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Background and Objective: Curcumin exhibits potent antioxidant activity beneficial for the prevention of various degenerative
diseases; however, its highly lipophilic nature and susceptibility to degradation limit its solubility and physicochemical stability. To
address these limitations, curcumin was formulated into nanostructured lipid carriers (NLCs), a lipid-based colloidal delivery system
composed of solid and liquid lipids stabilized by surfactants. In this study, sacha inchi oil, a natural oil rich in omega-3 and other
unsaturated fatty acids, was investigated as a novel liquid lipid component to improve lipid matrix structure and drug accommodation.
Methods: Curcumin-loaded NLCs were prepared using the hot homogenization method followed by probe sonication. Curcumin
served as the active compound, while solid lipids (oleum cacao, glyceryl behenate (Compritol® 888 ATO), or glyceryl palmitostearate
(Precirol® ATO 5)), sacha inchi oil as the liquid lipid, and surfactants (Tween 80, Poloxamer, or a Tween 80—Span 80 combination)
were used. The resulting NLCs were characterized in terms of particle size, polydispersity index (PDI), zeta potential (ZP), entrapment
efficiency (EE), physicochemical properties (FTIR, DSC, XRD), morphology, and in vitro release behavior.

Results: Physicochemical analyses confirmed successful incorporation of curcumin into the lipid matrix without undesirable
interactions. Among the tested formulations, CaTS2 (oleum cacao 4.5%, sacha inchi oil 1%, Tween 80 12.5%, Span 80 1%, and
curcumin 0.1%) demonstrated the most favorable characteristics, with a particle size of 95.50 = 0.87 nm, PDI of 0.119 + 0.157, and ZP
of —22.30 + 0.98 mV. Entrapment efficiency reached 97.24% and morphological analysis showed predominantly spherical particles. In
vitro release exhibited a biphasic pattern, consisting of an initial burst followed by sustained release up to 480 min. Kinetic modeling
revealed that CaTS2 followed the Korsmeyer—Peppas model (R® = 0.793; n = 0.301), consistent with Fickian diffusion, whereas pure
curcumin followed the Higuchi model (R? = 0.819). The similarity factor (f, = 29.04) indicated a distinctly different release profile
between the two systems.

Conclusion: Sacha inchi oil-based nanostructured lipid carriers were successfully developed and demonstrated favorable physico-
chemical characteristics, supporting their potential as a stable delivery system for curcumin.
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Introduction

Curcumin is the principal bioactive constituent of Curcuma longa and has long been recognized for its broad spectrum of
therapeutic effects.' Its biological activities include antioxidant, anti-inflammatory, and anticancer properties, as well as
potential roles in the prevention of degenerative diseases.” Despite these promising pharmacological attributes, the
application of curcumin in pharmaceutical and healthcare fields remains substantially limited.> The major challenges
associated with curcumin utilization arise from its highly lipophilic nature, poor aqueous solubility, and susceptibility to
degradation when exposed to light, heat, or unfavorable pH conditions.* These factors contribute to the physicochemical
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instability of curcumin and reduce its effectiveness when formulated using conventional dosage forms.”> Consequently,
curcumin exhibits low bioavailability in vivo, despite its high intrinsic biological potential.’

One effective strategy to overcome these limitations is the application of nanoparticle-based drug delivery systems.’
This approach enables compounds to be formulated at the nanometer scale (1-100 nm), where physicochemical properties
differ significantly from bulk materials due to increased surface area-to-volume ratio and altered interfacial behavior.®
Furthermore, the reduced particle size facilitates interaction with lipid membranes, which can enhance solubility and
bioavailability of lipophilic compounds such as curcumin.” Among various nanoparticle delivery systems, nanostructured
lipid carriers (NLCs) have emerged as a widely investigated platform for the delivery of lipophilic compounds.'® NLCs
consist of a mixture of solid and liquid lipids stabilized by surfactants, forming a stable colloidal system."' Compared with
solid lipid nanoparticles (SLNs), NLCs possess a more flexible internal structure with lower crystallinity, allowing
improved drug incorporation and enhanced physical and chemical stability.'> The advantages of NLCs extend beyond
their stability, as they are capable of preventing lipid recrystallization and increasing drug loading efficiency."® This
structural characteristic provides enhanced protection of lipophilic compounds such as curcumin against degradation,
thereby improving formulation quality and therapeutic potential.'* Beyond structural advantages, NLCs have been widely
investigated for multiple pharmaceutical and cosmetic applications, including oral delivery to improve the bioavailability of
poorly soluble drugs, topical and transdermal systems to enhance dermal penetration, ocular formulations, and controlled-
release systems.'> Their ability to protect encapsulated compounds from chemical degradation and modulate release
profiles further supports their versatility as delivery platforms for lipophilic bioactives such as curcumin. Accordingly,
NLCs are considered one of the most promising delivery systems for curcumin-based formulations.'®

In the development of NLCs, the selection of liquid lipids plays a critical role in determining formulation performance.'” In
this study, sacha inchi oil, which is rich in polyunsaturated fatty acids (omega-3, omega-6, and omega-9), was selected as the
liquid lipid component.'® In addition to supporting NLC structural formation, sacha inchi oil exhibits intrinsic antioxidant
activity, which may provide added functional benefits.'” Its incorporation is therefore expected to exert synergistic effects with
curcumin in enhancing overall pharmacological performance.”® However, despite the growing interest in natural oils for lipid-
based nanocarriers, studies specifically investigating sacha inchi oil as a liquid lipid in nanostructured lipid carrier systems for
curcumin delivery remain limited. Beyond lipid selection, the success of NLC formulations is strongly influenced by the type of
surfactant employed.'" Surfactants play a crucial role in reducing interfacial tension between lipid and aqueous phases, thereby
facilitating the formation of smaller and more stable particle dispersions.”’ In the present study, Tween 80, Poloxamer 188, and
a combination of Tween 80 and Span 80 were utilized. Tween 80 is a nonionic surfactant known for its effective stabilizing
properties,”* while Poloxamer 188 contributes to improved thermodynamic stability of the system.?® The combination of Tween
80 and Span 80 provides a synergistic effect through balanced hydrophilic-lipophilic balance (HLB) values, which support
emulsion stability.>* Accordingly, these surfactant variations are expected to produce NLCs with uniform particle size distribu-
tion, high stability, and optimal curcumin entrapment efficiency.?’

