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Several silica microporous structures have been studied for their potential as drug delivery systems (DDS)
over the last years. However, systematic studies comparing host structures with different topologies and
particle sizes, and toxicity studies to human cancer cells, are scarce. In the present work, 3D crystalline
structures, three different zeolites (large, medium and small pore size) and one titanosilicate (large pore
size) were used as hosts for loading 5-fluorouracil (5-FU), an anticancer drug currently used to treat
several malignant tumors. Here, we (i) compared the loading capacity and drug release profiles of the
different hosts in simulated body fluid conditions, including host structure stability studies; (ii) established
the kinetic parameters for the release of 5-FU and (iii) studied the effect of 5-FU encapsulation in the
viability of human breast and colon cancer cells, with determination of the potentiation factor. The
loading capacity and the release profile of the DDS were revealed to be dependent on the porous
framework of the host structures. Decrease in pH to 2.0 (simulation of gastro-intestinal fluid), showed
stability of the host structures, with minimal leaching of A®* and no Ti** for long periods of time (up to
72 h). All DDS drug release profiles fitted the Weibull model. These silica microporous structures were
revealed to be non-toxic to the cancer cells, while all DDS endorsed the important 5-FU potentiation

rsc.li/rsc-advances effect on cell viability.

Introduction

The development and selection of drug delivery systems (DDS)
is a field of vital importance in medicine and healthcare. The
first commercial DDS was approved by FDA (U.S. Food and Drug
Administration) in 1990, containing an antifungal drug,
amphotericin B, and after that more than 10 DDS became
commercially available.

An ideal DDS is a system that should improve drug
bioavailability, prevent its premature degradation, also poten-
tiating its effect. Importantly, the systems must maintain drug
concentrations within their therapeutic window, by controlling
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the drug release rates, and target the pharmacological site at
effective concentrations, but with low cytotoxicity.™?

In this context, inorganic nanomaterials have a range of
structural and physical properties that are suitable for thera-
peutic delivery systems. The sizes, topologies, and surfaces of
inorganic nanomaterials can be tailored to produce distinct
interactions with both in vitro and in vivo biological systems.? In
this class of materials, silica-based structures, such as micro-
porous crystalline titanosilicates and zeolites, mesoporous
silica and amorphous or/and crystalline silica particles, are
important materials with a wide range of applications.

Thus, zeolites and titanosilicate materials are porous nano-
materials with many potential applications in the biomedical
field. There are several examples of zeolite application reported
in the literature, including for drug delivery*® and imaging.””
These examples show that different zeolite structures can be
exchanged with cations, functionalized or loaded with drug
molecules for specific biomedical applications.* In the case of
the microporous titanosilicate materials, recent studies show
that these materials have potential as drug carriers, with low
cytotoxicity." ™

The goal of this work is to study the potential of several silica
microporous structures as hosts for 5-fluorouracil (5-FU) as
drug delivery systems for in vitro models of colorectal and breast

This journal is © The Royal Society of Chemistry 2017
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cancers. 5-FU is a pyrimidine analog antimetabolite, with
a general spectrum of activity against solid tumors, such as
breast, colorectal, liver and brain cancer, alone or in combina-
tion with other chemotherapeutic agents.**® Due to its struc-
ture, 5-FU interferes with nucleoside metabolism and can be
incorporated into RNA and DNA, leading to cytotoxicity and
tumor cell apoptosis, by inhibiting thymidylate synthase.*
There are several limitations to the use of 5-FU, including its
erratic oral bioavailability, with variable gastrointestinal
absorption and rapid degradation, its short plasma half-life,
development of resistance and important cytotoxicity to
normal cells.*>*”*® Thus, preparation of DDS containing 5-FU
could improve its oral bioavailability, preventing its premature
degradation and decrease its side effects, increasing concen-
trations at the target cell site, with lower cytotoxicity for normal
cells.

