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Abstract

Syringic acid (SA) demonstrates significant anti-inflammatory, antioxidant, and neuroprotective properties. Unfortunately, its
clinical applicability is limited by low solubility and low bioavailability. SA-loaded emulsomes were developed to overcome
these limitations. The emulsomes were prepared using thin-film hydration method and optimized by a Central Composite
Design. Three independent variables were studied: the solid lipid-to-phosphatidylcholine ratio, drug amount, and solid
lipid type (trilaurin or tripalmitin). The measured responses were entrapment efficiency (EE%), particle size (PS), and zeta
potential (ZP). The optimized formula exhibited an EE% of 61.924+0.09%, a PS of 190.02 +£0.13 nm, a PDI of 0.21 +0.07
and a ZP of -36.3 +£0.98 mV. In-vitro release studies demonstrated a sustained release profile, with 92% of SA released
over 24 h. The relative bioavailability of SA from the optimized formula was 219% compared to the unformulated drug. A
physiologically based pharmacokinetic (PBPK) model was developed to predict plasma and tissue distribution. The model
predicted a twofold increase in brain bioavailability, suggesting the potential for improved brain penetration and retention.
These findings establish emulsomes as a promising nanoplatform for overcoming syringic acid’s biopharmaceutical barriers
and advancing its clinical potential.
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Introduction

Oxidative stress, resulting from an imbalance between the
cellular antioxidant defence system and the excessive pro-
duction of reactive oxygen species (ROS) such as superox-
ide (O,"), hydroxyl radicals (¢OH), and hydrogen peroxide
(H,0,), plays a critical role in the pathogenesis of neuro-
degenerative disorders including Parkinson’s, Alzheimer’s,
B< Nabila M. Sweed and Huntington’s diseases. These ROS induce DNA damage,

nabila.msweed @ gmail.com; nsueed @msa.edu.eg neuronal loss, and inflammatory responses, thereby acceler-
ating neurodegeneration [1-3].

Plant-derived polyphenols have gained considerable
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scavenging capacity. SA has been shown to reduce oxidative
stress, inhibit inflammatory cytokines, and protect against
neuronal damage in various models [6—10].

Despite these promising properties, the clinical
application of SA is strictly limited by its poor aqueous
solubility, rapid in-vivo metabolism, and low systemic
bioavailability, necessitating the development of advanced
delivery systems to improve its pharmacokinetic profile [11,
12].

While polymeric nanoparticles have been explored for
brain delivery due to their nanoscale size, they frequently
generate acidic or toxic degradation by-products, rendering
them unsuitable for long-term neurological therapies
[13-16]. Consequently, biocompatible lipid-based
nanoparticles (LNPs) have emerged as safer alternatives
[17-19]. Previous attempts to optimize SA delivery using
nano formulations such as conventional liposomes and
self-microemulsifying drug delivery systems (SMEDDS)
have been reported, yet they offer limited success due to
structural and stability-related drawbacks. SMEDDS may
undergo premature drug precipitation upon dilution in the
gastrointestinal (GI) tract, while conventional liposomes
suffer from rapid drug leakage and high instability in gastric
fluid due to their fluid bilayer membranes. These limitations
result in a short circulation half-life time and insufficient
pharmacokinetic exposure at the target brain tissue [13, 20,
21]. To address these challenges, the present study utilizes
emulsomes (cholesterol-stabilized, hybrid lipid nanocarriers)
that integrate the structural advantages of liposomes and
emulsions within a unique core—shell architecture. Unlike
previous fluid-core or micellar formulations, emulsomes
possess a solid triglyceride core enveloped by a phospholipid
bilayer. This solid core physically immobilizes lipophilic
molecules, effectively preventing the rapid drug leakage
and burst release characteristic of liposomes. Furthermore,
emulsomes offer clear superiority in manufacturing,
scalability, and brain pharmacokinetic exposure. For
oral administration, the solid lipid core acts as a shield,
resisting gastric enzymatic degradation and protecting the
encapsulated SA through the GI tract [22-26].

Crucially, the structural similarity of emulsomes to
endogenous chylomicrons promotes intestinal lymphatic
uptake. This bypasses hepatic first-pass metabolism,
thereby increasing systemic maximum concentration in
plasma (C,_,,) and bioavailability compared to free SA
or conventional SMEDDS. Once in circulation, their
nanoscale size and lipidic composition facilitate interaction
with the blood-brain barrier (BBB) via passive diffusion
and receptor-mediated transcytosis, achieving effective
neuroprotective delivery via a non-invasive route suited for
chronic therapy [27-29].

Accordingly, this study aims to develop and optimize
syringic acid-loaded emulsomes using a Central Composite

@ Springer

Design. By establishing a direct structural advantage over
previously reported nano formulations, this work seeks to
enhance SA solubility, gastric stability, and systemic bio-
availability, ultimately providing an efficient oral nano-
platform for the management of neurodegenerative diseases.

Materials and Methods
Plant Material

5.4 kg of the fresh fruits of Vitis vinifera L. cv. Flame
Seedless family Vitaceae (Red grapes) were purchased from
the farms of Faculty of Agriculture, Cairo University, Giza,
Egypt, where; the authentication and taxonomical identity
were kindly checked and verified by the vegetables and
fruits department at the faculty. The fruits were isolated,
homogenized, then, freeze-dried under vacuum using a
lyophilizer (Freeze Dryer-CHRIST-ALPHA 2-4 LD PLUS).

Chemicals

90% Soybean lecithin was purchased from Alfa Aesar (Ger-
many). Cholesterol, tripalmitin, trilaurin, and vanillic acid
(used as an internal standard) were procured from Sigma-
Aldrich Chemical Co. (St. Louis, IL, USA). Sigma-Aldrich
(USA) also supplied the solvents: HPLC-grade methanol, and
analytical-grade acetic acid and formic acid. All remaining
chemicals were of analytical grade and used without further
purification.

Animals

The current study included male Wistar albino rats, each
weighing 200 g. Rats were kept in plastic cages at Octo-
ber University for Modern Science and Arts' animal house
under continuous conditions of 25+ 3 °C and 50% humidity
after being obtained from Teodor Bilharis Institute in Cairo,
Egypt. Water and a standard pellet diet were freely available
for the duration of the study.

Methods
Extraction and Isolation of Syringic Acid

The dried fruits (982 g) were macerated at room temperature in
60% ethanol till exhaustion. The hydro-ethanolic extracts were
pooled and concentrated in a rotatory evaporator (Heidolph,
Germany) under reduced pressure at a temperature not exceed-
ing 60°C to yield a dark reddish-brown extract weighing (113
g). The dried extract was defatted using hexane (1050 mL),
the defatted extract (89 g) was then extracted with 2M sodium
hydroxide and left at room temperature with frequent agitation
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for 8 h. The extract was further acidified with 6 M HCl to reach
the pH of 2.2. After acidification, the extract was suspended in
distilled water (500 mL) and partitioned successively between
water dichloromethane (10 50mL), ethyl acetate (10x50mL),
and saturated n-butanol (10X 50mL). The solvents were dis-
tilled-off under reduced pressure to yield 12.8 g, 23.3 gand 14.7
g of the dichloromethane, ethyl acetate, and n-butanol extracts,
respectively.

