GB-LNPs-based nanomedicines may protect against

KPS-induced apoptosis by regulating intracellular redox homeostasis.
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1 | INTRODUCTION

The remarkable success of the COVID-19 vaccines developed by
Pfizer-BioNTech (BNT162b2, Comirnaty®) and Moderna (mRNA-
1273, Spikevax®) has demonstrated the value and rapid translational
potential of nanoparticulate drug delivery systems such as lipid
nanoparticles (LNPs).2 The precision and targeting capabilities of
lipid-based nanomedicines offer the potential to enhance therapeutic
efficacy and minimize side effects. This opens new opportunities for
personalized treatment strategies in managing viral infectious
diseases.® COVID-19 infections also involve long-term neurological
complications categorized under the terms “Post COVID syndrome,”
“Post-acute sequelae of COVID,” or “neurological long COVID."*”
Post-COVID conditions are seen among 30%-60% of patients with
asymptomatic or mild forms of COVID-19 and currently cause a
greater burden of disability in the population than either cancer or
heart disease.

Long COVID comprises persistent neurological and neuro-
psychiatric symptoms (including prolonged memory disorders, head-
aches, anxiety, depression, loss of taste and smell, muscle and joint
pain, fatigue, mental fog, etc.), which emerge months after the onset
of the viral infection. In severe COVID-19 cases, the infection can
also result in delirium, psychosis, inflammatory syndromes (including
encephalitis and acute disseminated encephalomyelitis), and ischemic
and hemorrhagic strokes.® The etiology underlying the neurological
symptoms associated with COVID is not completely understood yet,
but studies showed that the virus can travel to non-respiratory sites
including the brain, and can induce oxidative stress and inflammatory
response thus, causing neurological symptoms.”1°

Evidence has shown that the damage caused by oxidative stress,
such as increased lipid peroxidation and inadequate total antioxidant
response, results in lower glutathione peroxidase (GSH-Px) and
glutathione reductase (GR) levels and higher serum concentrations of
interleukin-10 (IL-10) among patients with SARS-CoV-2 infection.
This indicates that impairment of redox homeostasis is responsible
for the accumulation of reactive oxygen species (ROS). Accordingly,
the antioxidant system plays a crucial role in reducing the increased
inflammation that causes COVID-19-induced neurological damage at
different levels including radical prevention, radical scavenging, and
radical-induced damage repair.'* Therefore, the application of
nanomedicine in the management of neurological long COVID offers
the advantage of controlled drug delivery systems for single or
multiple drug loading and can be suitable in managing post-infectious
neurological outcomes through the modulation of redox signaling
pathways.

In this work, we propose a nanotherapy approach for restoring
the levels of the antioxidant enzyme GHS-Px that is strongly depleted

by the coronavirus infection and of key importance for recovery from
neurological long COVID. Our design of a nanotherapy for the
inhibition of excessive ROS production and regulation of antioxidant
enzyme levels is presented in Figure 1.

Here we chose ginkgolide B (GB), a diterpene derived from the
leaves of Ginkgo biloba, for nanomedicine development because of its
valuable neuroprotective and antioxidant properties. GB is a
preferred agent for the treatment of neurological disorders including
Parkinson's disease, dementia, and ischemic stroke.r®'* Current
research on the use of GB nanotherapy in oxidative-stress-related
pathologies explores the effect of GB in alleviating hypoxia-induced
neuronal damage in rat hippocampus, through inhibiting oxidative
stress and apoptosis.

To our knowledge, the therapeutic efficacy of GB-nanomedicines
studied alone, or GB co-administered by LNPs with other extracts of
Ginkgo biloba (such as quercetin), has not been explored in the
management of neurological long COVID. The first objective of our
work is to develop nanocarrier-mediated drug delivery systems
encapsulating Ginkgo biloba extract (EGb) of ginkgolide B and
quercetin using self-assembled liquid crystalline nanostructures
of hydrated monoolein (MO) or 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC).

Our second objective is to evaluate the therapeutic outcome of
the novel drug-loaded liquid crystalline LNPs at the molecular level.
For this purpose, we established an in vitro disease model mimicking
the oxidative stress conditions of neurological long COVID by using
potassium persulfate (KPS) as an oxidative-stress inducer in
dopaminergic (DAergic) SH-SY5Y cells. Although the exact mecha-
nism of KPS is not fully known (e.g., transient neuronal damage), we
hypothesize that it primarily damages dopaminergic neurons through
cell death caused by excessive production of ROS and subsequent
mitochondrial dysfunction. We then show that the designed nano-
antioxidants, when administered to the in vitro cellular model of
oxidative stress damage, can inhibit apoptotic and necrotic cell death
through a ROS scavenging mechanism. Furthermore, we show that
the GB-loaded nanoparticles enhance the levels of the antioxidant

enzyme GSH-Px and favor regeneration.

2 | MATERIALS AND METHODS

2.1 | Materials

Ginkgolide B (GB), quercetin (Quer), diacetyldichlorofluorescein (DCFH-
DA), 2,2-Diphenyl-1-picrylhydrazyl (DPPH), Pluronic F127, monoolein
(MO, C18:1c9, powder, 299%), retinoic acid (RA), butylated hydroxy-
toluene (BHT) were purchased from Sigma-Aldrich. The phospholipid,
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FIGURE 1 Schematic representation of the engineering process of lipid nanoparticles (LNPs) of cubosome and vesicle types by a self-
assembly method in view of nanomedicine applications aiming at ROS clearance and regulation of antioxidant enzymes glutathione peroxidase
(GPx), catalase (CAT), or superoxide dismutase (SOD). Lipid building blocks include a nonlamellar lipid monoolein MO (to obtain liquid crystalline
structures such as cubosomes) or a lamellar phospholipid DMPC (to obtain a vesicle-type of nanocarriers). The nanostructures are stabilized by
Pluronic F127 or DOPE-PEG2000 amphiphiles. Drug loading is achieved within the lipid membrane compartments or localized within the water
core compartments depending on the Log P (hydrophobicity/hydrophilicity) characteristics of the encapsulated bioactive compounds. The cryo-
TEM image (reproduced with permission from Ref. [12]) and the SAXS pattern are characteristic of a cubosome-type of LNPs (top right panel).
The bottom right panel summarizes the key processes during oxidative stress damage of living cells.

1,2-dimyristoyl-sn-glycero-3-phosphocholine  (14:0 DMPC) and the
surfactant  1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy
(polyethylene glycol)-2000] (ammonium salt) (18:1 PEGyo00 PE) were
purchased from Avanti Polar Lipids. Water of MilliQ quality (Millipore
Corp., Molsheim, France) was used for preparation of a phosphate buffer
solution (NaH,PO4/NaHPO,, 1 x 102M, pH 7, p.a. grade, Merck).