Experimental

Preparation and characterization of the silica microporous
structures as host for the DDS

Several powder silica microporous structures: three zeolites,
FAU (NaY, Si/Al = 2.83, CBV100, Zeolyst International); MFI
((NH4)ZSMS5, Si/Al = 15.0, CBV 3024E, Zeolyst International) and
Linde Type A (NaA, Si/Al = 1.24, BCR-705, Sigma-Aldrich), and
one titanosilicate, Engelhard Titano Silicate (ETS-10) were used
as host for preparing DDS with 5-fluoro-1H-pyrimidine-2,4-
dione usually 5-fluorouracil (5-FU, Sigma-Aldrich, 99%). ETS-
10 was synthesized according to the procedure previously pub-
lished.* The pentasil structure was subjected to the treatments
used before in order to obtain NaZSM5. NaZSM5 was prepared
by ion exchange of NH," from (NH,)ZSM5 by Na* with NaNO;
solution.”® Briefly, sample was prepared by exchanging 5 g of
(NH,)ZSM5 with 125 mL (25 mL of solution per g zeolite) of
0.50 M NaNOj; solution in an Erlenmeyer flask with a stirrer at
room temperature during 24 h. The suspension was separated
by filtration, washed with deionized water and dried in an oven
at 60 °C for 8 h. The same procedure was performed with a fresh
0.50 M NaNO; solution. After the two ion exchange treatments,
NaZSM5 was dried in an oven at 60 °C for 8 h and calcined at
500 °C during 8 h under a dry air stream.

The morphology and the particle size of the hosts were carried
out by scanning electron microscopy (SEM) (JOEL JSM-6010LV/
Braga). Textural characterization of the hosts was based on the
analysis of N, adsorption isotherms, measured at —196 °C with
a Nova 4200e (Quantachrome Instruments) equipment.

DDS preparation

Before use, all powder silica microporous structures were
dehydrated at 120 °C overnight in order to remove the water
from the pores. All DDS were prepared by the established
encapsulation method.*** So, 5-FU was encapsulated into the
host structures by mixing 100 mg of each host with a solution of
5-FU (130 mg, 0.99 mmol) in acetone (15 mL, Aldrich P.A.) as
a solvent and was stirred for 48 h at room temperature. The
suspensions were filtered off and dried in an oven at 60 °C for
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24 h. Finally, the resulting DDS were stored in a desiccator. The
pH of the suspensions was monitored during the DDS prepa-
ration. Throughout the manuscript, the obtained DDS were
identified to as 5-FU@porous where porous represents the silica
host structure used in DDS.

The amount of loaded 5-FU was measured using thermog-
ravimetric analysis (TGA) in a STA 409 PC/4/H Luxx Netzsch
thermal analyzer. The atmosphere used was high purity air
(99.99% minimum purity) with a flow rate of 50 cm® min . The
sample holders used were crucibles of alumina oxide, supplied
by Netzsch. The samples were heated between 50 and 700 °C at
10 °C min ™" to evaluate the thermal stability.

Drug release studies of 5-FU@porous and stability of the hosts
structures

The drug release studies were performed according to the
procedure describe elsewhere.*** Briefly, the studies were
carried out with 10 mg of DDS mixed in 50 mL of specific
solutions in order to mimic body fluid conditions (BF) at
different pHs and 37 °C: pH 7.4 obtained with a solution of
Na,HPO,/NaH,PO,; pH 5.8 obtained with a solution of
KH,PO,/NaOH and pH 2.0 with a solution of KCI/HCI. The
samples were stirred at ca. 60 rpm and 5 mL aliquots of DDS/
BF solution were removed at regular intervals and an equal
amount of fresh dissolution medium was added to keep the
volume of the mixture constant (50 mL). Aliquots were filtered
through a 0.20 pm filter (Whatman). Quantification of the
release of 5-FU was carried out by UV/vis spectroscopy using
a UV-vis Recording Spectrophotometer UV-250 1PC from
Shimadzu with software UVProbe 2.10. From the withdrawn
aliquots, 0.5 mL were placed in quartz cuvette and added to
2.5 mL of each BF solution and the absorbance of 5-FU was
monitored at 260 nm. From the withdraw aliquots, 0.5 mL of
this solution was placed in quartz cuvette and added with 2.5
mL of each BF solution and the absorbance of 5-FU was
monitored at 260 nm. A calibration curve was constructed
using solutions of 5-FU with concentrations from 0.0005 to
0.1000 mg mL™'. The amount of released 5-FU was calculated
using the equation previously described.*** Experiments were
conducted in triplicate and the values were averaged. The
release studies were carried out for 6 h.

