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Berberine-doped liposomes enhance factor IX
mutant mRNA delivery for protein replacement
therapy in hemophilia B
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Hemophilia B, caused by factor IX (FIX) deficiency, remains the best candidate for mRNA-based gene
therapy. However, efficient hepatic delivery of mRNA continues to be a significant challenge. In this study,
we developed and evaluated berberine-functionalized cationic liposomes as a novel delivery platform for
FIX mutant mRNAs. Berberine incorporation enhanced the liposome’'s membrane fluidity and fusion
potential, facilitating improved intracellular delivery and endosomal escape. Six different FIX variants were
designed, transcribed, and screened for optimal expression. Our results demonstrate that berberine lipo-
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somes significantly enhance hepatocyte transfection and enable sustained FIX production, particularly
with the TmL mutant. These findings suggest that berberine-functionalized liposomes represent a delivery
strategy for mRNA therapeutics, leveraging the natural liver tropism common to lipid-based systems while
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1. Introduction

Hemophilia B is an X-linked recessive bleeding disorder
caused by mutations in the F9 gene, leading to deficient or
dysfunctional coagulation factor IX (FIX)." Patients with hemo-
philia B experience recurrent bleeding episodes, which can
result in joint damage, muscle hematomas, and life-threaten-
ing hemorrhages. The standard treatment involves prophylac-
tic or on-demand FIX protein replacement therapy, but fre-
quent infusions, high costs, and the potential for inhibitor
development remain significant challenges.>* Recently, gene
therapy approaches using adeno-associated virus (AAV) vectors
have shown promise. However, concerns around issues such
as pre-existing immunity, limited vector packaging capacity,
and the potential for hepatotoxicity, limit their widespread
application.*®

mRNA-based therapeutics have emerged as a non-integra-
tive, transient alternative for gene replacement therapies.
mRNA delivery can circumvent issues associated with viral
vectors, such as immunogenicity and genomic integration,
while enabling controlled and repeatable dosing.® While lipid-
based systems naturally accumulate in the liver, optimizing
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aiming to enhance hepatocyte transfection efficiency.

hepatocyte-specific delivery and endosomal escape remains a
challenge for mRNA therapies. As the liver is the primary site
of FIX synthesis, lipid carriers are essential to protect unstable
mRNA from nuclease degradation and enhance its uptake and
translation.”

Wild-type FIX (WT-FIX) serves as a baseline control to
compare the activities of engineered gain-of-function mutants.
WT-FIX exhibits physiological clotting function, but its natural
activity is limited, necessitating frequent dosing in replace-
ment therapy.> ™" WT-FIX serves as a reference for evaluating
the performance of engineered gain-of-function mutants,
helping to establish a baseline. The limitations are that higher
therapeutic doses are required due to moderate clotting
activity and short plasma half-life. To enhance the therapeutic
potential of FIX mRNA, we employed engineered variants
designed to increase the activity, stability, and secretion.
Single mutant FIX alanine (Sm A) and leucine (Sm L) introduce
specific amino acid substituents to modulate FIX'* activation
kinetics and clotting activity while retaining native FIX
secretion and stability. Sm A is engineered for enhanced clot-
ting activity while minimizing the risk of spontaneous acti-
vation. Sm L is designed to optimize FIX secretion efficiency
while maintaining physiological clotting function.> Sm var-
iants may exhibit improved therapeutic efficiency compared to
WT-FIX while maintaining similar secretion profiles.”™*
Double mutant FIX (Dm A and Dm L) introduces two specific
mutations, fine-tuning enzymatic activity and protein stability.
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Dm A (double mutant A) combines activity-enhancing and
stability-enhancing mutations, leading to higher clotting
efficiency than that of Sm A. Dm L (double mutant L) incorpor-
ates modifications to increase FIX half-life and improve
secretion, resulting in prolonged therapeutic effects. Dm var-
iants are expected to show higher FIX expression levels and
extended circulation times, reducing dosing frequency. Triple
mutant FIX Tm A and Tm L are high-performance variants
representing the most optimized FIX variants, engineered for
maximal clotting efficiency, extended half-life, and enhanced
secretion. Tm A (triple mutant A) is specifically designed for
superior thrombin activation and clot formation, which could
make it an ideal candidate for severe hemophilia B patients."
Tm L (triple mutant L) exhibits optimal secretion and stability,
with potentially the highest therapeutic index among FIX var-
iants."® Tm variants are likely to outperform WT-FIX and other
mutants regarding clotting efficiency, prolonged activity, and
requiring lower therapeutic doses.

Lipid nanoparticles (LNPs) have been widely employed for
hepatic mRNA delivery, notably in COVID-19 vaccines.”"”
Ionizable lipids in LNPs improve endosomal escape and cyto-
plasmic delivery, but concerns remain regarding their immu-
nogenicity, toxicity, and suboptimal liver targeting. The devel-
opment of liver-specific and biocompatible delivery vehicles is
critical for advancing mRNA-based therapies for conditions
such as hemophilia B.'*7*

Berberine, a naturally occurring isoquinoline alkaloid, has
been extensively studied for its hepatoprotective, anti-inflam-
matory, and metabolic regulatory properties.”>>* Berberine
may further enhance liver-directed delivery by interacting with
hepatocyte transporters, building upon the inherent hepatic
tropism of lipid nanoparticles, and has been incorporated into
delivery systems to enhance bioavailability. Additionally, ber-
berine incorporation into liposomal bilayers has been associ-
ated with increased membrane fluidity and fusion capacity,
likely due to its ability to disrupt tight lipid packing.>*** These
biophysical changes may enhance intracellular delivery by pro-
moting liposome-cell membrane interactions and endosomal
escape, thereby improving the cytoplasmic release of the
mRNA cargo.