The selection of solid lipids is another fundamental aspect in NLC formulation development.*® Solid lipids serve as
the primary matrix for encapsulating and protecting active compounds within the NLC structure.”” In this study, oleum
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cacao, glyceryl behenate (Comprito
lipid components. Oleum Cacao is known for its biocompatibility and widespread use in topical and oral formulations.
Glyceryl behenate offers high stability and an appropriate melting point for nanoparticle formation,”® whereas glyceryl
palmitostearate provides a more amorphous matrix, enhancing drug loading capacity and reducing the risk of
crystallization.*® The complementary characteristics of these solid lipids enable the development of NLC systems that
are not only physically stable but also capable of improving curcumin bioavailability.*'

Therefore, the present study aimed to develop and systematically characterize curcumin-loaded nanostructured lipid
carriers incorporating sacha inchi oil as a natural liquid lipid component. The specific objectives were to (i) evaluate the
compatibility and solid-state characteristics of curcumin within different lipid matrices, (ii) determine the most suitable
formulation based on physicochemical characteristics, and (iii) assess particle size distribution, zeta potential (ZP),
entrapment efficiency (EE), morphology, and in vitro release behavior. It is anticipated that the findings of this study will
contribute to the advancement of lipid-based drug delivery systems utilizing natural lipids and support their potential
application in stable and effective pharmaceutical and cosmetic products.
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Materials and Methods

Materials

The primary material used in this study was curcumin as the active compound. Curcumin was obtained from a chemical
industry supplier with pharmaceutical-grade quality. Preliminary evaluation of the active compound was conducted by
verifying the completeness and validity of the Certificate of Analysis (CoA) provided by the supplier to ensure quality
and purity. Glyceryl behenate and glyceryl palmitostearate were kindly supplied by Gattefossé (Saint-Priest, France).
Oleum cacao (pharmaceutical grade) was obtained from a certified local pharmaceutical raw material distributor. Sacha
inchi oil (cold-pressed, pharmaceutical/cosmetic grade) was procured from a certified supplier and stored under light-
protected conditions at 4°C prior to use to prevent oxidative degradation. Tween 80 (polysorbate 80) and Span 80
(sorbitan monooleate) were purchased from Merck (Darmstadt, Germany). Poloxamer 188 was obtained from BASF
(Ludwigshafen, Germany). Methanol (HPLC grade) was purchased from Merck (Darmstadt, Germany) and used for
analytical purposes. Distilled water was prepared in-house and used as the aqueous phase throughout the study. All
materials were used as received without further purification.

Methods

Fourier Transform Infrared (FTIR) Analysis

FTIR analysis was performed to evaluate compatibility and potential interactions among formulation components.*” The
samples analyzed included solid lipids, mixtures of solid and liquid lipids, and mixtures of the active compound with solid
lipids. The samples were finely ground prior to analysis and examined using an Agilent Cary 630 FTIR spectrometer.

Absorption spectra were recorded to identify any peak shifts or changes indicative of physicochemical interactions.”

X-Ray Diffraction (XRD) Analysis
Samples subjected to XRD analysis included: (1) pure curcumin; (2) individual solid lipids (glyceryl behenate, glyceryl
palmitostearate, or oleum cacao); and (3) mixtures of solid lipids with curcumin, as well as ternary mixtures consisting of
solid lipid, sacha inchi oil, and curcumin. Each sample was heated until melted to obtain a homogeneous phase and
subsequently allowed to solidify at room temperature. The solidified samples were then finely ground prior to analysis. '’
XRD patterns were recorded using an X-ray diffractometer (PANalytical X’Pert PRO, Malvern Panalytical, The
Netherlands) equipped with Cu Ko radiation (A = 1.5406 A), operated at 40 kV and 30 mA. Diffraction data were
collected over a 20 range of 5-70° at a scanning rate of 2°/min. The obtained diffractograms were analyzed to evaluate
crystallinity and possible structural changes in the lipid matrix after curcumin incorporation. It should be noted that the
analyzed samples represent bulk lipid mixtures rather than dispersed nanoparticles. This approach was intended to
evaluate intrinsic crystallinity behavior and lipid—drug interactions at the matrix level, rather than structural transitions
occurring in the colloidal state.

Differential Scanning Calorimetry (DSC)

DSC analysis was conducted to investigate the thermal properties of individual components and their mixtures within the
formulation. Approximately 5—-10 mg of each sample, including solid lipids and their mixtures with curcumin, were
accurately weighed and sealed in aluminum pans. Thermal analysis was performed using a DSC instrument (DSC 60
Plus, Shimadzu Corporation, Kyoto, Japan) under a nitrogen purge (50 mL/min).

The temperature was increased from 30 to 300 °C at a heating rate of 10 °C/min. An empty sealed aluminum pan was
used as a reference. The resulting thermograms provided thermal parameters, including onset temperature, melting peak
temperature, and enthalpy change (AH), which were used to assess potential interactions and crystallinity changes in the
lipid matrix.® The thermal analysis focused on bulk systems to investigate matrix-level interactions. Future studies may
consider freeze-dried nanoparticle analysis to more closely reflect the dispersed nanostructured state.

Preparation of Curcumin-Loaded Nanostructured Lipid Carriers
Curcumin-loaded NLCs were prepared using the hot homogenization method followed by probe sonication. The selection of
lipid components and surfactant systems was based on previously reported curcumin-loaded NLC formulations and
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preliminary compatibility studies.** > The solid lipids (oleum cacao, glyceryl behenate, and glyceryl palmitostearate) were
selected to represent matrices with different crystallinity profiles, while sacha inchi oil was incorporated as a liquid lipid due to
its high unsaturation degree, which is expected to modulate lipid matrix packing and enhance drug accommodation. Surfactant
types (Tween 80, Poloxamer 188, and Tween 80—Span 80 combination) and their concentration ranges were chosen based on
literature reports demonstrating effective interfacial stabilization of lipid nanoparticles within similar composition windows.
The qualitative and quantitative composition of each formulation is summarized in Table 1.

