https://doi.org/10.33263/BioMed22.093104

ISSN: 2668-6007

https://biomedicalengineering.international

Blomedical Engineering
|n-|-ern0-|-lonol Volume 2, Issue 2, Pages 0093-0104

2020

Received: 07.05.2020
Accepted: 31.05.2020
Published: 04.06.2020

Article

Characterization of drug-loaded unmodified and
MgO-modified mesoporous silicas

Takuya Ehiro 1* i

1 Osaka Research Institute of Industrial Science and Technology, Ayumino 2-7-1, Izumi-shi, Osaka 594-1157, Japan;
* Cotrespondence: ehirot@tri-osaka.jp; Scopus ID: 56523205600

Abstract: In this study, unmodified and MgO-modified mesoporous silicas were prepared under mild conditions,
without hydrothermal treatment. The obtained mesoporous materials were utilized as ibuprofen (IB) carrier. IB was
loaded onto mesoporous materials using three methods: (1) adsorption, (2) impregnation, and (3) physical mixing.
Mesoporous materials with or without IB were evaluated by various techniques such as thermogravimetry differential
thermal analysis (TG-DTA), X-ray diffraction (XRD) analysis, scanning electron microscopy (SEM), N2 adsorption-
desorption measurements, CO» temperature-programmed desorption, Fourier transform infrared spectroscopy (FT-
IR), and terahertz time-domain spectroscopy (THz-TDS). MgO modification improved the solid basicity of
unmodified mesoporous silicas and their IB adsorption capacity. In addition, MgO modification and IB loading
method influenced the physical and chemical properties of IB. The impregnation and physical mixing methods could
give similar physical and chemical states to pure IB, while the adsorption method may have been favorable for 1B
dispersion on the surface. Moreover, the absorption band shifts in the FT-IR spectra suggested that the carboxylic
acid group of IB interacted with the basic MgO-modified surface. Since the results of THz-TDS roughly correlated
with those of XRD and FT-IR, it was suggested that THz-TDS spectroscopy could be a rapid and non-destructive

tool to investigate various drug delivery systems.
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1. Introduction

Highly bioavailable drugs easily reach systemic
circulation when orally administered. Therefore,
oral drug delivery is one of the most common
methods for administration because it is safe and
void of pain. However, only a small portion of
poortly water-soluble drugs reach organs. Moreover,
burst release of a drug leads to a rapid change in
blood drug concentration. To
disadvantages of the conventional drug dosage

overcome

forms, controlled drug delivery systems (DDSs)
have been studied extensively [1].

To date, polymeric, lipid, inorganic, and metal-
containing drug carriers have been developed to
control drug release. Among them, mesoporous
silicas are promising materials for controlling and
maintaining drug release owing to the following
advantages: (1) easy synthesis, (2) tunable pore and
particle  size, (3) efficient and simple
functionalization, (4) high specific surface area, (5)

BIOMEDICAL ENGINEERING INTERNATIONAL | https://biomedicalengineering.international | 93

Cite This Article: Ehiro, T. Characterization of drug-loaded unmodified and MgO-modified mesoporous
silicas. Biomed Eng Int 2020, 2, 0093-0104. https://doi.org/10.33263/BioMed22.093104


https://biomedicalengineering.international/
https://doi.org/10.33263/BioMed22.093104
file:///C:/Users/user/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/WUCLH0N7/ehirot@tri-osaka.jp
https://www.scopus.com/authid/detail.uri?authorId=56523205600
https://nrid.nii.ac.jp/ja/external/1000070806778/?lid=0000-0001-9512-3238&mode=ORCID
https://biomedicalengineering.international/
https://doi.org/10.33263/BioMedXY.ABCDEF

Takuya Ehiro

large pore volume adequate for high drug loading,
(6) ability to enhance oral drug bioavailability, and
(7) ability to stabilize a drug [1].

