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Abstract

Background: Nanostructured lipid carriers (NLCs) are promising vehicles for the topical delivery of poorly permeable drugs
such as methotrexate (MTX). In conventional NLCs, the liquid lipid serves primarily as a structural component, whereas
incorporating a bioactive natural liquid lipid may provide additional formulation benefits for the resulting carrier.

Objectives: This study aimed to design and physicochemically characterize MTX-loaded NLCs using eicosapentaenoic acid
(EPA), a natural omega-3 fatty acid, as a bioactive liquid lipid, and to identify an optimal formulation through a systematic two-
level formulation design.

Methods: Eight formulations were prepared by hot emulsification followed by sonication, with varying amounts of solid lipid
(stearic acid), liquid lipid (EPA), and surfactant (soya lecithin). The MTX assay was validated by reversed-phase high-performance
liquid chromatography (HPLC) for linearity, limit of detection (LOD), limit of quantification (LOQ), precision, selectivity, and
matrix-matched recovery. The formulations were characterized in terms of particle size, polydispersity index (PDI), zeta
potential, entrapment efficiency (EE%), drug loading (DL%), and in vitro release. The release kinetics of the optimal formulation
were evaluated using four models (zero-order, first-order, Higuchi, and Korsmeyer-Peppas), and physical stability was monitored
for three months.

Results: The HPLC method was linear over 1- 20 ug/mL (R? = 0.9981), with LOD and LOQ of 1.56 and 4.72 ng/mL, respectively, and
precision of RSD < 2%. Particle size ranged from 88.92 to 160.7 nm, and PDI ranged from 0.252 to 0.405. The optimal formulation
(F5; stearic acid 200 mg, EPA 20 mg, lecithin 40 mg) showed a particle size of 88.92 nm, a PDI of 0.284, a zeta potential of —18.5
mV, an EE% of 88.40%, and a DL% of 7.89%. Its 24 h cumulative release reached 88.03%; among the tested models, the release best fit

the Korsmeyer-Peppas (R?> = 0.987; n = 112) and first-order (R? = 0.977) models, indicating a coupled diffusion-relaxation
mechanism. All formulations remained physically stable over three months.

Conclusions: EPA can serve as a bioactive liquid lipid in NLCs, producing nanoscale carriers with high entrapment, adequate
drug loading, and sustained release. These findings provide a robust physicochemical basis for topical MTX carriers; however,
biological and skin-delivery validation is required before any therapeutic benefit of EPA can be claimed.

Keywords: Nanostructured Lipid Carriers, Eicosapentaenoic Acid (EPA), Methotrexate, Physicochemical Characterization,
Sustained Release
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Psoriasis is a chronic, immune-mediated
inflammatory  skin  disease characterized by
hyperproliferation and aberrant differentiation of
keratinocytes, in which the interleukin (IL)-23/Th17/IL-17
axis plays a central pathogenic role (1-4). Methotrexate
(MTX), a folate antagonist with antiproliferative and
anti-inflammatory properties, remains a cornerstone of
systemic therapy for moderate-to-severe disease (5-7).

However, systemic MTX is associated with
hepatotoxicity, gastrointestinal disturbances, and
haematological adverse effects; given its well-

documented hepatotoxic liability, localizing the drug
within the skin through topical delivery is an attractive
strategy to limit systemic exposure while maintaining
local efficacy (5-6, 8). Nevertheless, the poor
permeability of MTX across the stratum corneum
substantially limits this approach (9-12).

Lipid-based nanocarriers have emerged as effective
platforms for cutaneous drug delivery. Nanostructured
lipid carriers (NLCs) represent a second generation of
lipid nanoparticles in which a solid lipid is deliberately
blended with a liquid lipid (13-16). The resulting matrix
is less ordered than that of purely solid systems, and the
structural imperfections it contains create additional
space for drug molecules while limiting drug expulsion
as the lipid recrystallizes during storage (13, 15). Because
the ratio and nature of the solid and liquid lipids
critically govern the emulsification behaviour and
internal structure of such carriers, careful selection of
the liquid-lipid phase is central to formulation
performance (17). Compared with solid lipid
nanoparticles, this architecture typically affords a
higher payload, more controlled release, and improved
contact with the skin surface (18-21).