Solid lipids (oleum cacao, glyceryl behenate, or glyceryl palmitostearate) were mixed with curcumin and melted,
followed by magnetic stirring for 15 min until a homogeneous lipid phase was obtained.'® The lipid phase containing
sacha inchi oil as the liquid lipid was heated concurrently with the aqueous phase containing the surfactant (Tween 80,
Poloxamer 188, or a Tween 80—Span 80 combination). The two phases were then combined and subjected to particle size
reduction using a probe ultrasonicator at 60% amplitude for 15 min under temperature-controlled conditions at 70°C.*®
The resulting NLC dispersion appeared turbid to milky white without visible phase separation and was subsequently used
for characterization studies.

Characterization of Curcumin-Loaded NLCs

The physicochemical stability of curcumin-loaded NLCs during storage was evaluated using a Malvern Zetasizer ZSP
(UK). Characterization parameters included particle size, polydispersity index (PDI), and ZP. EE was determined using
ultracentrifugation and centrifugal ultrafiltration device (Vivaspin®).>” The physicochemical stability was monitored for
30 days under controlled room temperature conditions (25°C). The stability evaluation was intended as a preliminary
short-term assessment to observe physical integrity over one month, rather than to establish definitive long-term shelf-life
or mechanistic stability predictions. All experiments were performed in triplicate (n = 3), and results are expressed as
mean =+ standard deviation (SD). Statistical analysis was conducted using one-way analysis of variance (ANOVA)
followed by Tukey’s post hoc test for normally distributed data. For non-normally distributed data, the Kruskal-Wallis
test followed by Dunn’s post hoc test with Bonferroni correction was applied. A p-value < 0.05 was considered
statistically significant.

Particle Size and Polydispersity Index

Particle size and PDI measurements were performed by diluting the NLC dispersion at a fixed ratio of 1:100 (v/v) with
distilled water prior to analysis. The diluted sample was transferred into a disposable cuvette for analysis. This
standardized dilution ratio was selected to minimize multiple scattering effects and ensure reproducible measurements.
Measurements were conducted using the Malvern Zetasizer ZSP.*'°

Zeta Potential Measurement
ZP was measured using a Malvern Zetasizer ZSP (UK) at room temperature (25 °C). The NLC dispersion was diluted at
a fixed ratio of 1:100 (v/v) with distilled water prior to ZP measurement to ensure reproducibility and adequate signal

detection. The diluted sample was then transferred into a disposable cuvette for analysis.®'°

Entrapment Efficiency (EE)

EE was determined by loading 1 mL of curcumin-loaded NLC dispersion into a centrifugal filter unit (Goettingen,
Germany) equipped with a 5 kDa molecular weight cut-off membrane.?” The samples were centrifuged at 14,500 rpm for
3 h. Prior to ultrafiltration, the dispersion was visually inspected to ensure absence of visible drug crystals. The 5 kDa
molecular weight cut-off membrane was selected to allow passage of dissolved free curcumin while retaining nanopar-
ticle-associated drug. The method was performed under high centrifugal force and extended duration to minimize
retention of unencapsulated drug aggregates. The collected filtrate (supernatant) was appropriately diluted and analyzed
using a UV—Vis spectrophotometer (Shimadzu UV-1800) at the maximum absorption wavelength of curcumin.*® The
concentration of free (non-encapsulated) curcumin was calculated, and EE was determined using the following equation:

Total amount of curcumin — Free curcumin
%EE = - x 100%
° Total amount of curcumin °
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Table | Formulation Composition and Physicochemical Characterization of Curcumin-Loaded Nanostructured Lipid Carriers (NLCs) on Day 1, Including Particle Size, PDI, ZP, and EE

Formulation Particle Size (nm) | ZP (mV) PDI EE (%)

Code Cur (%) | MSI(%) | CMP (%) | PRE (%) | OLC (%) | Tween (%) | Span (%) | PLX (%)

CT2 0,1 | - - 4,5 12,5 - - 64.54 + 1.83 —30.07 £ 1.0l | 0.345 £ 0.337 | 94.604 £ 1.108
CoT2 0,1 | 4,5 - - 12,5 - - 551.73 £ 147.83 —48.87 £ 0.70 | 1.000 + 0.000 | 81.405 * 0.250
PrT2 0,1 | - 4,5 - 12,5 - - 75.78 £ 3.69 —26.87 £ 1.99 | 0.355 £ 0.363 | 80.286 + 0.623
PrP2 0,1 | - 4,5 - - - 2,5 434.23 £ 207.86 —14.83 £ 0.50 | 0.680 £ 0.563 | 96.124 £ |.455
CaTS2 0,1 | - - 4,5 12,5 | - 95.50 + 0.87 —2230+£098 | 0.119 £0.157 | 97.244 £ 0.069
PreTS2 | 0,1 | - 4,5 - 12,5 | - 131.60 + 55.46 —31.63 + 1.46 | 0.360 £ 0.404 | 96.644 + 0.069

Note: Data are presented as mean * SD (n = 3) for particle size, PDI, ZP, and EE.
Abbreviations: Cur, Curcumin; MSI, Minyak Sacha Inchi; CMP, glyceryl behenate; Pre, glyceryl palmitostearate; OLC, oleum cacao; PLX, Poloxamer; PDI, Polydispersity Index; ZP, Zeta Potential; EE, Entrapment Efficiency.
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Transmission Electron Microscopy (TEM)

The morphology of the curcumin-loaded nanostructured lipid carriers was examined using low-resolution transmission
electron microscopy (LRTEM; JEM-1400, JEOL Ltd., Tokyo, Japan) operated at an accelerating voltage of 80 kV.*’
A representative NLC formulation showing the most favorable physicochemical characteristics (based on particle size,
PDI, ZP, and EE) was selected for TEM analysis. A drop of the selected NLC dispersion was diluted with distilled water
and placed onto a carbon-coated copper grid. Excess liquid was carefully removed using filter paper, and the sample was
allowed to air-dry at room temperature. For contrast enhancement, the sample was negatively stained with 2% (w/v)
phosphotungstic acid prior to imaging. Micrographs were captured to observe particle morphology, surface character-
istics, and approximate size distribution.