In this study, Santa Barbara Amorphous-15
(SBA-15), mesoporous silica with a 2D hexagonally
ordered mesoporous structure [2], was utilized as a
drug carrier. SBA-15 has high chemical and thermal
stability, a great pore wall thickness, and uniform
mesopore diameter, which is larger than those of
Mobil  Composition  Matter (MCM)  type
mesoporous silicas such as MCM-41 and MCM-48
[3]. These features make SBA-15 suitable for
adsorption of a large molecule and surface
modification. Hence, SBA-15 use in DDSs has
attracted much attention in recent years, as reviewed
by Vavsari et al. [4].

However, surfaces of mesoporous silicas,
including SBA-15, are chemically inert. Therefore,
their surfaces often interact weakly with drug
molecules, resulting in low adsorption capacity and
rapid drug release. To improve the controlled
release abilities, surface functionalization is
effective. In this study, SBA-15 was modified with
MgO to enhance its solid basicity and interaction
between surface and acidic drug molecules. MgO
modification of mesoporous silicas lowers drug
release rates and/or enhances drug adsorption
capacities [3,5,6]. In addition to DDSs, MgO-
modified mesoporous silicas can be used as catalysts
[7,8], catalyst supports [9—14], adsorbents [15,16],
and humidity sensors [17,18].

Conventionally, MgO/SBA-15 was prepared
by stirring precursor solutions, containing Si and
Mg, at 313 K for 24 h and aging them at 373 K for
24 or 48 h [3,5,12,14,16,17,19,20]. We prepared
MgO/SBA-15 more rapidly at a lower temperature

2. Materials and Methods

2.1.

Tetraethoxysilane [(C2H50)451; TEOS, 98%],
magnesium acetate tetrahydrate [Mg(OAc)24H20,
99%], and potassium bromide (KBr, 99%) were
purchased from Fujifilm Wako Pure Chemical
Corporation. Hydrochloric acid (HCl, 35%) and n-
hexane (96 %) were purchased from Kishida
Chemical Co., Ltd. Poly(ethylene glycol)-block-
poly(propylene glycol)-block-poly(ethylene glycol)
(P123; PEO20-PPO7-PEO30, average molecular
weight ~5800) was purchased from Sigma-Aldrich
Japan, Inc. IB (98 %) was purchased from Tokyo

Materials

to save energy and preparation time [21]. In this
study, MgO/SBA-15 prepared by the facile
synthesis method was utilized as a carrier for
ibuprofen (IB), which is currently used in a range of
pharmaceutical formulations as an analgesic and
[22]. Therefore, it is
important to understand the fundamental physical
and chemical properties of IB-loaded inorganic
drug carriers because cross-referencing studies on
drug carriers, including mesoporous silica, can
facilitate DDS technology development by giving a
broader picture.

In this study, IB-loaded materials were
characterized using various techniques such as
thermogravimetry—differential ~ thermal analysis
(TG-DTA), X-ray diffraction (XRD) analysis,
scanning  electron microscopy (SEM), N
adsorption-desorption measurement, CO,
temperature-programmed desorption (CO2-TPD),
Fourier transform infrared spectroscopy (FT-IR),
and terahertz time-domain spectroscopy (THz-
TDS). Although THz-TDS is reportedly a non-
destructive and non-contact testing  tool,
fundamental THz-TDS-related data on drug-loaded
inorganic materials are insufficient. Herein,
MgO/SBA-15s, on which IB was loaded using three
different  methods:  [(1)  adsorption,  (2)
impregnation, and (3) physical mixing] were
evaluated using the THz-TDS technique. The IB
loading methods were found to influence IB
physical and chemical properties. Motreover, the
THz-TDS spectra changed, depending on the
loading method and solid basicity. Sensitivity to 1B
in the THz-TDS measurements decreased by
modifying SBA-15 with MgO.

anti-inflammatory drug

Chemical Industry Co., Ltd. All chemicals were used
as received without further purification.

