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Abstract

High-energy methods dominate the development of lipid nanoparticles but often require
specialized equipment that increases production costs. Low-energy approaches, particu-
larly those free of organic solvents, offer a promising alternative. This study aimed to obtain
nanostructured lipid carriers (NLCs) using a solvent-free, low-energy process combining
microemulsification and phase inversion. Cetearyl alcohol and PEG-40 hydrogenated
castor oil were selected as the solid lipid and surfactant, respectively; the formulation
and process were optimized through a Box-Behnken Design. Incorporation of the ionic
surfactant extended colloidal stability, while the poloxamer in the aqueous phase enhanced
steric stabilization. Resveratrol was efficiently encapsulated (E.E. = 98%), contributing to
reduced particle size (291 nm), improved homogeneity (PDI = 0.25), and positive surface
charge (+43 mV). Scale-up yielded stable particles carrying resveratrol with a mean size
of 507 nm, PDI = 0.24, and ZP = +52 mV. The optimized formulation remained stable for
90 days at 8 °C. In vitro release demonstrated a sustained and controlled release profile,
with significantly lower resveratrol release compared to the free compound. Thermal
analysis confirmed drug incorporation within the lipid matrix, while transmission electron
microscopy (TEM) revealed spherical particles (~200 nm) and SAXS indicated a nanostruc-

ture of ~50 nm. Overall, this study demonstrates that solvent-free, low-energy processing
W) Check for updates ) .
can produce stable and scalable NLC formulations, successfully encapsulating resveratrol
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1. Introduction

Nanostructured lipid carriers (NLCs) represent the most recent generation of lipid-
based nanoparticles, developed to overcome the limitations associated with the low long-
term encapsulation efficiency typically observed in solid lipid nanoparticles (SLNs) [1].
These nanocarriers, composed of a mixture of biocompatible solid and liquid lipids, have
been extensively investigated in the scientific literature for the delivery of highly lipophilic
drugs. Their main advantages include enhanced bioavailability, controlled and sustained
drug release, and, in some cases, targeted delivery to specific tissues and biological struc-
tures. Due to these attributes, NLCs have been widely explored for applications in pharma-
ceuticals, cosmetics, and functional foods [2-5].

The production of NLCs and other nanostructured systems is predominantly based
on high-energy methods, such as high-pressure homogenization, ultrasonication, and
microfluidization. These techniques enable the preparation of small, stable particles with
high reproducibility. However, their main drawbacks include the requirement for special-
ized, high-cost equipment [6]. As an alternative, low-energy approaches have emerged as
promising strategies, which may be conducted with or without the use of organic solvents.
In particular, solvent-free low-energy methods stand out as simpler, more sustainable, and
cost-effective approaches for the development of lipid-based nanoparticles [7].

Microemulsification is one such low-energy technique, in which nanoparticles are formed
from a hot microemulsion that undergoes solidification during cooling [8]. Similarly, the phase
inversion method relies on the spontaneous change in surfactant curvature induced by modifi-
cations in the system composition or temperature, leading to the formation of nanostructured
systems [9]. Both approaches are considered experimentally straightforward, requiring only
routine laboratory procedures—such as magnetic stirring, phase mixing, and cooling—without
the need for sophisticated equipment, organic solvents, or additional purification steps. These
features significantly reduce process complexity and production costs [10-12].

Resveratrol is a natural polyphenol widely studied for its antioxidant, anti-
inflammatory, anticancer, and cardioprotective properties. However, its physicochem-
ical characteristics—namely, poor stability, low aqueous solubility leading to reduced
bioavailability, and rapid metabolism—pose major challenges for the development of effec-
tive pharmaceutical formulations [13]. To address these limitations, several studies have
investigated lipid-based nanocarriers for resveratrol delivery [14,15]. Nevertheless, recent
research focusing on resveratrol encapsulation in NLCs produced by low-energy methods
remains scarce, since the use of high-energy methods is predominant [16-18].

In this context, resveratrol was selected as a model bioactive compound to evalu-
ate encapsulation efficiency in NLCs prepared through a combination of two low-energy
methods—microemulsification and phase inversion. The central objectives of this study are to
optimize both the formulation and production process, determine whether the presence of the
bioactive compound interferes with nanostructure formation, assess formulation stability under
different storage conditions, and characterize the release profile of the bioactive compound.

2. Materials and Methods
2.1. Materials

Oleth-20 (Graxion® 020), Ceteareth-20 (Graxion® CS20), caprylic/capric triglyceride
(Polymol 812), cetearyl alcohol (Alcohol C 1618-S), glyceryl stearate (Methilan® GMS),
cetyltrimethylammonium chloride (Sunquart CT-50®), and sodium lauryl sulfate (Lau-
rion 100) were purchased from Agqia (Guarulhos, Brazil). PEG-40 hydrogenated castor
oil (Kolliphor® RH 40), polyvinylpyrrolidone K30 (Kollidon® 30), and poloxamer 188
(Kolliphor® P 188) were purchased from BASF (Sao Paulo, Brazil), and resveratrol (REGU®-
FADE) was purchased from DSM (Campinas, Brazil). Disodium Phosphate Dodecahydrate
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(NapHPO412H,0), Sodium Phosphate (NaH;POy), and Polysorbate 80 (Tween 80) were
purchased from Labsynth (Diadema, Brazil), and ethanol (>99.5%) was purchased from
Dinamica Quimica (Indaiatuba, Brazil). Polietilenoglicol 400 (PEG-400) was purchased
from Oxiteno (Maud, Brazil). The purified water used in all experiments was obtained by
reverse osmosis (OS10LXE, Gehaka, Sao Paulo, Brazil).

2.2. Preparation of NLC Formulation

The formulation components were weighed separately and divided into two phases.
The oil phase consisted of solid lipid, liquid lipid, and a nonionic surfactant, whereas the
aqueous phase was composed of a polyvinylpyrrolidone (PVP) solution and polyethylene
glycol 400 (PEG-400). Both phases were heated in a water bath to 65 °C. Under magnetic
stirring on a heating plate, the oil phase received successive additions of the aqueous
phase in aliquots of approximately 200-300 pL until the formation of a microemulsion,
characterized as a transparent and viscous gel. Subsequently, the remaining aqueous phase
was slowly added to the oil phase, promoting system dilution and phase inversion, with the
transition from a water-in-oil (W/O) to an oil-in-water (O/W) structure. The formulation
was maintained under continuous stirring until the system cooled at room temperature.

2.3. Selection of Solid Lipid and Surfactant

At this stage, six distinct formulations were developed by varying the solid lipid
(2%)—either glyceryl stearate (GS) or cetearyl alcohol (CA)—in combination with one of
three surfactants (5%): Oleth-20 (O-20), Ceteareth-20 (C-20), or PEG-40 hydrogenated castor
oil (CORH40). The formulations also contained caprylic/capric triglyceride (CCT, 2%) as
the liquid lipid, an aqueous phase comprising a 50% polyvinylpyrrolidone (PVP) solution
(2%), PEG-400 (2%), and purified water to volume.

Particle size distribution was determined by laser diffraction, and the results were
used to select the most suitable excipients. The following criteria were adopted: percentage
of particles < 500 nm greater than 75% (%p < 500 nm), mean particle diameter below
500 nm, SPAM index lower than 3, and a uniformity ratio (UR) below 10. Formulations
meeting these specifications were reproduced to confirm consistency and subsequently
subjected to a short-term stability assessment under ambient conditions for two days,
during which the same analytical evaluation was performed.

2.4. Formulation Optimization

To optimize the composition, a Design of Experiments (DoE) was performed using the
Box-Behnken Design (BBD) approach implemented in Minitab® software (version 18.1). The
independent variables selected were surfactant concentration ([surfactant]), the proportion
of PEG-40 hydrogenated castor oil (%CORH40) with the complementary fraction adjusted
by Ceteareth-20 (C-20), and the total oily phase concentration ([oily phase]). Each factor was
investigated at two levels (—1 and +1) with an additional central point (0).