The ethyl acetate fraction (23.3 g) was further fractionated on a
polyamide (E-Merck) (100 g, 100X 5 cm) column, eluted with 0%
up to 100% methanol in distilled water in a 25% gradient elution
manner. Fractions were collected each 20 mL and monitored by
TLC on silica gel 60 F 254 (E-Merck) precoated plates. Similar
fractions were pooled and separately concentrated under reduced
pressure at a temperature not exceeding 60°C, to yield three
sub-fractions (I-III), fraction I, eluted with 100% distilled water
(1.7 g), fraction II eluted with 50% methanol (6.3 g) and fraction
111, eluted with 75% methanol (4.8 g). Fraction III was further
fractionated over a column chromatography (50 cmx3.5 cm)
packed with Sephadex LH-20 (E-Merck) as a stationary phase.
The column was eluted with 0% up to 100% methanol in distilled
water in a 10% gradient elution manner. Fractions were collected
each 5 mL and monitored by paper chromatography and n-butanol
—acetic acid — water (4:1:5) (upper phase) as a solvent system. The
column yielded 4 major subfractions of which fraction III-c was
obtained as an off-white amorphous powder.

Experimental Design

A Central Composite Design was used to monitor the effects of
the various independent variables on the prepared emulsomal
characteristics, using Design Expert® software (Version 10,
Stat-Ease Inc., Minneapolis, MN). The independent variables
were X : solid lipid to phosphatidyl choline ratio (SL:PC) (X,):
drug amount (mg), and (Xj): type of solid lipid, whereas the
dependant variables were the entrapment efficiency percentage
(EE%) (Y1), the particle size (Y2), and zeta potential (Y3) as

Preparation of Syringic Acid Loaded Emulsomes

Syringic acid-loaded emulsomes were prepared using thin
film hydration technique. Accurately weighed amounts
of each of syringic acid, phosphatidylcholine, solid lipid
(Tilaurin or tripalmitin), and cholesterol were dissolved in
10 mL of methylene chloride/methanol mixture (2:1) and
transferred to a round-bottom flask. The total lipid amount
was fixed at 400 mg, with cholesterol added in an amount
equal to that of phosphatidylcholine. A rotary evaporator
was used for the complete evaporation of the solvent under
reduced pressure for 1 h at 40°C and 120 rpm. Final traces of
solvent were removed under vacuum, overnight. The formed
film was then hydrated using 10 mL of phosphate buffer
saline (pH 6.8) at 40°C and 120 rpm for one hour and then
sonicated using water bath sonicator (Elma Schmidbauer,
Germany) for 1 min to reduce its size. Afterward, it was
stored at 4°C [30].

Characterization of the Prepared Emulsomes

Determination of Entrapment Efficiency % and Drug Load-
ing % The entrapment efficiency % was determined using
the indirect method as that reported by Sawant et al., 2016
[31], with slight modifications. The free unentrapped drug
was separated by centrifugation at 15000 rpm for 30 min at
4°C (Sigma 3-30 KS, Sigma Laborzentrifugen, Germany),
followed by washing the precipitate twice using phos-
phate buffer saline (pH 6.8). The free unentrapped drug
was diluted and measured spectrophotometrically at A,
261nm (Shimadzu UV-1800 240V, Japan) against blank
emulsomes.

The EE % was calculated using Eq. 1 [32].:

Syringic acid EE% = 1 — (free drug in supernatant

L ey
shown in Table I. Twenty-six emulsomal formulae were pre- / original drug added) * 100
pared according to the chosen Central Composite Design, and . .
. . . The drug load Iculated Eq. 2:
the composition of each formula is shown in Table L. ¢ drug loading % was calculated using Eq
Drug Loading % = (weight of SA inemulsomes/total weight of emulsomes) * 100 (2)

Determination of the Particle Size, Polydispersity Index (PDI),
and Zeta Potential The particle size, polydispersity index
(PDI) and zeta potential for the prepared emulsomes were
measured using the dynamic light scattering method. A zeta
sizer (Malven Zeta sizer version 6.20 serial number: MAL
104 4595, Worcestershire, United Kingdom) was used to
measure the zeta potential via electrophoretic light scatter-
ing at a fixed angle of 173°. Following a tenfold dilution of

the samples with deionized water to avoid multi-scattering
phenomena, all measurements were made in triplicate [33].

Optimization of Syringic Acid-loaded Emulsomes The opti-
mized formula (O,) was identified by the Design Expert soft-
ware according to the predefined constraints summarized
in Table I. Selection was achieved through a numerical
desirability function designed to maximize encapsulation
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Table | Independent Variables Levels and Their Dependant Variables, Together With the Formulae and Their Composition, Using the Central

Composite Design

Independent variables

Levels of independent variables

-0 -1 0 +1 +o
X;: SL: PC 0.5:1 0.866:1 1.75:1 2.633:1 3:1
X,: Drug amount (mg) 5 7.196 12.5 17.803 20
X;: Type of solid lipid Tripalmitin Trilaurin

Dependent variable
Y- Entrapment Efficiency (EE) (%)
Y,- Particle size (nm) (PS)
Y- Zeta potential (mV) (ZP)

Desirability Constraints
Maximize
Minimize

Maximize

Formula code

Independent variables level in their actual

Dependent variables

values
X, X, X, Y, Y, Y;
F1 1.75:1 12.5 Tripalmitin 59.60+0.92 375.80+2.45 —52.00+1.76
F2 1.75:1 5 Tripalmitin 32.12+0.22 325.96+2.78 —56.60+1.89
F3 1.75:1 12.5 Tripalmitin 61.28+0.51 337.34+1.99 —52.60+1.56
F4 1.75:1 12.5 Tripalmitin 57.24+0.67 328.97+2.12 —52.00+1.76
F5 2.633:1 17.803 Tripalmitin 54.60+0.65 285.10+1.98 =55.1+1.22
F6 0.866:1 17.803 Trilaurin 39.00+0.22 221.60+1.56 —52.00+1.34
F7 1.75:1 20 Tripalmitin 48.49+0.43 328.50+2.56 —46.20+1.54
F8 1.75:1 12.5 Trilaurin 40.07+0.38 225.00+1.98 —36.00+1.33
F9 1.75:1 12.5 Trilaurin 42.00+0.38 235.00+1.77 —28.00+1.21
F10 1.75:1 12.5 Tripalmitin 63.30+0.56 330.18+1.23 —51.10+1.45
F11 3:1 12.5 Trilaurin 45.00+0.34 177.00+1.70 —35.00+1.31
F12 1.75:1 12.5 Tripalmitin 62.96+0.54 330.52+1.34 —50.30+1.45
F13 1.75:1 12.5 Trilaurin 44.00+0.33 240.00+2.09 —40.00+1.45
Fl14 0.866:1 7.196 Trilaurin 28.11+0.28 259.40+1.89 —46.00+1.41
F15 3:1 12.5 Tripalmitin 30.50+0.31 286.60+1.74 —-57.90+1.54
Fl16 0.866:1 7.196 Tripalmitin 29.79+0.32 216.77+1.25 —55.50+1.51
F17 2.633:1 17.803 Trilaurin 30.00+£0.23 208.90+1.67 —33.00+1.34
F18 1.75:1 12.5 Trilaurin 41.00+0.32 240.00+1.37 —42.00+1.38
F19 0.5:1 12.5 Trilaurin 35.84+0.39 239.10+1.33 —46.00+1.41
F20 0.866:1 17.803 Tripalmitin 27.51+0.25 257.50+1.78 —48.30+1.45
F21 2.633:1 7.196 Trilaurin 61.00+0.45 176.30+1.22 —35.00+1.32
F22 2.633:1 7.196 Tripalmitin 24.52+0.23 375.80+2.65 —58.40+1.45
F23 1.75:1 20 Trilaurin 36.8-+0.33 238.50+2.09 —42.00+1.41
F24 1.75:1 12.5 Trilaurin 42.00+0.39 235.00+£2.53 —44.00+1.31
F25 0.5:1 12.5 Tripalmitin 27.28+0.25 205.40+1.21 -50.70+1.51
F26 1.75:1 5 Trilaurin 40.00+0.32 217.70£1.78 —41.00+1.41

efficiency (EE%), minimize particle size (PS), and maxi-
mize zeta potential (ZP). The resulting optimized formu-
lation (O,) was subsequently prepared and experimentally
evaluated to validate the accuracy of the optimization model.

