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Abstract. This study investigated the potential use of mesoporous silica nanoparticles (MSNs) as a carrier
for duloxetine hydrochloride (DX), which is prone to acid degradation. Sol-gel and solvothermal methods
were used to synthesize the MSNs, which, after calcination and drug loading, were then characterized
using X-ray diffraction (XRD), Brunauer-Emmett-Teller (BET) technique, thermogravimetric analysis
(TGA), Fourier transform infrared (FT-IR) spectroscopy, scanning electron microscopy (SEM), differen-
tial scanning calorimetry (DSC), and diffuse reflectance ultraviolet-visible (DRS-UV-Vis) spectroscopy.
Releases of DX from the MSNs were good in pH 7.4 (90% ) phosphate buffer but poor in acidic pH (40%).
In a comparative release study between the MSNs in phosphate buffer, TW60-3DX showed sustained
release for 140 h, which was higher than the other nanoparticles. The mechanism of DX release from the
MSNs was studied using Peppas kinetics model. The “n” value of all three MSNs ranged from 0.45 to 1
with a correlation coefficient (%) >0.9, which indicated that the release of the drug from the system follows
the anomalous transport or non-Fickian diffusion. The results supported the efficacy of mesoporous silica
nanoparticles synthesized here as a promising carrier for duloxetine hydrochloride with higher drug
loading and greater pH-sensitive release.
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INTRODUCTION

Modern medications research over the past two decades
involved in the development of new drug delivery tools for the
effective targeting of disease and to reduce the toxicity. Meso-
porous silica nanoparticles (MSNs) have attracted increasing
attention for their potential biomedical applications because
of their tailored mesoporous structure and high surface area.
MSNs as drug delivery systems (DDSs) show significant ad-
vantages over traditional drug nanocarriers (1-3). These
mesoporous systems are designed to carry and release their
loaded drugs to a specific location in the body at a controllable
release rate, without compromising the patient’s health. Ac-
cording to the literature, these materials are biodegradable
and biocompatible (4,5). Many authors have reported that
release of the drug can be easily controlled by manipulating
pore size and surface chemistry of the MSN (6,7). Porosity can
be induced in the inorganic silica part by removal of the
surfactant through thermal or chemical means (8,9).
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Recent advances in the morphology control and surface
modification of MSNs, as well as an increased knowledge of
the physiological factors affecting a favorable DDS, have
opened new possibilities for more efficient treatment via this
promising area of research (10,11). The mesoporous materials
offer high loading ability for therapeutic molecules, proteins,
and enzymes while protecting these molecules from prema-
ture release and degradation (12). In recent studies, many
authors have reported the use of MSNs for enhancing disso-
lution and oral bioavailability of poorly soluble drugs (13,14).
The improvement in the dissolution rate of poorly water-
soluble drugs was due to the high specific area of the carrier
material, the lack of crystalline phase, and the weak interac-
tions between the silica surface and the drug (15). The density
of surface silanol groups in the pore walls affects the drug
loading. The pharmaceuticals interact via hydrogen bonds
with surface silanol groups located inside the pores making
the MSNs promising candidates for use as carriers in drug
delivery systems (16,17).

Oral sustained/controlled and pH-sensitive release of
loaded drug from MSNs is well documented (18-21).
Sustained release of therapeutic agents such as ibuprofen,
duloxetine, antipyrine, griseofulvin, ranitidine, furosemide,
and captopril was enhanced by MSNs (22-25). Thermal car-
bonization and thermal oxidation of silica resulted in im-
proved particle stability and modified surface properties
which significantly affected the compound affinity toward the
particles and subsequent drug release (24). Electrostatic inter-
actions, i.e., attractive, repulsive, and hydrophobic forces
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between the drug and the silica surface, play an important role
in controlling drug release. Ng et al reported that cationic
molecules have a different release profile than anionic drug
molecules from mesoporous silica materials due to the high
affinity between the negatively charged silica material and the
positively charged drug molecules (25).

