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Abstract: Fucoxanthin (FX), a natural carotenoid found in seaweed with multiple functional activities,
is unstable with a poor water solubility that limits its utilization. This study aimed to improve FX's
stability and bioavailability via the nano-encapsulation of FX in polyvinylpyrrolidone (PVP)-coated
FX@PVP nanoparticles (NPs). The FX@PVP NPs were evaluated in terms of their morphology,
stability, encapsulation efficiency (EE), loading capacity (LC), and in vitro release to optimize the
encapsulation parameters, and a 1:8 FX:PVP ratio was found to perform the best with the highest EE
(85.50 £ 0.19%) and LC (10.68 £ 0.15%) and improved FX stability. In addition, the FX@PVP NPs
were shown to effectively deliver FX into Caco-2 cancer cells, and the accumulation of FX in these
cancer cells showed pro-oxidative activities to ameliorate HyO,-induced damage and cell death. The
FX@PVP NPs could potentially become a new therapeutical approach for targeted cancer treatment.

Keywords: fucoxanthin; nanoparticles; Caco-2 cells; pro-oxidation; targeted cell death

1. Introduction

Fucoxanthin (FX) is an organic pigment or carotenoid found in the photosynthetic organs
of edible brown seaweeds [1]. The chemical structure of FX is shown in Figure 1. This
compound has a unique structure, characterized by an unusual allenic bond, a conjugated
carbonyl group, an epoxide group, and an acetyl group [2]. FXis a lipid-soluble pigment which
widely exists in algae, marine phytoplankton, shellfish, and other animal and plant tissues [3].
FX has been shown to have many biological activities, such as anti-obesity [4], anti-cancer [5],
anti-diabetes [6], and anti-oxidation [7] effects. The antioxidant activities of FX were confirmed
in various cell-free systems, including the scavenging of hydroxyl radicals, superoxide radicals,
singlet oxygen, DPPH radicals, 12-doxyl-stearic acid (12DS), and nitrobenzene with linoleic
acid (NB-L) scavenging activity [8]. Moreover, FX inhibited ultraviolet B (UVB)-mediated
oxidative damage to human fibroblasts [9] and hydrogen peroxide (H,O,)-mediated damage
to monkey kidney fibroblasts (Vero line) [10]. However, as the flip side of an antioxidant, FX
was also shown to behave as a pro-oxidant at certain concentrations which could reduce the
cell viability [11]. This pro-oxidative role of FX increased the intracellular reactive oxygen
species (ROS) production and extracellular signal-regulated kinase (ERK) 1/2 and p38 MAPK
protein phosphorylation in murine hepatic BNL CL.2 cells [12], which potentially could be
utilized to induce targeted cell death as a cancer treatment.
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Fucoxanthin

Figure 1. Chemical structure of fucoxanthin (FX).

As a potential food supplement, FX has a good biocompatibility and biodegradabil-
ity [13]. However, the structure of FX makes it susceptible to heat, light, oxygen, pH,
enzymes, etc. [14]. In addition, its poor water solubility results in low bioavailability,
which also limits the utilization of FX [15]. Thus, a critical need exists to improve the
bioavailability and stability of FX.

Encapsulation is widely used to protect active substances and improve their physical
and chemical properties as well as bioavailability [16]. Polyvinylpyrrolidone (PVP) is
the most common water-soluble encapsulation carrier used in the preparation of solid
dispersions. PVP dissolves well in water and many non-aqueous solvents due to the highly
polar amide group within the PVP ring and apolar methylene and methine groups in
the ring and along its backbone [17]. PVP, an amorphous polymer, can form complexes
with other substances. The biocompatible and nontoxic nature of PVP renders it suitable
for biotechnological applications [18]. PVP has also been widely used as stabilizer for
nanoparticles (NPs) to prevent NP aggregation via the repulsive force arising from its
hydrophobic carbon chains extending into the solvents to induce steric hindrance between
NPs [19]. Nonetheless, to effectively use PVP for the nanoencapsulation of FX, the charac-
terization of the actual improvement of the biological activity of FX due to encapsulation is
much needed.

