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Rosmarinic acid is a bioactive compound that possesses high anticancer activity, but its poor water-solubility and
ineffective membrane permeability are the main causes of low bioavailability. This study aimed to improve these
limitations by encapsulating rosmarinic acid in tetrasulfide-based porous organosilica nanoparticles to deliver it
to cancer cells. To date, no reports on the use of these organosilica nanoparticles as a nanocarrier for rosmarinic
acid. The synthesized nanoparticles were small, approximately 50 nm in size, with a high surface area of around
498.1 m?/g and an average pore diameter of 2.3 nm. Especially, fluorescent-labeled nanospheres were synthe-
sized and further indicated the effective accumulation in the cytosol after 24 h incubation. In addition, the
nanoparticles were non-toxic to human AGS gastric adenocarcinoma cells and mouse CT26 colon cancer cells
within concentrations ranging from 0 to 240 pg/mL. Treatment with nanoparticles containing 140 pg/mL of
rosmarinic acid resulted in the death of approximately 39.2 % of AGS cells and 36.9 % of CT26 cells after 72 h.
Importantly, neither the silica nanospheres nor the rosmarinic acid-containing nanoparticles showed any sig-
nificant toxic effects on HEK-293T and NIH-3T3 fibroblasts at the tested concentrations. These results suggested
that the pharmacological effects of rosmarinic acid can be enhanced by encapsulating it into our novel syn-
thesized biodegradable tetrasulfide-based porous organosilica nanoparticles.

1. Introduction

Rosmarinic acid (RA) is an ester of caffeic acid and 3,4-dihydroxy-
phenyl lactic acid, mostly obtained in plants belonging to the Lam-
iaceae and Boraginaceae families (Gordo et al., 2012). Many researchers
have investigated its precious activities such as anti-inflammatory
(Jiang et al., 2018), antibacterial (Jordan et al., 2012), antioxidant
(Aldoghachi et al., 2021), and anticancer effects. RA affects tumori-
genesis in many ways such as inhibiting tumor cell proliferation (Jang
et al., 2018; Zhang et al., 2018; Shang et al., 2017; Wang et al., 2012),
arresting cell cycle (Yang et al., 2018), and inducing apoptosis in cancer
cells (Jang et al., 2018; Zhang et al., 2018). However, its ineffective
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membrane permeability results in low oral bioavailability and then
limits its application as an anticancer drug (Shang et al., 2017; Wang
et al., 2012; Yang et al., 2018). RA is an ionizable strong acid that in-
fluences its solubility or permeability within body fluids (Casanova
et al., 2016). Through the acidic environment of the gastrointestinal
tract, the stability of RA was significantly reduced (Zoric et al., 2016).

In recent years, new drug delivery systems (DDS) have been applied
to improve the drug’s gastrointestinal and water solubility. RA was
successfully incorporated with chitosan nanoparticles (da Silva et al.,
2016), solid lipid nanoparticles (Madureira et al., 2016), phospholipid
complexes (Huang et al., 2019), or cyclodextrins (Aksamija et al., 2016)
to improve its low bioavailability. Besides these materials,
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biodegradable porous organosilica nanoparticle (NPs) is a remarkable
group of DDS that can be effectively used to encapsulate and deliver
drug molecules (Lee et al., 2019; Shao et al., 2020). Specific charac-
teristics include high specific surface area, good porosity, easy to surface
modification that could increase encapsulation as well as the adjusted
release profile of drug molecules. The fluorescent coating on the surface
of nanoparticles gives it the ability to track in various experiments such
as cellular uptake, and biodistribution in in vivo models (Chakkarapani
et al., 2021). In our previous reports, we synthesized different types of
biodegradable tetrasulfide-based porous organosilica nanoparticles and
evaluated their capacity in loading some anticancer drugs like cordy-
cepin, daunorubicin, and curcumin (Mai et al., 2020; Mai et al., 2021;
Mai et al., 2021). The incorporated tetrasulfide linkers in the framework
responded to redox conditions, high glutathione concentration intra-
cellular in the tumor, and then the particle can be degraded.

