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Curcumin loaded mesoporous silica: an effective
drug delivery system for cancer treatment+
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David Briones, Antonio Rodriguez-Diéguez,® Chitta Ranjan Patra**® and
Santiago Gémez-Ruiz*“

In the present study, we report the delivery of anti-cancer drug curcumin to cancer cells using meso-
porous silica materials. A series of mesoporous silica material based drug delivery systems (S2, S4 and S6)
were first designed and developed through the amine functionalization of KIT-6, MSU-2 and MCM-41 fol-
lowed by the loading of curcumin. The curcumin loaded materials were characterized with several
physico-chemical techniques and thoroughly screened on cancer cells to evaluate their in vitro drug
delivery efficacy. All the curcumin loaded silica materials exhibited higher cellular uptake and inhibition of
cancer cell viability compared to pristine curcumin. The effective internalization of curcumin in cancer
cells through the mesoporous silica materials initiated the generation of intracellular reactive oxygen
species and the down regulation of poly ADP ribose polymerase (PARP) enzyme levels compared to free
curcumin leading to the activation of apoptosis. This study shows that the anti-cancer activity of curcumin
can be potentiated by loading onto mesoporous silica materials. Therefore, we strongly believe that
mesoporous silica based curcumin loaded drug delivery systems may have future potential applications

www.rsc.org/biomaterialsscience for the treatment of cancers.

Introduction

Curcuma longa has extensively been used as a food additive
and conservant in India, China and other Asian countries.' In
addition, it has been used for domestic remediation in
Chinese medicine for different diseases such as diabetes,
hepatic dysfunctions and other health problems.” For this
reason, during the last decades a high number of studies have
been carried out in order to determine the biological activity
and pharmacological properties of Curcuma longa and its
extracts.” Curcumin is the major curcuminoid and the main
bioactive component of Curcuma longa. It has diverse biologi-
cal applications as an antioxidant, antimutagenic, antidiabetic,
antibacterial, antifungal and especially as an anticancer
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agent.” Curcumin has also been used in clinical trials for the
reduction of the inflammatory processes after surgery.’
Furthermore, earlier reports demonstrate that curcumin is
cytotoxic to various cancer cells through the induction of apop-
tosis and decrease of cell invasiveness of the tumoural area.®
Dose dependent toxicity studies in normal cell lines suggest
that curcumin is well tolerated at high doses without any toxic
effect. However, the administration of curcumin in the human
body as an anti-cancer agent has not been found to be
effective due to its lower systemic bioavailability originating
from its low solubility and instability.” To overcome these
limitations, researchers have been engaged in making
different formulations such as the encapsulation of curcumin
with polymeric nanoparticles or silicalization of curcumin-
loaded solid lipid nanoparticle (SLN)/micelle dispersions,®
metal or non-metal nanoparticles, phospholipids, microemul-
sions or by the preparation of other curcumin analogues.’
Amongst all these approaches, the prevalent one is the
encapsulation of curcumin with nanoparticles. However,
rigorous studies are still needed to evaluate the efficacy and
toxicity of the nanoparticles.'**?

A different approach for developing novel drug-delivery
systems is the use of mesoporous silica materials because of
their interesting properties, such as (i) variable and controll-
able particle sizes ranging from 50 nm to microns that lead to
an easy endocytosis by cells and possess low cytotoxicity,
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(ii) stability to heat, pH, mechanical stress and chemical degra-
dations, (iii) tunable narrow pore size distribution and pore
diameter that lead to a rational loading of different drug mole-
cules, (iv) high surface area which allows a good degree of
drug incorporation and (v) easy functionalization of the exter-
nal and internal surface by different ligands, metal complexes,
biomaterials or other nanostructures.'®” For all these reasons,
silica-based mesoporous materials have been used as drug
delivery vehicles in various biomedical applications, such as
anti-inflammatory, analgesic, bone regeneration and also in
anti-cancer treatments.'%"*

Considering their biomedical applications, the mesoporous
silica materials KIT-6, MSU-2 and MCM-41 have been chosen
as models with high porosity and capacity of loading of curcu-
min in order to study their biological behaviour as drug-delivery
systems, as a first step before a plausible therapeutic appli-
cation. In this context, we have synthesized a series of silica
based mesoporous materials (KIT-6, MSU-2 and MCM-41, with
different particle sizes, pore sizes and morphology), which
have been functionalized with 3-aminopropyltriethoxysilane
(APTES) to give rise to amine functionalized materials (S1, S3
and S5). Further, we have developed S1, S3 and S5 based drug
delivery systems by conjugating them with curcumin, namely
S2, S4 and S6, respectively. All the materials have been charac-
terized by several physico-chemical techniques such as TEM
(transmission electron microscopy), SEM (scanning electron
microscopy), FT-IR (Fourier transform infrared spectroscopy),
TGA (thermogravimetric analysis) and BET (Brunauer—
Emmett-Teller) analysis. Release kinetic studies with the cur-
cumin loaded mesoporous materials (S2, S4 and S6) reveal a
slow and sustained release of curcumin under physiological
conditions (pH: 7.4). The in vitro cell culture study of the
synthesized materials shows that all of them are biocompatible
for normal cell lines (NIH-3T3 and CHO). However, the
curcumin loaded mesoporous silica materials, especially S4,
are found to be cytotoxic towards different cancer cells (A549,
MCF-7 and SKOV3) compared to free curcumin. The generation
of intracellular ROS (O, ") and the down regulation of PARP
expression levels leading to the activation of apoptosis have
been found to be the molecular mechanisms behind the anti-
cancer potential of curcumin loaded mesoporous silica
materials. In addition, although some studies using APTES as an
immobilizing agent have been previously reported, no materials
have been published to date with the combination of APTES-cur-
cumin and all the spectroscopic and biological data of the final
materials S2, S4 and S6 are new. These results show the future
potential applications of mesoporous silica-based materials as
drug delivery systems for the treatment of several tumours.

Experimental section
Chemistry

General remarks on the synthesis of the materials. The syn-
thesis of the materials was performed under dry nitrogen gas
using standard Schlenk techniques and a dry box. Solvents
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were distilled from the appropriate drying agents and degassed
before use. Tetraethyl orthosilicate (TEOS) 98% (MW = 208.33,
d = 0.934 g mL™"), dodecylamine (DDA) 98% (M = 185.36),
poly(ethylene glycol)-block-poly( propylene glycol)-block-poly-
(ethylene glycol) (M,, = 5800; d = 1.019 ¢ mL™") and Tergitol®
NP-9 (MW = 616.82) were purchased from Sigma-Aldrich and
were used without further purification. Water (resistance
18.2 MQ cm) used in the preparation of materials was
obtained from a Millipore Milli-Q-System (Billerica, MA, USA).
Curcumin (95% purity) was purchased from Alfa Aesar and
used without further purification.