Duloxetine hydrochloride (DX) is an antidepressant
drug. According to BCS classification, DX is a class II drug;
it has limited aqueous solubility (26). The degradation of this
antidepressant drug in the acidic environment of the stomach
leads to subtherapeutic levels; hence, it has low and variable
bioavailability (ranging from 30 to 80%). Currently, the typi-
cal carriers used for DX consist of organic materials that are
highly water-soluble and/or polymeric in nature (27). The
method like probe sonication was not suitable commercial
scale. Further, the main drawback of polymeric carriers is that
the polymer should not interact with the drug molecules and
the completeness of the device degradation must coincide with
the completion of the drug release (28). Recently, Patel et al
reported the usefulness of the solid lipid nanodelivery system
to protect and control the delivery of DX. In their conclusion,
they reported that formulations prepared by probe sonication
produced better nanoparticles than other (29). Mesoporous
silica materials can function as a carrier system for pharma-
ceuticals with effective loading and dissolution to the sur-
rounding media.

In our previous study, we synthesized mesoporous silica
material using a combination of dual templates, such as Triton
X-100 together with Tween 20 and Tween 40, and found success
in forming mesoporous silica (30). Potential biomedical applica-
tions of the synthesized MSNs were evaluated by loading with
the poorly water-soluble drug DX HCI. The loading capacity
and sustained release of the newly developed MSNs were found
improved, and the mechanism of the drug release from MSNs
could follow Higuchi diffusion kinetics (20).

In the present study, duloxetine hydrochloride entrapped
mesoporous silica nanoparticles were prepared using Triton
X-100 and Tween 60 as combined templating agent. The
MSNs were characterized by X-ray diffraction (XRD),
Brunauer-Emmett-Teller (BET) technique, thermogravimet-
ric analysis (TGA), Fourier transform infrared (FT-IR) spec-
troscopy, differential scanning calorimetry (DSC), and diffuse
reflectance ultraviolet-visible (DRS-UV-Vis) spectroscopy.
The morphology of the MSNs was studied by scanning elec-
tron microscopy (SEM). Finally, we examined the in vitro
release of the loaded drug from MSNs at different pHs. Here,
we report our initial studies of this system knowing that fur-
ther work has to be carried out to better understand how the
silica surface and pH affect the release of the drug from MSNs.

MATERIALS AND METHODS

Materials

The materials included tetraethyl orthosilicate (TEOS), as a
silica source (Sigma-Aldrich, GmbH, Germany), template surfac-
tants polyethylene glycol p-(1,1,3,3-tetramethylbutyl)-phenyl
ether (Triton X-100), and polyethylene glycol sorbitan
monostearate (Tween 60) ( Sigma-Aldrich, GmbH, Germany),
acetonitrile (ACN), ammonium fluoride, DX (reference standard
from Sigma-Aldrich, GmbH, Germany), methylene dichloride
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(MDC) (Dae Jung Chemicals, Korea), and buffering agents such
as disodium hydrogen phosphate, potassium dihydrogen ortho
phosphate, and HCI (Acros Chemicals, Korea). All the chemicals
were used as received, unless otherwise noted.

Methods

Synthesis of MSNs

The MSNs were synthesized according to a procedure
adopted from our earlier report using Triton X-100 and Tween
20, 40, and 60 (20,30). In a typical procedure, 6.4 g of Triton X-
100 and various amounts of Tween 60 were added to 300 g of
DI water kept under constant stirring between 35 and 40°C to
obtain a clear solution. While stirring, 16.6 g of TEOS was
added dropwise to this solution. The solution was stirred until
a gel was obtained by the addition of 0.083 g of ammonium
fluoride. The gel composite was aged at room temperature for
24 h. Likewise, another set of gels were prepared and aged at
100°C for 24 h in a static hot air oven to obtain the
solvothermaly derived product. The MSNs obtained by both
methods were recovered by filtration, washed repeatedly with
water, and dried overnight at 70°C. The obtained materials
were designated as TW60-1-AS, TW60-2-AS, and TW60-3-
AS. The templates occluded in the materials were removed
by calcination at 450°C (heating rate 1°C min ') for 5 h in air.
The calcined materials were designated as TW60-1, TW60-2,
TW60-3, TW60-1s1, TW60-251, and TW60-3g7 where T
represents Triton X-100; TW60 represents Tween 60; -1, -2,
and -3 represent the content of Tween 60 used (0.0009, 0.0018,
and 0.0027 mol, respectively), and ST represents the silicas
synthesized under solvothermal condition (100°C).

