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Abstract: Background and objective: Previous studies have demonstrated the anti-cancer effects
of silymarin (SLM). However, the low bioavailability of SLM has restricted its use. This study
investigated the toxic effect of nanostructured SLM encapsulated in micelles (Nano-SLM) on the
growth of the HT-29 human colon cancer cell line. Materials and methods: HT-29 cells were treated
with 25 pyM/mL of SLM or Nano-SLM for 48 h. MTT and colony formation assays were used to
assess the cytotoxicity and proliferation of HT-29 cells, respectively. The cells were stained with
annexin V/PI for assessment of apoptosis. Results: MTT assays revealed that Nano-SLM treatment
was able to exert a more pronounced toxic effect on the HT-29 cells as compared to free SLM treatment
(p < 0.01). In the Nano-SLM-treated cells, colony numbers were significantly reduced in comparison
to the free SLM-treated cells (p < 0.01). Apoptotic and necrotic indexes of Nano-SLM-treated HT-29
cells were also significantly increased in comparison to those of the free SLM-treated cells (p < 0.01).
The viability, proliferation and apoptosis of healthy cells (NIH-3T3 cells) were not changed in response
to Nano-SLM or SLM. Conclusions: Our results indicate that Nano-SLM enhances the anti-cancer
effects of SLM against human colon cancer cells.
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1. Introduction

Colon cancer is one of the most diagnosed cancers. Chemotherapy and radiotherapy have many
untoward side effects on healthy cells and the cancer cells are often drug resistant [1,2]. Colon cancer
has strong associations with dietary factors. Plants contain a wide variety of phytochemicals, some of
which are able to protect healthy cells from various processes that can induce cancer.

Silymarin (SLM), extracted from Silybum marianum (Milk thistle) fruit, is composed of one
flavonoid (taxifolin) and seven flavolignans including silychristin A, silychristin B, silydianin, silybin B,
silybin A, isosilybin A and isosilybin B. Among these, Silybin (also named silibinin) is the most
abundant flavolignan extracted from SLM (50-70%) [3].

Recent in vivo and in vitro studies have demonstrated the remarkable anti-cancer effects of SLM
and its derivatives on several cancers, such as lung, prostate, bladder and colon cancers [4]. However,
the low bioavailability of SLM restricts its therapeutic efficacy [5]. It has been reported that the
encapsulation of SLM in polymer nanoparticles, liposomes, micelles and solid lipid nanoparticles
improves its solubility and bioavailibity [6—10]. Liposomes are used to deliver small lipophilic and
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hydrophilic agents, large proteins and nucleic acids. Liposomes are a closed lipid bilayer with
an aqueous internal compartment and are able to increase the therapeutic safety and activity of
drugs [7,11-16]. Micelles are composed of lipid monolayers separated by a fatty acid core [17]. Micelles
possess a size range of 5 to 20 nm; they are smaller than liposomes [18]. ElImowafy et al. (2013) reported
that SLM-loaded liposome was significantly better than free SLM and the liposome significantly
increased the cellular uptake of SLM [19]. In a previous study, the absorption of SLM micelles at
different parts of the intestine was significantly higher than the free SLM in rats [5]. In the study of
Li et al. (2009), micelles significantly elevated the amount of silybin in liver tissue [10]. The objective
of this project was to compare the cytotoxic effects of SLM and nanostructured SLM (Nano-SLM) on
HT-29, a human colon cancer cell line.

2. Materials and Methods

2.1. Preparation of Nano-SLM

Nano-SLM was prepared by a lipid-thin layer of hydration film [20]. Briefly, SLM (10 mg) and soy
phosphatidylcholine and cholesterol in a molar ratio of 6:1 were dissolved in a chloroform-methanol
solution (9:1 v/v: 9 mL chloroform and 1 mL methanol). The solvent was evaporated at 40 °C under
reduced pressure (120 rpm) using a rotary evaporator to develop a thin lipid film. This film was
maintained at 40 °C overnight to completely withdraw the solvent. The hydrated film with 4 mL
phosphate buffer (pH: 7.4) was sonicated three times at 50 Hz in a bath-sonicator and homogenized at
20,000 psi for five cycles. Unloaded SLM was then separated by centrifuging at 13,000 rpm at 4 °C.
SLM, as a mixture of flavonolignans from the fruit of Silybum marianum, was purchased from Sigma
(Cat number: S0292).

2.2. Characterization of Nano-SLM

Mean particle size was determined using a DLS particle size analyzer (Qudix, Scatterscope I,
Seoul, South Korea) after suitable re-dispersion in phosphate buffer. The average size distribution of
Nano-SLM was determined by a Zetasizer-Nano-ZSP (Malvern, UK) after being diluted 10 times with
double-distilled water at room temperature. In addition, micelles were suspended in phosphate buffer
and particle shape was visualized by transmission electron microscopy (TEM).