The objectives of this work were two-fold: (1) to encapsulate FX in PVP-passivated
EX@PVP NPs to improve the solubility and stability of FX and (2) to characterize the effects
of FX and FX@PVP NPs on H,O,-induced cell damage and cell death in Caco-2 cells. This
study would provide a useful method for the development of an effective delivery system
for bioactive compounds using nanoencapsulation for potential applications in functional
foods, cosmetics, and therapeutics.

2. Results and Discussion
2.1. FX@PVP NPs Characterization

Figure 2A shows the size distributions for FX@PVP NPs at different mass proportions.
The NPs are uniformly dispersed in the ethanol solution and their sizes (diameter) are all
less than 50 nm. With the increase in the content of PVP, the size of the formed NPs tended
to enlarge.

The FTIR spectra of FX, PVP, physical mixture, and FX@PVP NPs are shown in
Figure 2B to illustrate the binding between FX and PVP molecules. The specific bond
groups identified in FX are as follows: the peak at 3295 cm~!: O-H stretching vibration;
the peak at 1930 cm~!: the allenic bond (C=C=C), which is considered a functional group
of FX; the peaks at 1714 and 1630 cm~!: C=O stretching; the peak at 1458 cm~!: C-H
scissoring; the peaks at 1378, 1351, and 1334 cm~ ' CH, stretching; the peaks at 1078
and 1053 cm~!: -C-O stretching; and the peaks at 967 cm~!: C=C stretching. A carbonyl
absorption band from PVP was detected at 1668 cm~!, which agreed well with the report
of Koo et al. [20]. The spectrum of the physical mixture showed the absorption peaks of the
two pure compounds, which indicated that no encapsulation between FX and PVP formed
and that FX existed independently of PVP. In comparison, no characteristic FX peak was
detected in the FX@PVP NPs spectra; most notably missing was the peak at 1930 cm ™!,
suggesting that FX was trapped inside the NPs probably through hydrogen bonding and
became “invisible” to the spectrometer [21].
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Figure 2. (A) Particle size of FX and FX@PVP NPs; (B) FTIR spectra of FX, PVP, physical mixture,
and FX@PVP NPs; (C) DSC thermograms of FX, PVP, physical mixture, and FX@PVP NPs; (D) XRD
patterns of FX, PVP, physical mixture, and FX@PVP NPs; (E) TEM images of FX@PVP NP 1:8.

DSC thermograms of the samples are presented in Figure 2C. A sharp endothermic
peak was observed for FX at around 140 °C, which was usually related to the degradation of
chemical structures. In the PVP curve, there was no melting peak and a wide endothermic
band at 75 to 150 °C was observed, which was associated with the loss of moisture, since
PVP is a highly hygroscopic material [21]. The thermogram of the physical mixture showed
the endothermic peaks of both PVP and FX, but no endothermic peak of FX could be seen
in the DSC curve of the FX@PVP NPs. This strongly suggested that FX was encapsulated
and that it might be amorphous in the FX@PVP NPs. This result was consistent with the
FTIR results which were previously discussed.

The XRD patterns are shown in Figure 2D. The sharp and intense diffraction peaks
of pure FX indicated that FX was in crystalline form. The XRD pattern of PVP showed
no crystalline peaks. This confirmed that PVP was an amorphous polymer. FX peaks
were observed in the physical mixture pattern, while the FX diffraction peaks in the NPs
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decreased with the increase in PVP content. The results indicated that FX gradually changes
from a crystalline state to an amorphous state during the encapsulation process [22].

The transmission electron microscopy images of FX@PVP NP 1:8 are presented in
Figure 2E. The NPs exhibited a uniform spherical shape and the NPs sizes were all less
than 50 nm. This result was in agreement with the studies of Silva et al. [22] and Dos
Santos et al. [21] reporting that PVP-encapsulated lutein and curcumin nanoparticles were
spherical in shape.