2.2 | Preparation of lipid nanoparticles

Lipid nanoparticles were prepared by self-assembly via hydration of a
lyophilized mixed thin lipid film followed by physical agitation in
excess aqueous phase. The lipids, including MO, DMPC, and DOPE-
PEG,000 along with the surfactant Pluronic, as well as the active
compounds GB and quercetin (Quer), were weighed at desired
proportions and dissolved in chloroform under a fume hood. The
samples were prepared at room temperature at four different lipid-
to-drug ratios (MO-GB, MO-GB-Quer, DMPC-PEG-GB, and DMPC-
PEG-GB-Quer) as indicated in Table S1. The chloroform solvent was
then evaporated under a stream of nitrogen gas for 1h at room
temperature to form a thin lipid film. To remove any excess organic
solvent, the samples were lyophilized overnight. The thin film
samples were hydrated at room temperature in a solution of
1 x 1072 M phosphate buffer (ph.b) stabilized with butylated hydroxy-
toluene (BHT) prepared with Milli-Q water. The mixture was

fragmented and homogenized for 15 min using an ultrasonic ice bath
and a frequency of 42 kHz. This process facilitates the self-assembly
of cubosome and vesicle types of liquid crystalline nanoparticles at

room temperature (22°C).

2.3 | Nanoparticles size determination

The size distributions of the LNPs were measured using a Nano-
Z590 device from Malvern Instruments. The samples were
dispersed in excess aqueous phase and subjected to laser beam
illumination, while the intensity of the scattered light was measured
at a 90° angle by a fast photon detector. The data collection process
was conducted in triplicate at a temperature of 25°C. The refractive
index and viscosity of the Milli-Q water were 1.330 and 0.8872,

respectively.

2.4 | Synchrotron Small-Angle X-ray
Scattering (SAXS)

SAXS measurements were performed at the SWING beamline of
synchrotron SOLEIL (Saint Aubin, France). The wavevector is
defined as q=4m sin(0)/\, where 26 is the angle between the
incident and the scattered X-rays and A is the wavelength. The
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synchrotron radiation wavelength was A=1.033 A, and the expo-
sure duration was set at 500 ms. Calibration of the g-range was
conducted using a standard sample of silver behenate with a repeat
spacing of d =58.38 A.

The dimensions of the X-ray beam spot applied to the samples
were 375x25um? Patterns were acquired using a two-
dimensional Eiger X 4 M detector (Dectris, Baden-Daettwil
Switzerland) at 12keV, enabling measurements within the
g-range of 0.0179-2.18 A"1.1> The samples were filled in X-ray
capillaries with a diameter of 1.5 mm. The samples were placed in
a designed holder with (X, Y, Z) positioning. An average of five
spectra was obtained per sample. The experiments were per-
formed at 22°C. The SAXS pattern of a background sample,
composed of ph.b. with pH 7.0, was subtracted from all the
samples. The data analysis was performed using ATSAS 3.2.1
software suite with the PRIMUS feature.

The lattice parameters of the liquid crystalline lipid phases were
deduced by analyzing the Bragg peaks identified in the X-ray
diffraction patterns. For cubic phases, the lattice parameter aq, is
determined by the formula a = d (h?+k%+1%)Y2, where the d-
spacing (d) is defined by Bragg's law, d=2m/q, representing the
repeat distance between the scattering planes (i.e., 1/d? = (h% + k? +
12)/a%).X°> The assigned reflections were fitted based on the Miller
indices (hkI).

For structures with a lamellar spacing, the relationship is
expressed as a/d=1, 2, 3, ...

For cubic structures of the primitive (P) type (Im3m space group),
the relationship follows the sequence (a/d)? =2, 4, 6, 8, 10, 12, 14,
16, 18, 20, 22, ...

2.5 | DPPH free radical scavenging activity assay

The free radical scavenging capacity of the LNPs were measured
by the 2,2-diphenyl-1-picrilhhydrazyl (DPPH) assay. We tested the
nanoparticles at a concentration of 1 x10% pM at different time
intervals (15-150 min). In addition, the same concentration was
tested for Trolox (Cat. #. 648471, Millipore Corp, USA), serving as
a reference standard substance. Before the assay, a stock solution
of DPPH (80 uM) was prepared in ethanol and stored in darkness
at room temperature. Briefly, 50 ul of LNP samples were mixed
with 150 ul DPPH solution in a 96 well plate. Samples were initially
incubated in the dark for 5min and the reaction was monitored
every 15min for a total incubation time of 150min. The
absorbance was measured at a wavelength of 517 nm using a
microplate reader.'® The antioxidant capacity was determined as a
percentage of DPPH radical scavenging capacity using the
following formula:
Inhibition (%) = AOA%OM x 100

where AO and Al are the absorbances of the control and test
samples, respectively.

2.6 | Reducing antioxidant power of LNPs
(CUPRAC assay)

The CUPRAC method evaluates the capacity of antioxidants to
reduce Cu®* to Cu*. Conveniently, commercially available kits allow
for microscale spectrophotometric measurements using 96-well
plates. This assay specifically quantifies the total antioxidant capacity
(TAC) of a sample. It relies on the formation of a colored complex
between the resulting Cu* and a dye reagent. The intensity of the
color at 570 nm is directly proportional to the TAC of the sample. The
absorbance measurements for the standard (Trolox) and sample were
performed in duplicate using an Antioxidant Assay Kit (Cat. #.
MAK334, Sigma-Aldrich, France). The measurement was performed
by adding 20 pl of LNPs at a total lipid concentration of 1 x 10% uM
to 100 pl Reaction Mix and incubated for 10 min at room tempera-
ture. The absorbance values were compared to a calibration curve
generated for the reference substance, Trolox. The calibration curve
demonstrated linearity within the range of 300-1000 uM. The TAC
values of the examined samples were calculated according to the

following equation:

(A570)sample - (A570)blank
SLOPE (uM™1)

TAC (uM) =1 +

where (A570)sample represents the absorbance of the sample,
(A570)piank is the absorbance of the medium blank, n stands for
sample dilution factor, and Slope is related to a linear calibration

curve prepared for the reference substance.

2.7 | Oxygen Radical Absorbance Capacity
assay (ORAC)

The oxidative properties of KPS were compared to 2,2'-azobis(2-
amidinopropane) dihydrochloride (AAPH), a water-soluble azo initia-
tor often employed in the study of lipid peroxidation and characteri-
zation of antioxidant compounds. The ORAC assay was performed in
a 96-well plate using an Antioxidant Assay Kit (Cat. #.STA-345, Cell
Biolabs, INC). In brief, 180 pl of fluorescein (FL) solution and 25 ul of
various concentrations of the antioxidant Trolox (2.5, 5, 10, 20, and
40 uM). were added to each experimental well and incubated for
30 min at 37°C. The reaction was initiated by introducing either
AAPH or KPS at a concentration of 294 mM and gently shaking the
plate to homogenize the sample. Fluorescence intensity was recorded
every minute for a duration of 60 min (Aexcitation = 488 NM; Aemission =
520 nm).Y” Oxidation of FL in the absence of a radical source was also
evaluated by replacing AAPH/KPS solution with assay diluent, which
served as a blank. Solutions containing antioxidants were analyzed in
duplicate. All fluorescence measurements were carried out at 37°C
using FLUOstar OPTIMA microplate reader.

The area under the curve (AUC) was calculated from the
following equation:

AUC =1+ RFU;/RFUp + RFU2/RFUq + RFU3/RFUqg + ...... +
RFUs9/RFUg + RFU40/RFUq,
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where Net AUC =AUC (Antioxidant) - AUC (blank), RFUqy =
relative fluorescence value of a time point zero, and RFUx = relative

fluorescence value of time points (minutes).

