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Abstract

Purpose: This study evaluated whether a nanostructured lipid carrier (NLC) delivery system
could safely and accurately deliver nucleic acids to the cell nucleus using the enhanced green
fluorescent protein (EGFP)-C1 plasmid model.

Methods: The NLC was formulated using the emulsification method and equipped for cationic
lipid-mediated transfection with 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP), which
interacts electrostatically with nucleic acid. The NLC attributes, including size, polydispersity
index, and zeta potential, were assessed by dynamic light scattering (DLS). The morphological
structure was analyzed using transmission electron microscopy. Entrapment efficiency was
evaluated by a direct method. Cellular uptake mechanisms of pEGFP-C1-NLC and the ability of
pEGFP-C1 to penetrate the nucleus of TM4 cells to express EGFP were observed using confocal
microscopy.

Results: pEGFP-C1-NLC exhibited particle sizes in the range 56-88 nm with a particle charge
range of -6.0 to+1.3 mV. The polydispersity index<0.5 showed good size uniformity, and
entrapment efficiency of pEGFP-C1in the NLC was 92.06+2.295%. The NLC formulation was
internalized predominantly via caveolae-mediated endocytosis, as indicated by EGFP expression
following successful delivery of pEGFP by the NLC into the cells.

Conclusion: NLC formulation could deliver genetic material to the nucleus and could be
considered a gene therapy candidate for spermatogenesis.

Introduction

Sertoli cells play essential roles in regulating testicular
immunity, supporting adult Leydig cells and aiding the
proper function of peritubular myoid cells.! Animal
model studies have shown that Sertoli cells can treat
and alleviate symptoms of various conditions, including
types 1 and 2 diabetes, Parkinson’s disease, Alzheimer’s
disease, Huntington’s disease, Laron’s syndrome, and male
infertility. This activity makes them excellent candidates
for treating inflammatory conditions and as a source
for cell-based therapy, as they can initiate, promote, and
maintain spermatogenesis.'”

Sertoli cells are widely used in research related to
cytotoxicity and spermatogenesis.’*” In a study by Dr.
Ralph Brinster from the University of Pennsylvania,
multiple genes regulated by androgens were identified. He
also showed that the expression of claudin 3 in Sertoli cells
was a temporary component of the blood-testis barrier
(BTB).® However, his continued research was hindered by
ethical clearance challenges. Previous studies suggest that
CREB, Sox3, Pem (Rhox5), and DAX1 genes in Sertoli

cells hold promise for developing new therapies to treat
infertility.’ In this respect, the localization of SPATA2
protein (spermatogenesis-associated protein 2) in the
adult rat testis has proven essential. Sertoli cells have also
been used in gene therapy to produce SPATA2 global
knockout mice with CRISPR/Cas9 technology.®

In the context of gene therapy, introducing genetic
materials into Sertoli cells is a complex process.
Electroporation is often used to facilitate the delivery of
plasmid DNA, but this method has limitations.” In vivo
studies have identified safety issues due to the adverse
effects of the electroporation buffer on cell survival
rates. Various methods have been developed to facilitate
gene transfer into cells, such as cationic lipid-mediated
transfection, direct microinjection, calcium phosphate/
DNA coprecipitation, and viral vector infection. Until now,
virus-mediated transfection has been the most efficient
method, but it has drawbacks such as immunogenicity,
complex vector construction, cytotoxicity, and limitations
on the size of the inserted DNA.? To address these issues,
non-viral vectors need to be developed. Non-viral vectors
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are advantageous due to their low cost, simple use, lack
of size limit on insertion, low immunogenicity, and good
safety profile.>”!°

Cationic lipid materials are the most promising non-
viral vectors for delivering genetic materials like nucleic
acids. These lipids offer protection to nucleic acids
from nuclease activity."! The electrostatic interactions
between the highly positively charged cationic lipids and
negatively charged nucleic acids lead to complexation.!*?
Since the main region of the cell membrane is negatively
charged, cationic lipids also help in the delivery process by
promoting interaction with target cells. This interaction
leads to the internalization process of the cells, mainly
through endocytosis.'"* Cationic lipids also facilitate the
endosomal escape process through several mechanisms,
which results in the efficient delivery of nucleic acids. These
lipids can be incorporated into lipid nanoparticle systems
such as solid lipid nanoparticles (SLNs) and nanostructured
lipid carriers (NLCs). As the second generation of lipid
nanoparticles, NLC offer several advantages, including
higher stability, minimum drug expulsion during storage,
and high encapsulation efficiency.'***

In this study, we developed a novel drug delivery
system using an NLC technology that uses a cationic
lipid surfactant material to introduce nucleic acids into
Sertoli cells. The cationic lipid used was 1,2-dioleoyl-
3-trimethylammonium-propane (DOTAP), and the
pEGFP-C1 plasmid was used to develop the model
methodology.”'*'® This plasmid expresses enhanced green
fluorescent protein (EGFP), a bright and photostable
derivative of green fluorescent protein (GFP) used
for tracking and labeling cells.”” Fluorescence-based
microscopy can easily detect the expression of EGFP,
making it an excellent indicator of successful delivery.
We also elucidated the cellular uptake mechanism
and assessed the safety of the drug delivery system in a
cytotoxicity study against TM4 cells.?

Materials and Methods

Chemicals and reagents

The materials used for constructing the NLC, including
squalene, glyceryl trimyristate, Tween 80, and Span 60,
were obtained from Sigma Aldrich (St. Louis, MO, USA),
while DOTAP was purchased from Avanti Polar Lipids Inc.
(Alabaster, AL, USA). The pEGFP-C1 plasmid was kindly
gifted by Thomas F. Meyer of the Max Planck Institute for
Infection Biology (Berlin, Germany). The reagents used
for in vitro experiments, including Dulbecco’s modified
eagle medium (DMEM), fetal bovine serum (FBS),
Trypsin 0.25%/EDTA, and penicillin-streptomycin were
acquired from Thermo Fischer Scientific Inc. (Waltham,
MA, USA). Vybrant™ DiD cells-labeling solution,
Hoechst 33342  (2’-[4-ethoxyphenyl]-5-[4-methyl-1-
piperazinyl]-2,5’-bi-1H-benzimidazole trihydrochloride
trihydrate), filipin III, amiloride, and sucrose were
obtained from Sigma Aldrich (St. Louis, MO, USA).

