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Abstract

Curcumin has good anti-cancer and antioxidant properties. However, the poor water solu-
bility and low bioavailability limit its application in food products. This study constructed
a nanostructured lipid carrier (Cur-CLA-NLC) encapsulating curcumin using conjugated
linoleic acid (CLA) as the liquid lipid and stearic acid as the solid lipid. Cur-CLA-NLC
exhibits significantly enhanced bioaccessibility, antioxidant activity, and cytocompatibility.
CLA, as a liquid lipid in Cur-CLA-NLC, has a dual role as a structural stabilizer and
bioactive agent, and synergistically enhances antioxidant activity with curcumin. In vitro
simulated digestion studies showed that the bioaccessibility of curcumin in Cur-CLA-NLC
(85.7%) was much higher than that in the pure curcumin (11.7%) and curcumin lipid mix-
tures (9.3%). In addition, the Cur-CLA-NLC system showed anti-lipid peroxidation ability
and good biocompatibility. Therefore, CLA-NLC can serve as a potential delivery system
for enhancing health benefits via functional foods.

Keywords: curcumin; conjugated linoleic acid; encapsulation; nanostructured lipid carrier;
antioxidant activity; synergistic efficacy

1. Introduction
Curcumin (Cur) is a plant polyphenol extracted from turmeric. As a food additive

with health benefits, it also has anti-inflammatory, antioxidant, anti-tumor, and other phar-
macological benefits. However, the bioavailability of curcumin is greatly reduced due to the
poor water solubility, short cycle half-life, and low absorption rate, which seriously restricts
its application in food and drugs [1]. The most commonly used strategy to overcome
these solubility problems is encapsulation of curcumin in liposomes, emulsions [2,3], and
nanostructured lipid carrier [4], which improves oral bioavailability, pharmacodynamic
performance, and reduces toxicity [5].

Nanostructured lipid carrier (NLC) refers to the replacement of part of the solid lipid
in solid lipid nanoparticle with liquid lipid (oil), providing sufficient space to accommodate
drug molecules and increasing their storage stability. As a drug carrier, NLC has the
advantages of strong physical stability and good bioavailability compared with traditional
lipid nanocarriers [6,7]. NLC presents increasing potential as a drug carrier to protect
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unstable drugs from degradation, improve their bioavailability, and control their sustained
release [8].

Researchers have made many efforts to try various edible or low-toxic materials to
make NLC, such as polymer, wax [9], cholesterol ester, phospholipid for solid lipids [10];
while triglyceride [11] or oleic acid [12] for liquid lipids. Despite extensive research on
NLC as drug delivery systems, lipid combinations that simultaneously offer good bio-
compatibility and added health benefits remain underexplored, particularly for functional
food applications.

Conjugated linoleic acid (CLA) is an essential fatty acid that cannot be synthesized by
the human body. It has anti-arteriosclerosis, anti-cancer, anti-diabetes, anti-inflammation,
anti-oxidation, and other functions [13]. CLA can be used as the main fatty acid to con-
struct various fatty acid vesicles for encapsulation [14]. The CLA, as a liquid lipid, not
only addresses formulation compatibility issues but also provides additional health bene-
fits, opening new possibilities for functional food development. Moreover, the potential
synergistic effect between CLA and curcumin may further enhance the system’s value.

Herein, a nanostructured lipid carrier (CLA-NLC) with CLA as liquid lipid and stearic
acid (SA) as solid lipid was constructed. The encapsulation of the hydrophobic drug cur-
cumin by CLA-NLC and the bioaccessibility, antioxidant activity, and cytocompatibility of
Cur-CLA-NLC were investigated. Additionally, synergistic antioxidant activity in the Cur-
CLA-NLC system will be verified. This could provide a reference for the nanostructured
lipid carrier CLA-NLC to be used as the encapsulation carrier of bioactive substances.

2. Materials and Methods
2.1. Materials

Curcumin (Cur, 95% of HPLC purity) was from Shanghai Yuanye Bio-Technology Co.,
Ltd., Shanghai, China. Conjugated linoleic acid (CLA, 95%) was purchased from Da Lian
Yinuo Biology Co., Ltd., Liaoning, China. 1,1-Diphenyl-2-picryl hydrazyl radical (DPPH,
98%), 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS, 98%), and Thiazolyl
Blue Tetrazolium Bromide (MTT, 99%) were from Sigma-Aldrich Co., Ltd., Shanghai,
China. Ascorbic acid was from Shanghai Macklin Biochemical Co., Ltd. (99.5 % of purity),
Shanghai, China. Trypsin, lipase, pepsin, and bile salt were of BR grade, purchased from
Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. Methanol, ethanol, stearic acid
(SA), sodium hydroxide (NaOH), Tween 80, and other reagents (analytical grade) were
also purchased from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. The other
reagents were purchased from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China.
Human normal liver cells L02 and human breast cancer cells MDA-MB-231 were obtained
from the cell bank of the Chinese Academy of Sciences, Shanghai, China.

