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Abstract

Background and purpose: The imbalance between reactive oxygen species (ROS) production and
endogenous antioxidant capacity leads to oxidative stress, which may damage several cellular functions,
particularly spermatogenesis. This condition is a leading cause of male infertility, so controlling ROS levels is
crucial. The ROS level can be controlled by supporting the endogenous antioxidant system through antioxidant
therapy. Mitochondria are the prime target for antioxidant therapy due to the majority of endogenous ROS
produced in mitochondria and their critical role in providing energy during fertilization. This research aimed
to develop mitochondria-targeted hybrid nanoplatforms by combining liposomes with dequalinium's
mitochondriotropic agent (DQ) to deliver quercetin for targeted antioxidant therapy to mitochondria.
Experimental approach: The quercetin-loaded nanocarrier was constructed using the hydration method. We
varied the concentration of DQ to investigate its impact on physical characteristics, encapsulation efficiency,
intracellular trafficking, and in vitro antioxidant activity.

Findings/Results: The impact of different DQ densities on particle size, encapsulation efficiency, and
mitochondria targeting was insignificant. However, lowering the DQ density reduced the zeta potential.
Minimizing oxidative stress on TM4 cells was only achieved with low-density DQ (Q-LipoDQ LD), while
high-density DQ (Q-LipoDQ HD) failed to mitigate the negative impact.

Conclusion and implications: According to the findings, LipoDQ LD preserves a promising potential as
mitochondria-targeted nanoplatforms and validates the importance of mitochondria as a target for antioxidant
therapy.

Keywords: Antioxidant; Mitochondria-targeted drug delivery system; Therapy; Sertoli cells.

INTRODUCTION of ROS may lead to sperm membrane damage

and reduction in sperm motility as well as loss

Infertility is a public health problem that has
a significant psychological impact on patients
and their partners. According to the
International Committee for Monitoring
Assisted Technology (ICMART) and The
World Health Organization (WHO), infertility
is characterized as a disease of the reproductive
system in which there is a failure to obtain
pregnancy after 12 months or more of regular
unprotected sexual intercourse. In this
condition, reactive oxygen species (ROS)
production exceeds the neutralizing capacity of
endogenous antioxidants. Excessive production
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of fusion ability with oocyte (1). Spermatozoa
are very vulnerable to the harmful effects of
ROS. This vulnerability is due to the plasma
membrane and cytoplasm of spermatozoa
containing polyunsaturated fatty acids in
dominant amounts (2), where polyunsaturated
fatty acid is a component that is very
susceptible to the lipid peroxidation process
induced by the presence of ROS (3,4).
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Furthermore, spermatozoa inherently possess
limited deoxyribonucleic acid (DNA) repair
mechanisms and contain small amounts of
cytoplasmic antioxidants (5,6), rendering
them more susceptible to elevated levels
of ROS.

ROS is a unique molecule naturally
produced as a by-product of metabolism,
particularly during the mitochondrial electron
transport chain (ETC). Some of the electrons
may escape from the ETC and react
spontaneously with oxygen molecules to form
superoxide, which is rapidly neutralized by
superoxide dismutase into another type of ROS,
namely hydrogen peroxide (H202) (7). At low
concentrations, ROS has an essential role in
intracellular signaling, which can regulate

several  biological and  physiological
processes in the body (8), including
spermatogenesis (9). Due to the high

reactivity properties of ROS, they may damage
several essential biomolecules, including
protein, lipid, and nucleic acid. The
uncontrolled ROS production may affect
spermatozoa generation quantitatively and
qualitatively (10). Therefore, controlling the
concentration of ROS at a safe level is an
essential effort to protect the function and
process of spermatogenesis.

One of the main hotspots regarding the
production of ROS inside the cells is
mitochondria. Naturally, mitochondria produce
ROS during their activities in synthesizing
adenosine triphosphate (ATP) as the energy
currency of cells. In the context of
spermatogenesis and fertilization, mitochondria
play crucial roles in providing energy and
controlling the apoptosis process (11).
Recent research reported that the depletion

of mitofusins, proteins located in the
outer mitochondrial membrane  that
control mitochondrial dynamics, hinders
spermatogenesis  (12). Thus, preserving

mitochondrial function is crucial to support all
processes related to male fertility. The control
of mitochondrial functions can be achieved by
delivering functional biomolecules such as
antioxidants, proteins, and genetic materials
into the mitochondria.