In vitro Release Study

The in vitro release of curcumin from the NLC formulations was evaluated using a dialysis bag diffusion method with
minor modifications.*>*' Release experiments were conducted in triplicate (n = 3), and cumulative release values are
presented as mean = SD. The dialysis membrane (molecular weight cut-off [MWCO] 12,000—14,000 Da) was pre-soaked
in phosphate buffer (pH 7.4) for 24 h prior to the experiment to ensure proper membrane hydration. An aliquot of
curcumin-loaded NLC dispersion, equivalent to a predetermined amount of curcumin (1.25 mg), was placed into the
dialysis bag, which was securely sealed at both ends. The dialysis bag was then immersed in 40 mL of phosphate buffer
(pH 7.4) as the release medium in a beaker and maintained at 37 £+ 0.5 °C under continuous magnetic stirring at 50 rpm to
simulate physiological conditions. The release medium volume (40 mL) was selected to maintain sink conditions, defined
as a volume at least three times higher than that required to dissolve the total amount of curcumin loaded (1.25 mg),
considering the limited aqueous solubility of curcumin.

At predetermined time intervals (15, 30, 45, 60, 90, 120, 240, 360, and up to 480 min), 1 mL aliquots of the release
medium were withdrawn and immediately replaced with an equal volume of fresh phosphate buffer maintained at the
same temperature. The collected samples were filtered or centrifuged, when necessary, to remove any residual lipid
nanoparticles.

The concentration of released curcumin was determined using UV—Vis spectrophotometry at its maximum absorption
wavelength (A_max =~ 425 nm). The cumulative percentage of curcumin released was calculated based on the total amount
of curcumin initially loaded in the NLC formulation and plotted as a function of time to obtain the in vitro release profile.

To elucidate the release mechanism, the dissolution data were further fitted to various kinetic models, including Zero-
order, First-order, Higuchi, and Korsmeyer—Peppas models. The coefficient of determination (R?) was used to evaluate
the goodness of fit, and the diffusional exponent (n) derived from the Korsmeyer—Peppas model was employed to
characterize the release mechanism (Fickian or non-Fickian transport). Model fitting was performed using linear
regression analysis of the appropriately transformed dissolution data.*

Additionally, the similarity factor (f,) was calculated to quantitatively compare the dissolution profiles between pure
curcumin and the selected formulation. The f, value was determined using the standard logarithmic equation recom-
mended by regulatory guidelines, based on the mean cumulative percentage release at each sampling time point. An f,
value between 50 and 100 was considered indicative of similar release profiles.*

Results and Discussion
FT-IR Analysis

FT-IR spectroscopy was performed to evaluate potential chemical interactions between curcumin and the lipid components
(oleum cacao, glyceryl behenate, glyceryl palmitostearate, and sacha inchi oil). The spectra are presented in Figure 1A—C.
Pure curcumin (Figure 1A(i)-C(i)) displayed characteristic bands at ~1624—1626 cm ' (aromatic C=C and conjugated C=0
stretching), ~1508-1510 cm ' (benzene ring vibration), and ~1270-1280 cm ! (phenolic C—O stretching), with additional
C-O—C absorptions at ~1110-1150 cm™'. A broad band at ~3400-3500 cm ™' corresponded to O—H stretching.'”

The pure solid lipids (Figure 1 A(ii)—C(ii)) exhibited typical ester functional group absorptions, including a strong carbonyl
(C=0) band at ~1728-1732 cm ™', CH, bending at ~1465-1470 cm ', and C—O stretching at ~1100—1180 cm'. In the physical
mixtures (Figure 1A(iii)—C(iii)), the spectra showed superimposed peaks of curcumin and the respective lipids. The

6 https: Nanotechnology, Science and Applications 2026:19



Nurohman et al

>

Transmittance (%)

¥l . SRR f (iii) 5, %
. B 1205 180 730 | | ) (iii)
H /' LU AR
\‘ “ / . § | 1732 w‘aa “\;‘“) \
“ ‘ 1\;“5 ; (") 8 i K o A m ‘1\7‘ =
I 146 g Ly | /¥ : .
| | 5 [P iy | 60
12 = I 1 i
£ ‘| | \ !
| 2 ' 1470 112 \
ik @ ‘ | 77
— “ = " "
S [ b prepe - " ~
% b A
Iolm A A A (l) |4/ - .
LJ\ M\ “Wy’lp”; 1786 ,.‘ ] “‘ LI (l)
e TRAL R 20 I WY
140 497, Smz 2 1428 1150~ T8 712
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm™) Wavenumbers (cm™)
(| | Wy, M
| f K T ‘V (iii)
Ul ‘13’3[ \ ‘
e ‘ ‘ ;‘ we V97 7
&\0/ ] 1732 1175
(V]
8 ks
[+] V ii
: | o\ (i)
nes ||\
g ‘ . | MLEIS T e
© 1720 \
= { "2
by (M
S APC
14251270 3e5~1111 807
4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm™")

Figure | FT-IR absorption spectra of curcumin, solid lipids, and their lipid mixtures. (A) Glyceryl behenate—based system: (i) pure curcumin, (ii) glyceryl behenate, and (iii)
physical mixture of glyceryl behenate, sacha inchi oil, and curcumin. (B) Oleum cacao-based system: (i) pure curcumin, (i) oleum cacao, and (jii) physical mixture of oleum

cacao, sacha inchi oil, and curcumin. (C) Glyceryl palmitostearate—based system: (i) pure curcumin, (ii) glyceryl palmitostearate, and (iii) physical mixture of glyceryl
palmitostearate, sacha inchi oil, and curcumin.

characteristic curcumin band at ~1625 cm™' remained detectable alongside the lipid carbonyl peak at ~1730 cm ™', without
new bands or significant shifts (A < 5-10 cm™'). These findings indicate the absence of covalent interactions, suggesting good
physicochemical compatibility and preservation of curcumin integrity within the lipid matrices.