Characterization of MSNs

The pore size and surface properties of the materials
were characterized by physicochemical methods. A Rigaku
Miniflex diffractometer was used to study the powder XRD
patterns using Cu Ka radiation (A=1.54 A at the 26 range, 0.9—
10° with a 1° step size and a 1-s step time). The pore structure
and specific surface area of the materials were evaluated by a
BELSORP mini II volumetric adsorption analyzer using ni-
trogen adsorption—desorption isotherm measurements at
—196°C. Prior to the measurements, the samples were evacu-
ated at 150°C. The specific surface area was determined from
the linear part of the BET. A SCINCO N-1000 thermogravi-
metric (TG) analyzer was used to measure the weight loss of
the as-synthesized, calcined MSNs, and the drug-loaded
MSNs. A sample weighing ca. 10 mg was loaded onto an
alumina sample pan of the TG unit, and the temperature
was programmed to attain 800°C at a heating rate of
10°C min ! in nitrogen atmosphere. Nicolet IR 200 FT-IR
was used to record the FI-IR spectra of the samples. KBr
pelleting technique was used for the FT-IR recording. Each
sample was set for 20 scans with 4 cm ™! resolution over the
range of 4000-400 cm™'. A JEOL-JSM 5600 SEM was used to
study the morphology of MSNs after they were sputter-coated
with gold plasma via a sputter coater (Cressington, Sputter
Coater-108 auto). Solid-state NMR experiments were record-
ed using Bruker Avance II 500 spectrometers at 75.47 MHz
for *C using 7 mm ZrO, rotors. For the >C magic angle
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spinning (MAS; spinning frequency=5-6 kHz), 90° pulses (5-
6.5 ps) were used. The recycle delays were adjusted depending
on the sample from 10 up to 500 s. The *C CP MAS NMR
spectra were recorded with an MAS frequency of 5 kHz, a
contact time of 1 ms, and a recycle delay of 5 s. All the '*C
NMR experiments were conducted with proton decoupling. A
SCINCO DSC N 650 differential scanning calorimeter was
used to record the DSC traces of the sample with a heating
rate of 10°C min ' under a helium purge of 40 mL min ' to
determine whether the DX was dispersed over the MSNs in
crystalline or amorphous form. Further, to confirm inclusion
of the drug into the pores of the silica matrices, the DRS-UV
spectra of the samples were recorded using a SCINCO
Neosys-2000 DRS-UV by comparing the maximum absor-
bance of the free drug and the drug-loaded MSNs.

Drug Loading

Drug loading was carried out by an adsorption procedure
similar to that reported in our earlier study (20,21). In a typical
procedure, about 50 mL of MDC solution of DX
(10 mg mL ") was sealed in an air-tight screw-capped contain-
er, after which a quantity of MSN, equivalent to that of the
total quantity of DX, was slowly added at ice-cold tempera-
ture. The temperature was kept constant, and the solution was
stirred continuously for another 3 h. The mixture was kept at
room temperature for 3 days to ensure equilibrium, then
filtered through a membrane filter (0.05 um) and washed
gently three times with a little additional MDC to remove
the surface-adhered DX. The obtained filtrate was tested for
DX by UV-visible spectrophotometer (Shimadzu, Japan) at
288 nm (31). The entrapment efficiency (EE) of MSNs was
determined by the following (Eq. 1):

EE — Total amount of drug—drugin supernatant
N Total amount of drug

x100 (1)

The drug-loaded MSNs were designated as TW60-1DX,
TW60-2DX, and TW60-3DX, where DX represents the drug.
The samples were dried overnight at room temperature and
then dried more at 100°C in vacuum to remove MDC
adsorbed with drug. The dried DX-loaded MSN were pressed
into 0.3 g disks (13x3 mm in size) using uniaxial pressure
(5.0 MPa) before the drug release studies (6). To evaluate
the drug entrapment efficiency by the MSNs, MSNs contain-
ing an equivalent of 10 mg of DX were weighed accurately
and dispersed in 25 mL acetonitrile, sonicated for 30 min, and
stirred for 24 h. They were then centrifuged by HANIL, Fletas
centrifuge at 5000 rpm for 30 min. The supernatant liquid was
taken and diluted suitably, and the drug content was estimated
by a UV spectrophotometer at 288 nm. This was repeated
three times for statistical evaluation.