2.3. Drug Entrapment Efficiency

The prepared Nano-SLM was centrifuged at 13,000 rpm for 5 min to separate non-entrapped
SLM. Supernatant was analyzed for testing SLM. The encapsulation efficiency was calculated using
the following formula [21].

% Encapsulation efficiency = (Total drug — amount of drug in supernatant/Total drug) x 100 (1)

2.4. In Vitro Drug Release

Nano-micelle samples enclosed in dialysis bags (cellulose membrane MW cut-off 12 KDa,
Sigma) were immersed in phosphate buffer (PH: 7.4) at 25 & 1 °C and were stirred at 100 rpm. At
predetermined time intervals, samples were withdrawn and analyzed for SLM spectrophotometrically
at 327 nm. The following formula was used to calculate the percentage of drug released [21].

%Drug released = (Amount of drug release/amount of drug in micelle) x 100 )

2.5. Experimental Design

The human HT-29 cell line and a mouse healthy fibroblast cell line (NIH-3T3) were obtained
from Pasteur Institute of Iran. The cell lines were cultured in DMEM equilibrated with 5% CO?
atmosphere at 37 °C. Untreated cells constituted the control group. Experimental groups were treated
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by 25 uM/mL of SLM, 25 uM/mL of Nano-SLM and 25 pM/mL of blank micelles, respectively, for 48 h.
The dose of SLM and Nano-SLM was selected based on our pilot study.

2.6. Cell Viability

The MTT (3-(4, 5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium-bromide) assay (the best known
method for determining mitochondrial dehydrogenase activities in the living cells) was used
to compare the effect of Nano-SLM with SLM on cell viability as previously described. Briefly,
HT-29 (10,000 cells/well) cells were maintained with culture media for 48 h in 96-well plates.
MTT (0.5 mg/mL) solution was then added to each well, and the cells were further incubated for 4 h
at 37 °C. Supernatants were then removed, and 100 pL of Dimethyl sulfoxide (DMSO) was added to
each well to dissolve the formazan product. Absorbance at 540 nm was measured using a microplate
reader (BioRad, Hercules, CA, USA). The results of the MTT assay were expressed as the percentage of
corresponding average values in control cells [22].

2.7. Clonogenicity Assay

For the assessment of colony formation, 500 cells were seeded into 6-well culture dishes and
exposed to SLM or Nano-SLM in serum-free medium for 48 h. The cells were washed and further
incubated with complete medium for 10 days. The cells were stained with 0.1% crystal violet in PBS,
and the colonies were counted under a light microscope [23].

2.8. Annexin V-FITC/Propidium lodide Apoptosis Assay

HT-29 cells (10°) were treated with SLM or Nano-SLM for 48 h as experimental groups. Normal,
apoptotic and necrotic cells were determined using an Annexin V-FITC/propidium iodide assay
kit (Invitrogen, V13242, Molecular Probes/Invitrogen, Carlsbad, CA, USA) as previously described.
The samples were analyzed with a Flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA).
The different labeling patterns in the Annexin V/PI analysis identified the different cell populations
where FITC-negative and PI-negative were designated as viable cells; FITC-positive and Pl-negative
as early apoptotic cells; FITC-positive and Pl-positive as late apoptotic cells and FITC-negative and
Pl-positive as necrotic cells. The data analysis was performed using WinMDI 2.9 software (J. Trotter,
The Scripps Research Institute, La Jolla, CA, USA) [23].

2.9. Statistical Analysis

The data were compared by one-way analysis of variance (ANOVA) (SPSS Inc., Chicago, IL,
USA—SPSS version 19.0). This was followed by a post hoc pair-wise comparison using the Bonferroni
t-procedure. p < 0.05 was considered significant.

3. Results

3.1. Characterization of Nano-SLM

The particle size distribution showed a range of 20 nm to 30 nm, with the mean particle size being
nearly 26.5 nm. The zeta potential of Nano-SLM indicated that it exhibited a very good stability for
loading free SLM. The morphology of Nano-SLM with TEM is shown in Figure 1. The lipid layer of the
micelles appeared as dark rings around the internal aqueous media. The TEM images showed that the
targeted micelles were of a discrete, uniform and regular round shape. The sizes of micelles determined
from TEM measurements were 26.1 & 4.3 nm. The sizes obtained from the TEM measurements are
in good accordance with the results obtained from the particle size measurements by dynamic light
scattering. These data demonstrate that SLM-loaded micelles can be a stable drug carrier with narrow
particle size, steady zeta potential, and closely graded shape.
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Figure 1. TEM micrograph of blank nano-micelles (A) and Nano-SLM nanoparticles (B).