Fourier Transform Infrared Spectroscopy (FTIR) Fourier
transform infrared (FTIR) spectra of syringic acid, blank
emulsomes, and the optimized emulsomes (O,;) were
obtained using an FTIR spectrophotometer (JASCO FTIR-
8400, Japan). Samples were prepared by mixing with dry
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potassium bromide, and spectra were recorded over the
range of 4000—400 cm ™ at a resolution of 2 cm™! (32).

Transmission Electron Microscopy (TEM) A drop of the opti-
mized formulation (O;) was deposited onto a carbon-coated
copper grid and negatively stained with 1% (w/v) phospho-
tungstic acid to enhance contrast. Excess stain was removed
using filter paper, and the grid was gently rinsed with dis-
tilled water and air-dried at room temperature. The sample
was examined by transmission electron microscopy (TEM;
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JEM-1230, JEOL, Tokyo, Japan) operated at an accelerating
voltage of 200 kV and a magnification of X 25,000 to assess
particle morphology [30].

In-vitro Drug Release Studies To evaluate the in-vitro
drug release of SA, a dialysis bag method was used. First,
the dialysis membrane, which has a molecular weight cut-
off of 12,000-14,000 Da, was soaked in the release medium
overnight after being thoroughly cleaned with boiling water.
The dialysis bags were then filled with a known volume of
each optimized formula (O;) and SA suspension (equivalent
to 3 mg drug) (Standard SA) and were placed in contain-
ers with 100 mL of phosphate buffer saline (pH 6.8) [34] to

simulate intestinal conditions, since the developed emulsomes
are intended for oral administration and are expected to be
absorbed mainly from the small intestine prior to entering
systemic circulation.

The containers were incubated at 37 °C and 100 rpm
in a thermostatically controlled shaker (incubator shaker,
ZHWY-2102C, China). At specific time points over 24 h
(0.5,1,2,4,6, 8, and 24 h), a volume of 2 mL from the
samples were removed and immediately replaced with fresh
dissolution medium. The samples were then filtered and ana-
lysed for SA spectrophotometrically at predetermined A,
261 nm [35]. The percentage of cumulative syringic acid
release at each time interval was calculated using Eq. 3.

% Cumulative release = (Amount of syringic acid in the medium/ Original amount of syringic acid) X 100 3)

The drug release profile was analysed using five math-
ematical models: zero-order, first-order, Korsmeyer—Peppas,
Weibull, and Hixson—-Crowell, employing KinetDS 3.0®
software for the calculations [36].

Stability Studies

Stability studies were conducted according to ICH guide-
lines to ensure the stability of the optimized formula (O,).
Samples were stored for three months at 4 °C and 55-60%
relative humidity. Following this time, the samples were
visually examined and essential metrics such as particle
size, zeta potential, entrapment efficiency percentage, and
polydispersity index (PDI) were evaluated [30].

Pharmacokinetics Study

In-vivo Pharmacokinetics Study The in-vivo pharmacoki-
netics study was conducted on 24 rats (each with an average
weight of 0.25 kg) divided into two groups (n=12). The first
group (syringic acid) received standard syringic acid, and
the second group (O,) received the optimized formula. All
groups were allowed to drink free water during the 12-h fast-
ing. SA was administered to the syringic acid group at a dose
of 6 mg/kg, orally, prepared as a suspension in water (stand-
ard SA). The O, group received a corresponding dose (6
mg/kg) of the O, formulation orally. Following oral admin-
istration, blood samples were taken from the retro-orbital
plexus at 10, 30, 60, 90, 120, 180, 240, 300, and 1440 min in
heparinized tubes. They were then centrifuged at 13,000 x g
for 10 min at 4°C. The resultant plasma samples were kept
at —80°C until HPLC analysis. The pharmacokinetic param-
eters were ascertained by non-compartmental analysis using
Kinetica™ 2000 software (version 4.4.1, Thermo Electron
Corporation, USA) [37, 38].

Chromatographic System and Conditions A binary solvent
supply pump, autosampler, and photodiode array detector
were all part of the Waters 2690 Alliance HPLC system
(Waters, UK). Kinetex C18 (4.6 mm ID X 100 mm L, parti-
cle size 5 um, Phenomenex, USA) was the stationary phase
utilized. With a UV detector set at 290 nm and an injection
volume of 10 pL, a mobile phase comprising 20% methanol
and 80% acetic acid (0.1%) was supplied at a flow rate of
0.8 mL/min at room temperature.

Standard Working Solutions Standard working solution of
syringic acid was prepared in the mobile phase to obtain
concentrations of (1 mg/mL). For internal standard (IS),
working solution was prepared in the same solvent (500 pg/
mL).

Calibration Curves and Quality Control Samples 100 pL of
each of the working standard solutions for SA and IS were
added to 300 pL of rat plasma. The range of 50-500 ug/
mL was used to prepare the plasma samples. Low (LQC),
medium (MQC), and high (HQC) quality control samples
were created in blank plasma at concentrations of 100, 250,
and 400 pg/mL. The chromatograms were recorded after
each sample was introduced into the HPLC system. Plot-
ting the relative peak area (area of SA/area of IS (10 pg/
mL)) against the corresponding concentration resulted in
the calibration curve for each medication, from which the
regression equations were computed.

Sample Preparation One hundred pL of the internal stand-
ard working standard solutions were added to 400 pL of rat
plasma. To precipitate the proteins, 500 pL of extracting
solvent (1% formic acid in methanol) was added right away,
and the mixture was vigorously vortexed for two minutes.
For ten minutes, the mixture was centrifuged at 10,000 rpm.

@ Springer
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The clear supernatant was carefully transferred to a Was-
sermann tube, heated to 60 °C to concentrate it, and then
reconstituted with mobile phase. The chromatogram was
then recorded after 10 pL of the supernatant was put into
the HPLC apparatus. The sample’s concentration was cal-
culated by substitution in the computed regression equation.

Method Validation Method validation was carried out
according to FDA guidance for industry and bioanalyti-
cal method validation as listed in Supplementary material
Table I SM.

Statistical Analysis

Design-Expert software (Version 13, Stat-Ease Inc., Min-
neapolis, MN) was used to statistically analyse the optimiza-
tion data with linear regression and ANOVA. The analysis
included comparing the coefficient of variation (CV), RZ,
adjusted R?, and predicted R? values. A p-value of less than
0.05 was considered statistically significant.

The in-vivo pharmacokinetics and stability data are
presented as mean +SEM. A one-way ANOVA was used
to assess statistical differences between the experimental
groups.