Given its hepatoprotective nature and ability to modulate
intracellular pathways, berberine is hypothesized to enhance
the stability, uptake, and translation of FIX mRNA in hepato-
cytes. These properties, combined with berberine’s potential
to modify the liposome structure, make it an ideal candidate
for enhancing mRNA delivery and release. This study investi-
gates the possibility of berberine-functionalized cationic lipo-
somes as a novel delivery system for FIX mutant mRNAs. We
evaluate whether berberine-functionalized liposomes enhance
transfection efficiency and FIX expression in hepatocytes,
leveraging both berberine’s hepatoprotective properties and
the inherent liver tropism characteristic of lipid-based delivery
systems.>®° Additionally, the integration of berberine in the
liposomal formulation is expected to modulate the structural
characteristics of the liposome itself. Specifically, berberine’s
presence can induce a repulsion effect within the liposomal

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

hydrophobic core, reducing lipid packing density and creating
a more fluidic bilayer structure. This increased fluidity could
enhance the membrane’s flexibility and reduce entrapment of
the mRNA cargo, facilitating more efficient endosomal escape
and release of mRNA into the cytoplasm. This effect on the
lipid bilayer structure may contribute to an improved balance
between membrane stability and fluidity, optimizing the lipo-
some’s ability to fuse with endosomal membranes during
mRNA delivery.

We hypothesize that berberine-modified liposomes will
exhibit superior FIX expression by the TmL mutant variant
and functional clotting activity compared to conventional lipid
nanoparticles (LNPs). By enhancing the stability and bio-
availability of the therapeutic mRNA, our findings could
support the development of mRNA therapies for liver-associ-
ated disorders, utilizing the inherent biodistribution patterns
of lipid-based carriers for hemophilia B and other genetic
disorders.

2. Methods

2.1. Lipid synthesis

The DMe16 amide lipid was synthesized following established
protocols. DOPE and berberine were obtained from TCI
Chemicals, India.

2.2. Culture of mammalian cells

The HEK-293T human embryonic kidney, CHO (Chinese
hamster ovarian), Hepa 1-6 murine hepatoma,
SK-HEP-1 human hepatic adenocarcinoma, and
HepG2 human liver cancer cell lines (ATCC, USA) were cul-
tured under optimal conditions using Dulbecco’s modified
Eagle’s medium (DMEM), SK-HEP-1 and HepG2 in Eagle’s
Minimum Essential Medium (EMEM) (Gibco™, Thermo
Fisher Scientific, USA) supplemented with 10% fetal bovine
serum (FBS) and an antibiotic mix of penicillin (5000 U mL™")
and streptomycin (0.1 mg mL™") (Gibco™, Thermo Fisher
Scientific, USA). The culture medium was refreshed every two
days, and the cells were maintained at 37 °C in a humidified
incubator with 5% CO,. Once the cells reached 80-90% conflu-
ence, they were passaged using 0.25% trypsin-EDTA (Gibco™).

2.3. Lipid mixture preparation

Berberine liposomes were prepared by dissolving varying
molar ratios of berberine, DME 16, and DOPE in a chloro-
form-methanol mixture (3:1) in a glass vial while maintaining
a constant amount of DOPE lipid (Table S1). The organic
solvent evaporated under a stream of nitrogen gas to create a
thin lipid film, followed by vacuum drying for 2 hours. The
dried film was then hydrated overnight with 1 mL of sterile de-
ionized water. The resulting mixture was vortexed slowly for
2 minutes at room temperature to produce multilamellar vesi-
cles (MLVs). These MLVs were subsequently sonicated in a
water bath for 5 minutes and further processed using a probe
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sonicator for 1 minute with 15-second pulses and 15-second
intervals to generate small unilamellar vehicles (SUVs).

2.4. Characterization of liposomes

Liposomes were characterized by using Zetasizer equipment to
determine their hydrodynamic diameter (HDD), zeta potential,
and polydispersity index (PDI) in Milli-Q water. Samples were
loaded into folded capillary cells, and each parameter was
measured three times.

2.5. mRNA binding assay

The electrostatic interactions between cationic liposomes and
nucleic acids (mRNA) were evaluated using an agarose gel
retardation assay. Lipoplexes, formed by combining liposomes
and mRNA, were prepared at different N/P ratios (nitrogen to
phosphate) ranging from 1:1 to 4:1 and incubated at room
temperature for 20 minutes. Mixed with 6x loading dye, these
lipoplexes were loaded onto a 1% agarose gel, with mRNA
alone as a control.

2.6. Heparin displacement

Lipoplexes were prepared using the same method of retar-
dation assay. Subsequently, 10 pL of heparin (1 mg mL™"), a
negatively charged molecule (mRNA), was added to the lipo-
plexes, and the mixture was incubated for 20 minutes. The
resulting samples were then analyzed using 1% agarose gel
electrophoresis.