In this study, we evaluated the capacity of tetrasulfide-based porous
organosilica nanoparticles to retain the pharmacological effect of RA on
gastrointestinal cancer cells. As with other anticancer drugs, the small
nanoparticles also show high loading capacity toward RA, up to 580.1
mg/g, and specific slow-release performance. Especially, the
fluorescent-labeled NPs are synthesized to evaluate their cellular uptake
in various cancer cells, AGS and CT26. The results identified the cyto-
toxic of RA-loading NPs on human AGS gastric adenocarcinoma cells
and mouse CT26 colon cancer cells. In normal human 293T cells and
mouse 3T3 cells, NPs showed almost no cytotoxicity. This study may
provide new insight into developing a new drug using an anticancer
agent RA that is effectively delivered by nanomaterials in the patient’s
body.

2. Experimental
2.1. Materials

Bis[3-(triethoxysilyl) propyl] tetrasulfide, 1,2-bis(triethoxysilyl)
ethane, rhodamine B isothiocyanate, rosmarinic acid, 3-(trihydrox-
ysilyl) propyl methyl phosphonate, cell Counting Kit — 8 (CCK-8) and
Annexin V-FITC apoptosis detection kit were obtained from Sigma-
Aldrich. Cetyltrimethylammonium bromide (CTAB) was purchased
from Thermo Fisher Scientific. Penicillin/Streptomycin, phosphate-
buffered saline (PBS), fetal bovine serum (FBS), Roswell Park Memo-
rial Institute (RPMI) 1640 medium, and Dulbecco’s modified Eagle’s
medium (DMEM) were obtained from Invitrogen Corporation. Experi-
mental animal cell lines were received from American Tissue and Cul-
ture Collection (ATCC).

2.2. Synthesis of nanoparticles

Tetrasulfide-based nanoparticles are synthesized as the previous re-
ported (Mai et al., 2021). Briefly, a surfactant solution is prepared at
80 °C by combining of CTAB, water, and NaOH 1 M. After that, two
silane precursors, 1,2-bis(triethoxysilyl)ethane (300 pL) and bis[3-
(triethoxysilyl) propyl] tetrasulfide (100 pL), are dropwise added in turn
into the surfactant solution. After 15 min, 3-(trihydroxysilyl) propyl
methyl phosphonate (315 pL) is immediately added to the reaction
mixture to get negatively charged particles. The condensation is kept for
105 min further at 80 °C under continuous stirring. The product is ob-
tained using centrifugation (16000 rpm, 25 °C, 30 min) and washed
twice with EtOH. The residual CTAB is removed by refluxing the ob-
tained powder in NH4NO3/EtOH solution. NPs sample is centrifugated
and washed with EtOH and DI water followed by vacuum activated at
80 °C for 24 h. The Rhodamine B isothiocyanate-labeled NPs were
synthesized by post-synthesized. Briefly, a RITC stock solution was
prepared by stirring overnight (400 rpm, room temperature) a mixture
of RITC (5 mg), ethanol (5 mL), and 3-aminotriethoxysilane (20 pL). 20
mg synthesized-NPs was immersed in 20 mL EtOH and further added 1
mL RITC stock solution. The mixture was stirred for 24 h at room
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temperature. Finally, the fluorescent NPs were collected by centrifuga-
tion and washed several times with water.