The dependent variables corresponded to particle size distribution (PSD) parameters
determined by laser diffraction: percentage of particles < 500 nm (%p < 500 nm), mean
particle diameter, SPAM index, and uniformity ratio (UR). Data were analyzed using
response surface methodology (RSM) to assess the influence of the independent variables
on particle size and distribution homogeneity.

Optimization criteria were established as follows: %p < 500 nm = 99%, mean particle
diameter = 190 nm, SPAM = 1.65, and UR = 3.9. The optimized formulation was subse-
quently monitored for stability by laser diffraction analysis at 0, 1, 2, 7, and 15 days to
evaluate changes in particle size and uniformity over time.
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2.5. Process Optimization

A second experimental design was implemented to optimize the processing conditions.
The independent variables included temperature (°C), stirring speed (rpm), the initial volume
of the aqueous phase added (uL), and the mode of aqueous phase incorporation—either
fractionated (two-step addition: water and PEG-400 first, followed by the PVP solution) or
total (single-step addition: PEG-400 and PVP solution combined).

The response variables were identical to those used for formulation optimization, with
the predefined targets to optimization (%p < 500 nm = 95%, mean diameter = 200 nm,
SPAM = 2, and UR = 3). Data were processed using RSM, and optimization was performed
according to these criteria.

To validate the optimized conditions, the final formulation was reproduced at a tenfold
larger scale to assess reproducibility, particle size stability, distribution uniformity, and
overall process robustness under scale-up conditions. The resulting formulations were
monitored over 15 days to evaluate stability.

2.6. Stability Improvement
2.6.1. Incorporation of Surface Ionic Charge

To investigate the effect of surface charge on particle size and the extension of for-
mulation stability, two ionic surfactants were incorporated into the aqueous phase of the
optimized formulation, namely, the anionic sodium lauryl sulfate (SLS) and the cationic
cetyltrimethylammonium chloride (CTAC), at concentrations of 0.05%, 0.1%, and 0.2%.

The formulations were stored at ambient temperature under light-protected conditions
and evaluated by dynamic light scattering (DLS) at 0, 7, and 14 days post-preparation.
Measurements included particle size, polydispersity index (PDI), and zeta potential (ZP) to
monitor stability over time.

2.6.2. Modification of the Dispersing Polymer

To enhance viscosity and thereby reduce nanoparticle mobility and aggregation, ad-
justments were made to the dispersing polymer type or concentration. This strategy was
intended to prolong particle size stability and preserve the initially obtained PDI values.

Three formulations were prepared with modifications to the aqueous phase composition:

F1: 50% aqueous phase containing PVP 2%, q.s. water to 100%;

F2: 50% aqueous phase containing PVP 10%, q.s. water to 100%;

F3: 50% aqueous phase containing PVP 2%, q.s. poloxamer 2.5% to 100%.

The formulations were stored at ambient temperature under light-protected conditions
and evaluated by DLS at 0, 7, and 14 days post-preparation to monitor stability.

2.7. Resveratrol Incorporation, Formulation Scale-Up, and Stability

A 5% resveratrol (RVL) solution in ethanol (EtOH) was prepared, and an appropriate
volume was incorporated into the oil phase to obtain a final concentration of 250 pg/mL.
Four formulations were produced: blank formulation at 20 g scale (20B-NLC), resveratrol-
loaded formulation at 20 g scale (20R-NLC), blank formulation at 200 g scale (200B-NLC),
and resveratrol-loaded formulation at 200 g scale (200R-NLC). Data obtained by DLS
at time zero were analyzed using a two-factor factorial ANOVA with interaction (22),
considering production scale and RVL incorporation as independent factors. The effects of
these variables on particle diameter, PDI, and ZP were evaluated.

Following preparation, all formulations were stored at 8 °C, room temperature, and
40 °C for a 90-day stability study. Dynamic light scattering (DLS) was employed to monitor
hydrodynamic diameter and polydispersity index (PDI). Chemical stability was assessed
by UV-Vis spectrophotometry at 306 nm to quantify RVL content. Samples were diluted
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in EtOH (1:100), and concentrations were determined against a previously constructed
calibration curve.

2.8. Encapsulation Efficiency

Encapsulation efficiency (EE%) represents the proportion of resveratrol (RVL) suc-
cessfully incorporated into the lipid nanoparticles relative to the total amount initially
added to the formulation. To determine EE%, 1 mL of each formulation was subjected
to ultracentrifugation at 5000 rpm for 90 min using Amicon tubes with a 10 kDa molec-
ular weight cutoff. The unencapsulated RVL in the filtrate was diluted in ethanol and
quantified by UV-Vis spectrophotometry at 306 nm. EE% was calculated using the fol-
lowing formula: EE% =100 — (([RVL]filtrate/Total recovered RVL x 250) x 100) where
[RVL]filtrate = concentration of unencapsulated resveratrol (ug/mL), 250 = theoretical
initial resveratrol concentration (ng/mL), and total recovered RVL = ratio of the actual
(determined by RVL content) to theoretical initial RVL concentration.

2.9. In Vitro Release Assay

In vitro release studies were performed using Franz diffusion cells equipped with a
cellulose dialysis membrane (10 kDa). In the donor compartment, 1 mL of each formulation
was applied, and 0.5 mL aliquots were withdrawn at 0, 0.5, 1, 2, 4, 6, §, 10, 22, and 24 h. The
receptor compartment contained approximately 5 mL of phosphate-buffered saline (PBS,
pH 7.4) supplemented with 0.5% w/v Tween 80.

The receptor phase was maintained at 32 °C & 1 °C throughout the experiment. The
formulations R-NLC (250 ng/mL) and B-NLC, as well as a hydroalcoholic solution (1:1)
containing RVL at the same concentration (250 ug/mL), were evaluated under identical
conditions.

2.10. Characterization of the NLC Formulation

Particle size distribution (PSD) was determined by laser diffraction using a Cilas
1190 Particle Size Analyzer (WI, USA). This technique enables the evaluation of particles
within a range of 0.04-2500 pm, applying Mie light scattering theory to calculate particle
size parameters. The parameters assessed included the percentage of particles < 500 nm
(%p < 500 nm), mean diameter (um, volume-based), SPAM, and uniformity ratio (UR), the
latter two serving as indicators of system homogeneity [19].

Dynamic light scattering (DLS) was employed to determine hydrodynamic diameter, zeta
potential (ZP), and polydispersity index (PDI) using a Zetasizer PRO (Malvern Panalytical,
Worcestershire, UK). For size and PDI determination, samples were diluted in water (1:10,000)
and analyzed in a polystyrene cuvette (model DTS0012, SARSTEDT AG & Co. KG, Niimbrecht,
Germany). For ZP measurements, samples were diluted in water (1:100) and analyzed using
a folded capillary zeta cuvette (model DTS1070, Malvern Panalytical, Worcestershire, UK).

For thermal analysis, samples of the formulations with and without resveratrol (R-NLC
and B-NLC, respectively), as well as their isolated raw materials, were frozen at —20 °C and
subsequently lyophilized in a L108 Lyophilizer (Liotop) for 48 h (44 pHg, —57 °C). Differen-
tial scanning calorimetry and thermogravimetric analyses (DSC/TG) were performed on a
Simultaneous Thermal Analyzer DSC/TGA Discovery SDT 650 instrument (TA Instruments,
New Castle, DE, USA) under a synthetic air atmosphere (50 mL-min~!), with a heating rate
of 10 °C-min ", across a temperature range of 10-650 °C. Analyses were conducted in 110 pL
platinum crucibles with open lids, using sample masses between 7 and 15 mg. Data processing
was performed with Universal Analysis 200 (Trios) software (TA Instruments).

Fourier transform infrared (FTIR) spectra of the lyophilized samples (B-NLC, R-NLC,
and isolated raw materials) were obtained using an Agilent Cary 630 FTIR spectrometer
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(Agilent, Santa Clara, CA, USA) equipped with an attenuated total reflectance (ATR)
accessory, within the range of 4000-400 cm~! [20].