2.7. RNase sensitivity assay

The optimized lipoplex formulation was selected for a sensi-
tivity assay. Lipoplex samples of the negative control (RNase—)
and positive control (RNase+) were prepared in 50 pL volumes.
To each tube, 100 ng of RNase, an enzyme, was added, and the
mixtures were incubated at room temperature for 30 minutes.
Subsequently, 5 g of proteinase K was added to the samples,
which were incubated at 50 °C on a thermomixer for
15 minutes. Following this, 100 pL of a phenol-chloroform
mixture was added to each tube, vigorously mixed, and incu-
bated at room temperature for 5 minutes. The tubes were cen-
trifuged at 14 000 rpm for 15 minutes, and the aqueous phase
was collected. From this, 10 pL was mixed with RNA loading
dye and heated to 65 °C for 30 minutes. The samples were
then cooled on ice and loaded onto an agarose gel for analysis.

2.8. Invitro cytotoxicity

Cytotoxicity was evaluated using an MTT-based assay.
HEK-293T cells (10000 per well) were seeded into 96-well
plates and incubated at 37 °C with 5% CO, for 16-20 hours to
achieve 70-80% confluency. Lipoplex was then transfected into
the cells, followed by a 48-hour incubation under the same
conditions. Afterwards, 20 uL of MTT solution (5 mg mL~" in
PBS, pH 7.4) was added, and the cells were incubated for
4 hours. The medium was subsequently removed, and 150 pL
of DMSO was added to dissolve the formazan crystals. The
absorbance was measured at 570 nm using a Spectra Max i3X
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microplate reader.

Percent Vlablhty = (ASSO (treated well) — Asso (empty well) )

- (ASSO (control well) — Asso (emptywell)) % 100.

2.9. Uptake assay

Red fluorescent liposomes were prepared for cellular uptake
studies by incorporating 1% Rho-PE while maintaining the
specified lipid ratios (Table S1). Following liposome prepa-
ration, transfection experiments were conducted, and cellular
uptake was quantified via flow cytometry 4 hours post-
transfection.

2.10. In vitro transfection for eGFP and FIX

Five distinct cell lines, HEK-293T, CHO, Skhep-1, HepG2, and
Hepa R-1-6, were used for transfection studies. The cells were
seeded at a density of 45000 cells per well in 48-well plates
and allowed to grow for 16 hours before transfection.
Lipoplexes were formulated with LPX (Lipoplex), Ber. LPX
(Berberine. Lipoplex) and con. LPX (Control. Lipoplex) at an
mRNA-to-lipid N/P charge ratio of 2:1 in a serum-free
medium, followed by a 20-minute incubation at room tempera-
ture. The study used 0.2 g of eGFP mRNA to encode a green
fluorescent protein (GFP). After incubation, the lipoplexes were
transfected into the cells, maintained at 37 °C in a 5% CO,
environment. GFP expression was analyzed 48 hours later
using fluorescence microscopy (Leica DM100) and FACS ana-
lysis (BD Celesta). The same procedure was followed for FIX
mRNA. After 16 hours of post-transfection, the media were
changed and supplemented with vitamin K and ITS (insulin-
transferring selenite). The cell lysate and media supernatant
were collected 72 hours later for western blot analysis.

2.11. Preparation of variant mutant FIX plasmids by site-
directed mutagenesis

The variant mutant FIX plasmids were generated by site-
directed mutagenesis using PCR-based primer incorporation
and subsequent cloning. The WT-FIX plasmid was used as the
template. Two complementary primers containing the desired
mutation(s) were designed to introduce specific alterations in
the coding sequence of the human factor IX (FIX) gene
(Table S2). A PCR was set up using the wild-type plasmid as a
template and the mutagenic primers. The reaction conditions
were optimized to amplify the desired mutated fragment.
Following PCR amplification, the product was treated with
Dpnl to digest the parental, non-mutated plasmid DNA. The
ligation mixture was transformed into a competent E. coli
strain, DH5a cells, and individual colonies were screened by
colony PCR for confirmation. Positive clones were grown in an
appropriate growth medium, and plasmid DNA was extracted
using a standard plasmid isolation procedure. The mutation
was verified by Sanger sequencing (Fig. S2), and the final
mutant plasmids were used for subsequent IVT mRNA prepa-
ration experiments.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.12. IVT eGFP and mutant FIX mRNA preparation and
purification

The DNA template for eGFP and FIX was generated using a
specific primer set. Six distinct mRNA variants for FIX with
m"¥P-modification were synthesized as described in the proto-
col in ref. 22.

2.13. FRET assay

FRET assays were performed to assess molecular interactions
between proteins in cells. The cells were transfected with
donor and acceptor fluorophore-tagged mRNA using a berber-
ine lipid mixture and allowed to express the constructs for
24-48 hours. Following transfection, the cells were washed
with PBS and incubated in the buffer for imaging. FRET
measurements were conducted using a microscope equipped
with appropriate filter sets for both donor and acceptor fluoro-
phores. The donor was excited at the excitation wavelength,
and emission was detected at the donor emission wavelength.
The acceptor was excited by the donor’s emission and
measured at the acceptor emission wavelength. FRET
efficiency was calculated based on the difference in acceptor
fluorescence with and without donor excitation using the
formula:

FRET = Iacceptor with donor — Iacceptor with donor /Iacceptor without donor

Negative controls included cells expressing only the donor
or acceptor, and positive controls used known interacting pro-
teins. Data were analyzed to compare FRET efficiency across
experimental conditions.

2.14. Western blot

Factor IX (FIX), a secreted protein, was analyzed from both cell
culture media (supernatants: representing secreted/extracellu-
lar protein) and cell lysates (representing intracellular protein).

