BioNanoScience (2026) 16:313
https://doi.org/10.1007/512668-026-02550-4

RESEARCH ——

®

Check for
updates

Gemini Surfactant-Lipid-Based Nanovesicles (“GeminiSomes”) for Oral
Delivery of Silybin: A Promising Strategy for Hepatoprotective Therapy

Gasper Fernandes’ - Naitik Jain' - Ruchira Raychaudhuri' - Neha Kandpal® - Rahul Pokale' - Raviraja N. Seetharam? -
Srinivas Mutalik’

Received: 6 September 2025 / Accepted: 9 April 2026 / Published online: 23 April 2026
© The Author(s) 2026

Abstract

The rising global burden of hepatitis underscores the urgent need for effective liver-targeted therapies. Silybin, a natural
flavonolignan from Silybum marianum, is well recognized for its hepatoprotective and antiviral potential but suffers from
poor oral bioavailability due to low solubility and rapid metabolism. To address this, we developed a novel surfactant-
based nanocarrier system to unlock the therapeutic potential of orally administered silybin. The optimized formulation,
comprising biocompatible lipids and cationic surfactants, produced stable nanovesicles (121 nm) with high encapsulation
efficiency and biphasic drug release. Caco-2 cell transport studies demonstrated a 4.8-fold enhancement in permeability,
while pharmacokinetic analysis revealed a 5.3-fold increase in oral bioavailability. In vivo, the nanoformulation significantly
mitigated hepatotoxicity in D-galactosamine- induced hepatitis model, reducing serum ALT, AST, and pro-inflammatory
cytokines, while restoring liver architecture. These outcomes were further supported by histological evidence of tissue
regeneration. This work introduces a clinically viable nanodelivery strategy that overcomes key biopharmaceutical
challenges of silybin, offering a promising translational platform for improving oral hepatitis therapy through enhanced
absorption and hepatoprotective efficacy.
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1 Introduction

Liver diseases are a growing global health concern, causing
an estimated two million deaths each year [1]. These include
conditions such as chronic liver disease, cirrhosis, viral hep-
atitis, and liver cancer, which are often progressive and diffi-
cult to manage. Among them, viral hepatitis has become the
second leading infectious cause of death worldwide, with
annual deaths rising from 1.1 million in 2019 to 1.3 mil-
lion in 2022 [2]. The liver’s essential role in detoxification
and metabolic regulation makes it particularly vulnerable to
damage from both internal factors (like oxidative stress and
metabolic by-products) and external insults (such as alco-
hol, drugs, and infections) [3]. If not treated promptly, liver
injury can lead to severe outcomes, including cirrhosis or
hepatocellular carcinoma, due to impaired regeneration and
chronic inflammation [4].

Herbal medicines are increasingly explored for hepato-
therapy due to their perceived safety, affordability, and min-
imal side effects. Their hepatoprotective effects are mainly
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linked to antioxidant activity, inhibition of lipid peroxida-
tion, and modulation of inflammatory pathways [5]. Among
them, flavonoids such as silybin have demonstrated notable
therapeutic potential. Silybin (SIL), the principal active con-
stituent of Silybum marianum, has long been used for liver
disorders [6, 7]. However, its clinical efficacy is limited by
poor aqueous solubility (~ 12.9 pg/mL), low membrane
permeability (~ 0.64 pg/mL), and limited gastrointestinal
absorption (23—47%), leading to very low oral bioavailabil-
ity (~ 0.95%) [8—12].

Although the oral route remains the most patient-compli-
ant and preferred route of administration, improving SIL’s
oral bioavailability remains a critical challenge [12, 13].
Recent advances in nanoformulation strategies have further
highlighted the therapeutic potential of Silybum marianum-
derived compounds, demonstrating that nanocarrier-based
delivery systems can significantly enhance the hepatopro-
tective and anticancer efficacy of silybin by improving its
solubility, stability, and cellular uptake [14—16]. Several
nanocarriers, including solid lipid nanoparticles, liposomes,
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polymeric micelles, and cyclodextrin inclusion complexes,
have demonstrated improved pharmacokinetic profiles
[17-19]. However, many of these systems still face chal-
lenges such as low drug loading efficiency, poor long-term
stability, and the use of excipients with questionable safety
profiles.

Surfactant-based nanocarriers, particularly those employ-
ing non-ionic or zwitterionic surfactants, have shown poten-
tial in enhancing membrane permeation and improving
colloidal stability. However, their application is often lim-
ited by concentration-dependent cytotoxicity and formula-
tion complexity [20].

In contrast, Gemini surfactants (GS) represent a structur-
ally advanced class of dimeric amphiphiles composed of two
hydrophobic tails and two hydrophilic head groups linked by
a spacer [21]. This architecture confers significantly lower
critical micelle concentrations (CMC), enhanced surface
activity, superior micellar stability, and greater structural
tunability compared with conventional single-chain surfac-
tants [22-24]. For example, a cationic Gemini surfactant
such as 12-2—12 has been reported to exhibit significantly
lower CMC compared with its corresponding conventional
single-chain analogue, dodecyltrimethylammonium bro-
mide (DTAB) [25]. These physicochemical advantages can
facilitate improved solubilization and stabilization of hydro-
phobic drugs, making them attractive candidates for drug
delivery applications.

Gemini-conventional surfactant mixed systems have
been reported to significantly influence micellization
behaviour and enhance the solubilization of hydrophobic
compounds such as phenanthrene under identical condi-
tions, compared with conventional surfactant systems
[26], indicating that interactions between Gemini and con-
ventional surfactants can substantially modify self-assem-
bly and functional properties of surfactant systems. In
addition, incorporation of a cleavable cationic Gemini sur-
factant (16-E1-16) into a Pluronic P123-based system has
been shown to alter micellization and gelation behaviour,
resulting in faster ibuprofen release compared with both
pure P123 and pure 16-E1-16 micelles [27]. GS are also
capable of forming diverse self-assembled nanostructures,
including bilayers, micelles, and vesicles, and have been
successfully applied in nucleic acid delivery and stabiliza-
tion of lipid-based systems [22-29]. For example, long-
chain cationic Gemini surfactants have been incorporated
into liposomal formulations to enhance drug retention and
stability in atorvastatin-loaded systems, highlighting their
utility as functional excipients in nanocarrier design [30].
Moreover, cationic GS such as 12-3—12 have been reported
to enhance gastrointestinal bioadhesion and improve the

oral bioavailability of hydrophobic compounds, such as
coenzyme Q10 nanocrystals, by promoting membrane
interaction and improving solubilization [31]. These attri-
butes make GS a promising candidate for oral delivery
applications.

