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Abstract

Background: Parkinson’s disease (PD) is a progressive neurodegenerative disorder with which the leucine-Rich repeat kinase 2 glycine
2019 serine (LRRK2 G2019S) mutation is strongly associated. This mutation elevates kinase activity, disrupts mitochondrial function,
increases reactive oxygen species (ROS) production, and impairs DNA repair mechanisms, all of which contribute to the pathogene-
sis of PD. Thus, addressing these pathological features through targeted delivery systems holds promise for more effective therapies.
Methods: This study aimed to investigate the use of Ginkgo biloba leaf extract (EGB) to synthesize sphingomyelin-cholesterol solid
lipid nanoparticles (SLNPs) functionalized with poly-L-lysine (EGB–PLL–SLNPs) for siRNA delivery targeting the LRRK2 G2019S
mutation. SLNPs suspended in water (H₂O–PLL–SLNPs) served as the comparator. In vitro assays were conducted using either wild-
type or LRRK2 G2019S-transformed SH-SY5Y and HEK293 cells. The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay was employed to evaluate the cytotoxicity of the SLNPs and nanocomplexes; meanwhile, flow cytometry was used to assess
caspase 3/7 activity, mitochondrial membrane potential, DNA damage, and ROS levels. Results: Treatment with EGB–PLL–SLNPs
significantly improved mitochondrial health, reducing depolarized and dead cells and enhancing overall cell viability. ROS levels, DNA
damage and kinase activity were significantly decreased compared to the control H₂O–PLL–SLNPs. Conclusion: The enhanced thera-
peutic outcomes observed with the EGB–PLL–SLNPs can be attributed to the bioactive compounds in EGB, particularly the flavonoids
and terpenoids, such as quercetin and kaempferol. These molecules play crucial roles in stabilizing mitochondrial membranes, facilitat-
ing ATP synthesis, and regulating genes linked to mitochondrial biogenesis. The interaction between EGB and siRNA to mediate gene
silencing provides a multifaceted approach to counteracting PD pathophysiology. This study demonstrates that EGB–PLL–SLNPs offer
superior gene silencing and cytoprotective effects compared to conventional formulations. The integration of plant-based bioactives with
nanomedicine enhances therapeutic delivery and efficacy, positioning biosynthesized PLL–SLNPs as a promising strategy for treating
Parkinson’s disease.
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1. Introduction
Parkinson’s disease (PD) is the second most common

neurodegenerative disorder globally, with a prevalence of
0.2% [1]. PD is characterized by the progressive loss of
dopaminergic neurons (mDAs) in the midbrain, particu-
larly in the substantia nigra [2,3]. While most PD cases
are sporadic, approximately 15% are inherited, with famil-
ial genetic studies identifying 20 genes implicated in PD,
and genome-wide association studies (GWAS) presenting
about 90 loci [4]. Among these, the leucine-rich repeat
serine/threonine-protein kinase 2 (LRRK2) gene is associ-
ated with both familial and sporadic cases, underscoring the
role of LRRK2 in neurodevelopmental disorders [5]. More-
over, LRRK2 is essential during development and binds to
the disheveled (DLV) family proteins, which are mediators
in theWnt signaling pathways, and are crucial in embryonic
development [6].

Mutations in this binding domain, especially the auto-
somal dominant c.6055G>A mutation, which leads to the
LRRK2 G2019S substitution, represent the most common
genetic risk factor for PD [7–9]. Meanwhile, the LRRK2
G2019S substitution mutation results in a 2- to 3-fold in-
crease in kinase activity, although the exact mechanism
for this remains unclear. Evidence suggests that this in-
crease is associated with regulating mitochondrial dynam-
ics, chaperone-mediated autophagy, and vesicle traffick-
ing [10–12]. Moreover, the elevated expression of ox-
idative stress-related genes in G2019S-induced pluripotent
stem cells further underscores the role of this mutation [13],
while highlighting the pivotal role of these processes in PD
pathogenesis.

Current therapeutics, such as LRRK2 inhibitors, have
demonstrated protective efficacy but face challenges and
adverse effects, including pulmonary fibrosis, and exhibit
varying efficacy among patients, necessitating the develop-
ment of a personalized therapeutic approach [14]. These
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therapeutics struggle to effectively cross the blood–brain
barrier (BBB), reducing their therapeutic efficacy [15]. The
BBB is crucial for maintaining brain homeostasis by pre-
venting circulating pathogens and toxins from entering the
brain [16]. Recent advancements in alternative strategies to
mitigate this barrier include the use of lipid nanoparticles
(LNPs), specifically solid LNPs (SLNPs).

SLNPs have a size range of 40 to 1000 nm, enhanced
bioavailability, controlled cargo release, a higher loading
capacity, and the absence of organic solvents in the synthe-
sis process, as well as cost-effective large-scale production
[17]. These nanoparticles (NPs) utilize clathrin-mediated
endocytosis to penetrate the BBB [18]. LNPs can be engi-
neered to optimize performance for various diseases, with
sphingomyelin (SM) and cholesterol (Chol) showing sig-
nificant potential in treating PD. These lipid components
enhance the efficacy of BBB crossing and contribute to
membrane stability. SM plays a key role in maintaining
myelin sheath integrity, facilitating nerve impulse transmis-
sion, and supporting BBB homeostasis through its involve-
ment in lipid raft formation and signal transduction. Mean-
while, cholesterol improves nanoparticle stability, modu-
lates pharmacokinetics, and prolongs circulatory half-life in
vivo [19,20]. Together, the SM–Chol-derived SLNPs form
nano-domains essential for synaptic plasticity and neuro-
transmitter release, offering a promising approach to PD
treatment at a curative level.

The engineering of these SLNPs is crucial for promot-
ing the desired functional outcomes. The biosynthesis of
SLNPs with Ginkgo biloba leaf extracts (EGB) combines
neuroprotective and antioxidant properties. SLNPs also
act as a monoamine oxidase (MAO) inhibitor, preventing
dopamine degradation. EGB extracts also increase muscu-
lar coordination, dopaminergic D2 receptor content, loco-
motor activity, and restore antioxidant enzymes in the stria-
tum [21], providing a secondary therapeutic effect for PD
treatment, albeit primarily palliative.

Thus, this study aimed to develop a novel biosynthe-
sized SLNP delivery vehicle containing SM and Chol and
functionalized with poly-L-lysine (PLL) for conjugation to
the therapeutic siRNA. This SLNP–siRNA nanocomplex
was formulated to target the LRRK2 G2019S mutation in
PD. The development of the nanocomplex also addresses
the delivery challenges faced by naked siRNA, such as BBB
crossing, nuclease degradation, and its polyanionic nature
[14]. Additionally, this study examined PD at the basic ge-
netic level and presents a promising dual therapeutic ap-
proach, advancing toward a curative treatment for PD.