Transmission electron microscopy (TEM) was performed with a JEM 2100 electron
microscope (JEOL, Tokyo, Japan) operating at 200 kV at the Analytical Center of the Institute
of Chemistry, University of Sao Paulo (USP). Copper grids (300 mesh, 77.5 x 41.0 x 9.0 mm;
Pelco, Ted Pella, CA, USA), coated with carbon film, were used. R-NLC samples were
diluted in water (1:10.000 v/v), stained with 1% phosphotungstic acid (Sigma-Aldrich,
Barueri, Brazil), and air-dried at room temperature [21,22].

Small-angle X-ray scattering (SAXS) experiments were carried out at the bioSAXS
beamline B21 at the Diamond Light Source (UK). Solutions containing 1 wt% R-NLC were
loaded into PCR tubes in an automated sample changer. Data were collected using a Dectris
PILATUS 2M detector (DECTRIS Ltd., Baden, Switzerland) at a fixed camera length of
3.9 m and a wavelength of 1 A. Results are presented as a function of q = 47t sin 8/A, where
20 represents the scattering angle.

2.11. Cell Maintenance and MTT Cell Viability Assay

HaCaT (keratinocyte cells) were cultured in 75 cm? flasks with DMEM (Gibco®)
supplemented with 10% heat-inactivated fetal bovine serum (Gibco®), 2 mM L-glutamine
(Gibco®), and 1% penicillin/streptomycin, in a humidified incubator at 37 °C with 5%
CO,. After reaching 80% confluence, the cells were trypsinized, centrifuged at 1500 rpm
for 5 min, and resuspended in fresh medium; then, the cell concentration was adjusted
using a Neubauer chamber. For the viability cell assay, HaCaT cells (2 x 10%) were seeded
in 96-well plates and incubated for 24 h at 37 °C with 5% CO,. Nanoparticles were diluted
1:400 (0.347 mg/mL) and serially diluted twofold (C8—C1). After 48 h of exposure, the
cells were treated with MTT (0.5 mg/mL) for 2 h, and the resulting formazan crystals were
solubilized with isopropanol. Absorbance was measured at 570 nm, and ICsy values were
determined using Phototox® software (v1.0, 2001).

2.12. Statistical Analysis

All experiments were conducted at least in triplicate. Statistical analyses were per-
formed using Minitab software (version 18, Minitab Inc., State College, PA, USA). Mean
values were compared by one-way ANOVA, and when significant differences were ob-
served, Tukey’s post hoc test was applied. Design of Experiments (DoE) creation, data
analysis via RSM, and formulation optimization were carried out using the same software,
along with the generation of Pareto charts and contour plots. A significance level of 5%
was adopted for all analyses.

3. Results and Discussion
3.1. Selection of Solid Lipid and Surfactant

The microemulsification technique was selected for its simplicity, cost-effectiveness,
and environmental sustainability, as it requires neither specialized equipment nor organic
solvents [23]. Additionally, the phase inversion method, a low-energy strategy, enables
the production of nanoemulsions, SLN, and NLC by exploiting the spontaneous curvature
of surfactant molecules induced by formulation composition or temperature, thereby
generating small and uniform particles [24-26].

Among the tested formulations, F3 and F5 met all criteria for particle size distribution
(Table 1). ANOVA confirmed significant differences (p < 0.05), and the Tukey test identified
six distinct groups for %p < 500 nm, mean diameter, and SPAM. UR showed no differences
only for F2 and F6 (p = 0.596).
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F3 and F5 remained stable for three days, while all other formulations, except F4,
also showed stability but failed to meet size and uniformity thresholds (Figure S1). In
reproducibility tests (Table S1), F3 exhibited minimal variation (<10% in most parameters,
except UR), whereas F5 showed poor reproducibility, with variations > 100% in nearly all
parameters, except %p < 500 nm (12.3%).

Thus, F3 was identified as the best formulation, composed of cetearyl alcohol (CA)
and PEG-40 castor oil (CORH40), and selected for further investigation. Cetearyl alcohol
has been previously incorporated into NLC formulations [27-29]. Similarly, PEG-40 castor
oil has been used to develop the same type of nanoparticle for various applications [30,31],
as well as nanoemulsions obtained through simple and low-energy methods [32,33].

Table 1. Particle size distribution obtained by laser diffraction with variations in the type of surfactant

and solid lipid used.
Evaluated Parameters F1 F2 F3 F4 F5 F6
Surfactant 0-20 C-20 CORH40 0-20 C-20 CORH40
Solid lipid CA CA CA GS GS GS
%p < 500 nm + SD 50.23 4 0.08 41.21 +0.20 100 £ 0.00 76.39 £+ 0.04 83.30 4+ 0.03 55.96 4+ 0.58
Average diameter (um) + SD 1.11 4+ 0.00 1.48 +0.01 0.18 £ 0.00 0.45 £ 0.00 0.37 £ 0.00 1.20 4+ 0.02
SPAM + SD 5.83 £+ 0.02 6.02 £+ 0.07 1.65 + 0.00 4.40 £+ 0.00 3.62 +£0.03 8.24 + 0.10
UR £SD 13.36 £ 0.89 16.41 £ 0.13 3.60 £ 0.00 9.00 £ 0.00 7.40 + 0.00 15.66 + 1.04
%p < 500 nm =+ SD: percentage of particles with diameter less than or equal to 500 nm =+ standard deviation;
SPAM = SD: dispersity + standard deviation; UR £ SD: uniformity ratio + standard deviation; FO: Initial
Formulation; FR: Repeated Formulation. O-20: Oleth-20; C-20: Ceteareth-20; CORH40: PEG-40 hydrogenated
castor oil; CA: cetearyl alcohol; GS: glyceryl stearate.
3.2. Factorial Study for Formulation-Related Variables
Through the DoE, 15 formulations were developed with variations in composition to
determine the optimal concentrations of the surfactant and oily phase, which are critical for
lipid nanoparticle formation [34,35]. The DoE results and the PSD of the prepared formulations
are summarized in Table 2. The nanostructured formulations exhibited %p < 500 nm, ranging
from 88.22 to 100%, mean diameters between 180 and 320 nm, SPAM values between 1.56
and 2.43, and UR values between 2.78 and 6.4. Overall, all formulations demonstrated small
particle sizes and good uniformity. The only exception was formulation R7F1, which did not
achieve the target values for %p < 500 nm and UR; all others met the predefined criteria.
Table 2. DoE and PSD for formulations prepared with variations in composition. * means formulation
R7F1 did not achieve adequate PSD values, ** means C-20 was used to reach 100% of surfactant when
[CORH40] was lower than 100%, *** means lipid phase compounded with CCT:CA (1:1).
. .. Average
Run Formulation CORH40 [Lipid %p < 500 nm .
Order Code [Surfactant] Ratio ** Phase] *** 1sp Diameter SPAM =+ SD UR + SD
(um) £+ SD
1 3 3 100 4 100 £ 0.00 0.18 £ 0.00 1.65 + 0.00 3.6 = 0.00
2 9 5 30 2 96.38 £+ 0.09 0.20 £ 0.00 1.96 £ 0.04 2.78 +£0.48
3 10 5 100 2 99.95 £+ 0.04 0.19 £ 0.00 1.61 + 0.00 4.75 £ 0.00
4 7 3 65 6 95.21 4+ 0.04 0.21 £ 0.00 2 +0.00 3.5+ 0.00
5 14 5 65 4 95.33 £+ 0.05 0.21 + 0.00 2.13 + 0.00 3.33 +£0.29
6 13 5 65 4 95.49 4+ 0.07 0.21 £ 0.00 2.13 £0.00 3+ 0.00
7* 1 3 30 4 88.22 +0.13 0.32 + 0.00 2.43 + 0.00 6.4 £+ 0.00
8 8 7 65 6 95.74 + 0.09 0.20 £ 0.01 2.08 £0.04 3.84 + 0.45
9 2 7 30 4 95.52 +£0.21 0.21 £ 0.01 2.10 + 0.04 3.28 +£0.25
10 5 3 65 2 98.75 +2.17 0.20 £ 0.02 1.65 + 0.09 4.00 £0.35
11 15 5 65 4 95.85 £ 0.11 0.20 £ 0.00 2.02 £0.04 2.86 £ 0.00
12 4 7 100 4 95.59 + 0.08 0.21 + 0.00 2.02 +0.04 3.00 + 0.00
13 6 7 65 2 95.85 + 0.04 0.20 £ 0.00 2.06 £ 0.00 3.33 £0.00
14 12 5 100 6 100 + 0.00 0.19 + 0.00 1.56 £ 0.00 4.75 + 0.00
15 11 5 30 6 100 £ 0.00 0.19 £ 0.00 1.56 4+ 0.00 4.75 £ 0.00