2.3. Characterization of nanoparticles

Scanning electron microscope (SEM) images and transmission elec-
tron microscope (TEM) images are obtained using an S4800 microscope
(Hitachi Ltd., Tokyo, Japan) and a JEM-2100 microscope (JEOL Ltd.,
Japan), respectively. Elemental analyses (EA) were performed by using
a Eurovector EA3100 elemental analyzer. A Bruker Vertex 70 FT-IR
spectrometer is used for Fourier transform infrared (FT-IR) spectra.
Thermal gravimetric analysis (TGA) is measured on a Q-500 thermog-
ravimetric analyzer (TA Instruments, Tokyo, Japan). The UV-Vis spectra
were collected on a JASCO V-770 spectrophotometer. The temperature
is increased from room temperature to 800 °C (a heating rate of 5 °C/
minute) under continuous airflow. The Ny adsorption isotherms are
obtained at 77 K via a Quantachrome Autosorb iQ2 (Quantachrome
Instruments, Florida, USA). The measurement is operated using liquid
nitrogen and under ultrahigh-purity-grade N, and He. Dynamic light
scattering were analyzed by Zetasizer Nano ZS (Malvern, UK) to eval-
uate the stability and zeta potential of nanoparticles.

2.4. Drug loading

RA loading experiment is based on the adsorption equilibrium
method (Zhao et al., 2016). NPs are dispersed in 1 mL of RA solution
(0.75 mg/mL). The loading is conducted by stirring at room temperature
for 24 h at 600 rpm. Rosmarinic acid-loaded nanoparticles (RA@NPs)
are collected by centrifugation (14,000 rpm/30 min). The supernatant is
analyzed in high-performance liquid chromatography (HPLC). HPLC is
equipped with a Thermal Scientific Hypersil BDS-C18 column (4.6 x
150 mm, 5 pm) on the Shimadzu LC-40D XR series HPLC systems. The
mobile phase is 92.5 methanol: 2.5 formic acid: 5 water (v/v). The
separation was conducted at 30 °C at 330 nm. The injected volume is 20
pL with a flow rate of 0.75 mL/min.

The RA loading capacity (mg/g) is determined via the following
formulas:

Loading capacity = M

where m, is the initial RA weight (mg); m, is the unloaded-RA weight
(mg); m is the NPs weight (g).

2.5. Invitro drug release

A dialysis bag diffusion technique is applied to evaluate the release
profile (He et al., 2017). Briefly, RA@NPs are dispersed in phosphate-
buffered saline/DMSO (9:1) (pH 5.5 and pH 7.4) and followed by
transferring to a dialysis bag (MW cut off = 14 kDa, Sigma-Aldrich) to be
immersed in respectively release solution. The system is shaken at 37 °C.
The supernatant (200 pL) was taken at the predetermined time intervals
and the fresh solution (200 pL) was supplemented into the system. The
collected supernatants are analyzed using HPLC to determine release
profiles.

2.6. Cell culture

Human gastric adenocarcinoma (AGS, CRL-1739) and mouse colon
carcinoma (CT26, CRL-2638) cell lines are cultured in RPMI 1640 me-
dium. Human embryonic kidney (293T, CRL-3216) and mouse embry-
onic fibroblast (3T3, CRL-1658) cell lines are cultured in a DMEM
medium. The complete culture media are supplemented with 10 % FBS
and 1 % Penicillin/Streptomycin. Cells are routinely maintained in the
log phase in a humidified incubator with 5 % CO3 at 37 C.
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2.7. Cell uptake

For cellular uptake assay, 3x10° cells (AGS or CT26) were prepared
in each well of an 8-well chamber slide overnight. Cells were incubated
with 120 pg/mL of RITC-labeled NPs for 24 h, then fixed with 4%
formaldehyde in PBS. Images were acquired with an Eclipse T12
confocal microscope [Nikon Corp., Tokyo, Japan] with excitation and
emission at 544 nm and 612 nm, respectively.

