Rom J Morphol Embryol 2016, 57(2):483—-489

RJME

Romanian Journal of
Morphology & Embryology

http://www.rjme.ro/

ORIGINAL PAPER

Multifunctional materials such as MCM-41/Fe;04/folic acid
as drug delivery system

SIMONA POPESCU, IOANA LAVINIA ARDELEAN, DRAGOS GUDOVAN, MARIUS RADULESCU,
DENISA FICAI, ANTON FICAI, BOGDAN STEFAN VASILE, ECATERINA ANDRONESCU

Faculty of Applied Chemistry and Material Science, Politehnica University of Bucharest, Romania

Abstract

In this study, MCM-41 mesoporous silica nanoparticles (NPs) and MCM-41/Fe3Os mesoporous silica NPs were prepared by sol-gel method
using CTAB (cetyltrimethylammonium bromide) as template and TEOS (tetraethyl orthosilicate) as silica precursor in order to use these
materials as drug delivery system (DDS) for different biologically active agents. The MCM-41 and MCM-41/Fe3O4 mesoporous silica NPs
were characterized using specific physico-chemical methods [transmission electron microscopy (TEM), scanning electron microscopy (SEM),
nitrogen adsorption and desorption studies — BET (Brunauer-Emmett-Teller) method, X-ray diffraction (XRD) and Fourier transform infrared
(FTIR) spectroscopy], while the release studies were done by a high-performance liquid chromatography (HPLC)-modified method. The pH
dependence of the delivery of folic acid from the mesoporous structures was analyzed and found that the release is pH sensitive. The
lower delivery at strongly acid pH comparing with neutral/slightly alkaline pH could be beneficial because in stomach the folic acid can be

destroyed.
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=& Introduction

In the recent years, much efforts has been done in
order to develop novel drug delivery systems hich
exhibit advantages over conventional forms, such as
greater efficacy, enhanced biocompatibility, and safety,
controlled and prolonged release profile over certain
period of time and predictable therapeutic response [1-3].
Nowadays, it is also known that some of these systems
can also act as a protective system, especially for the
orally administered active components, which, under the
strong acid pH and the presence of specific gastric
enzymes can be altered, losing their biological activity.
Folic acid is a such biological active agent, which is
altered at strong acidic pH. Also, folic acid was found to
lose, partially or entirely its biological activity at increasing
temperature, pressure or even at light [4, 5].

Folate and folic acid (Figure 1) are forms of a water-
soluble B vitamin. Folate are the natural form of B
vitamin and occurs in food (spinach, broccoli, and lettuce,
okra, asparagus, bananas, melons, lemons, beans, yeast,
mushrooms, beef liver and kidney, orange juice, and
tomato juice). Folic acid is the synthetic form of this B
vitamin and occurs in cereals, flour, breads, pasta,
cookies, and crackers. Folic acid is used for preventing
and treating folate deficiency, anemia, ulcerative colitis,
colon cancer or cervical cancer, alcoholism, kidney
dialysis, heart disease and stroke, the eye disease age-
related macular degeneration (AMD), in osteoporosis,
sleep problems, depression, nerve pain, muscle pain, etc.

During the time, a range of materials have been tested
as drug delivery systems of a wide range of biological
active agents such as biodegradable polymers [2], xerogels
[6], hydroxyapatite — HAp [7, 8], micelles [9-11],

dendrimers [12], liposomes [13—15], hydrogels [16, 17],
and mesoporous silica [18-20].
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Figure 1 — The structure of folic acid.