The encapsulation efficiency of Nano-SLM was 99.48%. The release profile in vitro showed an
initial burst release for 0.5 to 6 h and then exhibited a slow release of SLM (Figure 2). Furthermore,
the drug release rate data indicated that the slow release of Nano-SLM had lasted nearly 48 h. These
findings illustrated that Nano-SLM could indeed provide a slow release performance for SLM and it
has great potential applicability as an SLM carrier, enabling continuous provision during the treatment.
In addition, the prepared Nano-SLM was completely dispersed in aqueous media with no aggregate as
opposed to free SLM which exhibits poor aqueous solubility. These results are summarized in Table 1.
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Figure 2. In vitro cumulative percent drug release vs. in time. Data expressed as mean =+ SD (1 = 6).

Table 1. Characteristics of the formulation of silymarin (SLM)/Blank micelles.

Groups Particle Size PDI Zeta Potential

nm Mv
Nano-SLM 26.5+ 4.3 0.53 £+ 0.03 —235+0.6
Blank micelles 23.4 4+ 39 0.56 4+ 0.04 —-23.6 0.5

Results are given as mean + SD (n = 3). SD: standard deviation, PDI: polydispersity index.

3.2. Cell Viability and Proliferation

Free SLM significantly decreased the viability percentage of HT-29 cells (p < 0.05). In the
Nano-SLM-treated cells, the viability of HT-29 cells was significantly decreased compared to that of
the free SLM-treated cells (p < 0.01). Free SLM significantly decreased the colony numbers of HT-29
cells (p < 0.05). In the Nano-SLM-treated cells, the colony formation of HT-29 cells was significantly
decreased in comparison to that of the free SLM group (p < 0.01). In the blank micelles-treated cells, the
percentages of cell viability and colony numbers were similar to those of the control (Figures 3 and 4).
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The proliferation and viability of NIH-3T3 cells were not significantly affected by SLM or Nano-SLM
(Results not shown).
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Figure 3. Percentage of cell viability and colony numbers of HT-29 cells in the control and experimental
groups. All assays were performed in triplicate, and the mean + standard deviations are shown.
*p <0.01, * p <0.001, t p <0.001; * and t symbols indicate comparison to the control and SLM
groups, respectively.

Figure 4. Morphology (A-D) and clonogenicity (E-H) of HT-29 cells. A and E, control untreated cells;
(B,F), blank nano-micelles treatment; (C,G), SLM-treated cells; (D,H), Nano-SLM-treated cells; Arrows
indicate apoptosis. All magnifications are x 400.
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3.3. Morphology Evaluation

In the control group, a small number of HT-29 cells showed round morphology. In the blank
micelles-treated cells, the morphology was similar to that of the control untreated cells. The free
SLM-treated HT-29 cells exhibited apoptotic morphology, including round shape, cell membrane
blebbing and nucleus condensation. These morphological features were considerably more prominent
in the Nano-SLM-treated cells (Figure 4). The morphology of the NIH-3T3 cells was not affected by
SLM or Nano-SLM treatment (Results not shown).

3.4. Annexin V-FITC/Propidium lodide Apoptosis Assay

In the SLM-treated cells, early (FITC+/PI—) and late apoptosis (FITC+/PI+) were significantly
more common than in the control untreated cells. In the Nano-SLM-treated cells, the percentage
of early and late apoptosis was significantly increased in comparison to the free SLM-treated cells
(p <0.01). In the SLM-treated cells, the necrotic index (FITC—/PI+) was significantly greater than
that of the control. In the Nano-SLM-treated cells, the percentage of necrotic cells was significantly
increased in comparison to the free SLM group (p < 0.01). In the blank micelles-treated cells, apoptotic
and necrotic indexes were similar to that of the control (Figures 5 and 6). The apoptotic and necrotic
indexes of NIH-3T3 cells were not affected by SLM or Nano-SLM treatment (Results not shown).
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Figure 5. Flow cytometry of Annexin/PI staining in the control and experimental groups. The lower
left quadrant (Annexin V-FITC— /PI—): live cells; the lower right quadrant (Annexin V-FITC+/PI—):
early-stage apoptotic cells; the upper right quadrant (Annexin V-FITC+/PI+): late-stage apoptotic cells;
the upper left quadrant (Annexin V-FITC— /PI+): necrotic cells.
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Figure 6. Indexes of necrosis and apoptosis of HT-29 cells in the control and experimental groups.
All assays were performed in triplicate, and the mean =+ standard deviations are shown. * p < 0.05,
**p <0.001, ** p <0.001, t p <0.01, 1+ p < 0.001; * and t symbols indicate comparison to the control
and SLM groups, respectively.