2.8. Cell viability assay

Measurement of cell viability is determined using CCK-8 assay as
previously described (Mai et al., 2021). Briefly, cells are seeded in 96-
well plates at a density of 3 x 10% cells per well and treated with
different concentrations of test compounds: RA (17.5, 35, 70, and 140
pg/mL), NPs (30, 60, 120, and 240 pg/mL), RA@NPs (contains 17.5, 35,
70, and 140 pg/mL of RA with correlative NPs weight at 30, 60, 120, and
240 pg/mL). The untreated cells are considered as a control group. After
24 h of treatment, cells are washed and further cultured for 48 h in
complete media. Then, 10 pL of CCK-8 solution is added to each well and
incubated for 2 h. The absorbance is measured using a microplate reader
IRE96 (SFRI, France) at 450 nm. All tests are triplicated. The percent of
cell viability ratio (CVR) is calculated based on the following formula:

OD,x100
CVR (%) = O—DU
where ODjs: optical density of sample.

OD,: optical density of control.

To examine the abnormality of cell morphology, cells are visualized
and photographed directly using a phase-contrast inverted microscope
Eclipse TS100 (Nikon Corp., Tokyo, Japan) before performing the CCK-8
assay.

2.9. Annexin V-fluorescein isothiocyante (FITC)/Propidium iodide (PI)
apoptosis assay

Apoptosis assay was performed using an Annexin V-FITC apoptosis
detection kit (Sigma-Aldrich, St. Louis, MO, USA). Briefly, AGS and
CT26 cells were treated with 240 pg/mL of RA@NPs (contains 140 pg/
mL of RA) or 140 pg/mL of RA for 24 h, followed by a 48 h incubation in
new media. The untreated cells are considered as control groups. All
cells were harvested and washed two times with cold PBS. After
centrifugation, the cell pellet was resuspended and stained with 5 uL
Annexin V-FITC and 10 uL PL The flow cytometry analysis was per-
formed within 15 min. The test was duplicated.
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2.10. Statistical analyses

All data are analysed by Microsoft Exel and expressed as mean +
standard deviation (SD). The statistical analyses are carried out by
Anova for comparisons between two samples using GraphPad prism 7
software. The values are considered significant at *P < 0.05, **P < 0.01
and ***P < 0.001.

3. Results and discussion
3.1. Characterization of silica nanoparticles

We synthesized the tetrasulfide-based porous organosilica nano-
particles by the sol-gel method as previous description (Mai et al.,
2021). The morphological uniform nanosized spheres are obtained via
the SEM image with an average particle diameter of about 50 nm
(Fig. 1A). Furthermore, as depicted in Fig. 1B, nanoparticle size is
distributed in a narrow area with an average size of approximately 52
nm. In addition, the TEM images confirmed the spherical particles which
corresponded with SEM images. The particle size is approximately 50
nm (Fig. S1). Furthermore, the shape and size of nanoparticles after
loading with rosmarinic acid drug were not changed (Fig. S1B).

To determine the functional linkers in the nanoparticles, FT-IR
analysis was conducted. It can be seen in Fig. 2A, the very broad peak
around 3460 cm™! corresponded to the hydroxyl group stretching fre-
quency on the surface of silica materials. The successful condensation of
precursors is demonstrated via the Si-O-Si stretching band at
1034-1160 cm ™. The presence of tetrasulfide-linker in the structure is
obtained via the C-S stretching bands at 694 cm™?, respectively. In
addition, NPs showed peaks at 1634 cm ™' which is attributed to O-H
bending vibrations of water molecule on the particles surface. All the
peaks obtained are well matched with previous results (Mai et al., 2020;
Mai et al., 2021).

In addition, thermogravimetric analysis is conducted to further
determine the composition of nanoparticles. It can be seen in Fig. 2B, the
small amount of weight of the particles is decomposed until 100 °C
which is responding to the adsorption of solvent and water in the porous
structures. A large amount of material, nearly 30 %, is strongly
decomposed from 200 to 700 °C. That reduction is responded to the
organic composition, ethane- and tetrasulfide-moieties, in the silica
framework. That confirmed the successful incorporation of biodegrad-
able linkers.