Lipid nanocarriers loaded with MTX or other
antipsoriatic agents have been investigated for topical
use and have generally improved cutaneous drug
deposition while reducing systemic exposure (22-29). In
most reported NLCs, however, the liquid lipid is a
pharmacologically inert oil whose role is purely
structural. Replacing this inert component with a
bioactive natural lipid could, in principle, add
formulation value beyond a purely structural function.
Eicosapentaenoic acid (EPA), a long-chain omega-3
polyunsaturated fatty acid abundant in marine sources,
is a natural compound with well-documented anti-
inflammatory and antioxidant activities (30-32). Beyond
these biological effects, the liquid state and amphiphilic
character of EPA make it a plausible candidate for use as
the liquid-lipid phase of an NLC, where it may enhance
matrix imperfection while contributing additional
formulation potential (33).

Despite growing interest in lipid nanocarriers for
dermal delivery, the use of a bioactive omega-3 fatty acid
as the structural liquid lipid in an MTX-loaded NLC has
not been systematically characterized. Establishing how
EPA influences particle size, entrapment, and release
behaviour in such carriers is a prerequisite for their
rational development.

2. Objectives

This study was designed to formulate and
physicochemically characterize MTX-loaded NLCs using
EPA as a bioactive natural liquid lipid. Specifically, the
objectives were to validate a reversed-phase HPLC
method for MTX quantification; to prepare a series of
formulations using a systematic two-level formulation
design involving a solid lipid, a liquid lipid, and a
surfactant; to characterize the resulting carriers in
terms of particle size, PDI, zeta potential, EE%, and DL%;
to evaluate in vitro release and its kinetic behaviour
using multiple models; and to assess the physical
stability of the formulations over three months.

3. Methods

3.1. Materials

Methotrexate (purity > 99%) and stearic acid
(analytical grade) were purchased from Merck
(Darmstadt, Germany). Eicosapentaenoic acid (EPA;
purity > 98%) was obtained from [INSERT SUPPLIER, city,
country]. Soya lecithin (pharmaceutical grade) and
sodium glycolate were obtained from [INSERT SUPPLIER,
city, country]. Acetonitrile and all other solvents were of
HPLC grade; all remaining reagents were of analytical
grade. Double-distilled water was used throughout.

3.2. HPLC Method and Validation

Methotrexate was quantified using a Knauer HPLC
system (Knauer, Berlin, Germany) equipped with a
photodiode-array detector. Separation was performed
on a C18 column (250 x 4.0 mm, 5 pm) using a mobile
phase of 0.05 M phosphate buffer-acetonitrile (86:14,
v/[v), adjusted to pH 3.9 and delivered at 1.0 mL/min. The
injection volume was 20 uL, the column temperature
was 30 °C, and detection was performed at 303 nm.
Calibration standards were prepared at 1, 2.5, 5, and 20
pg/mL, and linearity was assessed by least-squares
regression of peak area versus concentration.

The method was validated according to ICH Q2(R1).
The limit of detection (LOD) and limit of quantification
(LOQ) were calculated from the residual standard
deviation of the regression line (g) and its slope (S) as
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3.30/S and 100/S, respectively. Intra-day and inter-day
precision were evaluated at three concentrations across
the calibration range and expressed as the relative
standard deviation (RSD), with RSD < 2% predefined as
the acceptance criterion. Selectivity was verified by
injecting a drug-free (blank) lipid matrix prepared
identically to the formulations but without the drug,
confirming the absence of interfering peaks at the MTX
retention time. Accuracy was assessed using a matrix-
matched recovery study in which known amounts of
MTX were spiked into the blank lipid matrix at low,
medium, and high levels and quantified against the
calibration line. System suitability was verified before
each run by assessing the reproducibility of the
retention time and peak area of the MTX standard.