2.8 | Cell culture

The differentiated human neuroblastoma cells (SH-SY5Y) were used
as an in vitro model. Cell culture was regularly maintained in a 5%
CO, incubator at 37°C in Dulbecco's modified Eagle's Medium
(DMEM), with high glucose and supplemented with 10% Fetal bovine
serum (FBS) and 1% streptomycin-penicillin (Pen/Strep). Phosphate
buffered saline, deficient of calcium and magnesium ions (PBS), FBS,
Pen/Strep, trypsin, dimethyl sulfoxide (DMSO), and 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) were
supplied from Sigma-Aldrich. Cellular differentiation was done by
incubation with 10 uM retinoic acid (RA) for 5 days.

2.9 | Evaluation of the in vitro neurotoxic activity
of the oxidative agent potassium persulfate (KPS)

The ability of the KPS to induce oxidative stress and nerve cell death
was determined by the tetrazolium dye assay (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide (MTT), Annexin-V-FLUOS
staining kit (Cat. #. 11858777001, ROCHE), Human tyrosine hydroxy-
lase (TH) ELISA kit (Cat. #. KTE60519, Abbkine), and mitochondrial
membrane potential JC-10 assay (Cat. #. MAK 160-1KT, Sigma-
Aldrich) according to the established procedures.*®? The solution of
MTT was prepared in PBS at a concentration of 5mg/ml and was
filtered before use. The mitochondrial succinate dehydrogenase
enzyme present in living cells can reduce the tetrazolium dye to a
purple formazan crystal, the quantity of which is proportional to the
metabolic activity of the living cells. In the MTT assay, SH-SY5Y cells
were cultured in 96-well plates at a density of 2.0 x 10* cells/well.
Cells were differentiated with 10 uM retinoic acid (RA) over 5 days
following incubation with KPS at a concentration of 50 and 100 mM at
different time intervals. Untreated SH-SY5Y cells maintained in FBS-
free medium (10 uM RA) were used as negative controls. After 1 h of
incubation of the cells with MTT, the medium was removed, and the
insoluble formazan salt formed was dissolved in a solubilizing agent
(100% DMSOQO). The colored product was quantitatively measured at
570 nm by a microplate reader. The quantification was done using
measurements of a minimum of 12 wells.

For bioassays of apoptosis, necrosis, mitochondria membrane
potential (MMP) changes, and tyrosine hydroxylase expression, cells
were seeded at a density of 3.0 x 10° cells in 6-well plates or 5.0 x 10°
depending on the type of biological analysis to be carried out. The SH-
SY5Y cells were cultured in DMEM with high glucose supplement,
10% FBS, and 0.5% streptomycin/penicillin. After 24 h, the cell culture
medium was replaced by 10 uM RA solution for 5 days of incubation.
The cells were treated with 50 mM KPS for 30 min after which they
were washed with PBS and collected by trypsinization. The pelleted
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cells were resuspended in 100 pl Annexin-V-FLUOUS labeling solution
or JC-10 loading solution, containing JC-10 assay buffer, and
incubated for 15min at room temperature to evaluate apoptosis/
necrosis or MMP changes, respectively. The stained cells were
analyzed on the BD Cé Accuri flow cytometer using the FL-1 channel
(Ex. 488 nm/Em 530 nm) for green fluorescence and the FL-2 channel
(Ex. 488 nm/Em 578 nm) for red fluorescence signal. The JC-10 dye
probe is aggregated in the mitochondria of normal cells. The
corresponding J-aggregates are characterized by red fluorescence.
The monomeric form of the JC-10 dye is characterized by green
fluorescence. The monomeric dye is released from the mitochondria
when the MMP is decreased. In the MMP assay, the experimental data
are expressed as fluorescence intensity ratios [red (FL2)/green (FL1)]
representing the state of the JC-10 dye in the cells.

The tyrosine hydroxylase (TH) expression was evaluated in SH-
SY5Y cells seeded into 75 cm? flasks at a density of 5x 10° cells.
Cells were differentiated with 10 uM RA for 5 days and incubated
with 50 mM KPS for 30 min. After KPS treatment, cells were lysed
with lysis reagent, CelLytic™ M (Cat. #. C2978, Sigma-Aldrich) and
collected. Samples were centrifuged for 15 min at 1200 rpm and the
supernatant was collected for assaying according to the manufactur-
er's protocol (TH protein ELISA kit).

2.10 | Intracellular ROS detection by flow
cytometry

The analysis of intracellular ROS was carried out utilizing flow cytometry.
To accomplish this, a nonfluorescent cell-permeant compound, DCFH-
DA was used. DCFH-DA is hydrolyzed by esterase, resulting in the
formation of DCFH. Oxidation of DCFH by ROS converts the molecule
to DCF, which emits green fluorescence at an excitation wavelength of
488 nm and an emission wavelength of 533 nm.2>~2? The intensity of
fluorescence observed is directly proportional to the production of ROS.
The detection of intracellular ROS in cells subjected to KPS-induced
oxidative stress or treated by LNP nanoformulations was achieved in the
FL-1 channel. The measurements were carried out after 30 min of
incubation of the SH-SY5Y cells with 10 uM of DCFH-DA in FBS-free
medium at 37°C. The cellular treatment with KPS and LNPs was
performed in two modes: (i) pretreatment with 1 uM LNPs for 24 h
followed by induction of ROS using 5min incubation with KPS at a
concentration of 50 mM, and (i) treatment with 1 uM LNPs for 24 h after
exposure to 50 mM KPS for 30 min.

2.11 | Determination of glutathione peroxidase
(GSH-Px) enzymatic activity in SH-SY5Y cell lysates

The glutathione peroxidase (GSH-Px) activity was measured in
differentiated SH-SY5Y cells, which were seeded into 75 cm? flasks at
a density of 5x 10° cells. The total concentrations of GSH-Px in cell
lysates were determined by using GSH-Px assay kit from Cayman
Chemical Co. (Cat. #. 703102, Ann Arbor, MI). GSH-Px activity is
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measured indirectly through a coupled reaction involving glutathione
reductase (GR). The oxidized glutathione (GSSG) generated by the
reduction of H,O, by GSH-Px, is recycled back to its reduced form by
GR and NADPH (see Figure 6A). During this process, NADPH is oxidized
to NADP®, resulting in a decrease in absorbance at 340 nm which is
directly proportional to the GSH-Px activity detected in the
sample.122%-25 Before assaying, SH-SY5Y cells were seeded at a density
of 5.0x10° cells in 75 cm? culture flasks containing 15 ml of DMEM
medium. Following 5 days of treatment of cells with 10 uM RA solution,
the cells were (i) incubated with 1 uM LNPs for 24 h, and (ii) cells were
treated with 1 uM LNPs after oxidative stress damage with 50 mM KPS
for 30 min. The cells were lysed with CelLytic M mammalian cell lysis
buffer (Cat. #. C2978, Sigma-Aldrich) and collected by centrifugation at
1500 g for 15 min at 4°C. The assay was performed with the cell lysates

according to the manufacturer's instructions.

2.12 | Apoptosis and necrosis analysis after
treatment with GB-loaded LNPs

We assessed the impact of GB-loaded LNPs on apoptosis/necrotic cell
death via Annexin-V-FLUOUS staining. SH-SY5Y cells were seeded
into 6-well plates at a density of 3.0x10° cells. Cells were
differentiated with 10 uM RA for 5 days and incubated with 50 mM
KPS for 30 min. Subsequently, they were treated with 1 uM GB-
loaded LNPs for 24 h, washed with PBS, and collected by trypsiniza-
tion. The pelleted cells were resuspended in 100 pl Annexin-V-FLUOS
labeling solution and incubated at room temperature for 15 min. The
stained cells were analyzed on the BD Cé Accuri flow cytometer.