2. Materials and Methods
2.1 Materials

Phosphate-buffered saline (PBS), 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide
(MTT), and dimethyl sulfoxide (DMSO) were purchased
from Merck (Darmstadt, Germany). The luciferase and

NanoBRET® TE intracellular kinase assay kits, as well
as the LRRK2(G2019S)-NanoLuc® Fusion Vector, were
obtained from Promega Corporation (Madison, WI, USA).
The BLOCK-iT™ fluorescent control, Lipofectamine
2000, and the LRRK2 (G2019S) silencer RNA were
sourced from Thermo Fisher Scientific Inc. (Waltham,
MA, USA). The LRRK2 (G2019S) Silencer® Select siRNA
was purchased as a validated, pre-designed siRNA duplex
that targets the LRRK2 G2019S mutant allele (Thermo
Fisher Scientific Inc., Waltham, MA, USA). The siRNA
was chemically modified to enhance stability and reduce
off-target effects; due to the proprietary nature of the
siRNA, the exact sequence and modification details are
not publicly disclosed by the manufacturer. The product
is commercially available for the allele-specific silencing
of LRRK2 G2019S, and has been used in similar mutation-
targeting studies. The Muse™ caspase-3/7, oxidative
stress, multi-color DNA damage, and mitopotential kits
were provided by Luminex (Austin, TX, USA). Sterile
cell culture plasticware was procured from Nest Biotech-
nologies (Wuxi, Jiangsu, China). Trypsin-versene, Eagle’s
Minimum Essential Medium (EMEM), Dulbecco’s mod-
ified Eagle medium/nutrient mixture F-12 (DMEM/F12),
and antibiotic mixture (penicillin 5000 units/mL, strepto-
mycin 5000 µg/mL) were supplied by Lonza BioWhittaker
(Walkersville, MD, USA). Gamma-irradiated fetal bovine
serum (FBS) was provided by Hyclone GE Healthcare
(Logan, UT, USA). The embryonic kidney (HEK293) and
neuroblastoma (SH-SY5Y) cells were originally sourced
from the American Type Culture Collection (ATCC, Man-
assas, VA, USA), and authenticated by short tandem repeat
(STR) profiling. Mycoplasma testing was performed on
both cell lines as part of routine culture validation in our
laboratory, as reported in a related study [22]. All reagents
were of analytical grade, and 18 MΩ water (Milli-Q
Academic, Millipore, Molsheim, France) was used in the
preparations.

2.2 Synthesis of PLL-SC-SLNPs

The biologically synthesized PLL–SC–SLNPs, pre-
pared using EGB as a reducing agent, were synthesized fol-
lowing the previously detailed protocols [22].

2.3 Characterization and Binding Studies

Characterization of the synthesized NPs was per-
formed using ultraviolet (UV)-visible (UV-vis) and Fourier-
transform infrared (FTIR) spectroscopy, transmission elec-
tron microscopy (TEM), and dynamic light scattering
(DLS).

Binding studies were conducted using the ethidium
bromide (EtBr) intercalation assay to measure binding and
compaction of the NPs, the band shift assay to assess
siRNA:NP complex formation, and the RNase protection
assay to evaluate the stability of siRNA in the presence of
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nuclease enzymes [23]. These techniques have been pub-
lished previously [22].

2.4 Cell Culture and LRRK2 G2019S Transfection
All cell culture-based experiments were conducted in

a class II biosafety laminar flow hood under sterile con-
ditions. The embryonic kidney (HEK293) and neuroblas-
toma (SH-SY5Y) cells were propagated and maintained in
25 cm2 tissue culture flasks containing 5 mL of complete
medium (EMEM for HEK293 and DMEM/F12 for the SH-
SY5Y cells), supplemented with 10% (v/v) FBS and 1% an-
tibiotics (100 U/mL penicillin, 100 µg/mL streptomycin) in
a HEPA class 100 Steri-Cult CO2 incubator (Thermo Fisher
Inc., Waltham, MA, USA). Cells were monitored daily
under a Nikon TMS inverted microscope (Nikon Corp.,
Tokyo, Japan) and subcultured into multi-well plates for
subsequent assays as needed.

The transformed cell lines were cultured similarly,
with the LRRK2(G2019S)-NanoLuc® Fusion Vector intro-
duced into the cells. Fusion complexes were prepared using
9.0 µg/mL of transfection carrier DNA and 1.0 µg/mL of the
fusion vector in 1mL of EMEM/DMEM/F12 assaymedium
(99%medium supplemented with 1% FBS). Lipofectamine
2000 (30 µL) was then added and mixed by inversion (5–10
times). The lipoplexes were incubated at ambient temper-
ature for 20 minutes and then introduced into the cells at a
ratio of 1:20 (complex). Following transfection and the ap-
propriate growth periods described in the relevant sections,
cells were subcultured into multi-well plates for each assay.

Although HEK293 cells are not of neuronal origin,
these cells were included in this study as a comparative
non-neuronal control cell line. Since LRRK2 is a ubiqui-
tously expressed gene and the G2019S mutation occurs in a
germline autosomal-dominant manner, the pathological ef-
fects of this mutation are not restricted to neuronal tissue.
Therefore, the inclusion of this cell line permitted the evalu-
ation ofmutation-driven cellular dysfunction. Furthermore,
HEK293 cells exhibit stable growth and high transfection
efficacy, thus providing a reliable baseline for interpreting
the mutational-specific effects. This comparison enables a
clear distinction between cell type-specific responses and
mutation-dependent responses, thereby enhancing the over-
all interpretation of downstream therapeutic assays. Fur-
thermore, HEK293 cells have been used as a standard cell
line in numerous in vitro studies.

2.5 Cellular Uptake Studies
The cellular uptake assay, using a BLOCK-iT™ flu-

orescent oligo (Invitrogen catalog no. 13750062) for vi-
sualization, assessed the ability of the PLL–SLNPs to tra-
verse the cellular membrane and localize in the nucleus.
Wild-type and transformed cells were prepared and treated.
Specifically, the transformed cells were trypsinized and
seeded into clear 96-well plates at a density of 1.8 × 105
cells per well and incubated at 37 °C overnight. Nanocom-

plexes were prepared using the optimum binding ratios with
50 nM (0.067 µg) BLOCK-iT Oligo (1:1) and 100 nM
BLOCK-iT Oligo (1:2) and incubated for 1 h. A posi-
tive control was performed using untreated cells to pro-
vide a comparative baseline. After incubation, the growth
medium was replaced with fresh medium (EMEM + 10%
FBS + 1% antibiotics), and the nanocomplexes were added
to the cells, which were then incubated at 37 °C for 24 h.
After removing the medium, the cells were washed with
PBS (2 × 60 µL) and viewed under an Olympus CKX41
inverted phase contrast fluorescence microscope (Olympus
Corporation, Tokyo, Japan) at an excitation wavelength of
494 nm and an emission wavelength of 519 nm.

Cells were then lysed with 80 µL reporter lysis
buffer with gentle shaking on a STR 6 platform shaker
(Stuart Scientific, Staffordshire, UK) at 30 rpm for 15
min. Subsequently, the cells were detached from the wells,
and the cell lysates were transferred into a 96-well black
plate. Fluorescence was measured using the GlomaxMulti-
Detection System (Promega Biosystems, Sunnyvale, CA,
USA). Protein concentrations were determined using the
standard bicinchoninic acid (BCA) assay. The fluorescence
values were then normalized against the BCA assay results
and expressed as relative fluorescent units (RFUs) per mg
of protein.