General remarks on the characterization of the
materials. "H MAS NMR (4 ps 90° pulse, spinning speed of
9 MHz, pulse delay 2 s), *C-CP MAS NMR (4.40 ps 90° pulse,
spinning speed of 6 MHz, pulse delay 2 s) and *°Si MAS NMR
(8 ps 90° pDa, spinning speed of 6 MHz, pulse delay 10 s)
spectra, were recorded on a Varian-Infinity Plus Spectrometer
at 400 MHz operating at 100.52 MHz proton frequency. X-ray
diffraction (XRD) patterns of the silicas were obtained on a
Philips Diffractometer model PW3040/00 X’Pert MPD/MRD at
45 KV and 40 mA, using wavelength Cu Ka (1 = 1.5418 A).
IR spectra were recorded on a Thermo Nicolet Avatar 330 FTIR
spectrophotometer pressing ca. 1 mg of material on a ZnSe
crystal at 11 psi. The thermal stability of the modified
mesoporous silicas was studied using a Setsys 18 A (Setaram)
thermogravimetric analyzer and a platinum crucible of 100 pL.
A synthetic air atmosphere was used and the temperature
increased from 25 °C to 800 °C at a speed of 5 °C per min.
N, gas adsorption-desorption study was performed using a
Micromeritics ASAP 2020 analyzer. Scanning electron micro-
graphs and the morphological analysis were carried out on a
XL30 ESEM Philips with an energy dispersive spectrometry
system (EDS). The samples were treated with a sputtering
method with the following parameters: sputter time 100 s,
sputter current 30 mA, film thickness 20 nm using a sputter
coater BAL-TEC SCD 005. Conventional transmission electron
microscopy (TEM) was carried out on a TECNAI 20 Philips,
operating at 200 kV. SEM images were taken in solid state
(without any previous dispersion step) and TEM images were
taken just after a very short dispersion in acetone and
ultrasounds (to prevent the release of curcumin) and
subsequent vacuum treatment, so aggregates of particles are
very common when analysing the systems in the solid state.

Preparation of template materials

Preparation of KIT-6. The large pore 3D (la3d) cubic silica
mesostructure, designated as KIT-6, was prepared using
Pluronic P123 (EO,,PO,,EO,,) template as a structure directing
agent and tetraethyl orthosilicate (TEOS) as the silica precursor
according to the previous report.'! In a typical synthesis, 30 g
(5.15 mmol) of P123 and 30 g of n-butanol (0.905 mol) were
mixed with 1350 g (75 mol) of distilled water and 57.0 g
(0.575 mol) of concentrated hydrochloric acid (37 wt% HCI).
To this mixture, 64.5 g (0.305 mol) of TEOS were added. The
mixture was then stirred at 45 °C for 24 hours to allow the
formation of the mesostructured product. Subsequently, the
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reaction mixture was heated for 24 hours at 95 °C under static
conditions for hydrothermal treatment. The solid product was
then filtered, washed several times with deionized water and
dried at 100 °C. Finally, the sample was calcined at 550 °C for
48 hours to remove the template. Textural properties: Sger:
700 m® g~ Vj: 0.60 cm® g7, d,: 76.2 A.

Preparation of MSU-2. A mesoporous silica of the MSU-X
family (MSU-2-type) was prepared using the synthetic method
reported previously.'> MSU-2 was synthesized by a two-step
process: firstly TEOS was added to a stirring 0.08 M (pH 4.8)
solution of Tergitol® NP-9 in Milli-Q water at room tempera-
ture to obtain a milky suspension (TEOS-surfactant solution
molar ratio of 8/1). The resulting suspension was then aged
without agitation for 20 hours to give a clear solution. In the
second step, a 0.24 M sodium fluoride solution was added
drop wise with stirring to the TEOS-surfactant solution to
obtain a NaF/TEOS molar ratio of 0.025/1. The solution were
placed in a bath with agitation at 55 °C for 48 hours. The final
product was filtered off, washed with Milli-Q water and air-
dried at 100 °C for 4 hours. Finally, the surfactant was
removed by calcination in air at 600 °C for 12 hours. The
surface was then dehydrated under vacuum (10~> mmHg) for
16 hours at 250 °C, cooled and stored under dry nitrogen.
Textural properties: Sger: 843 m® g5 Vj: 0.97 em® g5 dpy: 51.1 A,

Preparation of MCM-41. MCM-41 was prepared according to
the method of Landau et al. using hydrothermal synthesis."?
The material was subsequently dehydrated under vacuum
(107> mmHg) for 16 hours at 200 °C, cooled and stored under
dry nitrogen. Textural properties: Sggr: 1117 m?> g% V:
1.12 em® g7 dp: 29.6 A.

Preparation of amine functionalized materials

Preparation of S1 (KIT-6-AP). A solution of 3-aminopropyl-
triethoxysilane (5.80 mL, 22.6 mmol) in toluene (100 mL) was
added to dehydrated KIT-6 (5.00 g) and the mixture was stirred
for 48 hours at 100 °C. The slurry was filtered through fritted
discs and the solid residue was washed with toluene (5 x
200 mL), ethanol (5 x 200 mL), methanol (5 x 200 mL) and
diethyl ether (5 x 200 mL). The resultant solid was dried under
vacuum at room temperature for 24 hours to obtain a white
free flowing powder. Textural properties: Sger: 130 m* g% Vj:
0.20 cm® g7'; dp: 62.5 A.

Preparation of S3 (MSU-2-AP). S3 was prepared using the
same procedure for the preparation of S1. 3-Aminopropyl-
triethoxysilane (5.80 mL, 22.6 mmol) in toluene (100 mL),
MSU-2 (5.00 g). Textural properties: Sger: 470 m> g~ Vp:
0.67 cm® g™'; dpr: 39.5 A.

Preparation of S5 (MCM-41-AP). S5 was prepared using the
same procedure for the preparation of S1. 3-Aminopropyl-
triethoxysilane (5.80 mL, 22.6 mmol) in toluene (100 mL),
MCM-41 (5.00 g). Textural properties: Sppr: 650 m”> g% Vp:
0.25 cm® g7'; dpr: 18.3 A.