Cell Counting Kit-8 (CCK-8) was obtained from Sigma
Aldrich (St. Louis, MO, USA), and Lipofectamine™ 3000
Transfection Reagent was purchased from Thermo Fisher
Scientific Inc (Waltham, MA, USA). TM4 cells, the mouse
Sertoli cells, were received from the European Collection
of Authenticated Cell Cultures (ECACC catalog number
88111401). All materials used during the experiments
were of the analytical grade available.

NLC and pEGFP-C1-NLC formulation

NLC containing the pEGFP-C1 plasmid were prepared
using the emulsification method with a modified
literature procedure.?'? In brief, the oil phase comprising
3.75% squalene (liquid lipid), 4% Span 60, 0.25%
DOTAP (cationic lipid surfactant), and 0.25% glyceryl
trimyristate (solid lipid), in ethanol was mixed at 65 °C
with continuous stirring. In a separate vessel, 10 mM
sodium citrate buffer containing 4% Tween 80 was heated
to the same temperature. The two phases were mixed and
homogenized using a high-shear homogenizer at 7200
rpm for 2 minutes, followed by a sonication process using
a probe sonicator for 7.5 minutes.

The pEGFP-C1 plasmid was incorporated by mixing the
plasmid solution into the NLC, followed by incubation at
4 °C for 30 minutes. pEGFP-C1-NLC was stored at 4 °C
for subsequent experiments.

NLC particlesize, polydispersity index, and zeta potential
characterization

The physical properties of pEGFP-C1-NLC were
determined by analyzing their hydrodynamic diameter,
particle size distribution (PDI), and zeta potential. The
dynamic light scattering (DLS) method was used to
determine the particle size and distribution with a Delsa™
Nano C Particle Size Analyzer (Beckmann Coulter, Brea,
CA, USA). The zeta potential was estimated using the
laser Doppler electrophoresis method with the same
instrument.

NLC microstructure analysis with TEM

The blank NLC and pEGFP-C1-NLC microstructure was
analyzed by transmission electron microscopy (TEM)
(JEOL 1010, Peabody, MA, USA). In brief, 10 pL of the
sample was dispensed onto the specimen. Then, a 400-
mesh grid tool was placed on the specimen bearing the
nanoparticle droplets and was left for 1 minute. Next, the
droplets were discarded, and 10 pL of phosphotungstic
acid (PTA) was applied to the grid for 1 minute. After
discarding the remaining droplets, the specimen was
allowed to dry for 15 minutes. Finally, the dry sample
on the grid was analyzed by TEM (80.0 KV, 30,000x
magnification).

NLC entrapment efficiency measurement
Entrapment efficiency (EE) of the pEGFP-C1 plasmid in
the NLC system was determined by a direct method using
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a modified literature procedure.” Firstly, the separation
of pEGFP-C1-NLC from non-encapsulated pEGFP-C1
plasmid was carried out by centrifugation (MWCO 5
kDa) at 16000 rpm for 45 minutes using a HERMLE Z36
HK centrifuge (Germany). The encapsulated pEGFP-C1
plasmid was analyzed using a microplate reader
(Thermo Scientific Multiskan Go, Waltham, MA, USA)
at a wavelength of 260 nm. EE was calculated using the
following equation:

W (pEGFP —Cl in NLC)
W (Initial pEGFP - Cl)

Stability of NLC

The stability of pEGFP-C1-NLC complex stored at 4 °C

was determined after 2 and 7 days by measuring particle
size, PDI, and zeta potential.*

EE (%) = x 100

TM4 cell culture

TM4 cells were cultured in DMEM supplemented with
10% FBS and penicillin-streptomycin, and were incubated
at 37 °Cunder 5% CO,/air and passaged at 90% confluency.

Safety assessment of NLC in TM4 cells

The safety of NLC was evaluated in vitro by testing its
effect on the viability of TM4 cells. TM4 cells were seeded
on a 96-well plate at a density of 5000 cells per well. After
24 hours of incubation, the cells were treated with fresh
medium containing different concentrations of NLC and
then incubated for another 24 hours. To determine cell
viability, the CCK-8 assay was used, and the absorbance
of the reagent was measured at 450 nm.*” Untreated cells
were used as a reference for 100% cell viability. At least
three independent experiments were conducted.

Cellular uptake efficiency of NLC into TM4 cells

The cellular uptake mechanism of pEGFP-CI1-NLC was
qualitatively elucidated using confocal laser scanning
microscopy (CLSM). To track the nanoparticles within
cells, NLC was modified with a fluorescence probe called
DiD (Ex/Em=644/665 nm) to investigate the effect
on ATP of the cellular uptake process. TM4 cells were
seeded on a confocal dish at a density of 1x10° cells/dish
for 24 hours. Next, the TM4 cells were transfected with
DiD-labeled NLC for 1 hour, and then the nuclei of the
cells were stained using Hoechst 33342 for 15 minutes.
CLSM observation was conducted using an Olympus
FV1200 (Tokyo, Japan). The cellular uptake efficiency
was compared for cells incubated at 4 °C and 37 °C,
representing the ATP-independent and ATP-dependent
cellular uptake processes, respectively.”® To calculate
the cellular uptake efficiency, the intensity of DiD (Ex/
Em=644/665) was measured semi-quantitatively using
Image] software.?’