4. Discussion

This study has demonstrated that nanostructuring SLM encapsulated in micelles effectively
enhances its cytotoxicity effects. MTT assessments showed that Nano-SLM treatment significantly
reduced the viability of HT-29 cells in comparison to free SLM treatment. The enhanced cytotoxicity
of SLM encapsulated in micelles may relate to its increased penetration into the HT-29 cells.
Elmowafi et al. showed that SLM encapsulated in liposomes significantly enhanced the anti-cancer
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activities of SLM, which was associated with its enhanced solubility and stability, and increased SLM
content in HepG2 cancer cells [19]. In the study of Yazdi-Rouholamini (2010), Nano-silibinin (also
named silybin) was more effective than free silibinin in the T47D breast cancer cell line [24].

Wang et al. (2017) demonstrated that small micelles (less than 30 nm) significantly improve
the therapeutic efficacy of drugs in comparison to large micelles (100 to 160 nm) in tumors [25].
Ong et al. (2016) showed that high drug encapsulation efficiency and small liposome size could
enhance the oral bioavailability of griseofulvin-loaded liposomes [26]. As shown in the results,
the mean particle size of Nano-SLM was less than 30 nm—a little larger than that of blank micelles.
The slight increase in particle size of Nano-SLM might result from the entrapment of free SLM into
micelles. Sui et al. (2010) showed that SLM-loaded micelles were bigger than blank micelles [27].

Nano-SLM effectively inhibited the proliferation of HT-29 cells. In a previous study, SLM induced
cell cycle arrest and apoptosis in ovarian cancer cells [28].

To study whether the cytotoxicity effects of Nano-SLM on HT-29 cells were associated with the
induction of apoptosis, we used the Annexin V/PI method and morphology assessments. Nano-SLM
effectively induced late and early apoptosis in HI-29 cells. Nano-SLM also increased the necroptotic
index in the HT-29 cells. The significant percentage of cell death detected by the Annexin V method was
consistent with that detected by MTT and clonogenicity assessments. Snima et al. (2014) demonstrated
that SLM encapsulated in poly (D,L-lactic-co-glycolic acid) nanoparticles can decrease cell viability and
induce apoptosis in prostate cancer cell lines [6]. In another study, SLM inhibited proliferation and
induced apoptosis in hepatic cancer cells [29].

Typical Nano-SLM-induced apoptosis features include cell shrinkage, membrane blebbing,
condensed contents, and a rounded body in HT-29 cells. These morphological changes confirmed the
results of annexin V/PI and were consistent with the viability percentage and colony numbers in the
control and experimental groups.

In our study, SLM also decreased cell viability and proliferation, and increased apoptosis in HT-29
cells. Despite the low bioavailability of SLM, its therapeutic efficacy against various cancer cells has
been documented [4,23]. Among several flavonoids and flavolignans of SLM, the anti-cancer effects of
taxifolin and silybin (also named silibinin) have been demonstrated.

Lee et al. (2013) reported that silybin inhibited the growth of melanoma cells [30]. In the study of
Imai-Sumida et al. (2017), silibinin significantly suppressed proliferation, migration and invasion, and
induced apoptosis in T24 and UM-UC-3 human bladder cancer cells [31]. Li et al. (2017) showed that
silibinin induced apoptosis in gastric cancer BGC823 cells [32]. Silibinin induced apoptosis in human
choriocarcinoma cells [33]. The anti-cancer effects of SLM and silibinin on salivary gland cancer have
also been reported by Choi et al. (2017) [34]. Chen et al. (2018) showed that taxifolin suppressed the
proliferation of human osteosarcoma cells [35]. Alzaharna et al. (2017) demonstrated that taxifolin
induced apoptosis and autophagy cell death in HeLa cells [36]. The anti-cancer effects of taxifolin on
experimental colon carcinogenesis have also been documented by Manigandan et al. (2015) [37].

Interestingly, the viability, proliferation and apoptotic indexes in healthy cells were not affected
by Nano-SLM. Thus, Nano-SLM has great potential as an adjuvant therapy for clinical application in
colon cancer.

5. Conclusions

In summary, the encapsulation of SLM in micelles can effectively enhance its anti-cancer effects
by activation of apoptosis in HT-29 cells. Future studies are needed to increase our knowledge about
cell death signaling pathways in Nano-SLM-treated cancer cells.
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