The stability of the host structures was evaluated by FTIR and
XRD analyses. In these studies, 15 mL of pH 2.0 BF solution was
added to 10 mg of NaY or ETS-10 during 72 h under stirring at
room temperature. The suspensions were filtered off and dried
in an oven at 60 °C for 24 h, and stored in a desiccator. The pH
of the suspensions was monitored during the assay. Room
temperature Fourier Transform Infrared (FTIR) spectra of the
parent structures in KBr pellets (2/100 mg) were measured using
a ABB FTLA2000 spectrometer in the range 4000-500 cm ™' by
averaging 32 scans at a maximum resolution of 8 cm ™. Powder
X-ray diffraction analysis (XRD) was carried out using a Philips
Analytical X-ray model PW1710 BASED diffractometer system
equipped with a Cu X-ray tube (selected wavelength Acuk, =
1.54056 A). Scans were taken at room temperature in a 26 range
between 5 and 70° with a step of 0.02°.

RSC Adv., 2017, 7, 13104-13111 | 13105
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Cell viability studies

The cell viability studies were performed with two human colon
cancer cell lines and one breast cancer cell line. The human
breast cancer cell line, MDA-MB-468, was obtained from ATCC
(American Type Culture Collection). The human colon cancer-
derived cell lines HCT-15 and RKO were kindly provided by Dr
Raquel Seruca (IPATIMUP, Porto, Portugal). HCT-15 colon
cancer cells were maintained in RPMI 1640 medium (Gibco),
RKO colon cancer cells and MDA-MB-468 breast cancer cells
were maintained in DMEM medium (Gibco). Both cell lines
were supplemented with 10% (v/v) fetal bovine serum (FBS)
(Gibco, Invitrogen, USA) and 1% (v/v) penicillin-streptomycin
solution (P/S) (Invitrogen, USA) and incubated at 37 °C in a 5%
CO, humidified atmosphere. Cells were subcultured approxi-
mately every three days and maintained in a log-phase growth.

Cell viability was assessed using the in vitro Toxicology Assay
Kit. Sulforhodamine B (SRB) based (Sigma-Aldrich, St. Louis,
MO, USA). HCT-15 (7500 cells per 100 pL per well), RKO (6000
cells per 100 pL per well) and MDA-MB-468 (10 000 cells per 100
uL per well) cells were seeded in 96-well plates and incubated at
37 °C in a 5% CO, humidified atmosphere for 24 h. In order to
assess the effects of the parent structures, 5-FU and DDS used
and cells were incubated with increasing concentrations of the
systems in culture medium. Controls were performed with
culture medium alone. After an incubation period of 48 h, the
spent media were removed and the plate wells were washed with
1x phosphate-buffered solution, pH 7.4 (PBS). After a fixation
step with cold 10% trichloroacetic acid (TCA), cells were stained
with 0.4% SRB and the incorporated dye was solubilized with
10 mM of Tris. Absorbance was monitored with a microplate
reader at 570 nm with a background absorbance of 655 nm. Cell
viability was determined as percentage of viability: (OD
experiment/OD control) x 100 (%). One-way ANOVA, followed
by Dunnett post-test were used to perform cell viability assay
statistical analysis. The previous tests and 50% growth inhibi-
tion (ICs,) were determined using the Graphpad Prism 5®
software. The level of significance in all the statistical analysis
was set at ***p < 0.001 compared to host alone. All assays were
performed in triplicate from three independent experiments.
The results were expressed as mean value + SD of the triplicate
assays.

Results and discussion

DDS were prepared using silica microporous structure hosts
with different topologies and pore sizes, containing aluminum
or titanium in the framework.