3.3. Experimental Arrangement and Preparation of NLCs

To examine the influence of formulation variables on
carrier properties, a two-level formulation arrangement
with three independent factors was adopted: the
amount of solid lipid (stearic acid, 200 mg [coded —1] |
600 mg [coded +1]), the amount of liquid lipid (EPA, 20
mg [-1] | 60 mg [+1]), and the amount of surfactant (soya
lecithin, 40 mg [-1] | 60 mg [+1]). Factor levels were
coded as -1 (low) and +1 (high). Sodium glycolate was
not treated as an independent factor; it served as a
nested, dependent co-stabilizer, with its amount fixed
relative to the surfactant content (50% or 25% of the soya-
lecithin mass) to preserve emulsion integrity across
compositions. Eight formulations (F1-F8) were prepared
accordingly, while the MTX content was held constant at
25 mg (Table1).

NLCs were prepared by hot emulsification followed
by sonication. Briefly, the weighed amounts of stearic
acid and EPA were melted in a water bath at
approximately 70 °C (a few degrees above the melting
point of the solid lipid) to obtain a homogeneous lipid
phase; lecithin and then the fixed amount of MTX were
dispersed in the molten phase. The aqueous phase was
prepared by dissolving sodium glycolate in double-
distilled water and heating to the same temperature to
minimize the interphase temperature difference. The
aqueous phase was then added to the lipid phase and
homogenized at 12,000 rpm for 10 min to form a coarse
emulsion, which was subsequently probe-sonicated for
5 min (60% amplitude, 0.6 cycle) to obtain a nanoscale
dispersion. The dispersion was allowed to cool to room
temperature.

3.4. Particle Size, PDI, and Zeta Potential

The mean particle size and PDI were determined by
dynamic light scattering, and the zeta potential was
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measured by electrophoretic light scattering; both are
widely used as critical quality attributes governing the
stability and cutaneous behaviour of lipid nanocarriers
(34-35). All measurements were performed in triplicate
and are reported as mean + standard deviation (SD).

3.5. Entrapment Efficiency and Drug Loading

Entrapment efficiency (EE%) was determined
indirectly. A 2-mL aliquot of the NLC dispersion was
centrifuged at 20,000 rpm for 30 min to sediment the
nanoparticles; the supernatant containing free drug
was separated, diluted, and assayed by HPLC. EE% and
DL% were calculated using Equations 1 and 2,
respectively. All measurements were performed in
triplicate.

Wiotal drug)
EE ((7) Whree drug 100
= X
’ Wtotal drUg
Wentra ed dru
DL (%) = [ = ] % 100

(I/Vtotallipid + Wentrapped drug)

3.6. In Vitro Release and Kinetic Modeling

In vitro release of MTX was evaluated using vertical
Franz diffusion cells. The receptor compartment was
filled with phosphate-buffered saline (PBS, pH 7.4) and
maintained at 37 + 0.5 °C under continuous magnetic
stirring; the medium volume was selected to maintain
sink conditions for MTX throughout the study. The
donor and receptor compartments were separated by a
pre-hydrated regenerated-cellulose dialysis membrane
(molecular-weight cut-off 12,000 Da), selected as an
inert, reproducible diffusion barrier that isolates drug
release from the carrier from skin-permeation variables.
At 0.5,1, 2, 3, 4, 5, 6,12, and 24 h, 1 mL was withdrawn
from the receptor compartment and immediately
replaced with an equal volume of fresh pre-warmed
medium. The withdrawn samples were assayed using
the validated HPLC method, and the cumulative
percentage released was plotted versus time. Each
experiment was performed in triplicate. To elucidate the
release mechanism of the optimal formulation, the
cumulative release data were fitted to four kinetic
models—zero-order, first-order, Higuchi, and Korsmeyer-
Peppas (36-38)—and the goodness of fit was assessed by
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Table 1. Composition of the Prepared Formulations (F1-F8)?

Formulations MIX (mg) Stearic acid (mg) EPA (mg) Soya lecithin (mg) Sodium glycolate (mg)

F1 25 300 30 60 30

F2 25 300 30 60 15

3 25 600 60 60 30

F4 25 600 60 60 15

F5 25 200 20 40 20

Fe6 25 200 20 40 10

F7
F8

25 400

25 400

40
40

40 20

40 10

2 Coded levels — stearic acid: 200 mg (~1)/600 mg (+1); EPA: 20 mg (~1)[60 mg (+1); soya lecithin: 40 mg (~1)/60 mg (+1). Sodium glycolate is a nested co-stabilizer fixed at 50% or
25% of the surfactant mass and is not an independent factor. The amount of MTX was held constant across all formulations. Abbreviations: MTX, methotrexate; EPA,

eicosapentaenoic acid.

the coefficient of determination (R?). For the Korsmeyer-
Peppas model, the release exponent (n) was used to
interpret the transport mechanism. The Franz diffusion
cell employed has been validated as a standard in vitro
permeation system (39).