Physiologically Based Pharmacokinetic (PBPK) Model
Building

Individual and Population Building Block (SA Monother-
apy) PK-Sim® (v.12.0) software from Open Systems Pharma-
cology is a user-friendly software that simplifies whole-body
physiologically based pharmacokinetic (PBPK) modelling,
making it accessible to non-experts [39]. Using its pre-built
components (Table I SM), a PBPK model was developed for
syringic acid, a small acidic compound [9]. The model was ini-
tially built for an individual typical rat with an average weight
of 0.25 kg and then scaled up to a virtual population of six rats.
Key features of the model include: the model assumes that the
distribution of syringic acid is limited by its permeability, a
default assumption in PK-Sim for small molecules. The Rodg-
ers and Rowland method was used to predict partition coef-
ficients, while the Charge dependent Schmitt normalized to
PK-Sim method was employed for cellular permeabilities, both
of which are crucial for modelling an ionizable compound like
syringic acid [40]. Furthermore, the model uses total hepatic
clearance rather than individual enzymatic clearance values.
The model is based on an immediate-release formulation of
syringic acid. The overall modelling approach mirrors a case
study published by Gandevia et al. (2023) [40], confirming a
standard, established methodology.

Compound Parameters After being absorbed, syringic acid
binds approximately to 38.6% with albumin and follows
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non-linear binding kinetics [41]. It is primarily metabolized
by the liver via phase II conjugation and phase I oxidative/
demethylation [42]. Metabolites formed from enzymes such
as UGTs (UGT1A1, 1A9, and 2B7) and CYP450 isoenzymes
(CYP1A2, 2C9 and 2D6) [41] are eliminated from the body
via urine [43]. The compound parameters were Log P=1.04,
Molecular weight (g/moL)=198.17 [41], Solubility at 25°C
(mg/mL)=1, and pKa (acid)=4.43. Total clearance (mL/
min/kg) =7.21 [41]. The emulsomal formulation was incor-
porated into the PBPK model as an oral modified-release
formulation, rather than explicitly modelling nanoparticle
disposition. Specifically, the formulation was represented
by adjusting dissolution/release kinetics based on in-vitro
release data, absorption was modelled using the standard
intestinal permeability framework in PK-Sim®. No explicit
nanoparticle transport mechanisms (e.g., lymphatic uptake
or carrier-mediated BBB transport) were assumed.

PBPK Model Building and Validation Blood, plasma, inter-
stitial fluid (which represents the CSF), and intracellular
compartments were the four default sub compartments used
to simulate the brain. Through venous and arterial blood
compartments, these sub compartments were connected to
the whole PBPK model. PK-Sim maintained the default val-
ues for brain blood flow, volume, and weight [44].

The developed model was validated by comparison with the
plasma pharmacokinetic study. Simulations were conducted
using an oral dose of 6 mg/kg of syringic acid administered
once daily. The predicted model data were compared to
observed experimental data, focusing on key pharmacoki-
netic parameters such as maximum concentration (C,,,,) and
the Area Under the Curve (AUC). Observed-to-predicted
(obs/pred) ratios were calculated to determine fold error, and
predictions were deemed acceptable if the ratios fell within
the two-fold error range (0.5-2) [40].

Results and Discussion
Authentication of Syringic Acid

After several chromatographic isolation procedures, an
off-white amorphous powder was obtained, having a
melting point of 206 °C and was soluble in methanol.
This compound had a retardation factor (R;) value of 0.69
on TLC plates when eluted with a solvent composed of
[dichloromethane—methanol (90:10 v/v)]. The compound
appeared as an intense violet spot on paper chromatography
under short UV light (254nm) having R; value of 0.74 when
developed using n-butanol — acetic acid — water (4:1:5)
(upper phase) solvent system respectively. The spot gave a
bluish violet color when sprayed with ferric chloride. For
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further identification of the compound, its UV absorption
spectrum exhibited two peaks at A,,,, (methanol) 222 nm and
275 nm using UV spectrophotometer (Shimadzu UV-1800
240V, Japan). These data were consistent with those of
SA; thus, its identification was furthermore confirmed by
co-chromatography with authentic SA (Sigma Aldrich) on
paper chromatography using n-butanol — acetic acid — water
(4:1:5) (upper phase) solvent system. Thus, the compound
could be identified as 4-Hydroxy-3,5-dimethoxybenzoic acid
(Syringic acid) (CgH;(Os).

Preparation of Syringic Acid Loaded Emulsomes

Emulsomes containing phosphatidylcholine and either tri-
palmitin or trilaurin solid lipids were prepared using the
thin film hydration technique [45]. The solid lipid matrix
enhances lipophilicity, thereby providing greater prob-
able space for the entrapment of hydrophobic drugs [30,
46]. Tripalmitin was used at it is considered a suitable lipid
for emulsomal cores due to its long saturated palmitic acid
chains (C16) and high melting point (44.7-67.4°C), which
enable the formation of a stable, well-organized matrix
capable of incorporating larger amounts of lipophilic drug
molecules. Trilaurin, a medium-chain triglyceride consisting
of three lauric acid (C12) units, was also selected because
it is considered a favourable candidate, as its remains solid
at room temperature (25°C), exhibiting a melting point of
46.5°C [47].

Statistical Analysis Using Central Composite Design

A Central Composite Design was used to study the effects of
the formulation variables, namely solid lipid to phosphatidyl
choline ratio (SL: PC) (X,), drug amount (X,), and type of
solid lipid (X3), on the EE% (Y,), PS (Y,), and ZP (Y;).
The Central Composite Design (CCD) was selected as the
framework for the response surface methodology owing to

its robust statistical efficiency and flexibility. This design
structure allows for the creation of orthogonal blocks, which
facilitate the independent estimation of model parameters
and block effects while minimizing variability in the regres-
sion coefficients. Furthermore, CCD provides a powerful
means of modelling complex relationships by enabling the
construction of quadratic response surfaces that accurately
describe the interaction between experimental variables and
the measured responses [38]. A notable advantage of this
design lies in its efficiency, as it requires a relatively smaller
number of experimental trials to attain the same degree of
model precision and complexity, making it particularly
advantageous when dealing with multiple influencing fac-
tors or higher-order interactions [48, 49].

The final design consists of 26 trial runs, and Table I
shows the EE%, PS, and ZP results. The optimized formula
was chosen to have a minimum particle size, maximum zeta
potential, and maximum EE%. The design showed a reduced
cubic model for all the measured responses, as can be rep-
resented in Table II and Fig. 1. The fitted models had a high
correlation coefficient R%, an adjusted R? in a reasonable
agreement with the predicted R?, and adequate precision
values of (0.9604, 0.9453, 0.8303, 18.982, for EE %, 0.9659,
0.9392, 0.8705, 19.121 for particle size, and 0.8861, 0.7966,
0.7131, 10.139 for the zeta potential, respectively). This
suggests that the design space can be navigated using the
models for every response. The significant terms were found
using the ANOVA test. Terms in the model were deemed
statistically significant if their p-value was less than 0.05.

Effect of Independent Variables on EE%

The entrapment efficiency % of the formulated syrin-
gic acid-loaded emulsomes ranged from 24.52% +0.23%
to 63.30+£0.56%. The drug loading % ranged from
0.78 £0.03% to 4.46+0.26%. The effect of independent
variables on EE% is shown by Eq. (4):

EE% = +51.35 + 3.95X, + 1.64X, — 9.53X; — 4.72X,X; — 8.93X; — 6.04X7 — 9.28X, X,X; + 7.72X;X; + 437X2X; (4

EE % using tripalmitin = —=43.91 + 54.36X, + 7.43X, + 1.73X,X, — 20.63X> — 0.37X; (4a)

EE % using trilaurin = —20.86 + 36.13X, + 4.82X, — 2.23X, X, — 0.85X — 0.06X; (4b)

Table II illustrates that the three studied independent
variables significantly influenced the entrapment efficiency
(EE%), as shown by the p-value less than 0.05.

