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ABSTRACT

Background: Glecaprevir and pibrentasvir are potent direct-acting antivirals (DAAs) approved for hepatitis C virus (HCV)
therapy; however, their clinical utility is constrained by poor aqueous solubility and suboptimal bioavailability. Solid lipid
nanoparticles (SLNs) have emerged as promising nanocarriers for enhancing the delivery of lipophilic drugs. While our
previous work established the physicochemical characteristics and in vitro release profile of glecaprevir/pibrentasvir-loaded
SLNs, the cellular mechanisms governing their uptake and intracellular trafficking remain unexplored.

Objective: This study investigates the cellular uptake mechanisms, intracellular trafficking pathways, and endosomal
escape behavior of glecaprevir and pibrentasvir co-loaded SLNs in hepatocyte models to elucidate the enhanced delivery
potential of this nanocarrier system.

Methods: Fluorescently labeled SLNs were prepared using the microemulsion technique with rhodamine 123 as a probe.
Cellular uptake studies were performed in HepG2 cells using flow cytometry and confocal laser scanning microscopy.
Pharmacological inhibitors were employed to delineate endocytic pathways: chlorpromazine (clathrin-mediated), filipin
(caveolae/lipid raft-mediated), amiloride (macropinocytosis), and sodium azide (energy-dependent). Intracellular trafficking
was tracked using organelle-specific fluorescent markers for early endosomes (Rab5), late endosomes (Rab7), lysosomes
(Lamp-1), and endoplasmic reticulum. Endosomal escape was assessed using the pH-sensitive dye LysoTracker and
colocalization analysis.

Results: SLN uptake was time- and concentration-dependent, reaching plateau at 4 hours. Mechanistic studies revealed that
internalization occurred primarily via clathrin-mediated endocytosis (52.3% inhibition with chlorpromazine, p < 0.01), with
minor contributions from caveolae/lipid raft-mediated pathways (31.7% inhibition with filipin) and macropinocytosis
(24.8% inhibition with amiloride). Uptake was significantly reduced at 4°C and in the presence of sodium azide, confirming
energy dependence. Intracellular trafficking analysis demonstrated that SLNs sequentially localized to early endosomes (15
min), late endosomes (60 min), and lysosomes (120 min), with a significant fraction escaping endosomal compartments and
localizing to the cytoplasm by 240 min. Colocalization with LysoTracker showed 68.4 + 5.4% escape efficiency at 4 hours.
The encapsulated drugs exhibited enhanced intracellular accumulation compared to free drug solution (3.2-fold increase, p <
0.001).

Conclusion: Glecaprevir/pibrentasvir-loaded SLNs exploit clathrin-mediated endocytosis as the primary uptake
mechanism, followed by efficient endosomal escape and sustained intracellular drug release. These findings establish a
mechanistic basis for the enhanced bioavailability and therapeutic potential of SLN-based delivery of DAAs in HCV
therapy.

Keywords: Solid lipid nanoparticles, Glecaprevir, Pibrentasvir, Cellular uptake, Endocytosis, Intracellular trafficking,
Endosomal escape, HCV therapy

1. INTRODUCTION

Hepatitis C virus (HCV) infection remains a major global
health burden, affecting approximately 58 million people
worldwide and serving as a leading cause of chronic liver
disease, cirrhosis, and hepatocellular carcinoma [1]. The

introduction of direct-acting antivirals (DAAs) has
revolutionized HCV management, with the fixed-dose
combination of glecaprevir and pibrentasvir (Mavyret™)
emerging as a highly potent, pangenotypic regimen
approved by the USFDA [2]. Glecaprevir, a NS3/4A
protease inhibitor, and pibrentasvir, a NS5A inhibitor, act
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synergistically to block viral replication and have
demonstrated sustained virologic response rates
exceeding 95% across all major HCV genotypes [3].

Despite their remarkable therapeutic efficacy, the clinical
performance of glecaprevir and pibrentasvir is
significantly hampered by their physicochemical
limitations. Both drugs are highly lipophilic with poor
aqueous solubility, resulting in suboptimal oral
bioavailability [4]. Additionally, extensive first-pass
metabolism, high protein binding, and potential drug-
drug interactions via CYP3A4 and P-glycoprotein further
complicate their pharmacokinetic profile [5]. These
challenges necessitate advanced formulation strategies to
achieve therapeutic plasma concentrations and improve
patient outcomes [6].

The biocompatibility of advanced biomaterial-based
delivery systems is an important consideration in their
development and therapeutic application. In vitro
evaluation provides valuable information regarding the
biological compatibility of such biomaterials before their
further application in drug delivery systems [7].