3.7. Surface Morphology

The surface morphology of the optimal formulation
was examined by atomic force microscopy (AFM)
following appropriate sample preparation, and both
two-dimensional (error-signal) and three-dimensional
(topography) images were acquired.

3.8. Physical Stability

The physical stability of all formulations was
evaluated over three months of refrigerated storage by
monitoring particle size, PDI, and zeta potential at 0, 1,
and 3 months.

3.9. Statistical Analysis

Data are expressed as mean + SD. Comparisons
among groups were performed using analysis of
variance (ANOVA), followed by the Tukey post-hoc test.
Exact probability values are reported, and a probability
value of less than 0.05 was considered statistically
significant.

4.Results

4.1. HPLC Method Validation

The calibration curve for MTX was linear over the
concentration range of 1- 20 pg/mL, with the regression
equation y = 117.73x — 58.298 and a coefficient of

determination (R?) of 0.9981, indicating excellent

linearity across the studied range (Figure 1). From the
residual standard deviation of the regression line (¢ =
55.59) and its slope (S = 117.73), the LOD and LOQ were
calculated as 1.56 pg/mL and 4.72 pg/mL, respectively,
confirming that the method was sufficiently sensitive
for the studied concentrations. Under the described
conditions, MTX eluted as a single, well-defined peak,
with a retention time of approximately 5.29 min at 303
nm (Figure 2). Selectivity was confirmed by the absence
of interfering peaks from the blank lipid matrix at the
MTX retention time, demonstrating that stearic acid,
EPA, soya lecithin, and sodium glycolate did not
compromise quantification. Intra-day and inter-day
precision were within the predefined acceptance limit
(RSD <2%), and the matrix-matched recovery of MTX was
within the acceptable range, collectively confirming the
accuracy and reliability of the assay for MTX
quantification in the lipid matrix.

4.2. Physicochemical Properties of the Formulations

The physicochemical properties of the eight
formulations are summarized in Table 2. The mean
particle size ranged from 88.92 to 160.7 nm, and the PDI
ranged from 0.252 to 0.405, indicating predominantly
nanoscale and reasonably homogeneous dispersions.
The zeta potential was negative for all formulations (-
1523 to —21.71 mV), consistent with electrostatically
stabilized systems. The EE% varied between 73.41% and
88.40%, and the DL% between 2.76% and 7.89%. The
highest EE% and DL% were obtained for formulation F5;
its encapsulation efficiency was significantly higher
than that of F8 (P < 0.001), and its particle size was
significantly smaller than that of F1(P < 0.001).

4.3. Selection of the Optimal Formulation
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Figure 1. Calibration curve of methotrexate over the range of 1- 20 pg/mL obtained by the HPLC method (y = 117.73x - 58.298; R* = 0.9981).

Optimal formulation selection was based on
Derringer’s multi-response desirability approach. Each
response was transformed into an individual
desirability score, with response limits denoted by Y,i,
and Y., The overall desirability was calculated as a
weighted geometric mean with terms including d;, wy,
d,, and w,, with equal weights assigned to all responses.
On this basis, formulation F5 — composed of stearic acid
(200 mg), EPA (20 mg), lecithin (40 mg), and sodium
glycolate (20 mg) — attained the highest overall
desirability (D = 0.971) and was selected as the optimal
formulation. Although F8 exhibited the highest 24 h
cumulative release (90.13%), its lower encapsulation
efficiency and larger particle size reduced its overall
desirability relative to F5, which provided the most
favourable overall balance of small particle size, high

Jundishapur ] Nat Pharm Prod. 2026; 21(3): e173185

EE% and DL%, and adequate sustained release. The
principal characteristics of F5 are presented in Table 3.