Nitrogen adsorption—-desorption isotherm is obtained to evaluate the
porosity of nanoparticles. The isotherm showed a mesoporous structure
of the nanoparticle due to type IV isotherm (Fig. 2C). Furthermore, the
Barrett-Joyner-Halenda (BJH) average pore diameter and the calculated
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Fig. 1. (A) Scanning electron micrograph of the nanoparticles. (B) Particle size distribution calculated by ImageJ software.
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Fig. 2. Characterizations of nanoparticles. (A) FT-IR spectrum. (B) Thermogravimetric analysis under air condition. (C) nitrogen adsorption-desorption isotherm

under 77 K. (D) Barrett-Joyner-Halenda pore distribution.

Brunauer-Emmett-Teller (BET) surface area of the nanoparticle was
approximately 2.3 nm and 498.1 m?/g, respectively (Fig. 2D). The
performance of nanoparticles is affected by their stability. As shown in
Fig. S2, NPs showed stability with similar particle size and insignificant
differences in count rate. After 6 h, a slight decrease in count rate,
approximately 10 %, indicating the high stability of particles. These
obtained results guarantee the capacity to load drug molecules including
rosmarinic acid.

3.2. The cellular uptake into cancer cells of RITC-labeled NPs

As a property of nanomaterials, the ability of the synthetic 50 nm NPs
to be absorbed into the cell, corresponding to the ability of this material
to deliver drugs into the cell, is a matter of demonstration. NPs were
attached with red luminescent RITC compound to facilitate the obser-
vation of the particles by fluorescence microscopy. Merged confocal
microscopic images of AGS and CT26 cells (Fig. 3) showed that RITC-
labeled NPs 50 nm in size were internalized into cells. Several studies
reported that the MSNs definitely could accumulate in cells (Lu et al.,
2009) by both passive diffusion and active endocytotic pathway, then
distribute freely in cytoplasma or within lysosomal compartments (Zhu
etal., 2013; Lietal., 2016; Hu et al., 2011). Moreover, cellular uptake is
highly particle-size-dependent with the optimal size of particles for cell
uptake being 50 nm (Lu et al., 2009; Jiang et al., 2008).

3.3. Rosmarinic acid loading capacity of nanoparticles and its release
profiles

The RA loading capacity of NPs was evaluated via HPLC analysis.
Results showed that the loading capacity was 580.1 mg/g. It is inter-
esting that the zeta potential of the original nanoparticles was increased
significantly after loading with RA molecules (Fig. 4A). The zeta po-
tential of the negative charge of pristine nanoparticles was around —
24.96 mV. In contrast, its zeta potential is increased to — 13.53 mV
which demonstrated the successful encapsulation of rosmarinic acid into
the structures. We assumed that the hydroxyl group in RA molecules
strongly interacted with the abundant hydroxyl group on the surface of
nanoparticles resulting in the increase of zeta potential.

From the releasing profile in Fig. 4B, the released RA rose stepwise
meantime but in low doses. At the point of 1 h, released RA amounts
were 5.4 % at pH 5.5, 6.4 % at pH 6.4 and 8.0 % at pH 7.4; then reached
about 10.1 %, 10.8 % and 11.0 % at 48 h, respectively. We assumed that
these amounts could be RA which is attached to the nanoparticle sur-
face. Meanwhile, free RA is released higher in the same conditions. The
lower RA amount released from NPs over a long time indicated the ca-
pacity of NPs to prevent RA molecules from early release and then in-
crease their efficiency at the targeted sites. Hence, NPs can safely deliver
drugs in the low pH distributing route of the digestive system or tumor
extracellular space (pH 6.4-7.0), avoiding the loss of a certain drug
amount before its delivery into tumor cells (Hao et al., 2018). These
results indicated the slow-release performance of NPs towards RA
molecules.
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Fig. 3. The uptake of NPs in cancer cells. (A) AGS cells and (B) CT26 cells were cultured with RITC-labeled NPs (100 pg/mL) for 24 h. Bright field (BF), fluorescence
(FL) and merged images were captured by a confocal fluorescence microscope with magnification x600. Scale bar 10 pm.
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Fig. 4. (A) Zeta potential of NPs, RA and RA-loaded NPs. (B) Release profile of RA@NPs at various pH.