https://doi.org/10.3390/pr14020393


https://doi.org/10.3390/pr14020393

Processes 2026, 14, 393

8 of 26

3.2.1. Effect of Independent Variables on Particle Size Distribution

As previously described, the factorial design considered surfactant concentration,
CORH40 ratio, and lipid phase concentration as independent variables, while PSD values
obtained by laser diffraction analysis served as dependent variables. Based on this design,
the RSM analysis yielded R? values of 83.56, 79.07, 83.35, and 59.96% for %p < 500 nm,
mean diameter, SPAM, and UR, respectively. The Pareto charts (Figure 1) indicate that the
interaction between surfactant concentration and CORH40 ratio, as well as CORH40 ratio
alone, was the most influential factor for %p < 500 nm and mean diameter. Surfactant and
lipid phase concentrations alone were not significant for the first parameter. For SPAM, all
variables and their interactions were significant, except for lipid phase concentration. Re-
garding UR, the quadratic interaction between CORHA40 ratio and surfactant concentration
alone was the most relevant factor influencing particle uniformity. The quadratic regression
model equations, including linear, quadratic, and interaction terms, are presented in the
Supplementary Material (Table S2).

Response %p<500nm; a = 0.05 Response Average Diameter (um); o = 0.05
2.035 2.035
AB | 2L ‘
B ‘ B '
Factor Variable
e ‘ Factor Variable . & o ‘ A [Surfactant]
A [Surfactant] B CORHA40 ratio (%)
AA B (CORHA40 ratio (%) AA c [Lipidic phase]
Lo} [Lipidic phase]
BB A
BC BB
AC BC
. J AC
¢ c
A $ &4 2 3 4 5 €& 1T § B ° ! > 3 4 5 6 71 8
Standanlized Effects Standardized Effects
Response SPAM; a = 0.05 Response UR; a = 0.05
2.035 2.035
cc ‘ BB ‘
B | 2o
Factor Variable
AB ‘ A [Surfactant] AB ‘
B CORHA40 ratio (%) . Factor Variable
BB C [Lipidic phase] BC ‘ A [Surfactant]
~C B CORHA40 ratio (%)
AA cc C [Lipidic phase]
A €
BC AC
Ac AA
c B
o 1 2 3 4 5 6 71 8 0 1 2 3 4
C Standardized Effects D Standardized Effects

Figure 1. Pareto charts revealing the significant factors in the composition of the formulations for
each PSD response: (A) %p < 500 nm; (B) average diameter (um); (C) SPAM; (D) UR. The red dashed
line indicates the critical value for statistical significance at a 95% confidence level; bars exceeding
this line correspond to significant effects.

RSM is a statistical data analysis method designed to identify optimal conditions
and determine which variables are truly significant for the studied responses [36]. The
Box-Behnken Design has been widely applied in the recent literature for the development
of lipid nanoparticles across different purposes and applications [37—40].

The contour plots (Figure 2) enable the prediction of optimal conditions for achieving
the smallest particle size with the highest uniformity. For higher %p < 500 nm and
consequently smaller mean diameters, the CORHA40 ratio and lipid phase concentration
should be set at either the highest or lowest levels, combined with low to intermediate
surfactant concentrations. To minimize SPAM values, low surfactant concentrations are
required, provided that CORH40 accounts for 100%. Regarding UR, a large uniform region
is observed in graph D (Figure 2), indicating that when the surfactant concentration is fixed
at 5%, both the lipid phase concentration and CORH40 ratio can vary from low to high
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levels while maintaining UR below 3.5. This observation highlights the robustness of the
method against compositional variations. Additional variable combinations affecting the
responses are presented in the Supplementary Material (Figure S2).

100
%p<500nm
<92 90
92 - 94
Wos -9

Average
diameter
(pm)
<020

o 020 - 0.22
— W -8 S %0 = gfi = gf;
s 24 — 0.2
2 Fixed value £ 10 026 - 028
- [Surfactant] 5 g u > 028
= S Fixed val
= = 60 [Lip;:; ;r:.::] 4
2 z
= O s0
]
40
2 30
3 4 5 6 7
A CORH40 ratio (%) B [Surfactant]
100 6
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<17 ";RS <
20 MW17-19 -5
W1o-21 M s - 40
a W21-23 5 W 40 - 45
X 80 B -2s - W45 - 50
=4 - 2 m >50
2 <
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I 60 =
E B
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Q 3
40
30 2
3 4 5 6 7 30 40 50 60 70 80 90 100
C [Surfactant] D CORH40 ratio (%)

Figure 2. Contour plots generated by RSM for different interactions between formulation composition
variables to optimize PSD values. (A) %p< 500 nm; (B) average diameter (um); (C) SPAM; (D) UR.

The use of CORH40 is common in NLC preparation and has proven to be a safe and
effective surfactant in terms of toxicity. Moreover, its combination with PEG-400 has been
shown to successfully produce nanoemulsions through spontaneous emulsification [41].

3.2.2. Formulation Optimization

The next objective was to optimize the NLC formulation to achieve the smallest
particle size and highest uniformity using the low-energy method. According to the
software prediction (Minitab), the optimized composition consisted of 5.8% surfactant,
entirely composed of CORH40, and 5.9% lipid phase. The optimized formulation met the
target PSD parameters, yielding a high desirability value of 0.9976. The predicted and
observed results for %p < 500 nm were 98% and 93%, respectively. For the mean diameter,
the predicted value was 0.19 um, and the observed value was 0.22 um. The SPAM values
were predicted at 1.69 and observed at 2.16, while the UR values were predicted at 4.04 and
observed at 4.16.

Stability analysis revealed that the optimized NLC formulation began to lose stability
after the seventh day, marked by increases in particle size and, consequently, in SPAM
and UR values (Figure 3A,B). This indicated a transition from a homogeneous system to
a heterogeneous one, with a mixed-size particle distribution. By the fifteenth day, only
about 50% of the particles remained < 500 nm, and the mean diameter had increased to
approximately 3.5 um. Nevertheless, no phase separation was observed at any time point
(Figure 3C).
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Figure 3. Preliminary stability of the optimized formulation: (A) %p < 500 nm and average
diameter (um); (B) SPAM and UR; (C) aspect.

3.3. Factorial Study of Process-Related Variables

The optimization of NLCs using BBD has been extensively explored in the literature,
with most studies focusing on compositional variables. In contrast, few reports address
the influence of process variables on NLC formation. Among those, processing time and
equipment parameters, such as homogenization or sonication, are typically assessed [42,43]. In
the present work, NLCs were obtained through low-energy methods; therefore, temperature,
agitation, and mode of phase transfer were selected as the main process factors [44].

The factorial design yielded 26 formulations, of which 13 met the pre-established
criteria for PSD. The %p < 500 nm ranged from 33.72% to 95.51%, mean diameters varied
between 0.21 and 10.19 pm, SPAM values ranged from 2 to 78.29, and UR ranged from 3
to 254.83. Thus, some formulations were nanostructured, while others were classified as
emulsions due to particle sizes exceeding 1 pm (Table 3).