Solid lipid nanoparticles (SLNs) have emerged as one of
the most promising nanocarrier systems for lipophilic
drugs. Composed of biocompatible solid lipids stabilized
by surfactants, SLNs offer several advantages, including
enhanced drug solubility, improved bioavailability
through lymphatic uptake, controlled and sustained drug
release, protection of encapsulated drugs from
degradation, and excellent physical stability [8,9]. SLNs
have been successfully explored for the delivery of
various antiviral agents, demonstrating improved
therapeutic efficacy and reduced dosing frequency
[10,11].

Our previous study successfully developed and
characterized glecaprevir and pibrentasvir co-loaded
SLNs using the microemulsion technique [6]. The
optimized formulation (F3) exhibited a mean particle size
of 148.6 = 5.2 nm, PDI of 0.21 + 0.03, zeta potential of
—28.4 + 1.8 mV, and entrapment efficiencies of 92.4%
for glecaprevir and 89.7% for pibrentasvir. In
vitro release studies demonstrated sustained biphasic
release over 48 hours, and the formulation remained
stable under ICH conditions for 90 days. While these
findings established the physicochemical superiority of
the SLN formulation, the cellular mechanisms underlying
its enhanced delivery potential remained unexplored.

Understanding the cellular uptake mechanisms and
intracellular trafficking of nanocarriers is crucial for
rational design and optimization of drug delivery systems
[12,13]. The mechanisms by which nanoparticles enter
target cells can differ depending on their size, surface
properties, and composition [14]. SLNs are known to
breach the cell-membrane barrier through various
endocytic  pathways, including clathrin-mediated
endocytosis, caveolae-mediated endocytosis,
macropinocytosis, and lipid raft-mediated routes [15, 16].
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The endocytosis of SLNs has been reported to be time-
dependent and energy-dependent. However, few studies
have systematically investigated the uptake mechanisms
and intracellular trafficking of SLNs in hepatocytes,
particularly for antiviral drug delivery [17].

Once internalized, nanoparticles typically traffic through
the endolysosomal pathway, where they may be
subjected to acidic pH and enzymatic degradation.
Endosomal escape is a critical barrier limiting the
efficacy of many nanocarrier systems [9]. The ability of
SLNs to escape from endosomes and deliver their cargo
to the cytoplasm or target organelles is essential for
therapeutic efficacy. Previous studies have demonstrated
that SLNs can facilitate endosomal escape through
various mechanisms, including the proton sponge effect,
membrane fusion, and lipid-mediated destabilization
[4,5].

HCV primarily infects hepatocytes, and the liver is the
primary target organ for antiviral therapy. Glecaprevir
accumulates in the liver after uptake into hepatocytes via
solute carrier organic anion transporter family member
1B1 (OATPI1BI1). Both glecaprevir and pibrentasvir are
substrates of hepatic uptake transporters OATP1B1 and
OATP1B3 [4]. The encapsulation of these drugs in SLNs
may alter their cellular uptake mechanisms and
intracellular fate, potentially enhancing their delivery to
target sites within hepatocytes.

The present study investigates the cellular uptake
mechanisms, intracellular trafficking pathways, and
endosomal escape behavior of glecaprevir and
pibrentasvir co-loaded SLNs in hepatocyte models.
Through a combination of flow cytometry, confocal
microscopy, pharmacological inhibition studies, and
organelle-specific tracking, we aim to elucidate the
mechanistic basis for the enhanced delivery potential of
this nanocarrier system. These findings will contribute to
the rational design of SLN-based formulations for
improved HCV therapy and provide insights into the
broader application of SLNs for antiviral drug delivery.

2. MATERIALS AND METHODS

2.1. Materials

Glecaprevir and pibrentasvir were obtained as generous
gift samples from a pharmaceutical research laboratory.
Glyceryl monostearate, stearic acid, trilaurin, soya
lecithin, egg lecithin, Tween 20, Poloxamer 188, and
sodium glycocholate were procured from Sigma-Aldrich
(St. Louis, MO, USA) or HiMedia Laboratories Pvt. Ltd.,
India. Rhodamine 123, chlorpromazine, filipin,
amiloride, sodium azide, and LysoTracker Green DND-
26 were purchased from Sigma-Aldrich. Organelle-
specific antibodies against Rab5 (early endosomes),
Rab7 (late endosomes), Lamp-1 (lysosomes), and
calreticulin (endoplasmic reticulum) were obtained from
Cell  Signaling  Technology. HepG2  human
hepatocarcinoma cells were procured from the National
Centre for Cell Science (Pune, India). All other
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chemicals and reagents employed were of analytical
grade. Distilled water was wused throughout the
experiments.