2.2. Preparation of the CLA-NLC and Cur-CLA-NLC

The preparation of curcumin-loaded nanostructured lipid carriers is based on the
method reported in the literature, with slight modifications [15]. Typically, stearic acid and
CLA with different mass ratios were heated to a molten state at 70 ◦C to form a uniform
oil phase. Then, curcumin was added and stirred to dissolve. Tween 80 dissolved in
deionized water (0.5–5 wt.%) was heated in a water bath to 70 ◦C as the water phase. With
equal volume of water, the water phase was rapidly added to the oil phase and stirred for
2 min, and then homogenized (T18 digital ULTRA-TURRAX® homogenizer, IKA, Stuttgart,
Germany) for 15 min to prepare the emulsion (15,000 rpm, 3 × 5 min). The emulsion was
ultrasonically treated for 15 min and cooled to room temperature to obtain the Cur-CLA-
NLC suspension. The nanostructured lipid carrier CLA-NLC without curcumin and the
physical mixture of curcumin and lipids were used as controls.
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2.3. Determination of Particle Size and PDI

The particle size and polydispersity index (PDI) of CLA-NLC were determined by
ZetaPALS (Brookhaven Instruments Ltd., Holtsville, NY, USA) based on literature meth-
ods [16]. CLA-NLC samples were diluted 50-fold with ultrapure water to prevent multiple
scattering effects. Disposable polystyrene cuvettes were used as sample cells, equilibrated
to 25 ± 0.1 ◦C. The instrument operates on dynamic light scattering principles, employing
a 633 nm laser to detect light scattering intensity from Brownian motion of particles. Diffu-
sion coefficients were calculated using the phase analysis light scattering technique (PALS)
and converted to equivalent hydrodynamic diameter via the Stokes–Einstein equation.
Each sample was measured three times, and the average value is taken as the average
particle size and PDI value, with the measurement angle set at 90◦.

2.4. Microstructure, Spectral, and Thermal Stability Analysis
2.4.1. Fourier Transform Infrared Spectroscopy (FT-IR) Measurements

The functional groups of molecules in different samples were analyzed by Fourier
transform infrared spectroscopy (Nicolet iS50, Thermo Fisher Scientific, Massachusetts,
USA) according to the literature [17]. The CLA-NLC and Cur-CLA-NLC samples were
freeze-dried at −50 ◦C for 24 h, and then the freeze-dried samples and curcumin were
ground into powder and unrolled on an infrared spectrometer for analysis, with a scanning
range of 4000–550 cm−1 and 16 scans.

2.4.2. X-Ray Diffraction (XRD) Measurements

The XRD patterns of different samples were analyzed by X-ray diffraction (D8, Bruker
AXS, Karlsruhe, Germany) [17]. The samples were prepared by grinding to a fine powder
using an agate mortar. The data collection was performed in continuous scan mode with
a scanning speed of 4 ◦C/min in the 2θ range of 5–60◦. Triplicate measurements were
performed on randomly selected samples, with the relative standard deviation of peak
intensities maintained below 5%.

2.4.3. Differential Scanning Calorimeter (DSC) Measurements

The thermal stability of freeze-dried samples was analyzed by a differential scanning
calorimeter (204 F1, NETZSCH, Selb, Bavaria, Germany) [14]. For each sample (blank
CLA-NLC, Cur-CLA-NLC, SA, curcumin, and Cur-SA-CLA mixture), precisely weighed
5–10 mg aliquots were loaded into high-pressure aluminum crucibles using a microbalance
(±0.01 mg precision). Then, under continuous nitrogen purging (70 mL/min), heat dynam-
ically from 25 ◦C to 220 ◦C at a constant rate of 10 ◦C/min. Three complete heating–cooling
cycles were performed for each sample to assess thermal reversibility.