X-Ray Diffraction (XRD) Analysis
The crystalline characteristics of curcumin upon incorporation into the lipid matrix were evaluated by XRD (Figure 2A—C).
Pure curcumin (Figure 2A(i)-C(i)) exhibited multiple sharp diffraction peaks, confirming its crystalline nature.
A prominent reflection was observed at approximately 20 =~ 17.4°, together with additional peaks, indicating a well-
ordered crystal lattice.®

The pure solid lipids (Figure 2A(ii)—C(ii)) displayed characteristic diffraction peaks within the range of approxi-
mately 19-26°, consistent with their crystalline lipid structures. Compared with pure curcumin, the solidified lipid
mixtures (Figure 2A(iii)—C(iii)) showed attenuation or disappearance of the distinctive curcumin peak at ~17.4°. The
diffraction patterns of the mixtures were primarily dominated by lipid-associated reflections, with reduced intensity of
curcumin-specific peaks. The diminished intensity and partial loss of curcumin reflections indicate a reduction in
crystallinity following incorporation into the lipid matrices. This suggests partial amorphization and molecular dispersion
of curcumin within the lipid lattice rather than the presence of intact crystalline drug domains.'”
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Figure 2 X-ray diffraction (XRD) patterns of curcumin, solid lipids, and their lipid mixtures. (A) Glyceryl behenate-based system: (i) pure curcumin, (ii) glyceryl behenate,
and (jii) solidified mixture of glyceryl behenate, sacha inchi oil, and curcumin. (B) Oleum cacao—based system: (i) pure curcumin, (i) oleum cacao, and (iii) solidified mixture
of oleum cacao, sacha inchi oil, and curcumin. (C) Glyceryl palmitostearate—based system: (i) pure curcumin, (ii) glyceryl palmitostearate, and (iii) solidified mixture of
glyceryl palmitostearate, sacha inchi oil, and curcumin.

Additionally, the presence of sacha inchi oil, rich in polyunsaturated fatty acids, may contribute to lattice imperfec-
tions within the solid lipid matrix, thereby facilitating drug dispersion and supporting the reduced crystallinity observed
in the solidified mixtures.** Moreover, the absence of distinct crystalline drug peaks suggests effective incorporation of
curcumin within the lipid framework. Collectively, these structural changes support the successful integration of
curcumin into the solidified lipid matrices, enhancing formulation homogeneity and overall functional performance.

Differential Scanning Calorimetry (DSC) Analysis

DSC thermograms (Figure 3A—C) were used to evaluate solid-state changes of curcumin after incorporation into the lipid
matrices. Pure curcumin (Figure 3A(i1)—C(i)) exhibited a sharp endothermic melting peak at approximately 158.2 °C,
confirming its crystalline nature. Each solid lipid showed its characteristic melting transition: glyceryl behenate at ~71.9 °C
(Figure 3A(i1)), oleum cacao at ~26.9 °C (Figure 3B(ii)), and glyceryl palmitostearate at ~64.2 °C (Figure 3C(ii)).

In the lipid—curcumin mixtures (Figure 3A(iii)—C(iii)), the melting endotherm of curcumin at ~158 °C was absent.
Instead, the thermograms were dominated by lipid melting transitions, with slight temperature shifts compared to the
respective pure lipids (eg, ~80.0 °C for glyceryl behenate mixture and ~70.3 °C for glyceryl palmitostearate mixture).
The disappearance of the curcumin melting peak indicates it is no longer present as a separate crystalline phase but
dispersed within the lipid matrix. These findings are consistent with the XRD data showing attenuation of curcumin
diffraction peaks, collectively suggesting reduced crystallinity and partial amorphization after incorporation into the lipid
systems. Such modification may enhance drug dispersion and physicochemical stability in lipid-based formulations.**
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Figure 3 Differential scanning calorimetry (DSC) thermograms of curcumin, solid lipids, and lipid—curcumin mixtures. (A) Glyceryl behenate-based system: (i) pure
curcumin, (i) glyceryl behenate, and (jii) lipid—curcumin mixture. (B) Oleum cacao—based system: (i) pure curcumin, (ii) oleum cacao, and (jii) lipid—curcumin mixture. (C)
Glyceryl palmitostearate—based system: (i) pure curcumin, (i) glyceryl palmitostearate, and (jii) lipid—curcumin mixture.

Physicochemical Characterization of Curcumin NLC
The physicochemical properties of curcumin-loaded NLC formulations were evaluated in terms of particle size, PDI, ZP,
and EE,45 as summarized in Table 1 and Table 2.

Particle Size and Polydispersity Index

The majority of formulations exhibited particle sizes below 500 nm on day 1, indicating successful formation of
nanoscale lipid carriers through the hot homogenization—ultrasonication method.® The notably smaller particle sizes
observed in CT2, PrT2, CaTS2, and PreTS2 (<150 nm) can be attributed to the synergistic effect between the solid lipid
matrix and the selected surfactant systems, which effectively reduced interfacial tension and stabilized newly formed
nanoparticles during high-energy processing.*® In particular, the combination of Tween 80 and Span 80 likely contributed
to improved interfacial packing due to their complementary hydrophilic-lipophilic balance (HLB) values, resulting in
more compact and uniform particles.*’

During the preliminary screening phase, the glyceryl behenate-based formulation (CoT2) exhibited particle size
values comparable to the other formulations at day 0; however, it presented an extremely high PDI (=1), indicating
a highly polydisperse and heterogeneous system. Despite the acceptable mean particle size, such a broad distribution
profile reflects poor colloidal uniformity and instability. Therefore, CoT2 was excluded from subsequent investigation
and long-term evaluation.