The chosen 3D zeolites belong to the FAU (large pores), MFI
(medium pores) and LTA (small pores) structures.* ETS-10 is
a 3D large pore structure with titanium in the framework." The
hosts NaY (FAU) and NaA (LTA) were commercially available.
However, the parent ETS-10 structure was synthesized and the
parent (NH4)ZSM5 (MFI) was modified in order to obtain
HZSM5 and NaZSM5. The modifications in ZSM5 host were
performed to study the pore aperture effect in the loading of 5-
FU. NaY was already used in a previous publication to
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encapsulate 5-FU and it is used here for comparison with the
remaining structures.*

SEM and nitrogen adsorption analyses were performed for
evaluating the average particle size and the surface area of the
hosts, respectively. Fig. 1 display the SEM micrographs of some
silica microporous structures. The average of the particle size
obeys the following sequence, larger particles (>100 nm): NaY
700 nm,* ZSM5 880 nm, NaA 2700 nm and ETS-10 with 2600 nm
and smaller particles (<100 nm): LTL 80 nm.*

The nitrogen adsorption measurements show different
surface areas for the zeolite hosts. The BET surface areas (Sggr)
was determined by the BET equation and the values obtained
were: NaY 792 m® ¢~ *, LTL 566 m> g~ ', ZSM5 395 m” g~ " and
NaA 290 m* g~ ",

The 5-FU release studies were carried out with all DDS at
different pH media simulating blood and gastrointestinal body
fluids,” and the stability of the host structure at pH = 2.0 was
studied with NaY and ETS-10. Besides, cell viability studies were
performed on HCT-15 and RKO human colon cancer cells for all
hosts and DDS. However, the viability on MDA-MB-468 human
breast cancer cell was tested only with the DDS based in Nay,
ETS-10 (large pores) and compared with NaA (small pores).

Table 1 shows the loading of 5-FU in the silica microporous
structures obtained by thermogravimetric analysis. TGA profile
results are similar for all DDS with two weight losses observed;
the first weight loss was related to the removal of physisorbed
water of the host structure and the other one was attributed to
the presence of 5-FU in the DDS.* The presence of acetone was
not detected by TGA analysis since the temperature used in the
preparation of the DDS is sufficient to evaporate the solvent.*

It is evident that loading of 5-FU in the DDS is related to the
porous framework of the hosts. The large pore structures, NaY
and ETS-10, have higher 5-FU loading capacity than the
remaining microporous structures. The medium pore structure
HZSM5 presents intermediate 5-FU loading and the introduc-
tion of sodium in (NH,)ZSM5 by ion exchange, enhances
a decrease in the loading of 5-FU with 6.8 mmol per gpos for

Fig. 1 SEM micrographs of (a) ZSM5, (b) ETS-10, (c) NaY and (d) NaA
with same resolution.

This journal is © The Royal Society of Chemistry 2017
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Table 1 Loading of 5-FU in DDS

Host DDS Rrheo”  Rpxp.” 5-FU” (mmol per gpost)
Nay 5-FU@NaY 1.30 0.98 7.5
HZSM5 5-FU@QHZSM5 1.30 0.97 7.4
NazZSM5 5-FU@NaZSM5 1.30 0.89 6.8
NaA 5-FU@NaA 1.30 0.75 5.8
ETS-10 5-FU@ETS-10 1.30 0.99 7.6

“ Rrheo. and Rpyyp, is the ratio of [5-FU]/[host] (wt/wt). b 5.FU loading in
host determined by TGA.

NaZSM5, followed by the small pore structure NaA (3D) with
5.8 mmol per ghost-

In order to mimic the in vitro conditions of the cancer cell
viability assays, 5-FU release studies from the silica micropo-
rous structures were performed in culture medium at different
pH values and 37 °C, by UV/vis analysis. The release was
recorded for 360 min, however the concentration remained
constant after 60 min.

These studies have been conducted at pH 7.4, 5.8 and 2.0 in
order to simulate the blood, intestinal and stomach fluids,
respectively.”® As expected, 5-FU can be easily released from the
different microporous hosts due to its small size.* As an
example, the UV/vis spectra of 5-FU release from 5-FU@NaY
(Fig. S1, ESIf) and the release profiles versus time at pH 7.4 of
the prepared DDS are shown in Fig. 2.

The results from UV/vis spectra show that, after release from
the DDS, 5-FU molecule maintain the characteristic wavelength
of the drug (A = 260 nm).>” All DDS release profiles show similar
behavior, with almost complete release of the adsorbed 5-FU
after 40 min, as a consequence of the rapid desorption of the
drug.