In Vitro Drug Release Studies

A phosphate buffer of pH 7.4 and 0.1 N HCI (pH 2) was
chosen as the media for drug release. The tablet disks pre-
pared using different MSNs (TW60-1DX, TW60-2DX, and
TW60-3DX) were dropped into about 100 mL of the medium
in a beaker that was maintained at 37+2°C while being stirred
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at 100 rpm (1). A predetermined amount of solution was
withdrawn at different times and was replaced with the same
amount of fresh medium immediately after each sampling.
The withdrawn samples were then filtered through a 0.1-um
filter, and the amount of the drug was estimated spectropho-
tometrically at 288 nm. Three samples were measured for each
time point, and the results were reported as average values in
terms of standard deviation (SD). The in vitro drug release
data in pH 7.4 obtained by the above procedure were subject-
ed to the analysis of Ritger and Peppas to elucidate the release
mechanism (32,33). The initial 60% cumulative release data
were used to estimate the diffusion exponent, n, by Eq. 2:

M, / M, = ke" (2)

where M, is the amount of drug released at time ¢, Mo is the
nominal total amount of drug released, k is the kinetic con-
stant, and # is the diffusion exponent that is used to charac-
terize the release mechanism.

RESULTS AND DISCUSSION

Nitrogen Adsorption-Desorption Isotherms of MSNs Before
and After Drug Loading

Figure 1a, b depicts the results of nitrogen adsorption—
desorption isotherms of MSNs before and after drug loading,
respectively. All the synthesized MSNs exhibited a type IV N,
adsorption isotherm for mesoporous materials. In all cases,
the capillary condensation of nitrogen started at p/py=0.2 and
extended up to 0.8, proving the wide pore distribution in the
synthesized MSNs. The nitrogen desorption curve showed
hysteresis, which confirmed the mesoporous nature. In the
case of sol-gel synthesized silica, smooth polymerization of
silica matrices formed over the surfactant micelles; at room
temperature, the micelles structure was not disturbed. The
possibility of smooth polymerization of SiO, was higher in
sol-gel procedure. Whereas, at high temperature the concen-
tration of surfactant micelle, its structure was lost due to
decreasing in viscosity of surfactant solution. This leads to
destruction of the micelle assembly into smaller micelles. As
the surface areas of the solvothermaly synthesized MSNs were
much lower than those of the sol-gel-synthesized MSNs, the
sol-gel-derived silica was selected for drug loading and release
experiments. The nitrogen adsorption isotherm after DX
loading showed similar behavior to that of free mesoporous
silica. The results showed that the mesoporous characteristics
of MSNs were not affected by the DX loading. The results
(Table T) show that the surface area and pore volume of the
sol-gel-synthesized MSNs were higher than that of the
solvothermaly synthesized MSNs. Further, after DX loading,
the surface area and pore volume decreased, which confirmed
the ability of the synthesized silica to be a reservoir for drug
storage and release.

X-Ray Diffraction Analysis
The XRD patterns of the calcined MSNs synthesized by

sol-gel (TW60-1, TW60-2, and TW60-3) are shown in
Fig. Sl(supplementary file). The spectra of the sol-gel-
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Fig. 1. N, adsorption—desorption isotherms of a calcined MSNs and b
DX-loaded MSNs