2.2. Evaluation of the Encapsulation Efficiency (EE) and Loading Capacity (LC)

The EE and LC of the FX@PVP NPs samples are reported in Table 1. It was found that
there was a significant difference between samples with different ratios (p < 0.05). EX@PVP
NP 1:8 had the best results, with the EE at 85.50 + 0.19% and the LC at 10.68 £ 0.15%.
The difference in EE at different ratios may be caused by the degree of hydrogen bonding
between FX and PVP. Nonetheless, since the best performance for the encapsulation was
obtained at FX@PVP NP 1:8, these were the samples used in all subsequent investigations.

Table 1. Encapsulation efficiency and loading capacity of FX@PVP NPs.

FX@PVP NP(m:m) Encapsulation Efficiency (%) Loading Capacity (%)
1:2 64.75 +2.122 32.37 +£2.352
1:4 26.36 + 0.91 P 6.59 +0.12b
1:6 21.49 +0.32°¢ 358 +0.27°¢
1:8 85.50 +0.194 10.68 £+ 0.15 4
1:10 82.61 +0.224 826 +0.27b
1:12 84.89 +0.344 7.07 +0.24 P
1:14 69.15 £ 0452 968 +1.114

Data are expressed as mean (£SD) (n = 7). Different letters indicate significant differences. p < 0.05 compared to
the control.

2.3. Stability of FX@PVP NPs

FX can easily degrade into other substances [23]. In the present study, the chemical
stability of the FX in its encapsulated state was determined by measuring the content of FX
in the samples subjected to various treatments.

The thermal stability results of FX and FX@PVP NPs are shown in Figure 3A. Under
heating at 40 °C for 24 h, the content of FX in FX@PVP NP 1:8 was 85.39 + 4.48%. This
content was higher than that of free FX. With the temperature increased, the FX content in
the samples decreased at a faster rate. This is consistent with reports from Huang et al. [24]
and Sun et al. [25], which showed that free FX was unstable at temperatures above 40 °C.
Zhao et al. [26] also reported that heating (from 25 to 60 °C) significantly promoted the
degradation of FX. The FX content in FX@PVP NPs at 60 °C for 24 h was similar to that
of free FX at 40 °C for 24 h, indicating that encapsulation did provide protection to FX
against heat-induced degradation and could effectively improve the retention rate of FX
with improved thermal stability.

The photo-stability results of FX and FX@PVP NPs are shown in Figure 3B. When
the samples were irradiated under UVB for 15 min, the FX content decreased rapidly. As
the irradiation time increased, the FX content of the samples decreased, and less than 10%
remained after 60 min of irradiation. This is consistent with a previous study reported
by Tavares et al. [27] stating that FX was unstable under UV irradiation. Regardless
of the irradiation time, the FX content of FX@PVP NPs was always higher than that of
free FX, indicating that the photo-stability of FX could be improved by encapsulation.
The FX@PVP NP 1:8 appeared to perform the best, which could be attributed to its high
encapsulation efficiency.
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Figure 3. (A) Relative FX contents of FX and FX@PVP NPs heated at various temperatures up to 24 h;
(B) relative FX contents of FX and FX@PVP NPs under UVB irradiation; (C) relative FX contents of
FX and FX@PVP NPs prepared with different concentrations of NaCl

The stability of samples in salt solution for the FX and FX@PVP NPs are shown in
Figure 3C. With the increase in NaCl concentration, the FX content flatten out after a quick
initial drop. It appeared that PVP coating did not provide strong protection against salt for
the FX. The FX@PVP NP 1:8 performed only slightly better than that of free FX in terms of
salt stability.