Preparation of the medium supernatant: to quantify secreted
FIX, cells were cultivated in either low-serum or serum-free
media (to minimize cross-reactivity between FIX and bovine
FIX present in FBS). After transfection, the culture media were
collected, clarified by centrifugation at 12 000-15000g for
10-15 minutes to remove cell debris, and stored at —80 °C
until analysis. Preparation of cell lysate: cells were washed twice
with cold PBS to remove residual media and detached. Lysis
was performed using RIPA buffer (composition: 50 mM Tris-
HCI pH7.4, 150 mM NacCl, 1% NP-40, 0.5% sodium deoxycho-
late, 0.1% SDS, and protease inhibitors). The lysate was incu-
bated on ice for 30 minutes, followed by centrifugation at
12 000-15 000g for 30 minutes at 4 °C. The supernatant (total
protein lysate) was collected for downstream analysis.
Quantification: the protein concentration of both cell lysates
and media supernatant samples was determined by the
Bradford assay using BSA as a standard. For western blotting,
30 pg of total protein (either cell lysate or media protein) was
resolved by 10% SDS-PAGE and transferred to a PVDF mem-
brane (WH3135834). The membrane was blocked with 3% BSA
in TBST, incubated with a human factor IX antibody (Thermo
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Scientific, MA5-292541:1000), and then goat anti-rabbit IgG
H&L-HRP (Invitrogen, ab205718, 1:10000). Beta-actin (MA5-
15739) with anti-mouse secondary (ab31430) was used as a
loading control. Detection was performed using a chemilumi-
nescent substrate and visualized with a Chem-Doc system (Bio-
Rad, Hercules, CA, USA).

2.15. Statistical analysis

Ordinary one-way ANOVA and multiple ¢-tests were used in the
statistical analysis, and they were performed with GraphPad
Prism (Version 8.02, GraphPad Prism).

3. Results and discussion

3.1. Characterization of lipid mixtures

The lipid mixtures exhibit key features, including nanoscale
size, uniform dispersion in solution, and a positive surface
charge below +75 mV, making them promising candidates for
non-viral gene therapy. Liposomes were prepared in various
formulations using different lipid and co-lipid concentrations,
as detailed in Table S1. The structures of the lipids, co-lipids,
and the resulting liposomes are depicted in Fig. 1A. As shown
in Fig. 1B, the lipid mixture has an average size within the
160 nm range. The {-potential measurements confirm success-
ful quantification and accuracy, with all liposomes maintain-
ing a positive charge below +75 mV except B. LPX, Con. Lipo
and con. LPX (Fig. 1C). Furthermore, the lipid mixture demon-
strates uniform dispersion in solution, with a polydispersity
index (PDI) below 0.3, as illustrated in Fig. 1D.

3.2. Lipid mixture complex analysis of mRNA

A series of assays were conducted to evaluate liposome
binding efficacy, stability, and cellular interactions. A gel retar-
dation assay demonstrated robust mRNA complexation across
all lipid formulations and N/P charge ratios (1:1, 2:1, and
4:1), as shown in Fig. Sla. A heparin displacement assay
assessed the lipoplex stability against competitive binding in
the bloodstream. Heparin, a highly negatively charged polysac-
charide found in the extracellular matrix and on cell surfaces
was added to lipoplexes containing mRNA. Despite heparin’s
presence, the lipoplexes maintained stability, as evidenced in
Fig. S1b.

An RNase I protection assay confirmed liposomes’ ability to
protect mRNA from enzymatic degradation. Lipoplexes with a
2:1 N/P charge ratio effectively shielded mRNA from RNase I
degradation, with intact mRNA bands observed after phenol-
chloroform extraction as a negative control (Fig. Sic). In con-
trast, naked mRNA exposed to RNase I underwent hydrolysis,
confirming its susceptibility. Lipoplexes, however, resisted
degradation and consistently accumulated in the aqueous
phase.

3.3. Invitro compatibility of lipid mixtures

The cytotoxicity of different lipoplex formulations was evalu-
ated by assessing cell viability. As shown in Fig. 2A all formu-
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B. LPX, and Con. LPX (n = 3 for all experiments).
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and Con. LPX with charge ratios. (C) FRET assay for LPX, B. LPX and Con. LPX. The dark shades represent 1: 1 and lighter shades represent 2:1in A

and B (n = 3 for all experiments).

lations maintained high cell viability (>80%), indicating
minimal cytotoxic effects. The darker-coloured bars represent
the 1:1 charge ratio formulations, while the lighter-coloured
bars correspond to the 2 :1 charge ratio formulations. The LPX
group exhibited the highest cell viability, with both 1:1 and
2:1 charge ratios showing no significant toxicity. The B. LPX
formulation also demonstrated high cell viability, with only a
slight reduction in viability compared to that of LPX. The Con.
LPX group showed slightly lower viability than the other
groups, but the difference was not substantial. Importantly, no
significant difference in cytotoxicity was observed between the
1:1 and 2:1 charge ratios within each formulation, suggesting
that increasing the ratio does not negatively impact cell viabi-
lity. The results indicate that all tested LPX formulations
exhibit excellent biocompatibility, with cell viability consist-
ently above 80%, suggesting minimal cytotoxic effects. This is
crucial for potential in vitro and in vivo applications of these
lipoplexes. The slightly reduced viability in Con. LPX could be
attributed to formulation-specific properties affecting cellular
interactions. The similar cytotoxicity profiles between 1:1 and
2:1 charge ratios suggest that increasing the lipid-to-nucleic
acid ratio does not compromise cell viability, optimising trans-
fection efficiency without introducing toxicity. Further studies,
such as long-term viability assays and apoptosis analysis, may
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be required to confirm the safety profile of these formulations
(Fig. 2A).