synthesized MSNs show a second-order peak (110) at 1.75
(26), which is characteristic of mesopores. Similar to SBA-15
(Santa Barbara Amorphous) silica, the first-order peak (100)
at 0.6 (26) was also seen in all the MSNs synthesized here. The
patterns of the solvothermaly synthesized MSNs (TW60-1gr,
TW60-2st, and TW60-3s1) did not show any characteristic
reflections at low angle (figure not shown). Therefore, the
sol-gel method was considered a better route for producing
ordered MSNs with the choice of templates used herein. The
patterns of the corresponding drug-loaded samples (TW60-
1DX, TW60-2DX, and TW60-3DX) are shown in
Fig. S1(supplementary file) with their respective labels. Even
after the drug loading, the second-order peaks appeared in all
drug-loaded silica but with lower intensity than that of the
parent MSNs. This confirms the loading of the drug inside the
silica pores. Further, the absence of higher order peaks above
10 (260) proves that DX was dispersed in the matrices in an
amorphous form which remains even after storage at 20% RH
for 6 months.

Thermogravimetric Analysis

The TGA of the as-synthesized silica is given in Fig. S2a
(supplementary file), which shows an initial 5-6% weight loss
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due to loss of physically adsorbed water occluded in the pores.
In addition, a major weight loss due to loss of template sur-
factants was noted at around 400-450°C in all cases of silica.
Hence, 450°C was used as calcination temperature. Further,
the TGA of the calcined silicas is given in Fig.S2b, which
shows only a small weight loss at around 100°C, which may
be due to the loss of moisture captured during the storage of
silica. Hence, to remove the moisture, the MSNs were
completely vacuum-dried for 12 h at 150°C before the drug
was loaded. Figure 2 presents the thermograms of drug-loaded
MSNs. The DX-loaded MSNs showed a similar two-step
weight loss pattern as that of pure DX around 100-200 and
350-400°C (20,27). These results exhibited a DX loading of
20, 26, and 31% into TW60-1DX, TW60-2DX, and TW60-
3DX, respectively. However, the results were lower when
compared to the UV-estimated drug loading of 24, 30, and
39%. This difference between the two estimation methods was
due to DX degradation in the N, environment of the TGA
experiments, which may have induced the formation of car-
bonized drug particles inside the silica pores; the drug inside
the pores was not completely oxidized in N, atmosphere. This
loading was higher than that observed in our earlier studies
where the MSN was synthesized using Tween 20 and 40 as
cotemplate. In addition, the amount of loaded DX was higher
than that of ibuprofen loading reported in our previous pre-
liminary report with these MSNs. This may be due to the
strong ionic interaction between the surface silanol group
and the positively charged DX (compared to ibuprofen which
was discussed in detail in the later section on drug release)
(21). Further, the loading increased little with an increased
surface area of the MSNs. Even though the difference in
surface area and pore volume was little, the loading of DX
on TW60-3DX was highest. The mechanism of increased
loading is unknown but might be possible that the presence
of large number of surface silanol group in TW60-3, due to use
of increased quantities of surfactants during the synthesis,
contributing increased numbers of surface —Si—-OH groups.
The negative surface —Si—-OH may retain the positively
charged drug in high quantity.

From the results of UV estimation for the drug content in
about 9.46+0.095, 9.36+0.097, and 9.51+0.087 mg DX was
present in TW60-1DX, TW60-2DX, and TW60-3DX MSNs,
respectively. This proves that the entire drug contained in the
matrices get released from the matrices by the extraction
procedure followed here. The percent entrapment efficiency
of all three MSNs were 24+0.34, 30+0.45, and 39+0.56% for
TW60-1DX, TW60-2DX, and TW60-3DX, respectively.

FT-IR Spectroscopy

The FT-IR spectra of the calcined MSNs, TW60-1, TW60-
2, and TW60-3, are shown in Fig. S3a (supplementary file). All
three spectra showed similar features to mesoporous silicas
reported earlier. The intense broad O-H stretching vibration
of water appearing 3500 cm ! is due to water that is hydrogen-
bonded to defective Si-OH groups of the silica matrix. The
band at 1620 cm ™' is attributed to the bending vibration of
water. The broad peak observed between 1000 and 1200 cm
is due to Si—-O-Si asymmetric stretching. The peak observed at
around 960 cm ! indicates defective Si-O-H. The shoulder
peak immediately following this is due to symmetric Si-O-Si
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Table I. BET Data of Pure and Drug-Loaded Particles