2.2,

SBA-15 and MgO/SBA-15 were prepared as
previously reported [21,23]. First, 6.0 g of P123 was
dissolved in 180 g of 2 M aqueous HCI. In another
vessel, 12.9 g of TEOS and 54.0 g of deionized
water were mixed. This solution was added to the 2
M aqueous HCl solution, containing P123. This was
then stirred vigorously at 318 K for 1 h. Next, this
solution, with a white precipitate, was statically aged
at 353 K for 3 h. After 3 h of aging, the mixture was
evaporated at 353 K with stirring, air dried, and

Synthesis of drug carriers
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calcined at 823 K for 3 h at a heating rate of 1.5
K/min. MgO/SBA-15 was prepared using the same
procedure, specific  Mg(OAc)24H>O
amount was added to the 2 M aqueous HCI
solution, containing P123. The amount of
Mg(OAc)2-4H20 added was adjusted to obtain 15
wt% of MgO content.

while a

2.3. Drug loading

In this study, IB was loaded by three methods:
(1) adsorption, (2) impregnation, and (3) physical
mixing. In the adsorption method, 0.4 g of SBA-15
ot MgO/SBA-15 was added to 40 ml of n-hexane,
containing 0.4 g of IB. To attain adsorption
equilibrium, the above slurry was stirred for 48 h at
ambient temperature in a closed vessel. The powder
was filtered, washed with 40 ml. n-hexane, and
dried at 313 K for 24 h. The amount of IB adsorbed
on the samples was calculated by TG-DTA, as
described below. In the impregnation method, 0.4 g
of SBA-15 or MgO/SBA-15 was added to 40 ml of
n-hexane, containing 0.4 g of IB. Then, the slurry
was stirred at ambient temperature in an open vessel
until the n-hexane completely evaporated. In the
physical mixing method, 0.4 g of SBA-15 or
MgO/SBA-15 was physically mixed with IB in an
agate mortar to obtain 10 wt%, 30 wt%, or 50 wt%
content. The IB-loaded samples obtained by (1)
adsorption, (2) impregnation, and (3) physical
mixing methods are denoted as (1) IB/SBA-15-ads,
IB/MgO/SBA-15-ads,  (2)  IB/SBA-15-imp,
IB/MgO/SBA-15-imp, and (3) IB/SBA-15-phy,
and IB/MgO/SBA-15-phy, respectively.

2.4.

TG-DTAs were performed on a STA7300
(Hitachi High-Technologies Corp.) under 200

Characterization

3. Results and Discussion

3.1. TG-DTA

The IB-loaded SBA-15s and MgO/SBA-15s
were analyzed using TG-DTA (Figure 1). The DTA
curves of pure IB showed two endothermic peaks,
as reported previously [25] (Figure 1a). The first
endothermic peak could correspond to the melting
of IB, although the present melting temperature was
slightly higher than that reported previously [3,25].
Additionally, the pure IB T'G curve dropped sharply
at 423-523 K, indicating rapid weight loss in this
temperature region. After loading 1B, each sample

mlL./min airflow of with a heating rate of 10 K/min
from 313 K to 1073 K. XRD patterns were
collected on an X-ray diffractometer (SmartlLab,
Rigaku Corp.) using monochromatized Cu Ka
radiation (A = 0.15418 nm). Morphologies of the
materials were observed by SEM (Regulus 8230,
Hitachi High-Technologies Corp.). N2 adsorption-
desorption measurements were conducted at 77 K
(BELSORP-maxIl, Microtrac MRB). Before the
measurements, the materials were evacuated at 333
K for 10 h. The Brunauer—Emmett-Teller (BET)
surface area and pore size distribution were
obtained by analyzing the N2 adsorption isotherm
via BET method [24]. Basic properties of SBA-15
and MgO/SBA-15 were evaluated by CO,-TPD
(BELCAT 1II, Microtrac MRB). In CO,-TPD
measurements, 0.05 g of each sample was loaded
into a quartz tube. Before the measurement, each
sample was pretreated with 50 sccm of Ar flow at
773 K for 1 h. Then, each sample was streamed with
50 sccm of 5 % CO»/Ar for 30 min at 323 K. After
the treatment, each sample was treated with 50 sccm
of Ar flow for 15 min at 323 K. Then, each sample
was heated from 323 K to 1123 K at 10 K/min
under 30 sccm of Ar flow. Desotbed CO»2 was
monitored using a quadrupole mass spectrometer
(BELMass, Microtrac MRB). A fragment peak at
m/e = 44 was used to monitor desorbed CO». FT-
IR spectra were collected using the KBr method and
a Vertex 70 (Bruker Corp.). THz-TDS
measurements were performed at 297 K on a Tera
Prospector (Nippo Precision Co., Ltd.). Before the
measurement, each sample was pelletized to form a
disc with 15 mm diameter, without a diluting agent
such as polyethylene. The optical system was
operated in a dry air atmosphere to avoid water
absorption signature.