The transport of both small and large
molecules into mitochondria is tightly regulated
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to preserve the critical functions of
mitochondria. This condition leads to the
requirement for a specific drug delivery system
that can transport the functional biomolecules
into the mitochondrial compartment of the cells
(13). Moreover, solubility and stability issues
are still a hurdle in achieving optimal
therapeutic goals in antioxidant therapy.
Several strategies have been developed to
deliver  antioxidants into  mitochondria,
including the use of delocalized lipophilic
cations (14,15) such as triphenylphosphonium
and dequalinium (DQ), peptide-based delivery
(16), and nanocarrier system (17). However, a
concern arises regarding the safety issue of
drug delivery systems on mitochondrial
function, such as using triphenylphosphonium,
which has been reported to induce cytotoxicity
through inhibition of the mitochondrial ETC
(18).  Therefore, developing a safe
mitochondria-targeted drug delivery system is
required.

As a first-generation mitochondriotropic,
DQ has been extensively developed for
mitochondria-targeted drug delivery. This

compound can spontaneously  form
liposome-like structures in the aqueous
phase, namely DQAsome (19). Due to its
surface charge property, the DQAsome
can interact electrostatically —with the
negatively charged mitochondrial

membrane (20). However, the DQAsome has
poor physical stability accompanied by
low effectiveness of mitochondrial
delivery and can induce mitochondrial
dysfunction through the membrane
potential ~ depolarization  process  (21).
One promising strategy to optimize DQ's
benefits in targeting mitochondria could be the
hybridization of DQ with other nanocarrier
systems. Due to the amphiphilic characteristics
of DQ, there is a potential to embed the DQ
molecule inside the lipid bilayer structure
of liposomes through hydrophobic
interaction. By employing such a hybridization
process, the concentration of DQ can be
significantly  reduced; thus, the direct
negative effect on the mitochondrial
membrane can be minimized while the
mitochondria  targeting ability is  still
maintained.
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The development of mitochondria-targeted quercetin

Fig. 1. Schematic illustration of the insertion of DQ into a liposomal structure consisting of DOPE and cholesterol with
a molar ratio of 9:2. The presence of DQ moieties on the surface of Q-LipoDQ facilitates the mitochondrial accumulation
of quercetin to proceed with effective ROS neutralization reaction. Q, Quercetin; LPs, liposomes; LD, low density; HD,
high density; DQ, dequalinium; DOPE, 1,2-dioleyl-sn-glycero-3-phosphoethanolamine; ROS, Reactive oxygen species.

In the present study, we attempted to
develop a mitochondria-targeted hybrid
nanoplatform by inserting a mitochondriotropic
agent of DQ into a liposomal nanostructure,
namely LipoDQ. This nanocarrier system was
employed to transport quercetin specifically
into the mitochondria compartment of Sertoli
cells, a group of cells that play an essential role
in spermatogenesis, as they are the key
component of the seminiferous tubule that
provides nourishment for the development of
spermatozoa. We evaluated the effect of DQ
density on several properties, including
physical characteristics, encapsulation
efficiency (EE), intracellular trafficking, and in
vitro antioxidant activity in Sertoli cells. The
presence of DQ moieties on the surface of
LipoDQ may enhance the cellular uptake
efficiency and mitochondrial accumulation
level by electrostatic interaction with negatively-
charged membrane cells and mitochondria
membranes, respectively. Furthermore,
utilization of the fusogenic lipid of 1,2-dioleyl-sn-
glycero-3-phospho-ethanolamine (DOPE) could
further improve the endosomal escape ability.
Finally, the specific mitochondrial delivery of
quercetin, as a model antioxidant drug, can be
involved in ROS neutralization, thus preventing
the damaging effect of oxidative stress (Fig. 1).

