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ABSTRACT

This work aimed to compare the performance of trans-ferulic
acid-encapsulated nanostructured lipid carriers (NLCs) and
solid lipid nanoparticles (SLNs) for transport by Caco-2
cells. The NLC particles (diameter: 102.6 nm) composed of
Compritol® 888 ATO, ethyl oleate, Cremophor® EL, and
Transcutol® P were larger than the SLNs (diameter: 86.0 nm)
formed without liquid lipid (ethyl oleate), and the former
had a higher encapsulation efficiency for trans-ferulic acid
(p <0.05). In vitro cultured Caco-2 cell transport was used to
simulate intestinal absorption, and the cellular uptake of
NLCs was higher than that of SLNs (p < 0.05). Compared to
SLNs, NLCs greatly enhanced trans-ferulic acid permeation
through the Millicel™ membrane (p < 0.05). This work con-
firms that NLCs have better properties than SLNs in terms
of increasing drug transport by Caco-2 cells. This helps to
comprehend the approach by which NLC-mediated oral
bioavailability of trans-ferulic acid is better than that medi-
ated by SLNs, as shown in our previous report.

Keywords: solid lipid nanoparticles, nanostructured lipid
carriers, intestinal absorption, Caco-2 cell, bioavailability

Nanocarriers are widely used in the study of oral drug delivery. They have been
shown to improve the solubility of poorly water-soluble drugs and enhance drug transport
across intestinal epithelial cells, thereby increasing the bioavailability of drugs (1). Solid
lipid nanoparticles (SLNs) (Fig. 1) are currently the most studied drug carriers (2). SLNs
generally have good biocompatibility; some can withstand autoclaving or radiation sterili-
zation and are suitable for industrial production. However, there are also problems such
as low drug-loading and encapsulation efficiency (EE) and drug leakage due to improve-
ments in crystal order during storage (2).
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Fig. 1. Schematic of the internal structures of SLN and NLC. NLC — nanostructured lipid carrier,
SLN - solid lipid nanoparticle.

Nanostructured lipid carriers (NLCs) were developed to address the deficiencies of
SLNs (3). The lipid part of the NLC is formed by hybridizing solid and liquid lipid (Fig. 1).
The introduction of liquid lipid destroys the original lipid arrangement of SLNs, inhibits
the crystallization process, and prevents the lipid from being crystallized, thus generating
more space for loading active substances (4). In addition, the presence of liquid lipids in
NLCs allows active ingredients to be loaded between fatty acid chains and in the lattice
defects of lipids, which increases the loading of active ingredients and reduces the prob-
ability of excretion by the crystallization of lipids during storage (5-7).

trans-Ferulic acid (TFA, Fig. 2a) has been shown to have potent antioxidant and anti-
radiation effects; however, its oral absorption is low due to its poor solubility in water (8, 9).
In our previous work, NLCs were confirmed to have superior performance for encapsula-
tion and oral delivery of TFA than SLNs, possibly due to their increased drug solubility and
enhanced intestinal cell transport (10, 11). In recent years, the Caco-2 cell model has been
widely used to simulate the behavior of the human intestinal epithelium to absorb drugs.
The Caco-2 cells cultured in vitro form a monolayer and transform into intestinal epithelial
cells, which are very similar in structure and function to small intestinal epithelial cells (12),
and express common characteristics like forming microvilli, brush borders, tight junctions,
and other structures; secreting various enzymes including glutamine transpeptidase,
alkaline phosphatase, and glucuronidase, and owning various active transporters (13). In
this work, a Caco-2 cell model was established to evaluate the effect of SLNs and NLCs
transported by cells and explore the potential mechanism of NLCs increasing the oral bio-
availability of drugs. As strategies to accurately predict oral absorption are of tremendous
importance for developing drug delivery systems, this work compared the permeability and
transport capacity of SLNs and NLCs to simulate their cellular distribution, thus providing
a deeper explanation of absorption differences due to microstructural differences.

EXPERIMENTAL

Materials and cell lines

Coumarin 6 (C6; Fig. 2b) was provided by Lumiprobe (USA). TFA (purity > 98 %) was
acquired from ZELANG Biotechnology (China). Ethyl oleate was purchased from Yunhong
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Fig. 2. Molecular structures of trans-ferulic acid and coumarin 6.