Preparation of curcumin loaded materials

Preparation of S2 (KIT-6-AP-CUR). A solution of curcumin
(0.63 g, 2.40 mmol) (to obtain a theoretical level of 20% cur-
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cumin/S1) in ethanol (100 mL) was added to S1 (2.50 g) and
the mixture was stirred under reflux conditions for 48 hours.
The slurry was filtered through fritted discs and the solid
residue was dried under vacuum at room temperature for
24 hours to give a pale orange free flowing powder. Textural
properties: Sger: 20 m> g% Vp: 0.04 em® g7 dpy: <18 A,
Preparation of S4 (MSU-2-AP-CUR). S4 was prepared using
the same procedure for the preparation of S2. Curcumin
(0.63 g, 2.40 mmol) (to obtain a theoretical level of 20% cur-
cumin/S3) in ethanol (100 mL) and S3 (2.50 g). Textural
properties: Sgert 425 m* g~ V,,: 0.49 cm® g7 dyy: 35.4 A,
Preparation of S6 (MCM-41-AP-CUR). S6 was prepared using
the same procedure for the preparation of S2. Curcumin
(0.63 g, 2.40 mmol) (to obtain a theoretical level of 20% cur-
cumin/S5) in ethanol (100 mL) and S5 (2.50 g). Textural
properties: Sger: 414 m* g~ V,,: 0.17 em® g7 dy: <18 A

Release studies in biological conditions

The curcumin release from the materials in biological con-
ditions was carried out in a blood simulated fluid (tris buffer:
pH 7.4)."% 5 mL of the mixture of aqueous buffer: ethanol
(95: 5; v/v) was added to 10 mg of the studied materials. These
suspensions were incubated at 37 °C in a water bath for
different time periods up to 240 hours. The suspension was
then centrifuged and filtered through a nylon filter (0.45 pm)
and the filtrate was diluted to the working concentration with
ethanol. The quantification of the curcumin was immediately
carried out measuring the absorbance of the solutions using
UV-Visible spectroscopy at Ama,y of 428 nm.

Biology

Materials and methods. Dulbecco’s modified eagle medium
(DMEM), Dulbecco’s phosphate buffered saline (DPBS), fetal
bovine serum (FBS), penicillin/streptomycin, dihydroethidium
(DHE), propidium iodide, Hoechst-33258 and BCIP-NBT pre-
mixed were purchased from Sigma-Aldrich, USA. DMSO
(99.7%) and MTT reagents were purchased from Alfa Aesar.
Anti-PARP monoclonal antibody and anti GAPDH antibody
were purchased from Abcam and Santa Cruz Biotechnology,
respectively. The human breast cancer cell line (MCF-7),
human lung cancer cell line (A549), human ovarian cancer cell
line (SKOV3) and Chinese hamster ovary cell line (CHO) were
purchased from American Type Culture Collection (ATCC),
Manassas, VA. NIH-3T3 cells were obtained from NCCS, Pune.

Stock suspension preparations. The main stock suspensions
of 8$1-86 and curcumin (20 mg mL™") were prepared in DMSO.
Freshly prepared stock suspensions were used for all cell
culture experiments.

Cell culture experiments. Human lung adenocarcinoma cell
line (A549), human breast cancer cell line (MCF-7), human
ovarian cancer line (SKOV3), Chinese hamster ovary cell line
(CHO) and mouse embryonic fibroblast cell line (NIH-3T3)
were maintained in DMEM complete media in a humidified
5% CO, incubator at 37 °C.

Cell viability assay. Cell viability assay using MTT reagent is
a colorimetric method where the yellow coloured (3-(4,5-di-
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methylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) dye
reduces into purple coloured formazan crystals by mitochon-
drial dehydrogenase enzymes. This assay has been used to
determine the cytotoxic nature of drugs. In the present study
10 000 cells per well were seeded into 96 well plates and incu-
bated for 24 hours. Then the cells were treated with different
materials in a dose dependent manner (considering the
loading of curcumin on the material) for a further 48 hours.
All the materials were irradiated under UV light prior to treat-
ment. After 48 hours, 100 pL of MTT reagent (0.5 mg mL™")
was added to each well of the plate by replacing the old media
and incubated in the dark for 4 hours. The in situ formed for-
mazan dye was then solubilized by DMSO-methanol (1 :1; v/v)
solvent mixture and kept on the shaker for homogeneous
mixing for a few minutes. The absorbance of the purple colour
dye developed was measured in a micro plate reader (ELx 800
MS) at 570 nm. All the experiments were carried out in tripli-
cate and the results were expressed as normalized viability.

Kinetics of cellular uptake of curcumin loaded mesoporous
silicas. In order to understand the cellular uptake efficacy of
curcumin loaded mesoporous silicas, a kinetic study was per-
formed. A549 cells were cultured in 24 well plates and treated
with S2, S4 and S6 (10 pM with respect to curcumin). The
green fluorescence images were acquired using a Nikon fluo-
rescence microscope (Agx = 485 nm; Agy, = 529 nm) after 6 and
12 hours of treatment after thorough washing of cells with DPBS.

Analysis of internalization of curcumin loaded mesoporous
silica materials by flow cytometry. To show further evidence of
cellular internalization of the curcumin loaded material S4,
flow cytometry study was carried out in A549 cells. The cells
were cultured in 60 mm dishes and incubated with S4 (10 uM
with respect to curcumin) for 12 hours. After trypsinizing the
cells, they were fixed in 70% ethanol and washed twice with
DPBS. The samples were then analysed in FACScan flow
cytometer (BD bioscience) under a FITC channel.

Analysis of cellular internalization of mesoporous silica
through ICP-OES. In order to show the cellular internalization
of mesoporous silica in cancer cells the ICP-OES method was
employed. A549 cells were grown in T75 culture flasks and
incubated with all S1-S6 materials for 6 hours. After the incu-
bation period, the cells were washed thoroughly with DPBS
and trypisinized. The total number of cells was counted using
a haemocytometer and the cell suspension was digested in
nitric acid for 48 hours. The cell digest was submitted for
ICP-OES analysis for the assessment of the internalized silica
content in A549 cells. The results were expressed as silicon
content as nanogram/live cell.

Cell migration inhibition assay. In order to assess the effect
of curcumin-loaded mesoporous silica on the cellular
migration as well as growth rate inhibition, a cell scratching
assay was performed. The cultured A549 monolayer was
scratched with the sterile edge of a plastic tip and washed with
DPBS for two times. Then the cells were treated with S4 (10 uM
with respect to curcumin) and curcumin (10 pM) for up to
12 hours. The cell migration was analyzed by capturing bright
field images of cells for different time periods.