MATERIALS AND METHODS

Materials

The materials used for preparing the
liposomes and LipoDQ comprising DOPE,
cholesterol,  dequalinium  chloride, and
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quercetin were purchased from Sigma Aldrich
(St. Louis, MO, USA). The solvents, including
methanol and ethanol, were obtained from
Merck (Rahway, NJ, USA), while dimethyl
sulfoxide (DMSO) was acquired from Sigma
Aldrich (St. Louis, MO, USA). Dulbecco’s
modified eagle medium (DMEM), penicillin-
streptomycin, fetal bovine serum (FBS), 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT reagent), and phosphate-
buffered saline (PBS) were purchased from
Thermo Fisher Scientific Inc. (Waltham, MA,
USA). Mitotracker deep red FM and Hoechst
33342 were obtained from Invitrogen
(Carlsbad, CA, USA). TM4 cells, mouse Sertoli
cells, were obtained from the European
Collection of Authenticated Cell Cultures
(ECACC catalog number 88111401). All
additional chemicals and solvents used were
purchased as commercially available reagent-
grade products.

Nanoparticle preparation

Quercetin-loaded LipoDQ (Q-LipoDQ) was
constructed using the hydration method with
the composition shown in Table 1. Briefly, the
lipid films were prepared by mixing the
ethanolic lipid solution of DOPE and
cholesterol with 0.275 mM of methanolic
quercetin solution and different concentrations
of DQ in methanol solution (Table 1) followed
by solvent evaporation using nitrogen gas. The
resulting lipid films were hydrated using 10
mM of HEPES solution supplemented with 290
mM of glucose (pH 7.4) for 15 min at room
temperature. The hydrated lipid films were
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sonicated using a bath-type sonicator for 5 min
to form a homogenous liposomal structure. To
remove the non-encapsulated quercetin, the
colloidal suspension was centrifuged at 16,000
rpm, 4 °C for 10 min. The supernatant was
collected. To obtain a low density of Q-LipoDQ
(Q-LipoDQ LD) and a high density of
Q-LipoDQ  (Q-LipoDQ  HD)  various
concentrations of DQ were prepared. The non-
mitochondria-targeted liposomes (Q-LPs) were
also constructed using a similar method
described above, which excluded the DQ
solution from the formulation. Additionally, the
mitochondrial accumulation level of the
nanoparticles was analyzed through the
constructed coumarin 6-labeled quercetin-
loaded nanocarriers. We mixed the organic
solvent containing the fluorescent dye of
coumarin 6 with other components of
nanocarriers before the solvent evaporation
process. The concentration of coumarin 6 was
set at 1/100 of the total lipid concentration.

Physical characterization of nanoparticles

The physical characteristics of all quercetin-
loaded nanocarrier formulations were evaluated
by determining the hydrodynamic diameter,
particle size distribution, and zeta potential. The
particle size and distribution were determined
using the dynamic light scattering (DLYS)
method (Delsa Nano Particle Size Analyser and
Zetasizer, Beckman Coulter, Brea, CA, USA).
The zeta potential was evaluated using the laser
Doppler electrophoresis method (Horiba,
Montpellier, France).

Determination of quercetin EE and drug
loading capacity

The concentration of quercetin encapsulated
inside the nanoparticles was determined using
the procedure reported by Chang et al. (22) with
a minor modification. Briefly, the supernatant
obtained from the centrifugation process
was freeze-dried. The obtained powder was

Table 1. Composition of nanocarriers used in this study.

dissolved in methanol, and then AICI; reagent
and sodium acetate were added. The mixture
was incubated for 30 min in dark conditions.
The absorbance of the samples was measured
utilizing a spectrophotometer at 432 nm. The
quercetin concentration was computed using a
calibration curve; then the EE was calculated
using the following equation:

)

where Co and C; are the initial concentration of
quercetin and the encapsulated amount of
quercetin  in  nanoparticles, respectively.
Furthermore, the drug loading capacity was
calculated by dividing the encapsulated amount
of quercetin in nanoparticles (C1) by the total
concentration of lipids (Ciipig) using the
following equation:

EE (%) = *x 100
0

G

DL (%) = X 100

— (2)
Lipid

Evaluation of antioxidant activity

The antioxidant activity of Q-LipoDQ was
evaluated using the DPPH radical scavenging
method. Briefly, 2,2-diphenyl-1-picrilhydrazyl
(DPPH) powder was dissolved in methanol to
obtain a 50 pg/mL concentration. The sample
solution, consisting of free quercetin, Q-
LipoDQ LD, and Q-LipoDQ HD, was prepared
with a series of concentrations of quercetin. The
sample solution was then mixed with the same
volume of DPPH solution, followed by
incubation in dark conditions. After 30 min
incubation, the absorbance of DPPH was
measured; then the scavenging effect was
calculated using the following equation:

Absorbancesample + DPPH

Inhibition (%) = Absorbance
DPPH

x 100 3

Furthermore, the concentration needed to
inhibit 50% of DPPH (ICso) was then
calculated. The experiment was conducted in
triplicate for each sample.

Carrier composition

Nanocarrier type

Property

DOPE (mM)  Cholesterol (mM) DQ (mM)
Q-LPs 2.250 0.500 - Non-mitochondria-targeted liposome
Q-LipoDQ LD 2.250 0.500 1.375 Hybrid nanocarrier with low density of DQ
Q-LipoDQ HD 2.250 0.500 5.500 Hybrid nanocarrier with high density of DQ

Q, Quercetin; LPs, liposomes; LD, low density; HD, high density; DQ, dequalinium; DOPE, 1,2-dioleyl-sn-glycero-3-phosphoethanolamine.
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Cell culture

TM4 cells were cultured in a complete
growth  medium consisting of DMEM
containing a high concentration of glucose and
sodium pyruvate supplemented by
streptomycin-penicillin and 10% (v/v) FBS
under an atmospheric condition of 5% COo/air
at 37 °C. The subculture was conducted at the
confluence of 90%.

Analysis of mitochondrial accumulation level
The ability of the nanocarrier to accumulate
inside the mitochondria compartment of TM4
cells was evaluated using confocal laser
scanning microscopy (CLSM). We labeled the
quercetin-loaded nanocarriers with coumarin 6
as the source of the fluorescent signal. Briefly,
TMA4 cells were cultured on a 35-mm glass base
dish for 24 h to facilitate the attachment of the
cells to the dish. The coumarin 6-labeled
quercetin-loaded nanocarriers were transfected
into the cells in a serum-free medium for 3 h.
The cells underwent a washing procedure,
initially utilizing PBS supplemented with
20 1U/mL heparin, followed by two additional
washes conducted with a complete growth
medium. MitoTracker Deep Red FM was
transfected for 20 min to stain the mitochondria
compartment. Then, the nucleus was stained
using Hoechst 33342. The observations were
carried out using CLSM (Olympus FV1200,
Tokyo, Japan) equipped with a water-
immersion objective lens (UPLSAPO) and a
dichroic mirror (DM405/440/473/559/635). To
excite the Hoechst 33342, coumarin 6, and
MitoTracker Deep Red FM, cells were
irradiated at optical wavelengths of 405, 473,
and 635 nm, respectively. Three fluorescence
detection channels were set using a filter to
detect the Hoechst 33342, coumarin 6, and
Mitotracker Deep Red FM. Mitochondria
accumulation  levels were then semi-
quantitatively analyzed using ImageJ software
(23) by determining Pearson’s coefficient.
Pearson’s coefficient has a value ranging from
-1 to +1. A more positive value indicates a
greater correlation between two objects (24).

Evaluation of antioxidant activity in TM4 cells
using H202 induction

TM4 cells were seeded on a 96-well plate.
After 24 h incubation, the cells were transfected
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with the quercetin-loaded nanoparticles in a
serum-free medium for 3 h. The medium
containing nanoparticles was then replaced by a
complete growth medium containing H20>, and
the cells were further incubated for 21 h. As a
control, we prepared the cells incubated only
with H2O. Cell viability was determined using
an MTT reagent with a 2-h incubation. The
formed formazan crystals were dissolved using
DMSO, and the absorbance was measured at
550 nm with a reference at 670 nm. Cell
viability was calculated while the viability of
the untreated cells was assumed to be 100%.
The viability of cells transfected with quercetin-
loaded nanocarrier was compared to the cells
induced only by H20: to calculate relative
viability. At least three independent
experiments were conducted.