2.13 | Total protein concentration

The total protein concentration within cell lysates was assessed using
the Bradford Protein Assay, implemented in 96-well plates. A PBS-
based stock solution of bovine serum albumin (BSA) at a concentra-
tion of 2 mg/ml was prepared to establish a calibration range with
seven BSA concentrations, serving as a reference. In each well, 20 pl
of either BSA standard solutions or cell lysate samples were mixed
with 180 ul of Bradford reagent (Sigma, B6916-500ML). Subse-
quently, the absorbance of each well was measured using a
microplate reader at a wavelength of 595nm, with the optical
density of a blank well subtracted. To normalize the protein amounts
in GSH-Px and TH analyzed samples, the protein concentration
values calculated for GSH-Px and TH samples were divided by the

total protein concentration measured in each respective sample.2
2.14 | Statistical analysis
Statistical analysis was conducted using GraphPad prism version

8.0.1 analysis software. The data were presented as the mean + SD.
Statistical significance was evaluated by Independent Student's t test

for comparison of two groups, one-way ANOVA or two-way ANOVA
for multiple groups. p values of <0.05 were considered statistically
significant. Cytometry dot plot were obtained using Flowjo software,

version 10.8.1.

3 | RESULTS

3.1 | Lipid nanoparticles loaded with ginkgolide B
and quercetin

We explored both lamellar and nonlamellar lipid compositions to
obtain nanoparticulate systems (LNPs) suitable for the neurother-
apeutic management of oxidative stress associated with long COVID.
Nonlamellar lipid phases serve as valuable drug-delivery nanomater-
jals due to their ability to self-assemble into liquid crystalline
mesophases in an aqueous environment, creating structures with
both hydrophilic and hydrophobic compartments.2’~3° Monoolein
(MO), an uncharged single-chain amphiphile with an ester linkage,
was used as a nontoxic monoacylglycerol that forms nonlamellar lipid
cubic phases.3*** For comparison, DMPC was employed as a
lamellar type of phospholipid forming vesicle drug delivery nano-
carriers (detailed in Table S1). The nanocarriers loaded with GB or co-
loaded with GB and quercetin were stabilized by the surfactant
agents Pluronic F127 or DOPE-PEG,qqo (Table S1). The lipid/
antioxidant systems were fully hydrated in an excess aqueous phase
of 1x10"2M phosphate buffer (ph.b) of pH 7.0.

Synchrotron SAXS measurements were conducted to investigate
the nanostructural organization, lattice parameters, and phase types
of the liquid crystalline particles formed in the lipid nanodispersions.
Figure 2A-C shows the SAXS patterns of nonlamellar and lamellar
types of LNPs obtained at a temperature of 22°C. The blank (DMPC-
PEG) and the dual-drug loaded vesicular systems did not display
Bragg reflections emerging from long-range order in the lipid bilayer
organization. These results indicated that the DMPC lipid membranes
were dispersed into unilamellar vesicles stabilized by PEGylation. The
obtained SAXS profiles (lower plots in Figure 2A-C) correspond to
the form factor of the generated vesicles with size populations for
blank and drug-loaded (GB or GB-quercetin) polydisperse LNP
systems presented in Figure 2D.

The size distributions of the investigated nano-antioxidant
dispersions were determined using quasi-elastic light scattering
(QELS) measurements. The results are presented in Figure 2D and
Table 1 referring to the mean particle hydrodynamic diameters (Dy,)

derived from intensity distributions.

3.2 | In vitro antioxidant capacity of LNP-based
nano-antioxidants determined by DPPH and CUPRAC
assays

The antioxidant activity of GB-loaded and GB-Quer-loaded LNPs was
determined using two independent methods DPPH and CUPRAC
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FIGURE 2 Structural and nanosize characterization of cubosomal and vesicular ginkgolide B (GB)-loaded liquid crystalline lipid nanoparticles
(GB-LNPs) as well as co-loaded GB-Quer-LNPs. (A-C) BioSAXS patterns of blank MO-Plu and DMPC-PEG (A), GB-loaded MO (MO-GB) and
DMPC-PEG-GB (B), and dual-loaded MO-GB-Quer and DMPC-PEG-GB-Quer (C) nanoassemblies. (D) Size distributions of liquid crystalline LNPs
determined by quasi-elastic light scattering (QELS). Data are presented as % mean intensity + SD.

(Figure 3). The reaction of GB-loaded LNPs with DPPHe reagent was
monitored at 340 nm in 15-min intervals for 150 min. Free radical
scavenging activity, calculated for each concentration at each point,
was expressed as percentage (%) inhibition and represented as a
function of time (Figure 3A). The blank vesicles (DMPC-PEG) and
cubosomes (MO-Plu) showed the least activity. The dual-loaded MO-
GB-Quer and DMPC-PEG-GB-Quer LNPs exhibited the highest
activity at 150 min, corresponding to free radical inhibition of 67%
and 81%, respectively (Figure 3B). The scavenging activity of MO-GB
and DMPC-PEG-GB was below 50%.

The reducing power of the LNPs after encapsulating GB (3% w/w)
or GB and quercetin (3:2% w/w) increased with increasing antioxidant
concentrations and showed statistically significant greater values as
compared to the blank nanocarriers.

The reduction of Cu(ll) to Cu(l) ions is often employed to measure
electron donation, which comprises an important antioxidant

mechanism. We determined the ability of antioxidant-loaded LNPs
to reduce Cu(ll) to Cu(l) by using copper(ll) neocuproine reagent as a
chromogenic oxidant at 570 nm.%° Figure 3C depicts the total
antioxidant capacity (TAC) of the studied LNP formulations.

3.3 | Cellular model of potassium persulfate (KPS)-
induced oxidative stress damage in differentiated SH-
SY5Y cells

The use of KPS to investigate the mechanism of oxidative stress damage
relevant to neurological long COVID syndrome is explored here for the
first time. The precise mechanism by which KPS generates ROS and
induces toxicity is not fully known. Various in vitro and in vivo models
have been previously studied to comprehend the molecular pathways of
neuronal death and to develop strategies for neuroprotection/
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TABLE 1  Cubic unit cell lattice parameters, aq), determined
from SAXS experiments, mean hydrodynamic diameters (D},), and
polydispersity indices of GB-loaded or GB-Quer loaded MO- and
DMPC-based lipid nanoparticles (LNPs) obtained by spontaneous
self-assembly and dispersion of hydrated lipid mixtures stabilized by
Pluronic F127 or DOPE-PEG3q00.

GB-loaded and

GB-Quer Cubic Im3m lattice Hydrodynamic

loaded LNPs parameter a(q) (nm) size (nm) PDI
MO-Plu 17.45 342+5 0.289
MO-GB 17.39 190/825+1/3 0.350

MO-GB-Quer 16.84 220/825+2/3 0.451

DMPC-PEG - 164+1 0.460
DMPC- — 91/342+3/6 0.451
PEG-GB

DMPC-PEG- - 106/342+5/7 0.464
GB-Quer

neuroregeneration. Many of these models involve the use of experi-
mental neurotoxins such as 6-hydroxydopamine (6-OHDA), 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP), hydrogen peroxide (H,O,),
and tunicamycin.?”?> These neurotoxins can induce toxicity and
replicate the neuropathological and biochemical features of neuro-
degenerative diseases like Alzheimer's and Parkinson's diseases at the
cellular level.