2.6 The
3-(4,5-dimetylthiazol-2-yl)-2,5-diphenyltetrazolium
Bromide (MTT) Assay

The cytotoxicity profiles of the transformed HEK293
and SH-SY5Y cells were reported in detail previously [22].
The cells were trypsinized and seeded into 96-well plates
at a density of 1.8 × 105 cells per well and incubated at 37
°C overnight. Nanocomplexes were prepared in triplicate
using the SLNP nanocomplexes at optimum binding ratios
with 50 nM non-targeting siRNA (0.067 µg). The positive
control, consisting of untreated cells, represented 100% sur-
vival. After incubation, the growth medium was replaced
with fresh medium (EMEM + 10% FBS + 1% antibiotics).
The nanocomplexes were added to the cells, and the cells
were incubated at 37 °C for 48 h. The growth medium was
then aspirated and replaced with 0.1 mL of EMEM (HEK
293) or DMEM/F12 (SH-SY5Y) medium containing 0.01
mL of MTT solution (5 mg/mL in PBS). After a further in-
cubation at 37 °C for 4 h, the MTT-infused medium was
removed, and 0.1 mL DMSO was added to each well. Ab-
sorbance was measured at 570 nm using a Mindray MR-
96Amicroplate reader (Vacutec, Hamburg, Germany), with
DMSO as a blank.

2.7 Caspase 3/7 Assay

The Muse™ caspase-3/7 kit was used to quantify the
apoptosis and membrane permeability at various stages of
apoptosis, using the activity of caspase 3/7 and a dead cell
dye. Cells were prepared and treated as described in Section
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2.6. After incubating for 48 h, cells were washed with PBS,
trypsinized, and 50 µL of assay buffer (1×) was added.
The mixture was vortexed, followed by the addition of 5
µL caspase 3/7 reagent. Cells were incubated at 37 °C for
30 min, followed by the addition of 150 µL of caspase 7-
AAD working solution. Cells were incubated in the dark
at room temperature for 5 min, followed by evaluation of
caspase activity using a Muse™ cell analyzer (Luminex,
Austin, TX, USA).

2.8 NanoBRET®-TE Intracellular Kinase Assay

The kinase assaywas performed according to theman-
ufacturer’s protocol. The wild-type and transformed cells
were prepared and treated as previously. After 48 h of
incubation, the cells were washed with PBS, trypsinized,
and the cell density was adjusted to 2 × 105 cells/mL in
medium. Approximately 85 µL of cell suspension was dis-
pensed into each well of a white 96-well plate. Thereafter,
5 µL of a complete 20× NanoBRET® tracer reagent (in
100%DMSO) was added. The plate was shaken at 900 rpm
for 15 s, followed by incubation at 37 °C for 2 hours. The
plates were equilibrated to room temperature for 15 min.
The 3× complete substrate and inhibitor solution was pre-
pared by mixing 30 µL of Nano-Glo® substrate, 10 µL of
NanoLuc inhibitor, and 4960 µL of assaymedium. Approx-
imately 50 µL of this solution was added to each well and
incubated at room temperature for 2–3 minutes before anal-
ysis. The GloMax® Discover System (Promega Biosys-
tems, Sunnyvale, CA, USA) was used to assess the kinase
activity by measuring the donor emission wavelength (450
nm) and the acceptor emission wavelength (610 nm). The
kinase activity was calculated as the BRET ratio, which is
a unitless value indicating the extent of energy transfer be-
tween a donor and acceptor molecule. A high BRET ratio
is indicative of a stronger interaction or more efficient sub-
strate phosphorylation, making this ratio a reliable proxy
for kinase activity without the need for invasive sampling
or endpoint quantification.

2.9 Oxidative Stress Assay

The Muse™ oxidative stress assay was used to quan-
tify reactive oxygen species (ROS) in both wild-type and
transformed cells, both before and after treatment. The cells
were cultured under the conditions previously described.
Once the cells reached the desired confluency, the cells
were washed with 100 µL PBS to remove any residual me-
dia and non-adherent cells. After washing, the cells were
trypsinized with 10–20 µL of trypsin–EDTA and then cen-
trifuged at 300×g for 5 min. The pelleted cells were resus-
pended in 1× assay buffer, with 10 µL of the suspension
added to 190 µL of Muse oxidative stress working solution
(diluted 1:80 in 1× assay buffer). Cells were vortexed and
incubated at 37 °C for 30 minutes before being assessed
in a Muse™ cell analyzer (Luminex, Austin, TX, USA) to
quantify the ROS (+ or –) cells.

2.10 Multi-Colour DNA Damage Assay
The Muse™multi-color DNA damage assay assessed

the extent of DNA damage resulting from the incorpora-
tion of the LRRK2 G2019S mutation into the genome of
the cells, with wild-type cells serving as controls. After
48 h of incubation, the cells were washed in PBS and then
trypsinized. Cells were resuspended in 1x assay buffer and
centrifuged at 300 ×g for 5 min. The buffer was replaced
with 100 µL of fixation buffer, and the sample was incu-
bated at room temperature for 10 minutes and then cen-
trifuged again. The supernatant was removed, and the cells
were centrifuged in 100 µL of ice-cold permeabilisation
buffer. The cells were then resuspended in 200 µL of as-
say buffer, and 5 µL of 20× anti-phospho-ATM and 5 µL
of 20× anti-phospho-histone were added. Cells were incu-
bated at room temperature in the dark for 30 min, and DNA
damage was assessed in a Muse™ cell analyzer (Luminex,
Austin, TX, USA).

2.11 Mitopotential Assay
The Muse™ mitopotential kit (Catalog No.

MCH100110, Luminex, Austin, TX, USA) assessed
mitochondrial stress in transformed and wild-type
HEK293 and SH-SY5Y cells. Cells were incubated as
previously described, followed by a PBS wash to remove
any unwanted debris. Cells were then trypsinized and
resuspended in 1× assay buffer to a final cell concentration
of 2 × 105 cells/mL. A total of 95 µL of the mitopotential
working solution (1:1000 in 1× assay buffer) was added to
100 µL of cell suspension. Cells were vortexed for 3–5 s
and incubated at 37 °C for 20 min. Thereafter, 5 µL of the
Muse mitopotential 7-AAD reagent was added, the sample
was mixed and incubated at room temperature for 5 min,
before analysis in the Muse™ cell analyzer (Luminex,
Austin, TX, USA).

2.12 Statistical Analysis
All experiments were performed in biological tripli-

cate, unless otherwise stated. Data were analyzed using
GraphPad Prism version (ver. 9.0, GraphPad Software
Inc., San Diego, CA, USA), and the results are expressed
as the mean ± standard deviation (SD). Statistical signifi-
cance was determined using one-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test for multiple
comparisons. A p-value< 0.05 was considered statistically
significant.

3. Results
3.1 Synthesis, Characterization, and siRNA Binding
Studies

The confirmation of the synthesis of EGB–PLL–
SLNPs and H2O–PLL–SLNPs, as well as binding stud-
ies, was previously described by the authors [22]. The re-
sults from UV-vis spectroscopy indicated successful con-
jugation of PLL to SLNPs (Supplementary Fig. 1), with
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Fig. 1. Fluorescent images of the cellular uptake in SH-SY5Y cells. (C1) Control untreated SH-SY5Y cells. (C2) control Block-
IT™ oligo not complexed to the SLNPs. (1–2) oligo:EGB–PLL–SLNPs (1:1 w/w); (3–4) oligo:EGB–PLL–SLNPs (2:1 w/w); (5–6)
oligo:H2O–PLL–SLNPs (1:1 w/w); (7–8) oligo:H2O–PLL–SLNPs (2:1 w/w). The cells were visualized at 100× magnification. Scale
bar = 200 µm. SLNPs, solid lipid nanoparticles; EGB-PLL-SLNPs, Ginkgo biloba leaf extract synthesized poly-L-lysine-solid lipid
nanoparticles.