Among them, mesoporous silica has proved optimal for
DDS (drug delivery system) due to its unique proprieties,
such as high specific surface area and pore volume that
makes it suitable as a matrix to host and subsequently
release a large variety of molecules with therapeutic
activity [21], facile surface modification, tunable particle
size and morphology [22], ordered pore array with narrow
size distribution, and the possibility to modify the pore
size and surface properties in order to control the release
of biologically active agents by modulating their interaction
with the carrier [11, 23-25]. Also, due to a good chemical
and thermal stability, morphology control, and surface
functionalization, good biocompatibility and non-toxic
nature, these mesoporous silica materials are optimal
candidates for biological applications. Mesoporous silica
such as MCM-41 have been reported for the first time as
carriers and delivery materials for biologically active
agents in 2001 by Vallet-Regi et al. [21, 25, 26]. They
utilized the mesoporous silica MCM-41 for the delivery
of ibuprofen. In this study, two kinds of surfactants have
been used, Cl6TAB and C12TAB, in order to get different
pore sizes. The samples were disk-shaped confirmed before
and after charging with drug and in both cases, the weight
percent ratio of drug/MCM-41 was 30%. They proved
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that the drug release plots show a different behavior
depending on the method for charging the drug in the
material but not on the type of the surfactant [21].

Rémila et al. investigated MCM-41 with amine groups
as drug delivery systems for ibuprofen and better release
kinetics were observed [27]. Aghaei et al. presented a
hydroxyapatite composite with the mesoporous silica
MCM-48 with potential applications as a drug delivery
agent [1]. The obtained results showed a higher rate of
ibuprofen release compared to pure MCM-48.

Vyskocilova et al. studied the modified MCM-41
with different groups (amino, chloro and oxo) as a drug
delivery system for acetylsalicylic acid [28]. They shown
that, on the MCM-41 using methyl, #-butyl ether as a
solvent and MCM-41 without modification was loaded
a height amount of acetylsalicylic acid after one hour
(0.35 g per 1 g of the support) and on the MCM-41
modified by amino group after five hours (0.37 gper 1 g
of the support).

In this study, MCM-41 mesoporous silica nanoparticles
(NPs) and MCM-41/Fe;O4 mesoporous silica NPs were
prepared by using sol-gel method using CTAB (cetyl-
trimethylammonium bromide) as template and TEOS
(tetraethyl orthosilicate) as silica precursor in order to use
these materials as drug delivery system for folic acid.
Also, the paper presents the effects of Fe;O0, on folic
acid release.

& Materials and Methods
Materials

Anhydrous iron (III) chloride — FeCl; (Fluka), iron
(IT) chloride heptahydrate — FeCl,*7H,O (Fluka), sodium
hydroxide — NaOH (Fluka), folic acid (Alfa Aesar),
CTAB (ROTH), TEOS (Aldrich Chemistry), ammonia
(S.C. Sial Trading SRL) and ethanol (Sigma Aldrich) were
analytically grade and used without further purification.
Distilled water was used throughout the experiments.

Methods
Preparation of MNPs (magnetic nanopatrticles)

Synthesis of the MNPs was made by co-precipitation
method from aqueous solutions, starting from equal
volumes of FeCl,*7H,O (0.25 M) and FeCl; (0.5 M)
solutions as precursors [29]. Initially, sodium hydroxide
was dissolved in distilled water (250 mL) under vigorous
mechanical stirring, at room temperature, until a pH 13
was obtained. The MNPs precipitation was assured by the
addition of the precursor solution (43 mL FeCl,, 43 mL
FeCl; and ~14 mL distilled water) into the sodium
hydroxide solution, when the magnetic particles precipitate
as pure Fe;O4. After maturation (24 hours), the MNPs
were filtered and washed with distilled water until the
pH 7 and negative reaction against AgNO; 0.1 M in order
to verified the absence of chloride ions.

Preparation of MCM-41 mesoporous silica

0.5 g CTAB was dissolved in 96 mL distilled water
and ultrasounded until the solution becomes clear.
Subsequently, 34 mL of ethanol and 10 mL of an ammonia
solution were added and stirring is continued until the
solution becomes homogeneous. After mixing, 2 mL

TEOS were added and stirred for additional three hours
at the same speed of rotation and a translucent precipitate
is obtained. The precipitate thus obtained was filtered and
washed with distilled water and ethanol. The last step of
the synthesis consists in purification/washing with ethanol
(20 mL) and water (three times with 20 mL) and drying
for 12 hours at 100°C. The final product is annealed for
nine hours at 550°C according to the following programme:
0-300°C at 8°C/min., 300-550°C at 2°C/min.