4.4.In Vitro Release and Release Kinetics

The cumulative release of MTX increased over time
for all formulations, and the 24 h cumulative release
ranged from 65.46% (F1) to 90.13% (F8). The optimal
formulation, F5, exhibited a 24 h cumulative release of
88.03%, reflecting an adequate and sustained release
profile (Figure 3). The release data for F5 were fitted to
four kinetic models (Table 4). The Korsmeyer-Peppas
model yielded the highest coefficient of determination

(R% = 0.987), closely followed by the first-order model (R?
= 0.977), whereas the Higuchi and zero-order models

yielded R?=0.943 and 0.823, respectively (Figure 4).
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Figure 2. Representative HPLC chromatogram of standard methotrexate at 303 nm, showing a retention time of approximately 5.29 min.

Table 2. Physicochemical Properties of the Prepared Formulations (F1- F8) %

Formulation Particle size (nm) PDI Zeta potential (mV) EE (%) DL (%)

F1 160.7+4.2 0.289 -18.0 73.41+£0.37 4.37+0.02
F2 110.2£3.1 0.274 —21.46 84.69+1.19 5.221+0.07
F3 102.6 £2.9 0.252 -15.23 87.66+0.34 2.92+0.02
F4 116.5+3.4 0.309 -17.18 8117+ 0.43 2.76£0.02
F5 88.92+2.1 0.284 -18.5 88.40+0.44 7.89+0.04
F6 103.3£3.8 0.405 -16.86 77.72+0.29 7.20+0.03
F7 9237427 0.285 -21.71 80.03+0.23 4.00+0.01
F8 121.0 £3.9 0.354 -19.3 76.21+0.36 3.89+0.02

2Values are expressed as mean * SD (n =3). Abbreviations: PDI, polydispersity index; EE%, entrapment efficiency; DL%, drug loading.

Because the first-order and Korsmeyer-Peppas
models fitted comparably well, release from the F5
matrix is unlikely to be governed by a single simple
mechanism. The Korsmeyer-Peppas diffusion exponent
(n =1.12) exceeds unity, indicating an anomalous (Super
Case-ll) transport regime in which lipid-matrix
relaxation and gradual erosion contribute alongside
diffusion, rather than purely Fickian diffusion (n < 0.45).
This behaviour is consistent with the semi-solid,

imperfect-crystalline architecture of NLCs. Accordingly,
while the Higuchi model provides an acceptable
description of the diffusional component, the overall
release of MTX from the EPA-based matrix is best
described as a coupled diffusion-relaxation process; this
interpretation is offered cautiously for a single
optimized formulation.

4.5. Surface Morphology

Jundishapur ] Nat Pharm Prod. 2026; 21(3): e173185
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Table 3. Characteristics of the Optimal Formulation (F5)*
Variables Value
Particle size (nm) 88.92+21
PDI 0.284
Zeta potential (mV) -18.5
EE (%) 88.40 +0.44
DL (%) 7.89+0.04
24 hrelease (%) 88.03£1.45
@Values are expressed as mean + SD (n =3).
Table 4. Release Kinetic Parameters for the Optimal Formulation (F5)?
Model Equation Rate constant R?
Zero-order Q=kyt ko=3.57%h" 0.823
First-order In (100 - Q) =In100 - k;-t k,=0.090 h” 0.977
Higuchi Q=kyVt kg = 21.92%h™2 0.943
Korsmeyer-Peppas logQ=logk+n-logt n=112;k=6.92 0.987

@ Abbreviations: Q, cumulative percentage released; t, time; n, release exponent.

Atomic force microscopy of the optimal formulation
revealed predominantly spherical particles with a
relatively uniform distribution; both two-dimensional
(error-signal) and three-dimensional (topography)
images are shown (Figure 5). Minor aggregates observed
in the images were attributable to the drying step
during sample preparation. Overall, the morphological
findings were consistent with the successful formation
of lipid nanoparticles.

4.6. Physical Stability

Over three months of refrigerated storage, all
formulations exhibited only limited changes: particle
size increased marginally (by approximately 5 - 10 nm),
the absolute zeta potential decreased slightly, and the
PDI remained largely below 0.4. These limited changes
indicate the absence of substantial particle aggregation
and confirm acceptable physical stability of the carriers.
The optimal formulation, F5, maintained satisfactory
stability throughout the study period (Table 5).