As can be deduced from Eq. 4, an increase in the SL:
PC ratio (X,) and drug amount (X,), resulted in an increase
in EE% as evidenced by their positive coefficients. The
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use of tripalmitin (X5) also contributes to enhanced EE%.
The increase in EE% upon the increase in the solid lipid to
phospholipid ratio (X,) could be due to several intercon-
nected physical and chemical mechanisms. Structurally, the
solid lipid forms the lipophilic core of the emulsomes, is
expectedly serving as the primary reservoir for hydrophobic
molecular payloads. Syringic acid possesses a dimethoxy-
substituted aromatic ring that imparts moderate lipophilicity
and enhances its affinity for lipidic environments. Conse-
quently, the drug is expected to partition into the solid lipid
matrix and associate with the phospholipid interface through
hydrophobic interactions and van der Waals forces. Increas-
ing the solid lipid to phosphatidyl choline ratio expands this
core volume, thereby offering probable greater accommoda-
tion and retention capacity for the drug molecules within
the lipid matrix [50]. Moreover, when the lipid content
increases, more drug partitions into the lipid phase, shift-
ing the equilibrium away from the aqueous phase. This is
especially important during the emulsification process when
drug molecules can distribute between aqueous and lipid
phases. In addition, a higher lipid content leads to a denser
and more structured core, reducing drug diffusion and leak-
age during preparation and storage [51]. On the other hand,
the increase in the drug amount (X,) resulted in an increase
in the likelihood of drug molecules interacting with the lipid
core, leading to greater entrapment. This is particularly evi-
dent with lipophilic drugs, which have a higher affinity for
the lipid phase. For instance, a study on bifonazole emul-
somes demonstrated that increasing the drug percentage led
to higher EE%, attributed to more drug being available for
encapsulation [52].

Finally, the type of solid lipid used in emulsomes formu-
lation can significantly impact EE%. The better EE% upon
the use of tripalmitin as the lipid core could be due to the

longer fatty acid chain of tripalmitin (C16), as compared to
trilaurin (C12) which resulted in higher drug encapsulation
[47,52].

The 3D response surface plots illustrated the interactive
effects of the formulation variables on EE% for both tripalmi-
tin- (Fig. 1A, Eq. 4a) and trilaurin-based emulsomes (Fig. 1B,
Eq. 4b). For the tripalmitin formulation, EE% increased with
higher SL:PC ratios (X1) up to an inflection point of approxi-
mately 1.75:1, beyond which further lipid addition resulted
in a gradual decline in encapsulation [22, 46]. This biphasic
behaviour reflects the strong negative quadratic coefficient
for the lipid ratio (X 12 =-20.63) (Eq. 4a), indicating that an
optimal SL:PC ratio exists for achieving specific EE% targets.
Similarly, increasing the initial drug payload (X2) initially
improved EE% due to enhanced mass availability, but exces-
sive drug feeding led to matrix saturation, resulting in drug
expulsion, leakage, or phase separation, as reflected by the
negative quadratic coefficient (X,?=— 0.37) [47]. The pro-
nounced curvature of the response surface in Fig. 1A signi-
fies a nonlinear interaction, indicating that maximum EE%
is achieved at an intermediate SL:PC ratio combined with a
moderate drug payload. In contrast, the response surface for
the trilaurin systems (Fig. 1B) exhibited a noticeably less pro-
nounced curvature; this indicates that tripalmitin-based emul-
somes afford a wider acceptable formulation space regarding
the SL:PC ratio, thereby offering superior manufacturing and
processing flexibility.

Effect of Independent Variables on Particle Size

The formulated syringic acid-loaded emulsomes particle
size ranged from 176.30 +1.22 to 375.80+2.45 nm. The
impact of independent variables on particle size is presented
in Eq. 5.

PS = +287.78 + 7.37X, — 1.39X, — 52.78X; — 30.32X,X; — 30.92X] + 25.23X,X,X; + 17.07X7X; + 1.77X,X 6)
PS using tripalmitin = — 102.78 + 345.23X, + 17.73X, — 7.01X, X, — 61.42X; — 0.26X; (5a)
PS using trilaurin = +279.84 — 10.83X, — 2.59X, + 3.75X,X, — 17.74X] — 0.14X; (5b)

Table II illustrates that only the type of solid lipid sig-
nificantly influenced the particle size with p-value less
than 0.05, with a quadratic SL: PC ratio significant effect.
The model was found to be reduced cubic model. As
could be observed from Eq. 4, the utilization of tripalmi-
tin as the lipid core material yielded a more pronounced
increase in particle size compared to trilaurin, a phenom-
enon driven by several interconnected physicochemical
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mechanisms. Tripalmitin is composed of longer satu-
rated fatty acid chains (C16, palmitic acid) relative to the
shorter chains of trilaurin (C12, lauric acid). These elon-
gated hydrocarbon chains inherently amplify intermolecu-
lar van der Waals interactions, elevating matrix hydro-
phobicity while restricting molecular mobility, which in
turn leads to more aggregated lipid cores during prepa-
ration and larger final particles [25, 53]. Furthermore,
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this acyl chain length fundamentally dictates the crystal-
lization kinetics and phase behaviour of the lipid core;
longer-chain triglycerides like tripalmitin exhibit higher
melting points and a stronger propensity to crystallize
more readily during cooling, generating highly rigid,
less flexible crystalline structures. This structural rigid-
ity increases matrix viscosity during emulsification and
resists mechanical shear, thereby hindering the efficient
breakdown of the droplets into smaller nanoparticles and
favouring larger particle sizes compared to those formed
with shorter-chain trilaurin matrices [54].

The interactive effects of the formulation variables on
particle size are illustrated in the 3D response surface plots
for tripalmitin- (Fig. 1C, Eq. 5a) and trilaurin-based emul-
somes (Fig. 1D, Eq. 5b). For the tripalmitin system, par-
ticle size increased alongside the SL:PC ratio (X;) up to
an inflection point of approximately 1.75:1, beyond which
further lipid addition caused a gradual decline in vesicle
size. This biphasic behaviour is corroborated by the pro-
nounced negative quadratic coefficient for the lipid ratio
X,z(— 61.42). Mechanistically, low SL:PC ratios feature
higher phospholipid fractions that enhance emulsification
efficiency by improving interfacial coverage and reducing
interfacial tension, yielding smaller particles [55, 56]. Ini-
tial increase in the SL:PC ratio could expand the lipid core,
enhance drug encapsulation, and increase system viscosity,
which favors the formation of larger particles or promotes
coalescence during emulsification [57]. However, exceed-
ing the optimal matrix threshold could shift the balance
between interfacial stabilization and bilayer thickness,

reducing particle size. Conversely, increasing the initial
drug payload (X,) led to a corresponding enlargement of
particle size, which can be attributed to the disruption of
lipid packing or elevated internal osmotic pressure that
induces swelling of the vesicular core [58]. Much like the
trends observed for encapsulation, the trilaurin systems
(Fig. 1D) displayed a flatter, less pronounced curvature,
indicating that the shorter-chain matrix affords a broader
acceptable formulation window and superior manufactur-
ing flexibility.