2.4.4. Transmission Electron Microscope (TEM) Measurements

The morphology and particle size of CLA-NLC and Cur-CLA-NLC samples were
characterized by Transmission Electron Microscope (JEM-2100, Electronics Co., Ltd., Tokyo,
Japan) [18]. The TEM samples preparation involved diluting CLA-NLC and Cur-CLA-
NLC suspensions 50-fold with phosphate-buffered saline (pH 7.4, 10 mM) to achieve
optimal particle dispersion. Using precision tweezers, grids were immersed in the diluted
suspension for exactly 2 s, with excess liquid carefully blotted using filter paper. Samples
were immediately plunge-frozen in liquid nitrogen for 10 s and transferred to freeze-dry
for 24 h. Finally, the samples were observed under a Transmission Electron Microscope at
120 kV.
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2.5. The Bioaccessibility of Curcumin

The bioaccessibility of curcumin is defined as the proportion of the dissolved frac-
tion in micelles after digestion. The continuous digestion of the stomach–small intestine
was simulated sequentially according to literature protocols [19]. Digestion in simulated
gastric fluid: A 5 mL sample suspension (curcumin, Cur-SA-CLA, or Cur-CLA-NLC) was
combined with 5 mL of electrolyte solution (containing KH2PO4 and MgCl2.6H2O). The
system pH was adjusted to 4.0 using 1 mol/L HCl, followed by the addition of 5 mL pepsin
solution (5.2 mg/mL). After 30 min of dark incubation at 37 ◦C with shaking, the pH was
further reduced to 2.0 with HCl for an additional 30 min digestion period. Following
gastric digestion, the sample pH was adjusted to 5.0 using 1 mol/L NaOH, then mixed
with 3 mL simulated intestinal fluid containing trypsin (4 mg/mL), lipase (2 mg/mL),
and bile salts (2.5 mg/mL) in PBS (phosphate-buffered saline, pH 7.4). The mixture pH
was further adjusted to 7.0 and incubated at 37 ◦C for 2 h with dark shaking. The di-
gestive products were centrifuged (10,000 rpm, 4 ◦C, 30 min), and the supernatant was
collected for spectrophotometric quantification of curcumin content. The transformation,
bioaccessibility index, and bioaccessibility of curcumin were calculated according to the
following formulas:

Transformation% = Adigesta/Ainitial × 100% (1)

Bioaccessibility index% = Amicelle/Adigesta × 100% (2)

Bioaccessibility% = Amicelle/Ainitial × 100% (3)

where Adigesta and Amicelle are the total amount of curcumin in the digestive fluid and micelle,
respectively; AInitial is the initial amount of curcumin in the digestive system.

2.6. Determination of Solubility of Curcumin in Lipid Phase

Curcumin exhibits lipid solubility, and studying its solubility in lipid phases is not
only a critical parameter for optimizing its delivery systems but also provides a theoret-
ical foundation for expanding its applications in antioxidant and bioaccessibility fields.
Determination of standard curve of curcumin ethanol solution: Preparation curcumin
ethanol solutions with concentrations of 1 µg/mL, 2.5 µg/mL, 5 µg/mL, 7.5 µg/mL and
10 µg/mL, and the maximum absorption wavelength of the solution was obtained by
UV-Vis (Ultraviolet–visible spectroscopy, TU-1901, Beijing Purkinje General Instrument
Co., Ltd., Beijing, China), and then the absorbance at the wavelength was determined to
obtain the standard curve of absorbance change with concentration.

Curcumin solubility was determined by UV-Vis spectrophotometry using a literature
method [20]. Briefly, 10 mg of curcumin was dissolved in 10 g lipid phase (SA-CLA), stirred
at 1500 rpm for 45 min in a 65–70 ◦C water bath, and ultrasonic for 10 min. Then, the lipid
phase dissolved curcumin was placed in a water bath at 65–70 ◦C for 24 h. Finally, 0.5 mL
of the upper lipid phase was added to 50 mL of ethanol solution, and the absorbance at
the maximum absorption wavelength was measured by an ultraviolet spectrophotometer.
The solubility of curcumin in the lipid phase was quantified via a curcumin/ethanol
standard curve.

2.7. Determination of Antioxidant Activities
2.7.1. DPPH Radical Scavenging Activity

The antioxidant activity of curcumin, CLA-NLC, and Cur-CLA-NLC was evaluated
using a modified DPPH assay [21]. Briefly, 1.5 mL test sample was mixed with 4 mL DPPH
ethanol solution (0.03 mmol/L) and incubated in the dark for 30 min. Control groups
included (1) deionized water + DPPH (control), (2) ethanol (blank), and (3) 0.1 mg/mL
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ascorbic acid (positive control). Absorbance at 517 nm was measured spectrophotometri-
cally, with all experiments performed in triplicate. The DPPH free radical clearance was
calculated using the following formula:

DPPH scav(%) = (1 − (As − Ai)/A0)× 100% (4)

where As is the absorbance of the sample at 517 nm; A0 is the absorbance of the control
group; Ai is the absorbance of the blank group.