The storage stability of FX, PVP, and FX@PVP NPs was assessed by observing the
color changes of each sample stored at room temperature for 12 days (Figure 4). FX was
insoluble in water and formed a red-brown suspension that was prone to precipitation. As
the storage time increased, FX gradually settled, and after 12 days of storage the FX almost
completely settled. PVP was completely dissolved in water, the solution was colorless and
transparent with good stability, and no obvious changes occurred during storage. The
FX@PVP NPs solution showed a uniform orange color at the beginning, and the color
became slightly lighter as the storage time increased. Nonetheless, no precipitation was
observed for the FX@PVP NP 1:8 sample, which showed good stability during storage. The
color of FX @ PVP NP 1:10 was slightly lighter than that of FX @ PVP NP 1:8 after 8 days,
and the difference became clear after 12 days of storage. The results indicated that PVP
encapsulation could improve the storage stability of FX, and FX@PVP NP 1:8 had the best
storage stability at room temperature when stored away from light.
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(I

Figure 4. Photos of FX, PVP, and FX@PVP NPs solutions stored for different lengths of time. Images
are representative of samples and depict storing for 0 day (A); 4 days (B); 8 days (C); 12 days
(D). Key: (a) FX, (b) PVP, (c) FX@PVP NP 1:8, (d) FX@PVP NP 1:10.

2.4. In Vitro Release

FX and FX@PVP NP 1:8 were used for an in vitro digestion assay to evaluate the
digestion stability and bioavailability of FX before and after encapsulation (Figure 5).
In this assay system, the release of the FX from each sample was evaluated under pH
conditions simulating the stomach (pH 2.1) and small intestine (pH 7.5), for 2 h and
4 h at 37 °C in the dark, respectively. For the un-encapsulated FX, the initial release in
the simulated gastric fluid (SGF) was mild and reached 31.93 £ 0.13% at the 2 h mark.
However, a burst of FX release occurred at the beginning of the simulated intestinal fluid
(SIF) stage, similar to the experimental results reported by Oliyaei et al. [28]. After 4 h of
the SIF stage, the release of FX reached 74.33 & 0.14%. In comparison, for the FX@PVP NP
1:8 the release of FX was at 23.27 £ 0.15% at the end of the SGF stage, and a gradual yet
slow release that continued into the SIF stage reached 44.22 & 0.12% at the end of the SIF
stage. The initial FX release from the FX@PVP NP 1:8 could be due to the rapid diffusion of
FX located near the surface of the nanoparticles, comparable to the un-encapsulated FX,
within 30 min. Once this stage has passed, the release of FX from the FX@PVP became
steadier, possibly due to the much-slower diffusion of FX through the PVP shell. The
results indicated that FX@PVP NPs could be effective to slow down the release of FX to
sustain a well-controlled delivery of FX over the digestion process.
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Figure 5. FX release profile in simulated gastrointestinal fluids.

2.5. Effects of FX and FX@PVP NPs on Cell Viability

The cell viability MTT assay was conducted with Caco-2 treated with FX and FX@PVP
NP 1:8 samples at different concentrations. As shown in Figure 6A, the viability of cells
treated with both samples were higher than 100% regardless of concentration, indicating
that FX and FX@PVP NP 1:8 were non-toxic to Caco-2 cells under normal conditions.
Figure 6B showed the cell viability of Caco-2 treated with different concentrations of FX
and FX@PVP NP 1:8 after H,O, treatment. After the cells were pretreated with 500 uM of
H,0; for 24 h, the cell viability of the FX sample-treated groups was significantly reduced
in a dose-dependent manner, and it dropped to about 20% at 40 uM (for both FX and
FX@PVP groups). For the FX concentrations of 10 and 20 uM, the viability of Caco-2 cells
treated with FX@PVP NP 1:8 was significantly lower than that of Caco-2 cells treated with
the un-encapsulated FX. This might be due to the delivery of FX via FX@PVP NPs into
Caco-2 cells being much more efficient than that via un-encapsulated FX. Apparently, after
H,0; treatment, FX showed pro-oxidant activity in Caco-2 cells, which accelerated Caco-2
cells apoptosis. These results verified the report of Shin et al. that under high oxidative
stress in cancer cells, carotenoids act primarily as pro-oxidants, leading to apoptosis of
cancer cells. [29] Hence, carotenoids such as FX can potentially be used for cancer treatment
to induce targeted cell death.