showed weight loss at a higher temperature
(approximately 473-873 K). Considering 1B
thermal decomposition temperature, amounts of
IB/SBA-15-ads and IB/MgO/SBA-15-ads loaded
were calculated from the above temperature region.
They were determined to be 10 wt% and 30 wt%,
respectively, (Figure 1b and f). These results
indicated that MgO modification enhanced the 1B
adsorption capacity of SBA-15. Moreover, the
endothermic DTA peaks disappeared in 10 wt%
IB/SBA-15-ads and 30 wt% IB/MgO/SBA-15-ads.
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This might indicate that low crystallinity 1B was
dispersed on SBA-15 and MgO/SBA-15 sutfaces.

Additionally, exothermic peaks due to 1B
oxidative decomposition were confirmed after IB
adsorption (Figure 1b and f). The DTA exothermic
peak of 30 wt% IB/MgO/SBA-15-ads was at a
higher temperature than those of 10 wt% IB/SBA-
15-ads. This peak shift implied interaction between
the MgO-modified surface and IB. The improved
IB adsorption capacity could be due to this
interaction because IB possesses an acidic carboxyl
acid group.

In the impregnation method, the DTA curve
of 50 wt% IB/SBA-15-imp showed sharp weight
loss and endothermic and exothermic DTA peaks
(Figure 1c). These results suggested that 50 wt%
IB/SBA-15-imp contained a large amount of 1B
species, which possessed similar states to pure IB.
Contrarily, the 50 wt% IB/MgO/SBA-15-imp
endothermic DTA peak was negligible, while the

exothermic DTA peaks were confirmed at
approximately 573-873 K (Figure 1g). Although
low crystallinity IB seemed difficult to disperse on
SBA-15 in the impregnation method, 50 wt%
IB/MgO/SBA-15-imp showed different thermal
behaviors from pure IB and 50 wt% IB/SBA-15-
imp (Figure 1a, c, and g).

To compare the adsorption and impregnation
methods, 10 wt% and 50 wt% IB/SBA-15-phy, and
30 wt% and 50 wt% IB/MgO/SBA-15-phy were
prepared. The endothermic melting DTA peak was
not observed for 10 wt% IB/SBA-15-phy, but it
was for 50 wt% IB/SBA-15-phy (Figure 1d and e).
Therefore, physically mixing a small IB amount with
SBA-15 induced interaction between SBA-15
external surface and IB. However, the physical
mixing method was insufficient to alter the thermal
behavior of a large amount of IB on SBA-15 (Figure
le).
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Figure 1. TG-DTA curves of (a) IB, (b) 10 wt% IB/SBA-15-ads, (c) 50 wt% IB/SBA-15-imp, (d) 10
wt% IB/SBA-15-phy, (¢) 50 wt% IB/SBA-15-phy, (f) 30 wt% IB/MgO/SBA-15-ads, (g) 50 wt%
IB/MgO/SBA-15-imp, (h) 30 wt% IB/MgO/SBA-15-phy, and (i) 50 wt% IB/MgO/SBA-15-phy.
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Contrarily, the exothermic DTA peaks of
IB/MgO/SBA-15-phy were at a higher temperature
than that of IB/SBA-15-phy. These results suggest
that the physical mixing method could induce
interaction between MgO/SBA-15 and IB, owing to
MgO modification. However, it would be difficult
to completely alter the thermal behavior of a large
amount of IB via the physical mixing method, as
Figure 11 shows a two-step weight loss.