Elucidation of endocytosis pathway of NLC in TM4 cells
To better understand the endocytosis pathway, cellular

uptake mechanisms were elucidated qualitatively by
CLSM using specific endocytosis pathway inhibitors.
The inhibitors used were 0.4 M sucrose for clathrin, 5
ug/mL filipin III for caveolae, and 0.1 mM amiloride for
macropinocytosis pathways.”® TM4 cells were seeded at a
density of 1x10° cells/dish and incubated for 24 hours.
The cells were transfected with the medium containing
the specific inhibitor for 30 minutes, and were treated with
DiD-labeled NLC for 1 hour. The cells were washed and
stained with Hoechst 33342 for 15 minutes before CLSM
observation. Image] software was used to calculate cellular
uptake efficiency semi-quantitatively by measuring DiD
intensity.

Analysis of EGFP expression

The delivery efficiency of the pEGFP-C1 plasmid
was evaluated by examining the expression of GFP
qualitatively using CLSM.* Firstly, TM4 cells were seeded
onto a confocal dish at a concentration of 1x10° cells/
dish and incubated for 24 hours for cell attachment.
Then, the cells were transfected with pEGFP-C1-NLC
and incubated for 1 hour to facilitate the uptake of the
plasmid. After replacing the growth medium, the cells
were incubated for an additional 23 hours. To observe the
cells using CLSM, Hoechst 33342 was added to stain the
TM4 cell nuclei. The intensity of GFP was analyzed semi-
quantitatively using Image] software. As a positive control,
Lipofectamine 3000 was used to enhance the transfection
with the pEGFP-CI1 plasmid.

Statistical analysis

Data analysis was carried out using theoretical and
statistical methods. Measurement results were presented
as mean+*standard deviation. Statistical analysis was
performed by unpaired t-student analysis using Minitab
20. Results were considered statistically significant when
*P<0.05,**P<0.01, and *** P<0.001.

Results and Discussion

NLC formulation and characterization

In the present study, we developed an NLC drug delivery
system for the pEGFP-C1 plasmid. The NLC system has
demonstrated a greater ability to retain drug compounds
at higher concentrations in water, and allows for the
creation of controlled pharmaceutical dosage forms,
improves drug chemical stability, and can be produced
on a large scale.”” Design of the delivery mechanism
was based on regulating biophysical interactions.” We
employed a non-ionic surfactant system consisting of
Tween 80 and Span 60 to maintain colloidal stability. The
use of non-ionic surfactants with relatively low toxicity
can reduce the negative impact on the cells. We also
added DOTAP, a cationic lipid surfactant with a positively
charged symmetrical Gemini structure that can bind
with negatively charged pEGFP-C1 through electrostatic
interactions.®*? The presence of DOTAP can also drive
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the efficient delivery of nucleic acids by facilitating cellular
uptake and endosomal escape processes.*

PEGFP-C1-NLC complex was constructed using the
simple and reliable emulsification method. Lipid and
water phases were combined at 65 °C using a high-shear
homogenizer to form the emulsion system, followed by
a sonication process to break particles into NLCs. The
pEGFP-C1 plasmid was added, followed by 30 minutes
of incubation to facilitate the electrostatic interaction
and incorporation into the positively charged NLC. The
resulting pEGFP-C1-NLC particles were characterized by
size, size distribution, and zeta potential.*"*?

Both pEGFP-C1-NLC formula and preparation process
were optimized. In the first stage of formula optimization,
our objective was to determine a surfactant/oil (S:O) ratio
suitable to produce 50-100 nm particles with PDI<0.50,
a size distribution considered optimal for internalizing
into TM4 cells. Tween 80 and Span 60 were used as the
base non-ionic surfactants, cationic surfactant DOTAP
was added to package negatively charged pEGFP-C1 by
electrostatic interaction, while squalene (liquid lipid) and
glyceryl trimyristate (solid lipid) were used as oils.

In a preliminary formula, an S:O ratio of 1.85 resulted
in a particle size of 51.90+5.75 nm and PDI 0.29+0.13.
Addition of DOTAP resulted in S:O 1.91, particle size
127.20£5.95 nm, and PDI 0.31+0.02. Since the particle
size was not within the required range, we performed
process optimization, varying temperature (50 and 65 °C),
stirring rate (5000, 6000, and 7200 rpm), and sonication
time (2, 5,and 7.5 minutes). Finally, at 65 °C, 7200 rpm, and
7.5 minutes sonication, an S:O ratio of 2.13 gave particle
size 90.00+7.18 nm, and PDI 0.306 +0.025 (Table 1). The
NLC composition corresponding to S:O 2.13 comprised
4% Tween 80, 4% Span 60, 0.25% DOTAP, 3.75% squalene,
and 0.25% glyceryl trimyristate. Subsequent incorporation
of pEGFP-C1 provided pEGFP-C1-NLC with particle size
87.60+6.15 nm, and PDI 0.297 £ 0.006 (Table 1).

The particle size and size distribution were analyzed by
DLS. As shown in Table 1, both blank NLC and pEGFP-
C1-NLC displayed a comparable particle size less than
100 nm. A particle size of less than 200 nm can facilitate
penetration into the cell membrane and the nucleus,
which is required for delivering nucleic acids such as
plasmid DNA.*** Moreover, the resulting particle showed
a homogenous distribution, indicated by PDI<O0.5.
Additionally, the preparation method demonstrated high
reliability, as revealed by a low standard deviation for
particle size and PDI.

Zeta potential of the NLC was measured with a laser
Doppler electrophoresis method. The zeta potential

Table 1. Characterization of blank-NLC and pEGFP-C1-NLC.

reflects how effectively nanoparticles interact with
biological systems. Materials with a neutral or negative
surface charge are more likely to circulate for longer
periods and accumulate less in the liver and spleen.’® In
the presence of the pEGFP-C1 plasmid, the zeta potential
for the NLC decreased (Table 1), indicating the successful
formation of a complex through electrostatic interactions.
This conclusion was supported by the entrapment
efficiency, which revealed that over 90% of the pEGFP-C1
plasmid had successfully bonded with the NLC system.