Table 3. DoE and PSD of formulations obtained using process variables. (*) indicates NLC formula-
tions that met the predefined ideal parameters.

Formulation Temperature Stirring Initial Aqueous Aqueous A.verage
(Run + Code) o) Speed (rpm) Phase Amount Phase %p < 500 nm Diameter SPAM UR
(uL) Addition (um)

R1F16 58 700 300 Total 44.04 6.31 5.92 147.45
R2F17 68 700 300 Total 44.88 6.73 3.73 168.25
R3F23 * 63 700 200 Total 95.45 0.21 2.13 3.50
R4F26 * 63 550 300 Total 95.12 0.21 2.06 3.50
R5F9 * 63 400 200 Fractional 95.23 0.21 2.06 4.20
R6F4 68 700 300 Fractional 56.68 4.38 39.63 109.58
R7F2* 68 400 300 Fractional 95.22 0.21 2.00 3.50
R8F25 * 63 700 400 Total 94.60 0.21 2.10 427
RI9F15 68 400 300 Total 66.17 2.94 38.17 58.73
R10F18 * 58 550 200 Total 95.02 0.21 2.06 3.50
R11F21 68 550 400 Total 67.76 2.32 31.21 46.33
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Table 3. Cont.
. - Initial Aqueous Aqueous Average
FI({):: l-:-laCt:)(:ir;) Temgeé’;lture S izl;r:? gm) Phase Amount Phase %p < 500 nm Diameter SPAM UR
peed trp (uL) Addition (um)

R12F11 63 400 400 Fractional 65.48 2.72 34.68 54.40
R13F8 * 68 550 400 Fractional 94.63 0.21 2.12 3.50
R14F10 63 700 200 Fractional 46.46 5.76 8.11 135.15
R15F6 68 550 200 Fractional 95.39 0.21 2.00 3.50
R16F19 * 68 550 200 Total 95.27 0.21 2.06 3.00
R17F5 58 550 200 Fractional 60.11 4.39 48.54 87.87
R18F14 58 400 300 Total 42.40 7.02 4.93 175.50
R19F1 58 400 300 Fractional 65.99 3.26 43.20 65.13
R20F22 63 400 200 Total 33.72 6.41 2.80 149.90
R21F3 * 58 700 300 Fractional 94.73 0.21 2.10 4.20
R22F12 * 63 700 400 Fractional 95.03 0.21 2.06 3.50
R23F24 * 63 400 400 Total 94.83 0.21 2.08 3.97
R24F20 * 58 550 400 Total 95.51 0.21 2.06 3.00
R25F7 58 550 400 Fractional 57.55 7.57 78.29 189.17
R26F13 63 550 300 Fractional 50.12 10.19 42.71 254.83

3.3.1. Effect of Independent Variables on Particle Size and Uniformity

RSM analysis revealed that nearly all independent variables and their interactions
significantly influenced nanoparticle formation. Phase temperature alone and in combi-
nation with the aqueous phase addition method (fractional or total) emerged as a critical
determinant across all four response parameters. Similarly, the interaction between stirring
speed and the initial aqueous phase volume was relevant for particle size and uniformity
(Figure 4). Quadratic regression model equations are provided in the Supplementary
Material (Table S3).

Response %p<500nm; a = 0.05 Response Average diameter (um); o = 0.05
2012 2012
- Factor Variable * Factor Variable

i | Phase temperature (°C) A | Phase temperature (°C)
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o 1 2 3 4 5 6 7 01 2 3 4 5 6 7 8 9
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Figure 4. Pareto charts showing the significant process factors for each response related to particle
size distribution: (A) %p < 500 nm; (B) average diameter (um); (C) SPAM; (D) UR. The red dashed
line indicates the critical value for statistical significance at a 95% confidence level; bars exceeding
this line correspond to significant effects.

Contour plots indicated that higher phase temperatures favored smaller particle sizes.
Optimal stirring speeds ranged between 400 and 550 rpm; increasing agitation to 700 rpm
resulted in larger particles. For the aqueous phase, both minimal (200 pL) and maximal
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(400 pL) initial additions promoted smaller particle sizes. When the aqueous phase was
added in total, SPAM values frequently remained below 3, ensuring greater uniformity
under diverse conditions and thereby enhancing process robustness. UR values below 5
were observed within narrow ranges when the initial aqueous phase was fixed at 300 uL,
particularly at stirring speeds of 450-550 rpm (Figure 5). Additional variable-response
interactions are available in the Supplementary Material (Figure S3).
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Figure 5. Contour plots generated by RSM for different interactions among the process variables.
(A) %p < 500 nm; (B) average diameter (um); (C) SPAM; (D) UR.

3.3.2. Process Optimization

Based on these findings, process optimization was performed using defined PSD tar-
gets. Minitab software identified the optimal conditions (desirability index: 0.9757) as tem-
perature = 63 °C, stirring speed = 548 rpm, initial aqueous phase = 300 pL, and total aqueous
phase addition. Under these conditions, the observed values were %p < 500 nm = 95, mean
diameter = 0.21 um, SPAM = 2.06, and UR = 3.5, closely matching the predicted values
(%p < 500 nm = 95, mean diameter = 0.20 um, SPAM = 2.15, and UR = 3.23), confirming
the success of the optimization.

The optimized formulation (OFM) was prepared in a standard batch (20 g) and
assessed for PSD and phase separation. To evaluate scalability, a larger batch (200 g,
SFM) was produced under the same conditions. PSD profiles demonstrated the stability
of both formulations (Figure 6). No differences were observed visually in the PSD graphs,
indicating that scaling up did not affect composition or process performance, which aligns
with the factorial design approach used to establish optimal conditions. However, statistical
analysis revealed significant differences between OFM and SFM at TO across all parameters,
though no significant differences were detected for mean diameter, SPAM, or UR at T15.
Overall, both formulations retained nanometric size throughout the stability study, with
mean diameters around 500 nm, SPAM near 5, and UR around 9. Phase separation was
more pronounced in SFM compared to OFM, suggesting that this effect may be related to
batch size rather than formulation or processing variables (Figure 6).
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Figure 6. Stability of the optimized and scaled-up NLC formulations. * means p < 0.05; ** means all
samples showed identical diameter values (0.21 mm), preventing ANOVA due to zero within-group
variance; OFE: optimized formulation, SFE: scaled-up formulation, (A) %p < 500 nm, (B) average
diameter (um), (C) SPAM (D) UR, (E) OFE aspect, (F) SFE aspect, TO: preparation day, and T15:
15-days after preparation.

3.4. Stability Improvement
3.4.1. Surface Ionic Charge Addition

The formulations exhibited particle sizes ranging from 124 to 180 nm, with F1 showing
the smallest size (Table 4). Statistically significant differences were observed among the
formulations (p < 0.05); F1 differed from all others, while some clustered together (F2-F4
and F7-F5). The addition of CTAC (0.1%) in F5 did not improve particle size compared with
the absence of ionic surfactant (F7), as no significant difference was found. Similarly, no
difference was observed between F2 and F4, indicating that SLS (0.1%) and CTAC (0.05%)
provided comparable effects on particle size.

Table 4. DLS results for formulations containing ionic surfactants at different concentrations. F1-F3:
SLS; F4-F6: CTAC; F7: control formulation without charge-donating surfactants.