This journal is © The Royal Society of Chemistry 2016
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Determination of intracellular superoxide anion radical.
The determination of intracellular superoxide anion radical
was carried out according to our standard protocol.**” In brief,
A549 cells (2 x 10* cells per mL) were seeded in a 24 well plate
for 24 hours. Then the cells were incubated with $1-S6 (10 pM
with respect to curcumin) and curcumin (10 uM) for a further
48 hours. After that, the cells were washed several times with
DPBS and incubated with 10 puM of dihydroethidium (DHE) for
15 minutes in the dark. The cells were again thoroughly
washed with DPBS and observed by fluorescence microscopy.
The red fluorescence (Agy, = 610 nm) images were collected
using a Nikon fluorescence microscope after excitation at Agy =
535 nm.

Quantification of ROS through flow cytometry. Intracellular
ROS was measured using the flow cytometry technique in A549
cells. The cells were seeded in 60 mm dish until 70% conflu-
ent. The cells were then treated with S1-S6 (10 pM with respect
to curcumin) materials and incubated for 24 hours. After that,
the cells were washed thoroughly with DPBS 3 times and incu-
bated with DHE fluorescent dye (10 pM) for 15 minutes in the
dark. After the incubation period, the cells were thoroughly
washed with DPBS to remove the excess dye. All the cells were
trypsinized and analyzed under the PE channel in the FACS
machine.

Poly ADP ribose polymerase (PARP) analysis by western blot-
ting. Western blot analysis was carried out in A549 cells to
analyse the expression of PARP enzyme levels upon treatment
with S3, S4 (10 uM with respect to curcumin) and curcumin
(10 uM) for 48 hours. The cells were then lysed and proteins
were extracted using RIPA (radio immune precipitation assay)
buffer solution with a protease inhibitor cocktail. The lysate
was centrifuged at 10 000 rpm for 10 minutes at 4 °C and the
supernatant obtained was used for the immunoblot pro-
cedures. Protein estimation was carried out using the Bradford
assay method and equal concentrations of protein samples
were loaded in 8% denaturing sodium dodecyl sulfate poly
acrylamide gel. After electrophoretic separation of the proteins,
they were blotted on the nitrocellulose membrane and blocked
in 5% BSA solution for 2 hours. The membrane was incubated
with anti-PARP monoclonal primary antibody and anti GAPDH
primary antibody in a TBST (Tween-20 (TBS-T; 10 mM Tris,
pH 7.5, 150 mM NaCl, 0.05% Tween-20)) solution (dilutions
were followed according to manufactures instructions) for
2 hours at room temperature. The membrane was then washed
in the TBST solution twice and incubated with the secondary
antibody (conjugated with alkaline phosphatase) for 1 hour
at room temperature. The blot was developed using the
BCIP-NBT solution in the dark.

Analysis of DNA damage by Hoechst-33258-PI double stain-
ing. Hoechst-33258 and PI staining dyes were used to analyse
the DNA damage induced by S4 material. A549 cells were
cultured in a 24 well plate (10 000 cells per well) and incubated
with S4 (10 pM with respect to curcumin) and curcumin
(10 pM) for 24 hours. The cells were then washed and fixed in
a 4% formaldehyde solution for 5 minutes and permeabilised
with 0.05% triton-X for 10 minutes. A Hoechst-33258-PI stain-
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ing solution (containing RNase) was added to the cells and
incubated for 30 minutes in the dark. Cells were then washed
3 times with DPBS and observed by fluorescence microscopy.
The red fluorescence (Agym = 610 nm) images were collected
using a Nikon fluorescence microscope after excitation at Agy =
535 nm. The blue fluorescent images (lgm = 485 nm) of the
Hoechst stained nuclei were obtained after excitation at (1g) at
380 nm.

Results and discussion
Chemistry

Synthesis and amine functionalization of mesoporous silica
materials. The curcumin-loaded silica materials were syn-
thesized using KIT-6,"* MSU-2 "> and MCM-41 "> mesoporous
silicas as the host materials, according to earlier reports.

Porous materials can usually be impregnated simply in a
concentrated solution of the cargo even without functionali-
zation. However, direct impregnation of curcumin on the host
materials KIT-6, MSU-2 and MCM-41 under different reaction
conditions does not yield high loading contents of curcumin
on the materials.

According to previous studies'** of the betulinic acid loaded
MCM-41 system, the functionalization of the material MCM-41
with amine groups increased the loading content of betulinic
acid by the formation of weak intermolecular forces between
the amine group of the functionalized materials and the polar
groups of betulinic acid.

Additionally, amine functionalized materials have pre-
viously been synthesized for a wide range of applications."®
Following the reported protocols,"** the grafting reactions of
3-aminopropyltriethoxysilane (APTES: AP) with the host
materials KIT-6, MSU-2 and MCM-41 were carried out to give
rise to the amine functionalized materials S1 (KIT-6-AP), S3
(MSU-2-AP) and S5 (MCM-41-AP), respectively (Scheme 1).

Loading of curcumin on amine functionalized mesoporous
silica materials. Subsequently, materials S1, S3 and S5 were
refluxed with curcumin in ethanol solvent for 48 hours under
nitrogen atmosphere to form curcumin loaded amine functio-
nalized mesoporous silica materials S2 (KIT-6-AP-CUR), S4
(MSU-2-AP-CUR)and S6 (MCM-41-AP-CUR), respectively (in a
quantity to give a theoretical 20 wt% ratio) (Scheme 1). These
materials were then filtered and dried for 24 hours under
vacuum at room temperature. In this case, no washing treat-
ment was carried out to avoid leaching of the adsorbed
curcumin.

Characterization of mesoporous silica materials. To confirm
the mesoporous properties of the host materials, a nitrogen
adsorption-desorption study'® was first carried out (Table 1).
The results showed that the materials KIT-6, MSU-2 and
MCM-41 possessed very regular pore diameters of 76.2, 51.1
and 29.6 A respectively, and a very high BET surface area of
700, 843 and 1117 m”> g ', respectively (Table 1). The
functionalization of the host materials with aminopropyl
groups was identified by the decrease in their pore size and
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Mesoporous silica Aminopropyl triethoxysilane

Amine functionalized me?norous silica

~o . 9
S5 NN sio. ; :
\/O'SI NHZ 100 °C, 48 h s:o>SI'O—Sl/\/\NH7
N /%
N 2—oH Si0 §

Si0=Si—0
] SI0/:  s1(kiT-6)
: SiO ; 2 (MSU-2)
MCM-41 $3 (MCM-41)
Curcumin
O OH
> el 590
7
HO 0 O OH

Curcumin loaded
Amine functionalized
mesoporous silica

| ¥ H o>
/N‘N S H N‘N\’\_é'

o’ 2 (KIT-6)
4 (MSU-2)
6 (MCM-41)

Scheme 1 Synthesis of mesoporous silica based materials S1-S6.
Amine functionalization of starting materials KIT-6, MSU-2 and MCM-41
with 3-aminopropyltriethoxysilane (APTES) generates S1, S3 and S5. The
reaction of these materials with curcumin under nitrogen atmosphere
forms the curcumin loaded materials S2, S4 and S6, respectively.