In the present study, two structurally similar GS vari-
ants were synthesized by varying hydrophobic tail length
while maintaining a constant spacer group. These GS
molecules were employed to formulate stable lipid-based
nanovesicles (GeminiSomes) for oral delivery of SIL.
The aim was to enhance SIL’s intestinal permeability
and address its biopharmaceutical limitations. The green,
cost-effective synthesis, high drug loading capacity, and
potential for improved bioavailability with reduced tox-
icity make GS-based nanovesicles a promising trans-
lational platform for oral delivery of poorly soluble
therapeutics like SIL.

2 Materials and Methods
2.1 Chemicals

Silybin was procured from TCI Chemicals Pvt. Ltd.,
Hyderabad, India. 1-bromododecane, 1-bromohexadecane,
2-methylaminoethanol,  3-[4,5-dimethylthiazol-2-yl]-2,5
diphenyl tetrazolium bromide, 5,5'-dithiobis-(2-nitroben-
zoic acid) were procured from Sigma Aldrich, St Louis,
MO, USA. Lipoid S 100 was supplied as a gift sample from
Lipoid, Ludwigshafen, Germany. All other chemicals and
solvents used were of analytical grade.

2.2 Cell lines and Culture Conditions

Human liver carcinoma (HepG2) and colorectal adenocar-
cinoma (Caco-2) cell lines were obtained from the National
Center for Cell Science, Pune, India and were cultured in
DMEM media with 1% antibiotic-antimycotic solution and
10% FBS at 37 °C and maintained in a CO, incubator with
5% CO, and 18-20% O,.

2.3 Synthesis of Gemini Surfactants

In this study, two Gemini surfactants were synthesized:
N1,N6-didodecyl-N1,N6-bis(2-hydroxyethyl)-N1,N6-
dimethylhexane-1,6-diaminium and N1,N6-dihexadecyl-
N1,N6-bis(2-hydroxyethyl)-N1,N6-dimethylhexane-1,6-
diaminium (Fig. 1). The synthesis proceeded in two steps.
First, 2-methylaminoethanol was reacted with either 1-bro-
mododecane or 1-bromohexadecane at 90 °C for 12 h. The

@ Springer



313 Page 4 of 20

BioNanoScience (2026) 16:313

Fig. 1 Reaction scheme for
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excess reagent was removed by vacuum distillation, and the
organic layer was extracted using dichloromethane, washed
with sodium hydroxide and brine, dried over sodium sul-
fate, filtered, and evaporated to yield the intermediate. In
the second step, the intermediate was dissolved in anhy-
drous acetone and reacted with either 1,4-dibromobutane
or 1,6-dibromohexane at 60 °C for 70 h. The mixture was
then cooled and refrigerated for 12 h before evaporating the
solvent. The resulting crude solid was washed with petro-
leum ether, filtered, and recrystallized from methanol. The
final compounds were characterized and confirmed by mass
spectrometry and H-NMR.

2.4 Formulation of SIL Loaded GS Nanovesicles
The GS surfactants were used in combination with lip-
ids and cholesterol to formulate gemini surfactant-

based nanovesicles (GeminiSomes). These nanovesicles
were produced through a process involving thin film
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evaporation, followed by size reduction using sonication.
Briefly, 60% w/w of GS (12-6—12GS or 16-6—16 GS),
30% w/w of Lipoid S 100 and 10% of cholesterol were
appropriately weighed and dissolved in 10 ml ethanol.
The drug (SIL; 25% w/w) was added to the mixture and
stirred until the solution became clear. A uniform thin
dried film was obtained after vacuum evaporation using a
rotary evaporator (IKA, RV 10) under reduced pressure.
The film was hydrated for 1 h using phosphate buffer pH
7.4, and the dispersion was sonicated using a probe soni-
cator (PRO650, LABMAN, Chennai, Tamil Nadu, India)
at a reduced temperature (using ice bath) to decrease the
size of the nanovesicles. The unentrapped drug was sepa-
rated by centrifugation (22000 rpm for 1 h), and the pel-
let was collected. The fluorescent labelled nanovesicles
were prepared in a similar manner as described above,
where a 50 pg/mL Fluorescein isothiocynate (FITC)
solution in PB pH 7.4 was used during the rehydration
[32]. The purified nanovesicles free from the unentrapped
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Table 1 Optimization of G16 surfactant nanovesicles using Box
Behnken Design

Formulation code Surfactant to lipid ~ Sonication time  Cho-
ratio les-
terol
(%)
1 0.636 3 5
2 2.6 3 5
3 0.636 9 5
4 2.6 9 5
5 0.636 6 2
6 2.6 6 2
7 0.636 6 8
8 2.6 6 8
9 1.618 3 2
10 1.618 9 2
11 1.618 3 8
12 1.618 9 8
13 1.618 6 5
14 1.618 6 5
15 1.618 6 5

drug were lyophilized using 5% trehalose and stored at
4°C until further use.

2.5 Optimization of the GS16 Nanovesicles

Three significant factors were chosen based on the prelim-
inary trials Table S1; Supplementary Information and opti-
mised using Box Behnken Design (BBD). The BBD is a
statistical experimental design that consists of three levels
and three factors. This design involves a set of points that
are located at the midpoint of each edge of a multidimen-
sional cube, as well as replicated central point’s designing
the area of interest. The goal was to estimate the values of
key variables that would result in maximum entrapment
efficiency (%EE), minimum particle size, and PDI. The
fifteen experiments presented in Table 1 were conducted
using the Design Expert software (Version 9.0.3.1; Stat
Ease, Minneapolis, USA). The measured parameters were
particle size, PDI, zeta potential and entrapment efficiency.
The regression coefficient was computed to determine the
association between the input and output variables [33].
The validation of the model was carried out, where the
model projected the parameters based on the desirability
value. The % relative error was calculated using the equa-
tion given below. DOE optimization was performed only
for GS-16. The optimized parameters obtained for GS-16
were later applied to GS-12, which was not independently
optimized.
Predicted value — Observed value

elati = 1
%Relative error Prodicied value x 100

2.6 Characterization of SIL-Loaded GS Nanovesicles
2.6.1 Solid State Characterization

The solid-state characterization of the pure drug (SIL),
GS16, GS-16-OPT-L, GS-12-OPT-L, LS100, GS16-phys-
ical mixture (GS16-PM), GS12-physical mixture (GS12-
PM), was carried out using the procedure outlined in Sect.
1.1; supplementary information. The samples were sub-
jected to FTIR, DSC and XRD.

2.6.2 Particle Size, Polydispersity Index and Zeta Potential

The particle size, PDI, and ZP were measured using a Zeta-
sizer (Malvern Instruments, Malvern, UK). The particle size
and PDI were determined at 25 °C using a disposable poly-
styrene cuvette. Prior to estimation, the sample was diluted
10-fold with MilliQ water. The ZP of the GeminiSomes was
determined using the Zetasizer, where the electrophoretic
mobility of the particle under electric field was determined.
These parameters were measured for all the GeminiSomes
[34]. Detailed procedure employed for determining entrap-
ment efficiency and drug loading is given in Sect. 1.3; Sup-
plementary Information.