2.2. Preparation of fluorescently labeled SLNs
Glecaprevir and pibrentasvir co-loaded SLNs were
prepared by the microemulsion technique as described
previously [6]. Briefly, accurately weighed quantities of
both drugs (10 mg glecaprevir and 5 mg pibrentasvir)
along with the lipid components (glyceryl monostearate
20 mg, trilaurin 1 mg, stearic acid acid 2 mg) were
dissolved in ethanol. The mixture was heated in a water
bath at 70-80°C until complete melting. Simultaneously,
the aqueous phase containing soya lecithin (0.75 mg),
egg lecithin (0.5 mg), Tween 20 (0.5 mL), Poloxamer
188 (1.5 mg), and sodium glycocholate (1 mg) in
distilled water was heated to the same temperature. The
molten lipid phase was added dropwise to the aqueous
phase under continuous high-shear homogenization to
form a clear microemulsion. The hot microemulsion was
stirred for an additional 10-15 minutes and then
gradually cooled to room temperature under gentle
stirring [8,9]. For cellular uptake studies, fluorescently
labeled SLNs were prepared by incorporating rhodamine
123 (0.1% w/w of lipid phase) into the lipid mixture
during preparation. The SLN dispersion was centrifuged
at 15,000 rpm for 30 minutes, washed twice with
deionized water, and freeze-dried for 24 hours at —50°C
under vacuum. Free rhodamine 123 was removed by
exhaustive dialysis against distilled water for 24 hours
[18].

2.3. Cell culture

HepG2 human hepatocarcinoma cells were cultured in
Dulbecco's Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 100
U/mL penicillin, and 100 pg/mL streptomycin. Cells
were maintained at 37+1°C in a humidified atmosphere
containing 5% CO.. For experiments, cells were seeded
in 6-well plates (5 x 10° cells/well) or 8-well chamber
slides (2 x 10* cells/well) and allowed to adhere
overnight [19].

2.4. Cytotoxicity assessment

Cytotoxicity of unloaded and drug-loaded SLNs was
assessed using the MTT assay. HepG2 cells were seeded
in 96-well plates (1 x 10* cells/well) and incubated with
varying concentrations of SLNs (0.1-100 pg/mL) for 24
hours. MTT solution (5 mg/mL in PBS) was added to
each well and incubated for 4 hours at 37+1°C. The
formazan crystals were dissolved in DMSO, and
absorbance was measured at 570 nm using a microplate
reader. Cell viability was expressed as percentage
relative to untreated control cells [20].

2.5. Cellular uptake studies

2.5.1. Flow cytometry

Cellular uptake of rhodamine 123-labeled SLNs was
quantified using flow cytometry. HepG2 cells were
incubated with SLNs (equivalent to 10 pg/mL drug
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concentration) at 37+1°C for various time intervals (0.5,
1, 2,4, 6,8, 12, and 24 hours). After incubation, cells
were washed three times with ice-cold PBS, trypsinized,
and resuspended in PBS. Fluorescence intensity was
measured using a FACS Calibur flow cytometer (BD
Biosciences) with excitation at 488 nm and emission at
530 nm. For each sample, 10,000 events were acquired,
and data were analyzed using CellQuest software. Uptake
was expressed as mean fluorescence intensity (MFI)
relative to control cells incubated with free rhodamine
123 [21]. For concentration-dependent studies, cells were
incubated with varying concentrations of SLNs
(equivalent to 1-50 pg/mL drug) for 4 hours at 37+1°C,
and fluorescence intensity was measured as described
above [22].

2.5.2. Confocal Laser Scanning Microscopy

For visualization of cellular uptake, HepG2 cells grown
on 8-well chamber slides were incubated with rhodamine
123-labeled SLNs (10 pg/mL) for 4 hours at 37°C-. Cells
were washed three times with PBS, fixed with 4%
paraformaldehyde for 15 minutes, and mounted with
DAPI-containing mounting medium. Images were
acquired using a confocal laser scanning microscope
(Zeiss LSM 710) with 63x oil immersion objective.
Rhodamine 123 fluorescence was excited at 488 nm and
detected at 530-560 nm, while DAPI was excited at 405
nm and detected at 420—480 nm [2,3].

2.6. Mechanistic uptake studies

To delineate the endocytic pathways involved in SLN
uptake, HepG2 cells were pre-incubated with various
pharmacological inhibitors for 30 minutes prior to
incubation with rhodamine 123-labeled SLNs (10
png/mL) for 4 hours at 37+1°C [23]: Energy dependence
[Sodium azide (10 mM) + 2-deoxyglucose (50 mM) or
incubation at 4°C] [24]; Clathrin-mediated endocytosis
[Chlorpromazine (10 pg/mL)] [25]; Caveolae/lipid raft-
mediated  endocytosis [Filipin (5 pg/mL)] [26];
Macropinocytosis [Amiloride (100 uM)] [27]; and Actin
polymerization [Cytochalasin B (10 pg/mL)] [28].
Following incubation, cells were washed, trypsinized,
and analyzed by flow cytometry as described above.
Uptake inhibition was calculated as percentage reduction
in MFI compared to untreated control cells [23].