3.2, XRD analyses

Figure 2 shows XRD patterns of the unloaded
and IB-loaded mesoporous materials. The
diffraction peaks at approximately 1-2° are
characteristic of SBA-15 (Figure 2b and g). They can
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be indexed as the (100), (110), and (200) reflections
from 2D hexagonally ordered mesostructures,
respectively, [5,14,17]. Therefore, the ordered SBA-
15 mesostructure did not collapse after MgO
modification. These peaks were maintained even
after loading 1B, regardless of the loading method
(Figure 2A and C). Pure IB indicated a diffraction
peak at a low angle of ca. 6 °. IB diffraction peaks
were also detected at low diffraction angles for 50
wt% IB/SBA-15-imp, 50 wt% IB/SBA-15-phy, 50
wt% IB/MgO/SBA-15-imp, and 50 wt% IB/SBA-
15-phy (Figure 2d, f, i, and k). However, 50 wt%
IB/MgO/SBA-15-imp diffraction peak shifted
from ca. 6 ° to ca. 3.8 °, indicating that the crystal
structure of pure IB was changed by the MgO-
modified surface.

Intensity (arb. unit)

Intensity (arb. unit)

10 20 30 40
26(°)

Figure 2. XRD patterns of the various samples at low (A and C) and high (B and D) diffraction angles;
(a) IB, (b) SBA-15, (c) 10 wt% IB/SBA-15-ads, (d) 50 wt% IB/SBA-15-imp, (¢) 10 wt% IB/SBA-15-phy,
() 50 wt% IB/SBA-15-phy, (g) MgO/SBA-15, (h) 30 wt% IB/MgO/SBA-15-ads, (i) 50 wt%
IB/MgO/SBA-15-imp, (j) 30 wt% IB/MgO/SBA-15-phy, and (k) 50 wt% IB/MgO/SBA-15-phy.

For 50 wt%  IB/MgO/SBA-15-imp,
diffraction peaks were detected at different high
diffraction angles for IB (Figure 2i). Therefore, it
was suggested that the MgO-modified surface of
MgO/SBA-15 may have changed the IB crystal
phase via chemical interactions. Contrarily, this was
not confirmed for 50 wt% IB/SBA-15-imp (Figure

2d). The XRD patterns similar to pure IB were
detected when a large amount was loaded (Figure
24, £, j, and k). Unlike the above samples, diffraction
peaks at high angles were not detected for 30 wt%
IB/MgO/SBA-15-ads (Figure 2h). This XRD
pattern suggested that MgO modification promoted
IB dispersion. As expected, at low IB content, a no
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IB diffraction peak was observed for SBA-15
(Figure 2c and e).

3.3.

SBA-15 and MgO/SBA-15 showed rod-like
morphologies (Figure 3b and g). After IB
adsorption, their morphologies did not change
significantly, retaining rod-like units (Figure 3c and
h). Contrarily, IB impregnation generated IB and
SBA-15 or MgO/SBA-15 aggregates, in addition to

SEM observations

(b) SBA-15

50 um

{ )&
10 wt% IB/SBA-

the rod-like particles (Figure 3d and i). Therefore,
these results indicate that 50 wt% IB impregnation
resulted in IB crystallization outside the mesopores
to some extent. In the physical mixing method, large
aggregates and rod-like particles were observed
(Figure 3e, f, j, and k). As shown in Figure 3k, it was
hard to distinguish IB and MgO/SBA-15 particles
from aggregates in IB/MgO/SBA-15-phy. This
might be due to the chemical interaction between
IB and MgO/SBA-15.