2.6.3 Morphological Analysis

Structural morphology was further characterized by TEM
(FEI Tecnai G2 Spirit Bio-Twin, The Netherlands). A drop
of the diluted formulation was placed on a carbon-coated
copper grid, dried under an infrared lamp, and imaged using
an OSIS Veleta CCD camera [35].

2.7 Invitro Dissolution Study

The in vitro dissolution test on pure SIL, GS-16-OPT and
GS-12-OPT was conducted in triplicate. The results were
then presented as the cumulative amount of SIL released at
each time point. Each sample was weighed to the equiva-
lent of 2 mg of SIL and added to the dissolution medium.
The drug release was evaluated using three different buffers,
HCI buffer with a pH of 1.2 for a duration of 2 h, and PB
with pH values of 6.8 and 7.4 for 24 h each. The samples
were added to 200 mL of the dissolution media contain-
ing Tween 80 (0.5% w/v) to maintain sink conditions. This
medium was held in a shaking incubator set at 150 rpm and
37 °C. Samples (2 mL) were collected and replaced with
fresh buffer at specified intervals for both HCI buffer (0.25,
0.5, 0.75, 1 and 2 h) and PB pH 6.8 and 7.4 (0.25, 0.5, 1,
2, 4,8, 12, and 24 h). The samples were filtered using a
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0.22 pm syringe filter and diluted with the mobile phase.
The concentration of SIL released at every time point was
estimated using HPLC.

2.8 Stability Studies

Stability studies were performed on GS-16-OPT and GS-
12-OPT formulations in both dispersion and lyophilized
form. The samples were stored in an amber-type 1 glass vial
hermetically sealed with a rubber stopper and were kept at
a temperature of 4+2°C for a duration of 90 days. The par-
ticle size, PDI, ZP and %EE were measured at 30, 60, and
90 days.

2.9 InVitro Hepatoprotective Activity Against
D-Galactosamine

The in vitro cytotoxicity of SIL, GS-16-OPT, GS-
12-OPT, GS-16-OPT-P, and GS-12-OPT-P formulations
were evaluated using the MTT assay. Caco-2 and HepG2
cell lines were used to investigate both intestinal and
hepatic cytocompatibility. Briefly, cells were seeded in
96-well plates and incubated for 24 h. Following various
treatments, the MTT reagent was added and incubated for
4 h, after which the formazan crystals were solubilized
and absorbance was measured at 570 nm using a micro-
plate reader [36]. % cell viability was calculated using
the formula given below.

Mean absorbance of treated cells

%Cell viability = x 100

Mean absorbance of untreated cells

In vitro hepatoprotective activity was assessed in HepG2
cells using a D-galactosamine (D-Gal)-induced hepa-
totoxicity model [37]. A 200 pL suspension of HepG2
cells (20,000 cells/well) was seeded in 96-well plates and
allowed to adhere for 24 h. The culture medium was then
discarded, and hepatotoxicity was induced by incubating
the cells with 25 mM D-Gal for 12 h. After induction, the
medium was removed and cells were treated with test sam-
ples (SIL, GS-16-OPT, and GS-12-OPT at 50 ug/mL) for an
additional 24 h. Following treatment, the MTT assay was
performed as described above to assess cell viability and
hepatoprotection.

2.10 Cellular Uptake Studies
Cellular internalization of FITC-labelled GS-16-OPT and

GS-12-OPT nanovesicles was evaluated in Caco-2 cells
using flow cytometry (BD FACSCalibur™, BD Biosciences,
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USA). Cells were seeded in 6-well plates at a density of 2
x 10° cells/mL and incubated for 24 h at 37 °C in a 5%
CO: atmosphere. The medium was then replaced with fresh
medium containing FITC-labeled formulations (50 pg/mL),
followed by 30 min incubation in the dark. After treatment,
cells were washed twice with PBS, detached using 0.25%
trypsin-EDTA, and transferred into polystyrene tubes. Fol-
lowing centrifugation at 300 x g for 5 min, the supernatant
was discarded, and cells were resuspended in PBS. Fluo-
rescence intensity was measured using a flow cytometer
(excitation: 488 nm; emission: 535 nm) to quantify cellular
uptake [38].

2.11 Permeability Studies in Caco-2 Cell Monolayer

The transepithelial electrical resistance values of Caco-2
monolayers of all wells were measured using the Millicell
ER system before and after the experiments to measure the
integrity of epithelial monolayers. Caco-2 cell monolayers
with values above 300+15 Q cm? were selected for the
study. The test samples (i.e., plain SIL, SIL-16-OPT, SIL-
12-OPT (50 pg/ml; 500 pL)) were introduced to the donor
compartment, and HBBS (1500 pL) was added to the
receiver compartments. 200 pL. was withdrawn from the
receiver compartment at 0, 30, 60, 120 and 240 min, and
the same volume was replenished with HBBS. The content
of SIL in the above samples was analyzed by HPLC, and
the apparent permeability coefficient (Papp: cm/s) from
apical to basal or basal to apical was calculated using the
equation given below.

Py = dQ/dtz1/AC,

where dQ/dt, A, C, is the steady state flux, surface area
(cm?) and initial concentration of drug used, respectively
[39]. Additionally, Ex vivo intestinal permeation studies
were performed, procedure is described in Sect. 1.4; Sup-
plementary information.

2.12 Pharmacokinetics Studies

The in vivo pharmacokinetics studies for GS-16-OPT, GS-
12-OPT, and marketed product (Silybon®) was conducted
in male Wistar rats and compared with the pure SIL. The
animals were assigned randomly to either the control or
treatment groups, subjected to overnight fasting before the
start of the experiment. The animals were segregated into
4 groups and orally administered pure SIL, GS-16-OPT,
GS-12-OPT, or Silybon®, each at a dose of 200 mg/kg. At
specific times, 0.25, 0.5, 1, 2, 4, 8, 12 and 24 h, the blood
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was withdrawn from the tail vein of the rats and collected
in centrifuge tubes containing 10% EDTA. The plasma
was separated under centrifugation at 10,000 rpm for 10
min at 4°C and stored for further processing at —20 °C.
The plasma samples were processed using liquid-liquid
extraction and the unknown concentration of the drug was
assessed using the HPLC. All parameters were kept like
those of the analytical method except for mobile phase
composition (15 mM KH,PO, buffer pH 3.8; 48:52) and
injection volume (80 pL) and internal standard (narin-
genin). PK Solutions software (PK Solutions 2.0™) was
used to assess the pharmacokinetic parameters [34].