Statistical analysis

All quantitative data are presented as mean
+ SD. Statistical analysis was conducted to
evaluate the significance between two or more
treatments. The T-test was used to analyze the
difference between the two treatment groups.
For the comparison of more than two groups,
one-way ANOVA was employed pursued by
the Student-Newman-Keuls test (SNK-test).
Specifically for the evaluation of antioxidant
activity in TM4 cells, two-way ANOVA
followed by Tukey’s multiple comparisons test
was utilized.

RESULTS
Construction ~ of  mitochondria-targeted
quercetin
Due to the simplicity of producing

homogenous nanoparticles in a relatively short
period, the LipoDQ was formed by using the
hydration method. The liposomal core was built
by combining DOPE and cholesterol with a
molar ratio of 9:2 and a total lipid concentration
of 2.75 mM, based on the previous report (25).
The ratio of DQ to total lipid in the LipoDQ
formulation was varied, including a low density
with a 1:2 molar ratio (Q-LipoDQ LD) and a
high density with a 2:1 molar ratio (Q-LipoDQ
HD). Based on the hydrodynamic diameter
measurement results (Fig. 2A and B), no
significant differences were found between the
two concentrations of DQ on the particle size
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and its distribution. However, the addition of liposomal structure. However, the amount of
DQ into the liposomal structure led to an encapsulated quercetin slightly decreased in the
increase in particle size, which was probably presence of DQ in Q-LipoDQ LD and Q-
caused by the insertion of the DQ structure into LipoDQ HD (Fig. 3A). According to the

the lipid bilayer of the liposomes. The insertion assessment of the drug loading capacity of
of DQ into the liposome structure was also quercetin inside the nanocarrier, a similar trend
strengthened by shifting zeta potential from with the result of EE was found in drug loading

highly negatively charged Q-LPs (without DQ) capacity, in which the Q-LPs showed relatively
to positively charged Q-LipoDQ (Fig. 2C). higher drug loading capacity compared to Q-
Moreover, Q-LipoDQ HD displayed more LipoDQ (Fig. 3B). A reduction in EE might be
positively charged than Q-LipoDQ LD, due to the lipid bilayer membrane stretching.
indicating disparities in DQ densities. This occurred due to electrostatic interactions

between the positively charged DQ and the
Analysis of EE and drug loading capacity of negatively charged lipid head groups. This

quercetin interaction causes the bilayer membrane to
Based on the quercetin assay results, we expand, owing to the repulsive force created by
found that approximately 62% of initial the two delocalized positive charges of
quercetin can be encapsulated into the DQ (26).
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Fig. 2. Particle characteristics of quercetin encapsulated in nanocarrier systems. (A) Hydrodynamic diameter of the
particles (n = 5); (B) polydispersity index (n = 5), and (C) zeta potential (n = 3). Values represent mean + SD. **P < 0.01
and ***P < 0.001 indicate significant differences in comparison with the Q-LPs group. Q, Quercetin; LPs, liposomes;
LD, low density; HD, high density; DQ, dequalinium.
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Fig. 3. (A) Encapsulation efficiency and (B) drug loading capacity of quercetin inside the nanocarrier system. Values

represent mean = SD, n = 5. **P < 0.01 Indicates significant differences in comparison with the Q-LPs group. Q,
Quercetin; LPs, liposomes; LD, low density; HD, high density; DQ, dequalinium.
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Fig. 4. The ICs values of free quercetin in methanolic
solution, Q-LipoDQ LD, and Q-LipoDQ HD using the
DPPH radical scavenging method. Values represent
mean = SD, n = 3. Q, Quercetin; LPs, liposomes; LD, low
density; HD, high density; DQ, dequalinium; DPPH, 2,2-
diphenyl-1-picrilhydrazyl.

Validation of the antioxidant potential of
quercetin

To anticipate the reduction of the antioxidant
potential of quercetin during the encapsulation
process into nanocarrier, the antioxidant
activity assay using the DPPH radical
scavenging method was performed. In this
study, we compared the antioxidant
activity of free quercetin molecules in a
methanolic solution with Q-LipoDQ LD and
Q-LipoDQ HD. The ICso values of free
quercetin molecules, Q-LipoDQ LD, and Q-
LipoDQ HD were not statistically different
(Fig. 4). This result indicates that the
encapsulation of quercetin into LipoDQ
structure did not affect its free radical
scavenging capacity.