EGB-synthesized SLNPs showing a bathochromic shift,
suggesting enhanced interactions compared to the water-
based SLNPs. The FTIR analysis confirmed the successful
encapsulation of EGB within the SLNPs (Supplementary
Fig. 2), exhibiting characteristic peaks for O–H and C–H
stretching, which corresponded to the incorporation of the
aliphatic and phenolic components of EGB. DLS revealed
hydrodynamic sizes below 200 nm (Supplementary Ta-
ble 1), suitable for biomedical applications, with the EGB–
PLL–SLNPs showing a size of 93.2 nm and a high positive
zeta potential (>35 mV), indicating excellent colloidal sta-
bility. Transmission electron microscopy (TEM) supported
these findings (Supplementary Fig. 3), illustrating spher-
ical NPs with no morphological changes upon conjugation
with PLL [22]. Overall, the analyses confirmed that the
EGB–PLL–SLNPs are stable, well-dispersed, and within
the size range for effective cellular uptake.

The intercalation, binding, and protection assays
demonstrated the strong ability of the EGB–PLL–SLNPs
to bind and protect siRNA effectively (Supplementary
Figs. 4,5,6). In the intercalation assay, the EGB–PLL–
SLNPs achieved 77.78% siRNA compaction, which was
slightly better than the H2O–PLL–SLNPs at 73.60%, indi-
cating efficient quenching of EtBr fluorescence as the NPs
bound to the siRNA. The band-shift assay confirmed opti-
mal binding of the EGB–PLL–SLNPs at 0.4:1 (NP:siRNA,
w/w) and the H2O–PLL–SLNPs at a lower ratio of 0.2:1
(w/w). The EGB–PLL–SLNPs also efficiently protected
the siRNA from RNase A-mediated degradation compared
to the naked siRNA control, which was completely de-
graded. The integrity and stability of the nanocomplexes
were maintained, showing potential for future in vivo ap-
plications. These findings underscore the efficiency of the
EGB–PLL–SLNPs as a siRNA delivery system.
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Fig. 2. Fluorescent images of the cellular uptake in HEK293 cells. (C1) Control untreated HEK293. (C2) Control Block-IT™ oligo
did not complex to the SLNPs; (1–2) oligo:EGB–PLL–SLNPs (1:1 w/w); (3–4) oligo:EGB–PLL–SLNPs (2:1 w/w); (5–6) oligo:H2O–
PLL–SLNPs (1:1 w/w); (7–8) oligo:H2O–PLL–SLNPs (2:1 w/w). The cells were visualized at 100× magnification. Scale bar = 200
µm.

3.2 Cellular Uptake: BLOCK-iT™ Fluorescent Oligo
Assay

The BLOCK-iT assay was utilized to assess the cellu-
lar uptake of the SLNPs in both the transformed SH-SY5Y
and HEK293 cells expressing the LRRK2 G2019S muta-
tion. Fluorescence intensity served as a measure of cellu-
lar internalization of the SLNPs (Figs. 1,2). No fluores-
cence was observed in the transformed SH-SY5Y control
cells (Fig. 1 (image C1)). In contrast, the naked BLOCK-
iT Oligo produced visible fluorescence with accumulation
noted around the perinuclear region, suggesting active en-
docytic uptake, with a fluorescence intensity of 3290.56
RFU/mg protein (Fig. 3). The EGB–SLNPs (1:2 w/w) dis-
played increased cellular uptake with a uniform fluores-
cence within the cytoplasm and accumulation in the perin-
uclear region (25,247.04 RFU/mg protein) (Fig. 3). Mean-
while, the best uptake for the H2O–PLL–SLNPs was noted
for the 2:1 (w/w) ratio, with fluorescence observed in the
cytoplasm (18,579.83 RFU/mg protein). A similar trend

was observed in HEK293 cells, as shown in SH-SY5Y cells
(Figs. 2,3). Overall, greater cellular uptake was noted at
the 2:1 ratio of EGB-PLL-SLNPs (23,879.2 RFU/mg pro-
tein), with uniformly distributed SLNPs within the cyto-
plasm (Fig. 2 (images 3 and 4)). Overall, successful uptake
was demonstrated by both SLNPs, with the EGB–PLL–
SLNPs demonstrating improved cellular uptake compared
to the H2O–PLL–SLNPs.

3.3 Cytotoxicity

The MTT assay was employed to quantify cell viabil-
ity. The results indicated that the SLNPswere well tolerated
in both SH-SY5Y and HEK293 transformed cells (Fig. 4).

A notable difference in cellular viability was observed
between the EGB–PLL–SLNPs and the H2O–PLL–SLNPs.
The EGB–PLL–SLNPs exhibited a cell viability greater
than 98% in the SH-SY5Y cells, while the H2O–PLL-
SLNPs showed a viability of 79% (Fig. 4A). Similarly, the
EGB–PLL–SLNPs demonstrated a cellular viability of over
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Fig. 3. The relative fluorescence levels for the cellular uptake of the oligo:PLL–SLNPs in the transformed SH-SY5Y andHEK293
cells. Control 1 = cells only; control 2 = Free BLOCK-iT™ Fluorescent Oligo. Data are presented as the mean ± standard deviation (n
= 3); *** p < 0.001.

92% in the HEK293 cells, compared to 87% for the H2O–
PLL–SLNPs (Fig. 4B). These findings highlight the bio-
compatibility of EGB–PLL–SLNPs, especially in neurob-
lastoma cells. Thus, EGB enhances cellular uptake and con-
tributes to increased cell viability.

3.4 Caspase 3/7 Assay
The caspase 3/7 assay data corroborated the MTT as-

say results. The caspase 3/7 assay quantifies apoptosis us-
ing a substrate that, upon cleavage by active caspases 3/7,
promotes a fluorescent signal [24]. The cell viability in the
transformed SH-SY5Y and HEK293 cells was >87% and
96%, respectively (Table 1 and Fig. 5). In the SH-SY5Y
cells (Fig. 5A), the control group (cells only) presented a
baseline viability of 95%, with less than 2% of the cells
being apoptotic. The RNA control exhibited a decline in
viability (87%) and an increase in apoptosis (11%). Treat-
ment with EGB–PLL–SLNPs significantly improved cell
viability (98%) and reduced apoptosis (1%). In contrast,
treatment with H2O–PLL–SLNPs showed lower viability
(94%) and higher apoptosis (2%).

In HEK293 cells (Fig. 5B), the control cells exhibited
high viability, with viability noted in approximately 99%
of the cells, while 1% of the cells were apoptotic. How-
ever, unlike the SH-SY5Y cells, the RNA control showed
improved viability (>99%) with minimal apoptosis. The
EGB–PLL–SLNPs resulted in high cell viability (>99%)
and low levels of apoptosis. The H2O–PLL–SLNPS pro-
moted cell viability, which was slightly lower (96%), and
increased apoptosis. These findings further confirm the
safety and efficiency of EGB–PLL–SLNPs as a therapeutic
delivery vehicle.