The cellular uptake efficiency of different lipoplex (LPX) for-
mulations was assessed, and the results are presented in
Fig. 2B. The LPX formulations showed moderate uptake
efficiency, with the 2: 1 ratio exhibiting slightly higher uptake
than the 1:1 ratio. B. LPX demonstrated the highest uptake
among the tested formulations, with both 1:1 and 2:1 charge
ratios reaching nearly 80-90% uptake. Con. LPX showed sig-
nificantly lower uptake compared to LPX and B. LPX, with the
1:1 ratio exhibiting an uptake of approximately 40%. In con-
trast, the 2: 1 ratio slightly improved but remained lower than
those of the other formulations. The data suggest that B. LPX
exhibits the most efficient cellular uptake, indicating an
improved formulation for intracellular delivery. The higher
uptake observed in the 2:1 charge ratio formulations across
all groups suggests that increasing the lipid-to-nucleic acid
ratio enhances cellular internalization. The lower uptake of
Con. LPX indicates that its composition might not be as
effective in facilitating cellular entry, potentially due to differ-
ences in lipid composition or charge interactions. There is a
significant difference in uptake between B. LPX and Con. LPX,
highlighting the importance of formulation optimization for
improving intracellular delivery. Further studies, such as endo-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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cytic pathway inhibition assays, could help determine the
uptake mechanism for these formulations. Additionally, corre-
lating uptake efficiency with transfection efficiency and func-
tional gene expression would provide deeper insights into the
effectiveness of these lipoplexes for gene delivery applications.

3.4. FRET assay

The Forster Resonance Energy Transfer (FRET) assay was con-
ducted to evaluate the membrane fusion and structural
dynamics of different liposomal formulations over 30 minutes.
As shown in the graph (Fig. 2C), fluorescence recovery (%)
increased over time for all three formulations—standard LPX
(red circles), berberine-functionalized LPX (B. LPX, green
squares), and control LPX (Con. LPX, purple triangles). Among
them, B. LPX exhibited the highest fluorescence recovery,
reaching approximately 85% at 30 minutes, whereas LPX
showed moderate recovery (~60%), and Con. LPX demon-
strated the lowest recovery (~20%). The fluorescence recovery
trend suggests that B. LPX has a significantly higher mem-
brane fluidity and fusion capacity than other formulations
(Fig. 2C).

The increased fluorescence recovery in B. LPX suggests that
the incorporation of berberine enhances the membrane’s
dynamic properties, potentially due to its ability to modulate
lipid packing and introduce repulsive interactions within the
hydrophobic core. This agrees with previous studies that indi-
cate berberine can disrupt rigid lipid structures, increasing
bilayer fluidity and facilitating molecular rearrangement. The
higher FRET recovery in B. LPX implies more efficient lipo-
some-liposome or liposome-cell membrane interactions,
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which could enhance endosomal escape and intracellular
delivery of the encapsulated cargo, such as mRNA.

In contrast, LPX showed moderate fluorescence recovery,
indicating a relatively stable but less fluidic membrane
environment. The lowest fluorescence recovery in Con. LPX
suggests a more rigid and stable bilayer structure, potentially
reducing fusion and intracellular delivery efficiency. The
observed differences in fluorescence recovery support the
hypothesis that berberine-functionalized liposomes improve
membrane flexibility, which may enhance the efficiency of
gene delivery systems by promoting fusion events necessary for
endosomal escape. Overall, these results suggest that B. LPX
could serve as a promising platform for enhanced hepatic
mRNA delivery by optimizing membrane dynamics and fusion
efficiency. Further mechanistic studies are required to corre-
late these findings with transfection efficiency in hepatocytes.