Surfactant +

Formulation Code . Size (nm) PDI ZP (mV)
Concentration (%)

F1 SLS 0.05 123.97 +1.47 0.342 + 0.04 —43.3 £ 0.46
F2 SLS 0.1 179.93 + 6.14 0.456 + 0.05 —57.17 +2.68
E3 SLS0.2 163.1 £+ 0.56 0.42 +0.01 —64.7 £ 1.15
F4 CTAC 0.05 175.13 £ 5.1 0.585 + 0.1 55.63 + 1.35
F5 CTACO0.1 135.07 £ 1.76 0.408 + 0.02 59.98 + 3.1
Fo6 CTACO0.2 15047 £1.2 0431 +0 65.38 +4.24
F7 - 140.43 + 2.89 0.554 + 0.07 —-1.95+0.71
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The polydispersity index (PDI), ranging from O to 1, reflects particle size uniformity:
values near 0 indicate monodisperse systems, whereas values close to 1 denote broad
distributions typical of polydisperse systems [45]. The formulations showed initial values
between 0.34 and 0.58, with F1 exhibiting the lowest PDI and F4 the highest (Table 4).
ANOVA revealed significant differences (p = 0.001), and Tukey’s test grouped the formu-
lations into three clusters. F7, F4, and F2, which presented the highest PDI values, did
not differ from one another, indicating that SLS (0.1%) and CTAC (0.05%) had no positive
impact on size uniformity, comparable to the absence of ionic surfactant (F7). Although
F1 displayed the lowest mean size and PD], it did not differ significantly from most for-
mulations, except F4 and F7. Overall, the initial results indicate that SLS at the lower
concentration (0.05%) was the most effective condition for achieving smaller and more
uniform particles.

Zeta potential (PZ) values confirmed the surface charge of nanoparticles. Formulations
containing SLS exhibited negative charges below 40 mV, which became increasingly negative
with higher concentrations. Conversely, with CTAC, values increased with concentration,
all above +55 mV. F7, which contained only the nonionic surfactant, showed a negative PZ
value close to zero (Table 4). ANOVA indicated significant differences among formulations
(p < 0.05). According to Tukey’s test, only F6-F5 and F5-F4 showed no significant differences;
all others were statistically distinct and allocated into separate groups.

The formulation that initially showed the best performance (F1) did not remain stable
over 14 days, with the particle size increasing nearly threefold. Conversely, F4, which at
baseline did not differ significantly from the control (F7), exhibited the lowest variation (53%)
after 14 days (Figure 7A). ANOVA confirmed significant differences among formulations
(v < 0.05), particularly between F5 and F7. Although the addition of 0.1% CTAC did not affect
nanoparticle formation, it significantly improved stability: while the control (F7) increased
from 140 nm to 643 nm (358% variation), F5 reached only 206 nm within the same period. In
contrast, F4 showed the poorest stability, with particle sizes exceeding the nanometric range
(~2 pm), being isolated from all others in Tukey’s test. F5, in turn, differed significantly from
all formulations and maintained the smallest particle size after 14 days.

Zeta potential (PZ) values remained largely stable, except for F4 and F7 at day 14
(Figure 7B). ANOVA (p < 0.05) and Tukey’s test revealed differences among all formulations,
except between F6 and F5. Since zeta potential values above +30 mV or below -30 mV
are required for electrostatic stabilization of NLCs, these findings underscore the role of
electrostatic repulsion in preventing aggregation [46].

Regarding PDI, all formulations exhibited variations during the stability study
(Figure 7A). F1, which initially had the lowest PDI (0.342), reached ~0.6 by day 14. F2
showed the least variation, whereas F5, despite better size stability, increased from 0.4 to
0.6, indicating reduced uniformity. ANOVA (p = 0.008) and Tukey’s test separated the
formulations into two groups, namely, higher PDI values (F4, F5, F1, F7) and the remaining
formulations, with F4 consistently being the least satisfactory in terms of diameter and
uniformity.

From a visual perspective, no formulation exhibited changes in appearance during
14 days at room temperature (Figure 7C), including F7 (control without ionic surfactant),
which contrasts with earlier experimental tests.

Based on particle size, PDI, zeta potential, and preliminary stability, formulation
F5 was selected for the next stage, primarily due to its lower size variation over time,
maintaining particles around 200 nm, a stable zeta potential (~60 mV), and the absence
of phase separation. However, none of the formulations exhibited an adequate PDI after
14 days, and the 58% increase in particle size cannot be regarded as satisfactory stability,
indicating that F5 still requires optimization regarding size uniformity.
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Figure 7. Preliminary stability of NLC formulations with added ionic surfactants: (A) particle size
and PDI, (B) zeta potential, and (C) visual appearance of the formulations.

Surface charge is also critical in the context of biological interactions and can be
deliberately modulated to facilitate specific processes [47]. Cationic nanoparticles interact
electrostatically with negatively charged cellular membranes and are widely employed for
intracellular nucleic acid delivery, as they adsorb onto cell surfaces and are internalized via
endocytosis [48,49]. They have also been investigated in acne therapies targeting follicular
delivery and enhanced skin permeability [50], as well as in hair care formulations such as
conditioners. The most commonly used cationic surfactants are quaternary ammonium
salts [51], such as CTAC, which is also widely applied as an antiseptic [19].

3.4.2. Modification of the Dispersing Polymer

Steric stabilization involves coating particles with hydrophilic polymers to prevent close
contact and aggregation, thereby enhancing stability [52]. This effect can also be achieved
with nonionic surfactants, even in systems with low zeta potential and limited electrostatic
stabilization [53]. PVP is a nonionic, hydrophilic, and nontoxic polymer widely applied in
pharmaceutical formulations as a steric stabilizer and surface modifier, with long-established
safety (GRAS), similar to poloxamer 188 [54,55]. Poloxamer 188 is an amphiphilic, biocompat-
ible, nonionic copolymer with surfactant properties, commonly employed in cosmetic and
pharmaceutical formulations [56]. Recent evidence demonstrated stabilization of NLS for up
to 180 days using 2.5% poloxamer 188 [57], supporting its selection in this study.

The formulations produced displayed particle sizes of 126 nm (F1) and 158 nm (F2, E3).
The PDI values were 0.289 (F1), 0.456 (F2), and 0.371 (F3), while the zeta potential values
were 54.4 mV (F1), 53.5 mV (F2), and 55.7 mV (F3). Statistical analysis showed significant
differences only for particle size (p = 0.011), with F1 differing from F2 and F3, whereas no
significant differences were observed for PDI (p = 0.068) or PZ (p = 0.539). Thus, only particle
size was influenced by the dispersion polymer, with PVP 2% (F1) yielding smaller particles.

Over time (Figure 8A), particle size increased by day 7, particularly in F2. With
PVP 2% (F1), particle size continued to rise, while PVP 10% (F2) and poloxamer 2.5%
(F3) appeared to suppress this growth. By day 14, significant differences were observed
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(p = 0.03), specifically between F1 and E3, the latter showing the smallest mean diameter.
For PDI (Figure 8B), F1 exhibited the greatest increase, whereas F3 maintained the lowest
values; at day 14, the differences were significant (p = 0.013), with F1 differing from F2 and
F3. Although PZ was not significantly different at day 0, differences emerged at day 14
(p = 0.0017), with F3 displaying the highest mean values (Figure 8C). No phase separation
occurred in any formulation, indicating that changes in the dispersion polymer did not
compromise physical stability (Figure 8D).
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Figure 8. Preliminary stability of NLC formulations with a modified dispersion polymer. (A) Par-
ticle size, (B) PDI, (C) zeta potential, and (D) appearance of formulations. F1: PVP 2%—control
(unmodified), F2: PVP 10%, F3: Poloxamer 2.5% + PVP 2%.
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Dispersion polymer modification significantly influenced stability outcomes, with F3
consistently outperforming the other formulations, showing a smaller size, lower PDI, and
higher PZ. These findings demonstrate the feasibility of incorporating 2.5% poloxamer 188
in formulations.

3.5. Resveratrol Incorporation, Formulation Scale-Up, and Stability

The particle sizes ranged from 291 to 601 nm, with PDI values between 0.24 and 0.53.
As anticipated, the zeta potential (ZP) was positive owing to the presence of CTAC, ranging
from +43 to +57 mV. The theoretical RVL concentration was 250 pug/mL; however, the
measured values exceeded this estimate, with 20R-NLC 8.6% higher and 200R-NLC 2.6%
higher than expected (Table 5).