2.13 InVivo Hepatoprotective Studies

Hepatoprotective activity was evaluated in male Wistar
rats (n = 6), divided into six groups. The control group
received no treatment. Hepatotoxicity was induced in
the positive control group via intraperitoneal injection
of D-galactosamine (D-Gal, 400 mg/kg). The treatment
groups received either SIL, GS-16-OPT, GS-12-OPT, or
the marketed formulation Silybon® at an oral dose of 100
mg/kg/day for 7 days, following D-Gal administration
(400 mg/kg), to assess their protective effects against liver
injury. The control group received an equivalent volume of
olive oil instead of D-Gal. 24 h post D-Gal administration,
blood samples were collected via retro-orbital puncture.
Samples were centrifuged at 4 °C for 5 min at 5000 rpm
to separate the serum, which was stored at —20 °C for sub-
sequent biochemical and anti-inflammatory analyses [40]
(Sect. 1.5; Supplementary Information).

2.14 Statistical Analysis

Design Expert (Version 9.0.3.1; Stat Ease, Minneapolis,
USA) was used to carry out the statistical assessment for for-
mulation optimization. The PK Solutions 2.0 program was
used to ascertain the pharmacokinetic parameters. Graph
Pad Prism version 8.0.1 (San Diego, California, USA) was
used to evaluate the data statistically. A ‘p’ value of less than
0.05 was deemed statistically significant.

3 Results and Discussion
3.1 Synthesis and Characterization of GS

Two Gemini surfactants were synthesised and structurally
confirmed prior to formulation development.

3.1.1 CMC Determination

Electrical conductivity is a commonly employed method to
investigate the micellization behaviour of ionic surfactants
in both aqueous and non-aqueous environments. Plotting
specific conductivity versus concentration allows for the
general determination of the critical micellization concen-
tration (CMC) values of ionic surfactants. The CMC was
determined from the conductimetry and was found to be
1.41 mM and 2.28 mM for 12-6—-12 GS and 16-6—-16 GS
respectively as shown in Fig. 2C. Interestingly, 12-6—12 GS
exhibited a lower CMC than 16-6—16 GS, indicating more
favourable micellization despite its shorter hydrophobic
chain.

Although an increase in alkyl chain length typically
reduces CMC due to enhanced hydrophobic interactions,
Gemini surfactant micellization is also strongly influenced
by spacer architecture, headgroup electrostatic interactions,
and molecular packing constraints. The combination of
extended hydrophobic chains with a fixed spacer length in
16-6—16 may introduce steric and electrostatic effects that
increase the free energy of micellization, thereby resulting
in a comparatively higher CMC. These results suggest that
micellization in Gemini surfactants is governed by a balance
of hydrophobic interactions and interfacial electrostatic/ste-
ric effects rather than chain length alone.

3.1.2 Mass Spectrometry

The molecular weights of the synthesized surfactants were
found to be 569.9 g/mol (12-6—12 GS) and 681.7 g/mol
(16-6—16 GS) as per the mass spectrum shown in Fig. 2B.
Mass spectra confirmed successful synthesis with close
agreement between theoretical and experimental molecular
weights, indicating high structural purity.

3.1.3 Proton NMR

Distinct chemical shift patterns corresponding to alkyl
chains, spacer protons, and headgroup regions confirmed
the structures of both surfactants (12-6—12 GS and 16-6—16
GS) (Fig. 2D; Table 2).

3.1.4 FTIR spectroscopy
The FTIR spectra of the synthesized GS (12-6—12 GS and
16-6-16 GS) were determined using the FTIR (Bruker,

Alpha II) and the graphs are shown in Fig. 2E. For the
16-6—16 GS/12-6—12 GS surfactants, the peaks observed at
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Fig. 2 (A) Structure of 12-6—12 and 16-6—16 Gemini surfactants; (B)
Mass spectra of (i) 12-6—12 GS and (ii)16-6>—16 GS; (C) Conductiv-
ity of 12-6—12 and 16-6—16 GS; (D) NMR spectra (i) 12-6—12 GS

2915.5/2919.13 cm™ ' and 2850.74/2851.96 cm™ ' are associ-
ated with the C-H stretch, and a split peak is due to the pres-
ence of long hydrocarbon chains (C12 and C16 side chains of
12-6—12 GS and 16-6—16 GS, respectively). The broad peak
at 3325.97/3290.25 cm™ ! is due to the OH groups present as
2-hydroxyethyl groups in the 16-6—16 GS and 12-6—12 GS.
The 1468.58/1467.62 cm ™! intense peak is due to the C-N
stretching vibrations. These spectral features collectively con-
firm the structural integrity of the synthesized Gemini surfac-
tants, supporting their suitability for nanovesicle formation.
The current study involved the preparation of nanovesi-
cles using the synthesized surfactants followed by its opti-
mization using the Design of Experiment approach. This
study involved the use of lipids and cholesterol along with
the surfactant to form a nanovesicles that can improve the
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and (ii) 16-6—16 GS; (E) FTIR spectroscopy of Gemini surfactants (i)
12-6—12 GS and (ii)16-6—16 GS

encapsulation of the drug. The process of formulating the
nanovesicles was systematically performed by initially per-
forming preliminary trials (Sect. 1.2 and Table S1; Sup-
plementary Information), followed by optimization of the
most critical formulation and process parameters that influ-
ence the characteristics of the nanovesicles. GS 16-6—16
was selected for optimization due to its superior prelimi-
nary performance, including higher entrapment efficiency
(EE), smaller and more uniform particle size, and higher
zeta potential (ZP), suggesting enhanced colloidal stability.
The improved performance of GS-16 can be attributed to
its longer C16 hydrophobic chains, which enhance hydro-
phobic interactions within the vesicular bilayer, promote
tighter molecular packing, and improve structural integrity
compared to the shorter-chain GS-12.
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Table 2 §-value of respective types of H atoms for 12-6—12 GS and
16-6-16 GS

12-6-12 GS

Type of H Integral Splitting  6-value

H, -CH; of dodecyl 1.208 Triplet 0.882—
0.917.882.917

40H, -CH,- of dodecyl 10.376 multiplet ~ 1.297—
1.482.297.482

6H, N',N%-CH, 1.364 Singlet 3.140

4H, 1°,1”-CH, 1.011+2.050 multiplet ~ 3.302—

4H, 2’,2”-CH, 3.508.302.508

8H, N',N>-CH,

2H, -OH 2H, -OH singlet 3.978

4H, 2,3,4,5-CH, 2.054 multiplet  1.792—
1.825.792.825

16-6-16 GS

Type of H Integral Splitting  6-value

6H, -CH; of hexadecyl 1.262 Triplet 0.883—
0.918.883.918

56H, -CH,- of 14.476 Multiplet  1.290—

hexadecyl 1.391.290.391

6H, N',N%-CH, 1.476 Singlet 3.129

8H, N!,N2-CH,4H, 2.148+0.965 Multiplet  3.378—

1’,1-CH,4H, 3.506.378.506

2°,2”-CH,

2H, -OH 1.000 Singlet 3.977

4H, 2,3,4,5-CH, 2.179 Multiplet  1.753—
1.824.753.824

6H, -CH; of hexadecyl 1.262 Triplet 0.883—

0.918.883.918

3.2 Optimization of the 16-6—16 GS Gemini
surfactant nanovesicles

A Box-Behnken Design (BBD) was employed with surfac-
tant-to-lipid ratio (S/L), sonication time, and pulse “on” time
as independent variables. Dependent variables included par-
ticle size, PDI, ZP, and %EE (Table S4; Supplementary infor-
mation). ANOVA confirmed statistical significance of the
generated models. The quadratic models obtained from the
BBD are presented in Table S5; Supplementary information.