2.7.2. ABTS Radical Scavenging Activity

The ABTS radical scavenging activity of curcumin, CLA-NLC, and Cur-CLA-NLC
samples was evaluated using a modified ABTS assay [22]. ABTS solution (7 mmol/L) was
mixed with potassium persulfate (2.45 mmol/L) in equal volumes and incubated in the
dark for 12 h at room temperature. The mixture was then methanol-diluted to achieve an
absorbance of 0.700 ± 0.02 at 734 nm. For testing, 4 mL of this solution was combined with
a 0.15 mL sample, and the absorbance was measured at 734 nm after 10 min. Controls
included deionized water (blank) and 1 mg/mL ascorbic acid (positive control). The ABTS
radical scavenging rate was calculated by the following formula:

ABTS scav(%) = (1 − (A s/A0)) × 100% (5)

where As and A0 are the absorbance of the sample and the control at 734 nm, respectively.

2.7.3. Ferric Reducing Antioxidant Power (FRAP)

The FRAP of curcumin, CLA-NLC, and Cur-CLA-NLC was determined using a
modified method [23]. In brief, the mL sample was mixed with 2 mL phosphate buffer
(pH 6.6, 0.2 mol/L) and 2 mL potassium ferricyanide (1%), then incubated at 50 ◦C for
20 min. After adding 2 mL trichloroacetic acid (10%), the mixture was centrifuged (5000 rpm,
10 min). Then, 2 mL supernatant was combined with 2 mL deionized water and 0.4 mL ferric
chloride (0.1%), followed by dark incubation at 50 ◦C for 10 min. Finally, the absorbance of
the sample at 700 nm was measured using a spectrophotometer.

2.8. Determination of Peroxide Value

Peroxide value (POV) serves as a key indicator of lipid oxidation, especially critical
for encapsulated curcumin. Lipid-based delivery systems are susceptible to peroxidation,
which can degrade curcumin and compromise its efficacy. Monitoring peroxide value
is, therefore, essential to assess the long-term stability of Cur-CLA-NLC. Peroxide value
was assayed according to the literature [24]. Briefly, 2 g of the sample was placed into a
250 mL conical flask, and 30 mL of the CHCl3-CH3COOH mixture solution was added
and shaken to dissolve the sample. Then, add 0.5 mL of saturated KI solution, shake
vigorously for 30 s, and place it away from light for 3 min. Next, titrating with 0.01 mol/L
sodium thiosulfate until the solution in the bottle was light yellow. Finally, 0.5 mL starch
indicator was added, and the titration continued with vigorous shaking until the blue color
disappeared. Record the consumed volume of Na2S2O3 solution, and the peroxide value
was calculated as follows:

Peroxide value = (V − V0)× c × 0.1269/m×100 (6)

where V and V0 are the titrant volumes for the sample and blank, respectively; c is the
titrant concentration; and m is the sample weight.



Foods 2025, 14, 3104 6 of 15

2.9. Cytotoxicity of Cur, CLA-NLC, and Cur-CLA-NLC

Cytotoxicity of Cur, CLA-NLC, and Cur-CLA-NLC on human normal liver cells
L02 and human breast cancer cells MDA-MB-231 was determined by MTT assay (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay). Cells cultured in Dulbecco’s
Modified Eagle Medium with 10% fetal bovine serum and 1% penicillin–streptomycin
(37 ◦C, 5% CO2) were seeded in 96-well plates (105 cells/100 µL) and incubated for 24 h.
After replacing the medium with 200 µL test samples (deionized water as blank) and
incubating for 24 h, 20 µL MTT (5 mg/mL) was added per well. Following a 4 h incubation,
the supernatant was removed, and formazan crystals were dissolved with 150 µL of
dimethyl sulfoxide before measuring the absorbance at 490 nm. The cytotoxicity was
evaluated according to the following formula [25]:

Cell viability(%) = As/A0 × 100% (7)

where As and A0 are the mean absorbance of the sample and the control group, respectively.

2.10. Statistical Analysis

This study utilized a completely randomized design, where samples were randomly
assigned to experimental groups to ensure intergroup independence. Sample allocation
was performed using SPSS 22.0′s random number generator, with each experimental group
independently replicated three times (n = 3, unless stated specifically) while maintaining
consistency of non-research factors. Data were expressed as the mean ± SD. Statistical
analysis was performed using the one-way analysis of variance (ANOVA) with the soft-
ware SPSS 22.0. The difference was recognized as significant at p < 0.05. All statistical
assumptions (normality, homogeneity of variance, and independence) were verified.