In contrast, PrP2 exhibited a substantially larger particle size, suggesting inadequate interfacial stabilization. This
behavior may be related to the higher crystallinity of glyceryl palmitostearate combined with Poloxamer, which could
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Table 2 Formulation Composition and Physicochemical Characterization of Curcumin-Loaded Nanostructured Lipid Carriers (NLCs) After 30 days of Storage at Room Temperature,
Including Particle Size, PDI, ZP, and EE

Formulation Particle Size ZP (mV) PDI EE (%)

Code Cur (%) MSI (%) | CMP (%) PRE (%) | OLC (%) | Tween (%) | Span (%) PLX (%) (nm)

CT2 0,1 | - - 4,5 12,5 - - 56.37 £ 0.52 —19.57 £3.00 | 0237 +£0.014 | 93.485 % 0416
CoT2 0,1 | 4,5 - - 12,5 - - - - - -

PrT2 0,1 | - 4,5 - 12,5 - - 88.93 + 3.43 —2543 £ 1.25 0.515 £ 0.050 | 74.006 + 1.316
PrP2 0,1 | - 4,5 - - - 2,5 3110.67 + 728.6 | —5.02 + 0.22 0.053 + 577.3 96.804 * 0.069
CaTs2 0,1 | - - 4,5 12,5 | - 89.37 £ 1.83 —20.23 £ 0.61 0.079 £ 0.038 | 97.164 + 0.069
PreTS2 | 0,1 | - 4,5 - 12,5 | - 84.90 + 40.28 —27.97 £ 0.83 0.177 £ 0.024 | 97.084 + 0.000

Note: Data are presented as mean * SD (n = 3) for particle size, PDI, ZP, and EE.
Abbreviations: Cur, Curcumin; MSI, Minyak Sacha Inchi; CMP, glyceryl behenate; Pre, glyceryl palmitostearate; OLC, oleum cacao; PLX, Poloxamer; PDI, Polydispersity Index; ZP, Zeta Potential; EE, Entrapment Efficiency.
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limit lipid matrix flexibility and hinder efficient surfactant adsorption at the particle surface.'? A rigid lipid core may also
promote partial coalescence during cooling, leading to particle growth.*®

Statistical analysis using one-way ANOVA demonstrated significant differences in particle size among formulations
onday 1 (p<0.01) and day 30 (p <0.001). Post hoc Tukey analysis revealed that PrP2 exhibited significantly larger particle
size compared to the other formulations (p < 0.05), whereas no significant differences were observed among CT2, PrT2,
CaTS2, and PreTS2. These results statistically support the exclusion of PrP2 due to its markedly larger particle size.

When compared with previously reported curcumin-loaded NLCs formulated using commonly employed liquid lipids
such as medium-chain triglycerides, oleic acid, or isopropyl myristate, which typically exhibit particle sizes in the range
of 150-300 nm,*~" the smaller particle sizes (<150 nm) achieved in several sacha inchi oil-based formulations suggest
that the high degree of unsaturation may facilitate more efficient lipid matrix dispersion during high-energy
homogenization.>? This indicates that sacha inchi oil performs comparably, and in certain formulations favorably, relative
to conventional liquid lipids.

Changes in particle size after 30 days further reflect differences in long-term stability. The reduction in particle size
observed in CT2 and PreTS2 may be explained by gradual drug diffusion from the lipid core and subsequent matrix
rearrangement, leading to slight particle shrinkage.”®> Conversely, the marked particle growth in PrP2 strongly indicates
aggregation or coalescence, consistent with its suboptimal surfactant coverage and unfavorable solid—liquid lipid ratio.>*
These findings highlight the importance of balancing lipid crystallinity and surfactant efficiency in influencing short-term
colloidal behavior under the tested storage conditions.

PDI values supported these observations, with most formulations showing homogeneous size distribution (PDI < 0.5)
on day 1.'° Kruskal-Wallis analysis indicated a significant overall difference in PDI among formulations on day 1 (p < 0.05);
however, no significant pairwise differences were observed after Bonferroni correction. On day 30, no statistically significant
differences in PDI were detected (p > 0.05).

The improved PDI of CaTS2 and PreTS2 after storage may reflect internal matrix rearrangement toward a more
uniform dispersion state. In contrast, the increased PDI of PrT2 may indicate partial destabilization, possibly caused by
drug expulsion during lipid recrystallization.'' Although PrP2 exhibited a lower PDI after 30 days, this likely reflects
uniform aggregation of larger particles rather than genuine nanoscale stability, emphasizing that low PDI alone should
not be interpreted as an indicator of formulation robustness.>”

Zeta Potential

ZP measurements revealed that most formulations possessed surface charges exceeding —20 mV on day 1, which is
generally considered sufficient to provide electrostatic repulsion and prevent particle aggregation.®'° The favorable ZP
values observed in CT2, PrT2, CaTS2, and PreTS2 can be attributed to effective surfactant adsorption at the particle
surface, creating a charged interfacial layer.® Although CoT2 exhibited measurable ZP at day 0, its highly polydisperse
nature (PDI = 1) rendered the system unsuitable for reliable long-term stability assessment; therefore, it was not further
monitored at day 30.

One-way ANOVA demonstrated significant differences in ZP among formulations on both day 1 and day 30 (p <0.001).
Tukey’s post hoc analysis indicated that PrP2 exhibited significantly lower absolute ZP values compared to the other
formulations (p < 0.05), consistent with its greater tendency toward particle aggregation. On day 30, CaTS2 maintained
significantly higher absolute ZP values compared to PrP2 and PreTS2 (p < 0.05), while no significant difference was
observed between CaTS2 and CT2.

The gradual decrease in ZP observed during storage, particularly in CT2 and PrP2, suggests partial desorption or
rearrangement of surfactant molecules over time.”>” PrP2 consistently showed the lowest absolute ZP, which explains its
pronounced aggregation tendency and increased particle size. Interestingly, some formulations maintained acceptable ZP
values after 30 days, indicating that steric stabilization provided by non-ionic surfactants such as Poloxamer and Tween
80 may play a complementary role alongside electrostatic effects in preserving dispersion stability.'®*’

Overall, the stability data indicate that selected formulations, particularly CaTS2 and PreTS2, maintained nanoscale
particle size, PDI values below 0.5, and acceptable ZP over the 30-day observation period, suggesting satisfactory short-
term physical storage stability under the tested conditions. The absence of pronounced aggregation or phase separation
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implies that the lipid—surfactant system was able to preserve colloidal integrity during storage. Nevertheless, it should be
noted that the present evaluation represents short-term stability assessment, and extended long-term or accelerated
stability studies would be necessary to establish definitive shelf-life projections for pharmaceutical application.