5. Discussion

The present study demonstrates that
eicosapentaenoic acid (EPA), a natural omega-3 fatty
acid, can serve as an effective liquid-lipid phase in
methotrexate (MTX)-loaded nanostructured lipid
carriers, yielding nanoscale carriers that combine a

Jundishapur ] Nat Pharm Prod. 2026; 21(3): e173185

small particle size with high entrapment and a
sustained release profile. Among the eight formulations
examined, the optimal system (F5) simultaneously
achieved the smallest particle size (88.92 nm), the
highest entrapment efficiency (88.40%), and the highest
drug loading (7.89%), indicating a favourable balance
among the solid lipid, liquid lipid, and surfactant. A
distinguishing feature of this work is that the liquid
lipid was not a pharmacologically inert oil, as is
common in conventional NLCs, but a bioactive natural
compound, thereby integrating a structural role with
additional formulation potential within a single carrier.

The favourable physicochemical profile of the
optimal formulation can be rationalized on biophysical
grounds. The incorporation of a liquid lipid such as EPA
into a solid stearic-acid matrix is expected to disrupt the
regular crystalline lattice, yielding a less ordered, more
amorphous structure with a greater number of
imperfections. These imperfections create additional
space to accommodate drug molecules and reduce the
tendency of the drug to be expelled as the lipid
recrystallizes during storage; together, these effects
account for the high entrapment and loading recorded
for F5. This interpretation is consistent with the original
conception of NLCs as second-generation lipid
nanoparticles (13-16).

The encapsulation efficiency of F5 (88.40%) and its
sub-100-nm particle size compare favourably with
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Figure 3. in vitro cumulative release profiles of methotrexate from all formulations (FI-F8) (mean + SD, n=3).

previously reported MTX-loaded lipid nanoparticles for
topical use, in which entrapment values of ~70 - 90% and
particle sizes of ~100 - 250 nm are typical (22-23).
Comparable physicochemical characterization
strategies have recently been applied to other
nanocarrier systems, such as antibiotic-loaded alginate-
chitosan nanogels, underscoring the general
applicability of the present characterization approach
(40). Collectively, these comparisons indicate that EPA
did not appear to compromise efficient drug
encapsulation.

The particle size of all formulations remained below
approximately 161 nm, and that of the optimal
formulation was well under 100 nm; particle
dimensions in this range are generally considered
favourable for cutaneous delivery because they promote
close contact with the stratum corneum and may
facilitate accumulation within skin appendages and

intercellular lipid domains (11, 18-21). The polydispersity
index of the optimal formulation was 0.284, indicating a
reasonably homogeneous population, and the negative
zeta potential observed across the series (—15.23 to —21.71
mV) is consistent with electrostatically stabilized
dispersions. The preservation of both particle size and
zeta potential over three months of refrigerated storage
indicates adequate physical stability and the absence of
significant aggregation, consistent with the established
role of these parameters as critical quality attributes of
lipid nanocarriers (34-35, 41).

The relationships between the formulation variables
and the measured responses were not strictly
monotonic; for example, the largest amounts of solid
lipid did not yield the smallest particles or the highest
loading, and intermediate compositions frequently
outperformed the extremes. This behaviour indicates
that carrier properties are governed by the interplay
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Figure 4. Higuchi model fit for the release of methotrexate from formulation F5 (cumulative percentage released versus the square root of time).

among the solid lipid, the liquid lipid, and the
surfactant rather than by any single factor in isolation,
underscoring the value of a systematic, multifactor
approach to identifying a balanced composition (42). It
should be noted, however, that a formal analysis-of-
variance decomposition of the main and interaction
effects was not undertaken in this phase and is a defined
objective of the ongoing optimization study.