Impact of Independent Variables on Zeta Potential

One important factor influencing the stability of colloidal
dispersion is the zeta potential. Because of the electrical
repulsion between particles, particles are typically dispersed
steadily when the absolute value of the zeta potential is more
than +30 mV [59]. The zeta potential of the formulated
syringic acid-loaded emulsomes ranged from —28.00 +1.21
to —58.4 +1.45 mv. Because of the large absolute value of
the zeta potential, which lowers the likelihood of coales-
cence, the created emulsomes were therefore anticipated to
be physically stable [60]. The presence of anionic phospho-
lipids in the outer bilayer of the emulsomes is responsible
for their reported negative zeta potential [61].

The impact of independent variables on zeta potential is
shown by Eq. (6).

ZP = +44.80 — 1.60X, — 1.24X, — 6.80X; — 4.09X,X; (6)

ZP using Triplamitin = + 66.88 — 7.49X, — 1.19X, + 0.20X, X, + 2.2X1? + 0.01X2? (6a)

ZP using Trilaurin = +54.15 — 7.27X, — 0.79X, — 0.42X, X, + 1.76X1% + 0.06X2? (6b)

As shown in Table II, the type of solid lipid was the only
factor that significantly affected zeta potential (ZP) (p <0.05),
and the response was best described by a reduced cubic model.
According to Eq. 6, emulsomes formulated with tripalmitin
exhibited significantly higher ZP values than those prepared
with trilaurin. This difference may be attributed to variations
in fatty acid chain length, lipid crystallinity, and the resulting
organization of the interfacial phospholipid layer.

The interactive effects of the formulation variables on ZP
are presented in the three-dimensional response surface plots
for tripalmitin- (Fig. 1E, Eq. 6a) and trilaurin-based emul-
somes (Fig. 1F, Eq. 6b). The relatively flat response surfaces
indicate that changes in the SL ratio (X1) and drug amount
(X2) exerted minimal influence on ZP. Consistent with these
observations, ANOVA results confirmed that the solid lipid

type (X3) was the sole independent variable significantly
affecting ZP (p <0.05), while all other factors and interaction
terms were statistically insignificant. These findings suggest
that the surface electrical properties of the emulsomes were
governed primarily by the nature of the lipid core.

The longer C16 hydrocarbon chains of tripalmitin favor the
formation of highly ordered p-polymorphic crystals, resulting in
a rigid lipid matrix that promotes tighter phospholipid packing
and stronger anchoring of surfactant molecules at the particle
interface [62]. This enhanced interfacial organization increases
surface charge density, leading to significantly higher ZP val-
ues [63]. In contrast, the shorter C12 chains of trilaurin produce
less ordered and more fluid crystalline structures, which weaken
interfacial packing and surfactant anchoring, thereby reducing
the surface charge density and yielding lower ZP values [14, 63].
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Response Surface Optimization of SA Loaded
Emulsomes

The optimum variables were chosen through optimiza-
tion to create SA-loaded emulsomes with the highest zeta
potential, the smallest particle size, and the highest EE%.
Table III lists the desirability, predicted and observed
responses, and the composition of the optimized SA-
loaded emulsomes.

An optimized formula (O,) was suggested by the Design
expert software. It is composed of a ratio of solid lipid to
phosphatidyl choline of 2.634:1, drug amount of 7.197
mg, and trilaurin as the solid lipid, with a desirability of
0.932. The optimized formula was prepared and charac-
terized in terms of EE%, particle size, and zeta potential
to calculate the % prediction error. As shown in Table III
the EE % and the particle size and the zeta potential for
the optimized formula were 61.92 +0.09%, 190.02 +0.13
nm, and —36.31 +0.98 mv respectively. All responses
had very low prediction errors (Table IIT), suggesting that
this approach might be effectively used for optimization
of SA-loaded emulsomes. Additionally, the optimized
formulation exhibited a PDI of 0.21 +0.07, indicating a
narrow particle size distribution and good formulation
homogeneity.

Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR spectra of syringic acid, blank emulsomes, and
the optimized syringic acid-loaded emulsomes are shown
in Fig. 2. Syringic acid exhibited characteristic absorption
bands at 3371.57 cm™!, corresponding to O-H stretching,
and at 1697.36 cm™!, attributed to C=0 stretching of the
carbonyl group. These characteristic peaks were absent
in the FTIR spectrum of the blank emulsomes, confirm-
ing the absence of the drug in the unloaded formulation.
Furthermore, the characteristic peaks of syringic acid at
3371.57 cm™! (O-H stretching) and 1697.36 cm™! (C=0

stretching) were not observed in the spectrum of the opti-
mized drug-loaded emulsomes. The disappearance of these
characteristic bands suggests that syringic acid was suc-
cessfully encapsulated within the emulsomal system and
was molecularly dispersed within the lipid matrix rather
than remaining in its crystalline form [64].

Transmission Electron Microscopy Analysis

The morphology of the emulsomes was examined using
transmission electron microscopy (TEM), as presented
in Fig. 3A. The TEM images demonstrated well-defined,
spherical vesicles with no detectable aggregation, with
a particle size of 190.02+0.13 nm [37]. The vesicles
appeared as discrete spherical particles encased by phos-
pholipid bilayers, and the analysis further confirmed the
presence of a distinct lipidic core enveloped by an outer
phospholipid shell [24].

In-vitro Drug Release Analysis

The in-vitro release study was conducted in phosphate-buff-
ered saline (pH 6.8) to simulate intestinal conditions, as the
developed emulsomes are intended for oral administration
and are expected to be absorbed primarily from the small
intestine before entering systemic circulation.

The structural characteristics of emulsomes contribute
significantly to their ability to sustain drug release. Their
solid lipidic core mostly enables the efficient encapsulation
of lipophilic drugs such as syringic acid, while the dense
lipid matrix and the surrounding phospholipid bilayer act as
diffusion barriers, retarding drug escape. As a result, drug
release may occur gradually as the encapsulated molecules
diffuse outward from the lipid core through the phospho-
lipid bilayer, thereby generating a sustained release profile
[65, 66] This mechanistic behaviour was clearly reflected

Tablelll The Optimized
Values of the Variables With
the Predicted and Observed
Responses

Optimized
Formula
Composition

Response

Prediction
error%*

Predicted value Observed value Desirability

X,:SL: PC
(2.634:1)

X,: Drug
amount
(mg)
(7.197)

X5: Type of
solid lipid
(Trilaurin)

EE (%)

Particle size (nm)

Zeta potential (mv)

57.62
173.733

61.92+0.09
190.02+0.13

7.46
9.37

0.932

—36.87 -36.31+£0.98 1.51

*Prediction error = Predicted value — Observed value/Predicted value X 100
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in the present findings. The release profile of SA from the
optimized emulsomal formulation demonstrated a distinct
deviation from that of the free drug (Fig. 3B). The optimized
formulation (O,) exhibited a biphasic release pattern, with
an initial burst of 15.38 +0.54% at 1 h and 37.26 +0.65%
at 6 h, 50.82 +0.67% at 12 h, followed by a markedly sus-
tained phase, reaching 92.50 +1.30% at 24 h. In contrast,
free SA (Standard SA) reached 21.24+0.57% at 1 h and
25.07+£0.97% at 6 h, 25.38 +£0.24% at 12 h, and plateaued at
only 25.20+0.76% by the end of 24 h [67]. The initial burst
release observed in the optimized formula is likely due to
desorption of surface-associated drug molecules, whereas the
sustained release phase is attributed to the gradual diffusion

8 T T ™ T : T T
<4000 3600 20 2300 2100 200 1800 60 1400 120 1000 a0 60 400

of SA from the inner core and the associated phospholipid
bilayers [68—71]. The improved release performance of emul-
somal formulations can also be explained by their nanoscale
size and enlarged surface area, which enhance drug solubili-
zation. Furthermore, the surface-active properties of amphi-
philic lecithin, forming the outer shell layers, play a critical
role in promoting drug release from the developed systems
[26, 64, 71]. Overall, the results underscore the potential of
emulsomes as a promising delivery system for improving
the solubility of lipophilic drugs such as syringic acid while
simultaneously achieving sustained release.