The statistical validation demonstrates that vesicle char-
acteristics are governed by a synergistic interplay between
formulation composition and mechanical energy input,
emphasizing the necessity of systematic optimization rather
than empirical formulation.

3.2.1 Effect of the independent variables on the particle size

The particle size of 16-6—16 GS nanovesicles (Batches
G1-G15) ranged from 112.36 to 211.2 nm (Table S2).
ANOVA results (Table S4) confirmed that the linear model
was statistically significant (p<0.0001, F=24.96), with

good predictive capability (R? = 0.87 and adjusted R? =
0.83). The lack-of-fit was non-significant (p=0.2435), indi-
cating model adequacy and reliability.

Particle size decreased significantly with increasing S/L
ratio, sonication time, and pulse “on” time, as evidenced
in the perturbation, contour, and 3D response surface plots
(Figure S2 A-C). The reduction in particle size with increas-
ing sonication time and pulse duration can be attributed to
acoustic cavitation, where the formation and collapse of
microbubbles generate intense shear forces that break down
larger vesicles into smaller ones [41]. Prolonged pulse “on”
time further enhances cavitation intensity, thereby promot-
ing more efficient size reduction [42].

Among all variables, the S/L ratio was the most influen-
tial factor. Higher surfactant content led to smaller vesicles
due to increased interfacial charge density from dual cat-
ionic head groups, which enhanced electrostatic repulsion
and prevented aggregation. Additionally, C16 hydrophobic
chains promoted tighter bilayer packing, contributing to
further size reduction [43]. This synergistic electrostatic-
hydrophobic effect resulted in stable, compact nanoves-
icles. These findings are consistent with DLVO theory,
where increased surface charge improves colloidal stabil-
ity [42, 44], whereas higher lipid content reduces electro-
static stabilization and promotes vesicle growth [33].

3.2.2 Effect of the Independent Variables on the %EE

The entrapment efficiency (%EE) of 16-6—16 GS nanoves-
icles ranged from 36.37% to 69.59% (Table S2). The
quadratic model was statistically significant (p=0.0002,
F=56.50) with a non-significant lack of fit (p=0.6737),
confirming model adequacy. The model exhibited excellent
fit with high correlation coefficients (R? = 0.9903; adjusted
R?=0.9146; predicted R? = 0.9727) (Table S3 and S5).

As shown in Figure S3, %EE increased with increasing S/L
ratio. This improvement can be attributed to enhanced solubi-
lization of the lipophilic drug within the hydrophobic domains
of the vesicular bilayer, facilitated by the long alkyl chains and
low HLB nature of the Gemini surfactant [45, 46]. Increased
surfactant content also promotes the formation of a greater
number of vesicular assemblies, thereby increasing the avail-
able hydrophobic compartments for drug encapsulation [47].

In contrast, higher sonication time and pulse “on” time
reduced %EE, likely due to structural perturbation of ves-
icles and consequent drug leakage under excessive energy
input [48]. Similar trends have been reported in previous
studies, where optimized sonication enhances dispersion
and entrapment, whereas over-processing leads to destabili-
zation and reduced %EE [49].
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3.2.3 Effect of the Independent Variables on Zeta Potential

The zeta potential (ZP) of 16-6—16 GS nanovesicles ranged
from 20.1 to 36.4 mV (Table S2). The quadratic model
showed statistical significance (p = 0.0003, F = 15.53)
(Table S3 and S6) with a linear response pattern, indicat-
ing good predictability of the design space. ZP increased
with increasing S/L ratio, as shown in Figure S4. This is
attributed to the cationic nature of the Gemini surfactant,
which enhances surface charge density at the vesicle inter-
face, thereby improving electrostatic repulsion and colloi-
dal stability. Sonication time and pulse “on” time showed
negligible influence on ZP, indicating that surface charge
is primarily composition-dependent rather than process-
dependent in this system. The observed ZP values (2040
mV) fall within the range considered suitable for electro-
statically stable colloidal systems [50].

3.2.4 Effect of the Independent Variables on the PDI

The PDI values ranged from 0.138 to 0.392 (Table S2), indi-
cating acceptable to moderate polydispersity across formu-
lations. PDI was significantly influenced by the independent
variables, showing an inverse relationship with S/L ratio,
sonication time, and pulse “on” time. The quadratic model
was highly significant (p<0.0001, F=111.90) with excel-
lent fit (R*=0.9951; adjusted R? = 0.9862) and a non-signif-
icant lack of fit (p=0.0789) (Table S7).

The reduction in PDI with increasing S/L ratio can be
attributed to enhanced interfacial charge density, which
improves electrostatic stabilization and reduces aggregation
(Figure SS5). Increased surfactant concentration also lowers
interfacial tension, promoting the formation of more uni-
form vesicles. Previous studies have reported that Gemini
surfactants with dual hydrophobic chains facilitate tighter
lipid anchoring, leading to improved size homogeneity [51].

3.2.5 Model Validation

Optimization using the numerical desirability function
yielded an optimal formulation with a desirability value of
0.878 (Table S8). The predicted and experimental values
showed good agreement (Table 3).

Table 3 The predicted, observed responses and % relative error for
16-6—16 GS nanovesicles

Response Predicted ~ Observed % Relative error
Particle size 121.78 121.4+0.22 0.31
Entrapment (%) 66.37 62.07+2.46 6.47
zpP 33.35 30.16+3.11 9.56
PDI 0.230 0.212+0.07 7.82

@ Springer

3.3 Optimization of the 12-6—12 GS Gemini
Surfactant Nanovesicles

The formulation strategy forl2-6—12 GS nanovesicles
(GS12) was based on optimization outcomes from GS16
systems, with variation in S/L ratios (0.125-2.6.125.6;
batches F39-F46). As shown in Figure S6 and Table S1,
increasing the S/L ratio resulted in a decrease in particle size
and PDI, accompanied by an increase in zeta potential and
entrapment efficiency. This trend is attributed to enhanced
surface charge density and improved colloidal stabilization
provided by the cationic Gemini surfactant. Maximum %EE
(56.8%) was achieved at an S/L ratio of 2.6 (F46), beyond
which vesicle integrity was compromised, indicating an
optimal balance between surfactant concentration and struc-
tural stability.