3.5 Gene Silencing: Kinase Activity Assay

This assay confirmed the potential of the therapeutic
siRNA:PLL–SLNPs in targeting and silencing the LRRK2
G2019S mutation. The LRRK2 G2019S mutation is widely
reported to cause a pathological increase in kinase activity,
contributing to the progression of PD [25].

Notably, there was increased baseline kinase activ-
ity in the control transformed SH-SY5Y cells compared to
the wild-type cells (Fig. 6). Moreover, the kinase activ-
ity increased 1.6-fold (from 0.0236 to 0.0378). Treatment
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Fig. 4. The MTT cytotoxicity assay in the transformed (A) SH-SY5Y and (B) HEK293 cells. Data are represented as the mean
± standard deviation (n = 3). ***p < 0.001 between the corresponding mean of each suboptimum, optimum, and supra-optimum
nanocomplexes and the positive control is considered statistically significant (Tukey’s multiple comparisons test).
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Fig. 5. Caspase 3/7 assay in (A) SH-SY5Y and (B) HEK293 cells. The graph illustrates the apoptotic response of the cells after
treatment with siRNA:EGB–PLL–SLNPs and siRNA:H2O–PLL–SLNPs.

Table 1. Results obtained from the multi-color DNA damage assay with the level of DNA damage in wild-type and transformed
SH-SY5Y and HEK293 cells.

Wild type SH-SY5Y cells

Negative p-ATM (single pos.) Double-strand DNA breaks p-H2A.X (single pos.) Total DNA damage
Cells only 71.58% 8.42% 13.68% 6.32% 28.42%
Naked RNA 73.76% 7.80% 12.77% 5.67% 26.24%
siRNA:EGB–PLL–SLNPs 79.55% 6.82% 4.55% 9.09% 20.45%
siRNA:H2O–PLL–SLNPs 77.36% 9.42% 5.66% 7.55% 22.64%

Transformed SH-SY5Y cells

Negative p-ATM (single pos.) Double-strand DNA breaks p-H2A.X (single pos.) Total DNA damage
Cells only 33.78% 48.65% 16.22% 1.35% 66.22%
Naked RNA 38.15% 51.41% 9.64% 0.80% 61.85%
siRNA:EGB–PLL–SLNPs 66.83% 13.86% 8.91% 10.40% 33.17%
siRNA:H2O–PLL–SLNPs 55.75% 16.37% 21.24% 6.64% 44.25%

Wild Type HEK293 cells

Negative p-ATM (single pos.) Double-strand DNA breaks p-H2A.X (single pos.) Total DNA damage
Cells only 83.33% 13.89% 2.78% 0.00% 16.67%
Naked RNA 83.52% 13.19% 2.20% 1.10% 16.48%
siRNA:EGB–PLL–SLNPs 88.33% 10.00% 0.00% 1.67% 11.67%
siRNA:H2O–PLL–SLNPS 84.40% 7.34% 0.92% 7.34% 15.60%

Transformed HEK293 cells

Negative p-ATM (single pos.) Double-strand DNA breaks p-H2A.X (single pos.) Total DNA damage
Cells only 51.74% 1.74% 0.29% 46.22% 48.26%
Naked RNA 60.61% 39.39% 0.00% 0.00% 39.39%
siRNA:EGB–PLL–SLNPs 81.03% 17.24% 1.72% 0.00% 18.97%
siRNA:H2O–PLL–SLNPS 64.18% 2.64% 0.00% 33.19% 35.82%
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Fig. 6. Impact of therapeutic siRNA-conjugated EGB–PLL–SLNPs and H2O–PLL–SLNPs on kinase activity in wild-type and
LRRK2 G2019S transformed SH-SY5Y and HEK293 cells. Kinase activity was measured using the intracellular kinase TE assay
(Promega), and the results are expressed as BRET ratios. *** p < 0.001.

with the naked siRNA did not significantly alter the ki-
nase activity, suggesting that the siRNA may have been de-
graded within the cells. The EGB–PLL–SLNPs and H2O–
PLL–SLNPs promoted a remarkable 56% and 52% reduc-
tion in kinase activity, respectively. A similar increase
in kinase activity (1.8-fold change) was observed in the
HEK293 cells (Fig. 6). The EGB–PLL–SLNPs and H2O–
PLL–SLNPs caused slightly lower reductions in kinase ac-
tivity of 45% and 38%, respectively.

The efficiency of the EGB–PLL–SLNPs in reduc-
ing kinase activity, again, highlights the potential of these
SLNPs as effective therapeutic delivery systems to mitigate
the effects of the LRRK2 G2019S mutation in PD.

3.6 Oxidative Stress

The oxidative stress assay was conducted in the wild-
type and transformed SH-SY5Y and HEK293 cells using
the Muse oxidative stress kit (Fig. 7). A baseline of 14%
ROS (+) cells was observed in the SH-SY5Y wild-type
cells, with a significant decrease following the administra-
tion of the nanocomplexes. The EGB–PLL–SLNPs pro-
duced the greatest decline in ROS (+) cells to around 6%

(Fig. 7A). The transformed SH-SY5Y cells showed an in-
crease of 14% in ROS (+) control cells. Treatment with
the EGB-based nanocomplexes produced a slight improve-
ment, with a 14% reduction in oxidative stress compared
to the H2O-based counterparts (17%). The normaliza-
tion studies showed that the EGB-based nanocomplexes
could reduce oxidative stress to baseline levels after 48 h
(Fig. 7B).

A similar trend was observed in the HEK293 cells
(Fig. 8). The control cells demonstrated a less pronounced
increase in ROS (+) cells from the wild-type to transformed
cells. Although this increase was lower, it was sufficient to
validate successful transfection. Likewise, the EGB-based
nanocomplexes produced a slightly improved effect, with a
0.5% reduction in oxidative stress compared to their H2O-
based counterparts (3%). These results demonstrate the
ability of the nanocomplex to effectively target and silence
the LRRK2 G2019S mutation, with the EGB providing en-
hanced antioxidant activity. Normalization indicated a sig-
nificant reduction in oxidative stress levels compared to the
baseline recorded for the wild-type.

10

https://www.imrpress.com


Fig. 7. Oxidative stress analysis of therapeutic nanocomplexes on wild-type and transformed SH-SY5Y cells. (A) Flow cytometry
profiles. (B) The normalization studies compared the ROS (+) cells between the transformed SH-SY5Y cells post-treatment and the
baseline of the wild-type control.

3.7 DNA Damage Assay

The DNA damage assay was conducted on wild-type
and transformed SH-SY5Y and HEK293 cells. The results
are presented in Table 1, Fig. 9, and Supplementary Fig. 7.

The DNA damage assay results were visualized using flow
cytometric dot plots, which show total H2AX expression
on the Y-axis and phosphorylated H2AX (p-H2AX) on the
X-axis. Cells located in the upper right quadrant (double-
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Fig. 8. Oxidative stress analysis of therapeutic nanocomplexes on wild-type and transformed HEK293 cells. (A) Flow cytometry
profiles. (B) The normalization studies compare the ROS (+) cells between the transformed HEK293 cells post-treatment and the baseline
of the wild-type control.

positive for total and p-H2AX) represent the positive DNA
damage population. The distribution of cells across these
quadrants provides insights into genotoxic stress and the ac-
tivation of the repair pathway.