The microstructure of the NLC was analyzed using
TEM, employing a negative staining method with PTA,
resulting in a dark background with a brighter image of the
nanoparticles. According to the TEM images (Figure 1),
blank NLC and pEGFP-CI1-NLC displayed a spherical
shape with a diameter ranging from 60 to 100 nm. This
result confirmed the particle size determined by the DLS
method. Addition of pEGFP-C1 plasmid increased the
rigidity and compactness of the particles compared to the
blank NLC. This is attributed to electrostatic interactions
and the formation of a more rigid complex between
plasmid DNA and the NLC. Hence, the interaction
between pEGFP-CI plasmid and the NLC system was
stable and caused no change to the shape and size of the
particles. Moreover, the negative shift in zeta potential
indicates incorporation of anionic pEGFP-C1 plasmid
into the NLC.

TEM images of pEGFP-C1-NLC were of higher
intensity than those of blank-NLC (Figure 1). This
difference in intensity is attributed to the pEGFP-CI,
which provides additional electron-dense material that
scatters more electrons, resulting in brighter areas under
TEM. Additionally, the heavy metal PTA staining used in
TEM microscopy may interact more with the phosphate
groups in the pEGFP-Cl-loaded NLC, thus increasing
contrast. In summary, the enhanced intensity results from
the differences in composition between the two samples,
which leads to increased electron scattering. These results
suggest that the pEGFP-CI1 has been successfully loaded.

Stability of NLC formulation

To evaluate the stability of the developed nanoparticles,
blank NLC and pEGFP-C1-NLC were stored at 4 °C
for 7 days and the particle size and PDI were measured
over the period.” By observation, both blank-NLC
and pEGFP-C1-NLC maintained the same appearance
without precipitation after 7 days. For both NLCs, particle
size in range 50-150 nm and PDI<0.5 were also stable
(Figure 2 and Table S1). The high stability of blank-NLC
and pEGFP-CI-NLC was also evidenced by the non-

Formulation Particle size (nm) Polydispersity index Zeta potential (mV) Entrapment efficiency (%)
Blank-NLC 90.00+7.18 0.306+0.025 +4.24 n.a.
pEGFP-C1-NLC 87.60+6.15 0.297+0.006 +1.29 92.06+2.295

Note: Results obtained from n=3 experiments.
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Figure 1.
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significant decrease in zeta potential between days one

the range 2.51-10.04 mM showed cell viability>70%,
and seven (Table S2).

which indicated a safe concentration (Figure 3). This
concentration was then used as a reference for further in
vitro testing. A previous study also conducted cell viability
studies as evidence of the biocompatibility of lipid
nanoparticles at concentrations <0.80 mM total lipids in
in vitro tests.”’

Toxicity of NLC in TM4 cells

The toxicity of the NLC system was assessed with a
CCK-8 cell viability assay. The result showed an IC
value of 19.16+7.33 mM of total lipids. Total lipids in
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Cellular uptake efficiency of NLC into TM4 cells
Nanoparticles are usually taken up by cells through
endocytosis. To monitor the uptake of our NLC system
into TM4 cells, DiD labeling was used. The amount
of DiD-labeled NLC taken up by the cells through
endocytosis was five times higher than that by the non-
endocytosis pathway, and this difference was statistically
significant with P<0.001 (Figure 4).

The endocytosis pathway, whether via caveolae,
macropinocytosis, or clathrin, was also investigated
using specific pathway inhibitors. The results in Figure 5
indicate that endocytosis of NLC through caveolae was
inhibited by 70% compared to the control. It has
been reported that 50-100 nm nanoparticles pass into
cell targets predominantly via caveolae, followed by
macropinocytosis and clathrin.*®*“° Caveolar endocytosis
comprises the formation of spherical 50-60 nm caveolae
driven by an integral membrane protein called caveolin
and a peripheral membrane protein known as cavin. In

120 *%

80

Cell Viability (%)
(2]
o

40

l
0 I

Negative 2.51 5.02 10.04 20.07 40.14 80.28 Positive
Control Control

T
Concentration of total Lipids (mM) ( \évg)en

Figure 3. Cell viability test by CCK-8 assay in TM4 cells treated with various
concentrations of total lipids for 24 h. Data are representative of three
individual replicates. *P<0.05, **P<0.01, ***P<0.001 in comparison to the
untreated group (negative control)

addition to the favorable size of the approximately 80 nm
nanoparticles, the caveolar pathway was also triggered
by the binding of ligands to receptors concentrated in
the caveolae regulated by kinases and phosphatases.
It is likely that the kinase enzyme pathway caused lipid
phosphorylation of the NLC components, facilitating its
entry into the phospholipid-containing cell membrane.*

Analysis of EGFP expression

The uptake of nanoparticles into cells is influenced by
endosomal escape, which is known to be the rate-limiting
barrier for such systems. Bioactive molecules are often
trapped in endosomal vesicles and degraded in lysosomal
compartments, which requires effective strategies to
facilitate endosomal escape and increase the bioavailability
of the delivered bioactive agent. Novel methods for the
intracellular delivery of bioactives are needed to overcome
this barrier. These strategies include membrane fusion,
which is possible in NLC delivery systems with synthetic
cationic lipids, namely DOTAP.*

The pEGFP-C1-NLC formula was able to enter the
nucleus and express EGFP due to the delivery of the
pEGFP-C1 plasmid by NLC, as shown in Figure 6. In
comparison, pEGFP-C1 dispersed in PBS showed no
expression of EGFP because PBS could not internalize
pEGFP-C1 into the cells. The results also showed that
EGFP expression with pEGFP-C1-Lipofectamine 3000
was approximately half that with pEGFP-C1-NLC. The
transfection efficiency data based on the EGFP:Hoechst
ratio showed that EGFP expression with pEGFP-C1-NLC
was twice that with pEGFP-Cl1-Lipofectamine 3000.

