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Drug Self-Templated Synthesis of Ibuprofen/Mesoporous Silica for Sustained
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The synthesis of Ibuprofen/mesoporous silica has been
achieved by a drug self-templated one-step co-condensation
process. The drug template of Ibuprofen, a co-template of 3-
aminopropyltriethoxysilane (APTES), and tetraethoxysiliane
(TEOS) were self-assembled into Ibuprofen/mesoporous sil-
ica in a neutral aqueous reaction system. This drug/mesopo-

rous silica was characterized by powder XRD diffraction,
FTIR spectroscopy, N, adsorption/desorption, TEM, and 2°Si/
MAS and '*C/MAS NMR spectroscopy. The Ibuprofen/meso-
porous silica system gives a well-sustained release profile.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

Over the past three decades there has been rapid growth
in sustained/controlled drug delivery in the field of modern
medication and pharmaceuticals since sustained/controlled
release can bring both therapeutic and commercial value to
health-care products.['! Among a wide number of materials,
micelles, liposomes, and polymeric and co-polymeric nano-
particles are widely employed as drug carriers for sustained/
controlled delivery. Recently, a new application of mesopo-
rous silica as a drug-delivery system has been explored,”!
and there is now growing interest in the use of mesoporous
silica as a sustained/controlled drug delivery system due to
its several attractive features, such as stable uniform meso-
porous structure, high surface area, tunable pore sizes with
narrow distributions, well-defined surface properties,!!-]
nontoxic nature,* and good biocompatibility.5-7! Several
research groups have reported on the design of mesoporous
silica-based carriers for sustained/controlled drug-delivery
systems.[!-3.6:8-12]

Up to now, the loading of drugs into the channel of
mesoporous silica was mainly post-synthesis, that is, the
mesoporous silica carrier was synthesized first followed by
storage of the drug molecules. The post-synthesis introduc-
tion of drug molecules has been achieved by two general
strategies: (i) by physical adsorption of drug molecules in
the pure mesoporous silical>>%1%121 or by an acid-base in-
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teraction of the drug molecules with amine-supported
mesoporous silica,3! or (ii) by anchoring the drug mole-
cules with modified mesoporous silica by covalent attach-
ment to form a pro-drug with release potential.['!]

Ibuprofen is frequently employed as a model drug for
sustained/controlled delivery owing to its suitable molecule
size of about 1.0 x 0.5 nm,! good pharmacological activity,
and short biological half-life (2 h).['3!

Here, we propose a novel approach to encapsulating Ibu-
profen in the channels of mesoporous silica by a one-step,
drug self-templating technique. The Ibuprofen/mesoporous
silica sample was characterized by powder XRD diffrac-
tion, FTIR spectroscopy, N, adsorption/desorption, TEM,
and 2Si/MAS and '*C/MAS NMR spectroscopy. Drug-re-
lease profiles have also been determined.

Results and Discussion

Figure 1 schematically illustrates the one-step, drug self-
templated synthesis of our mesoporous silica drug-carrier
system. The synthesis is based on SN*-I" template path-
ways,l1416l where S~ denotes the anionic drug template and
N* and I" represent the protonated amine group and nega-
tively charged silane group, respectively. The formation
mechanism is thought to be controlled by the electrostatic
interaction between the negatively charged carboxylic head-
group of the drug template (Ibuprofen) and the protonated
amine group of the organoalkoxysilane (APTES). Conden-
sation occurs preferentially at the alkoxysilane sites in
APTES to onset the formation of the silicate framework.
Meanwhile, drug molecules are encapsulated in the chan-
nels of the mesoporous silicate to finally give the drug-en-
capsulated Ibu/MS system.

The XRD pattern of Ibu/MS shows only one reflection
(see Supporting Information Figure S1), with a d-spacing of
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Figure 1. The one-step, drug self-templated synthesis of Ibu/MS system and sustained release.

4.28 nm. The TEM image confirms that the Ibu/MS sample
possesses an ordered mesoporous structure (Figure 2).
Furthermore, the characteristic mesoporous system was
also confirmed by nitrogen adsorption/desorption measure-

Figure 2. TEM image of Ibu/MS.

3944

www.eurjic.org

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ments (shown in Figure 3), which revealed that the samples
possess a high specific surface area of 1262 m?g~!, a large
pore volume of 0.66 cm3g™!, and an average pore size of
2.08 nm. It can be seen that a well-defined step occurs in
the adsorption curve at a relative pressure, P/P,, of 0.2-0.3,
which indicates the filling of framework-confined meso-
pores.l'”] This isotherm can be classified as type IV.['®!
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Figure 3. Nitrogen adsorption/desorption isotherm and pore-size
distribution of Ibu/MS.
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The FT IR spectra of Ibuprofen show that the band cor-
responding to a free carboxylic acid (1723 cm™!) has
changed to a carboxylate one (1463 and 1637 cm™) in the
Ibu/MS sample (see Supporting Information, Figure S2),
which suggests COO—-N* bonding between Ibuprofen and
the co-template (APTES).[:38191 In addition, bands for the
quaternary carbon atom of Ibuprofen at 1463 and
1519 cm™! and bands for C-H, of APTES at 2919 and
2962 cm™! can be clearly seen in the Ibu/MS system.*"
These observations show that Ibuprofen and APTES are
involved in the formation of the mesoporous phase.