3.4 Characterization of SlL-Loaded GS
3.4.1 Morphological Analysis

TEM analysis (Fig. 3A-B) confirmed the formation of dis-
crete, spherical vesicles without aggregation, indicating
good colloidal stability. Particle sizes observed by were
consistent with DLS measurements [52]. TEM observa-
tions, together with the thin-film hydration method and
lipid-surfactant-cholesterol composition, confirm the for-
mation of lipid-surfactant hybrid nanovesicles rather than
solid nanoparticles.

3.5 InVitro Dissolution Studies

The in vitro dissolution of SIL was evaluated in 0.1 N HCI,
phosphate buffer pH 6.8, and pH 7.4 to simulate gastric,
intestinal, and systemic conditions. Pure SIL and the mar-
keted formulation (Silybon® 140 mg, Micro Labs, India)
exhibited poor dissolution across all media, confirming the
inherently low aqueous solubility of SIL. In contrast, both
GS-16-OPT and GS-12-OPT nanovesicles demonstrated
significantly enhanced dissolution profiles compared to free
drug and marketed formulation (Fig. 3C).

At pH 1.2, GS-16-OPT and GS-12-OPT released
49.39% + 3.84% and 57.98% + 2.90% of drug within 2 h,
respectively, compared to 23.79% + 1.39% (pure SIL) and
25.66% + 3.84% (Silybon®), corresponding to an approxi-
mately 2.0-2.4.0.4-fold increase, reflecting enhanced solu-
bility due to micelle formation and nanovesicle-mediated
solubilization [53]. At pH 6.8, cumulative release reached
96.14% + 2.14% (GS-16-OPT) and 88.37% + 2.28% (GS-
12-OPT) at 24 h, whereas at pH 7.4, 88.43% + 3.80%
and 90.95% + 1.12% release was observed, respectively.
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Fig. 3 Transmission electron microscopy of (A) GS-16-OPT and (B) GS-12-OPT. (C) In vitro dissolution study of (i) plain SIL, GS-16-OPT, GS-
12-OPT and Silybon (marketed product) in 0.1 N HCI buffer, (ii) phosphate buffer pH 6.8 and (iii) phosphate buffer pH 7.4

@ Springer



313 Page 12 of 20

BioNanoScience (2026) 16:313

Overall, GS-16-OPT exhibited slightly higher release at
intestinal pH compared to GS-12-OPT.

The release profiles of both formulations exhibited a
biphasic pattern, characterized by an initial rapid release
phase followed by a sustained release phase. The initial
burst release may be attributed to surface-associated drug
and rapid micellar solubilization at the vesicle interface,
whereas the sustained phase is governed by diffusion
of drug from the lipid-surfactant vesicular matrix [54].
The enhanced dissolution behavior can be attributed to
improved drug solubilization, reduced particle size, and
formation of lipid—surfactant hybrid nanostructures, which
collectively increase the effective surface area and improve
wetting of SIL in aqueous media.

3.6 Stability Studies

Stability studies were performed under controlled
conditions at 4+2 °C over a 90-day period. However, due
to instability in the GeminiSomes dispersion evidenced
by phase separation observed on day 30, the study for the
dispersed form was discontinued, and further evaluation
focused on the lyophilized formulation. The lyophilized
lipid-surfactant  hybrid nanovesicles demonstrated
minimal changes in composition and maintained stability
throughout the 90-day period at 4+2 °C (Table S10).
Key quality attributes, including particle size, PDI, zeta
potential, and entrapment efficiency, showed a maximum
variation of only 5% from the initial values. Based on these
findings, storage of the formulation in its lyophilized state
in tightly sealed glass vials under refrigerated conditions
(4+£2 °C) is recommended.

3.7 InVitro Hepatoprotective Activity Against
D-Galactosamine

The in vitro hepatoprotective activity of the optimized
Gemini surfactant (GS-16-OPT and GS-12-OPT) was
evaluated in HepG2 cells and compared with SIL [55].
Exposure to 25 mM D-galactosamine led to ~ 75% loss in
cell viability of HepG2 cells. Treatment with 50 pg/mL SIL
restored viability to ~ 68%, whereas GS-16-OPT and GS-12-
OPT increased viability to 83% and 88%, respectively (Fig.
4A), demonstrating enhanced hepatoprotective effects. This
improved protection is likely due to enhanced solubility of
SIL, facilitated cellular internalization, and stabilization
within the nanovesicular structure, which together mitigate
D-Gal-induced cytotoxicity.

@ Springer

Fig. 4 In vitro assessment of silybin and GS-OPT formulations. (A) }
In vitro hepatoprotective activity of silybin, GS-16-OPT and GS-
12-OPT against D-Galactosamine in HepG2 cells using MTT assay;
(B) Cell uptake studies of GS-16-OPT and GS-12-OPT against SIL
in Caco-2 cells using FACS; (C) FACS plots of SIL, GS-16-OPT and
GS-12-OPT in Caco-2 cells; (D) Permeability of SIL, GS-16-OPT and
GS-12-OPT in Caco-2 cells (Apical to Basolateral). **: p<0.01, ***:
p<0.001; (E-F) Ex vivo permeation study (E) Time vs. permeation
of SIL in pg/ecm? of SIL, GS-16-OPT, GS-12-OPT and Silybon. (F)
Apparent permeability (cm/s) of SIL, GS-16-OPT, GS-12-OPT and
Silybon; (G) In vivo pharmacokinetic profile of pure SIL, GS-16-OPT,
GS-12-0OPT, and Silybon

3.8 Cellular Uptake Study

The cell uptake studies were performed on Caco-2 cells
using FITC-labelled SIL-loaded formulations.The percent-
age uptake for the plain SIL was found to be 11.33% =+
2.34%, while GS-16-OPT and GS-12-OPT showed 59.08%
+ 2.21% and 64.93% =+ 2.77%, respectively (Fig. 4B). The
overlay FACS plots for all the samples are shown in Fig. 4C.
The findings demonstrate that GeminiSomes had a~6-fold
greater cellular uptake in Caco-2 cells than the pure SIL.
The enhancement in cellular uptake may be due to their
cationic nature, which likely promotes membrane interaction,
and the presence of lipid components, which may facilitate
endocytosis-mediated internalization [56]. Thus, enhanced
uptake is primarily attributed to improved membrane inter-
action and endocytic uptake pathways. Further mechanistic
studies would be necessary to fully elucidate uptake pathways.