In a study by Buck et al in 2020, the efficiency of
DOTAP and Lipofectamine 3000 as carrier agents was also
examined. The results showed that DOTAP/cholesterol
was only 30% as efficient as Lipofectamine 3000 in the
delivery of pEGFP* In contrast, our study showed a
higher transfection efficiency using DOTAP (45.7%) than
lipofectamine 3000 (23.6%) after 24 hours, demonstrating
the increased efficiency of DOTAP in binding pEGFP in
our NLC formula. Another study by Han et al in 2014
examined transfection efficiency of A549 lung cancer cells

Figure 4. Cellular uptake studies in TM4 cells. Cells were incubated for 1 h with DiD-labeled NLC (red channel). Cell nuclei were counterstained with Hoechst

33342 (blue channel). Insets show the boxed areas at a higher magnification

618|  Advanced Pharmaceutical Bulletin, 2024, Volume 14, Issue 3



NLC loading EGFP plasmid for nuclei delivering in TM4 cells

Figure 5. Uptake of NLC in the presence of different specific inhibitors in TM4 cells. Cells were incubated for 1 h with DiD-labeled NLC (red channel). Cell nuclei
were counterstained with Hoechst 33342 (blue channel). Insets show the boxed areas at a higher magnification

Figure 6. EGFP expression in TM4 cells. Cells were incubated for 24 h with the different delivery systems a) pEGFP-C1-PBS 50 ng, b) pEGFP-C1-NLC 50 ng, and c)
pEGFP-C1-Lipofectamine 3000 50 ng. Cell nuclei were counterstained with Hoechst 33342 (blue channel). Insets show the boxed areas at a higher magnification

using an NLC for drug delivery with a transferrin (Tf)-
modified ligand.*® The NLC/pEGFP and Tf-NLC/pEGFP
transfection efficiencies were approximately 25% and 33%
after 24 hours, respectively. Our results were better than
these, likely due to the 92% entrapment efficiency (EE) of
pDNA by the DOTAP-modified NLC formula, compared
to 83% in Han and colleagues’ study. In addition, Zhang
et al reported approximately 89% EE of hyaluronic acid-

pDNA in an NLC, and 39% transfection efficiency in
A549 lung cancer cells after 36 hours.* Therefore, the
high EE of pDNA in pEGFP-C1-NLC is essential for the
higher transfection efficiency of our system.

Using an NLC with ligand surface modification,
Klein et al in 2022 reported that LNP smaller than 100
nm were easily localized in the testes.* Therefore, our
56-87 nm pEGFP-C1-NLC are expected to effectively
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accumulate in the testes. Once the NLC attaches to
the surface of TM4 cells, it enters the cells and releases
its cargo. We demonstrated that the pEGFP-CI1-NLC
particles were internalized into TM4 cells predominantly
by caveolae-mediated endocytosis (41%), followed by the
macropinocytosis (30%), and clathrin (29%) pathways.
Interestingly, although the pEGFP-CI-NLC is small,
the particles also enter the cells via macropinocytosis, a
pathway usually associated with a size range of 0.2-5 um.*
Similar induction of actin rearrangement and membrane
ruffling is likely to occur by the pEGFP-CI-NLC, as
reported previously.** The entry of pEGFP-C1-NLC by
the caveolar pathway avoids lysosomal uptake, thereby
avoiding lysosomal degradation, allowing pEGFP-C1
transport to the nucleus. The caveolar pathway is known to
directly reach the endoplasmic reticulum (ER), as used in
SV40 internalization, by moving along the microtubules.”
In the case of pEGFP-C1-NLC, transporting pDNA to the
ER lumen presumably increases the delivery efficiency to
the nucleus via the ER-nucleus route. Therefore, our NLC
delivery system with small particles (50-100 nm) without
ligand surface modification showed high pEGFP-C1
transfection efficiency to the nucleus due to the specific
entrance pathways of pEGFP-C1-NLC. This delivery
system could provide a novel solution to targeted therapy,
particularly in male infertility, and this study has also
provided solutions for addressing the challenge of the
blood-testis barrier associated with Sertoli cells.

Conclusion

Critical for successful delivery of pDNA to the cell nucleus
to encode EGFP is the NLC uptake mechanism. This study
identified the caveolar endocytosis pathway to be the
predominant uptake mechanism, and transport to the ER
lumen via the ER-nucleus route. The cationic surfactant
DOTAP-containing NLC is a promising candidate for
safe, effective nuclear targeted gene therapy and this study
has demonstrated its potential for diseases associated with
Sertoli/TM4 cells and in treating male infertility.

Acknowledgments

The authors thank to ITB-Olympus Bioimaging Center (IOBC),
Evident Scientific and PT. Wadya Prima Mulia for providing access
of instrument and support.

Authors’ Contribution

Conceptualization: Nurul Jummabh, Satrialdi, Aluicia Anita Artarini,
Diky Mudhakir.

Data curation: Nurul Jummah.

Formal analysis: Nurul Jummah, Satrialdi, Aluicia Anita Artarini,
Diky Mudhakir.

Funding acquisition: Diky Mudhakir.

Investigation: Nurul Jummah.

Methodology: Nurul Jummah, Satrialdi, Aluicia Anita Artarini, Diky
Mudhakir.

Project administration: Nurul Jummah, Diky Mudhakir.
Resources: Diky Mudhakir.

Software: Nurul Jummah, Satrialdi.

Supervision: Satrialdi, Aluicia Anita Artarini, Anindyajati, Diky

Mudhakir.

Validation: Satrialdi, Aluicia Anita Artarini, Anindyakati, Diky
Mudhakir.

Visualization: Nurul Jummah, Diky Mudhakir.

Writing-original draft: Nurul Jummah, Diky Mudhakir.
Writing-review & editing: Satrialdi, Aluicia Anita Artarini,
Anindyajati, Diky Mudhakir.

Competing Interests
The authors declare that they have no conflict of interest.

Ethical Approval
Not applicable.

Funding

This research was fully supported by the Community Service and
Innovation Research Grant 2021, School of Pharmacy, Institut
Teknologi Bandung.