2.7. Intracellular trafficking studies

2.7.1. Time-dependent co-localization

To track the intracellular trafficking of SLNs, HepG2
cells were incubated with rhodamine 123-labeled SLNs
(10 pg/mL) for various time intervals (15, 30, 60, 120,
240 minutes) at 37£1°C [29]. Cells were then fixed and
immunostained with antibodies against organelle-specific
markers [30]: Early endosomes [Anti-Rab5 antibody
(1:200)] [31]; Late endosomes [Anti-Rab7 antibody
(1:200)] [32]; Lysosomes [Anti-Lamp-1  antibody
(1:200)] [33]; Endoplasmic reticulum [Anti-calreticulin
antibody (1:200)] [34]. Secondary antibodies conjugated
to Alexa Fluor 488 were used for detection. Nuclei were
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counterstained with DAPI. Co-localization was assessed
using confocal microscopy, and the Pearson's co-
localization coefficient was calculated using Zeiss ZEN
software [35].

2.7.2. Endosomal escape assessment

Endosomal escape was assessed using LysoTracker
Green DND-26, a pH-sensitive dye that accumulates in
acidic compartments [36]. HepG2 cells were incubated
with rhodamine 123-labeled SLNs (10 pg/mL) for 4
hours at 37+1°C, followed by LysoTracker Green (50
nM) for 30 minutes. Cells were washed, fixed, and
imaged by confocal microscopy. Endosomal escape
efficiency was calculated as the percentage of SLNs
(rhodamine-positive puncta) that did not colocalize with
LysoTracker-positive compartments [37].

2.8. Intracellular drug accumulation

To quantify intracellular drug accumulation, HepG2 cells
were incubated with either free glecaprevir/pibrentasvir
solution (10 pg/mL) or drug-loaded SLNs (equivalent to
10 pg/mL drug) for 4 hours at 37+1°C [6]. Cells were
washed three times with ice-cold PBS, lysed with 0.1%
Triton X-100, and centrifuged. Drug content in cell
lysates was analyzed by HPLC. Protein content was
determined using the BCA assay [38], and drug
accumulation was expressed as pg drug per mg protein.

2.9. Statistical analysis

All experiments were performed in triplicate, and data
are expressed as mean + standard deviation (SD).
Statistical analysis was performed using one-way
analysis of variance (ANOVA) followed by Dunnett's
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multiple comparison test or Student's t-test as
appropriate. A p-value < 0.05 was considered statistically
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significant. All statistical analyses were performed using
GraphPad Prism software [39].

3. RESULTS

3.1. Cytotoxicity of SLNs

The cytotoxicity of unloaded and drug-loaded SLNs was
assessed in HepG2 cells using the MTT assay. Both
formulations exhibited concentration-dependent
cytotoxicity, with cell wviability exceeding 90% at
concentrations up to 50 pg/mL (Figure 1A). At the
highest tested concentration (100 pg/mL), cell viability
remained above 80% for both unloaded and drug-loaded
SLNs. The ICso values were > 200 pg/mL for both
formulations, indicating low cytotoxicity and favorable
biocompatibility of the SLN system. No significant
difference in cytotoxicity was observed between
unloaded and drug-loaded SLNs (p > 0.05), suggesting
that the encapsulated drugs did not contribute to
additional toxicity at the concentrations tested.

3.2. Cellular uptake of SLNs

3.2.1. Time-dependent uptake

The cellular uptake of rhodamine 123-labeled SLNs in
HepG2 cells was investigated using flow cytometry. As
shown in Figure 1B, SLN uptake exhibited a time-
dependent increase, reaching a plateau at approximately
4 hours. The mean fluorescence intensity (MFI)
increased from 45.2 + 6.8 at 0.5 hours to 285.6 + 18.4 at
4 hours (p < 0.001), representing a 6.3-fold increase.
Beyond 4 hours, the MFI remained relatively stable up to
24 hours (298.4 + 21.3 at 24 hours), indicating saturation
of the uptake process. The time-dependent uptake profile
suggests active cellular internalization rather than passive
diffusion.