The release of MIX from the optimal formulation
followed a characteristic biphasic pattern, comprising
an initial, relatively rapid phase followed by a slower,
sustained phase. The initial phase is attributable to the
fraction of drug located at or near the particle surface
and within the surfactant layer, whereas the sustained
phase reflects the gradual diffusion of drug entrapped
within the lipid matrix. Comparison across four kinetic
models showed that the first-order and Korsmeyer-
Peppas models fitted the data comparably well, and the
Korsmeyer-Peppas exponent (n = 1.12) indicated an
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anomalous (Super Case-II) transport regime rather than
purely Fickian diffusion. This finding suggests that lipid-
matrix relaxation and gradual erosion contribute to
release alongside diffusion, as expected for the
imperfect, matrix-type architecture of  NLCs.
Comparable sustained release has been reported for
other MTX-loaded lipid nanoparticles intended for
topical use (22-23), and such a profile is desirable for a
topical carrier because it can prolong local drug
availability while limiting peak concentrations
associated with irritation.

Beyond its structural contribution, the selection of
EPA as the liquid lipid is conceptually attractive. Unlike
the inert oils customarily employed in NLCs, EPA is a
bioactive natural compound with well-documented
anti-inflammatory and antioxidant activities (30-32). The
use of such a lipid as the structural liquid phase
therefore raises the possibility of additional value from
the carrier matrix itself; however, because no cellular or
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Figure 5. Atomic force microscopy images of the optimal formulation (F5): (a) two-dimensional error-signal image and (b) three-dimensional topography.

Table 5. Particle Size (Nm) of the Formulations During Three Months of Storage

Formulations 0 (mo) 1(mo) 3 (mo)
Ul 160.7+4.2 165.9 4.8 171.0£5.3
F2 110.2£3.1 113.8£3.6 118.4+4.1
F3 102.6 £2.9 106.7+3.3 119.09 £3.8
Fa 116.5+3.4 121.2+3.9 125.8+4.5
F5 88.92+21 91.4+2.6 94.8£31
F6 103.3%3.8 109.6+4.5 116.9£5.2
F7 92.37+2.7 96.8+£3.2 101.5+£3.9
F8 121.0£3.9 126.4+4.6 132.2+5.4

2Values are expressed as mean  SD (n=3).

in vivo experiments were performed in this phase, any
therapeutic contribution of EPA remains a hypothesis to
be tested. Accordingly, EPA is characterized here strictly
as a bioactive liquid lipid with high formulation
potential rather than as a demonstrated therapeutic
agent. The present study was deliberately confined to
the design and physicochemical characterization of
these carriers, which constitute the necessary
foundation on which subsequent biological evaluation
must rest.

Several limitations should be acknowledged. First,
the present phase compared eight EPA-based
compositions and did not include a conventional (inert-
oil) liquid-lipid NLC as a comparator; such a control is
planned to isolate the specific contribution of EPA.

10

Second, solid-state and ultrastructural characterization

—differential scanning calorimetry (DSC), X-ray
diffraction ~ (XRD), Fourier-transform infrared
spectroscopy (FTIR), and transmission electron

microscopy (TEM)—were beyond the present scope and
are identified as important future prospects to confirm
the crystallinity, drug-lipid interactions, and internal
morphology inferred here. Third, only physical
(colloidal) stability was assessed; because EPA is a
polyunsaturated fatty acid susceptible to lipid
peroxidation and MTX is prone to hydrolysis and
photodegradation, chemical and oxidative stability
were not quantified, and antioxidant protection
together with forced-degradation studies are
recommended. Finally, this work is limited to
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physicochemical and in vitro characterization: skin
permeation, skin retention, cytocompatibility, and anti-
inflammatory efficacy were not evaluated; therefore, the
results should be interpreted as demonstrating
formulation potential rather than therapeutic
performance. Biological and skin-delivery validation
remains necessary before therapeutic conclusions can
be drawn.

In conclusion, EPA can function as a bioactive natural
liquid lipid in MTX-loaded NLCs, yielding nanoscale,
physically stable carriers with high entrapment,
adequate drug loading, and sustained, predominantly
diffusion-coupled release. By demonstrating that a
bioactive omega-3 fatty acid can replace the inert liquid
lipid of a conventional NLC without compromising
physicochemical quality, these findings provide a
rational basis for the design of topical lipid
nanocarriers; however, the therapeutic value of this
platform, and any specific contribution of EPA beyond
its formulation role, must be confirmed in subsequent
cellular and in vivo studies.
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