3.9 Permeability Studies in Caco-2 Cell Monolayer

The permeability of GS-16-OPT and GS-12-OPT nanovesi-
cles was evaluated using Caco-2 cell monolayers, an in vitro
intestinal barrier model. Initial TEER values ranged from 350
to 500 ©-cm? and showed only a 5-10% decrease after 4 h of
nanovesicle exposure, indicating preserved monolayer integ-
rity [57]. Since tight junctions (3—10 A) restrict particle trans-
port and TEER remained stable, paracellular transport was
likely minimal. Instead, improved transcellular transport was
observed, as shown in Fig. 4D, where drug permeability across
Caco-2 cells significantly increased (p < 0.0001) with GS-
16-OPT and GS-12-OPT (50 pg/ml) compared to free drug.
Apparent permeability (P,,,) rose 1.5-2.5-fold, confirming
enhanced transport. This demonstrates improved transcellu-
lar transport facilitated by the cationic surfactant-lipid matrix.
This may be due to Gemini surfactants forming a stable lipid-
surfactant assembly, enhancing membrane interaction and
increasing membrane fluidity [58]. Compared to monomeric
surfactants, Gemini surfactants may provide stronger interfa-
cial organization, contributing to improved permeability.
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3.10 ExVivo Permeation Study

Permeation of SIL, GS-16-OPT, GS-12-OPT, and Silybon®
was assessed using a non-everted rat ileum model, a cost-
effective and reproducible method for evaluating intestinal
permeability [59]. As shown in Fig. 4E, GS-16-OPT and
GS-12-OPT achieved significantly higher permeation of
SIL (P,,,: 0.011 and 0.013 cm/s respectively) compared
to plain SIL and Silybon® (Pypp 0.0008 cm/s and 0.003
cm/s respectively). The enhancement ratios were 14.33 and
15.99, respectively (Fig. 4F). Improved permeation may
result from increased membrane fluidity and transcellular
transport [60], lipid-mucus interactions [61], and enhanced
solubility and diffusion due to the surfactant-mediated solu-
bility enhancement [34].

3.11 InVivo Pharmacokinetics Study

Silybin, exhibits good in vitro activity but has poor oral
bioavailability due to limited aqueous/lipid solubility,
high molecular weight, and rapid Phase II metabolism
with biliary and urinary elimination [34, 62]. To overcome
these limitations, SIL was encapsulated in GeminiSomes
(GS-16-OPT and GS-12-OPT) and evaluated for in vivo
pharmacokinetics.

As shown in Fig. 4G and Table 4, GS-12-OPT and GS-
16-OPT significantly increased systemic drug exposure
compared to plain SIL and Silybon.

GS-16-OPT exhibited a higher C,, (731.6+135.48 ng/
mL) than GS-12-OPT (639.83 £42.39 ng/mL), indicating
faster initial absorption. This is likely due to the longer
C16 alkyl chains in GS-16-OPT, which enhance hydropho-
bic interactions within the vesicle bilayer, improve pack-
ing, and facilitate more rapid drug release at the absorption
site. Conversely, GS-12-OPT demonstrated slightly higher
total systemic exposure (AUCo—4: 2752.63+218.42 h-ng/
mL vs. 2190.05+£96.82 h-ng/mL for GS-16-OPT), sug-
gesting that subtle differences in alkyl chain length and
micellization behaviour influence the overall in vivo phar-
macokinetic profile.

Compared to pure SIL (C,,,: 149.0+37.58 ng/mL), both
formulations showed marked enhancement, correspond-
ing to 4.9-fold and 4.29-fold increases for GS-16-OPT
and GS-12-OPT, respectively, and 2.03-fold and 1.77-fold
increases over Silybon. These findings indicate that while
GS-16-OPT Favors a higher peak plasma concentration,
GS-12-OPT achieves slightly greater total systemic expo-
sure, reflecting a balance between rapid absorption and
sustained systemic availability governed by Gemini sur-
factant structure.

The enhanced oral absorption may be attributed to
reduced particle size, improved aqueous solubility, electro-
static mucoadhesion, and enhanced gastrointestinal reten-
tion [31]. Lipid incorporation likely facilitated lymphatic
uptake via chylomicron formation, partially bypassing
hepatic first-pass metabolism [38]. Furthermore, the Gemini
surfactants may transiently enhance membrane permeabil-
ity without inducing cytotoxicity, as supported by in vitro
Caco-2 and HepG?2 cell assays.

3.12 InVivo Hepatoprotective Studies

Preclinical in vivo efficacy was evaluated in Wistar rats
using the D-galactosamine (D-Gal)—induced hepatotoxicity
model, which closely mimics human viral hepatitis by trig-
gering liver necrosis, inflammation, and regeneration [63].
D-Gal depletes uridine pools, disrupts RNA and protein
synthesis, and induces oxidative stress by generating free
radicals [64]. It also activates mast cells and Kupffer cells,
increasing histamine and TNF-a levels, thereby exacerbat-
ing hepatocellular damage through oxidative and inflamma-
tory pathways [65].

3.12.1 Estimation of Biochemical Parameters

The introduction of D-Gal induces an alteration in the
permeability of the cellular membrane in the liver. The
change leads to the extracellular release of enzymes from
hepatocytes, leading to elevated blood enzyme concentra-
tions. Enzymes such as alanine aminotransferase (ALT),

Table 4 Pharmacokinetics Parameters SIL GS-16-OPT GS-12-OPT Silybon

parameters Cmax (ng/mL) 149.0+37.58 731.6+135.48%  639.83+42.39* 360.33+£62.79
Tmax 0.5+0.00 0.5+0.00 0.3+0.00 0.5+0.00
K, (1/h) 0.07+0.01 0.048+0.011 0.062+0.011 0.133+0.06
T, (h) 10.19+2.51 14.78+3.53 11.34+2.37 7.49£6.72
AUC,, (h*ng/mL) 573.83+183.52  2190.05+96.82"  2752.63+218.42"  1043.13+67.81
AUC,., (h*ng/mL)  1028.36+467.38  4319.4+807.65" 4791.56+794.51  1378.86+478.78
MRT (h) 14.13+3.17 18.75+4.87 14.5+4.89 8.634+6.788

All values are expressed as mean+SD; n=6. AUC, area under the curve; C,,,,, maximum concentration

of drug in plasma; K,

el

elimination rate constant, MRT, mean residential time; t;,, elimination half-life.

*p<0.05, compared to the SIL; *»<0.0001, compared to the SIL and Silybon®
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aspartate aminotransferase (AST) and alkaline phospha-
tase (ALP) are significant biomarkers that play a direct
role in hepatic injury and indicate the extent of damage
induced by D-Gal [66]. In the biochemical analysis, it was
observed that the D-Gal induced hepatic toxicity led to
increase in the AST, ALT and the ALP levels compared to
the control group. However, GS-16-OPT and GS-12-OPT
showed significant reduction in the AST, ALT and ALP
levels as compared to the plain SIL and Silybon® as shown
in Fig. 5A, indicating effective protection against hepato-
cellular damage.