BET surface Pore volume Average pore
MSNs area (m®> g'1) (em® g™ diameter (nm)
TW60-1 1024.3 0.9229 3.6038
TW60-2 1056.2 0.9904 3.7509
TW60-3 1083.6 0.8468 3.1257
TW60-1gt 383.69 0.6603 6.8839
TW60-257 395.97 0.6842 6.9122
TW60-3gr 402.58 0.7274 7.2272
TW60-1DX 600.14 0.4950 3.6895
TW60-2DX 554.24 0.4396 3.1037
TW60-3DX 512.06 0.5085 4.3032

stretching. Si—-O-Si bending vibration is observed at the end of
spectrum. The peaks for template -CH,— were absent in all
calcined silica, which proves the expulsion of templates from
the silica after the calcinations.

The FT-IR spectrum of the DX is shown in Fig. S3b
(supplementary file). The N-H stretching vibration is weak
(close to 3400 cm ') due to hydrogen bonding. The peak
above 3000 cm ' is due to aromatic C-H stretching, and the
band below 3000 cm ' is attributed to alkyl CH, stretching.
The other bands for hydrogen-bonded N-H groups of the
drug were observed between 2200 and 2800 cm ' The CH,
bending vibrations are shown at 1450 and 1375 cm™'. The
phenoxy C-O vibration appears at 1200 cm '. The peaks
attributable to thiophene and naphthalene rings as seen
between 1600 and 1450 cm™'. The group of peaks around
700 cm ! is due to aromatic C-H bending modes of the
naphthalene and thiophene rings.

The FT-IR spectra of the drug-loaded MSNs, TW60-
1DX, TW60-2DX, and TW60-3DX, are shown in Fig. 3. The
peak for meso silica was completely resolved with good inten-
sity, although compared to pure silica, the intensities are
slightly reduced. This is due to the inclusion of the drugs in
the pores of the silica. In addition, the CH, vibrations of the
drug are partly seen just below 3000 cm™! and its bending
modes are also seen between 1300 and 1500 cm ™. Further,
the aromatic -CH- bending modes for the naphthalene and
thiophenyl rings of DX are also observed at around 700 cm ™

TW60-1DX
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Fig. 2. Thermograms of DX-loaded MSNs
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as a small hump. All other remaining peaks for DX are not
well resolved here, because of the fine dispersion of DX into
the pores rather than on the surface.

13C.NMR Spectroscopy

The *C-NMR spectrum of the drug-loaded samples
(Supplementary Fig. S4) was compared with that of pure DX
given by Marjo et al (34). The peaks for Ar-H and thiophenyl
CH appear at 129.65 and 127.53 ppm (the actual region for
solid-state NMR is from 130 to 120 ppm), respectively. Due to
the fine dispersion of DX inside the pores, the peaks were not
split into separate peaks as like in the reference. Some of the
shoulder peaks appear above major peaks are attributed to
Ar-H splits for naphthalene ring. The split near 79 ppm was
attributed to —O—CH- but was slightly shifted downfield com-
pared to the reference, which might be because of the
measurement in the reference was carried out at 6-
15 MHz, compared to 5 MHz in our study. The resulting
difference in frequencies may have caused shifts in peak
position. The peaks at 45.31 ppm (46.5 ppm in the refer-
ence) were assigned to —-CH,-N-, and the peak at
30.41 ppm was assigned to the N-CHj;- group of the
amine. In combination, the NMR data further verified
the presence of the drug in the pores of the silica. The
shifts in the positions of the peaks are due to interference
from the silica matrix as well as the difference in frequen-
cy of radiation used (32).