(c) 10 wt% IB/SBA-15-ads
33 et el Y

,
sopme® 3

(d) 50 wt% IB/SBA-15-imp () 15-phy

20 pm

| (j) 30 wt% IB/MgO/SBA-15-phy

3.4. N2 adsorption-desorption and

CO,-TPD measurements

As shown in Figure 4, SBA-15 and MgO/SBA-
15 isotherms were classified as type IV, according
to the International Union of Pure and Applied
Chemistry IUPAC) classification. Their isotherms
indicated H1 type hysteresis loops, which are
characteristics of cylindrical mesopores. Capillary
condensations around relative pressure of p/po =
0.7 indicated the mesopores formation with
uniform sizes. Hence, it was confirmed that MgO

modification did not collapse the ordered SBA-15

20 um

(h) 30 wt% IB/MgO/SBA-15-ads (i) 50 wt% IB/MgO/SBA-15-imp

Figure 3. SEM images of the various samples.

mesopores, as confirmed in Figure 2. On the
contrary, IB loading decreased N2 uptakes, specific
surface areas, and total pore volumes in all loading
methods (Table 1). In the adsorption method, the
average SBA-15 and MgO/SBA-15 pore diameters
remained unchanged or decreased slightly. It may
indicate that IB was adsorbed mainly in their
mesopores. On the other hand, considering large
aggregate generation in the impregnation and
physical mixing methods (Figure 3d-f, i—k), SBA-
15 and MgO/SBA-15 could not sufficiently enclose
IB in their mesopores using the above methods.
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Figure 4. N, adsorption-desorption isotherms of the various samples.

Table 1. Physical properties obtained via N2 adsorption-desorption measurements.

Sample Seer’ (M*/g) Vi (cm’/g)  d,,° (nm)
SBA-15 426 0.82 1.7
10 wt% IB/SBA-15-ads 302 0.58 1.7
50 wt% IB/SBA-15-imp 18.5 0.07 16
10 wt% IB/SBA-15-phy 296 0.60 8.2
50 wt% IB/SBA-15-phy 22.1 0.08 14
MgO/SBA-15 321 0.55 7.5
30 wt% IB/MgO/SBA-15-ads 141 0.26 7.4
50 wt% IB/MgO/SBA-15-imp 1.87 0.02 41
30 wt% IB/MgO/SBA-15-phy 165 0.07 16
50 wt% IB/MgO/SBA-15-phy 0.40 0.01 78

@ Specific surface area calculated by BET method.
b Total pore volume obtained at the relative pressure of p/p,=0.99.
¢ Average pore diameter calculated by d,, = (4V /S ge7) - 10°.

To evaluate the basic properties of SBA-15 and
MgO/SBA-15, CO»"TPD measutements were
performed (Figure 5). In CO2-TPD measurements,
COx is used as an acidic probe gas to the basic sites
of a sample. After COz adsorption on a sample, CO»
desorption is promoted by heating under an inert
gas flow. CO; desorption amount and temperature
are monitored. Therefore, a large desorption peak
area represents a large number of basic sites.

Additionally, a high desorption temperature

represents strong basicity. SBA-15 did not show an
obvious CO» desorption peak, indicating that it did
not exhibit basicity (Figure 5). Contrarily,
MgO/SBA-15 exhibited CO; desorption peaks up
to a high temperature, despite its lower specific
surface area, compared to that of SBA-15 (Table 1).
Therefore, MgO modification was found to
enhance SBA-15 basicity. This basicity improved
SBA-15 IB adsorption capacity from 10 wt% to 30

wt%b.