A baseline DNA damage level of 28% was observed
in the wild-type SH-SY5Y control cells, indicating signif-

icant DNA damage before transformation with the LRRK2
G2019S plasmid. Naked siRNA treatment did not pro-
mote significant DNA damage (26%). In comparison, the
EGB-conjugated nanocomplexes showed lower DNA dam-
age than the H2O-based nanocomplexes.
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Fig. 9. Graphical representation of DNA damage studies. Normalization studies of the comparison for the total percentage of cells
with DNA damage (%) (A) between the transformed SH-SY5Y cells post-treatment and the wild-type control baseline, as well as (B) the
transformed HEK293 cells post-treatment and the wild-type control baseline.

A similar trend was noted in the transformed SH-
SY5Y cells, with the baseline control presenting increased
DNA damage at 48.65%, highlighting the detrimental ef-
fect of the transformation on the neuroblastoma cells.
Treatment with naked siRNA increased DNA damage
to 61%, while the EGB-conjugated nanocomplexes re-
duced DNA damage to 33%, compared to 44% for the
H2O-nanocomplexes. Importantly, a 10% increase in p-
H2A.X levels was observed in cells treated with the EGB-
conjugated nanocomplex, providing insight into the ability
of this complex to activate DNA repair mechanisms.

In the wild-type HEK293 cells, the initial DNA dam-
age was 17%, with no change in p-H2A.X levels, indi-
cating that no repair mechanisms were activated before
treatment. A reduction in DNA damage was observed
for the naked siRNA treatment. The EGB-conjugated
nanocomplexes produced a greater reduction than the H2O-
nanocomplexes. Meanwhile, the baseline DNA damage
increased to 48% in the transformed HEK293 cells, con-
firming successful transfection. Naked siRNA and H2O-
nanocomplexes showed similar DNA damage levels, while
the EGB-conjugated nanocomplexes produced a more sig-
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Fig. 10. The mitopotential analysis in wild-type and transformed SH-SY5Y cells. (A) The flow cytometry profiles analysis of the
various therapeutic groups. (B) The normalization studies present a comparison of the total depolarized cells (%) between the transformed
SH-SY5Y cells post-treatment and the wild-type control baseline.

nificant reduction to 19%. Protein normalization studies in
both cells showed slight variations in the reductions.

3.8 Mitopotential Assay
The LRRK2 G2019S mutation is known to induce mi-

tochondrial stress, leading to significant cellular damage.
The mitopotential assay was utilized to assess mitochon-
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Fig. 11. The mitopotential analysis in wild-type and transformed HEK293 cells. (A) The flow cytometry profiles analysis of the
various therapeutic groups. (B) Normalization studies of a comparison of the total depolarized cells (%) between the transformedHEK293
cells post-treatment and the wild-type control baseline.

drial health and stress in both transformed and wild-type
cells.

In the SH-SY5Y cell line (Fig. 10), a total of 69% live
cells were found in the control group (wild-type cells only),

with a total depolarization cell count of 29%, serving as a
baseline for comparing therapeutic outcomes. Treatment
with naked siRNA did not produce a significant improve-
ment.
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Treatment with the nanocomplexes reducedmitochon-
drial damage, with no major differences in therapeutic ef-
ficacy observed among the different nanocomplexes. The
transformed SH-SY5Y cells exhibited a significant increase
in mitochondrial dysregulation, with 76% of cells being de-
polarized. The naked siRNA group showed a 5% decline in
depolarized cells. Both treatment groups were effective in
decreasing the level of damage to around 40%. These re-
sults were above the wild-type control baseline, indicating
good mitochondrial recovery.

The DNA damage presented in the HEK293 cells
(Fig. 11) was similar to that in the SH-SY5Y cells. How-
ever, a lower initial depolarizationwas noted in transformed
HEK293 cells compared to SH-SY5Y cells. The increase
in depolarization to 37% validated the successful siRNA
transfection. The naked siRNA did not significantly affect
the cell health, with the nanocomplexes producing similar
results. These results were observed to be less than 2%
above the wild-type baseline, indicating a nearly normal-
ized mitopotential following treatment.

4. Discussion
The successful synthesis and characterization of the

SLNPs were fully described previously by the authors [22].
All SLNPs were of favorable size (<150 nm) and stabil-
ity (zeta potentials >35 mV) for cellular studies. These
results, together with successful siRNA binding and pro-
tection studies, confirmed the potential of these SLNPs as
suitable vehicles for gene delivery [22]. The EGB–PLL–
SLNPs showed a greater ability to facilitate cellular up-
take compared to their H2O-based counterparts. The in-
creased uptake at a ratio of 1:2 (w/w) underscored the dose-
dependent nature of the internalization of the SLNPs in both
neuroblastoma and embryonic kidney cells. For the biosyn-
thesized SLNPs, this can be attributed to the bioactive com-
ponents of EGB, such as flavonoids and terpenoids, which
possess the ability to integrate into lipid bilayers, increasing
the fluidity and permeability of the membrane and enhanc-
ing cellular uptake [26]. Endocytosis could also have been
stimulated by the ginkgolides in the EGB, leading to in-
creased internalization of the SLNPs [27]. Moreover, com-
pounds such as quercetin and kaempferol can interact with
cell surface receptors, facilitating uptake through receptor-
mediated endocytosis and thereby achieving a more tar-
geted and efficient uptake, while reducing off-target effects
[28]. However, while the presence of bioactive flavonoids
and terpenoids, such as EGB, is well established in the lit-
erature, this study did not employ high-performance liq-
uid chromatography (HPLC) to quantify their individual
concentrations. The primary aim of adding the EGB was
to leverage its green-synthesis capabilities as a reducing
and stabilizing agent during SLNP formation. The func-
tional outcomes were presented as comparative observa-
tions, with the results obtained between the biologically
synthesized (EGB–PLL–SLNPs) and non-biologically syn-

thesized (H₂O–PLL–SLNPs) nanocomplexes, rather than
assessing the dose-dependent pharmacology of the EGB
compounds.

Furthermore, the stability and protective efficiency of
the nanoparticles were evaluated under both storage and
physiologically relevant conditions. Band-shift assayswere
conducted after one year of SLNP storage, demonstrat-
ing unchanged binding ratios with the siRNA, indicating
the long-term preservation of the integrity of the nanofor-
mulations. Additionally, a nuclease protection assay was
conducted, under physiologically relevant conditions, on
the SLNPs after one year of storage. The obtained re-
sults confirmed that SLNPs effectively protected the siRNA
against enzymatic degradation, underscoring the suitability
of SLNPs for delivery and clinical translation in vivo.

The comparison between cellular uptake in wild-type
and transformed cells revealed interesting insights. The
transformed cells exhibited greater SLNP uptake compared
to the wild-type. This can be attributed to alterations in cel-
lular pathways and increased metabolic activity associated
with the LRRK2G2019Smutation, particularly the increase
in kinase activity that enhances endocytosis and intracellu-
lar trafficking [29,30]. This is due to the increased forma-
tion and trafficking of extracellular vesicles (EVs), includ-
ing exosomes. These small membrane-bound vesicles play
a crucial role in intracellular communication and transport
of molecular cargo. Moreover, the LRRK2 G2019S muta-
tion promotes the upregulation of genes, such as RAB27B,
which are involved in the biogenesis and secretion of EVs
[31,32]. Small multivesicular bodies (MVBs) are also
formed, which increase the docking sites for the NPs, and
enhance cellular uptake [33,34]. This drives the energy-
intensive processes of vesicle trafficking, formation, and
fusion with target membranes, facilitating internalization
and distribution of the SLNPs.