In-vitro release data were fitted to several kinetic
models, including zero-order, first-order, second-order,
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Fig.3 A- TEM photos of the optimized formula B- In-vitro drug release of the optimized formula as compared to the standard Syringic acid

Korsmeyer—Peppas, and Weibull, yielding correlation coef-
ficients (R?) of 0.9762, 0.0768, 0.0403, 0.9967, and 0.9972,
respectively. The Weibull model (with lag time) exhibited
the highest correlation, indicating that it best describes the
release behaviour of syringic acid from syringic acid-loaded
optimized formula. The mass transport mechanism is pos-
tulated to be a sequential process involving SA diffusion
through the lipid matrix to the particle surface, interfacial
partitioning between the lipid core and the aqueous medium,
and subsequent dissolution and dialytic transport. This com-
plex behavior was mathematically validated by the Weibull
shape parameter (8). In this study, a value of 3<0.75 con-
firmed that SA release from the emulsomes is predominantly
governed by Fickian diffusion. From a clinical perspective,
this prolonged and controlled release profile offers distinct
advantages, including reduced dosing frequency, minimized
systemic fluctuations, and mitigated adverse effects, which
collectively enhance patient compliance and the therapeutic
efficacy of orally administered SA [72].

Stability Studies

The physical stability of the optimized emulsomes was
evaluated over three months at 4°C. Freshly prepared emul-
somes (Time 0) exhibited a particle size of 190.02 +0.13
nm, a PDI of 0.21 +0.07 and a ZP of -36.3+0.98 mV, and
an encapsulation efficiency of -36.3 +0.98 mV%. After
three months of storage at 4 °C, stability studies showed
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that the optimized emulsomes maintained its original
colour and lacked any visible clumping. The encapsula-
tion efficiency was 60.55+ 1.11%, the particle size was
192.23 +1.07 nm, the PDI was 0.21 +0.07 and the zeta
potential was —35.55+0.79 mV, which were all not statisti-
cally significant (results not shown) than when freshly pre-
pared. These results demonstrate the excellent stability of
the developed emulsomes when stored at 4 -C.

In-vivo Pharmacokinetics Study
HPLC Method Development and Optimization

One of the challenges in bioanalysis is the quantification
of minute amounts in plasma and their effective extraction
from the plasma matrix with acceptable recovery. For this
elution, two C18 columns with different lengths (100 mm
and 250 mm) were evaluated; the shorter one demonstrated a
shorter runtime and an acceptable resolution between syrin-
gic acid and IS. A variety of mobile phase compositions,
including various solvent ratios such as acetonitrile, metha-
nol, phosphate, and acetate buffer, were investigated. Lastly,
Kinetex C18 (4.6 mm ID x 100 mm L, particle size 5 um,
Phenomenex, USA) was utilized at UV detection at 290 nm
with a mobile phase composition of 20% methanol and 80%
acetic acid (0.1%). Sharp, symmetrically resolved peaks with
good analyte sensitivity were visible in the chromatogram
(Fig. 4A). The developed methods [73, 74] offers the benefit
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Fig.4 A- HPLC chromatogram showing separated peaks of (a) syringic acid and (b) IS B- Mean plasma concentration—time curve of syringic

after oral administration

of employing a more environmentally friendly mobile phase
than the other documented techniques, which used a straight-
forward isocratic program with just 20% organic solvent for
elution.

Validation Sheet and Extraction Procedure

Simple protein precipitation was used because it saves
money and time by requiring modest sample size and using
a little amount of organic solvents. According to Table I SM
in the supplemental material, methanol demonstrated an
adequate extraction recovery and matrix effect for syringic

acid from plasma samples. The outcomes of the four stabil-
ity studies were satisfactory. Table IV listed the validation
sheet with linearity, LOD, LOQ, accuracy, and precision.
To make the eluted peaks more symmetrical, formic acid
was added. Table IV's system suitability parameters were
computed using USP reference 4.

Pharmacokinetics Study Analysis
Rats were used to test and compare the oral bioavailability

of SA from the optimized formula with that of SA. Table V
summarizes the key pharmacokinetic parameters obtained.
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Laa?ilsa::{():%j:;:;?:?gg%?nd Parameters HPLC USP Reference values
Proposed HPLC-UV Method Linearity (ug/mL) 5-500

Correlation coefficient (r) 0.9990

Slope 0.0656

Intercept —0.2036

SD of residuals from line 0.3245

LOD (ug/mL) 16.33

LOQ (ug/mL) 49.47

Accuracy (Recovery % +SD) 98.87+1.88

Precision (Intraday) 98.11+2.15

Precision (Inter-day) 100.98 +2.44

Extraction recovery RSD% 77.83

Matrix effect 82.11

tg, min 7.64+0.02

Tailing factor (T) 1.05 T<2, T=1 for symmetric peak

Capacity factor (K') 2.05 K'=1-10 acceptable

Plates number (N) 3774 N>2000

Height equivalent to theoretical plate 0.05 The smaller the value, the
(HETP) higher the column efficiency

Experimental resolution (Rs)** 2.10 Rs>2

*Experimental Resolution between syringic acid and internal standard

TableV Pharmacokinetic Parameters of Standard SA and Syringic Acid From the Optimized Formula

Parameter Standard SA (Plasma) SA from Optimized Formula (Plasma) Standard SA (Brain) SA from
Optimized
Formula (Brain)
Chax (ng/mL) Observed 154.98 +3.21 278.73 +£7.34% 37.40 45.36
Cax (ng/mL) Predicted 226.6 187.7
Observed/Predicted=0.68 Observed/Predicted =1.48
T pax (Min) 10+0.05 10+0.07
AUC (_,,(ng.min/mL) Observed 74412.2+19.22 163174 +77.76* 27621 29666
AUC (_,4(ng.min/mL) Predicted 132690 148200
Observed/Predicted=0.56 Observed/Predicted=1.10
AUC ,, ., (ng.min/mL) 93389.7+32.13 286683 +55.22* 31342.8 35900
AUMC , ,, (ug.min*mL) 3.128 %7 +201.11 8.937 e*%7 +312.55°
AUMC , ., (ug.min%/mL) 7.680 et%7 £314.22 4.847¢+008 4 454 76
Mean residence time (min) 822.41+9.22 1690.79 +17.75

Cmax peak plasma concentration, Tmax time to reach peak plasma concentration, AUC 0-24 area under the plasma concentration—time curve
from time O to 24 h, AUC 0-co area under the plasma concentration—time curve calculated by the linear trapezoidal rule from time O to infinity,
AUMCO0-24 area under the first moment curve from time 0 to 24 h, AUMCO-co area under the first moment curve from time O to infinity

Significant difference from standard syringic acid group. Data is presented as mean + SD

The mean plasma concentration time profiles of SA were
constructed by plotting the average drug concentrations in
rat plasma at the specified time points, as illustrated in the
Fig. 4B. The optimized SA-loaded emulsomes achieved a
Coax Of 278.73 +7.34 pg/mL versus 154.98 +3.21 ug/mL
for the standard SA (approximately 1.8 times higher). The
higher C,,, could be attributed to the lipid core structure
of emulsomes that enables efficient encapsulation of SA.