Scanning Electron Microscopy

SEM images of the MSNs and DX-loaded MSNs are
shown in Fig. 4. These images reveal the spherical morphology
of the particles with smooth surface texture and little deposits;
the formation of such deposits may due to incomplete silica
polymerization during synthesis (Fig. 4a—c). The images of the
DX-loaded MSNs (Fig. 4d—f) show morphology with slightly
disturbed smoothness and little deposits on the surfaces pos-
sibly caused by some remaining surface-adhered drug parti-
cles. In the case of TW60-1DX, the particles were broken into
smaller ones. This contrasted with the case of ibuprofen load-
ing (21) on the same MSNs in our previous study, in which a
large amount of drug was deposited over the surface of the
particles, increasing the particles’ surface diameter. However,
in the case of higher pore volume and BET pore size, TW60-
2DX and 3DX were not greatly disturbed; this was also ob-
served from their XRD reflections for the ordered peaks at
1.8-2.3 (26). Further, due to the high concentration of surfac-
tants during synthesis, micelles thus formed may get stabilized,
and this enhances the smooth polymerization of silica in the
case of TW60-2 and 3. Hence, particles TW60-2 and 3 were
observed to be good for loading the drug DX. This suggests
that the smooth polymerization of silica and the formation of
mesopores required a high concentration of Tween 60 surfac-
tant. These results of XRD and SEM were good with respect
to their XRD reflections and morphology when compared to
our previous reports on silica synthesized using Triton X-100
together with Tween 20 and Tween 40 where the particles
clumped together to form aggregates; Tween 60 formed
smooth and individual particle.
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Differential Scanning Calorimetry Analysis

DSC analysis was carried out to determine the dispersion
of DX on the silica matrix, as crystalline or amorphous form
Fig. S5 (supplementary file). Melting of the free drug is evi-
denced by the sharp peak of the free drug at around 160°C.
The degradation temperature appears at 300°C, which is fur-
ther supported by TGA results. Traces with similar features
were also observed in the physically blended DX (TW60-1DP,
TW60-2DP, and TW60-3DP) and silicas, due to poor drug
dispersion on the silica surface because of physical mixing.
During mixing, the trituration technique that was used re-
duced the crystalline size of DX, leading to an endotherm at
low temperature with a less intense peak than that of the free
drug. The endotherm responsible for the decomposition was
shifted to a slightly lower temperature than that of the free
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DX but was slightly broadened due to the size reduction of
DX crystals. This is due to the hydrogen bonding interaction
of the organic that over the solid matrix (35). These results
matched those of our previous report with Triton X-100 with
Tween 20 and 40 (20,30). Such interaction was also seen in
DSC traces of samples obtained by the usual solvent-aided
loading which did not show melting peaks (TW60-1DX, T60-
2DX, and T60-3DX); this illustrates the complete dispersion
of the drug into the pores of matrix in amorphous form. The
broad endotherm also matched that in the physically blended
samples. Further, the fine dispersion and decreased concen-
tration of drug in the matrix made it difficult to measure the
melting temperature exactly.

DRS-UV-Vis Spectral Studies and Drug Content/Entrapment
Efficiency

The solid-state DRS-UV-Vis spectra of the MSNs and
drug-loaded MSNs are shown in Fig. S6 (supplementary file).
This analysis was carried out to confirm the inclusion of the
DX in the MSNs. The absorbance of the bare MSNs was zero
from 400 to 200 nm. The pure DX and DX-loaded MSNs
showed two broad absorptions near the UV region due to
the transition of w-electron of the naphthalene ring (36). The
A-max of DX in MSNs was shifted toward a shorter wavelength
when compared to that of the pure drug (hypsochromic shift)
due to the suppression of the free resonance caused by the
oxygen lone pair of the 1-naphthol moiety of the drug. The
electrons’ dispersion prevents the electron pair of the oxygen
of the 1-naphthol ring from being delocalized over the aro-
matic rings. Furthermore, restricted free rotation is caused by
the formation of weak hydrogen bonds between both the lone
pair electron of the positively charged nitrogen of DX and the
loan pair electrons in the 1-napthol moiety with that of the
defective/negatively Si—-OH groups of MSNs. The absorbance

Fig. 4. SEM images of MSNs a TW60-1, b TW60-2, ¢ TT60-3 (Calcined), and drug-loaded MSNs, d TW60-1DX, e TW60-
2DX, and f TW60-3DX
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Fig. 5. Cumulative drug release pattern of TW60-1DX, TW60-2DX,

and TW40-3DX

due to thiophenyl moiety close to 210 nm was also not clearly
resolved because of peak broadening (37).