The cumulative concentrations for all DDS stabilize after this
time and display approximately the same value until the end of
the dissolution assays (360 min). However, some differences
were observed between ETS-10 and the zeolites. The release of 5-
FU appears to be dependent on the 5-FU loading capacity of the
host. From the large pore 3D structures, ETS-10 and NaY display

0.2 4

—8— 5-FU@ETS-1
—A—5-FU@NaY
V¥ 5-FU@NaA

0.0 T T T T T
0 10 20 30 a0 50 60

t (min)

Fig. 2 Release profiles of DDS obtained in BF solution at pH = 7.4 and
37 °C, followed during 60 min. Release measurements were con-
ducted in triplicate and the concentration values were averaged.
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the highest 5-FU release rates due to the higher amount of
adsorbed drug, being ETS-10 release slightly faster (Table 1).
The DDS based on NaA show the slowest rates compared to the
large pore structures. The same behavior was observed for
HZSM5 and NaZSM5, with the last one presenting the lowest
release rates due to the introduction of sodium in the structure
(Fig. 3).

These results are in line with those reported in the literature,
which show that silica materials are an important class of
controlled release matrices.

In the work of Larsen et al. the effect of different Si/Al ratio of
Y zeolite as hosts for loading and release of 5-fluorouracil were
studied and they observed a similar behavior.?® Also, the DDS
based on mesoporous organo-silica nanoparticles with different
drugs present the same profile of drug release* and the meso-
porous silica material SBA-15 was used to achieve immediate
release of poorly soluble drug compounds such as itracona-
zole.*® However, the studies stated by Martens et al. show that
the release of the antiseptic chlorhexidine, a large molecule
with antibacterial activity, from amorphous microporous silica
was fine-tuned by adapting particle size and pore diameter.*
Recently, our group also showed that the release of salicylic acid
from mesoporous and microporous silica hosts is dependent of
the pore size of the carriers.>®

There are several mathematical kinetic models used to
describe in vitro drug dissolution and drug release from parti-
cles.**** Weibull, first-order, Higuchi and Korsmeyer-Peppas
are some of the major applied and best describing drug release
models.**?** The release profiles at pH 7.4 were fitted to these
models and the Weibull model shows the best fitting (Fig. S2,
ESIT). In this kinetic model two parameters were determined,
the shape (“b”) and scale (“a”) parameters. The “b” parameter
describe the shape of the dissolution curve and the “a”
parameter represents the time dependence of the system.***
These parameters obtained with this model are listed in Table 2.

The “b” parameter calculated for all DDS seems to be
dependent on the microporous structures of the hosts. The
large pore structures, NaY and ETS-10, have the highest values

—%— 5-FU@HZSM5

—&— 5-FU@NazSM5
0.0 T T T T T

0 10 20 30 40 50 60
t (min)
Fig. 3 Release profiles of 5-FU@HZSM5 and 5-FU@NaZSM5 obtained
in BF solution at pH = 7.4 and 37 °C, followed during 60 min. Release

measurements were conducted in triplicate and the concentration
values were averaged.

RSC Adv., 2017, 7, 13104-13111 | 13107
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Table 2 Fitted kinetic parameters for the release of 5-FU from DDS
according to the Weibull model

DDS “b* “a”” R

5-FU@NaY 0.35 0.08 0.9986
5-FU@HZSM5 0.21 0.49 0.9996
5-FU@NaZSM5 0.26 0.65 0.9975
5-FU@NaA 0.15 0.41 0.9699
5-FU@ETS-10 0.40 0.16 0.9842

% «p” is the shape parameter and “a” is the scale parameter of the
Weibull model.*> ? Correlation coefficient.

with 0.35 and 0.40, respectively; followed by the medium pores
with similar values and the small pores with 0.15. This
parameter describes the shape of the curve as exponential (b =
1, case 1), sigmoid, S-shaped, (b > 1, case 2), or parabolic, with
a higher initial slope and after that consistent with the expo-
nential (b < 1, case 3).>*** The obtained values are in accordance
to case 3 where the release profiles of all DDS present in Fig. 2
and 3 show this behavior.