3.4. RA@NPs inhibited cancer cell survival

The CCK-8 assay on two cancer cell lines (gastric cancer AGS and
colon cancer CT26) and two normal cell lines (kidney 293T and fibro-
blast 3T3) were performed to evaluate the ability to enhance the activity
of RA-loading silica nanoparticles.

Results showed that the cytotoxicity was induced on AGS and CT26
cell lines treated with either RA or RA@NPs when using drug concen-
trations from 35 ug/mL to 140 pg/mL (Fig. 5A-B). This cytotoxicity was
dose-dependent, in the same manner as other in vitro studies on silica
nanoparticles (Li et al., 2011; Shi et al., 2010; Wilczewska et al., 2012).

Using RA@NPs (140 pg/mL), the minimum percentages of CVR induced
in AGS and CT26 cells were 60.8 % and 63.1 %, respectively.

The cytotoxicity was not seen in NPs-treated groups on all cell types
when using low concentrations (0-60 pg/mL). Higher concentration of
NPs (240 pg/mL) caused a slight decrease in cell survival percentage in
CT26 cells (87.5 & 3.6 %), AGS cells (89.2 & 1.9 %), 293T cells (91.1 +
2.4 %), and 3T3 cells (92.7 £ 3.5 %). The toxicity of silica particles
seems to be dependent on the cell line (Blechinger et al., 2013). Toxicity
studies of nanosilica materials show that toxicity is directly proportional
to material dose and treatment time (Li et al., 2011; Wilczewska et al.,
2012). The longer the contact time, the more the material will increase
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Fig. 5. Cytotoxicity analysis of RA@NPs on cells by CCK-8 assay. (A) AGS cells; (B) CT26 cells; (C) 293T cells; (D) 3T3 cells. Cells were treated with NPs, RA@NPs, or
RA for 24 h and further incubation for 48 h. The experiments are conducted independently three times and data are presented as their mean + SD. P value was

calculated at different doses vs. control. *P < 0.05, **P < 0.01, ***P < 0.001.

the cell-particle interaction and the particle’s cellular uptake capacity.
At a high dose of treatment, the toxicities of 50 nm NPs in two cancer cell
lines were more serious than those in normal cells. Slight toxicity from
other 50 nm silica nanoparticles was demonstrated toward the human L-
02 hepatocytes for 72 h (Lu et al., 2011), in human bronchial epithelial
cell lines (HBEC3-KT and BEAS-2B) with ~ 10-25 % of cell viability (Lédg
et al., 2018), or even no cytotoxicity on primary human umbilical vein
endothelial cells (Corbalan et al., 2011).

In addition, by comparing the CVRs of AGS and CT26 cancer cells
treated with NPs and RA@NPs, we supposed that the effective cyto-
toxicity was generated due to the activity of RA compounds which might
be released from porous pores. For example, in AGS cells, the CVR % of
the NPs-treated group (89.2 %) was higher compared to the CVR% of the
RA@NPs-treated group (60.8 %), as well as in CT26 cells, those values
were 87.5 % (of NPs-treated group) and 63.1 % (of RA@NPs-treated
group).

Noted that the effect of RA@NPs was not as effective as that of RA
(Fig. 5A-B). In AGS cells incubated with 240 pg/mL of RA@NPs (con-
taining 140 ug/mL of RA) or 140 ng/mL of RA, the percentage of alive
cells were 60.8 % and 34.5 %, respectively. Similarly, in CT26 cells
treated with 240 pg/mL of RA@NPs (containing 140 ug/mL of RA) or
140 pg/mL of RA, the CVR% were 63.1 % and 19.7 %, respectively. We
assumed that the Sigma commercial polyphenolic RA compound,
derived from Rosmarinus officinalis L., can be completely soluble in
water up to 1 mg/mL of final concentration and consequently inhibit
cancer cell survival more quickly and effectively at a high concentration
within 72 h. As in this study, although RA@NPs are less cytotoxic than
RA, they have the ability to preserve and release drugs slowly (Fig. 4B),
meeting the standards of a DDS. In this study, we utilized biodegradable