In Vitro Drug Release

Three-hundred-milligram disks of each MSNs containing 120,
90, and 72 mg of DX for TW60-1DX, TW60-2DX, and TW60-
3DX, respectively, were put into release media and studied under
the conditions given in experimental sections using a UV-vis spec-
trophotometer at 288 nm. The release profiles of DX from the
three different MSNs (TW60-1DX, TW60-2DX, and TW60-3DX)
at different pH conditions are shown in Fig. 5. All the MSNs
released the DX in pH 7.4 phosphate buffer, but the release was
very poor in acidic conditions. First, it can reasonably be assumed
that partial charge interactions between the drugs and the silica
surface contributed to the differential release behavior. In acidic
conditions (pH 1.2), the maximum release was only 40% due to
affinity between the silica surface and drug, in general the silanol
group of MSNs, which carries a net negative charge, bonded tightly
to the positively charged DX (pKa 9.34). At pH 7.4, the drugs and
the silica surface both carry a negative charge as the buffer causes
ionic replacement of HCI by the Na™ ions. This causes the drug to
be ionized into free base with loan pairs of electrons at the nitrogen
center and gives partial negative charge to the DX molecule. This
partial negative charge will cause charge repulsion between the
silica surface and DX, which likely promotes desorption. These
results demonstrated that the release of the drug from this carrier is
strongly pH dependent. To summarize, MSNs may be suitable for
selective drug release in higher pH conditions while protecting the
drug from degradation in acidic pH conditions.

Table II. In Vitro Drug Release Kinetic Data

Kinetic Correlation coefficient TW60- TW60- TW60-
models (r) and n values 1DX 2DX 3DX

Higuchi 7 0.897 0.968 0.987
Ritger and r 0.923 0.924 0.988
Peppas n 0.641 0.639 0.787

Ganesh et al.

The release data of the formulations were fitted to models
representing Higuchi’s square-root of time model and Ritiger and
Peppas’ model to predict the drug release kinetics and mechanism.
The regression coefficient (%) of the n value was determined, and
the data are shown in Table II. Higuchi’s kinetics model was also
applied to all the three MSNs (38). A straight line in the Higuchi
plot corresponds to a pure Higuchi type of diffusion-driven release
for a carrier. Further, the mechanism of DX release from the MSNs
was studied using the n values of all three MSNs; these values
ranged from 0.45 to 1 with a correlation coefficient of *>0.9 at
95% confidence level using the initial 60% cumulative release data.
The n value range indicated that the drug release from the system
followed the anomalous transport or non-Fickian diffusion. Fickian
diffusion release occurs by the usual molecular diffusion of the drug
due to the chemical potential gradient (39—41). The results might be
attributed to the influence of weak interactions between the drug
and the silica surface and the eroding silica matrix in basic condi-
tions (pH 7.4). While in comparison, the TT60-3DX showed
prolonged sustained release in the phosphate buffer than other
two nanoparticles. This may be due to higher loading, which will
cause reduced pore size and may inhibit the faster penetration
dissolution media. Further, the erosion silica should alter the re-
lease and change the kinetics to Peppa’s case 1I. The silica was
preferentially eroded from the regions where DX had been re-
leased from, since the rate of MSN (TW60-3DX) dissolution was
clearly slower for DX compared to the other MSNs. The in vitro
study showed that the MSNs protected the release of DX in acidic
conditions while releasing the DX in basic conditions. This is
significant for oral sustained release of duloxetine hydrochloride.

CONCLUSIONS

Mesoporous silica nanoparticles were synthesized success-
fully and evaluated for their efficacy as a carrier for DX HCI. In
extensive characterization of the MSNs, SEM and XRD results
revealed slight morphological changes in the silica after loading
the drug but no destruction of the mesopore order. The drug-
loading experimental results revealed that the MSNs were ca-
pable of engulfing DX, as verified by the TGA results. In vitro
release data showed that the MSNs released the drug in basic
conditions and that they protected the drug from degradation in
acidic environment. The mechanism of drug release followed
non-Fickian diffusion. The results highlighted porous silica’s
potential as a carrier that allows higher drug loading, greater
pH sensitivity, and prolonged sustained release of DX HCL.
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