The effect of pH on drug release was also evaluated at pH 5.8
and 2.0. The lower pH medium is more likely to affect the
stability of the DDS since 5-FU is a weak acid (pKa of 7.93) and
the pH influences the interaction of the molecule with the
surface.”” For these studies, all DDS were submitted to these
different pH media, and Fig. 4 shows the results obtained for 5-
FU@NaA, as an example.

As expected from 5-FU structure, even at low pH, the 5-FU
molecule is not degraded since, we did not observe any shift of
the characteristic wavelength of the drug. The results show that
the variation of pH does not affect the release of 5-FU in the pH
range of 2.0 to 7.4. The effect of pH was also studied for eval-
uation of the stability of the host microporous structures since
the host is important in the protection of the drug in the DDS.

5 084[ v s5.FU@NaA (7.4)
g —%— 5-FU@NaA (5.8)
2 —— 5-FU@NaA (2.0)
o
0.6 ]
0.4-| B
o
g
3
A
0.2 A
200 250 300
Wavelength (nm)
0.0 T T T T T T T T T T
0 10 20 30 40 50 60
t (min)

Fig. 4 Release profiles of 5-FU@NaA DDS obtained in different BF
solutions at pH = 7.4, 5.8 and 2.0 and 37 °C, followed during 60 min.
Release measurements were conducted in triplicate and the
concentration values were averaged. (Inset) UV/vis spectra up to
60 min of the release of 5-FU from the DDS at pH = 2.0.
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For this study, the large pore structures NaY and ETS-10 were
selected and tested at lower pH. Besides, we also aimed to check
if there was any leaching of AI** from NaY or Ti** from ETS-10.
These hosts were incubated to pH 2.0 BF solution for 72 h under
stirring, at room temperature. After the filtration and drying
steps, the resulting solids were analyzed by FTIR and XRD. Fig. 5
displays the FTIR spectra obtained before and after NaY and
ETS-10 treatment, respectively.

FTIR spectra obtained after treatment for both host struc-
tures show the fingerprint bands of the parent structures.*>**
Also, the principal vibrational bands of the host structures after
treatment do not shift or broaden, which confirms that the pore
frameworks remain unchanged. So, in all FTIR spectra, a very
intense broad band at ca. 3500 cm ™" attributed to the hydroxyl
groups, the »(O-H) deformation band at 1650 cm™ " character-
istic of the absorbed water and in the spectral region between
1250 and 500 cm ', the bands corresponding to the lattice
vibrations of the structures are observed.**?¢

In the case of NaY zeolite, FTIR analysis allows to determine
the framework Si/Al ratio using the characteristic band of the
zeolite specific double ring vibration mode between 570-600
ecm™ ¥ From both spectra in Fig. 5a, bands at 577.1 cm™* and
577.7 cm ' for NaY and NaY (pH = 2.0) were identified,

NaY
NaY (2.0

Transmission (a.u.)
j m
o

T T T T T T T T T T
3000 2500 2000 1500 1000 5

Wavenumber (cm™)

—ETS-10
b)

——
4000 3500

(=3

0

Transmission (a.u.)

v T v T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'l)

Fig. 5 FTIR spectra before and after treatment with pH = 2.0 BF
solution of (a) NaY and (b) ETS-10, for 72 h.

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 XRD patterns before and after treatment with pH = 2.0 BF
solution of ETS-10 for 72 h.

respectively. From these values, the calculated framework Si/Al
ratio was 2.66 for NaY and 2.71 for NaY (pH = 2.0). The increase
in Si/Al ratio observed is related to partial desalumination due
to the contact of the zeolite structure with the lower pH
solution.

XRD analysis confirms these results. The powder X-ray
diffraction patterns endorses that the crystalline structure of
NaY or ETS-10 does not change after the treatment. In both XRD
patterns after treatment, the characteristic Miller peaks corre-
sponding to NaY or ETS-10 were observed indicating that the
host structures are not severely affected by low pH (pH 2.0).
Fig. 6 displays the XRD patterns of ETS-10 and ETS-10 at pH =
2.0. From Fig. 6, the XRD patterns of both samples ETS-10 and
ETS-10 (2.0) are similar and in good accordance with those re-
ported in the literature.**?°

The relative crystallinity was estimated by the intensity of the
characteristic diffraction peaks of the host structures after
treatment, compared to the pattern of the parent structures,
which was set to be 100% crystalline. The crystallinity obtained
was 100% for ETS-10 (pH = 2.0) and 85% for NaY (pH = 2.0).