(China). Docosanoic acid glycerol ester (Compritol® 888 ATO) and diethylene glycol mono-
ethyl ether (Transcutol® P) were purchased from Gattefossé (France). Polyoxyethylene
castor oil (Kolliphor® EL) was from BASF (German). Dulbecco’s modified Eagle medium
(DMEM) and fetal bovine serum (FBS) were purchased from Gibco (USA). Caco-2 cell line
was obtained from the cell bank of the Chinese Academy of Sciences (China).

Determination of TFA using high-performance liquid chromatography (HPLC)

TFA was quantified using LC-2010A HT HPLC (Shimadzu, Japan) with a C18 reversed-
-phase chromatographic column (5 um, 4.6 mm x 25 cm). The mobile phase consisted of
methanol and 0.5 % acetic acid water in a ratio of 17:83 with a flow of 1 mL min™ and a
detection wavelength of 320 nm. TFA in the range of 0.098 to 9.09 ug mL™! showed a good
linear relationship with the chromatographic peak area. Samples from in vitro studies were
centrifuged at 10,000 rpm for 10 min at 4 °C, and the TFA in the supernatant was analyzed
in triplicate.

Preparation of TFA-loaded NLCs and SLNs

NLCs and SLNs: The formulations are shown in Table 1, and the nanoparticles were
prepared using the microemulsion method (14). Briefly, lipid materials, surfactants,
co-surfactants, and cargo (TFA or C6, Fig. 2) were mixed and heated to melt in a water bath
at 70 °C, deionized water was added dropwise with magnetic stirring at 300 rpm, and then
the hot colloidal solution was instantly placed at —20 °C for 2 h to form a uniform solid
nanosuspension. The prepared NLCs and SLNs were placed at room temperature for 24 h
and diluted 10-fold (V/V) with deionized water.

Characteristics of the prepared nanoparticles

The size distribution of the prepared lipid nanoparticles was measured at 25 °C and
a diffraction angle of 90° with a dynamic light scattering method by using a Malvern Zeta-
sizer Nano Z590 Analyzer (UK).

Ultrafiltration tubes (MWCO: 10 kDa; Pall Corporation, USA) were used to separate
drugs free from nanocarriers, 100 pL of the nanodispersion was centrifuged at 11913xg
until all the dispersion medium was filtered off, and the filter cake was washed twice with
50 pL of 50 % methanol-water solution by centrifugation (15). TFA in samples was detected
by HPLC, and the detection was conducted in triplicate. The EE was calculated by equation
EE = [(m,—m,)/m,] x 100 %, where m, is the mass of the free drug and m, is the total mass of
the drug in the preparation.
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Table 1. The compositions and size distributions of TFA-loaded NLCs and candidate formulations®

Formulation ATO FO EL R TEA drrflirtler EE
%, mim) (%, m/m) (%, m/m) (%, m/m) (%, m/m) (nm) (%)

NLCs 3.75 5.00 5.00 10.00 0.80 102.6+14.3 77.3+2.1

SLNs 8.75 - 5.00 10.00 0.80 86.0+11.5 58.7+3.3

AS - - - - 0.80 -

ATO, Compri’tol® 888 ATO; AS, aqueous solution; EE, encapsulation efficiency; EL, Kolliphor® EL; EO, ethyl oleate;
NLCs, nanostructured lipid carriers; SLNSs, solid lipid nanoparticles. TFA, trans-ferulic acid; TP, Transcutol® P.

n=3.

Cell culture

Cells were cultured in DMEM containing 10 % FBS, 1 % non-essential amino acids, 1 %
sodium pyruvate, 1 % glutamine, and 1 % cyanine streptomycin and placed in a humidified
incubator with 5 % CO, at 37 °C.

Cellular uptake

The hydrophobic fluorescent probe C6 instead of TFA was encapsulated in SLN and
NLGC, respectively, and the uptake of these nanoparticles by Caco-2 cells in vitro was com-
pared. The Caco-2 cells were seeded into 6-well plates at a density of 50,000/cm?for 14 days,
washed with phosphate buffered solution (PBS; pH 7.4) thrice, after which DMEM-diluted
Cé-labeled preparations were added at a different dosage of C6 (low, 1 x 10~ mol mL;
middle, 1.9 x 10~ mol mL7; high, 2.9 x 10~ mol mL™), or with the same volume of fresh
DMEM (blank control group, BC), cultured for 1 h; or incubated with the middle dosage
for a different time. They were then washed twice with PBS, harvested with 0.25 % tryp-
sin-0.02 % ethylene diamine tetraacetic acid (EDTA), washed with PBS thrice, and the cells
were dispersed in 0.5 mL PBS. The fluorescence intensity of the samples was measured
using FACS-Canto flow cytometry (Becton, Dickinson and Company, USA). Each detection
was performed in triplicate.