tetrasulfide-linker NPs as carriers in order to stabilize and prolong the
activity of RA, because of their high biocompatibility and low bio-
accumulation as compared with the undegradable nanoparticles
(Croissant et al., 2017). Here, the NPs have been proved to be
completely degraded after 7 days in 10 mM glutathione/PBS solution
(Mai et al., 2021). This biodegradable ability of NPs results from the
cleavage of -S-S- linker in the porous structure (Mai et al., 2020; Chen
et al., 2014; Huang et al., 2017; Huang et al., 2013). The potential to
protect and gradually release RA of NPs might lead to the postponement
in RA activity to suppress the proliferation of AGS and CT26 cells within
72 h of incubation.

Cancer cell survival was also visualized by inverted microscopy
(Fig. 6). At 72 h post-treatment with RA@NPs (240 pg/mL nanoparticles
contain 140 pg/mL of RA) or with RA solution (140 pg/mL), there were
not many adherent living cells with a normal shape attached to the
bottom of the culturing wells. In contrast, many dead cells were usually
suspended in a culture medium and had abnormal morphologies such as
spherical and swelling bodies (yellow arrow), or shrinkage and budding
forms (red arrow), which were considered as apoptotic cells (Lu et al.,
2011; Han et al., 2015).

Moreover, the Annexin V-FITC/PI staining assay revealed the
magnitude of the apoptosis generated by RA and RA@NPs treatment.
The kit uses annexin V combined with FITC to label phosphatidylserine
sites on the membrane surface at early-stage apoptosis and PI for la-
beling cellular DNA in necrotic cells where the cell membrane has been
completely damaged. This combination allows differentiation between
early apoptotic cells (annexin V positive, PI negative), late apoptotic
cells (annexin V positive, PI positive), necrotic cells (annexin V negative,
PI positive) and surviving cells (annexin V negative, PI negative). Almost
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Fig. 6. Cell death morphology visualized under phase-contrast microscope. (A-B) AGS cells and (C-D) CT26 cells were treated with RA@NPs and RA at concentration
of 140 pg/mL for 72 h. Arrows point to dead cells with abnormal morphological changes. Scale bar 100 pm.
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cancer cells were survival in control groups (Fig. 7A, D); meanwhile,
many apoptotic cells could be found in both the RA and RA@NPs treated
groups. The number of AGS cells undergoing apoptosis by RA@NPs and
RA treatment were 43 % and 30.5 % (Fig. 7B-C), respectively, and the
corresponding numbers in CT26 cell apoptosis were 11.7 % and 16.9 %
(Fig. 7E-F). These results demonstrated that the new synthesized
RA@NP materials could induce apoptosis in both AGS and CT26 cancer
cells.

4. Conclusions

The bioavailability of rosmarinic acid - a herbal bioactive compound
- should be enhanced for further medical applications in cancer treat-
ment therapy. Here, we first time incorporated RA into tetrasulfide-
based porous organosilica nanoparticles as a drug delivery system and
examined its anticancer activity in vitro. The synthesized nanoparticle
showed uniform spherical shapes with an average size is around 50 nm.
Their chemical composition and high porosity were also demonstrated.
Especially, fluorescent-labeled NPs were synthesized for evaluating the
cellular uptake of materials. This nanoparticle also expressed a high
loading capacity of rosmarinic acid, reaching 580.1 mg/g with slow-
release profiles. The findings of the apoptosis-related cytotoxic effects
of RA@NPs on AGS and CT26 cell lines offer a promising potential for
the development and application of this material in the medicinal
treatment of gastrointestinal cancer diseases.
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