75 ]

Cell viability (% control)
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These results confirm that ETS-10 is not affected by pH 2.0 and
Nay is slight affected by the treatment, which is in agreement
with the FTIR results.

Cell viability studies

Cell viability assays were performed with all parent silica
microporous to compare their feasibility as host for DDS using
different human cell lines, RKO and HCT-15 as colon cancer
models and MDA-MB-468 as breast cancer model. These cell
lines represent important human carcinomas and they were
chosen as extrapolative models to test the potentiation of the
chemotherapeutic agent 5-FU when encapsulated in the silica
microporous structures. The large pore structures, NaY and
ETS-10, and the corresponding DDS were used and compared
with the small pore structure NaA in the viability study with the
human cell line MDA-MB-468, as breast cancer model.

The viability assays with microporous structures were opti-
mized in our previous work.>® So, from a stock suspension
(1.0 mg DDS per mL), sequential dilutions were made with free
serum culture medium in order to get several working DDS
concentrations (0.005 to 0.100 mg mL™"). The alterations in cell
biomass were evaluated by the sulforhodamine B (SRB) method
and were assessed after 48 h of incubation with DDS and the
parent hosts.

The parent hosts did not induce reduction in cell viability in
any of the cell lines studied. As an example, the ability of 5-FU
released from 5-FU@ETS-10 and 5-FU@NaA to affect RKO cell
viability is shown in Fig. 7. The other DDS cell viability are
shown in Fig. S3 (ESIY).

The hosts titanosilicate (ETS-10) and NaA do not show
cytotoxicity to the colorectal cancer cell lines studied. The
results are in accordance with what we have found for in the
DDS prepared with different zeolite structures as hosts with the
anticancer drugs a-cyano-4-hydroxycinnamic acid (CHC) and 5-
fluorouracil (5-FU), and we also studied their in vitro efficacy
against colorectal carcinoma cells.****° These results are also in
line with several toxicity studies which suggest that the internal
surface of zeolites does not interact with the biological

[
2]
(=)
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%1

Cell viability (% control)
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5-FU@NaA
25 1 sk 25 >
0 0.005 0.010 0.025 0.050 0.100 0 0.005 0.010 0.025 0.050 0.100
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Fig.7 Effect of ETS-10 (a) and NaA (b) hosts and DDS systems on RKO colon carcinoma cell viability. RKO cells were incubated with hosts and
different DDS concentrations for 48 h. Cell viability was measured by the SRB assay. Values are means + SD of three independent experiments,
each performed in triplicate. *p < 0.05, ***p < 0.001 compared to host alone.
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Table 3 1Csq values for RKO and HCT-15 cell viability with 5-FU and
DDS systems containing 5-FU

RKO HCT-15
Cell line IC5o (mM) Potentiation ICs, (mM) Potentiation
5-FU 0.13 — 0.61 —
5-FU@NaY 0.02 6.5 0.10 6.1
5-FU@HZSM5 0.02 6.5 0.09 6.8
5-FU@NaZSM5 0.08 1.6 0.20 3.1
5-FU@NaA 0.11 1.2 0.11 5.5
5-FU@ETS-10 0.02 6.5 0.12 5.1
5-FU@LTL? 0.03 4.3 0.31 1.9

“ LTL DDS results were from ref. 4.

systems.** However, the acidic surface characteristics could be
also associated with some toxicity for specific cells. In fact, we
showed that NaY zeolite induces toxicity in glioblastoma cells in
all range of concentrations studied, but NaMOR zeolite did not
show any toxicity to these cells. These results confirm that the
zeolite toxicity is dependent on the cell type and the properties
of the carrier structure. Also, in the same study, our results show
that the DDS prepared with NaMOR are capable of reducing
tumor size, using the in vivo chick chorioallantoic membrane
(CAM) model.**

From Fig. 7, we can also see that there is an evident reduc-
tion in cell viability with 5-FU containing DDS, compared to
ETS-10 or NaA (controls), with increasing concentrations of 5-
FU in both DDS, for RKO cells.