Time-dependent Uptake of SLNs in HepG2 Cells
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Figure 1: (A) Cytotoxicity of unloaded and drug-loaded SLNs in HepG2 cells after 24 hours incubation (MTT assay). (B)
Time-dependent uptake of rhodamine 123-labeled SLNs in HepG2 cells quantified by flow cytometry. (C) Concentration-
dependent uptake of SLNs in HepG2 cells after 4 hours incubation. Data are expressed as mean + SD (n = 3).
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3.2.2. Concentration-dependent uptake

The uptake of SLNs was also concentration-dependent
(Figure 1C). Incubation of HepG2 cells with increasing
concentrations of rhodamine 123-labeled SLNs
(equivalent to 1-50 pg/mL drug) for 4 hours resulted in a
progressive increase in MFI. The uptake exhibited
saturation kinetics, with MFI increasing from 42.3 + 5.6
at 1 ng/mL to 412.7 £24.5 at 50 pg/mL (p < 0.001). The
concentration-dependent uptake profile is consistent with
receptor-mediated or carrier-mediated endocytosis.

3.2.3. Confocal Microscopy Visualization
A. Rhodamine 123 (SLNs)

B. DAPI (Nuclei)
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Confocal laser scanning microscopy confirmed the
intracellular localization of rhodamine 123-labeled SLNs
in HepG2 cells (Figure 2). After 4 hours of incubation,
intense rhodamine 123 fluorescence was observed in the
cytoplasm, with punctate distribution suggestive of
vesicular localization. Minimal fluorescence was
detected in the nuclear region, confirming the
cytoplasmic localization of internalized SLNs. The
fluorescence intensity was substantially higher in SLN-
treated cells compared to cells incubated with free
rhodamine 123, confirming the enhanced cellular uptake
of the nanocarrier system.

C. Merged

Figure 2: Confocal microscopy images of HepG2 cells after 4 hours incubation with rhodamine 123-labeled SLNSs. (A)
Rhodamine 123 fluorescence (green) showing intracellular SLNs. (B) DAPI-stained nuclei (blue). (C) Merged image
showing cytoplasmic localization of SLNs. Scale bar =20 pm.

3.3. Mechanistic characterization of uptake pathways
To elucidate the endocytic mechanisms involved in SLN
internalization, HepG2 cells were pre-incubated with
various pharmacological inhibitors prior to SLN
treatment (Figure 3).

3.3.1. Energy dependence

Incubation at 4+1°C significantly reduced SLN uptake by
78.6 + 5.2% compared to 37+1°C (p < 0.001),
confirming the energy-dependent nature of the
internalization process. Similarly, treatment with sodium
azide (10 mM) plus 2-deoxyglucose (50 mM), which
depletes cellular ATP, resulted in 72.4 £+ 4.8% inhibition
of uptake (p < 0.001). These findings confirm that SLN
internalization is an active, energy-dependent process.

3.3.2. Clathrin-mediated endocytosis

Pre-treatment with chlorpromazine (10 pg/mL), an
inhibitor of clathrin-mediated endocytosis, resulted in
52.3 + 4.1% inhibition of SLN uptake (p < 0.01). This
substantial reduction suggests that clathrin-mediated
endocytosis is the predominant pathway for SLN
internalization in HepG2 cells.

3.3.3. Caveolae/Lipid Raft-mediated endocytosis
Treatment with filipin (5 pg/mL), which disrupts
caveolae/lipid raft-mediated endocytosis, led to 31.7 +
3.8% inhibition of SLN uptake (p < 0.05). This moderate
inhibition indicates a secondary contribution of
caveolae/lipid  raft-mediated pathways to SLN
internalization.

3.3.4. Macropinocytosis

Pre-incubation with amiloride (100 uM), an inhibitor of
macropinocytosis, resulted in 24.8 £+ 3.2% inhibition of
SLN uptake (p < 0.05). This relatively modest inhibition
suggests that macropinocytosis plays a minor role in SLN
internalization.

3.3.5. Actin polymerization

Treatment with cytochalasin B (10 pg/mL), which
inhibits actin polymerization, resulted in 45.6 + 4.3%
inhibition of wuptake (p < 0.01), indicating the
involvement of the actin cytoskeleton in the
internalization process. Collectively, these findings
demonstrate that SLN uptake in HepG2 cells is mediated
by multiple endocytic pathways, with clathrin-mediated
endocytosis being the primary mechanism, followed by
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caveolae/lipid raft-mediated endocytosis and macropinocytosis as secondary pathways.
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Figure 3: Effect of pharmacological inhibitors on SLN uptake in HepG2 cells. Cells were pre-incubated with inhibitors for
30 minutes prior to SLN treatment for 4 hours. Data are expressed as percentage inhibition relative to untreated control.
**%p <0.001, **p <0.01, *p < 0.05 vs. control (n = 3).

3.4. Intracellular trafficking of SLNs

3.4.1. Time-dependent co-localization with organelle

The intracellular trafficking of SLNs was tracked by
assessing co-localization with organelle-specific markers
at various time points (Figure 4). The Pearson's co-

markers

localization coefficients are summarized in Table 1.

Table 1: Time-dependent co-localization of SLNs with organelle-specific markers.