Figure 4 (part A) shows a typical 2°Si/MAS NMR spec-
trum for the Ibu/MS sample. In addition to the free hydroxy
group (Q3) at 6 = —110 ppm and cross-linked silicon atoms
(Qy), a new peak group appears between ¢ = —50 and
—80 ppm in Ibu/MS, which is assigned to the Si atoms coval-
ently bound to organic groups {75 [(SiO),Si(OH)CSi] and
T [(Si0);SiCSi], respectively}.[21-23
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Figure 4. NMR spectra of Ibu/MS: (A) >°Si/MAS NMR spectrum;
(B) solid-state '*C/MAS NMR spectrum.

The '3C/MAS NMR spectrum of Ibu/MS is shown in
part B of Figure 4. The peaks of -CH,CH; at 6 = 58 and
14 ppm of pure APTES have disappeared in the Ibu/MS
system due to the condensation of APTES with TEOS,
which is consistent with 2°Si MAS/NMR observations.
Furthermore, the peak of the carboxylic acid group of pure
Ibuprofen at 6 = 183.22 ppm is shifted slightly to a higher
shielding of 0 = 181.16 ppm in the Ibu/MS system due to
the shift of a proton from the carboxylic acid to the amine.
These NMR spectra are in agreement with the results of
the FT IR spectra, which further confirms the COO—-N*

Eur. J. Inorg. Chem. 2006, 3943-3947

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

interaction between Ibuprofen and the co-template, as well
as the encapsulation of Ibuprofen in the channels of the
mesoporous silica.

The loading of ibuprofen in the Ibu/MS sample is about
24%, as determined from the drug released (M..) at infinite
time. Since Ibuprofen is mainly adsorbed in the stomach
and proximal intestine, the release profiles of Ibu/MS in
simulated gastric and proximal intestine were determined;
the cumulative release rates are shown in Figure 5. This dia-
gram clearly proves that both systems exhibit sustained-re-
lease profiles. Only 8.61 wt.-% of Ibuprofen is released
within 2 h, and it takes nearly 12 and 45 h to reach 45.06
and 95.2 wt.-% of drug released in simulated gastric fluid,
respectively. The release rate in simulated proximal intestine
fluid is higher than that in the simulated gastric fluid. Thus,
13.95 wt.-% of Ibuprofen is released within 2 h, 52.22 wt.-
% of the drug is released in 12 h, and drug release is fin-
ished in 45 h. The difference of release profiles should be
mainly due to the different solubility of Ibuprofen at dif-
ferent pH values. Additionally, the integrity of the drug
molecules is maintained upon their release from the meso-
porous silica (see Supporting Information, Figure S5).
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Figure 5. Cumulative release rates of Ibuprofen in simulated (a)
stomach and (b) proximal intestinal fluid.

For comparison, MCM-41 was functionalized with
APTES and the release kinetics were studied (see Support-
ing Information, Figure S6). It can be seen that this system
shows a faster initial release rate than the Ibu/MS system,
with 17.5wt.-% of Ibuprofen released within 2h and
55.56 wt.-% of the drug released in 12 h.

In order to investigate the release behavior of Ibuprofen,
the drug-release kinetics were analyzed with the Kors-
meyer—Peppas model.?*231 This model often deviates from
Fick’s law and follows an anomalous behavior that follows
the exponential model M /M., = kt", where M, is the drug
released at time ¢, M., is the quantity of drug released at
infinite time, k is the kinetic constant, and » is the release
exponent, which characterizes the drug-transport mecha-
nism. When n = 0.5, the drug diffusion and release from
the matrix follow Fick’s law and drug initial release is
slower, while for 1 > n > 0.5 it follows an anomalous non-
Fick-type transport and drug initial release is faster than
that of n = 0.5. A relatively larger initial drug release is
essential for sustained/controlled drug release. The In (frac-
3945
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tional release of Ibuprofen) is plotted as a function of
In (time) with the data up to 45 h. The exponent for the Ibu/
MS system is 0.763 and 0.876 at pH 1.2 and 6.8, respec-
tively (Table 1), which suggests that Ibuprofen release from
this system follows an anomalous non-Fick-type transport
behavior.

Table 1. The Korsmeyer—Peppas model fit of Ibuprofen release.