Preparation of MCM-41/Fe304

A suspension of 1 g Fe;O4, 0.5 g CTAB and 96 mL
distilled water were shaken in ultrasonic bath for 30
minutes. After the homogenization, 34 mL of ethanol and
10 mL of 25% ammonia solution were added and stirred
at a constant rate until the solution becomes homogeneous.
Finally, 2 mL TEOS were added and stirred three hours at
the same rate until a brown-black precipitate is obtained.
The precipitate was filtered, washed with distilled water
and ethanol and dried. After that, the filtrate was dried
for 12 hours at 100°C. The final product is annealed for
nine hours to 550°C, similar as described in the case of
pure MCM-41.

Adsorption of folic acid on mesoporous silica

Adsorption of folic acid has been carried out by
contacting with folic acid solution (0.05 g folic acid in
10 mL distilled water). In order to assure a good loading
of folic acid inside the porous system, the loading was
realized under vacuum, at room temperature. Prior to
the addition of the folic acid solution, the MCM-41 was
exposed 30 min. at 100 mbar. During this period, the air
is partially removed from the pore system and when the
solution is added, and the bottle is pressurized the solution
is practically absorbed into the material. The as-obtained
samples were dried at 100°C.

The amount of drug loaded was evaluated through
high-performance liquid chromatography (HPLC) from
the change in concentration in the pentane solution.

Characterization of mesoporous materials

The MCM-41 based mesoporous systems were
characterized using specific physico-chemical methods:
transmission electron microscopy (TEM), scanning
electron microscopy (SEM), nitrogen adsorption and
desorption studies — BET (Brunauer—-Emmett—Teller),
X-ray diffraction (XRD) and Fourier transform infrared
(FTIR) spectroscopy.

XRD spectra were recorded on Panalytical X’Pert
Pro MPD equipment, with Cu-Ka radiation.

FTIR analysis was performed using a Thermo IN50
MX FTIR microscope operated in reflection mode, was
carried out to study their structural features.

The surface morphology of the samples was examined
via a QUANTA INSPECT F electron microscope equipped
with a field emission gun and an energy dispersive
(EDS) detector, on samples covered with silver.

The transmission electron microscopy images were
obtained on finely powdered samples using a Tecnai™
G2 F30 S-TWIN high-resolution transmission electron
microscope (HRTEM) from FEI equipped with selected-
area electron diffraction (SAED). The microscope was
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operated in transmission mode at 300 kV with TEM
point resolution of 2 A and line resolution of 1 A.

BET analysis was performed on a Micrometrics Gemini
V surface area and pore size analyzer. Magnetization
curves were recorded using a Vibrating Sample Magne-
tometer VSM-7304 Lake Shore (USA) operated up to
12 000 Oe.

Delivery studies

0.01 g mesoporous folic acid delivery systems (MCM-
41/folic acid and MCM-41/Fe;O4/folic acid) were indivi-
dually suspended in 50 mL simulated body fluid (SBF)
or hydrochloric acid solution (pH~1.5), under vigorous
mechanical stirring, at room temperature. At certain times
(10 min., 30 min., 60 min., 2 h, 3 h and 24 h), 1 mL of
each solution were taken and filtered through a 0.25 pm
Agilent Econofilter syringe filter membrane and used for
quantification. The HPLC analysis of the folic acid was
done according to the conditions mentioned in Table 1.