2.6. Evaluation of Intracellular ROS Levels Affected by FX/FX@PVP NPs

ROS is an important indicator for the evaluation of the cellular antioxidant activities
and the underlining molecular mechanism. When ROS exceeds the normal level, oxidative
stress would accumulate to damage the structural integrity of cells, which could lead to the
loss of cell function and ultimately causes cell death [30]. ROS level was detected via the
fluorescence probe H2DCFDA. As shown in Figure 6C,D, HyO;-induced oxidative stress
promoted ROS generation which was evidenced by the fluorescence from H2DCFDA in
Caco-2 cells. After adding FX and FX@PVP NP 1:8 to Caco-2 cells pretreated with H,O,,
the fluorescence intensity further increased, indicating that the FX acted as a pro-oxidant
to enhance oxidative stress, which led to more Caco-2 apoptosis triggered by ROS. At
a concentration of 20 puM, the fluorescence intensity of ROS generated by Caco-2 cells
pretreated with HyO, in FX@PVP NP 1:8 was significantly higher than that of FX. It was
shown that the FX@PVP NPs had the strongest pro-oxidative effect. This might be due to
the effective delivery of FX into Caco-2 cells. This phenomenon was consistent with the
results of the MTT assay discussed earlier.
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Figure 6. (A) Cell viabilities of FX and FX@PVP NPs against Caco-2 cells were incubated with different concentrations of FX
and FX@PVP NPs and treatment with H,O, (500 uM) for 24 h. (B) Cytotoxicity of Caco-2 treated with FX@PVP NPs at
different concentrations without HyO;,. (C) Fluorescent images of the treated cells were measured by using an inverted
fluorescence microscope in HyO;-induced Caco-2 cells. Scale bars are 50 pm. (a) Caco-2 cells without treatment; (b) Caco-2
cell treatment with H,O,; (c) Caco-2 cells pretreated with FX (20 uM) prior to treatment H,O;; (d) Caco-2 cells pretreated
with FX@PVP NPs (20 uM) prior to treatment HyO,; (D) Relative fluorescence intensity for (a—d); (E) The accumulation
of FX and FX@PVP NP 1:8 in Caco-2 cells. Results are presented as mean + SD; n =4. * p < 0.05; ** p < 0.01; *** p < 0.001
compared to the control.
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Previous research has shown that carotenoids could behave either as antioxidants or
as pro-oxidants depending on their environments [31]. Inside normal cells, carotenoids
are usually powerful antioxidants that reduce oxidative stress in cells [32,33]. However,
carotenoids can function as pro-oxidants at high concentration and under abnormal con-
ditions such as low levels of endogenous enzymes and antioxidants, imbalance and high
intracellular oxidative stress (common in cancer cells), and so on [29]. Compared with nor-
mal cells, malignant cells tend to have lower levels of antioxidant enzymes and endogenous
antioxidants, which hinders the normal metabolism of free radicals, hence, higher levels
of ROS are usually seen in the cells [34]. The increase in ROS at lower concentration will
trigger the tumor-promoting signals, which makes ROS show pro-cancer effects in cancer
cells. However, the increase in ROS at high concentrations can enhance the anti-tumor
signals and trigger the apoptosis of cancer cells induced by oxidative stress, so that ROS
exhibit anti-cancer effects in cancer cells [35]. It has been confirmed that some carotenoids
exhibit pro-oxidative activity to trigger the apoptosis of cancer cells through ROS produc-
tion as a key mechanism [29]. Under normal physiological conditions, carotenoids are
involved in the reduction in ROS through various mechanisms, such as electron transfer
and the abstraction of allylic hydrogen atoms [36]. For example, carotenoids could interact
with lipid peroxyl radicals (LOOe) via electron transfer to be converted into carotenoid
radical cations (CAR+se) [36]. However, in cancer cells low concentrations of endogenous
antioxidant enzymes may hinder the CAR+e regeneration. In turn, CAR+e may exhibit
a pro-oxidant effect instead by catalyzing and propagating free radical chain reactions to
increase the level of ROS and damage cell proteins, lipids, and DNA, leading to cancer cell
apoptosis [37].