Table 1 Textural properties of S1-S6 materials

Description SBET Vp dp

Materials  of materials (m?>¢g™) (em’g™) (A)

KIT-6 Mesoporous silica-1 700 0.60 76.2

S1 Functionalized-KIT-6 130 0.20 62.5
(KIT-6-AP)

S2 Curcumin loaded-S1 20 0.04 <18
(KIT-6-AP-CUR)

MSU-2 Mesoporous silica-2 843 0.97 51.1

S3 Functionalized-MSU-2 470 0.67 39.5
(MSU-2-AP)

sS4 Curcumin loaded-S3 425 0.49 35.4
(MSU—Z-AP—CUR)

MCM-41  Mesoporous silica-3 1117 1.12 29.6

S5 Functionalized-MCM-41 650 0.25 18.3
(MCM-41-AP)

S6 Curcumin loaded-S5 414 0.17 <18

(MCM-41-AP-CUR)

BET area as observed in the nitrogen sorption isotherms of the
materials S1 (Fig. S17), S3 (Fig. 1a) and S5 (Fig. S21) compared
to the corresponding host materials (Table 1).

It is important to mention that the isotherm of material S1
(Fig. S1t) changes to a type III isotherm after loading with cur-
cumin (S2) with a very thin hysteresis loop which is indicative
of a microporous or non-porous material, suggesting that
physisorption of curcumin may completely block the pores of
the system."' It is noteworthy that hysteresis loop in materials
S1 and S6 was not closed. However, for both materials, the
desorption curve is very close to that of the adsorption at very
low relative pressures. The very low difference in the desorption
step is not significant to be considered as a different behaviour
in nitrogen desorption. In addition, after functionalization
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Fig. 1 (a) Nitrogen adsorption—desorption isotherms of materials S3
and S4. (b) 33C-CP MAS NMR spectra of materials S$1 and S2. (c) 2°Si MAS
NMR spectra of materials KIT-6, S1 and S2. (d) Thermogravimetric analy-
sis of materials S1-S6.

either with APTS or with curcumin all the materials showed a
decrease of the surface area which is higher in ratio in the case
of KIT-6-based materials, as is expected due to the higher
number of silanol groups in their structure.'*”

The unmodified KIT-6, MSU-2 and MCM-41 displayed X-ray
diffractions (XRD) which were typical for the mesoscopic order
of mesoporous materials (Table 2). The result showed a well-
resolved pattern at low 20 with a very sharp diffraction peak for
KIT-6, MSU-2 and MCM-41 at 0.9, 1.4 and 2.2°, respectively.
These characteristic Bragg’s peaks correspond to reflections
from the (100) plane in MSU-2 and MCM-41 and the (211)

Table 2 Interplanar distances, peak positions, size and charge of the
materials

Material  hkl  20(°) daoo)(A)  ao(A) Size (nm) Charge (mV)
KIT-6 211 0.9 97.3 1124 — —

S1 211 0.9 97.0 112.0 5577 -9.36

S2 211 0.9 96.7 111.8 1983 -18.3
MSU-2 100 1.4 62.1 71.7 — —

S3 100 1.3 68.1 78.6 3781 -0.799

S4 100 1.3 66.2 76.5 1915 7.16
MCM-41 100 2.2 39.5 456 — —

S5 100 2.4 37.2 42,9 2124 12.3

S6 100 2.3 37.9 439 1233 —23.2
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plane in KIT-6. In addition, the MCM-41 diffractogram showed
a weak peak at 3.9° which corresponds to reflections from the
(110) planes.

A significant decrease in the intensity of the diffraction
peaks was also observed after the loading of curcumin com-
pared to the amine functionalized materials. This is due to the
blocking of the dispersion centres by the organic fragment (AP
and/or curcumin) for diffractograms of mesoporous silica
materials (Fig. S3-S67).

The incorporation of the 3-aminopropyl group was also con-
firmed by multinuclear MAS NMR spectroscopy. The "*C-CP
MAS NMR spectrum of S1 (Fig. 1c) showed a set of five signals
between ca. 10 and 60 ppm corresponding to the three carbon
atoms of the methylene groups of the alkyl chain of AP along
with two intense signals corresponding to the carbon atoms of
the ethoxy moieties. On the other hand, the *C-CP MAS NMR
spectrum of the curcumin loaded material S2 (Fig. 1c) showed
the appearance of two new broad signals of low intensity at
around 50 ppm, corresponding to the methoxy carbon atoms
of the curcumin and a set of new signals between 100 and
200 ppm assigned to the sp® carbon atoms (aromatic and
carbonyl) of the molecule. Similar results could be anticipated
for the other set of materials (S3-S4; S5-S6).

The amine-functionalization of silica materials was
confirmed by *°Si MAS NMR spectroscopy. The mesoporous
silica materials exhibit typical Q% Q* and Q" peaks in the
*Si MAS NMR spectra'’ as observed in the case of host
material KIT-6 (Fig. 1b).

On the other hand, the *°Si MAS NMR spectrum of S1
(Fig. 1b) showed a substantial decrease in the intensity of Q?
and Q’ sites in comparison to that of the host material KIT-6.
The spectra of S1 also exhibited the appearance of two
additional peaks of low intensity at ca. —55 and —66 ppm
corresponding to the T? ((SiO),SiOH-R) and T ((Si0);Si-R)
sites, respectively, which come from the functionalization with
the 3-aminopropyltriethoxysilane. Further, the curcumin
loaded material S2 (Fig. 1b) showed slight differences in their
*%Si MAS NMR spectra compared to the spectrum of S1
(Fig. 1b). Similar results could be expected for the other set of
materials (MSU-2, S3 and S4; MCM-41, S5 and S6, see Fig. S7
and S8t). The results altogether suggest an amine functionali-
zation in the corresponding host materials.