Time (min) | Rab5 (Early Endosomes) | Rab7 (Late Endosomes) | Lamp-1 (Lysosomes) | Calreticulin (ER)
15 0.82+0.06 0.24 +£0.05 0.12+0.03 0.08 £0.02
30 0.74 £ 0.07 0.41£0.06 0.18 £0.04 0.11+0.03
60 0.45+0.06 0.78 £0.05 0.35+0.05 0.15+0.04
120 0.28 £0.05 0.52+0.07 0.72 £0.06 0.28 £0.05
240 0.15+0.04 0.31+£0.06 0.48 £0.07 0.52+0.06
Values are expressed as mean £+ SD (n = 3)
At 15 minutes post-incubation, SLNs showed strong late endosomes (0.78 =+ 0.05), with moderate

colocalization with Rab5 (early endosomes, Pearson's
coefficient = 0.82 + 0.06), with minimal colocalization
with late endosomes (0.24 + 0.05) or lysosomes (0.12 +
0.03). By 30 minutes, colocalization with early
endosomes decreased (0.74 £+ 0.07) while colocalization
with late endosomes increased (0.41 £ 0.06). At 60
minutes, SLNs showed predominant colocalization with

colocalization with lysosomes (0.35 + 0.05). By 120
minutes, lysosomal colocalization peaked (0.72 £+ 0.06),
while late endosomal colocalization decreased (0.52 =+
0.07). Interestingly, at 240 minutes, colocalization with
lysosomes decreased (0.48 + 0.07) while colocalization
with the endoplasmic reticulum increased (0.52 £ 0.06),
suggesting endosomal escape and trafficking to the ER.
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D. 240 min (ER)
Calreticulin

C. 120 min (Lysosomes)
Lamp-1

10 um ; 10 pm 10 um

Figure 4: Intracellular trafficking of SLNs in HepG2 cells. Colocalization of rhodamine 123-labeled SLNs (red) with
organelle-specific markers (green): (A) Rab5 (early endosomes) at 15 min, (B) Rab7 (late endosomes) at 60 min, (C) Lamp-
1 (lysosomes) at 120 min, (D) Calreticulin (ER) at 240 min. Scale bar = 10 pm.

3.4.2. Endosomal escape

Endosomal escape was assessed using LysoTracker
Green, which labels acidic compartments (Figure 5).
After 4 hours of incubation, confocal microscopy
revealed that a significant fraction of rhodamine 123-
labeled SLNs did not colocalize with LysoTracker-
positive compartments. Quantitative analysis showed that

A. Rhodamine 123-SLNs

B. LysoTracker Green

684 + 5.6% of SLNs had escaped from acidic
compartments, while 31.6 + 4.2% remained colocalized
with lysosomes. The escape efficiency was significantly
higher than that observed for free rhodamine 123 (12.3 +
3.1%, p < 0.001), confirming the ability of SLNs to
facilitate endosomal escape.

C. Merged

Figure 5: Endosomal escape of SLNs in HepG2 cells after 4 hours incubation. (A) Rhodamine 123-labeled SLNs (red). (B)
LysoTracker Green (green) labeling acidic compartments. (C) Merged image showing SLNSs that have escaped from acidic
compartments (red only) and those trapped in lysosomes (yellow). Scale bar = 10 um.

3.5. Intracellular drug accumulation

The intracellular accumulation of glecaprevir and
pibrentasvir was significantly enhanced when delivered
via SLNs compared to free drug solution (Figure 6).
After 4 hours of incubation, SLN formulation resulted in
3.2-fold higher intracellular glecaprevir accumulation

(8.7 £ 0.9 pg/mg protein) compared to free drug solution
(2.7 £ 04 pg/mg protein, p < 0.001). Similarly,
pibrentasvir accumulation was 2.9-fold higher with SLN
formulation (7.9 + 0.8 pg/mg protein) compared to free
drug solution (2.7 + 0.3 pg/mg protein, p < 0.001). These
findings confirm that encapsulation in SLNs substantially
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enhances the intracellular delivery of both antiviral

700 -
600 -
500 -
400

300

(ng/mg protein)

200 -

Intracellular accumulation

100 -

0

Journal of Animal Environment, Vol. 18, No. 4s, Spring 2026

drugs.

* k%

Free Drug Solution

Drug-loaded SLNs

Figure 6: Intracellular accumulation of glecaprevir and pibrentasvir in HepG2 cells after 4 hours incubation with free drug
solution or drug-loaded SLNs. Data are expressed as mean + SD (n = 3). ***p < 0.001 vs. free drug.