Intracellular trafficking analysis

The ability of LipoDQ to deliver quercetin
into the mitochondrial compartment of TM4
cells was determined using confocal laser
scanning  microscopy (CLSM). In this
evaluation, coumarin 6 was added to label all
quercetin-loaded nanocarriers. Furthermore,
the mitochondria and nucleus of TM4 cells
were stained using MitoTracker Deep Red
FM and Hoechst 33342, respectively.
Qualitatively, the  green  fluorescence
signal of Q-LPs was separated from the red
fluorescence signal of MitoTracker Deep Red
FM (Fig. 5A), indicating low mitochondrial
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accumulation. In contrast, a robust yellow
signal was obtained on the cells transfected by
Q-LipoDQ, regardless of the concentration of
DQ. The yellow signals appeared due to
overlapping the green and red fluorescence
signals of Q-LipoDQ and mitochondria,
respectively. The observed yellow signals
indicate the accumulation of Q-LipoDQ inside
the mitochondrial compartment of TM4 cells.
Moreover, all tested nanocarriers displayed
negligible accumulation in the nucleus. To
further substantiate the level of mitochondrial
accumulation the correlation between the
fluorescence signals emitted from coumarin 6
and MitoTracker Deep Red FM was assessed
using Pearson’s  coefficient.  Pearson’s
coefficient was calculated using ImageJ
software from several CLSM images. As shown
in Fig. 5B, Q-LPs exhibited the lowest
Pearson’s coefficient value relative to
Q-LipoDQ, indicating a low mitochondrial
accumulation  level.  Interestingly, the
difference in DQ density did not significantly
affect the mitochondrial accumulation level of

Q-LipoDQ.

In vitro antioxidant activity in TM4 cells
under H202 induction

To investigate the protective effects of
quercetin-loaded nanocarriers on the oxidative
stress in TM4 cells, the H20.-induced
cell viability was assessed. In the preliminary
study, TM4 cells were transfected with
various concentrations of H2O, and cell
viability was measured using MTT assay. TM4
cell viability was H202 concentration-
dependent (data not shown). H.O, at 1 mM
caused approximately 50% cell death;
therefore, this concentration was utilized in
the subsequent experimental procedures.
Furthermore, the quercetin-loaded nanocarriers
were transfected into TM4 cells before the
induction of oxidative stress using H202, and
the cell viability was measured using
MTT assay. Figure 6 displays the relative
viability of TM4 cells upon treatment with
Q-LPs, Q-LipoDQ LD, and Q-LipoDQ HD at
different concentrations of quercetin ranging
from 0.01 uM to 0.1 uM, compared to cells
induced only by H-0..
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6, while mitochondria and nucleus were stained using MitoTracker Deep Red FM and Hoechst 33342, respectively. Scale
bars: 50 um. (B) Semi-quantitative measurement of mitochondrial colocalization level using Pearson’s coefficient from
several randomly selected CLSM images. Error bars indicate SD, n = 50, **P < 0.01 Indicates significant differences in
comparison with the Q-LPs group. Q, Quercetin; LPs, liposomes; LD, low density; HD, high density; DQ, dequalinium.
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The results indicated that the type of
nanoparticles used to deliver quercetin is the
primary factor influencing the relative viability of
TM4 cells. Moreover, treatment with Q-LPs and
Q-LipoDQ HD did not increase the relative
viability in all quercetin concentrations tested.
Additionally, increasing the concentration of
quercetin in Q-LipoDQ HD led to a further
decrease in relative viability. On the other hand,
the cells pre-treated with Q-LipoDQ LD
exhibited significantly higher relative viability at
all tested quercetin concentrations, indicating the
protective effect against oxidative stress

(P Type of nanoparticles < 0-001, P Quercetin concentrations =
0.275, P interaction = 0784)
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DISCUSSION