@ Springer

The solid lipid core enclosed within the phospholipid bilayer
offers a stable matrix for hydrophobic drugs, thereby improv-
ing their solubility, and bioavailability [25]. The emulsomes
remained in the plasma significantly longer (2 times longer),
with a mean residence time of 1690.79 + 17.75 min. versus
822.41 +9.22 min for the standard SA. This could be attrib-
uted to the size of emulsomes as it has been reported that
nanoparticles of particle size less than 200 nm are known to
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escape reticular endothelial system (RES) and hence have
long blood circulation [75]. Moreover, the increased mean
residence time of the emulsomes suggest an extended sys-
temic retention, likely resulting from their sustained-release
properties, which may translate into a longer duration of
therapeutic action [76]. The optimized emulsomes showed
a significantly greater AUCy—p4 (163174 ng.min/mL) versus
(74412.2 pg.min/mL) for standard SA. This resulted in a rel-
ative bioavailability of about 219% for the optimized formu-
lation, suggesting a substantial increase in the drug's absorp-
tion into the bloodstream when delivered via emulsomes.
The significant enhancement in the bioavailability of emul-
somes can be attributed to their small size which markedly
improve drug solubility and absorption by facilitating easier
penetration across cellular membranes [77]. Furthermore,
the presence of soya lecithin helps protect the encapsulated
drug from the harsh gastric environment, premature metabo-
lism and enzymatic degradation [25]. Moreover, emulsomes
(structurally similar to chylomicrons) promote enhanced
drug absorption across the intestinal mucosa as they are
taken up via M cells in Peyer’s patches and subsequently
transported through the lymphatic pathway, effectively cir-
cumventing hepatic first-pass metabolism. As a result, higher
systemic drug concentrations are achieved compared to con-
ventional nano vesicular systems, which typically undergo
significant hepatic metabolism prior to systemic circulation.
This lymphatic transport mechanism contributes to superior
transcellular movement and absorption, and thus higher bio-
availability [23, 25, 78, 79]. These findings pave the way for
future investigations involving more extensive preclinical
studies to comprehensively assess the efficacy and safety of
the developed SA-loaded emulsomes as a neuroprotective
agent in many neurodegenerative diseases.

Figure 5A and B depict the plasma time-concentration
profile for the simulated oral model with a standard admin-
istration protocol of 6 mg/kg. After that, the simulated and
observed data were compared and verified [39].

The observed-to-predicted ratios for the mean values
of individuals during model validation ranged from 0.68
to 1.48 for C,, and from 0.56 to 1.10 for AUC, as can
be deduced from Table V. As depicted the ratios were well
within acceptable two-fold variation. These ratios being
close to 1 indicate a strong agreement between the observed
experimental data and the model’s predicted values [39].

The simulated PK profile was comparable with the
experimental data, thus was used to simulate the brain
pharmacokinetics as well. It is worth mentioning that the
brain distribution results were PBPK-predicted only. The
simulated C,,, and AUC values indicate that the formu-
lated syringic acid in emulsomes may improve the brain
bioavailability of syringic acid compared to the pure com-
pound. Specifically, the simulated brain C,,,, increased
from 37.40 pg/mL to 45.36 ug/mL, while the simulated

AUC expanded from 31342.8 ug.min/mL to 35900 ug.min/
mL after oral administration of 6 mg/kg in rats as shown in
Fig. 5C. PBPK simulations suggest a potential increase in
the expected brain exposure, likely due to improved solu-
bility, sustained release, and better passing through the
blood-brain barrier (BBB) [66].

Syringic acid is known for its neuroprotective, antioxidant,
and anti-inflammatory effects, but its clinical utility is lim-
ited by diminished bioavailability and rapid systemic clear-
ance [80]. The emulsome-based formulation may overcome
these limitations by providing a lipidic nanocarrier system that
could facilitate better BBB permeation and prolonged systemic
circulation. Nanocarriers like emulsomes could enhance drug
solubility and stability, protect the compound from enzymatic
degradation, and promote enhanced permeability and retention
effects in targeted organs such as the brain [81].

The increase in the simulated brain C,,, and AUC values
reflects improved pharmacokinetic profiles, which may allow
for more effective therapeutic outcomes at lower or less fre-
quent dosing. Such formulations are increasingly explored
to treat neurodegenerative diseases and brain injuries, where
effective drug delivery to the CNS is a considerable challenge.

It is worth noting that the plasma C,,,, for syringic acid
increased from 154.98+3.21 pg/mL to 278.73 +7.34 ug/mL,
and the plasma AUC nearly doubled from 74412.2+19.22 to
163174 4+77.76 pg-min/mL after emulsomes formulation. The
observed increase in plasma exposure suggests that emulsomes
may improve the systemic bioavailability and circulation time
of syringic acid. This enhanced profile could potentially facili-
tate more effective delivery to the brain; however, further stud-
ies are needed to confirm the extent of blood-brain barrier
(BBB) penetration. Such improvements might ultimately sup-
port a more sustained therapeutic effect, potentially allowing
for a reduction in dosage or frequency [82].

Conclusion

The present study describes the successful development and
optimization of syringic acid—loaded emulsomes to address
the limitations of poor aqueous solubility and low oral bio-
availability of syringic acid. The optimized formulation exhib-
ited high entrapment efficiency, nanoscale particle size, and
adequate physicochemical stability, as reflected by its zeta
potential. In addition, the formulation provided sustained drug
release and significantly improved systemic relative bioavaila-
bility (~219%) compared with pure syringic acid, highlighting
the potential of emulsomes as an efficient delivery platform.
Overall, these results strongly suggest that emulsomes is
a promising strategy for supporting the potential of emul-
somes as a delivery system for syringic acid, with pre-
dicted improvements in brain exposure that require further
experimental validation, in the management of various
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Fig.5 Experimental versus
observed plasma concentration—
time profile of syringic acid fol-
lowing oral dose 6 mg/kg for A-
unformulated syringic acid and
B- syringic acid in emulsomes
C-: Brain concentration—time
profile of syringic acid
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neurodegenerative diseases. While the PBPK simulations
indicated an increased predicted brain exposure of syrin-
gic acid following emulsomal formulation, these findings
remain model-based and do not constitute direct experimen-
tal confirmation of brain targeting. Future work will focus on
conducting comprehensive in-vivo animal studies, which are
currently ongoing, to further elucidate the biological perfor-
mance of the developed system under physiological condi-
tions. These studies aim to evaluate therapeutic efficacy and
potential toxicity using appropriate animal models. In addi-
tion, future investigations will include quantitative residual
solvent analysis, particularly for dichloromethane, using val-
idated analytical techniques such as gas chromatography to

@ Springer

ensure compliance with ICH guidelines for residual solvents
and to further confirm the safety of the developed formula-
tion. The outcomes of these studies are expected to provide
essential insights into the safety, quality, and therapeutic
potential of the formulation, thereby supporting its further
optimization and advancing its translation toward clinical
applications.
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