Here we developed an in vitro oxidative stress model to mimic a
similar effect during post-COVID-19 neuronal damage. For this
purpose, the effect of KPS on oxidative stress damage was evaluated
in the SH-SY5Y cellular model (characteristic of DAergic neurons) via
MTT and apoptosis/necrosis assays, GSH-Px enzymatic activity,
mitochondria membrane potential changes (AWm), and the expres-
sion of TH protein (Figure 4). In the assessment of ROS and cell
metabolic activity, the human neuroblastoma cells were exposed to
concentrations of 50 MM and 100 mM KPS over a 2h period. The
treatment with the chosen concentrations of KPS resulted in an
increased generation of ROS and induction of neurotoxicity in a
dose- and time-dependent manner, from 5 to 120 min (Figure 4A, B).
This suggested that dopaminergic neuronal cells exhibit a high
susceptibility to KPS and oxidative stress-induced cell death that is
attributed to excessive free radical generation.

Moreover, the performed microscopic investigations revealed
that cellular exposure to both concentrations of KPS led to a
morphological transition from elongated neuritic outgrowth
projections to a more rounded shape (Figure 4C). This morphologi-
cal change suggested the initiation of an apoptotic/cell death
process. Oxidative stress is characterized by the elevation of
intracellular ROS [superoxide anion (0,°7), H,O,, and hydroxyl
radical (*°OH)] and reactive nitrogen species (RNS) (nitric oxide
(NO) and peroxynitrite (ONOO™) that cause damage to lipids,
proteins, and DNA.24% |n creating our disease model, we
considered that neuroinflammation and oxidative stress play major

roles in modulating the signaling cascade that activates astrocytes

and microglia, resulting in the onset of neurodegenerative
disorders and other neurological diseases.*”

Based on the performed ROS experiments (Figure 4B) and MTT
assays (Figure 4A), we adopted the condition of 50 mM KPS (for
30 min) to mimic acute oxidative stress neuronal damages for all
subsequent studies with the neuro-COVID in vitro model. Oxidative
stress and mitochondrial dysfunction caused by KPS is expected to
induce redox-sensitive targets including apoptotic/necrotic events,
loss in neurite function, decrease in TH protein levels, and depletion
of endogenous antioxidant markers such as GSH-Px. We evaluated
the effect of KPS on all these biomarkers to determine the extent of
oxidative stress in the studied cells.

The results presented in Figure 4D-G show that the exposure of
SH-SY5Y cells to KPS resulted in a significant reduction in GSH-Px
activity (Figure 4F), decreased TH protein expression (Figure 4E), and
an increase in cell death/apoptosis (Figure 4G) accompanied by an
altered mitochondria membrane potential as compared to the control
group RA/FBS(-) (Figure 4D). Figure S1 shows additional data about
the oxidative properties of KPS.

3.4 | Ginkgolide B-loaded cubosomes and vesicles
reduce KPS-induced apoptotic and necrotic cell death

Cellular viability data after incubation with MO-GB and DMPC-PEG-
GB LNPs are presented in Figure S2. A lipid concentration of 1 uM
was nontoxic for the differentiated SH-SY5Y cells.

The protective effect of GB-loaded LNPs against KPS-induced cell
death was analyzed by flow cytometry using the Annexin V-fluorescein
isothiocyanate (FITC) and propidium iodide (Pl) staining, a method
employed to distinguish viable and nonviable cell populations. As shown
in Figure 5A, the incubation of differentiated SH-SY5Y cells with KPS for
30 min (i.e., oxidative challenge) augmented the percentage of cells in an
apoptosis state (by 32.6%, Annexin V + /PI-) as well as in a necrosis state
(by 8.45%, Annexin V-/Pl+). The treatment with 1uM cubosome
nanocarriers (MO-GB or MO-GB-Quer LNPs) and vesicles (DMPC-PEG-
GB or DMPC-PEG-GB-Quer LNPs) for 24 h reduced the number of cells
undergoing apoptosis by 19.0%, 12.8%, 14.8%, and 23.6%, respectively,
and necrosis by 5.9%, 2.0%, 2.4%, and 3.6%, respectively (Figure 5B-D).
Thus, our results demonstrated that KPS, as a neurotoxin stressor,
significantly induces programmed cell death, as evidenced by Annexin V/
Pl staining data. This effect was reversed by the treatment of GB-
loaded LNPs.

3.5 | Effects of ginkgolide B-loaded cubosomes
and vesicles on the GSH-Px activity in KPS-induced
model of oxidative stress damage

We evaluated the effect of GB-loaded cubosomes and vesicles on the
levels of the antioxidant enzyme GSH-Px in SH-SY5Y cells using two
distinct procedures (Figure 6). First, SH-SY5Y cells were incubated with
different types of LNPs in the absence of a neurotoxic agent. This initial
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FIGURE 3

In vitro antioxidant capacity of cubosome and vesicular types of LNPs. (A) Temporal evolution, and (B) quantitative histogram of

antioxidant activity of GB-loaded and GB-Quer-loaded LNPs expressed as mean (%) of DPPH radical inhibition (n = 2). All p-values are indicated with
p < 0.05 considered as statistically significant. ns = 0.092, **p = 0.004 for MO-Plu versus DMPC-PEG, ***p < 0.0001 for MO-GB-Quer versus DMPC-
PEG-GB-Quer. (C) Total antioxidant activity of GB-loaded and GB-Quer-loaded LNPs expressed as mean Trolox equivalent. inhibition (n = 2). ns = 0.099
and 0.980 for MO-Plu versus DMPC-PEG and MO-GB versus DMPC-PEG-GB respectively, *p = 0.038 for MO-GB-Quer versus DMPC-PEG-GB-Quer.
(D) Schematic presentation of DPPH and TAC assay principles. n represents the number of replicates per group, with error bars indicating the standard
deviation. Statistical differences were calculated using Tukey's multiple comparison test for one-way ANOVA.

experiment aimed to evaluate the direct influence of lipid nanoparticles
on GSH-Px activity. The results depicted in Figure 6B demonstrate a
significant increase in GSH-Px activity compared to the GSH-Px control.
Notably, GB-loaded cubosomes (MO-GB) exhibited a statistically signifi-
cant enhancement in GSH-Px activity compared to DMPC-PEG-GB
vesicles, with p-values of 0.0007 and 0.0074, respectively. Furthermore,
the co-encapsulation of GB/Quer within the MO cubosome nanocarrier
resulted in a marginal improvement in GSH-Px activity compared to dual-
loaded DMPC-PEG-GB-Quer vesicles (p =0.0006 and p =0.0007). This
highlighted the potential antioxidative and neuroprotective properties of
the liquid crystalline nanoparticles used for drug delivery.

In a subsequent experiment, SH-SY5Y cells were exposed to
50 mM KPS followed by treatment with 1 uM GB-loaded cubosomes
and vesicles for 24 h. Similarly, the results showed a remarkable
increase in the levels of the GSH-Px enzyme, particularly for MO-GB,

p =0.0003 (Figure 6C, D) compared to the KPS-induced SH-SY5Y
cells. These findings suggested that LNP treatment can ameliorate
the enzymatic antioxidant activity of GSH-Px under normal and
oxidative stress conditions by eliminating additional hydroperoxides
and free radicals as depicted in the scheme of Figure 6A.