In the FT-IR spectra of S2, S4 and S6 some typical bands
corresponding to the curcumin loading were observed with
special importance at ca. 1520 cm™', which can be attributed
to the carbonyl groups of curcumin (Fig. S9-S117).

The quantity of organic groups attached to the material was
determined by TGA and elemental analysis leading to an
amine functionalization of 9.1, 8.5 and 11.0 wt% for the
materials S1, S3 and S5, respectively (Table 3). Furthermore, in
order to determine the N%, an elemental analysis was carried
out on the materials S1, S3 and S5 (Table S1, Fig. 1d and
S12t). Analyzing the elemental analyses data, it was found that
the experimental and calculated N% are very similar to the
functionalization rates (in mmol of compound per gram of
material and in wt%). However, the C% showed that the
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Table 3 Curcumin content measured by TGA

% weight loss % weight loss %

Material (20-100 °C) (100-600 °C) curcumin
S1 3.62 9.08 —

S2 3.28 11.76 2.68

S3 2.93 8.46 —

S4 2.32 14.34 3.56

S5 5.31 11.00 —

S6 3.75 14.58 3.58

functionalization reaction of APTES occurred through the
elimination of only two ethanol molecules while one ethoxy
group was retained on the supported amino ligand
(Scheme 1). The TGA and elemental analysis results also
showed that the loading contents of curcumin in S2, S4 and S6
materials were ca. 2.7, 3.6 and 3.6%, respectively (Table 3,
Fig. 1d and S127). Thus, the encapsulation efficiency of each
of the studied materials S2, S4 and S6 were found to be 13.4,
17.8 and 17.9%, respectively.

Finally, the mesoporous silica based materials were charac-
terized by SEM and TEM. The SEM image of KIT-6 showed that
this material (solid state) does not a well-defined particle shape
and forms aggregates of microns (5.4 + 2.2 pm) while the SEM
image of MCM-41 showed that it consists of hexagonal or
quasi-spherical particles of size ca. 700 nm (708 + 157 nm)
(Fig. S131). On the other hand, the particle size of MSU-2 is
found to be 439 + 97 nm, as observed from the SEM images
(calculated using Image J analyzing software) of the material
(Fig. S137).

The TEM images of KIT-6 and MCM-41 show the ordered
arrangements of the pores while in the case of MSU-2 a dis-
ordered arrangement of the pores was observed (Fig. S147).
The curcumin loaded materials S2, S4 and S6 were also charac-
terized by SEM and TEM, which showed that they maintained
their original morphology, particle size and arrangement, and
pore distribution (Fig. 2) with respect to the host materials
KIT-6, MSU-2 and MCM-41. Additionally, a dynamic light scat-
tering (DLS) study was carried out with all S1-S6 materials and
the results are shown in Table 2 and in Fig. S15-S20.}

Release kinetic study of curcumin from curcumin loaded
silica materials. The release kinetic study of curcumin was
carried out in a blood simulated fluid (Tris-HCl: pH7.4). The
curcumin-loaded materials S2, S4 and S6 were incubated in
Tris-HCI buffer at 37 °C up to different time points. The incu-
bated solutions were then filtered and the content of curcumin
present in the filtrate was determined using UV-visible
spectroscopy (see Experimental section).

The results suggested that the release of curcumin was
higher in the case of S6 compared to that of S2 and S4
(Fig. 3). It was observed that S6 released 1.8 ppm curcumin at
pH 7.4 (corresponding to 2.3 wt% loaded curcumin) after
240 hours. On the other hand, materials S2 and S4 released
less quantity of curcumin (0.4 and 0.8 ppm corresponding to
0.8 and 1.1 wt% of the loaded curcumin, respectively) into
the studied medium after 240 hours. In a direct comparison
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Fig. 2 Electron microscopy images of materials S2, S4 and S6. The SEM
images show that the morphology and arrangement of the materials are
maintained as in the corresponding starting materials. TEM images
exhibit pore arrangements of the materials similar to those found in the
starting materials.
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Fig. 3 Release study of curcumin present in S2, S4 and S6 in Tris-HCl
(pH 7.4). The results show the slow and sustained release of curcumin
from the materials. The error bars are omitted for clarity.

between materials S6 with the other curcumin loaded
materials (S2 and S4), S6 seems to present a slightly faster
release which might be a consequence of the higher loading of
curcumin in the external surface area of S6 compared to that
of S2 and S4.

Biology

Cell viability assay (MTT assay). MTT assay is a well-
established method to evaluate the in vitro cytotoxicity of
materials.'® It is well known that mesoporous silica materials
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Fig. 4 Cell viability assay in normal cells (CHO and NIH-3T3) using MTT
reagent. This study shows that all the materials including curcumin do
not inhibit the viability of non-cancerous CHO (a) and NIH-3T3 (b) cells,
suggesting their biocompatible nature. Numerical values represent the
concentration of the silica materials in pM (with respect to curcumin).
*P < 0.05, **P < 0.005 compared to control.

are biocompatible in normal cells.'® The cytotoxicity profiles
of materials S1-S6 (0.1-10 pM with respect to curcumin) were
analysed in CHO (Fig. 4a) and NIH-3T3 (Fig. 4b) normal cell
lines employing the MTT assay. The results demonstrated that
the viability of the normal cells was not affected in the pres-
ence of the materials, indicating their biocompatible nature.

Further, cell viability assay was also carried out in different
cancer cell lines, such as A549, MCF-7 and SKOV3. The results
showed that all the curcumin loaded materials (S2, S4 and S6)
were cytotoxic in A549 (Fig. 5a) and SKOV3 (Fig. 5b) cells com-
pared to the free curcumin. However, only the S4 material
showed significant cytotoxicity in MCF-7 cells (Fig. 5¢), which
may be due to the enhanced uptake of S4 in cancer cells com-
pared to other curcumin loaded materials (S2 and S6). The
amine functionalized mesoporous silica materials (S1, S3 and
S5) also exhibited a slight cytotoxicity in the respective cancer
cell lines, which may be due to the functionalization effect
which corroborates the earlier reports.>°