3.12.2 Estimation of Endogenous Antioxidant Enzymes

Catalase (CAT) and superoxide dismutase (SOD) are
essential antioxidant enzymes that protect cellular macro-
molecules by eliminating reactive oxygen species (ROS).
CAT decomposes hydrogen peroxide (H202) into water
and oxygen [67], while SOD converts superoxide radicals
to H202, reducing oxidative damage [68]. Reduced activ-
ity of these enzymes in D-galactosamine (D-Gal)-treated
rats indicates oxidative hepatic injury. In this study, treat-
ment with the optimized GeminiSomes formulations
restored CAT and SOD activity toward normal levels, out-
performing both plain silybin and the marketed formula-
tion (Silybon®). Glutathione (GSH), a major intracellular
antioxidant, also plays a key role in neutralizing ROS and
maintaining redox balance. Its depletion increases suscep-
tibility to oxidative stress [69]. The optimized formula-
tions significantly restored hepatic GSH levels, indicating
improved antioxidant protection. D-Gal exposure elevated
malondialdehyde (MDA) levels, a marker of lipid peroxi-
dation and oxidative membrane damage [40]. Pre-treat-
ment with silybin reduced MDA levels significantly (p <
0.001), attributed to its radical-scavenging ability. How-
ever, optimized GeminiSomes showed a greater reduction
in MDA levels, confirming enhanced protection against
oxidative damage (Fig. 5B).

3.12.3 Anti-Inflammatory Response

The presence of inflammatory cytokines, such as TNF-o and
IL-6, significantly impacts liver inflammation, an essential
aspect of acute and chronic liver disorders [70]. D-Gal sig-
nificantly (p < 0.0001) enhanced hepatic toxicity, resulting
in elevated levels of TNF-a and IL-6. The Gemini surfac-
tant nanovesicle demonstrated a substantial reduction (p <
0.0001) in the concentrations of TNF-a and IL-6, restoring
them close to control group (Fig. 5C).

3.12.4 Histopathological Evaluation

Histopathological analysis revealed that liver tissues from
the control group exhibited typical hepatic architecture
with only minor vascular congestion (Fig. 5D i). In con-
trast, the D-Gal-treated control showed extensive necrosis,
cellular debris, neutrophilic infiltration, and apoptotic bod-
ies, including single-cell necrosis with hyper-eosinophilic
cytoplasm (Fig. 5D ii). Animals treated with plain silybin
and the marketed formulation Silybon® (100 mg/kg) dis-
played reduced hepatic inflammation and necrosis (Figs.
5D iii and vi). Pre-treatment with the GS-16-OPT for-
mulation resulted in moderate necrosis and inflammatory
changes (Fig. 5D iv), whereas GS-12-OPT demonstrated
the most prominent protective effect, showing only mild
sinusoidal and vascular congestion with minimal inflam-
mation compared to the positive control (Fig. 5D v) [40].
These findings correlate with biochemical and antioxidant
data, confirming that optimized Gemini surfactant vesicles
mitigate D-Gal-induced liver injury more effectively than
plain SIL or Silybon®.

Overall, the results demonstrate that incorporation of
Gemini surfactants into the lipid nanovesicles significantly
enhanced formulation performance. GS-16-OPT and GS-
12-OPT showed reduced particle size, narrow PDI, higher
zeta potential, and improved entrapment efficiency, which
can be attributed to the dual cationic head groups and
hydrophobic alkyl chains promoting tighter bilayer pack-
ing and electrostatic stabilization. These structural fea-
tures facilitated enhanced solubilization, cellular uptake,
and transcellular transport, resulting in improved in vitro
dissolution and ex vivo intestinal permeability. In vivo
pharmacokinetics revealed higher systemic exposure and
optimized absorption profiles. Finally, hepatoprotective
studies confirmed superior restoration of biochemical, anti-
oxidant, and inflammatory markers, along with improved
histological architecture, demonstrating overall enhanced
therapeutic efficacy of optimized GeminiSomes compared
to pure SIL and Silybon®.

4 Conclusion

This study addresses the critical challenge of improv-
ing oral therapy for acute hepatitis by enhancing the bio-
availability of silybin using Gemini surfactant-based lipid
nanovesicles. A comprehensive approach involving prefor-
mulation studies, GS synthesis, analytical method devel-
opment, and formulation optimization led to the creation

@ Springer



BioNanoScience (2026) 16:313

313 Page 16 of 20

KP

AST

ALT

800+

=3
=3
©

T
=3
=3

<
(n) 17V %

2004

soD

15

Catalase

250

MDA

80

GSH

1.0

B
ujajoid

0 Bw/Ww HeO

A\v.b
.\QO,
nv..v
3 o,
w )
z “o.
[ 4, O
or
%
\O‘\\A\
000
p7 L’
. o
00 4
& 2 3 = = o s,
g &8 & ¥ & A\OQ
(ue304d Jo BuyBdyo-INL 9

pringer

As



BioNanoScience (2026) 16:313

Page 177 0f 20 313

{ Fig. 5 Effect of various treatments on (A) biochemical markers (AST,
ALT, ALP), (B) antioxidant enzymes (catalase, SOD, GSH, and
MDA), and (C) inflammatory cytokines (TNF-a and IL-6) in rats sub-
jected to D-galactosamine-induced hepatotoxicity. Data are presented
as mean+SD (n=4 per group). (a p<0.0001 vs. positive control; b
p<0.05 vs. silybin group; ¢ p<0.05 vs. positive control). (D) Histo-
pathological examination of liver sections of different groups. (i) Nor-
mal Control, (ii) Positive control, (iii) Plain SIL, (iv) GS-16-OPT, (v)
GS-12-0OPT, and (vi) Silybon®. Red arrows indicate inflammatory cell
infiltration associated with tissue injury and yellow arrows indicate
necrotic changes

of a stable and biocompatible nanocarrier system. The
optimized lipid-surfactant hybrid nanovesicles i.e. Gemi-
niSomes exhibited favorable physicochemical proper-
ties and significantly enhanced permeability and uptake,
as demonstrated through in vitro and ex vivo models. In
vivo pharmacokinetic studies in Wistar rats showed a 4.6-
fold improvement in oral bioavailability, while pharma-
codynamic evaluations confirmed strong hepatoprotective
efficacy in the D-galactosamine-induced hepatitis model.
These findings underscore the translational potential of
GS-based nanocarriers for enhancing the oral delivery of
poorly bioavailable phytotherapeutics like silybin and pres-
ent a promising strategy for advancing hepatoprotective
drug therapy.
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