Samples Release medium  In(M/M..) vs. Int n R

Ibu/MS pH 1.2 y=0.763x — 0.763  0.9949
2.519

Ibu/MS pH 6.8 y =0.876x — 0.876  0.9775
3.094

Conclusions

In summary, we have achieved a novel and effective
method that uses a drug in a one-step template synthesis
that leads to an Ibu/mesoporous silica system. The reported
Ibu/MS system possesses an ordered mesoporous structure
and gives a well-sustained release profile. The release
mechanism follows an anomalous non-Fick-type behavior.
This new drug/mesoporous silica synthesis technique is
likely find applications in the encapsulation of drugs, fra-
grances, nanoparticles, and (bio)macromolecules inside
mesoporous silica systems.

Experimental Section

Materials: (3-Aminopropyl)triethoxysilane (APTES, Aldrich),
tetracthoxysilane (TEOS, Tiantai Co., Tianjin), and Ibuprofen
(Ibu, Tianzunzezhong, Chemical Co., Nanjing) were used as re-
ceived.

Synthesis of Ibuprofen/Mesoporous Silica System: In a typical pro-
cedure, 0.11 g of Ibu was first dissolved in a mixture of 0.1 g of
APTES and 0.5 mL of distilled water by stirring until a clear solu-
tion had formed. Then, 1.01 g of TEOS was added with continuous
stirring for 24 h at room temperature. The pH value of the final gel
was about 7. This white gel was sealed in a Teflon-lined stainless-
steel autoclave and heated at 323 K for 8 h, followed by further
heating at 373 K overnight under static conditions. The white pre-
cipitate obtained was filtered and washed extensively. The as-syn-
thesized sample was air-dried at room temperature for 48 h.

Characterization: Powder XRD diffraction data were collected on
a SIEMENS D5005 diffractometer with Cu-K,, radiation at 40 kV
and 30 mA. Nitrogen adsorption/desorption was measured with a
Micromeritics ASAP 2010 M sorptometer. Before measurement,
the samples was calcined at 723 K for 5 h, degassed at 373 K for
12 h, and the measurements were carried out at 77 K. Specific sur-
face areas and pore-size distributions were calculated using the
Brunauer-Emmett-Teller (BET) and Barrett-Joyner—-Halenda
(BJH) models from the adsorption branches, respectively. Solid-
state/ MAS NMR spectra were recorded on a Varian infinity plus
400 spectrometer. 2°Si/MAS NMR: resonance frequency:
79.41 MHz; spinning frequency: 4.00 kHz; pulse delay: 10.00 s;
pulse width: 30° '3C/MAS NMR: resonance frequency:
100.52 MHz; contact time: 1.00 min; spin rate: 3.33 kHz. UV/Vis
spectra were recorded with a UV-2450 visible spectrophotometer
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from Shimadzu. An FT-IR spectrometer (JASCOFT/IR-420) was
used to record infrared spectra of the samples by the KBr method.
Powder materials were pressed into a tungsten mesh grid and in-
stalled in an in situ FTIR transmission cell; the samples were out-
gassed in a vacuum system with a residual pressure of less than
3x10* Torr at ambient temperature. TEM images were recorded
with a JEOL 3010 at an acceleration voltage of 300 kV.

Drug Release: After the Ibu/MS sample has been compressed into
tablet with a diameter of 10 mm and a thickness of 0.5 mm, the
release rate was obtained by soaking the sample tablets (150 mg)
in 500 mL of simulated gastric and proximal intestinal fluid (pH 1.2
HCI and pH 6.8 buffer solution), respectively, at a temperature of
310 K. At predetermined time intervals, 3-mL samples were with-
drawn and immediately replaced with an equal volume of dissol-
ution medium to keep the volume constant. These samples were
filtered (0.45 um), diluted, then the Ibuprofen contents were ana-
lyzed at 222 nm using a UV/Vis spectrophotometer.

Supporting Information (see footnote on the first page of this arti-
cle): Figure S1 shows the powder X-ray diffraction spectra of Ibu/
MS, which confirms the mesoporous structure. Figure S2 shows
the FTIR spectra of (a) pure Ibuprofen and (b) Ibu/MS. Figure S3
shows the '3*C/MAS NMR spectrum of neat APTES. Figure S4
shows the '*C/MAS NMR spectrum of neat Ibuprofen, which may
give information that ibuprofen and APTES may be involved in
the formation of the mesoporous structure. Figure S5 shows the
UV/Vis spectra of (a) neat Ibuprofen and (b) Ibuprofen released
from the Ibu/MS system. Figure S6 shows the cumulative release
rates of Ibuprofen from functionalized MCM-41 in simulated fluid.
Figure S7 shows SEM images of the Ibu/MS sample.
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