Transport across Caco-2 cell membranes

The Caco-2 cells were seeded onto the apical side of Millicell™ culture plate inserts
(Millicell™ CPI, PCF, 0.4 um pore size; Corning Incorporated, Corning, USA) at a density
of 50,000/cm? and cultured for about 3 weeks until the resistance across the monolayers
value (Trans Epithelial Electric Resistance, TEER) was > 600 Q cm?. Next, cells were washed
twice and incubated with Hank’s solution (pH 7.4) for 30 min; then, 0.4 mL of Hank’s solution
containing the tested preparation and 0.6 mL of fresh Hank’s solution, respectively, were
added to the apical and basolateral sides. A 100 UL sample was removed from the basolateral
side at a predetermined time, while the remainder of the solution was supplemented with
an equal volume of fresh Hank’s solution preheated to 37 °C. TFA in samples was detected
by HPLC, and each determination was performed in triplicate.
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Statistical analysis

Data are expressed as mean + SD. SPSS 17.0 (SPSS, Chicago, USA) was used for the
statistical analyses. Statistical calculation was performed using a one-way ANOVA test,
with p <0.05 considered statistically significant.

RESULTS AND DISCUSSION

Characteristics of the prepared nanoparticles

We prepared lipid nanoparticles by the microemulsion method as this process does
not require organic solvents and special equipment such as high shear machines and high-
pressure homogenizers (16, 17). This low-energy and green preparation method is condu-
cive to industrialization.

Long-chain fatty acids and long-chain triglycerides have been reported to produce
larger particle sizes than medium-chain fatty acids and medium-chain triglycerides, pos-
sibly due to the fluidity of internal lipids and the surfactant layer increased (18). Addition-
ally, long-chain lipid-based NLCs are absorbed through the intestinal lymphatic system
with enhanced bioavailability and prolonged half-life (19). In this work, we used Compri-
tol® 888 ATO and ethyl oleate with long-chains as the oil phase so that the resulting nano-
carriers with relatively large particle size and thus have a larger internal lipid space to load
more drugs, as well as achieving uptake by the intestinal lymphatic system (20). With the
addition of liquid lipid, the mean size of the NLC was significantly larger than that of the
SLN formed only by the solid lipid in the lipid core (Table 1). Additionally, the NLC with
lower crystallinity and greater space provided by liquid lipid achieved higher EE for TFA
than SLN (p <0.01).

Preliminary experiments show that TFA can be dissolved in ethyl oleate, which ensures
that the drug is preferentially dissolved in the lipid core during the preparation process
and have good physicochemical stability (21). After 60 days of storage at room temperature,
the particle size distribution of the NLCs and SLNs did not change significantly (Fig. 3).
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Fig. 3. a) Size distribution and b) EE of trans-ferulic acid-loaded NLC and SLN stored at room tem-
perature for 60 days (1 = 3). EE — encapsulation efficiency, NLC — nanostructured lipid carrier, SLN
- solid lipid nanoparticle.
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However, the EE of SLN decreased significantly (p < 0.05), suggesting drug leakage during
prolonged storage, while the NLC reduced drug expulsion due to its low crystallinity or
disordered lipid core.

Cellular uptake

Studies have shown that cell absorption of particle drug delivery systems such as
SLNs occurs mainly through the paracellular pathway, cell phagocytosis, receptor-medi-
ated endocytosis, and other pathways (22). The interaction of nanocarriers with cells,
including their transcellular behavior, is crucial for the design of oral drug delivery
systems as well as for the safety studies of potential nanomaterials. However, tracking
these systems inside cells requires complex probe tagging strategies. Fluorescence probes
such as C6 monitor nanoparticle migration through intestine tissues and help determine
accumulation sites, thus providing a better understanding of nanostructures. As its excellent
laser conversion rate and high detection sensitivity, C6 was a powerful tool used to quantify
and visualize nanoparticle accumulation in cells and tissues. The fluorescence intensity of
the cells represents the cellular uptake of the nanoparticles. Regardless of whether they
were incubated for 15 min or 60 min, the fluorescence intensity of cells in the SLN group
was higher (p < 0.01) than that of the NLC group, suggesting that the uptake of SLNs by
cells was significantly greater than that of NLCs (Fig. 4). The easily quenched fluorophore
of C6 in water may lead to the fluorescence intensity of cells in SLN and NLC groups
decreasing with the prolongation of incubation time. In addition, the smaller particle size
and faster drug release resulted in a stronger fluorescence intensity of C6 taken up into
cells from SLNs than from NLCs (23).