Supplementary Files
Supplementary file 1 contains Tables S1 and S2.

References

1. Washburn RL, Hibler T, Kaur G, Dufour JM. Sertoli cell
immune regulation: a double-edged sword. Front Immunol
2022;13:913502. doi: 10.3389/fimmu.2022.913502

2. KojimaY, Mizuno K, Umemoto Y, Sasaki S, Hayashi'Y, Kohri K.
Therapeutic potential of gene transfer to testis; myth or reality?
In: Kang C, ed. Gene Therapy Applications. IntechOpen;
2011. p. 492. doi: 10.5772/20488

3. LuoY, Mohsin A, Xu C, Wang Q, Hang H, Zhuang Y, et al.
Co-culture with TM4 cells enhances the proliferation and
migration of rat adipose-derived mesenchymal stem cells with
high stemness. Cytotechnology 2018;70(5):1409-22. doi:
10.1007/s10616-018-0235-3

4. GeX, Pan P, JingJ, Hu X, Chen L, Qiu X, et al. Rosiglitazone
ameliorates palmitic acid-induced cytotoxicity in TM4 Sertoli
cells. Reprod Biol Endocrinol 2018;16(1):98. doi: 10.1186/
$12958-018-0416-0

5. ShiF, Zhang Z, Cui H, Wang ], Wang Y, Tang Y, et al. Analysis
by transcriptomics and metabolomics for the proliferation
inhibition and dysfunction through redox imbalance-
mediated DNA damage response and ferroptosis in male
reproduction of mice and TM4 Sertoli cells exposed to PM2.5.
Ecotoxicol Environ Saf 2022;238:113569. doi: 10.1016/j.
ecoenv.2022.113569

6. YangX, Liu P, Zhang X, Zhang ], CuiY, Song M, et al. T-2 toxin
causes dysfunction of Sertoli cells by inducing oxidative stress.
Ecotoxicol Environ Saf 2021;225:112702. doi: 10.1016/j.
ecoenv.2021.112702

7. Li F, Yamaguchi K, Okada K, Matsushita K, Enatsu N, Chiba
K, et al. Efficient transfection of DNA into primarily cultured
rat Sertoli cells by electroporation. Biol Reprod 2013;88(3):61.
doi: 10.1095/biolreprod.112.106260

8.  Griswold MD. 50 years of spermatogenesis: Sertoli cells and
their interactions with germ cells. Biol Reprod 2018;99(1):87-
100. doi: 10.1093/biolre/ioy027

9. Wang M, Li ZF, Yang WX. What does androgen receptor
signaling pathway in  Sertoli cells during normal
spermatogenesis tell us? Front Endocrinol (Lausanne)
2022;13:838858. doi: 10.3389/fend0.2022.838858

10. Snow-Lisy DC, Sabanegh ES Jr, Samplaski MK, Morris VB,
Labhasetwar V. Superoxide dismutase-loaded biodegradable
nanoparticles targeted with a follicle-stimulating hormone
peptide protect Sertoli cells from oxidative stress. Fertil Steril
2014;101(2):560-7. doi: 10.1016/j.fertnstert.2013.10.034

620|  Advanced Pharmaceutical Bulletin, 2024, Volume 14, Issue 3


https://doi.org/10.3389/fimmu.2022.913502
https://doi.org/10.5772/20488
https://doi.org/10.1007/s10616-018-0235-3
https://doi.org/10.1186/s12958-018-0416-0
https://doi.org/10.1186/s12958-018-0416-0
https://doi.org/10.1016/j.ecoenv.2022.113569
https://doi.org/10.1016/j.ecoenv.2022.113569
https://doi.org/10.1016/j.ecoenv.2021.112702
https://doi.org/10.1016/j.ecoenv.2021.112702
https://doi.org/10.1095/biolreprod.112.106260
https://doi.org/10.1093/biolre/ioy027
https://doi.org/10.3389/fendo.2022.838858
https://doi.org/10.1016/j.fertnstert.2013.10.034

NLC loading EGFP plasmid for nuclei delivering in TM4 cells

20.

21.

22.

23.

24.

25.

26.

27.

Zhang ], You Y. CRISPR-Cas13a system: a novel approach to
precision oncology. Cancer Biol Med 2020;17(1):6-8. doi:
10.20892/j.issn.2095-3941.2019.0325

Liu C, Zhang L, Liu H, Cheng K. Delivery strategies of the
CRISPR-Cas9 gene-editing system for therapeutic applications.
J Control  Release 2017;266:17-26. doi: 10.1016/j.
jeonrel.2017.09.012

Wei T, Cheng Q, Min YL, Olson EN, Siegwart DJ. Systemic
nanoparticle delivery of CRISPR-Cas9 ribonucleoproteins
for effective tissue specific genome editing. Nat Commun
2020;11(1):3232. doi: 10.1038/s41467-020-17029-3
Chinsriwongkul A, Chareanputtakhun P, Ngawhirunpat T,
RojanarataT, Sila-OnW, Ruktanonchai U, etal. Nanostructured
lipid carriers (NLC) for parenteral delivery of an anticancer
drug. AAPS PharmSciTech 2012;13(1):150-8. doi: 10.1208/
$12249-011-9733-8

Salvi VR, Pawar P. Nanostructured lipid carriers (NLC) system:
a novel drug targeting carrier. / Drug Deliv Sci Technol
2019;51:255-67. doi: 10.1016/j.jddst.2019.02.017

Pedelacq JD, Cabantous S. Development and applications of
superfolder and split fluorescent protein detection systems
in biology. Int | Mol Sci 2019;20(14):3479. doi: 10.3390/
ijms20143479

Elliott KL, Kersigo J, Lee JH, Jahan I, Pavlinkova G, Fritzsch B, et
al. Developmental changes in peripherin-eGFP expression in
spiral ganglion neurons. Front Cell Neurosci 2021;15:678113.
doi: 10.3389/fncel.2021.678113