Table 5. Particle size, PDI, zeta potential, and RVL concentration determined by DLS and spectropho-
tometry analysis.

Formulation Size (nm) £+ SD PDI + SD ZP (mV) £+ SD [RVL] ug/mL
20B-NLC 304.4 £6.18 0.323 +0.03 +48.47 £1.39 -
20R-NLC 291.2 £3.83 0.256 + 0.03 +43.15 £ 3.28 271.5
200B-NLC 601.2 & 65.91 0.531 4 0.04 +57.27 £7.90 -
200R-NLC 507.08 & 14.6 0.241 +0.01 +52.07 £ 0.61 256.6

[RVL]: resveratrol concentration.
Two-way ANOVA (Table 54) revealed that scale, RVL incorporation, and their interac-

tion significantly influenced particle size (p < 0.05). Tukey’s test showed that increasing
the production scale led to larger particle sizes regardless of RVL addition. Conversely, the
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presence of RVL reduced the mean diameter in both the standard and scaled-up formu-
lations. When considering the interaction, the effect of RVL was particularly pronounced
at a larger scale, as the mean size of the scaled-up RVL-containing formulation differed
significantly from its counterpart without RVL and from both small-scale formulations.
For PD], all factors and their interaction were significant (p < 0.05). Larger-scale pro-
duction resulted in more heterogeneous dispersions, whereas RVL incorporation reduced
PDI, promoting greater homogeneity. The highest PDI values were observed in the scaled-
up formulation without RVL. In contrast, the addition of RVL lowered PDI at both scales,
suggesting that RVL mitigates the negative impact of scaling on size uniformity (Table S4).
Regarding zeta potential, only scale had a significant effect (p = 0.0476), with scaled-up
formulations exhibiting higher mean ZP values than standard-scale formulations. Thus,
larger-scale production may enhance ZP, potentially extending colloidal stability. Neither
RVL addition (p = 0.3946) nor factor interaction (p = 0.2571) significantly affected this
parameter (Table 54).
The compositions of the formulations selected at each stage of development, from the
selection of raw materials to the incorporation of resveratrol, are presented in Table S5.
With respect to stability, both the standard- and large-scale formulations, with or
without RVL, showed the most stable particle diameters at 8 °C, whereas 40 °C was most
detrimental, leading to particle growth above 2000 nm and loss of nanoscale characteristics.
Notably, 200B-NLC exceeded 1000 nm even at 8 °C after 90 days (Figure 9A). Overall,
refrigeration proved essential for preserving particle size across all conditions.
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Figure 9. Stability assessment of the formulations over 90 days at different temperatures. (A) Particle
size, (B) PDI, (C) resveratrol content.

PDI analysis indicated that the small-scale formulations (20B-NLC and 20R-NLC) exhib-
ited lower variations, and all formulations stored at 8 °C maintained smaller PDI values. In
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contrast, 200B-NLC reached PDI values close to 1 under all conditions by the end of the study,
characterizing it as a highly heterogeneous and unstable system. The most homogeneous
system was 20B-NLC, which maintained values near 0.3 throughout the storage period, but
only under refrigeration. Both room temperature and 40 °C conditions negatively affected
PD], leading to higher values and reduced system uniformity (Figure 9B).

RVL content fluctuated throughout the storage period; however, concentrations gener-
ally remained above the theoretical 250 pg/mL, particularly in formulations kept at 8 °C. At
room temperature, reductions in RVL levels were observed across all formulations, though
less pronounced than at 40 °C, where the most substantial losses occurred (Figure 9C).
These findings highlight the protective effect of refrigerated storage in maintaining NLC
size, uniformity, and RVL content compared with higher temperature conditions.

3.6. Encapsulation Efficiency

Encapsulation efficiency (E.E.) was determined using tubes with a 10 kDa semiper-
meable membrane, which retained the nanoparticles while allowing free resveratrol to
diffuse through. The filtrate exhibited an absorbance of 0.0923 + 0.007, corresponding to
a free resveratrol concentration of 4.55 pg/mL (1.15%). Based on these results, the E.E.
was calculated as 98.41%, confirming the high capacity of the formulation to incorporate
resveratrol into the nanoparticles.

3.7. In Vitro Release Assay

The optimized resveratrol-loaded nanostructured lipid carrier (NLC-RVL) and the
hydroalcoholic resveratrol solution were prepared with a target concentration of 250 pug/mL.
Experimental measurements confirmed concentrations of 241.89 pug/mL for NLC-RVL and
253.94 pg/mL for the solution.

Release kinetics (Figure 10) demonstrated a markedly faster diffusion of resveratrol
when dissolved in the hydroalcoholic solution, reaching nearly 106 pg/mL (59%) release by
the end of the assay. In contrast, the nanostructured system exhibited a sustained release
pattern, with only 11 pg/mL (6%) of resveratrol released within the first 6 h, 27 ug/mL
(15%) after 10 h, and a cumulative release of 44 ug/mL (24%) at the end of the evaluation
period. Notably, less than 1,5% release was observed at the 4 h time point, highlighting the
formulation’s capacity to provide controlled and prolonged drug release.
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Figure 10. Release kinetics of resveratrol-loaded NLC and resveratrol solution.
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3.8. Characterization of the NLC Formulation
3.8.1. Differential Scanning Calorimetry (DSC) and Thermogravimetry (TG)

The thermal analysis of the NLC formulations with (NLC-RVL) and without resver-
atrol (NLC-blank) is shown in Figure 11 and Table 6. Both systems exhibited an initial
endothermic event at ~45 °C (step 1), consistent with the instability observed during storage
at 40 °C, near the melting transition. Weight loss initiated around 100 °C and reached ~90%
by 400 °C, corresponding to the degradation of organic components and characterized by
exothermic peaks (step 2).

NLC-blank NLC-RVL

Step 3 Jozs

10 4025 Step1 | Step 2
Step2 I

Step 1 Step 3

Heat Flow (Normalized) (W/g)

. . l . . Lo . . ‘ . . 1so
100 200 300 400 500 600 100 200 300 400 500 600

Temperature (°C) Temperature (°C)

Figure 11. DSC/TG of NLC-blank and NLC-RVL. DSC—blue line, TG—green line, DTG—red line.
The dashed line separates the thermal events into steps.

Table 6. Results of thermal analysis (TGA /DTG and DSC) of NLC formulations.

Steps Temperature Range (°C) Parameters NLC-Blank NLC-RVL

Aw (%) 1.9 1.3
Tonsef (OC) 56 59

1 25-150 Tpeak DTG (°C) 55 61
Tpeax DSC (°C) 42()) 47 (1)
Aw (%) 89.4 914
Tonset (°C) 223 232

2 150-400 Tpeak DTG (°C) 263 276
Tpeax DSC (°C) 331 (1) 272.(1)
Aw (%) 6.8 74
Tonset (°C) 464 411

3 400-650 Tpeak DTG (°C) 494 504
Tpeak DSC (°C) 485 (1) 492 (1)
Residue at 650 °C (Aw %) 1.8 0.05

T: temperature; Aw: weight loss; 1: exothermic peak; |: endothermic peak.

The incorporation of resveratrol was confirmed by distinct decomposition patterns
in step 2. Compared to blank NLCs, NLC-RVL exhibited higher Tonset (223 vs. 232 °C,
respectively) and DTG Tpeak values (263 vs. 276 °C, respectively), indicating delayed
degradation and improved thermal stability. Furthermore, the main DSC exothermic peak
shifted from 331 °C (NLC-blank) to 272 °C (NLC-RVL), while the secondary peak nearly
disappeared. These changes suggest that resveratrol modifies the heat-release profile, either
by interacting with intermediate degradation products or through its own decomposition.