Table 1 — Chromatographic parameters used for the

Agilent 1260 Infinity LC and Agilent 1290 Infinity LC

systems [30]

Parameter Agilent 1260 Infinity LC

Column oven thermostat 35°C

Acquisition rate 20 Hz
Data acquisition 205, 214, 220, 232, 266, 268, 280 nm
Flow cell 60 mm path

5 pL (needle with wash, flush port
active for 5 seconds)

Sample thermostat 5°C
25 mM K,;HPO,, pH 7.0

Acetonitrile

At0 min. - 1% B
At5min. - 1% B
At 15 min. — 30% B
At 20 min. —» 30% B
At 20.1 min. —» 1% B

Injection volume

Mobile phase

Mobile phase B

Gradient

Post run time 5 minutes
Flow rate 0.45 mL/min.
= Results

X-ray diffraction (XRD)

Low angle XRD patterns of pure MCM-41, MCM-41/
folic acid, MCM-41/Fe;04 and MCM-41/Fe;0,/folic acid
(Figure 2) show a strong diffraction peak corresponding
to (100) Bragg reflection and three other smaller peaks
assigned to (110), (200), and (210) reflections characteristic
for a long range ordered pore arrays [31]. The ordered
mesoporous structure is basically preserved in both MCM-41
loaded samples as well as in the case of MCM-41/Fe;0,.
Analyzing the four diffraction patterns, some interesting
conclusions can be obtained. The synthesis of the meso-
porous structure around the magnetite NPs can be done
easily. The loading of the MCM-41 with folic acid, realized
under vacuum, do not destroy the mesoporous structure
of the silica but the dimension of the pores increase,
especially for the pure MCM-41 sample, when the pore
size increased from 3.575 to 3.648 nm. In the case of
MCM-41/Fe;0,, the effect of loading of folic acid is
practically marginal.
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Figure 2 — XRD patterns of the mesoporous materials.

Infrared spectroscopy

In the IR spectra of the MCM-41, MCM-41/folic acid,
MCM-41/Fe;04 and MCM-41/Fe;04/folic acid (Figure 3)
the main characteristic bands of silica can be observed.
The band from ~1245 and 1050 cm™ can be assigned to
the asymmetric stretching vibrations of Si—O-Si units;
the band from 443 cm™ can be assigned to the bending
vibrations of Si—O-Si units of observed, the band from
~800 cm™ can be assigned to the symmetric stretching
vibrations of Si—O-Si units, while the band from ~474 cm’!
can be assigned to the O-Si—O symmetric stretching
vibrations. The band from ~960-970 cm™ is assigned to
the silanolic groups of MCM-41 [32, 33].
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Figure 3 — FTIR spectra of the mesoporous samples
over 400-1300 cm’.

The loading of the MCM-41 with folic acid induce
important shifts (11.50 and 9.42 cm™, respectively) of
the most intense peaks of MCM-41, from 1046.84 and
434.19 cm™ to 1058.34 and 443.61 cm™, respectively. In
the case of MCM-41/Fe;0,, these shifts are less important
(7.79 and 1.31 cm™), from 1053.98 and 439.94 cm™ to
1061.66 and 441.25 cm™, respectively. It is also evident
that the presence of magnetite inside the forming MCM-41
network assist the synthesis of the silica network and lead
to some shift, from 1046.84 to 1053.97 cm™ (7.13 cm™)
and from 434.19 to 439.94 cm™ (5.75 cm™).

Scanning electron microscopy (SEM)

SEM images highlight some important differences
between MCM-41, MCM-41/folic acid and MCM-41/
Fe;0y/folic acid (Figure 4). The MCM-41 sample consists
in a very homogeneous nanometrical spheres of 250—
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300 nm. In comparison with MCM-41, the SEM images
of MCM-41/folic acid reveal some heterogeneities, which
can be attributed to the presences of folic acid. These
agglomerates are much smaller comparing with the MCM-
41 nanospheres and their content is low, which means
that only a small part of the folic acid is deposited on the
surface of MCM-41, this being mostly disposed inside
the pores. In the case of MCM-41/Fe;O,/folic acid, the
spherical microstructure can be identified at low magni-
fication (10 kx) while, at higher magnification (50 kx), in
a non-spherical region, a very different morphology can
be identified.