We further investigated the neuroprotective potential of
antioxidant-loaded LNPs in attenuating ROS levels in a KPS-
induced oxidative stress model using flow cytometry (Figure 6E, F).
We employed two distinct procedures for KPS exposure. First, cells
were pretreated with 1 uM LNPs in serum-free DMEM before
incubation with DCFH-DA probe (10 uM) for 30 min. Following flow
cytometry analysis, cells were exposed to 50 mM KPS for 5 min. The
obtained data revealed an elevation in the fluorescence intensity of
DCF upon direct exposure of the cells to 50 mM KPS, in comparison
to the unexposed control cells (Figure 6E). Therefore, pretreatment
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FIGURE 4 |In vitro oxidative-stress model induced by KPS in differentiated SH-SY5Y cells. (A) Time course for the effect of KPS on mitochondrial
activity via MTT assay. SH-SY5Y cells were pretreated with KPS at concentrations of 50 MM and 100 mM. Results are represented as % mean + SD
values (n = 12). (B) Flow cytometry analysis of ROS generation expressed as a fold change in ROS levels (n = 3). (C) Morphology of SH-SY5Y cells
observed before and after 7 days of treatment with 10 uM RA following incubation with KPS at different time points (5 min, 30 min, 1 h, and 2 h). The
scale bars are 50 um. (D) Mitochondrial membrane potential (AWm) changes of RA/FBS(-)-SH-SY5Y and RA/FBS( +)-SH-SY5Y cells after 30 min of
incubation with 50 mM KPS. Results are presented as the ratio of the fluorescence intensities of JC-10 dye aggregates (red fluorescence) to JC-10
dye monomers (green fluorescence) and yielding mean values = SD (n = 3, **p = 0.009,***p = 0.0004). Statistical differences were calculated using
Dunnett's multiple comparison test for two-way ANOVA. (E) Quantification of the levels of TH protein in the cells. Data are presented as %
mean = SD (n = 3). (F) Effect of KPS on GSH-Px enzymatic activity. Data are reported as mean + SD values relative to the control (n = 3, ***p = 0.0005).
Statistical differences were calculated using the student's t-test. (G) Flow cytometry assessment of apoptosis and necrosis of SH-SY5Y cells after
30 min treatment with KPS. Cells were stained with Annexin V conjugate and propidium iodide. Data are reported as mean + SD values of % cells in
live, apoptotic, and necrotic states (n = 3, **p = 0.006, ***p < 0.0001). n represents the number of replicates per group, with error bars indicating the
standard deviation. Statistical differences were calculated using Bonferroni's multiple comparison test for two-way ANOVA.
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FIGURE 5 Recovery effects of GB-loaded and GB-Quer-loaded LNPs against KPS-induced neuronal cell death determined by apoptosis and
necrosis assays using Annexin-V-FITC and PI staining. All groups of SH-SY5Y cells with Annexin-V and PI staining were measured by flow
cytometry. (A) Representative dot plots from flow cytometric analysis determining the proportions of live, apoptotic, and necrotic activities. The
interpretation of data from quadrant regions in the dot plots is as follows: the bottom left quadrant indicates unstained viable cells with intact
membranes, characterized as annexin V-FITC and Pl double-negative; the top right quadrant designates necrotic cells identified as annexin V-
FITC and Pl-positive; and the bottom right quadrant denotes apoptotic cells that are annexin V-FITC-positive but Pl-negative. (B-D) The results
from flow cytometry analysis are presented in a histogram, showing the mean percentages of live cells (Q4; n = 3; **p = 0.004, ***p < 0.0001 for
MO-GB, DMPC-PEG-GB and MO-GB-Quer, ***p = 0.0004 for DMPC-PEG-GB-Quer vs. KPS-treated group) and apoptotic cells (Q3; n=3; **p =
0.006, 0.004 and 0.001 for MO-Plu, DMPC-PEG and DMPC-PEG-GB-Quer, ***p < 0.0001 vs. KPS-treated group). Cells stained with only PlI,
indicating loss of plasma membrane integrity, were classified as necrotic cells (Q2; n = 3; **p = 0.008, ***p = 0.0008 and 0.0002 for DMPC-PEG
and DMPC-PEG-GB-Quer, ***p < 0.0001 for DMPC-PEG-GB and MO-GB-Quer vs. KPS-treated group). The following controls were included: (i)
cells exposed to 50 mM KPS [KPS(+)] as a positive control/oxidative-stress challenged; (ii) cells without KPS [KPS(-)] as a negative control; and
(iii) untreated cells without annexin V-FITC/PI. Approximately 1.0 x 10* events were recorded and analyzed per individual sample using Flowjo
software and one-way analysis of variance (ANOVA). Data is presented as mean = SD values of % cells with n representing the number of
replicates per group. Statistical differences were calculated using Dunnett's multiple comparison test for one-way ANOVA.

with 1 uM dose of LNPs (MO-GB, MO-GB-Quer, DMPC-PEG-GB, or counteracting ROS generation following acute cell exposure to KPS.
DMPC-PEG-GB-Quer) for 24 h significantly protected cells from Figure 6F shows the effect of the studied LNPs in facilitating the
KPS-induced oxidative stress damage. Pretreatment with cubosomes, recovery of the neuronal cells from oxidative stress induced by KPS.
loaded with GB or GB/Quer, demonstrated a greater efficacy in SH-SY5Y cells were exposed to 50 mM KPS for 30 min followed by a
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subsequent 24-h treatment with 1 uM LPNs. The result reveals that
direct exposure of cells to 50 mM KPS resulted in a notable increase
in ROS levels, quantified by an increased level of DCF staining
compared to control cells. The increased DCF intensity was
significantly reduced by the GB-loaded LNPs (MO-GB, MO-GB-
Quer, DMPC-PEG-GB and DMPC-PEG-GB-Quer) compared to the
blank vehicles of MO-Plu and DMPC-PEG, respectively (Figure 6F).

4 | DISCUSSION

Collectively, the investigated here cubosomal and vesicular nano-
antioxidants present a promising approach for nanomedicine-
mediated ROS downregulation and regeneration from oxidative-
stress-related pathologies. The performed study revealed that
nanomedicine-mediated treatment with ginkgolide B-loaded
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cubosomal and vesicular LNPs diminishes intracellular ROS levels
through the upregulation of glutathione peroxidase activity.

The SAXS profiles of the MO-based LNPs, encapsulating GB
alone or a mixture of GB with quercetin (Quer), exhibited a series of
well-discernible Bragg peaks (Figure 3A-C). The g-values of the Bragg
peak positions were fitted to that of the first peak (Table S2) to
determine the structure of the self-assembled nonlamellar type
carriers. The g-vector positions spaced in the ratio v2: v4: vé: V8:
V10: V12: V14: V16 ... were assigned to the (110), (200), (211), (220),
(310), (222), (321) and (400) reflections of a primitive cubic lattice of
the Im3m space group (Q""). The corresponding lattice parameters,
aq), are given in Table 1.