It has previously been reported that curcumin demonstrates
a dual nature to be both a neuroregenerative agent in endogen-
ous neural stem cells (NSC)*" as well as a cytotoxic agent in
cancer cells,” demonstrating its versatile properties in
different cell types. Similarly, in the present study, the results
indicated that the curcumin present in the mesoporous
materials (S2, S4 and S6) were biocompatible in normal cells
and cytotoxic in cancer cells. Our results have further been
evidenced by an earlier study”® that showed a greater curcumin
uptake in cancer cells compared to normal NIH 3T3 cells,
which may be the reason for the biocompatibility of curcumin
present in mesoporous materials in normal cells and its
cytotoxicity in cancer cells. These results altogether suggest
that the curcumin loaded materials, especially S4, enhance
the bioavailability of curcumin by partially overcoming the
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Fig. 5 Cell viability assay in cancer cells (A549, MCF-7 and SKOV3)
using MTT reagent. All the curcumin loaded silica nanomaterials
(especially S4) show better cytotoxic responses compared to that of free
curcumin in A549 (a), MCF-7 (b) and SKOV3 (c) cancer cells. Free cur-
cumin (1 and 10 pM) and DMSO have been used as the positive control
and vehicle control experiment, respectively. Numerical values represent
the concentration of the silica materials in pM (with respect to
curcumin). *P < 0.05, **P < 0.005 compared to control.

problems associated with the low systematic bioavailability of
curcumin originating from its low solubility and instability,
indicating the future potential application of mesoporous
silica materials as curcumin drug delivery vehicles in cancer
treatments.>*

Cellular internalization of curcumin loaded silica materials.
A cellular uptake study was carried out to determine the
internalization of the curcumin loaded materials in cancer
cells. The green fluorescence property of curcumin was used to
observe the cellular entry of curcumin loaded mesoporous
silicas in A549 cells. The cells were incubated with the cur-
cumin loaded materials along with free curcumin for different
periods of time (6 hours and 12 hours). The results exhibited
that the untreated control cells and cells treated with free
curcumin did not show any green fluorescence (Fig. 6). On the
other hand, the cells treated with curcumin loaded materials
(S2, S4 and S6) exhibited green fluorescence indicating a
cellular uptake of the materials. Additionally, the fluorescence
intensity increases from 6 hours to 12 hours of incubation of
S2, S4 and S6, indicating that their cellular internalization
increased in a time dependent manner. Interestingly, S4
treated cells showed a higher green fluorescence intensity than
the cells treated with S2 or S6 suggesting a higher uptake of S4
materials in cancer cells (Fig. 6 and S217). These results corro-
borate the cell viability data showing the better cytotoxic
efficacy of S4 in cancer cells than that of other curcumin
loaded materials. According to the earlier report, it seems that
the cellular uptake of the materials may happen through
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Fig. 6 Kinetics of cellular internalization of curcumin loaded meso-
porous silica in A549 cells. Results show that the internalization of S4
increases in a time dependent manner (6 hours—12 hours). Row 1:
untreated A549 cells (a: 6 hours, a": 12 hours), row 2: cells treated with
curcumin (CUR: 10 puM; b: 6 hours, b": 12 hours), row 3: cells treated
with S4 (10 pM w.r.t. CUR; c: 6 hours, c: 12 hours). From left to right,
column 1 and 2 are the bright field and fluorescent images after a
6 hour treatment, whereas column 3 and 4 are the bright field and fluor-
escent images after a 12 hour treatment. Scale bar = 200 micron.

macro pinocytosis.>”> However, the exact mechanism of cellular
internalization of these materials is not quite clear and
requires an in depth investigation which is beyond the scope
of this present study.

Quantification of cellular uptake by flow cytometry. Cur-
cumin uptake through mesoporous silica materials in A549 cells
was quantified using flow cytometry. The cells treated with the
S4 material showed a significant shift of the fluorescence peak
in the FITC channel compared to untreated cells and cells
treated with free curcumin indicating a higher uptake of cur-
cumin in the form of $4 (Fig. 7a-d).

The quantification results also showed that the cellular
uptake of curcumin present in S4 (60%) was greater compared
to free curcumin (37%) at a similar dose (Fig. 7e). The flow
cytometry results also corroborate with the fluorescence
microscopy data for cellular internalization of S4.

Cellular uptake of mesoporous silica materials. The biologi-
cal influence of functional materials or nanoparticles depends
on cellular internalization. We carried out cellular uptake
studies of the materials in the A549 cell line to confirm their
internalization through the ICP-OES technique (Fig. S2271). The
result showed that all the mesoporous materials (S1-S6) inter-
nalized inside A549 cells after an incubation of 6 hours even
though the materials are micro sized (see Table 2).

Interestingly, the maximum cellular uptake was observed
for S4 materials which may be evidence of its more cytotoxic
nature in different cancer cells. The exact mechanism of cellu-
lar uptake of the materials is quite unclear and a thorough
investigation is still required, which is beyond the scope of the
present study. However it can be assumed that the microsized
mesoporous silica materials (>1 um) may internalize through
macro pinocytosis as reported in an earlier study.>
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Fig. 7 Flow cytometry analysis for the cellular uptake of S4 in A549
cells. The green fluorescence property of curcumin was utilized to study
the cellular entry of S4 materials. In the FITC channel the S4 material
shows more transfection after 12 hours of treatment compared to free
curcumin. a: control untreated A549 cells, b: cells treated with S4
(10 uM w.r.t. CUR), c: cells treated with CUR (10 pM), d: merged image
of a, b and c histograms. e: Quantification of % cellular uptake, rep-
resented as a histogram. The inset figure shows the curcumin uptake
(yellow colour) in the cell pellet. *P < 0.05, **P < 0.005 compared to
control.

Cell migration inhibition assay. Cell migration inhibition
assay was performed in A549 cells to analyse the influence of
curcumin present in mesoporous silica materials on the
migration of cancer cells. The results showed that the
untreated control cells migrated rapidly toward the scratched
area. However, the wound area remained practically
unchanged in cells treated with curcumin loaded materials
(S2, S4 and S6) indicating the inhibition of cancer cell
migration in the presence of those materials (Fig. 8a-d). The
wound area at different time points (0 hour and 12 hours) was
calculated using Image ] software (Fig. 8e). The inhibition of
cancer cell migration confirms that the curcumin delivery
through mesoporous silica influences the growth rate of
cancer cells leading to the inhibition of metastasis.

Determination of cellular superoxide ion radical. Super-
oxide ion radical is a reactive oxygen species which can interfere
with mitochondrial function.”® It has been reported that cur-
cumin can produce intracellular superoxide ion radicals which
may be one of the reasons for its anticancer activity.”” In
present study, the presence of an intracellular superoxide ion
radical was determined using the dihydroethidium (DHE)
reagent. Fig. 9 shows that untreated control A549 cells did not
exhibit any red fluorescence, while cells treated with curcumin
and curcumin loaded materials S2 and S6 showed a slight red
fluorescence, indicating the generation of intracellular super
oxide ion radical in lesser amount.