2.7. Assessment of FX Content in Caco-2 Cells

The accumulation of FX and FX@PVP NP 1:8 in Caco-2 cells is shown in
Figure 6E. The FX content in Caco-2 cells treated with FX@PVP NP 1:8 reached
0.48 £ 0.0049 ng/mg protein after 24 h, and that of Caco-2 cells treated with un-encapsulated
FX was only 0.18 & 0.084 pg/mg protein. Apparently, the delivery of FX via FX@PVP NPs
into Caco-2 cells was much more efficient than via un-encapsulated FX. As a potential cancer
treatment via promoting oxidative stress induced cell apoptosis, the FX@PVP NPs could be
quite effective.

3. Materials and Methods
3.1. Reagents and Materials

FX (>98%, HPLC) was obtained from Chengdu Desite Biotechnology Co., Ltd.
(Chengdu, China). Polyvinylpyrrolidone (PVP) was purchased from Sigma-Aldrich
(St. Louis, MO, USA). Minimum Essential Medium (MEM) and trypsin (0.25% with EDTA)
were purchased from Gibco (Thermo Fisher, USA). Penicillin and streptomycin solution,
and PBS were obtained from HyClone (Logan, UT, USA). Fetal bovine serum (FBS), South
America origin was obtained from PAN-Seratech GmbH (Aidenbach, Germany). Dimethyl
sulfoxide (DMSO, >99.8%, GC) was obtained from Shanghai Aladdin Biochemical Tech-
nology Co., Ltd. (Shanghai, China). 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyl tetrazolium
bromide (MTT) and DMSO (Cell culture grade) were purchased from Beijing Solarbio
Science & Technology Co., Ltd. (Beijing, China). H2DCFDA was purchased from Shanghai
Macklin Biochemical Technology Co., Ltd. (Shanghai, China). HPLC grade methanol was
purchased from Spectrum Chemical Manufacturing Corp-China (Shanghai, China). Other
chemicals were of analytical grade and were used without further purification.

3.2. Preparation of the FX-Loaded PV P Nanoparticles

FX@PVP NPs were prepared following the method by Silva et al. [22] and Dos Santos
et al. [21] with minor modifications. Briefly, PVP was dissolved in FX ethanol solution
under magnetic stirring until a translucent solution was produced. The solution was then
sonicated for 15 min, under pulse condition of 30 s on and 10 s off (Sonics VCX150, 130 W,
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1/8 tip and AMPL 40%). Formulations were prepared with the following mass proportions
of FX@PVP NPs: 1:0, 1:2, 1:4, 1:6, 1:6, 1:10, 1:12, and 1:14 (m:m). The samples produced
were freeze-dried into powder for subsequent experiments.

3.3. FX@PVP NPs Characterization

A laser particle size potential analyzer (DT 1202, Dispersion Technology, Inc. Bedford
Hills, NY, USA) was used to determine particle sizes of the NPs. Fourier Transform
Infrared (FTIR; Perkin Elmer Spectrum two, CT, USA) spectra were acquired in potassium
bromide pellets, with resolution of 1 cm~! from 4000 to 450 cm ™!, in order to identify
chemical interactions between FX and PVP. Thermal properties of the nanoparticles were
determined by Differential Scanning Calorimetry (DSC250, TA Instrument, USA). Samples
were weighed (3 to 5 mg) in sealed aluminum pans under nitrogen flow (50 mL/min)
and heated from 20 to 300 °C at 20 °C/min. X-ray diffraction analyses (XRD; XRD7000,
Shimadzu, Tokyo, Japan) were carried out from 10° to 70° (20) at 5°/min, using Cu K«
radiation generated at 40 kV and 30 mA, to reveal changes in the crystalline structure of
FX after the encapsulation process. The morphological characterization of the FX@PVP
NPs was evaluated using Transmission Electron Microscopy (TEM; JEOL model JEM 2100,
200 kV, Tokyo, Japan). Diluted samples were dripped onto 300 mesh parlodium-coated
copper grids and dried under room temperature, then stained with 2% uranium acetate
for analyzing.