Entrapment Efficiency

The present study demonstrated consistently high EE values (>80%, reaching up to ~90%) across all curcumin-loaded
NLC formulations, indicating strong affinity of curcumin toward the lipid matrices employed.’® This behavior is
expected given the highly lipophilic nature of curcumin and its preferential partitioning into lipid-based nanocarriers.
The inclusion of sacha inchi oil as the liquid lipid component may contribute to improved drug accommodation within
the lipid core.** EE of CoT2 was determined at day 0; however, further stability evaluation was not conducted due to its
highly heterogeneous dispersion profile (PDI = 1), which limited its suitability for advanced characterization.

Kruskal-Wallis analysis revealed significant overall differences in EE among formulations on both day 1 (p < 0.05)
and day 30 (p < 0.01). Dunn’s post hoc test with Bonferroni correction indicated that CaTS2 exhibited significantly
higher EE compared to PrT2 (p < 0.05), whereas no other pairwise comparisons showed statistically significant
differences. These findings suggest that, although EE values were generally high across formulations, Pr'T2 demonstrated
comparatively lower encapsulation performance.

Comparable findings were reported by Araujo et al, who observed EE values of 88-94% for curcumin-loaded NLCs
formulated with glyceryl behenate and different liquid lipids.*” In their study, higher EE and drug loading were attributed to
a less-ordered lipid matrix, which provided greater spatial availability for curcumin incorporation. A similar mechanism is
likely operative in the current formulations, where the inclusion of sacha inchi oil—rich in polyunsaturated fatty acids—may
disrupt the crystalline packing of solid lipids, thereby generating lattice imperfections that favor drug entrapment.>”

Mechanistically, the high degree of unsaturation in sacha inchi oil reduces van der Waals interactions between lipid
chains, leading to increased matrix fluidity and free volume within the lipid core.®® This structural flexibility enhances the
accommodation of lipophilic molecules such as curcumin and minimizes drug expulsion during cooling and recrystalli-
zation processes. Such behavior supports the role of sacha inchi oil as a functional lattice modifier rather than merely
a passive liquid lipid component.

Notably, in the present study, formulations based on glyceryl palmitostearate maintained high EE even when colloidal
stability parameters (particle size and ZP) were less favorable. This observation supports previous reports suggesting that
EE is not solely governed by dispersion stability, but also by the intrinsic crystallinity and polymorphic behavior of the
solid lipid.*® Glyceryl palmitostearate is known to form a relatively rigid lipid matrix, which can effectively retain
lipophilic drugs within the core despite surface instability.*® This finding is in line with Araujo et al, who emphasized that
the crystalline state of the lipid matrix is a decisive factor controlling drug loading and retention.

Furthermore, the sustained EE observed in formulations containing mixed surfactant systems (Tween 80—Span 80)
suggests that optimal interfacial stabilization reduces premature drug expulsion during storage.*’ Collectively, these
results suggest that the interaction between solid lipid type, liquid lipid composition, and surfactant selection plays an
important role in determining encapsulation performance of curcumin-loaded NLCs. From a formulation perspective, this
finding highlights the potential of incorporating highly unsaturated natural oils to tailor internal lipid architecture and
optimize drug loading capacity in NLC-based delivery systems. It should be noted that the present stability evaluation
was limited to particle size, PDI, and ZP over 30 days; therefore, further studies incorporating additional stability metrics
would provide deeper mechanistic insight.

Morphological Evaluation

TEM analysis of the selected formulation exhibiting the most favorable physicochemical characteristics (CaTS2)
revealed spherical nanoparticles with smooth surfaces and relatively uniform size distribution (Figure 4). This morphol-
ogy is characteristic of well-formed NLC systems and corroborates the particle size and PDI data obtained by dynamic
light scattering.®' The absence of irregular shapes or collapsed structures suggests that the lipid matrix remained intact
during formulation and storage. The spherical morphology also supports the high EE and controlled release behavior
observed, as uniform particles are known to promote predictable diffusion pathways for encapsulated drugs. The uniform
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Figure 4 Transmission electron microscopy (TEM) micrograph of the selected curcumin-loaded nanostructured lipid carrier formulation (CaTS2), showing predominantly
spherical nanoparticles with smooth surfaces. Scale bar: 100 nm.

spherical morphology and smooth surface further suggest that the inclusion of sacha inchi oil did not compromise
structural integrity, but instead contributed to a balanced lipid organization capable of maintaining nanoscale stability.

In vitro Release Study

The in vitro release profiles revealed distinct release behaviors between the selected formulation and the unloaded
curcumin, underscoring the influence of lipid composition on curcumin diffusion kinetics (Figure 5). CaTS2, the selected
formulation, exhibited a biphasic release pattern, characterized by an initial burst release (~40% within the first 60-90
minutes),®? followed by a slower and sustained release phase up to 480 minutes. This release profile is typical of NLC
systems and can be attributed to the presence of curcumin molecules weakly associated with or adsorbed onto the particle
surface, which are rapidly released upon contact with the dissolution medium. In contrast, pure curcumin displayed
markedly slower release behavior, with cumulative release limited to approximately 15-20% over the same period.

To further elucidate the underlying release mechanisms, the dissolution data were fitted to Zero-order, First-order, Higuchi,
and Korsmeyer—Peppas kinetic models (Table 3). For pure curcumin, the Higuchi model provided the best fit (R* = 0.819 +
0.060), indicating diffusion-controlled release from a poorly soluble matrix. In contrast, CaTS2 showed the highest correlation
with the Korsmeyer—Peppas model (R? = 0.793 + 0.027), closely followed by the Higuchi model (R* = 0.773 + 0.059),
suggesting that diffusion through the lipid matrix remains the predominant mechanism in the selected formulation.*?