However, S4 treated cells exhibited a significant intense red
fluorescence suggesting the excessive formation of the super-
oxide ion radical. The results corroborate with the internali-
zation and cell viability data revealing the higher uptake of S4
which produced excessive amount of ROS leading to enhanced
cytotoxicity in cancer cells.

This journal is © The Royal Society of Chemistry 2016
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Fig. 8 Cell migration inhibition study of curcumin loaded materials in
A549 cells. All the curcumin loaded materials S2, S4 and S6 (10 yM w.r.t
curcumin) show the inhibition of cell migration compared to untreated
control cells after 12 hours of treatment. (a—d): 0 hour treatment for
control, S2, S4 and S6 respectively. (a'—d): 12 hours treatment for
control, S2, S4 and S6 respectively. Scale bar = 200 micron. (e): the
quantification of the wound area suggests that the wound remained
almost unaltered in cells treated with curcumin loaded materials (S2, S4
and S6) compared to the untreated cells. *P < 0.05, **P < 0.005 com-
pared to control.

Fig. 9 Determination of intracellular superoxide anion radicals in A549
cells by fluorescence microscopy. The results show the formation of the
superoxide ion radical in cells treated with curcumin loaded materials.
Phase images (a—h) and corresponding fluorescent images (a’—h’) of
A549 cells. a—a": untreated control cells; b—b": cells treated with cur-
cumin (10 pM); c—c": cells treated with S1; d—d": cells treated with S2; e—e"
cells treated with S3; f—f": cells treated with S4; g—g": cells treated with
of S5; h—h': cells treated with S6. The doses of all curcumin loaded silica
materials are 10 yM w.r.t. curcumin. Scale bar = 200 micron.
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Quantification of cellular ROS. The intracellular formation
of superoxide anion radical in control untreated A549 cells and
cells treated with materials S1-S6 was quantitatively measured
through flow cytometry using the DHE reagent (Fig. 10). The
results revealed that the S4 material showed a shift of the peak
of cellular fluorescence compared to control untreated cells
and cells treated with other materials, indicating a significant
enhancement of intracellular ROS in presence of S4. This
study further supports the generation of excessive intracellular
ROS in presence of S4.

Analysis of PARP expression by immunoblotting. Poly ADP
ribose polymerase, a DNA repairing enzyme, protects cells
from DNA damage. Li et al. showed that down regulation of
PARP enzyme levels in glioma cells activates apoptosis protein
expression.”® In the present study, immunoblot analysis in
A549 cells revealed that the cells treated with S4 showed the
down regulation of PARP enzyme levels compared to untreated
control cells and cells treated with free curcumin as well as the
corresponding amine functionalized material $3 (Fig. 11). The
results altogether suggested that the curcumin loaded S4
material induced cytotoxicity in A549 cancer cells through
apoptosis.

Analysis of apoptosis by Hoechst-33258-PI staining. DNA
damage is one of the major incidents that take place during
apoptosis.”® During the late phase of apoptosis, the cells
contain damaged DNA which binds more with nuclear stains.
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Fig. 10 Quantification of intracellular ROS in A549 cells by flow cyto-
metry. S4 material shows the red colour fluorescence as evidenced by
the shift of the peak compared to control cells. The quantification of the
generation of ROS in presence of different materials is presented in the
histogram. *P < 0.05, **P < 0.005 compared to control.
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Fig. 11 Western blot analysis for poly ADP ribose polymerase (PARP)
expression in A549 cells. (a) Immunoblotting shows the down regulation
of the PARP levels in cells treated with S4 compared to untreated
control cells, indicating the induction of apoptosis by the material. (b)
The quantification of PARP expression with respect to GAPDH is pre-
sented as a histogram. *P < 0.05, **P < 0.005 compared to control.

Hence, Hoechst-33258-PI staining was performed accord-
ing to earlier literature®® in order to analyze the apoptosis
induced by the curcumin loaded material S4. The results
showed that the untreated cells and cells treated with free cur-
cumin exhibited poor red fluorescence. However the cells
treated with S4 showed a brighter red fluorescence, indicating
major DNA damage in A549 cells which leads to apoptosis
(Fig. 12). The results also correlate with the western blot analy-
sis data which suggests that the down regulation of PARP
causes the DNA damage.

The overall cytotoxic mechanism of curcumin in the meso-
porous silica material is presented in Scheme 2. The curcumin

Bright field Pl Hoechst Merged
= - "

Fig. 12 Analysis of apoptosis by Hoechst—PI staining in A549 cells. Row
1 (a—a"): control untreated cells, row 2 (b-b"): cells treated with S4
(10 uM w.r.t curcumin) and row 3 (c—c"): cells treated with curcumin
(CUR: 10 pM). From left to right, column 1: bright field image, column 2:
red fluorescence of Pl, column 3: blue fluorescence images for Hoechst
33258 stained nuclei and column 4: merged images of corresponding
treatment sets. S4 treated A549 cells show red fluorescence with a
higher intensity compared to untreated control cells, indicating the
induction of apoptosis. Scale bar = 100 micron.
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Scheme 2 Anticancer mechanism of curcumin loaded mesoporous
silica materials. The curcumin loaded silica materials after being interna-
lized into the cancer cells, release curcumin into the cytoplasm. Then
the released curcumin induces the formation of intracellular reactive
oxygen species leading to the down regulation of DNA repairing enzyme
PARP, which ultimately causes cellular death through the activation of
apoptosis.

loaded mesoporous materials enhance the uptake of curcumin
in cancer cells. The generation of the intracellular superoxide
ion radical by the internalized curcumin present in the silica
materials causes the oxidative stress in cancer cells which sub-
sequently leads to PARP down regulation and DNA damage.
The overall mechanism suggests that cancer cell death is
through the activation of apoptosis.

Conclusions

We have prepared a series of curcumin loaded mesoporous
silica materials which have been thoroughly characterized by
different physico-chemical methods. Release kinetic studies
with the materials reveal the slow and sustained release of cur-
cumin at physiological pH (7.4). Furthermore, in vitro studies
demonstrate that all the curcumin loaded materials, especially
S4, show the inhibition of cancer cell viability and migration
compared to free curcumin, suggesting the efficacy of the drug
delivery system. The intracellular production of reactive oxygen
species (ROS), especially O, ", and the down regulation of PARP
are the molecular mechanisms behind the anti-cancer activity
of the curcumin loaded materials. This study demonstrates the
future potential application of curcumin loaded silica based
mesoporous materials for the treatment of cancer diseases.
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