In this research, we utilized quercetin as a
model antioxidant to be delivered into the
mitochondria of Sertoli cells. Quercetin is a
polyphenolic flavonoid bioactive molecule
widely found in several plants, including tea,
onions, apples, Asiatic pennywort, leaf
cabbage, and many more (27). Quercetin has
numerous pharmacological benefits, including
antioxidant, anti-inflammatory, anti-diabetic,
antihypertensive, and anti-hypercho-
lesterolemic activities (28). The antioxidant
activity of quercetin mainly involves enhancing
the endogenous antioxidant capacity and



neutralizing ROS (29). Despite the beneficial
activities of quercetin, it retains several
limitations regarding solubility, stability, and
low bioavailability, making the formulation
process of this compound challenging.
Furthermore, the efficacy of quercetin is limited
due to its non-specific accumulation inside the
cells, which hinders its potential benefits. To
overcome these challenges, we developed a
hybrid nanoplatform to deliver quercetin into
the mitochondria of cells.

The liposomal system created using DOPE
and cholesterol was combined with a
mitochondriotropic molecule of DQ to form a
hybrid nanoplatform. The nanoplatform was
designed to deliver quercetin specifically into
the mitochondria compartment of Sertoli cells.
DOPE was selected as the main lipid due to the
pH-sensitive fusogenic activity that may help
the endosomal escape process (30).
Furthermore, the presence of cholesterol as a
helper lipid could improve the rigidity and
stability of the liposomal structure (31,32),
which may protect quercetin from degradation
and premature drug release. On the other hand,
DQ consists of two aminoquinaldinium rings
connected by a hydrophobic hydrocarbon
chain. The insertion of the DQ molecule into
the liposomal structure is possibly achieved
through the hydrophobic interaction between
the hydrocarbon chain of DQ and the lipid
bilayer of the liposome (33). Moreover, the
cationic aminoquinaldinium rings will be
oriented on the surface of the liposome,
resulting in a positively charged particle, as
indicated by zeta potential analysis.

We conducted a study to determine the
concentration of quercetin encapsulated in
nanocarriers. The study was performed directly
by analyzing the amount of quercetin
encapsulated inside the nanocarrier system.
First, the quercetin-loaded nanocarrier was
purified from non-encapsulated quercetin using
centrifugation at 16,000 rpm, 4 °C for 10 min.
This method was selected due to the poor water
solubility of quercetin; thus, the non-
encapsulated quercetin can be easily
sedimented using a centrifugation process. On
the other hand, the 16,000-rpm centrifugation
speed is not sufficiently strong to sediment the
nanocarrier (34). The concentration of
quercetin  inside the nanoparticle was
determined by complexing the quercetin with
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AIClz in a sodium acetate solution. This
complexation reaction produced a stable
complex with a maximum absorbance at 415-
450 nm (22). Despite a decrease in the EE of
quercetin in the LipoDQ system, the EE of
quercetin in the Q-LipoDQ structure remains
comparable to that of previous quercetin-loaded
deformable liposomes composed of soybean
phosphatidylcholine and cholesterol in a 4:1
weight ratio (35).

The encapsulation process of a drug into a
nanocarrier system involves several steps that
may affect the stability and physicochemical
properties of the encapsulated drug, thereby
affecting its pharmacological activities. The
DPPH radical scavenging analysis was
performed to evaluate the antioxidant activity
of quercetin before and after the encapsulation
process. DPPH is a stable free radical molecule
with a dark violet color and a maximum
absorbance in ethanol solution around 520 nm
(36). The reaction between DPPH and
hydrogen donor molecules (antioxidants)
reduces DPPH to a hydrazine molecule. This
reduction is characterized by the decolorization
process, indicated by a decrease in solution
absorbance. The antioxidant activity of all Q-
LipoDQ was equivalent to free quercetin, with
the 1Cso values ranging from 3.0 to 3.6 uM. This
antioxidant activity can be classified as a
notably robust antioxidant, which can
potentially be utilized to mitigate the oxidative
stress in Sertoli cells.