Kaiser T, Feng G. Tmem119-EGFP and Tmem119-CreERT2
transgenic mice for labeling and manipulating microglia.
eNeuro 2019;6(4):ENEURO.0448-18.2019. doi: 10.1523/
eneuro.0448-18.2019

Hirano M, Ando R, Shimozono S, Sugiyama M, Takeda N,
Kurokawa H, et al. A highly photostable and bright green
fluorescent protein. Nat Biotechnol 2022;40(7):1132-42. doi:
10.1038/541587-022-01278-2

Ansari AM, Ahmed AK, Matsangos AE, Lay F, Born LJ, Marti
G, et al. Cellular GFP toxicity and immunogenicity: potential
confounders in in vivo cell tracking experiments. Stem Cell
Rev Rep 2016;12(5):553-9. doi: 10.1007/s12015-016-9670-8
Erasmus JH, Khandhar AP, Guderian ], Granger B, Archer J,
Archer M, et al. A nanostructured lipid carrier for delivery of
a replicating viral RNA provides single, low-dose protection
against Zika. Mol Ther 2018;26(10):2507-22. doi: 10.1016/j.
ymthe.2018.07.010

Tezgel O, DiStasio N, Laghezza-Masci V, Taddei AR, Szarpak-
Jankowska A, Auzély-Velty R, et al. Collagen scaffold-
mediated delivery of NLC/siRNA as wound healing materials.
J Drug Deliv Sci Technol 2020;55:101421. doi: 10.1016/j.
jddst.2019.101421

Abdul Ghafoor Raja M, Katas H, Jing Wen T. Stability,
intracellular delivery, and release of siRNA from chitosan
nanoparticles using different cross-linkers. PLoS One
2015;10(6):e0128963. doi: 10.1371/journal.pone.0128963
Zhang ], Liu X, Deng T, Yao P, Song H, Zhou S, et al.
Development of drug loaded nanoparticles binding to
hydroxyapatite based on a bisphosphonate modified
nonionic surfactant. / Nanomater 2015;2015(1):393968. doi:
10.1155/2015/393968

Cai L, Qin X, Xu Z, Song, Jiang H, Wu'Y, et al. Comparison
of cytotoxicity evaluation of anticancer drugs between
real-time cell analysis and CCK-8 method. ACS Omega
2019;4(7):12036-42. doi: 10.1021/acsomega.9b01142
Rennick JJ, Johnston AP, Parton RG. Key principles and
methods for studying the endocytosis of biological and
nanoparticle therapeutics. Nat Nanotechnol 2021;16(3):266-
76. doi: 10.1038/s41565-021-00858-8

Schindelin J, Arganda-Carreras |, Frise E, KaynigV, Longair M,

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Pietzsch T, et al. Fiji: an open-source platform for biological-
image analysis. Nat Methods 2012;9(7):676-82. doi: 10.1038/
nmeth.2019

Mudhakir D, Akita H, Tan E, Harashima H. A novel IRQ ligand-
modified nano-carrier targeted to a unique pathway of caveolar
endocytic pathway. / Control Release 2008;125(2):164-73.
doi: 10.1016/j.jconrel.2007.10.020

Chu, Li D, Luo YF, He X]J, Jiang MY. Preparation and in vitro
evaluation of glycyrrhetinic acid-modified curcumin-loaded
nanostructured lipid carriers. Molecules 2014;19(2):2445-57.
doi: 10.3390/molecules19022445

Chen Q, Zhang Y, Yin H. Recent advances in chemical
modifications of guide RNA, mRNA and donor template
for CRISPR-mediated genome editing. Adv Drug Deliv Rev
2021;168:246-58. doi: 10.1016/j.addr.2020.10.014

Wang P, Zhang L, Zheng W, Cong L, Guo Z, XieY, etal. Thermo-
triggered release of CRISPR-Cas9 system by lipid-encapsulated
gold nanoparticles for tumor therapy. Angew Chem Int Ed Engl
2018;57(6):1491-6. doi: 10.1002/anie.201708689

Grandellis C, Garavaglia BS, Gottig N, Lonez C, Ruysschaert
JM, Ottado J. DOTAP, a lipidic transfection reagent, triggers
Arabidopsis plant defense responses. Planta 2019;249(2):469-
80. doi: 10.1007/s00425-018-3014-7

Shete HK, Prabhu RH, Patravale VB. Endosomal escape: a
bottleneck in intracellular delivery. /| Nanosci Nanotechnol
2014;14(1):460-74. doi: 10.1166/jnn.2014.9082

Chen D, Han S, Zhu Y, Hu F, Wei Y, Wang G. Kidney-
targeted drug delivery via rhein-loaded polyethyleneglycol-
co-polycaprolactone-co-polyethylenimine nanoparticles
for diabetic nephropathy therapy. Int / Nanomedicine
2018;13:3507-27. doi: 10.2147/ijn.s166445

Du B, Yu M, Zheng J. Transport and interactions of
nanoparticles in the kidneys. Nat Rev Mater 2018;3(10):358-
74. doi: 10.1038/s41578-018-0038-3

Blanco E, Shen H, Ferrari M. Principles of nanoparticle design
for overcoming biological barriers to drug delivery. Nat
Biotechnol 2015;33(9):941-51. doi: 10.1038/nbt.3330
Doktorovova S, Kovacevi¢ AB, Garcia ML, Souto EB. Preclinical
safety of solid lipid nanoparticles and nanostructured lipid
carriers: current evidence from in vitro and in vivo evaluation.
Eur | Pharm Biopharm 2016;108:235-52. doi: 10.1016/j.
ejpb.2016.08.001

Guo L, Luo S, Du Z, Zhou M, Li P, Fu Y, et al. Targeted
delivery of celastrol to mesangial cells is effective against
mesangioproliferative  glomerulonephritis.  Nat  Commun
2017;8(1):878. doi: 10.1038/s41467-017-00834-8