3. Results and Discussion
3.1. The Construction of CLA-NLC and Cur-CLA-NLC

The classic preparation of NLC is essentially an emulsification of the lipid and drug in
water with an emulsifier [26,27]. The emulsifier (Tween 80) dosage (Figure 1A), the ratio of
stearic acid to CLA (Figure 1B), and total lipid concentration (Figure 1C) would influence
the average particle and PDI of the CLA-NLC.

Figure 1. Particle size and PDI of CLA-NLC at different concentrations of Tween 80 (A), different
mass ratios of solid–liquid lipid (B), and different total lipid concentrations (C) at 25 ◦C.

As Figure 1A shows, higher concentrations of Tween 80 (w/v) result in finer NLCs
with narrower particle size distributions. When Tween 80 was added at 3% (w/w), the
CLA-NLC particles exhibited a size of 153.2 nm with a PDI of 0.2. Considering cost and
safety, 3% concentration of Tween 80 is selected for the subsequent experiment.

The correlation between the mass ratio of solid and liquid lipid (w/w) and CLA-NLC
particle size is shown in Figure 1B. More liquid lipid resulted in a smaller particle size of
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CLA-NLC, which is attributed to the fact that liquid lipid reduces the surface tension and
viscosity of the system, as found in similar studies [28,29]. However, over-loaded liquid
lipid may also promote the drug release of the system. After comprehensive consideration,
the mass ratio of solid and liquid lipid was selected as 2:1 to find a suitable total lipid
concentration in the NLC (Figure 1C).

Figure 1C shows that the total lipid concentration in the NLC was positively correlated
with the particle size of CLA-NLC, and the PDI value increased sharply when the lipid
concentration was greater than 4% (w/v). This may be because when the total lipid concen-
tration increased, the viscosity of the system became larger, resulting in easier aggregation
between droplets, and the particle size of CLA-NLC also increased. The results of PDI and
particle size were similar; that is, total lipid concentration was positively correlated with
the PDI value. Numerous studies have also reported that increasing lipid content would
result in higher PDI [30]. Therefore, considering process costs, stability of the CLA-NLC
system, and curcumin encapsulation efficiency, the optimal total lipid concentration was
determined to be 4%. Additionally, the CLA-NLCs in this study were prepared using both
melt-emulsification and ultrasonic dispersion, a combination characterized by operational
simplicity and low cost, demonstrating promising industrial applicability, particularly in
functional foods.

3.2. Characterization and Thermal Stability of CLA-NLC and Cur-CLA-NLC

The FT-IR spectra of curcumin, CLA-NLC, and Cur-CLA-NLC are shown in Figure S1.
It can be seen that 2915 cm−1 and 2848 cm−1 represent the antisymmetric and symmetric
stretching vibration peaks of -CH2 in the CLA molecule, respectively. The absorption
peak around 1450 cm−1 corresponds to the in-plane bending vibration absorption peak
of -OH [14]. The peaks at 1428 cm−1 and 1377 cm−1 were enolic C=C-OH of curcumin.
The FT-IR spectra of CLA-NLC and Cur-CLA-NLC are almost identical, and there is no
characteristic absorption peak of curcumin in the spectra of Cur-CLA-NLC, which indicates
that curcumin is well embedded in the lattice of CLA-NLC, so that its characteristic absorp-
tion peak is covered up. This is similar to the FT-IR results of lycopene nanostructured
lipid carriers (Lyco-NLCs) composed of cholesterol and soybean lecithin reported in the
literature [31].

With the UV-Vis calibration of curcumin concentration in ethanol solution
(Figure S2A,B), the loading capacity of curcumin in the lipid phase is 862.4 µg/mL
(93.6 µmol/L), calculated by the standard curve (Figure S2B). NLC has found its good
position in enhancing the bioavailability and stability of hydrophobic bioactive compounds,
such as curcumin. The NLC prepared with glycerol monostearate and medium-chain
triglycerides has a high encapsulation efficiency of vitamin D3 [32]. In another case, a lipid
phase formed by 0.1% of curcumin, 1.5% of phospholipon 90G (lecithin), 2.5% of medium
chain triglycerides, and 2.5% of beeswax was emulsified in 1.5% of Tween 80 solution, and
the suspension was finally dispersed in 10 volumes of cold water [26].