The intracellular delivery of BLOCK-iT fluorescent
oligos in this study confirmed that the SLNPs not only en-
tered the cells but also localized within the cytoplasm and
perinuclear region, as visualized through fluorescence mi-
croscopy. The uniform cytoplasmic distribution of fluo-
rescence strongly suggests successful endosomal escape,
which is a critical step for RNAi activity. The combined re-
sults obtained from theMTT and caspase 3/7 assays provide
a comprehensive overview of the cytotoxicity and apop-
totic profiles of the SLNPs, which will affect their ther-
apeutic potential. The SLNPs performed best under op-
timal binding conditions, highlighting the need to inhibit
cytotoxicity at higher concentrations [2]. The EGB–PLL–
SLNPs exhibited higher cell viability and lower apoptotic
indices in vitro, compared to the H2O–PLL–SLNPs, which
showed an increase in the apoptotic index. This highlights
the anti-apoptotic properties of the bioactive compounds in
EGB, especially the terpenoids such as ginkgolides, which
inhibit the release of cytochrome c from the mitochondria,
thereby preventing the activation of key apoptosis execu-
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tioners, including caspase-3 and 7 [35]. EGB also downreg-
ulates the expression of pro-apoptotic proteins, including
Bax, and upregulates the expression of anti-apoptotic pro-
teins, such as Bcl-2. Shifting the balance between anti- and
pro-apoptotic proteins enhances cell survival and reduces
apoptosis [36]. The activation of nuclear factor-kappa B
(NF-κB), a transcription factor that promotes the expres-
sion of pro-apoptotic and pro-inflammatory genes, is in-
hibited by EGB, reducing inflammation-induced apoptosis.
This is beneficial in neurodegenerative diseases such as PD.
The SLNPs, lacking the anti-inflammatory properties ex-
hibited by the EGB, could induce an inflammatory response
upon successful uptake and internalization, thereby induc-
ing apoptosis [37].

While the siRNA used in this study was commercially
sourced and pre-validated for allele-specific targeting of
LRRK2G2019S, the proprietary nature of the sequence pre-
cluded in-house validation of design features such as off-
target profiling or chemical modifications. Instead, thera-
peutic efficacy and specificity were assessed through down-
stream functional assays, including kinase activity, mito-
chondrial integrity, oxidative stress, apoptosis, and DNA
damage, all of which were significantly improved follow-
ing siRNA treatment. Future studies may expand on this
by incorporating transcript (reverse transcription quantita-
tive polymerase chain reaction, RT-qPCR) and protein-level
(Western blot) validation, and evaluating phospho-Rab10
as a surrogate marker of LRRK2 kinase inhibition.

The LRRK2 G2019S mutation is reported to increase
kinase activity, contributing to the progression of PD [25].
The mutative substitution of glycine with serine at position
2019 enhances the intrinsic catalytic activity of the kinase
through structural alterations, conformational changes, and
increased autophosphorylation at several residues [29,30].
Consequently, the increase in kinase activity promotes neu-
roinflammation, synaptic defects, and mitochondrial dys-
function, leading to the loss of mDAs, which is characteris-
tic of PD [25,29]. The kinase activity results provided com-
pelling evidence of the therapeutic potential of the siRNA-
bound PLL–SLNPs. A significant reduction in kinase ac-
tivity was noted in the transformed cells, indicating that the
siRNA effectively limited the genetic aberrations caused by
the mutation, with the EGB acting synergistically due to
the presence of quercetin, kaempferol, and isorhamnetin.
These compounds bind to the active sites of kinases, mini-
mizing their ability to phosphorylate substrates, resulting in
a significant reduction in kinase activity [38]. The extract
can modulate signaling pathways, such as the PI3K/Akt
pathway, which intersects with kinase activity, and is in-
volved in cell survival and proliferation. Thus, the inhi-
bition of the PI3K/Akt pathway reduces the activation of
downstream kinases [39]. As previously evidenced, EGB
can infiltrate the cellular membrane for efficient internal-
ization. Overall, the siRNA:EGB–PLL–SLNPs were effec-
tive in silencing the LRRK2 G2019S mutation by reducing

kinase activity close to the wild-type baseline. A study by
Nichols et al. (2009) [40] reported a 30% reduction in ki-
nase activity using traditional kinase inhibitors [29]. This
was corroborated by a study using a nano-delivery system,
which achieved a 35% reduction in kinase activity [41].
Furthermore, studies using siRNA to target LRRK2 have
noted a 40–50% decline in kinase activity upon treatment
[42,43]. These results align with our findings, highlighting
a slightly higher reduction in kinase activity.

While several small-molecule LRRK2 inhibitors have
shown efficacy in reducing kinase activity, these inhibitors
have also been associated with off-target effects and tox-
icity. Preclinical and clinical studies have reported ad-
verse events including pulmonary alterations (e.g., type II
pneumocyte hypertrophy), renal vacuolation, and immune-
related disturbances due to systemic exposure [14,44].
These safety concerns have limited the clinical translation
of LRRK2 inhibitors, especially in chronic dosing scenar-
ios. In contrast, our siRNA-loaded SLNP system offers a
targeted approach with the potential for reduced systemic
toxicity. By delivering gene-silencing cargo directly into
affected cells and enabling intracellular release, this plat-
form minimizes off-target organ exposure and immuno-
genic activation—thus offering a potentially safer and more
localized alternative to systemic kinase inhibitors.

The enhanced kinase activity resulting from the
LRRK2 G2019S mutation increases oxidative stress by in-
creasing ROS production, thereby contributing to neuronal
damage in PD [45,46]. A notable reduction in ROS lev-
els was observed for both cells, demonstrating the efficacy
of these nanocomplexes in reducing oxidative stress. No-
tably, the elevated ROS levels in the wild-type cells are
due to the cancer state of the neuroblastoma cells, which
inherently exhibit increased oxidative stress due to height-
ened metabolic activity [47]. This serves as a baseline
for comparative purposes. The ROS (+) levels were re-
duced to near-normal levels compared to the wild-type
baseline, highlighting the potent therapeutic effect of the
siRNA in silencing the gene of interest and normalizing el-
evated pathogenic levels. Similarly, the synergistic activ-
ity of the EGB with the siRNA enabled the effective scav-
enging of free radicals. The antioxidants (terpenoids and
flavonoids) in the extract neutralize ROS through electron
donation, thereby mitigating oxidative stress within cells
[45,46]. These compounds enhance cellular antioxidant de-
fense mechanisms through the upregulation of enzymes,
such as superoxide dismutase (SOD) and glutathione per-
oxidase (GPx), further detoxifying ROS [47].

Studies on varied treatments for PD, with regard to
decreasing oxidative stress, have shown varying degrees
of effectiveness. Traditional antioxidant therapies, such as
coenzyme Q10, have shown a 10% reduction in ROS in
clinical trials, which was not substantial enough to yield
clinical benefits [48]. Vitamin E supplementation reduced
ROS production in an in vitro PD study [49], while an
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increase in efficacy was noted in a separate study us-
ing NP-encapsulated antioxidants [27]. This study ob-
served a significant reduction (>50%) after administering
the siRNA:EGB–PLL–SLNPs.