The advantages of the cubic lipid Im3m (Q"P) nanostructures
as drug delivery systems have been emphasized by several
studies. For instance, they may enhance the stability and efficacy
of therapeutic antioxidant compounds such as GB, quercetin, and
curcumin, along with biomolecules like proteins.®! The fact that
liquid crystalline nanoparticles can be stabilized by Poloxamer
surfactants makes them suitable candidates for drug delivery to
the brain. In vivo studies have shown that MO cubosomes,
incorporating a combination of Poloxamer P407 and Tween 80,
enhance the delivery of risperidone to the brain via the transnasal
route.*® The cubosomal formulations have significantly increased
drug permeation and brain distribution, indicating that cubosome
carriers are suitable for transnasal delivery to the brain.*¢ Liquid
crystalline nanoparticles have also been proven effective in the
delivery of proteins. For instance, odorranalectin surface-
decorated cubosomes encapsulating an anti-Alzheimer S14G-HN
peptide, provided enhanced therapeutic effects when adminis-
tered intranasally.*” These formulations also exhibited sustained
peptide release, demonstrating the potential of liquid crystalline
structures to treat disorders of the CNS.%” Recently, cubosome

nonlamellar nanoassemblies have shown the ability to modulate
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the kinetics of CREB phosphorylation through the AKT/ERK
signaling pathway.2?¢

The average values of Dy, of the blank nanocarriers (MO-Plu
cubosomes and DMPC-PEG vesicles) were around 342nm and
164 nm, respectively. Two distinct particle populations were
observed for the nanocarriers loaded with a single drug (MO-GB
and DMPC-PEG-GB) as well as with the co-loaded LNPs (MO-GB-
Quer and DMPC-PEG-GB-Quer). The size distributions indicated the
coexistence of larger particles (>400nm) and smaller particles
(<200 nm) (Table 1) with a range of polydispersity index (PDI) values
resulting from the agitation-dispersion process. The obtained data
suggested that the population of the drug-loaded LNPs increases at
the expense of the blank nanocarriers. Moreover, hydrophobic drug
loading into LNPs enhances the tendency for the formation of larger
cubosomes and vesicular particles. Evidently, drug (GB or GB-Quer)
loading modifies the hydration level of the lipid membranes which
built up the vesicular and cubosomal nanocarriers.

The formulated MO-GB cubosome nanostructure exhibited a
slightly higher antioxidant capacity, measured by the Trolox equivalent
value (TEAC), compared to the vesicular DMPC-PEG-GB nanostructure.
The TEAC values were 281.25 uM and 251.25 uM, respectively. The
values of TEAC increased upon co-encapsulation of GB and Quer within
either cubosomal MO-based (421.5 uM) or vesicular DMPC nanocar-
riers (583.07 uM) (Figure 3C). These results indicated that the co-
encapsulation of GB and quercetin within the lipid matrices of MO or
DMPC exhibited the highest TAC values of Trolox equivalent and
revealed the synergistic effect of the two drug compounds. In the
context of neurological long COVID, antioxidants emerge as promising
therapeutic agents. They act as anti-inflammatory, antioxidative, and
neuroprotective agents by scavenging free radicals and reducing
oxidative damage. The synergistic effect between GB and Quer
highlights the potential of combination therapies in augmenting

antioxidant defenses and addressing oxidative stress-related pathology.

FIGURE 6 Effect of GB-loaded and GB-Quer-loaded LNPs on the regulation of glutathione peroxidase (GSH-Px) enzymatic activity and
clearance of ROS in KPS-induced SH-SY5Y model. (A) Schematic representation of GPX-regulated ROS homeostasis. (B) Treatment of
differentiated SH-SY5Y cells was performed with LNPs without pre-exposure to KPS. Results are presented as mean+SD (n= 3, ns=0.150 and 0.
847 for MO-Plu and DMPC-PEG, **p = 0.007, ***p = 0.0007 for MO-GB and DMPC-PEG-GB-Quer, ***p = 0.0006 for MO-GB-Quer vs. GSH-Px
control). (C) Incubation with 50 mM KPS for 30 min and subsequent treatment with 1 uM LNPs for 24 h. Data are reported as mean+SD (n =2,
***p =0.0005 vs. GSH-Px control, #p = 0.038, ##p = 0.010, 0.005, 0.001, and 0.002 for DMPC-PEG, DMPC-PEG-GB, MO-GB-Quer and DMPC-
PEG-GB-Quer, ###p =0.0003 vs. KPS treated group). (D) Kinetic change in GSH-Px expression in cells exposed KPS followed by treatment with
1 uM LNPs for 24 h. n represents the number of replicates per group. Statistical differences were calculated using Dunnett's multiple comparison
test for one-way ANOVA. (E,F) Flow cytometric detection of ROS in differentiated SH-SY5Y cells. The fluorescent probe DCFH-DA (10 uM) was
incubated with the cell culture for 30 min. The cells were subjected to varying KPS exposure conditions, pretreatment of differentiated SH-SY5Y
cells by nanocarriers loaded with GB or GB and quercetin for 24 h, and determination of intracellular ROS levels under two distinct experimental
conditions of exposure to KPS. (E) The cells are first treated with DCFH-DA dye followed by exposure to 50 mM KPS for 5 min before flow
cytometry measurements. Data is represented as quantitative histograms of the mean + SD values of fluorescence intensity of the DCF dye [DC(+)],
expressed as a fold change relative to the background level of untreated cells [RA/FBS(-), DC(+)]. (n = 2, ns = 0.221 for MO-GB vs. DMPC-PEG-GB,
***p < 0.0001 vs. control, #p = 0.025 for MO-Plu vs. DMPC-PEG, ##p = 0.008 for MO-GB-Quer vs. DMPC-PEG-GB-Quer). (F) Exposure of cells to
50 mM KPS for 30 min and subsequent treatment with 1 uM LNPs during 24 h. This was followed by the incubation of the cells with the DCFH-DA
probe for flow cytometry measurements (n =2, ns =0.814 and 0.157 for MO-Plu vs. DMPC-PEG and MO-GB-Quer vs. DMPC-PEG-GB-Quer,
***p < 0.0001 vs. control group, ##p = 0.004 for MO-GB vs. DMPC-PEG-GB). n represents the number of replicates per group, with error bars
indicating the standard deviation. Statistical differences were calculated using Tukey's multiple comparison test for one-way ANOVA.
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It should be noted that antioxidant activity, assessed through
different in vitro assays (DPPH or CUPRAC), may yield varied results
due to the distinct mechanisms (reducing/scavenging action) and
principles of these assays. In the present study, a good correlation
was established between the results obtained through the DPPH and
CUPRAC methods.

The in vitro cellular studies demonstrates that KPS induces
oxidative stress by affecting the production of ROS (such as H,0,)
accompanied by the depletion of glutathione peroxidase function,
altered dopamine metabolism, and triggered both necrotic and
apoptotic cell death pathways. These findings are in accordance
with other studies, which employed 6-OHDA- or MPTP-induced
oxidative stress to damage neuronally-derived SH-SY5Y cells. 1348
Furthermore, in comparison to 2,2’-azobis(2-amidinopropane) dihy-
drochloride (AAPH) in an ORAC assay, KPS was found to be a
moderate ROS generator (Figure S1).

Apoptosis is influenced by multiple factors that can either
promote cell survival or induce programmed cell death. Notably,
elevated ROS levels can trigger mitochondrial dysfunction, leading to
the release of apoptosis inducers. Proapoptotic proteins (Bax and
Bad) and antiapoptotic proteins (Bcl-2 and Bcl-XL) complement each
other to regulate cell survival/death.