CO, desorption (arb. unit)

NN

e S Y L

MgO/SBA-15

SBA-15

323 523

723

923 1123

Temperature (K)
Figure 5. CO-TPD spectra of SBA-15 and MgO /SBA-15.
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3.5. FT-IR analyses

IB showed a characteristic FT-IR spectrum
(Figure 6a). The band at 1720 cm! might belong to
the v(C=0) stretching vibration, while the weak
bands at 1508 and 1462 cm! to ring vibrations of
organic molecules [3]. After 10 wt% IB loading on
SBA-15, part of the band due to the carboxyl C=0O
stretching vibration of pure IB shifted to lower
wavenumber (Figure 6b and d). On the contrary, 50
wt%o 1B loading did not shift significantly (Figure 6¢
and e). Additional to the physical mixing of SBA-15
with 10 wt% IB, the peak shift was also confirmed
by the adsorption method. Therefore, the band shift
could be caused not by a mechanochemical effect
but by the interaction between SBA-15 and IB. As
mentioned above, 50 wt% IB/SBA-15-imp and 50

Absorbance (arb. unit)

{1

1800 1700 1600 1500 1400
Wavenumber (cm1)

wt% IB/SBA-15-phy, with slight absorption band
shifts, showed the XRD patterns indexed to pure 1B
(Figure 2B). These results implied that the physical
and chemical properties of 50 wt% of IB loaded on
SBA-15 were not changed significantly by the
impregnation and physical mixing methods.

When loading IB on MgO/SBA-15, a more
noticeable band shifted to around 1590 cm!. It was
also observed in the physical mixing method and
partial for 50 wt% IB/MgO/SBA-15-phy.
Therefore, it may be implied that the external
surfaces of the SBA-15 particles, as well as
mesopore surfaces, were modified with MgO. The
more obvious band shifts after MgO modification
suggested a stronger interaction with IB through
relatively high basicity (Figure 5), which endows a
drug carrier with controlled-release ability [3].

Absorbance (arb. unit)

D24
A

1800 1700 1600 1500 1400
Wavenumber (cm1)

Figure 6. FT-IR spectra of (a) IB, (b) 10 wt% IB/SBA-15-ads, (c) 50 wt% IB/SBA-15-imp, (d) 10 wt%
IB/SBA-15-phy, () 50 wt% IB/SBA-15-phy, (f) 30 wt% IB/MgO/SBA-15-ads, (g) 50 wt%
IB/MgO/SBA-15-imp, (h) 30 wt% IB/MgO/SBA-15-phy, and (i) 50 wt% IB/MgO/SBA-15-phy.

3.6. THz-TDS analyses

As stated above, THz-TDS spectroscopy can
be a useful tool for investigating drugs. Pure 1B
showed characteristic absorption bands in its THz-
TDS spectrum, while SBA-15 and MgO did not
exhibit any absorption bands (Figure S1). Figure 7
shows the second-order differential THz-TDS
spectra. Ten wt% of IB loadings on SBA-15 in the
adsorption and physical mixing methods show no
IB absorption peaks, as confirmed by the XRD
patterns (Figures 2c and e and 7c and e). Therefore,
10 wt% IB content was considered not detectable
under the SBA-15 absorption background. As IB
content increased to 50 wt%, absorptions at the
same positions as pure IB were detected (Figure 7d

and f). As mentioned above, 50 wt% IB/SBA-15-
imp and 50 wt% IB/SBA-15-phy showed pure IB
XRD patterns (Figure 2d and f). Therefore, at
higher IB content, IB with a similar chemical state
as pure 1B would be detectable even with SBA-15.
When using MgO/SBA-15 as a drug carrier, IB
sensitivity decreased, compared to that of IB-loaded
SBA-15 (Figute 7h—k). Thirty wt% IB/MgO/SBA-
15-ads and 50 wt% IB/MgO/SBA-15-imp did not
show IB absorption (Figure 7h and i). The former
did not show the IB XRD peaks, while the latter
showed the XRD pattern which was different from
that of pure IB (Figure 2h and i). Hence, the
dispersion state and the crystal structure of IB
species seemed to greatly influence their sensitivity
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to THz-TDS spectroscopy. Although 30 wt%
IB/MgO/SBA-15-phy only showed a negligible
absorption signal, 50 wt% IB/MgO/SBA-15-phy
showed absorption signals similar to pure IB (Figure
7j and k). Therefore, it was confirmed that IB
species absorption in the THz-TDS measurement
was roughly correlated with the peak intensities of
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the putre IB XRD pattern and the FT-IR absorption
at 1720 cm! due to the carboxyl C=O stretching
vibration (Figures 2 and 6). These observed
sensitivity change could be used to evaluate the
interaction between a drug and an inorganic carrier,
which could enhance the controlled drug release
ability [3].
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Figure 7. Second-order derivative THz-TDS spectra of (a) IB, (b) SBA-15, (c) 10 wt% IB/SBA-15-ads,