3.5. Screening of the lipid mixture in hepatic cell lines

To evaluate the transfection efficiency of different liposome
formulations, we transfected SK-HEP-1, HepG2, and Hepa 1-6
cells with chemically modified eGFP mRNA-loaded liposomes.
GFP expression was analyzed using fluorescence microscopy
and flow cytometry, providing insights into transfection fluo-
rescence imaging, which confirmed eGFP expression in all
three hepatic cell lines following transfection. However, the
intensity and distribution of GFP signals varied across the for-
mulations. SK-HEP-1cells exhibited moderate GFP expression
with B. LPX, while LPX showed lower intensity, indicating
reduced transfection efficiency, and with con. LPX, there is
minimal transfection, as shown in Fig. 3A-C. HepG2 cells dis-
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played strong GFP fluorescence, especially in B. LPX-treated
cells, with improved signal intensity compared to those of
Con. LPX and reduced eGFP in LPX (Fig. 3D-F). Hepa 1-6 cells
showed the highest GFP fluorescence among the three cell
lines, with B. LPX inducing widespread and intense GFP
expression and a reduced level in LPX and zero transfection
with Con. LPX (Fig. 3G-I). The percentage of GFP-positive cells
and mean fluorescence intensity (MFI) were measured to
quantify transfection efficiency. In SK-HEP-1 Cells, B. LPX
shows 55% GFP-positive cells, a 1.3-fold increase in MFI com-
pared to that of LPX. LPX shows 36% GFP-positive cells, indi-
cating lower transfection efficiency and basal level expression
compared to those of Con. LPX (Fig. 3B and C). In HepG2
cells, B. LPX shows 72.3% GFP-positive cells, a 1.66-fold
increase in MFI compared to that of LPX. LPX shows 33% GFP-
positive cells, confirming successful but less efficient transfec-
tion and a low-level expression in Con. LPX (Fig. 3E and F). In
Hepa 1-6 cells, B. LPX shows 63% GFP-positive cells, a 1.2-fold
increase in MFI compared to that of LPX. LPX shows 51% GFP-
positive cells, indicating efficient transfection but lower than
those of B. LPX and Con. LPX, pronounced, as usual, as having
less or zero transfection efficiency (Fig. 3H and I). The negative
control (untreated cells) showed negligible GFP fluorescence,
confirming that GFP expression was solely due to liposome-
mediated mRNA delivery. The results demonstrate that B. LPX
enhances mRNA transfection efficiency in all three hepatic cell
lines, with the highest efficiency observed in HepG2 (72.3%
GFP+, 1.66-fold MFI increase), followed by Hepa 1-6 (63%
GFP+, 1.22-fold MFI increase) and SK-HEP-1 (55% GFP+, 1.3-
fold MFI increase). The higher transfection efficiency in Hepa
1-6 and HepG2 cells may be attributed to higher lipid uptake
capacity and endosomal escape efficiency, making them more
responsive to B. LPX. SK-HEP-1 cells showed lower GFP
expression, possibly due to differences in membrane compo-
sition, lipid uptake mechanisms, or endosomal processing in
this cell line. These findings suggest that B. LPX is a promising
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lipid formulation for hepatic mRNA delivery, with Hepa 1-6
and HepG2 showing the highest potential for liver-targeted
gene therapies; particularly, B. LPX favours FIX production
from hepatocytes, whereas SK-HEP-1 is an endothelial cell
more responsible for factor VIII production. Further studies
exploring endosomal escape mechanisms, in vivo validation,
and long-term gene expression are necessary to optimize these
formulations for clinical translation.

3.6. Screening of the lipid mixture in non-hepatic cell lines

To assess the transfection efficiency of eGFP mRNA using
different liposomal formulations in non-hepatic cell lines such
as HEK-293T and CHO cells, fluorescence microscopy was per-
formed, and the images revealed distinct differences in eGFP
expression among the three formulations. B. LPX-treated cells
exhibited the highest fluorescence intensity and the most
widespread eGFP expression in both cell lines. LPX-treated
cells displayed moderate fluorescence signals, suggesting
effective but slightly lower transfection efficiency. Con. LPX-
treated cells showed weak fluorescence, indicating poor trans-
fection efficiency compared to those of LPX and B. LPX.
Quantification of eGFP-positive cells (%) and mean fluo-
rescence intensity (MFI) provided a more detailed comparison
among the formulations: in HEK-293T cells, B. LPX showed
94% eGFP-positive cells and LPX showed 85% eGFP-positive
cells (Fig. 4A-C). In CHO cells, B. LPX showed 40% eGFP-posi-
tive cells, and LPX showed 22% eGFP-positive cells. Fold
increase analysis revealed that, compared to the fluorescence
intensity (MFI) in Con. LPX-treated cells, those in LPX- and
B. LPX-treated cells showed significant improvements
(Fig. 4D-F). In HEK-293T cells, LPX exhibited a ~8-fold
increase over Con. LPX and B. LPX showed a ~19-fold increase
over Con. LPX. In CHO cells, LPX displayed a ~1.3-fold
increase over Con. LPX and B. LPX, resulting in a ~1.7-fold
rise over Con. LPX.
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Fig. 4 Transfection of eGFP mRNA expression analysis with berberine liposomes in non-hepatic cell lines. In in vitro gene-delivery efficiencies of
cationic lipid mixtures of LPX, B. LPX, and Con. LPX in complexation with Hbb eGFP mRNA using the green fluorescence protein in multiple cultured
cell lines at a 2:1 lipid/mRNA charge ratio. (A) Microscopy images for Hob eGFP mRNA expression in HEK-293T cells. Lipoplexes of LPX, B. LPX, and
Con. LPX with mRNA encoding GFP were transfected in HEK-293 cells at a 2: 1 lipid/mRNA charge ratio. (B) The percentage of eGFP-positive cells
was quantified by flow cytometry (C), and the mean fluorescence intensity of all the transfected samples was calculated using FloJo analysis. (D)

CHO imaging, (E) eGFP expression and (F) MFI (n = 3 for all experiments).
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The results demonstrate that B. LPX is the most efficient
liposomal formulation for mRNA delivery, showing the highest
eGFP expression levels and fluorescence intensity in both
HEK-293T and CHO cells. The enhanced performance of
B. LPX may be attributed to improved lipid composition,
higher endosomal escape efficiency, and better mRNA protec-
tion. LPX also showed good transfection efficiency but with
slightly lower fluorescence intensity, suggesting that while
effective, it may have reduced the mRNA uptake or translation
efficiency compared to B. LPX. In contrast, Con. LPX exhibited
poor transfection efficiency, highlighting the necessity of opti-
mized lipid formulations for effective mRNA delivery. Across
both cell lines, HEK-293T cells consistently exhibited higher
transfection efficiency than CHO cells. This trend aligns with
previous studies, as HEK-293T cells are highly permissive to
transfection, whereas CHO cells require more optimized con-
ditions. However, the significant improvement of B. LPX
demonstrates its potential for mRNA delivery even in less
transfectable cell lines. These results underscore the impor-
tance of lipid composition in mRNA delivery and suggest that
B. LPX could be a promising formulation for gene therapy
applications requiring high transfection efficiency and protein
expression levels.