The multi-color DNA damage assay highlighted the
differences associated with the mutational event. The
elevated levels of p-ATM, double-stranded DNA breaks
(DSBs), and p-H2A.X in the transformed cells suggested
heightened genomic instability. The LRRK2 G2019S mu-
tation is known for impairing DNA repair pathways, in-
creasing susceptibility to DNA damage, and permitting the
onset of PD through neuronal loss [50]. This leads to the
persistent activation of DNA damage checkpoints and neu-
ronal apoptosis, resulting in genomic instability related to
PD [51]. The transformed SH-SY5Y cells had higher lev-
els of p-ATM, DSBs, and p-H2A.X, indicating persistent
activation of DNA damage responses, genomic instability,
and ongoing DNA damage and repair. A significant ele-
vation in damage was noted in the transformed HEK293
cells, particularly in p-H2A.X levels, accompanied by a
reduction in p-ATM and DSBs. The siRNA:EGB–PLL–
SLNPs were more efficient in reducing DNA damage than
the siRNA:H2O–PLL–SLNPs, providing further evidence
of the gene silencing effects through the synergism of EGB
and siRNA. A reduction in p-ATM andDSBs indicated a re-
duced activation of DNA damage response levels due to the
significant DNA repair mechanisms. In contrast, increased
p-H2A.X levels indicated greater activation of DNA re-
pair mechanisms in response to DNA damage [52]. The
p-H2A.X levels were abolished by the siRNA:H2O–PLL–
SLNPs, suggesting an effective repair mechanism. Apart
from the aforementioned benefits of EGB, this extract has
been shown to modulate chromatin remodeling and facili-
tate access of repair enzymes to damaged DNA sites [47].
Theoretically, EGB enhances ATP-dependent chromatin re-
modeling complexes such as the SWI/SNF complex. These
complexes alter chromatin structure by displacing nucleo-
somes and recruiting DNA repair proteins to the damage
sites [51,53].

The mitochondrial membrane potential is an indicator
of mitochondrial function, reflecting the maintenance of an
electrochemical gradient [54]. Due to the increased kinase
activity resulting from the mutation, normal mitochondrial
function becomes impaired due to fragmentation and an in-
crease in ROS production [44,55]. Mitochondrial traffick-
ing and biogenesis are affected, disrupting themitochondria
along the neuronal axons and resulting in energy deficits at
synaptic terminals as well as impaired neuronal function.
This increases the vulnerability of the mDAs to degenera-
tion, resulting in PD [56]. Interestingly, increased depolar-
ization was noted in the transformed cells. The nanocom-
plexes were successful in reducing this damage, but to a
lesser extent in the HEK293 cells.

These results further highlight the efficacy of the
siRNA in gene silencing and the favorable effects of the

EGB–PLL–SLNPs in maintaining mitochondrial integrity.
Quercetin and kaempferol from EGB enhance mitochon-
drial function by stabilizing the mitochondrial membrane
and promoting ATP production [57]. Quercetin can im-
prove the activity of complexes I and III in the elec-
tron transport chain, simultaneously maintaining the mi-
tochondrial membrane and reducing its dysfunction [58].
Kaempferol protects the mitochondria by promoting the ac-
tivity of antioxidant enzymes [59]. The compounds in EGB
can activate the PGC-1α signaling pathway, leading to an
increased expression of nuclear andmitochondrial genes es-
sential for replication, growth, and mitochondrial function
[52]. The production of new mitochondria and improve-
ments in overall cellular functionality and energy produc-
tion are enhanced [60].

Although this study did not directly quantify post-
treatment LRRK2 gene expression levels using qPCR
or RNA-sequencing, the specificity and efficacy of the
siRNA-mediated knockdown were functionally validated
through a comprehensive panel of downstream assays. The
LRRK2 G2019S mutation is known to drive specific patho-
logical phenotypes, including elevated kinase activity, mi-
tochondrial depolarization, oxidative stress, apoptosis, and
impaired DNA repair mechanisms, all of which were mea-
sured and found to be significantly improved following
treatment with siRNA-loaded SLNPs. These phenotypic
corrections provide strong support for the specificity of
gene silencing. While transcript-level validation remains
a valuable future direction, the multi-assay approach per-
formed here provides robust evidence for the mutation-
targeted therapeutic effect of the delivery system.

Overall, the siRNA-mediated silencing of the LRRK2
G2019S mutation decreases kinase activity, creating a cas-
cade effect on other factors influenced by its mutation. This
silencing effect complements the antioxidant activity of
EGB, providing a dual therapeutic approach for protecting
the mitochondria and preventing neuronal loss.

5. Conclusions
This study demonstrated that the siRNA delivery sys-

tem, utilizing EGB–PLL–SLNPs, effectively silenced the
LRRK2 G2019S mutation and mitigated its adverse effects.
The LRRK2 G2019S mutation leads to increased kinase ac-
tivity, mitochondrial dysfunction, elevated ROS produc-
tion, impaired DNA repair mechanisms, and ultimately pro-
motes neuronal loss in PD. Although endosomal markers
or trafficking inhibitors were not employed, the signifi-
cant downstream silencing effects observed support effec-
tive cytoplasmic delivery and RNA-induced gene silencing.
The EGB–PLL–SLNPs delivery system exhibited remark-
able efficacy in targeting and silencing the LRRK2 G2019S
gene, as evidenced by substantial improvements in mito-
chondrial health and a marked increase in cell viability.
Moreover, the system achieved a favorable reduction in
ROS levels, DNA damage, and kinase activity. The supe-
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rior performance of the EGB–PLL–SLNPs can be attributed
to the synergistic effects of the bioactive compounds of
EGB, namely, quercetin and kaempferol, which stabilize
mitochondrial membrane potential, enhance ATP produc-
tion, and upregulate genes involved in mitochondrial bio-
genesis. This dual therapeutic effect, achieved by combin-
ing the protective and antioxidant properties of EGB with
the gene-silencing capabilities of siRNA, offers a robust
and promising approach for managing the pathogenic ef-
fects of the LRRK2 G2019S mutation in PD. This study
provides compelling evidence supporting the use of EGB–
PLL–SLNPs as a potent and innovative nanosystem, with
significant therapeutic outcomes compared to traditional
delivery systems, and creates an avenue for advancement
in the treatment of PD.

Future research should focus on optimizing the for-
mulation and delivery of EGB–PLL–SLNPs to further en-
hance their therapeutic efficacy and specificity in target-
ing the LRRK2 G2019S mutation. Investigating the long-
term effects and stability of these SLNPS in vivo will pro-
vide valuable insights into their potential clinical applica-
tions. Additionally, exploring the combination of EGB–
PLL–SLNPs with other therapeutic agents or treatment
modalities could produce a novel treatment strategy for PD.
The precise mechanisms through which the bioactive com-
pounds in EGB contribute to the observed therapeutic bene-
fits should be investigated. It would be beneficial to expand
this research to include other neurodegenerative diseases
with similar pathological mechanisms, thereby assessing
the broader applicability of this approach. Ultimately, in
vivo studies in animal models are crucial for validating the
safety and efficacy of EGB–PLL–SLNPs, paving the way
for their eventual adoption in clinical settings.
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