(d) 50 wt% IB/SBA-15-imp, (e) 10 wt% IB/SBA-15-phy, (f) 50 wt% IB/SBA-15-phy, (g) MgO/SBA-15,

(h) 30 wt% IB/MgO/SBA-15-ads, (i) 50 wt% IB/MgO/SBA-15-imp, (j) 30 wt% IB/MgO/SBA-15-phy,
and (k) 50 wt% IB/MgO/SBA-15-phy.

The physical and chemical properties of a drug
such as crystallinity, crystal phase, drug dispersion,
and interaction with a cartier, can greatly influence
the performance of DDSs. Acid-base interactions
between a drug and carrier are key factors in

4. Conclusions

MgO/SBA-15 was synthesized by a facile
one-pot synthesis method, retaining the
ordered mesopores. TG-DTAs revealed that IB
adsorption capacity was improved from 10
wt% to 30 wt% by modifying SBA-15 with
MgO. This improvement could be due to
basicity enhancement, which was evaluated in
the CO»-TPD measurements. After loading 1B
on SBA-15 and MgO/SBA-15 in the
adsorption, impregnation, and physical mixing
methods, IB-loaded SBA-15s and MgO/SBA-
15s  were characterized wusing  various
techniques. The XRD patterns at low
diffraction angles indicated that the ordered
mesoporous structures were maintained even
after loading IB. Additionally, MgO
modification altered or weakened pure IB XRD

controlling drug release by the present drug carrier
system and various DDSs [3-5]. Hence, this study
demonstrated that THz-TDS spectroscopy can be a
rapid and non-destructive tool to investigate the
above crucial physical and chemical properties.

intensities at high diffraction angles. In the
adsorption method, the pure IB XRD pattern
was not detected for 30 wt% IB/MgO/SBA-
15-ads. Moreover, unlike IB/MgO/SBA-15-
imp and IB/MgO/SBA-15-phy, relatively large
aggregates of IB and MgO/SBA-15 wete not
observed for the 30 wt% IB/MgO/SBA-15-
ads. Therefore, MgO modification would be
effective in dispersing more IB and lowering
crystallinity. The higher oxidative
decomposition temperature of IB loaded on
MgO/SBA-15 and COOH absorption band
shifts, which were confirmed using TG-DTA
and FT-IR, is indicative of MgO-modified
sutface and IB interaction. The THz-TDS
investigations suggested that MgO
modification influenced sensitivity to IB. It was
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LN
confirmed that IB species absorption in the
THz-TDS investigations roughly correlated
with the peak intensities of the pure IB XRD
pattern and the FT-IR absorption at 1720 cm’'
due to the carboxyl C=O stretching vibration.
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IB, SBA-15, and MgO THz-TDS spectra are available
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Supplementary Material

1. THz-TDS analyses

MgO was prepared by calcining Mg(OAc)24H>O at 823 K for 3 h. The crystal structure of the obtained
sample was indexed to MgO using XRD. THz-TDS measurements were performed at 297 K on a Tera
Prospector (Nippo Precision Co., Ltd.). Before the measurements, 0.05 g of 1B, diluted with polyethylene
powder (Sigma-Aldrich Japan, Inc.), 0.1 g of SBA-15, and 0.1 g of MgO, was pelletized to form discs with
15 mm diameter. The optical system was operated in a dry air atmosphere to avoid water absorption
signature.
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Figure S1. THz-TDS spectra of (a) 1B, (b) SBA-15, and (c) MgO.
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