EDS analysis of the MCM-41/Fe;0,/folic acid has
demonstrated a relatively uniform composition from the
point of view of the Fe distribution in the structure of
the mesoporous material, as we expected based on the
synthesis route (Figure 5).

Transmission electron microscopy (TEM)

The mesoporous samples exhibit a well-organized,
hexagonal long-range array of channels (Figure 6, a and b).
In the case of MCM-41/Fe;04, along with these charac-
teristic areas, heterogeneities can be identified due to the
presence of magnetite. These magnetite NPs can be inside
or outside of the MCM-41 structures as seen in (Figure 6¢).
The inner magnetite NPs can be easily identify as darker
area, which, at high magnification, do not change the pore
aspects of the MCM-41. The outer magnetite NPs can be
clearly identified because these NPs modify the surface

aspect of the MCM-41, the pore system being shielded.

(@)

b) B

(© .
Figure 4 — SEM images of MCM-41 (a), MCM-41/folic
acid (b), and MCM-41/Fe;0 Jfolic acid (c) samples.

Figure 5 — EDS image of MCM-41/
Fe;0 /folic acid sample.
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Figure 6 — (a—c) TEM image of MCM-41/Fe;0 /folic acid sample.

BET analysis

MCM-41, MCM-41/folic acid, MCM-41/Fe;0,4 and
MCM-41/Fe;04/folic acid presented in this paper were
characterized by adsorption—desorption isotherms performed
at liquid nitrogen temperature. All the samples present
type-IV isotherms typical for highly ordered MCM-41
type materials [9]. The surface area, as well as the pore
volume, are characteristic for mesoporous materials, being
of over 1000 m*/g and even 1270 m*/g for the mesoporous
support materials and 9501050 m?/g for the drug delivery
systems. Both specific surface area as well as volume of
pores decrease with the loading of the folic acid, which
means that folic acid is entrapped into the pore, especially
for MCM-41 (the volume of the pores decrease from 0.8
to 0.63 cm®/g), comparing with MCM-41/Fe;0, (when the
volume of pores decreases from 0.66 to only 0.59 cm®/g).
It is also worth to mention that MCM-41/Fe;O, presents
a lower volume of pore, so, it is expected that the loading
of this structure with folic acid will be more difficult.

Table 2 — Representative BET data of the mesoporous

materials
Sample Sger [m¥g] Voore [cm®ig]
MCM-41 1273.4 0.80
MCM-41/folic acid 1050.15 0.63
MCM-41/Fe;0, 1096.77 0.66
MCM-41/Fe;0/folic acid 959.26 0.59

The nitrogen isotherms (Figure 7) are completely
reversible, indicating size uniformity and tubular uni-
directional mesopores. The isotherms corresponding to
the MCM-41, MCM-41/folic acid, MCM-41/Fe;04 and
MCM-41/Fe;O4/folic acid highlight the typical relative
pressure (p/p”) in range 0.01-0.99, which is characteristic
of an ordered mesoporous lattice [31].
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Figure 7 — The nitrogen isotherms of the mesoporous
materials.

Drug delivery

The release profiles are essential in proving the functio-
nality of these supports in drug delivery. The two supports
loaded with folic acid were tested in two relevant environ-
ments: hydrochloric acid solution (pH 1.5 — mimicking the
gastric fluid) and SBF (pH 7.4 — mimicking intestinal fluid,
blood, etc.) over a period of time of 60 hours. The two
systems were found to exhibit very different release
behavior in both environments (Figure 8).
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Figure 8 — Release profiles of folic acid from MCM-41/
folic acid and MCM-41/Fe;0 /folic acid, at pH 1.5
and 7.4.