The XRD profile (Figure 2A) indicates that the CLA-NLC kept the crystal characteristics
of SA, which was also confirmed by the TEM analysis of the CLA-NLC (Figure 3A). In
addition, there is no diffraction peak of Cur in Cur-CLA-NLC, indicating that the diffraction
peak of Cur is absent. The results show that curcumin may be dispersed in Cur-CLA-NLC
nanostructured lipid carrier in an amorphous state or molecular state.

The thermal stability behavior of the lipid carrier was studied by DSC (Figure 2B),
which would help to elucidate the mixing state of lipid and curcumin in the nanostructured
lipid carrier. The initial transition temperature of solid lipid stearic acid (SA) was 68.99 ◦C,
and its peak temperature was 75.71 ◦C. The melting peak corresponds to the melting of
stearic acid, which was close to the melting point of stearic acid (67–72 ◦C). The initial
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transition temperature of the mixed lipids, the NLC, and the Cur-CLA-NLC was 60.37 ◦C,
66.04 ◦C, and 62.0 ◦C, respectively. The peak values were 66.51 ◦C, 56.61 ◦C, and 55.56 ◦C,
indicating that curcumin encapsulation reduced the melting peak temperature of the Cur-
CLA-NLC. Meanwhile, the endothermic melting peak of curcumin did not appear in the
Cur-CLA-NLC system, which indicated that curcumin was well encapsulated in the NLC.

Figure 2. XRD patterns (A) and DSC curves (B) of SA, Cur, CLA-NLC, Cur-SA-CLA mixture, and
Cur-CLA-NLC.

 

Figure 3. TEM images of CLA-NLC (A) and Cur-CLA-NLC (B). Conditions: 25 ◦C; Tween 80 con-
centration 3% (w/v); solid lipid: liquid lipid = 2:1 (w/w); total lipid concentration 4% (w/v).The red
arrow indicates the fiber structure of lipids.

TEM images of nanostructured lipid carrier CLA-NLC and Cur-CLA-NLC are pre-
sented in Figure 3. It can be seen that the particle size of CLA-NLC is about 40–100 nm, and
some of the nanoparticles show a fibrous structure inside (Figure 3A, red mark), referring
to the stearic acid crystals. The Cur-CLA-NLC system (Figure 3B) is similar to CLA-NLC
in terms of structure and particle size, indicating that curcumin-coated CLA-NLC still
maintains a stable nanoparticle structure.

3.3. Bioaccessibility, Antioxidant Activity, and Anti-Lipid Peroxidation Ability of Cur-CLA-NLC

Curcumin has a higher degradation rate and a lower bioaccessibility in the process of
physiological metabolism [33]. Nanostructured lipid carrier is an effective delivery system
that can be used to encapsulate bioactive substances and protect them from oxidation,
heating, and other processes [34,35]. Hence, theoretically, the nanostructured lipid carrier
system can be used to encapsulate the curcumin, which may improve its bioavailability
while maintaining its original form. The bioaccessibility of curcumin, the Cur-SA-CLA
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mixture, and the Cur-CLA-NLC after digestion in simulated gastrointestinal fluid is shown
in Figure 4.

 

Figure 4. Bioaccessibility of Cur, the Cur-SA-CLA mixture, and Cur-CLA-NLC in simulated gastroin-
testinal digestive fluid. Conditions: 25 ◦C, 93.6 µmol/L of curcumin concentration. Different letters
indicate statistically significant differences (p < 0.05).

After digestion of simulated gastroenteric fluid, the degradation rate of curcumin
in CLA-NLC nanostructured lipid carriers was low, indicating good stability. The bioac-
cessibility of curcumin in the Cur-CLA-NLC system was 85.7%, which is much higher
than that of the Cur-PBS system (11.7%) and the Cur-SA-CLA mixture system (9.3%). This
was due to the insolubility of curcumin in water, the incomplete digestion of lipid in the
Cur-SA-CLA mixture system, and the failure of the dissolved curcumin in lipid to release
into the micellar phase, resulting in the low bioaccessibility of the system. However, in
the Cur-CLA-NLC system, the smaller size of the nanostructured lipid carrier provides a
larger surface area, enabling rapid lipase-mediated hydrolysis and release of free fatty acids.
The free fatty acids generated during lipid digestion can promote the formation of mixed
micelles and improve the dissolution of curcumin in intestinal fluid, thereby promoting
digestion and enhancing the bioaccessibility of curcumin [36]. Meanwhile, the hydrophobic
core of curcumin is stabilized by the fatty chain of CLA through van der Waals forces, a
mechanism that can prevent premature degradation [37]. In summary, the bioaccessibility
of Cur-CLA-NLC is 9.2 times higher than that of the Cur-SA-CLA mixture.