3.8.2. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra were obtained for the raw materials of NLC formulations (Figure 12A).
Cetearyl alcohol exhibited characteristic bands of symmetric stretching of the methylene -CH,
group at 2916 cm ™!, scissoring of -CH, and asymmetric bending of CHj groups at 1462 cm ™!,
rocking vibrations of -CHj at 718 em~!, and hydroxyl (OH) stretching at 3284 em~1 [58].
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Figure 12. FTIR spectra of raw materials (A), resveratrol (B), and NLC formulations (C). CA:
cetearyl alcohol; CCT: caprylic/capric triglyceride; CORH40: PEG-40 hydrogenated castor oil; CTAC:
cetyltrimethylammonium chloride; PVP: polyvinylpyrrolidone K30; RVL: resveratrol.

Caprylic/capric triglyceride displayed signals typical of aliphatic chains, including
CH,; stretching at 2922 cm~1, O—CH, vibration at 2854 cm ™!, a carbonyl (C=0) peak at
1740 cm~!, and CH, bending at 721 cm ! [59]. In addition, C-O-C stretching was detected
at 1153 cm ™! [60].

The surfactant CORH40 presented bands associated with OH stretching at 3502 cm !,
CH stretching at 2857 cm~!, C=0 vibration at 1732 cm ™!, and C-O-C ether stretching at
1098 cm ! [61]. For CTAC, the trimethylammonium head was identified by the asymmetric
stretching of CHj at 3008 cm~!. Asymmetric and symmetric CH, stretching appeared at
2915 and 2848 cm !, respectively. The band at 1463 cm ™! was related to methylene and
methyl bending, while the one at 961 cm ™! corresponded to C-N vibration of the cationic
headgroup [62].

PEG-400 showed peaks at 3435 cm~! (OH stretching), 2848 cm~! (-<CH3), and 1098 cm ™!
(C-O-C stretching) [63]. PVP presented absorption bands at 1661 cm ! and 1265 cm ™},
corresponding to C=0 and C-N vibrations, respectively [64]. The poloxamer displayed
signals at 2877 cm~! and 1100 cm ™!, attributed to CH and C-O stretching, respectively [65].

Resveratrol (Figure 12B) exhibited a typical spectrum with bands at 1605, 1583, and
1507 cm ! related to aromatic C=C stretching of benzene rings; 1377 cm ! corresponding
to hydroxyl groups; and 1143 cm ! associated with C=O stretching of phenolic compounds.
The band at 963 cm ! indicated CH vibrations of the trans-configuration, while peaks at
827 and 670 cm ! represented the C-H vibration band of arene conjugated to an olefinic
group and =C-H of olefinic groups, respectively [66].

The spectra of NLC-RVL and NLC-blank (Figure 12C) were almost indistinguish-
able, with overlapping bands at the same wavenumbers. This overlap is attributed to
the relatively low proportion of RVL in the formulations compared to the much higher
concentrations of excipients such as lipids and surfactants. As a result, the spectral response
is dominated by these major components, making the RVL contribution less evident in the
overall analysis.
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3.8.3. Transmission Electron Microscopy (TEM)

TEM analysis indicated that NLC-RVL exhibited a nearly spherical shape with a
diameter of approximately 200 nm (Figure 13A) and 100 nm (Figure 13B). This can be

explained by the lower uniformity of the system, as confirmed by the PDI value close to 0.3
determined by DLS.

Figure 13. Transmission electron microscopy of NLC-RVL. (A) Nanoparticle of approximately 200 nm,
as well as smaller particles; (B) Particles smaller than 200 nm. The arrows indicate the structures of
the nanoparticles.

3.8.4. Small-Angle X-Ray Scattering (SAXS)

The SAXS data were fitted using SASFit software (v0.94.12) [67]. The red curve in
Figure 14 represents the Gaussian mass fractal form factor. In this case, an average particle
diameter of 25.9 nm was obtained, which is relatively smaller than the results observed
from TEM and DLS images, with a scattering intensity of 3.75 nm.
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Figure 14. SAXS of NLC-RVL. The black curve is the sample NLC-RVL result and the red curve
represents the fitting, using the model described in the text.

3.9. MTT Cell Viability Assay

The cytotoxic effect of the nanostructure was evaluated in HaCaT cells after 48 h of
incubation with the dye. Different concentrations of the nanostructure (0.347, 0.173, 0.086,
0.043, 0.021, 0.010, 0.005, and 0.002 mg/mL) were pre-treated, and a control group (CC)
was measured without treatment. The results show that the nanoparticles exhibited a
reduction in cell viability only at the two highest concentrations (Figure 15). The half-
maximal inhibitory concentration (ICsp), obtained using Phototox® software (v 2.0) based
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on absorbance values from the cytotoxicity assay, was 0.133 and 0.119 mg/mL for NLC-
blank and NLC-RVL, respectively. Therefore, NLC-RVL was the more toxic formulation.

NLC-blank NLC-RVL
140 140
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Figure 15. MTT cell viability assay. Data are presented as mean £ SD in quadruplicate and analyzed by
ANOVA statistical test with Bonferroni’s post-test. All data were compared with the cell control (CC).
A =p <0.001, ** p < 0.01. The dotted line indicates 100% viability. The dash line indicates 100% viability.

The results obtained in this study diverge from the literature regarding a decrease in
cell viability with increasing nanoparticle concentration, as the graphs here demonstrate
a viability higher than the control for both formulations. Furthermore, the IC5, values
observed were considerably lower than those reported in another study, in which the MTT
assay was performed using NLC and SLN encapsulating resveratrol, with ICsy values
ranging from 0.3 to 0.9 mg/mL, indicating lower cytotoxicity than that observed in the
present work [68].

4. Conclusions

Initially, laser diffraction analysis enabled the selection of cetearyl alcohol and PEG-40
hydrogenated castor oil as the solid lipid and surfactant, respectively. In the second stage,
the formulation composition was optimized by determining the appropriate concentrations
of the surfactant and the oil phase. Subsequently, the process was optimized by defining
the optimal temperature, as well as the quantity and mode of addition of the aqueous
phase. Thereafter, CTAC was incorporated as a cationic surfactant and poloxamer as a
stabilizing polymer, aiming to enhance electrostatic and steric stability, respectively.

The resveratrol-loaded NLCs were developed through successive evaluation steps
until the final product was obtained, exhibiting a mean particle size of approximately
290 nm, a PDI of 0.2, a zeta potential of +43 mV, an encapsulation efficiency of 98%, and
a controlled release profile. Resveratrol incorporation proved not only feasible but also
advantageous, promoting particle size reduction in scaled-up formulations. Refrigerated
storage was shown to be essential for maintaining physicochemical stability. Thermal
analysis confirmed the presence of resveratrol; however, FTIR analysis did not reveal
significant differences between NLC-blank and NLC-RVL. TEM images showed particles
predominantly around ~200 nm, along with smaller populations of ~100 nm, indicating
system heterogeneity. Conversely, SAXS analysis provided contradictory results, suggesting
even smaller structures of approximately 25 nm.

In summary, this study successfully achieved its objective, demonstrating that the
proposed low-energy, solvent-free method enabled the development and optimization
of nanoscale, stable NLCs with efficient incorporation of a model bioactive. Despite
limitations and challenges related to scaling, loss of stability at room temperature, and
increased PDI, these findings underscore the potential of this platform as a promising
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References

alternative to conventional techniques that rely on high-energy input or organic solvents.
Furthermore, results in HaCaT skin cells showed that the antioxidant resveratrol has
potential for use in anti-aging cosmetic formulations. However, further investigations are
required to determine the physicochemical state of resveratrol within the nanoparticles,
to assess the release kinetics over extended periods, and to evaluate the release behavior
using ex vivo and in vivo models.
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generated by RSM for different interactions between process variables to optimize PSD values.
(A) and (B) %p < 500 nm. (C) and (D) average diameter (um). (E) and (F) SPAM. (G) and (H) UR;
Table S4. Two-way ANOVA for evaluating the effect of resveratrol addition and scaling on particle
size. PDI. and ZP; Table S5. Composition of the final formulations at each stage of development.
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