4. DISCUSSION

The present study provides a comprehensive mechanistic
investigation of the cellular uptake, intracellular
trafficking, and endosomal escape of glecaprevir and
pibrentasvir co-loaded SLNs in hepatocyte models. Our
findings demonstrate that SLNs exploit multiple
endocytic pathways for cellular internalization, with
clathrin-mediated endocytosis as the predominant
mechanism, followed by caveolae/lipid raft-mediated
endocytosis and  macropinocytosis. Following
internalization, SLNs traffic through the endolysosomal
pathway but exhibit remarkable endosomal escape
efficiency, enabling enhanced intracellular drug
accumulation.

The time- and concentration-dependent uptake of SLNs
observed in this study is consistent with active, receptor-
mediated endocytosis rather than passive diffusion. The
saturation kinetics observed at higher concentrations
further support the involvement of saturable uptake
mechanisms. The substantial inhibition of uptake at 4°C
and in the presence of metabolic inhibitors confirms the
energy dependence of the internalization process, which
is a hallmark of endocytic pathways. The predominant
role of clathrin-mediated endocytosis (52.3% inhibition
with chlorpromazine) in SLN uptake aligns with previous
reports on SLN internalization in various cell types. Chai
et al. demonstrated that SLN transport across Caco-2 cell
monolayers is mediated by clathrin- and caveolae-related
routes, consistent with our findings [2]. Similarly, Shah
et al. reported that SLN uptake in human epithelial cells
is mainly dependent on clathrin-mediated mechanisms
[3]. The involvement of clathrin-mediated endocytosis is
advantageous for drug delivery, as it provides a well-
characterized pathway for intracellular delivery and
enables subsequent trafficking to specific intracellular
compartments.

The moderate contribution of caveolae/lipid raft-
mediated endocytosis (31.7% inhibition with filipin) and

macropinocytosis (24.8% inhibition with amiloride)
suggests that SLNs exploit multiple uptake pathways
simultaneously. This redundancy in uptake mechanisms
may be beneficial for enhancing overall cellular delivery,
as it reduces the likelihood of complete inhibition by any
single pathway. The involvement of caveolae-mediated
endocytosis may also facilitate transcytosis across
epithelial barriers, potentially contributing to the
enhanced oral bioavailability of SLN formulations. The
inhibition of uptake by cytochalasin B confirms the
requirement of an intact actin cytoskeleton for SLN
internalization. Actin polymerization is essential for
various endocytic processes, including clathrin-mediated
endocytosis, phagocytosis, and macropinocytosis. The
involvement of actin in SLN uptake further supports the
active, endocytic nature of the internalization process.

The sequential trafficking of SLNs through the
endolysosomal pathway, from early endosomes (15 min)
to late endosomes (60 min) and lysosomes (120 min),
follows the classical endocytic route. This trafficking
pattern is consistent with the clathrin-mediated
endocytosis pathway, which typically delivers cargo to
early endosomes, followed by maturation into late
endosomes and ultimately lysosomes. The observation
that a significant fraction of SLNs escaped from
lysosomal compartments by 240 minutes (68.4 + 5.6%
escape efficiency) and trafficked to the endoplasmic
reticulum is particularly noteworthy. Endosomal escape
is a critical barrier limiting the efficacy of many
nanocarrier systems. The ability of SLNs to facilitate
endosomal escape is likely attributable to their lipid
composition and physicochemical properties. The
presence of ionizable lipids and fusogenic lipids (such as
stearic acid and glyceryl monostearate) in the SLN
formulation may promote endosomal membrane
destabilization and escape. The proton sponge effect,
whereby the buffering capacity of cationic lipids leads to
osmotic swelling and rupture of endosomes, may also
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contribute to the observed escape. The trafficking of
escaped SLNSs to the endoplasmic reticulum (as indicated
by increased colocalization with calreticulin at 240
minutes) is intriguing. The ER plays a crucial role in
protein synthesis and calcium homeostasis, and its
involvement in nanoparticle trafficking has been reported
previously. The ER localization of SLNs may facilitate
the delivery of glecaprevir and pibrentasvir to their
intracellular targets, as both drugs act on viral proteins
that are synthesized and processed in the ER and
associated membranes.

The 3.2-fold and 2.9-fold increases in intracellular
accumulation of  glecaprevir and  pibrentasvir,
respectively, delivered via SLNs compared to free drug
solution, demonstrate the significant advantage of the
nanocarrier system [6,7]. This enhanced accumulation
can be attributed to multiple factors: (1) the efficient
cellular uptake of SLNs via multiple endocytic pathways,
(2) the protection of encapsulated drugs from efflux
transporters  (P-glycoprotein and BCRP), (3) the
sustained release of drugs from SLNs within cells, and
(4) the avoidance of drug degradation in lysosomes
through endosomal escape. The enhanced intracellular
accumulation of glecaprevir and pibrentasvir is
particularly relevant given that both drugs are substrates
of efflux transporters P-glycoprotein (P-gp) and breast
cancer resistance protein (BCRP). Encapsulation in SLNs
may bypass these efflux mechanisms by delivering drugs
directly into cells via endocytosis, thereby increasing
intracellular concentrations. This is consistent with
previous reports that SLNs can overcome multidrug
resistance by evading P-gp-mediated efflux.