Brown A, Patel S, Ward C, Lorenz A, Ortiz M, DuRoss A, et al.
PEG-lipid micelles enable cholesterol efflux in Niemann-Pick
type C1 disease-based lysosomal storage disorder. Sci Rep
2016;6:31750. doi: 10.1038/srep31750

Danaei M, Dehghankhold M, Ataei S, Hasanzadeh Davarani
F, Javanmard R, Dokhani A, et al. Impact of particle size and
polydispersity index on the clinical applications of lipidic
nanocarrier systems. Pharmaceutics 2018;10(2):57. doi:
10.3390/pharmaceutics10020057

Khan I, Steeg PS. Endocytosis: a pivotal pathway for regulating
metastasis. Br | Cancer 2021;124(1):66-75. doi: 10.1038/
s41416-020-01179-8

Buck J, Mueller D, Mettal U, Ackermann M, Grisch-Chan
HM, Thony B, et al. Improvement of DNA vector delivery of
DOTAP lipoplexes by short-chain aminolipids. ACS Omega
2020;5(38):24724-32. doi: 10.1021/acsomega.0c03303
HanY, LiY, Zhang P, Sun J, Li X, Sun X, et al. Nanostructured
lipid carriers as novel drug delivery system for lung cancer
gene therapy. Pharm Dev Technol 2016;21(3):277-81. doi:
10.3109/10837450.2014.996900

Zhang B, Zhang Y, Yu D. Lung cancer gene therapy: transferrin

Advanced Pharmaceutical Bulletin, 2024, Volume 14, Issue 3

| 621


https://doi.org/10.20892/j.issn.2095-3941.2019.0325
https://doi.org/10.1016/j.jconrel.2017.09.012
https://doi.org/10.1016/j.jconrel.2017.09.012
https://doi.org/10.1038/s41467-020-17029-3
https://doi.org/10.1208/s12249-011-9733-8
https://doi.org/10.1208/s12249-011-9733-8
https://doi.org/10.1016/j.jddst.2019.02.017
https://doi.org/10.3390/ijms20143479
https://doi.org/10.3390/ijms20143479
https://doi.org/10.3389/fncel.2021.678113
https://doi.org/10.1523/eneuro.0448-18.2019
https://doi.org/10.1523/eneuro.0448-18.2019
https://doi.org/10.1038/s41587-022-01278-2
https://doi.org/10.1007/s12015-016-9670-8
https://doi.org/10.1016/j.ymthe.2018.07.010
https://doi.org/10.1016/j.ymthe.2018.07.010
https://doi.org/10.1016/j.jddst.2019.101421
https://doi.org/10.1016/j.jddst.2019.101421
https://doi.org/10.1371/journal.pone.0128963
https://doi.org/10.1155/2015/393968
https://doi.org/10.1021/acsomega.9b01142
https://doi.org/10.1038/s41565-021-00858-8
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1016/j.jconrel.2007.10.020
https://doi.org/10.3390/molecules19022445
https://doi.org/10.1016/j.addr.2020.10.014
https://doi.org/10.1002/anie.201708689
https://doi.org/10.1007/s00425-018-3014-7
https://doi.org/10.1166/jnn.2014.9082
https://doi.org/10.2147/ijn.s166445
https://doi.org/10.1038/s41578-018-0038-3
https://doi.org/10.1038/nbt.3330
https://doi.org/10.1016/j.ejpb.2016.08.001
https://doi.org/10.1016/j.ejpb.2016.08.001
https://doi.org/10.1038/s41467-017-00834-8
https://doi.org/10.1038/srep31750
https://doi.org/10.3390/pharmaceutics10020057
https://doi.org/10.1038/s41416-020-01179-8
https://doi.org/10.1038/s41416-020-01179-8
https://doi.org/10.1021/acsomega.0c03303
https://doi.org/10.3109/10837450.2014.996900

Jummabh et al

45.

46.

47.

and hyaluronic acid dual ligand-decorated novel lipid carriers
for targeted gene delivery. Oncol Rep 2017;37(2):937-44. doi:
10.3892/0r.2016.5298

Klein JP, Mery L, Boudard D, Ravel C, Cottier M, Bitounis D.
Impact of nanoparticles on male fertility: what do we really
know? A systematic review. Int /| Mol Sci 2022;24(1):576. doi:
10.3390/ijms24010576

Lin XP, Mintern JD, Gleeson PA. Macropinocytosis in different
cell types: similarities and differences. Membranes (Basel)
2020;10(8):177. doi: 10.3390/membranes10080177

Sahay G, Alakhova DY, Kabanov AV. Endocytosis of
nanomedicines. / Control Release 2010;145(3):182-95. doi:

48.

49.

50.

10.1016/j.jconrel.2010.01.036

ZhangLl, Zhang$, RuanSB, Zhang QY, He Q, Gao HL. Lapatinib-
incorporated lipoprotein-like nanoparticles: preparation and a
proposed breast cancer-targeting mechanism. Acta Pharmacol
Sin 2014;35(6):846-52. doi: 10.1038/aps.2014.26

Yameen B, Choi WI, Vilos C, Swami A, Shi J, Farokhzad OC.
Insight into nanoparticle cellular uptake and intracellular
targeting. / Control Release 2014;190:485-99. doi: 10.1016/j.
jeconrel.2014.06.038

Liu Y, Jia HR, Han X, Wu FG. Endoplasmic reticulum-
targeting nanomedicines for cancer therapy. Smart Mater Med
2021;2:334-49. doi: 10.1016/j.smaim.2021.09.001

622

Advanced Pharmaceutical Bulletin, 2024, Volume 14, Issue 3


https://doi.org/10.3892/or.2016.5298
https://doi.org/10.3390/ijms24010576
https://doi.org/10.3390/membranes10080177
https://doi.org/10.1016/j.jconrel.2010.01.036
https://doi.org/10.1038/aps.2014.26
https://doi.org/10.1016/j.jconrel.2014.06.038
https://doi.org/10.1016/j.jconrel.2014.06.038
https://doi.org/10.1016/j.smaim.2021.09.001