Table 3 shows the ICs, values for RKO and HCT-15 cell
viability after treatment with the DDS systems, compared with
the drug alone.

It is clear from the results that there is a potentiation of the 5-
FU when is encapsulated into the silica microporous structures in
both colorectal cancer cell lines. This potentiation is dependent
on the capacity of 5-FU loading, as well as on the porous frame-
work of the hosts. For RKO cells, there is an increase in efficiency
of the drug between 1.2 and 6.5-fold. The highest potentiation
(6.5-fold) was obtained with the 3D structures, (ETS-10 and Nay,
large pores) and HZSM5 (medium pores) hosts, which corre-
spond to 5-FU assay concentrations of 0.02 mM.

Concerning ZSM5 structure, the reduction in pore aperture
in NaZSM5 decreases 5-FU potentiation in about 4-fold when
compared to 5-FU@HZSM5. The lowest potentiation obtained
was for NaA host (1.2-fold), which contains 0.11 mM of 5-FU.
Likewise, treatment of HCT-15 cells with the encapsulated 5-FU

Table 4 1Csq values for MDA-MB-468 cell viability for 5-FU and DDS
systems containing 5-FU

MDA-MB-468
Cell line IC5o (mM) Potentiation
5-FU 3.80 —
5-FU@NaY 0.38 10.0
5-FU@NaA 0.37 10.2
5-FU@ETS-10 0.19 19.9

13110 | RSC Aadv., 2017, 7, 13104-13111

View Article Online

Paper

resulted in a potentiation of the effect of the drug from 3.1 to
6.8-fold, corresponding to 5-FU assay concentrations of 0.20
and 0.09 mM, respectively. For this cell line, the 3D structures
seem to favor the potentiation of the drug, rather than the
loading of 5-FU in the hosts.

The viability assays were also performed on MDA-MB-468
human breast cancer cells with the DDS based on NaY and ETS-
10 (large pores) and compared with NaA (small pore). In addi-
tion, these hosts are not toxic for this cell line (Fig. S4, ESIt) and
the DDS based in these hosts were very efficient in the decrease of
the cell viability (Table 4). Importantly, inclusion of 5-FU in the
DDS, increased substantially the sensitivity of the breast cancer
cells to 5-FU, which are more resistant than the colon cancer cells.

For MDA-MB-468 cells, the best DDS was obtained with ETS-
10 with higher 5-FU loading. The potentiation obtained is
double compared to the zeolite systems, which display the same
potentiation among them, despite different loadings (Table 1).

The potential of these host structures will depend on the
design and delivery route to be used. While smaller particles
(<100 nm, LTL zeolite) would be suitable for systemic adminis-
tration, e.g. intra venous or inhalation delivery, larger particles
(>100 nm, NaY, NaA and ZSM5 zeolites, and ETS-10) will have
potential for topical delivery (Fig. 1). Besides systemic treatment,
5-FU is also used topically for the treatment of non-melanoma
skin cancer (e.g. superficial basal cell carcinoma) or even other
skin pathological conditions such as actinic or solar keratosis.*>**

Conclusions

The hosts selected for this work show potential to be used in the
future design and development of DDS for biomedical appli-
cations. The silica microporous structures were selected due to
the combination of non-cytotoxic effects to the cells, wide and
accessible pore expected to be favorable for enhancement of the
activity of 5-fluorouracil (5-FU). 5-FU was successfully loaded
into the host structures and 5-FU loading was found to be
highest in 3D large pores (NaY and ETS-10) followed by ZSM5
(3D, medium pore) and NaA (3D, small pore). All structures are
not toxic to the colon and breast cancer cell lines studied and
they preserved the integrity of 5-FU even at lower pH, before the
contact with the cells. Moreover, 5-FU loaded into the host
structures can be at least six times more effective in colon
cancer cell death induction than the free 5-FU administered in
vitro (5-FU@NaY and 5-FU@HZSMS5 systems) and twenty times
more effective for the breast cancer cells (5-FU@ETS-10).
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