3.7. Creating site-directed mutagenesis of variant mutant FIX
mRNA

FIX mutations have an impact on expression and activity; FIX
plays a crucial role in the coagulation cascade, and its func-
tional enhancement can significantly benefit hemophilia B
gene therapy. Our study introduced a series of mutations in
the epidermal growth factor-like domain and peptidase FIX
gene through site-directed mutagenesis, confirmed via sequen-
cing. These designed mutations could help improve FIX
expression, secretion, and enzymatic activity.

The rationale for mutations and their functional impli-
cations of the Padua mutation (R338L) in FIX-Padua I is a well-
characterized gain-of-function mutation that enhances FIX
activity. R338L demonstrated an 8-fold increase in enzymatic
activity, enabling near-curative clotting factor levels.
Mechanistically, R338L enhances FIXa’s affinity for factor X in
a factor VIIla (FVIIIa) dependent manner, accelerating
coagulation.”'**® FIX-Padua II R338A demonstrated a 3-fold
increase in clotting activity compared to WT-FIX in activated
partial thromboplastin assays. The mutation did not abolish
binding to factor VIII (FVIIIa) but altered heparin affinity. The
substitution enhanced catalytic activity (k../Km) for factor X
activation in the presence of FVIIIa. The R338A variant is dis-
tinct from R338L but shares mechanistic insights into how
residue 338 modulates FIXa activity.>’ The FIX inclusion of
this mutation in our study aims to assess its expression in
hepatic cell lines and its potential for improving clotting
efficacy. In addition to the Padua mutation, we introduced Ala
substitutions in the FIX catalytic domain and linker regions,
leading to TripleA (A86:A227:A338), TripleAL (A86:A227:L338),
and DoubleA (A227:A338) variants. These substitutions were
hypothesized to enhance FIX folding and secretion.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Incorporating Ala at positions 86 and 227 could reduce steric
hindrance, promoting a more stable protein conformation. A
properly folded protein is often more efficiently trafficked
through the endoplasmic reticulum (ER) and Golgi apparatus,
leading to increased secretion. To improve enzymatic
efficiency, residue 227 (Glu — Ala) is in the activation peptide
region of FIX, which plays a role in enzyme activation. The sub-
stitution may reduce potential steric clashes during activation,
enhancing FIXa function. By increasing stability and half-life,
the Leu substitution (R338L) in FIX-TripleAL and FIX-DoubleL
may alter the electrostatic interactions within the serine pro-
tease domain, potentially stabilizing the active conformation
and prolonging FIXa half-life. The recombinant gain of func-
tional mutated FIX with its modified amino acid residue and
modified codon are mentioned in Fig. 5A. The detailed amino
acid residue modification with the specific codon is shown in
Fig. 5B.

These structural modifications could enhance the overall
activity of FIX while simultaneously increasing expression
levels through improved protein folding and secretion
efficiency. For potential applications in gene therapy, our find-
ings suggest that FIX mutants with TripleA, TripleAL, and
DoubleL modifications may be promising candidates for gene
therapy due to their increased expression potential and func-
tional enhancement. If these mutations contribute to both
higher protein yields and increased activity, they could reduce
the therapeutic dosing requirements, making them ideal for
liver-directed mRNA or gene therapy approaches. Future
studies need to focus on characterizing the functional kinetics
of these mutants, including factor X activation assays and
thrombin generation studies, to validate their enhanced coagu-
lation potential.

3.8. Mutant mRNA FIX protein expression

3.8.1 FIX expression in the cell lysate. All the mutant
mRNA was transfected in the hepa R 1-6 cell line by berberine
liposomes. Western blot quantification of factor IX (FIX)
protein from the cell lysate (Fig. 6A) revealed significant differ-
ences in expression levels among the tested mutants, includ-
ing TmL, triple mutant L; TmaA, triple mutant A; DmL, double
mutant L; DmA, double mutant A; SmL, single mutant L and
SmA, single mutant A. $-Actin served as the loading control to
ensure equal protein loading across all samples (Fig. 6B). The
band intensities were quantified using Image] software, and
fold changes were calculated relative to WT (Wild-Type FIX)
and SmL (Padua L mutant) to assess relative improvements in
FIX production. WT-FIX showed the lowest expression among
all tested groups, serving as the baseline for fold-change calcu-
lations (Fig. 6C). The TmL mutant exhibited the highest
expression, with a ~5.7-fold increase over WT and a ~2.6-fold
increase over SmL (Padua L). The TmA mutant also demon-
strated enhanced expression, showing a ~3.5-fold increase
over WT and a ~1.6-fold increase over SmL. The DmL mutant
displayed an approximately 4.1-fold increase over WT, compatr-
able to that of TmL but slightly lower. The DmA mutant
showed a 2.7-fold strength above WT, indicating that the
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and SmL with all the other variants in the medium supernatant (n = 2 for all experiments).