The antioxidant activity results of Cur, CLA-NLC, and Cur-CLA-NLC are shown in
Figure 5. It was surprising that Cur and CLA presented such a remarkable synergistic
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effect on all of the antioxidant activity measurements. Curcumin exhibited higher DPPH
radical scavenging activity compared to both ABTS and FRAP assays. This is related to
the structural advantages, differences in free radical properties, and sensitivity to reaction
conditions of curcumin, which aligns with the study by Liu et al. [38]. At the same time,
the ABTS radical scavenging activity of CLA-NLC (Figure 5B) was higher than Cur, while
the DPPH scavenging capacity (Figure 5A) and FRAP (Figure 5C) were slightly lower
than Cur, indicating that CLA had better ABTS scavenging activity. In the DPPH radical
scavenging activity assay (Figure 5A), the radical scavenging rate of Cur-CLA-NLC was
92.5%, which was higher than that of Cur at 50.6% and CLA-NLC at 37.1%. The ABTS free
radical scavenging rate (Figure 5B) of Cur-CLA-NLC is 82.3%, significantly higher than
that of pure curcumin (30.7%) and CLA-NLC (45.6%). Similarly, the FRAP assay results
demonstrate a comparable trend, with Cur-CLA-NLC exhibiting superior antioxidant
activity. This is attributed to the formation of curcumin aggregates caused by low water
solubility, which limits the interaction between curcumin and free radicals. The significant
improvement in the free radical scavenging ability of curcumin after CLA-NLC loading
is attributed to enhanced solubility mediated by the nanostructured lipid carrier. This is
consistent with the research results reported in the literature [39].

Figure 5. Antioxidant activity of Cur, CLA-NLC, Cur-CLA-NLC ((A): DPPH; (B): ABTS; (C): FRAP,
* p < 0.05 compared with values of the Cur group) and (D) anti-lipid peroxidation ability of CLA,
CLA-NLC, Cur-CLA-NLC. (37 ◦C, different letters represent different significant differences, p < 0.05).

In general, the antioxidant activity of Cur-CLA-NLC was significantly higher than that
of CLA-NLC alone. These results indicated that CLA, as the liquid lipid of Cur-CLA-NLC,
enhanced the antioxidant activity of the system. At the same time, CLA and Cur have
significant synergistic antioxidant effects in the Cur-CLA-NLC system. The synergistic
effect of CLA and curcumin may stem from their complementary antioxidant mechanisms:
The molecular structure of curcumin contains phenolic hydroxyl groups that provide
hydrogen atoms via hydrogen atom transfer, quenching free radicals by converting them
into stable molecular compounds, and terminating the free radical chain reaction [40]. CLA,
on the other hand, exhibits a unique ability to scavenge free radicals. The conjugated double
bonds accept unpaired electrons from radicals, thereby neutralizing their reactivity [41].



Foods 2025, 14, 3104 11 of 15

Within the Cur-CLA-NLC, π-π stacking between curcumin’s phenolic rings and CLA’s
conjugated dienes enhances electron delocalization efficiency, resulting in significantly
higher antioxidant activity of the composite system compared to individual components.
This is consistent with our previous research results in the Cur-OCLAVs-CS hydrogel
system [14].

The anti-lipid peroxidation ability of CLA, CLA-NLC, and Cur-CLA-NLC is shown
in Figure 5D. The peroxide values of all tested samples showed a gradual increase during
storage, and the peroxide value of the CLA system increased most obviously. After 14 days,
the peroxide value of CLA was about 4.1 times the initial value, while the peroxide value
of CLA-NLC and Cur-CLA-NLC systems was only about 1.5 and 1.2 times the initial value,
respectively. The results indicated that CLA-NLC and Cur-CLA-NLC had better anti-lipid
peroxidation ability than CLA alone. This is attributed to the encapsulation of liquid lipid
within solid lipid in the NLC system, thereby reducing the oxidation of CLA in CLA-NLC.
In addition, the presence of curcumin further improves the anti-lipid oxidation capacity
of the Cur-CLA-NLC system, and the peroxide value of CLA and CLA-NLC after 14 days
was 2.7 and 1.2 times that of Cur-CLA-NLC, respectively. This is attributed to the fact that
curcumin not only has the ability to resist lipid oxidation, but also the combined effect with
CLA further enhances the anti-lipid oxidation capacity of the system.