Toxicity tests

The biological tests were carried out on MG63 standard
line. The obtained results reveal that the cell cycle is less
altered for the MCM-41 and MCM-41/Fe;0,4 samples
compared to samples loaded with folic acid. There is a
significant change of the cell cycle for samples loaded
with folic acids (even though folic acid is a vitamin)
and induce an important apoptosis. The corroboration of
the recovery degree (at neutral pH) and the biological
assessment, it can deduce that the higher toxicity is
induced by the release of folic acid (the release of folic
acid is about 50-60% after 24 hours) (Figure 9).
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Apoptosis can be identified for the MCM-41/Fe;04
sample and is very important in the case of the samples

MG63 — [34]
Figure 9 — Optical microscopy images of cells that control cells and exposed to the material of interest.

MCM-41

loaded with folic acid, when the “S” phase is also strongly
increased (Figure 10).
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Figure 10 — Cell cycle of MG63 cells control exposed to materials that interest.

& Discussion

MCM-41 as well as many other representatives of the
mesoporous materials based on silica are extensively used
as drug delivery systems for different biologically active
principles [19, 21, 26, 28].

Usually, they are not pH-responsive, but, in certain cases,
they can act as pH-responsive DDSs. In this particular case,
the pH-responsivity is assured by the difference of the
solubility of folic acid in acid and neutral/basic media.
In that case, we tasted the two materials, loaded with folic
acid in two relevant environments: hydrochloric acid
solution (pH 1.5 — mimicking the gastric fluid) and SBF
(pH 7.4 — mimicking intestinal fluid, blood, etc.) over a
period of time of 60 hours. As expected based on the BET
data (higher volume of the pores, which can host larger
amount of folic acid), the release of the MCM-41/Fe;0,/
folic acid is much faster comparing with the MCM-41/
folic acid (4.6 times faster in acidic conditions and 1.8
times faster in neutral conditions).

From the controlled release profiles, the release in
acidic environment is slower and with a sustained rate.
This makes this type of delivery vector viable for delivery
in acidic environment, typically in gastric acid. From
the release curve, after an initial instability in the first
minute, the concentration remains stable for longer period
of time. In the case of SBF solution, at physiological pH,
the release rate is very rapid (burst like). The effect of Fe;O,
NPs on the release behavior is that it tends to increase the
desorption rate, in the case of acidic environment this
being a benefit due to the very slow release in the case of
the unmodified material. In the case of the SBF release,
this is an unwanted effect, resulting in almost complete
release of the folic acid loaded in the pores. A conclusion
that can be drawn is that the unmodified material is better
for release at physiological pH, while the modified material

is better for release at acidic pH (such as gastric environ-
ment).

= Conclusions

The work presents the synthesis of MCM-41 and
MCM-41/Fe;0,, their loading with folic acid and the
characterization of the support materials and drug delivery
systems. A special attention of the work is related to the
loading of the folic acid into the mesoporous systems
and, based on the BET data, 21.25 and 10.6% of the total
volume of the pores are filled due to the loading of folic
acid in MCM-41 and MCM-41/Fe;0y, respectively. The
delivery of folic acid depends on pH and the nature of
the used support materials. Regardless the pH, the delivery
is faster for MCM-41/Fe;O4/folic acid comparing with
MCM-41/folic acid (4.6 times at pH 1.5 and 1.8 times at
pH 7.4) because in the latter case, the folic acid is loaded
mainly into the pores. The pH sensitivity is explained based
on the limited solubility of folic acid in acidic conditions
and the high solubility in neutral/basic conditions. The
as-obtained systems can be potential candidates for oral
administration, the folic acid being mostly released in the
intestines and not in stomach and so, protecting folic acid
against the undesired degradations induced by acidic pH
and gastric enzymes. Further active components will be also
tested from the point of view of absorption capacity inside
the pore system, their release profile and especially their
potential applications for biomedical applications.
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