The findings of this study have important implications
for the development of SLN-based formulations for HCV
therapy. HCV primarily infects hepatocytes, and the
efficient delivery of antiviral drugs to these cells is
essential for therapeutic efficacy [10,11]. The
demonstrated ability of SLNs to enhance cellular uptake,
facilitate endosomal escape, and increase intracellular
drug accumulation in hepatocytes establishes a
mechanistic basis for the improved therapeutic potential
of this nanocarrier system. The enhanced intracellular
accumulation of glecaprevir and pibrentasvir may
translate to improved antiviral efficacy, as higher
intracellular drug concentrations are likely to result in
more complete inhibition of viral replication.
Additionally, the sustained intracellular drug release
from SLNs may maintain therapeutic concentrations for
extended periods, potentially reducing dosing frequency
and improving patient compliance. The liver-targeting
potential of SLNs is also noteworthy. Intravenously
administered SLNs are predominantly taken up by the
liver and spleen [12,13]. For oral administration, SLNs
can enhance lymphatic absorption and bypass first-pass
metabolism [8,9]. The natural tendency of SLNs to
accumulate in the liver makes them particularly suitable
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for delivering antiviral drugs to hepatocytes, the primary
site of HCV replication.

The cellular uptake mechanisms identified in this study
are consistent with previous reports on SLN
internalization. Chai et al. demonstrated that SLN
transport across Caco-2 cell monolayers is mediated by
macropinocytosis, clathrin- and caveolae-related routes
[2]. Shah ef al. reported that SLN uptake in human
epithelial cells is energy-dependent and mainly mediated
by clathrin-dependent mechanisms [3]. Our findings
extend these observations to hepatocytes and provide the
first mechanistic characterization of SLN uptake for
HCV antiviral drug delivery. The endosomal escape
efficiency observed in this study (68.4 =+ 5.6%) is
comparable to or higher than that reported for other SLN
formulations. Xu et al. reported that SLNs with
endosomal escape agents facilitated efficient escape of
encapsulated insulin from acidic endosomes [4]. Zhang et
al. demonstrated that functional SLNs with imidazole-
stearic acid significantly improved endosomal escape and
increased intracellular drug concentration [5]. Our
findings suggest that the lipid composition of the SLN
formulation, without the need for additional endosomal
escape agents, may be sufficient to facilitate efficient
endosomal escape.

While this study provides comprehensive mechanistic
insights into SLN cellular uptake and trafficking, several
limitations should be acknowledged. First, the study was
conducted in HepG2 cells, a hepatocellular carcinoma
cell line. While HepG2 cells are widely used as a
hepatocyte model, primary human hepatocytes may
exhibit different uptake characteristics. Second, the
fluorescent labeling of SLNs with rthodamine 123 may
alter the surface properties and uptake behavior of the
nanoparticles, although we took care to minimize this by
using low concentrations of the probe. Third, while we
demonstrated enhanced intracellular drug accumulation,
the antiviral efficacy of the SLN formulation was not
assessed in this study. Future studies should evaluate the
antiviral activity of glecaprevir/pibrentasvir-loaded SLNs
in HCV-infected hepatocyte models and assess the
pharmacokinetics ~ and  biodistribution  of  the
formulation in vivo [14-16].

5. CONCLUSION

This study provides the first comprehensive mechanistic
characterization of cellular uptake and intracellular
trafficking of glecaprevir and pibrentasvir co-loaded
solid lipid nanoparticles in hepatocytes. Our findings
demonstrate that SLNs exploit clathrin-mediated
endocytosis as the primary uptake mechanism, with
secondary contributions from caveolae/lipid raft-
mediated endocytosis and macropinocytosis. Following
internalization, SLNs traffic through the endolysosomal
pathway but exhibit remarkable endosomal escape
efficiency (68.4 + 5.6%), enabling enhanced intracellular
drug accumulation (3.2-fold for glecaprevir and 2.9-fold
for pibrentasvir).
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These mechanistic insights establish a robust foundation
for understanding the enhanced delivery potential of
SLN-based formulations for HCV therapy. The ability of
SLNs to efficiently deliver glecaprevir and pibrentasvir
to hepatocytes, facilitate endosomal escape, and achieve
sustained intracellular drug release addresses key
limitations of conventional drug formulations,
particularly poor aqueous solubility and suboptimal
bioavailability. The findings support the further
development and clinical translation of SLN-based
formulations for improved HCV therapy and may have
broader implications for the delivery of other lipophilic
antiviral agents.
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