3.4. The Cytocompatibility of CLA-NLC and Cur-CLA-NLC

Subsequently, we studied the biocompatibility of the Cur-CLA-NLC system and its
inhibitory effect on breast cancer cells MDA-MB-231. The cell viability of curcumin, CLA-
NLC, and Cur-CLA-NLC on human normal liver cells (L02) and human breast cancer cells
(MDA-MB-231) is shown in Figure 6. All the samples showed no cytotoxicity to human
normal liver cell L02, indicating their good biocompatibility. At the same time, CLA-NLC
had no cytotoxicity on MDA-MB-231, while Cur-CLA-NLC showed an obvious inhibitory
effect on MDA-MB-231 with a cell viability of 40.98% after 24 h of culture.

Figure 6. Cell viability of Cur, CLA-NLC, and Cur-CLA-NLC on L02 and MDA-MB-231. Conditions:
25 ◦C, 93.6 µmol/L of Cur concentration. Values are presented as means ± standard deviation, n = 3.
* p < 0.05 compared with values of the control group.

The results showed that the prepared Cur-CLA-NLC had good biocompatibility and
could also significantly improve the inhibitory effect of curcumin on human breast cancer
cells MDA-MB-231. This is because curcumin, as a natural polyphenol compound, inhibits
proliferation and migration while inducing apoptosis in breast cancer cell MDA-MB-231
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through a multi-target mechanism [42]; Meanwhile, CLA modulates tumor occurrence,
promotion, and metastasis via lipid peroxidation, fatty acid composition regulation, and cell
cycle disruption [43,44]. Therefore, in Cur-CLA NLCs, the combined action of curcumin and
CLA suppresses angiogenesis and promotes apoptosis in MDA-MB-231 cells by targeting
multiple signaling pathways. This is similar to the results reported in the literature study:
that is, compared with pure curcumin, the Cur-NLC demonstrates excellent anti-cancer
activity by inhibiting proliferation and inducing apoptosis in human HepG2 cells [45].
Therefore, this indicates that the prepared Cur-CLA-NLC system has good biocompatibility
and can significantly enhance the inhibitory effect of Curcumin on human breast cancer
MDA-MB-231 cells.

4. Conclusions
In this study, curcumin was encapsulated in nanostructured lipid carriers (Cur-CLA-

NLC) constructed using conjugated linoleic acid (CLA) as the liquid lipid and stearic
acid (SA) as the solid lipid. The particle size of CLA-NLC decreased with the increase
in the concentration of Tween 80 and the proportion of liquid lipid. Finally, the optimal
conditions of 3% (w/v) concentration of Tween 80, 2:1 ratio of solid to liquid lipid, and
4% (w/v) concentration of total lipid were determined. FT-IR, XRD, and DSC results show
that curcumin is well encapsulated in nanostructured lipid carrier CLA-NLC. At the same
time, curcumin did not affect the thermal stability of Cur-CLA-NLC, and curcumin was
dispersed in CLA-NLC nanostructured lipid carrier in an amorphous state or molecular
state. In vitro simulated digestion studies have shown that the Cur-CLA-NLC system
significantly increases the bioavailability of curcumin. The bioavailability of curcumin in
the Cur-CLA-NLC system is 85.7%, which is 7.3 times higher than that of pure curcumin
and 9.2 times higher than that of the Cur-SA-CLA mixture.

The antioxidant activity results showed that CLA, as the liquid lipid in Cur-CLA-NLC,
enhanced the antioxidant activity of the system and exhibited significant synergistic antiox-
idant effects with curcumin. In addition, the Cur-CLA-NLC system can reduce the peroxide
value, improve the anti-lipid oxidation ability of CLA, and show good biocompatibility.
Therefore, Cur-CLA-NLC serves as a promising carrier for curcumin delivery. However,
the constructed Cur-CLA-NLC system exhibits relatively low drug-loading capacity and
potential long-term stability issues, such as lipid crystallization or curcumin leakage. Future
research could leverage AI-guided predictive models to identify optimal lipid compositions,
thereby enhancing both loading efficiency and stability of curcumin. The Cur-CLA-NLC
delivery system can be incorporated into functional foods as an additive for functional
beverages or an enhancer for dairy products.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/foods14173104/s1. Figure S1: FT-IR spectra of Cur, CLA-NLC,
and Cur-CLA-NLC; Figure S2: UV-Vis absorption spectrum of curcumin in ethanol solution (A) and
standard curve of curcumin at 427 nm in SA-CLA mixed lipid phase (B).
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DPPH 1,1-Diphenyl-2-picryl hydrazyl radical
DSC Differential Scanning Calorimeter
FRAP Ferric reducing antioxidant power
FT-IR Fourier infrared spectroscopy
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