The neuroprotective effect of EGb was validated in previous in
vitro and in vivo model studies. In vitro studies have revealed that
EGb protects cultured neurons against cell death induced by H,O,
and MPTP.*?~53 Moreover, Ginkgo biloba (EGb761) and its extracts
(quercetin and GB) can protect SH-SY5Y cells against AB-induced
neurotoxicity by obstructing Ap-induced events, such as glucose
uptake, ROS accumulation, mitochondrial dysfunction, and activation
of protein kinase B (AKT). These compounds regulate also the
transcription of inducible antioxidant elements, paraoxonase-2
(PON2), a calcium-dependent lactonase with antioxidant functions,
c-Jun N-terminal kinases (JNK) and extracellular signal-regulated
kinases (ERK 1/2) pathways, which participate in inflammatory and
apoptotic signaling pathways.>*~>¢

Oxidative-stress trigger, experienced in severe COVID, is
regarded as one of the main factors of neuronal damage, causing
neurodegenerative as well as depressive and anxiolytic disorders.>”
Quercetin has been discussed in a few recent studies, including an
open-label clinical study, showing good tolerability and benefits in
preventing the severe outcomes of the coronavirus infection
disease.>®5? The free drug combination of quercetin and GB has
exhibited neuroprotective effects against oxidative stress synergisti-
cally via decreasing malondialdehyde (MDA) content and increasing
the levels of antioxidant enzymes, SOD, GSH, and CAT. 131460
Furthermore, nanocarriers loaded with EGb extracts of GB and
quercetin could modulate antioxidative signaling pathways, such as
the nuclear factor (erythroid-derived 2)-like 2 (Nrf2). The neuropro-
tective effect of GB, delivered via biodegradable poly(ethylene
glycol)-b-poly(trimethylene carbonate) (PEG-PTMC) nanoparticles
(PPNPs), has been explored as a promising therapy for PD to

enhance its accumulation in the blood and brain.*®

GB-PPNPs were able to facilitate sustained GB release during
48 h, thus protecting against MPP*-induced neuronal cytotoxicity.
GB-loaded NPs (GB-PPNPs) have been shown to improve locomotor
activity, dopamine and its metabolite levels, and tyrosine hydroxylase
activity in an animal model of Parkinson's disease.*®

Our results support the hypothesis that EGb exerts significant
antiapoptotic and neuroprotective effects, which are likely mediated
by the ability to neutralize harmful free radicals. We show that this
activity is essentially enhanced when EGb ingredients are delivered
via lipid nanocarrier systems. Regarding the role of the nanostructural
organization, the direct comparison of the studied nanostructures,
namely GB-loaded and GB-quercetin co-loaded cubosomes or GB-
loaded and GB-quercetin co-loaded DMPC vesicles, in the same
experimental setting, revealed quantitatively different hydroxyl
radical-scavenging activities. The in vitro established pharmacological
properties, which include a reduction in neuronal apoptosis and
necrosis induced by KPS, present interest for the application of these
nanocarriers in potential recovery from neuronal damages provoked
by oxidative stress.

We observed a statistically significant enhancement in GSH-Px
activity in SH-SY5Y cells treated with GB-loaded cubosomes
(MO-GB) compared to DMPC-PEG-GB vesicles. Additionally,
co-encapsulation of GB/Quer within the MO cubosome nanocarrier
further increased GSH-Px activity. These results suggest that the
reduction in ROS levels may have contributed to the enhancement of
GSH-Px activity. Therefore, the decrease in ROS levels facilitated by
the LNPs could potentially alleviate oxidative stress conditions,
consequently leading to an increase in GSH-Px activity (Figure 7).

In a recent study, it has been reported that GB nano-therapy has
a protective effect on MTPT-induced PD mice model. The striatal
GSH-Px levels were upregulated up to 94.86+9.15 U/mg protein
relative to the MPTP mice model (63.92 + 6.06 U/mg protein). This
indicated the significant role of nanoparticles in facilitating the
delivery of therapeutic agents across the BBB.>?

The co-encapsulation of GB and Quer within the MO cubosome
nanocarriers exhibited a greater efficacy in attenuating ROS genera-
tion compared to the individual drug GB. In comparison, GB
encapsulation in DMPC vesicles resulted in a lower ROS scavenging
activity compared to the dual-loaded nanoformulation (DMPC-PEG-
GB-Quer).

We considered that the variation in fluorescence intensity
observed between the LNPs of the nonlamellar lipid MO or the
lamellar phospholipid DMPC can be due to the different compositions
of these systems determining their internal liquid crystalline struc-
ture.?” We also considered that the type and the concentration of the
employed dispersing agent may affect the LNP structure type, thus
influencing the incorporation of antioxidants in the lipid formula-
tions.®17%* Regarding the employed stabilizing surfactants, the MO-
GB-Quer and DMPC-PEG-GB LNPs, dispersed by Pluronic F127 and
the DOPE-PEG,qq0, exhibited strong reduction in ROS. Therefore, we
can correlate the findings of this study, which indicate that

encapsulating GB in the phospholipid DMPC bilayer and
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FIGURE 7 GB-LNPs are suggested to exert neuroprotective effects by scavenging free radicals and enhancing antioxidant systems such as

CAT, SOD, and GSH-Px to maintain redox homeostasis.

simultaneously co-encapsulating GB/Quer in the MO lipid matrix
reduces ROS levels significantly. These findings may also be explained
by other factors, such as nanoparticle supramolecular architectures,
which affect the bioactive compounds’ release mechanisms.

5 | CONCLUSION

In the present study, we successfully developed lipid-based liquid
crystalline nanostructures of cubosome and vesicle LNP types to co-
encapsulate and deliver neuroprotective antioxidant molecules
(ginkgolide B (GB) and quercetin). These LNPs enabled the inhibition
of ROS production and neuronal apoptosis. A novel experimental
model of KPS-induced oxidative damage, likely associated with
transient neuronal damage, was proposed and validated. The
structural characterization of MO-based LNPs, encapsulating gink-
golide B alone or in combination with quercetin, revealed well-

discernible Bragg peaks indicative of a primitive cubic lattice
structure. These cubic lipid Im3m (QIIP) nanostructures offer
advantages for drug delivery, enhancing the stability and efficacy of
therapeutic antioxidant compounds such as ginkgolide B and
quercetin. The in vitro results with differentiated SH-SY5Y cells
demonstrated that GB-loaded LNPs exhibit enhanced neuroprotec-
tive effects, mediated by their ability to neutralize harmful free
radicals, and upregulates glutathione peroxidase levels to maintain
redox homeostasis. The nanosystems exhibited different effects in
scavenging free radicals due to their unique nanostructure.
Furthermore, the developed cubosomal and vesicular lipid-based
nanocarriers showed potent antioxidant and antiapoptotic activities in
the created KPS-induced oxidative stress model. Thus, they offer a
potential new therapeutic approach for the management of neurological
complications associated with long COVID/post-acute COVID condi-
tions and other neurological complications provoked by oxidative stress.
Our study establishes a correlation between nanomedicine-mediated
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ROS reduction and the enhancement of glutathione peroxidase activity,
suggesting a potential mechanism for alleviating oxidative stress
conditions. Therefore, future research is needed to understand the
mechanisms of GB-LNPs on other signaling pathways, such as
inflammatory pathways, which are highly triggered during severe
COVID conditions. Further work would be required to translate these
nanosystems into clinical applications for the treatment of neuro-

degenerative conditions including Alzheimer's and Parkinson's diseases.
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