mutations in DmA were less effective than in DmL or TmL.
The SmA mutant exhibited a 2.8-fold increase over WT, equal
to or higher than that of SmL. SmL displayed a 2.2-fold

increase over WT, confirming

176 | RSC Pharm., 2026, 3,168-179

its known efficiency in increas-

ing FIX activity. All the fold change values are mentioned in
Table S3, and the significance of FIX band expression is cited
in Table S4. The TmL mutant exhibited the highest FIX
protein secretion, outperforming all other tested variants,
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including Padua L (SmL), which has been widely used for its
hyperactivity in gene therapy approaches. The observed fold
increase over WT and SmL suggests that the additional
mutations incorporated into TmL enhance FIX protein stabi-
lity, folding, or secretion efficiency. In comparison with SmL
as a gold standard, the SmL mutant is a well-established
benchmark for FIX gene therapy, as studies have demonstrated
its 8- to 10-fold increase in specific activity due to the R338L
substitution, which enhances the interaction of FIX with factor
VIIIal4. However, the current data suggest that TmL provides
an additional fold boost over SmL, potentially offering
superior therapeutic outcomes. Interestingly, TmA and DmL
also surpassed SmL, with 3.5-fold and 4.1-fold increases,
respectively. This suggests that TmL may have enhanced FIX
translation, folding, or stability within the cells before
secretion. Furthermore, it improves FIX biosynthesis and intra-
cellular retention before secretion. These findings indicate
that combinations of mutations may provide further enhance-
ment beyond Padua L, potentially leading to higher circulating
FIX levels or improved functionality and decreased dosage.
The elevated intracellular expression of TmL suggests that it
could be a promising candidate for mRNA-based gene therapy
approaches for hemophilia B. Enhanced intracellular accumu-
lation before secretion could translate to higher circulating FIX
levels upon delivery. Given that mRNA-LNP systems allow fine-
tuning of expression, TmL’s robust intracellular FIX levels may
provide an advantage in optimizing therapeutic efficacy and
reducing dosing requirements.

3.8.2. FIX expression in the medium supernatant. Western
blot analysis of FIX protein expression from a secreted protein
was analyzed by using the medium supernatant. Band intensi-
ties were quantified and are shown in Fig. 6D and a blot image
is shown in Fig. 6E, with fold changes calculated compared to
those of WT-FIX and SmL to assess relative improvements in
FIX production. WT-FIX showed the lowest expression among
all tested groups, serving as the baseline for fold-change calcu-
lations like those of the cell lysate. The TmL mutant displayed
the highest extracellular FIX expression, with a ~5.5-fold
increase over that of WT and a ~1.8-fold increase over that of
SmL. The TmA mutant also showed strong expression, with a
~4.3-fold increase over that of WT and a ~1.4-fold increase
over that of SmL. The DmL mutant showed a ~4.7-fold
increase over WT, comparable to that of TmL but slightly
lower. The DmA mutant showed a ~3.1-fold increase over WT,
showing that the mutations in DmA were less effective than
those in DmL or TmL. The SmA mutant showed a 3.8-fold
increase over WT, which was lower than that of the Padua L
mutant (SmL), which itself displayed a 3-fold increase over
WT. The TmL mutant achieves the highest extracellular FIX
expression among all tested variants, reinforcing the findings
from the cell lysate analysis. The ~5.5-fold increase over WT
and ~1.8-fold increase over SmL suggest additional mutations
in TmL (Fig. 6F). All the fold change values for both WT and
SmL comparison are mentioned in Table S3, and the signifi-
cance of FIX band expression is shown in Table S4. However,
the present data show that TmL provides an additional fold lift

© 2026 The Author(s). Published by the Royal Society of Chemistry
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over SmL, suggesting potential advantages in overall FIX pro-
duction. TmA and DmL mutants showed higher expression
than SmL in cell lysates. Notably, TmL’s superior performance
highlights its potential for further preclinical evaluation in
mRNA-based gene therapy. With optimized mRNA-LNP deliv-
ery for expression and stability, TmL could help achieve sus-
tained therapeutic FIX levels in hemophilia B.

4. Conclusions

This study highlights the potential of berberine-functionalized
cationic liposomes as a novel platform for hepatic delivery of
gain-of-function FIX mutant mRNAs, with the TmL mutant
demonstrating superior expression compared to the widely
studied SmL variant. The enhanced FIX protein production
observed suggests that the additional mutations in TmL
improve protein stability, folding, or secretion efficiency, posi-
tioning TmL as a promising candidate for next-generation
mRNA-based therapies for hemophilia B.

4.1 Limitations

Despite the promising results of this study, several limitations
should be acknowledged. Firstly, the biological activity of the
expressed FIX variants was not directly validated using func-
tional clotting assays such as activated partial thromboplastin
time (aPTT), factor X (FX) activation, or thrombin generation
assays. Our assessment of FIX protein relied primarily on
western blot analysis, and thus, the pro-coagulant function of
the delivered FIX remains to be confirmed in future studies.
Secondly, our experiments were conducted in hepatoma cell
lines (Hepa 1-6 and HepG2), and we did not evaluate delivery
efficiency or FIX expression in primary hepatocytes. Since
primary hepatocytes may differ from immortalized cell lines in
terms of uptake, metabolism, and gene expression, future
studies using primary hepatocytes or in vivo models are necess-
ary to validate the translational potential and therapeutic
efficacy of berberine-functionalized liposomes. Western blot
quantification (Fig. 6) was performed with only two biological
replicates, limiting the statistical power of the analysis.
Regarding scalability, although our liposome synthesis and
characterization were performed at laboratory scale, further
work is needed to determine the feasibility of large-scale pro-
duction, batch consistency, and long-term stability to support
clinical translation.

Overall, these limitations highlight important directions for
future research to fully establish the functional efficacy,
mechanistic basis, and clinical relevance of this delivery plat-
form for hemophilia B therapy.
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