The diffusional exponent (n) further clarified the transport behavior. Pure curcumin exhibited an n value of 2.092 +
0.125, indicative of anomalous or non-Fickian transport, likely influenced by its crystalline nature and limited solubility.
Meanwhile, CaTS2 showed an n value of 0.301 + 0.057, consistent with Fickian diffusion, confirming that drug release is
primarily governed by concentration-driven diffusion through the reorganized lipid matrix. The higher Higuchi constant
observed for CaTS2 (KH = 1.561 + 0.253) compared with Cur (KH = 1.083 £ 0.074) further supports enhanced diffusion
kinetics in the NLC system.*

These findings are consistent with the observations reported by Araujo et al, who found that variations in solid-to-
liquid lipid ratios and lipid molecular characteristics did not drastically alter the overall release mechanism, which
followed predominantly zero-order or Weibull kinetics with Fickian diffusion behavior.*’ In their work, despite
differences in NLC composition, the release profiles of curcumin remained similar, highlighting that drug release from
NLCs is primarily governed by diffusion through the lipid matrix rather than rapid matrix erosion.
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Figure 5 In vitro release profiles of raw curcumin (Orange line) and selected CaTS2 (green line) in phosphate buffer (pH 7.4) at 37 + 0.5 °C over 480 min. Data are
presented as mean + SD (n = 3). Error bars represent standard deviation.

However, in the present study, the observed differences in release extent suggest that sacha inchi oil may impart
a unique modulatory effect on lipid matrix organization. The high degree of unsaturation in sacha inchi oil likely
increases lipid fluidity, facilitating faster diffusion of curcumin, while combinations with more crystalline solid lipids
may counterbalance this effect, resulting in prolonged drug retention.®® At the molecular level, the unsaturated fatty acid
chains of sacha inchi oil introduce structural discontinuities within the solid lipid framework, thereby enhancing chain
mobility and reducing diffusion barriers. This increased lipid dynamics promotes more efficient drug migration from the
core to the surrounding medium, explaining the enhanced cumulative release observed.

To quantitatively compare the dissolution profiles, the similarity factor (f,) was calculated between Cur and CaTS2.
The obtained value (f, = 29.04) was below the regulatory threshold of 50, indicating that the two release profiles are not
similar.** This quantitative assessment confirms that incorporation into the NLC system significantly modifies curcumin
release behavior, resulting in enhanced and kinetically distinct diffusion characteristics.

Importantly, the developed NLC system was designed to enhance the delivery of curcumin for topical application,
particularly for antioxidant and anti-inflammatory purposes. Curcumin is well known for its potent biological activity;
however, its poor aqueous solubility and limited skin permeation restrict its therapeutic efficacy. The improved release

Table 3 Release Kinetic Parameters of Curcumin (Cur) and Selected CaTS2 Nanostructured Lipid Carrier Obtained from Zero-
Order, First-Order, Higuchi, and Korsmeyer—Peppas Models

Sample Zero Order First Order Higuchi Korsmeyer-Peppas

Ko R? K, R? Ky R? Ke n R?
Cur 0.038 + 0.003 0.689 + 0.067 0.020 + 0.001 0.731 £ 0.063 1.083 + 0.074 0.819 + 0.060 1.46x10°° + 1.20%10°° 2.092 £ 0.125 0.631 £ 0.047
CaTS2 0.054 + 0.009 0.647 * 0.062 0.020 = 0.001 0.675 £ 0.037 1.561 + 0.253 0.773 = 0.059 0.178 + 0.056 0.301 = 0.057 0.793 £ 0.027

Note: Data are expressed as mean * SD (n = 3).
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profile observed in CaTS2 suggests enhanced drug availability at the application site, which is expected to improve local
therapeutic performance. The initial burst release may provide rapid onset of action, while the sustained phase supports
prolonged retention in the skin tissue.**

The biphasic release pattern observed herein aligns well with the therapeutic rationale of NLC-based delivery
systems, where an initial burst may provide a rapid onset of action, followed by sustained release to maintain therapeutic
levels.'” In this context, the NLC system functions as a carrier to overcome solubility limitations and to modulate drug
release in a controlled manner, thereby improving curcumin bioavailability in topical formulations.®> Importantly, the
ability to modulate release kinetics through lipid and surfactant selection reinforces the versatility of NLCs as tunable
drug delivery platforms. These characteristics are particularly relevant for pharmaceutical applications requiring con-
trolled delivery of poorly soluble bioactives, as well as for cosmetic formulations aimed at sustained antioxidant or anti-
inflammatory activity in topical systems. The incorporation of natural, polyunsaturated oils such as sacha inchi oil may
therefore offer added functional value by combining structural modulation with intrinsic biological benefits.

Conclusion

Curcumin-loaded nanostructured lipid carriers (NLCs) based on sacha inchi oil were successfully developed using
different solid lipids, namely oleum cacao, glyceryl behenate, and glyceryl palmitostearate, in combination with
Tween 80, Poloxamer 188, or a Tween 80—Span 80 surfactant system. Physicochemical characterization demonstrated
that formulations exhibiting the most favorable characteristics exhibited favorable performance, with particle sizes
ranging from 64 to 3110 nm, PDI values below 0.5 indicating relatively homogeneous particle size distribution, and
ZP values between —5.2 and —31.63 mV, suggesting varying degrees of colloidal stability under the tested storage
conditions. All formulations showed high curcumin entrapment efficiency, approaching 80-90%, confirming the suit-
ability of the NLC system for encapsulating lipophilic compounds. Morphological analysis revealed predominantly
spherical particles, while in vitro release studies demonstrated a biphasic release profile characterized by an initial burst
release followed by sustained curcumin release, which varied according to lipid and surfactant composition. The
inclusion of sacha inchi oil, rich in polyunsaturated fatty acids, may contribute to modulation of lipid matrix organization
and diffusion behavior within the NLC system.

From a practical perspective, these findings support the potential application of sacha inchi oil-based NLCs as lipid-based
nanocarriers for improving the delivery of poorly soluble bioactive compounds. The developed system shows promise for
topical formulations where enhanced solubility, controlled release, and improved local skin availability are required. Overall,
these findings demonstrate the feasibility of developing sacha inchi oil-based NLCs represent a promising lipid-based
nanocarrier for curcumin delivery and provide a basis for further formulation refinement. However, additional studies
incorporating extended stability evaluation, comparative systems, and in vivo investigations are necessary to more compre-
hensively establish the functional advantages and application potential of this formulation strategy.
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