After observing the high potential
antioxidant activity of Q-LipoDQ, we
investigated the intracellular trafficking of Q-
LipoDQ in Sertoli cells. As part of this study,
we employed TM4 cells to represent Sertoli
cells. TM4 cells are an established epithelial
cell line isolated from the testis of immature
BALB/c mice. This cell line was identified to
have Sertoli cell properties since it displayed a
growth response during the induction with
follicle-stimulating hormone but not in the
presence of the luteinizing hormone (LH) (37).
TM4 cells are widely used to study male
reproductive function and fertility (38,39) due
to their simple handling and culture relative to
Sertoli cell primary cultures (40). To conduct
the intracellular trafficking analysis, we first
stained all quercetin-loaded nanocarriers using
coumarin 6 as a fluorescent probe. Coumarin 6
is a coumarin derivative that can fluoresce at
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512 nm upon excitation at 460 nm (41). Due to
its hydrophobic characteristics, coumarin 6 is
highly accumulated inside the hydrophobic
lipid bilayer of liposomes (42). As a result, the
Q-LPs were marginally accumulated inside the
mitochondrial compartment of TM4 cells. Q-
LipoDQ, regardless of the DQ concentration,
was, however, strongly accumulated inside the
mitochondria of TM4 cells. This result confirms
the crucial role of DQ moieties on the surface
of liposomes in determining their ability to
accumulate in mitochondria. Furthermore, a
DQ concentration-independent profile was
obtained by transporting quercetin selectively
into the mitochondrial compartment of TM4
cells.

Encouraged by the potential antioxidant
activity of Q-LipoDQ evaluated by the DPPH
radical scavenging method, as well as the
capacity of LipoDQ in delivering quercetin into
the mitochondrial compartment of TM4 cells,
we then proceeded to evaluate the protective
effect of Q-LipoDQ in TM4 cells under the
H202 induction. The transfection of an
excessive amount of H2O: induces oxidative
stress, leading to cell death (43). Additionally,
H20, generates mitochondrial dysfunction and
induces  apoptosis by  lowering  the
mitochondrial membrane potential, thus
triggering the release of cytochrome c (44). The
in vitro antioxidant activity results manifested
that Q-LipoDQ LD provided a significantly
higher level of protection than Q-LPs and Q-
LipoDQ HD. Interestingly, while Q-LipoDQ
HD has similar DPPH scavenging activity and
mitochondrial accumulation levels as Q-
LipoDQ LD, it failed to protect TM4 cells from
oxidative stress. Moreover, the higher
concentration of quercetin inside the Q-
LipoDQ HD provoked more massive cell death.
These results can be explained due to the high
density of DQ, which could aggravate
mitochondrial function by altering the redox
balance, which was concentration-dependent
(21). On the other hand, Q-LPs were ineffective
in protecting TM4 cells from oxidative
stress owing to their non-specific cellular
accumulation.

The results from the antioxidant activity in
TMA4 cells, along with analysis of intracellular
trafficking, suggests that Q-LipoDQ LD
can rescue TM4 cells from the harmful
effects of H202-induced oxidative stress and
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mitochondrial dysfunction. Moreover, these
results also wvalidate the importance of
controlling ROS levels in the mitochondria of
TMA4 cells, which can be achieved by delivering
exogenous antioxidants specifically to the
mitochondrial compartment.

CONCLUSION

A mitochondria-targeted hybrid nano-
platform was successfully developed to deliver
quercetin, namely Q-LipoDQ, which was built
by incorporating DQ into a liposomal structure.
The encapsulation of quercetin into LipoDQ
exhibited a negligible change in the antioxidant
capacity of quercetin, indicated by the similar
ICso value of the free radical scavenging
activity. The Q-LipoDQ was also found to have
dominant mitochondrial accumulation,
regardless of the DQ concentration. However,
only Q-LipoDQ LD could rescue the negative
effect of oxidative stress in TM4 cells, while Q-
LipoDQ HD disrupted mitochondrial function,
leading to a significant decrease in cell
viability. Finally, the findings explained in this
research verify the potential of LipoDQ LD as
a mitochondria-targeted hybrid nanoplatforms
that can safely be used for delivering exogenous
antioxidants specific to the mitochondrial
compartment of the cells. Furthermore, this
research also revealed the importance of
mitochondrial delivery of antioxidants to
relieve the harmful effect of oxidative stress in
Sertoli cells.
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