Furthermore, the fluorescence intensity of each dose group of SLN was higher (p <
0.01) than that of the NLC group (Fig. 5). However, with the dose increase, the fluorescence
intensity of SLN and NLC groups showed a weakening trend. We speculate that this is
related to the high concentration of nanoparticles in the culture medium. NLCs are gener-
ally considered safe, but the emulsifiers in the nanoparticle components and the fatty acids
produced by lipid degradation by cells may inhibit the physiological activity of cells at
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Fig. 4. Fluorescence intensity of Caco-2 cells incubated with the same dosage of coumarin 6-labeled
NLC and SLN for a different time (1 = 3). BC — blank control, NLC — nanostructured lipid carrier,
SLN - solid lipid nanoparticle.
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Fig. 5. The fluorescence intensity of Caco-2 cells incubated with different coumarin 6-labeled NLC
and SLN with a low, middle, and high dosage of C6 (1 =3). BC —blank control, NLC — nanostructured
lipid carrier, SLN - solid lipid nanoparticle.

high concentrations (24-26). It has been reported that 2.1 x 10! particles/mL decreased
lymphocyte viability to 55 % (27). Given that the gastrointestinal physiological environ-
ment is quite different from in vitro cell models, coupled with dose control, more work
needs to be done to assess the safety of NLCs.

Transport capacity across Caco-2 cell membrane

For poorly soluble drugs, increasing solubility is considered an effective way to
improve bioavailability, especially for classII (e.g, raloxifene) and class IV (e.g., saquinavir)
drugs (28, 29). The liquid lipid in the lipid core enhances the encapsulation performance of
NLC for poorly soluble TFA, which is stronger than that of SLN, thus obtaining greater
solubility and facilitating the intestinal absorption of drugs. The cumulative drug permea-
tion from TFA-loaded nanocarriers across the Caco-2 cell monolayer on the PCF membrane
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Fig. 6. Cumulative drug permeation from TFA-loaded nanocarriers across Caco-2 cell monolayer
membrane (SLN group compared with NLC group, * p <0.05, n = 3). NLC — nanostructured lipid car-
rier, SLN — solid lipid nanoparticle, TFA — trans-ferulic acid.
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in Millicell™ is shown in Fig. 6. TFA delivered by NLC across the Caco-2 cell monolayer
was more efficient than SLN at each time point (p < 0.05), indicating that NLC was conducive
to drug transmembrane transport and superior to SLN. Since the nanocarriers-mediated
drug transport across Caco-2 cell monolayer has both paracellular and transcellular
pathways. The current results showed that the transcellular transport efficiency of NLC is
lower than that of SLN. Thus paracellular transport of NLC should be stronger than that
of SLN.

The NLC is hybridized by liquid lipid and with more softness enhanced accessing the
intercellular space. The surfactants (Kolliphor® EL and Transcutol® P) from the carriers act
as a permeability enhancer to temporarily open tight intercellular junctions, resulting in
higher drug delivery through the intestinal epithelial cell layer (Fig. 7) (30). The additional
liquid lipid in NLC can be digested into more micelles by digestive enzymes than SLN,
contributing to the delivery of the drug through the cell layer. Previous reports indicate
that in the in vivo environment, these micelles, together with drugs, are absorbed by
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Fig. 7. Schematic diagram of Millicell™ CPI cultured Caco-2 cell monolayer mimicking intestinal
epithelial cells for evaluating NLC and SLN for oral drug delivery. The nanocarriers-mediated drug
transport across Caco-2 cell monolayer includes (1) paracellular, (2) transportation mediated by pro-
teins, (3) passive diffusion after drug release, and (4) transcellular pathways. NLC — nanostructured
lipid carrier, SLN - solid lipid nanoparticle.
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intestinal epithelial cells, re-esterified through the monoacylglycerol or phosphatidic acid
pathway, and converted into chylomicrons are absorbed into the lymphatic vessels,
enhancing drug absorption (31-32).

CONCLUSIONS

The present results show that NLCs have stronger drug-loading properties and more
efficient delivery of TFA across the simulated intestinal epithelial cell layer in vitro as com-
pared to SLNs, thus providing a possible mechanism for the former to enhance the oral
bioavailability of TFA. However, more in-depth studies, including the mechanism of
uptake by Caco-2 cells, the behavior of nanoparticles across the intestinal mucus layer, and
the role of M cells, are of great significance for elucidating the mechanism of intestinal
absorption of NLC.
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