3.4. Evaluation of the Encapsulation Efficiency and Loading Capacity

The encapsulation efficiency (EE) and loading capacity (LC) of FX were determined
according to the procedure described by Priscila Dayane [21]. An aliquot of sample disper-
sion (2 mL) was kept in a convection oven at 50 °C until solvent evaporation. After that,
distilled water (4 mL) was added and maintained at 25 °C for 3 h. The obtained solution
was filtered through a syringe filter (0.45 um porosity) and freeze-dried (Scientz-10ND,
ZheJiang, China). The sample was then dissolved in methanol and its concentration was
determined by high performance liquid chromatography (HPLC, Shimadzu SPD 20A,
Tokyo, Japan). Methanol was used as the mobile phase at 0.5 mL/min in a C18 column
(4.6 x 250 mm and particle size of 5 um, Cosmosil, Japan) at 40 °C. Detection was per-
formed by a photodiode array ultraviolet visible light detector (PDA) at 450 nm. The
amount of FX that passed through the filtration membrane was considered to remain stable
in FX@PVP NPs, encapsulation efficiency (EE%) was calculated by Equation (1) where
Cpnp represent content of FX in the FX@PVP NPs and Cgx represent FX content used for
encapsulation, respectively.

EE ((70) = CFNP/CFX x 100. (1)

Loading capacity (LC%) was calculated by Equation (2), where mg is the mass of FX
trapped in the nanoparticles and M is the mass of the dried nanoparticles.

LC (%) = mg/M x 100. @)

3.5. Stability of FX@PVP NPs

The method for evaluating the stability of FX and FX@PVP NPs was slightly modified
according to Tie et al. [38] and Liu et al. [39]. The thermal stability was assessed by
placing equal volumes (1 mL) of samples in a water bath at different temperatures (40, 50,
60 °C) for 24 h, then the contents of FX in freeze-dried samples were determined by HPLC.
The photo-stability was determined as follows: equal volume (1 mL) of samples freshly
prepared was placed in the culture dish and subject to irradiation for 15 min, 30 min,
45 min and 60 min with UVB (wavelength range: 300-320 nm; peak: 311 nm; with a UVB
lamp). After the testing samples were lyophilized, the content of FX was determined by
HPLC. The stability of samples in salt solution was tested by adding sodium chloride to the
samples to various final concentrations of NaCl (0, 100, 200, 400 uM, respectively). After
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mixing and removing insoluble matter, the solution was collected and freeze-dried, and
the FX content of which was then determined by HPLC.

The dried samples were dissolved in water and stored at room temperature for
12 days during which the color change was monitored to determine the storage stability of
the samples. Photographs were taken every 4 days.

3.6. In Vitro re Lease

In vitro release experiments of FX and FX@PVP NPs were carried out in two simu-
lated digestive fluids, 0.1 M HCl solution of pH 1.2 and pepsin (0.3% w/v) as a SGF and
0.1 M NaHCOj; buffer solution adjusted to pH 7.5 with pancreatin (0.1% w/v) as simulated
intestinal fluid (SIF), according to Oliyaei et al. [28] with slight modifications. About
0.025 g of samples were immersed in 10 mL of SGF and was vortexed in the dark for
120 min (37 °C), then added to 10 mL of SIF and incubated under the same condition for
240 min. Sampling was taken every 30 min. The FX released was analyzed using HPLC at
450 nm, and calculated according to Equation (3) where M is the amount of initial FX, and
M is the amount of FX remaining in the samples at a given incubation time.

Fractional released (%) = (Mg — Mt)/Mg x 100. 3)

3.7. Cell Cultures and Treatments

The Caco-2 human colon cancer cells were obtained from the Cell Bank of TongPai
Biological Technology Co., Ltd. (Shanghai, China). Cells were reserved in MEM and
enhanced with 20% FBS and 1% antibiotics at 37 °C in a humidified incubator at 5%
CO,, with fresh media replaced every 2-3 days. FX and FX@PVP NPs were prepared
by dissolving in dimethyl sulfoxide (DMSQO). For the various experiments, samples were
diluted to the desired concentrations using complete MEM.

The assessment of HyO,-induced cell damage was conducted according to Zheng
et al. [40] with minor modifications. After medium was removed, the cells were treated
with medium containing H,O, (500 uM) for 24 h and incubated in culture medium with
FX and FX@PVP NPs at different concentrations (0, 5, 10, 15, 20, and 40 uM) for 24 h. The
Caco-2 cells were treated with vehicle control (DMSO).

3.8. Cell Viability Assay

The cell viability was evaluated by MTT assay with slight modifications [41]. Caco-2
cells were cultured in 96-well plates at 1.2 x 10* cells per well and allowed to adhere for
24 h. Then, the cells were washed with fresh medium and treated. After 24 h of incubation,
10 puL of MTT (5 mg/mL) was added for 4 h at 37 °C. The medium were removed carefully,
followed by the addition of 150 uL of DMSO to each well to dissolve the precipitate. The
absorbance was then measured at 570 nm using a Tecan infinite 200 microplate reader
(Tecan Trading AG, Switzerland). Cell viability was calculated by Equation (4) where A is
the absorbance of treated cells and A is the absorbance of control.

Cell viability (%) = A¢/Ap x 100. 4)

3.9. Evaluation of Generated Intracellular ROS Levels

The cellular ROS generation was observed by fluorescent inverted microscope (IX73,
Olympus, Japan). Caco-2 cells (4 x 10° cells/well) were seeded in 12-well plates and
allowed to adhere for 24 h, followed by the treatment with H,O, and various FX samples.
Then, Caco-2 cells were collected via centrifugation and incubated in 1 mL fresh medium
and 1 pL H2DCFDA (10 uM) at 37 °C for 30 min in the dark. Subsequently, the cells
were rinsed with PBS three times. Fluorescent intensity of HZDCFDA was detected under
inverted fluorescence Microscope which was proportional to cellular ROS generation [42].
ROS production was determined by a fluorescence microplate reader (Tecan Infinite
200 pro, Switzerland); the excitation wavelength was 485 nm and the emission wavelength
was 535 nm. Relative fluorescence intensity was calculated by Equation (5) where FI; is the
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fluorescence intensity of treated cells and Fly is the fluorescence intensity
of control.
Relative fluorescence intensity (%) = F1;/Fly x 100. (5)

3.10. FX Content in Caco-2 Cells

In order to study the transport of FX and FX@PVP NPs into Caco-2 cells, a HPLC
method was used. Briefly, Caco-2 cells were cultured in 6-well plates at 8 x 10° cells
per well and allowed to adhere for 24 h. After the medium was removed, the cells were
again incubated in fresh culture medium with FX and FX@PVP NP 1:8 (40 uM) added
for different time (0, 6, 24 h), the cells were then lysed and then lyophilized. Then the FX
content was measured by HPLC, as previously described.

3.11. Statistical Analysis

All the measurements were conducted at least three times, and the experimental
results were reported as means =+ SD (standard deviation). The experimental results were
analyzed by single factor analysis of variance (ANOVA) and Duncan’s multiple range tests
using SPSS version 19 (SPSS, Chicago, IL, USA), and significant difference was considered
to exist between the determined mean values when p < 0.05.

4. Conclusions

In the present study, a PVP encapsulation method was developed to create FX-loaded
FX@PVP NPs for the better delivery and release control of FX. The best performing en-
capsulation results (loading efficiency of 85.50 & 0.19%) were obtained at a FX:PVP ration
of 1:8. The FX@PVP NPs provided protection for the FX to improve its stability as well
as bioavailability. Both the MTT assay and the evaluation of the intracellular ROS levels
showed that the FX@PVP NPs enhanced the transport of FX into Caco-2 cells, which was
pro-oxidative in cells under oxidative stress and could induce more cell death. Potentially,
the FX@PVP NPs could be used to promote ROS-triggered apoptosis in cancer cells to serve
as a targeted cancer treatment.
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