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Abstract: The goal of the present study was to compare the drug release properties and stability
of the nanoporous silica with different pore architectures as a matrix for improved delivery of
poorly soluble drugs. For this purpose, three dimensional ordered macroporous (3DOM) silica
with 3D continuous and interconnected macropores of different sizes (200 nm and 500 nm)
and classic mesoporous silica (ie, Mobil Composition of Matter [MCM]-41 and Santa Barbara
Amorphous [SBA]-15) with well-ordered two dimensional (2D) cylindrical mesopores were
successfully fabricated and then loaded with the model drug indomethacin (IMC) via the solvent
deposition method. Scanning electron microscopy (SEM), N, adsorption, differential scanning
calorimetry (DSC), and X-ray diffraction (XRD) were applied to systematically characterize all
IMC-loaded nanoporous silica formulations, evidencing the successful inclusion of IMC into
nanopores, the reduced crystallinity, and finally accelerated dissolution of IMC. It was worth
mentioning that, in comparison to 2D mesoporous silica, 3DOM silica displayed a more rapid
release profile, which may be ascribed to the 3D interconnected pore networks and the highly
accessible surface areas. The results obtained from the stability test indicated that the amorphous
state of IMC entrapped in the 2D mesoporous silica (SBA-15 and MCM-41) has a better physical
stability than in that of 3DOM silica. Moreover, the dissolution rate and stability of IMC loaded
in 3DOM silica was closely related to the pore size of macroporous silica. The colorimetric
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and Cell Counting Kit
(CCK)-8 assays in combination with direct morphology observations demonstrated the good
biocompatibility of nanoporous silica, especially for 3DOM silica and SBA-15. The present
work encourages further study of the drug release properties and stability of drug entrapped in
different pore architecture of silica in order to realize their potential in oral drug delivery.
Keywords: 3D ordered macroporous silica, mesoporous silica, poorly soluble drugs, in vitro
dissolution, stability test, in vitro cytotoxicity

Introduction

Oral delivery is commonly recognized as the most convenient and preferred route
for drug administration. However, the large majority of the newly discovered chemi-
cal entities and many existing drug substances suffer from poor aqueous solubility,
insufficient dissolution throughout the gastrointestinal tract, and, consequently, low
bioavailability when administered orally.! Developing strategies to improve the
drug dissolution rate and to enable the effective oral delivery of water-insoluble
compounds is currently one of the greatest challenges to formulation scientists in the
pharmaceutical field.>*
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Various approaches have been employed to tackle the
formulation challenges of poorly water-soluble drugs, such
as nanocrystal or nanosizing techniques,** lipid-based
formulation,®’” and solid dispersions,*® and so on. Among
these methods, adsorption onto porous substrates with a
high surface area is a well-known and widely used technique
to enhance dissolution of poorly soluble drugs.!®'* Porous
silicate is a porous material that has been commonly used
as a pharmaceutical excipient. Several grades of porous
silicate having different characteristics such as particle size,
pore size, and specific surface area are commercially avail-
able and have been widely employed to encapsulate poorly
soluble drugs, such as Aerosil®, Sylysia®, Florite®, Neusilin®
and aerogel.!>#

Since the discovery of mesoporous (2 nm <pore
size <50 nm) silica materials in the 1990s, the synthesis
and application of mesoporous silica have received sub-
stantial attention due to their high surface area, well defined
and tunable pore size, uniform porous structure, and eas-
ily modified surface.'”?> Among these mesoporous silica,
Mobil Composition of Matter (MCM)-41 and Santa Barbara
Amorphous (SBA)-15, with a two dimensionally ordered hex-
agonal arrangement of cylindrical pores of uniform size (typi-
cally 2—-10 nm) disposed parallel to each other (Figure 1A),
are probably the most investigated materials.?

In contrast to mesoporous materials templated by sur-
factant micelles, three dimensionally ordered macroporous
(3DOM) materials with pore sizes in the sub-micrometer range
are generally templated by colloidal crystals, allowing the
introduction of uniform spherical voids with controlled size,
typically hundreds of nanometers in diameter* (Figure 1B).
The low specific surface areas, relative to mesoporous materi-
als, combined with the three dimensionally interconnected
pore networks, allowed ready accessibility to guest molecules

and enhanced mass transport.?’-*® On account of these unique
structural advantages, 3DOM silica is expected to be very
promising for drug delivery applications, especially for
poorly water-soluble compound. Taking the colloidal crystal
method commonly used for 3DOM materials into account,
the pore size of 3DOM silica can be tailored simply by adjust-
ing the diameter of the colloidal crystals.**° In view of this
characteristic, it is highly desirable to synthesize 3DOM silica
with different pore sizes and then to explore the influence
of pore size of 3DOM silica on the drug loading and release
properties of poorly soluble drugs. Moreover, it would also
be very interesting to compare the drug loading and release
characteristics between 3D macroporous silica and widely
investigated 2D mesoporous silica SBA-15 and MCM-41,
especially as, to our knowledge, the comparison between
these two types of materials has not yet been reported.

Amorphous or molecular forms of drugs often show
better solubility compared to their crystalline counterparts.>!
However, the amorphous state of drug will spontaneously
turn into the stable crystallization under certain conditions.
Pure amorphous indomethacin (IMC) recrystallizes typically
in days if stored at ambient conditions.*? Therefore, stability
is one of the important factors to be considered when silica is
used as a drug carrier. Although many articles have reported
porous silica as a drug delivery system for poorly water-
soluble drugs, to our knowledge, the stability tests about
macroporous silica as drug carriers have never been reported
to date. Here, we have compared properties of 3DOM silica
with 2D cylindrical mesoporous silica with respect to stability
of IMC loaded in the drug delivery system.

Over the last decade, porous silica with many appealing
properties has been widely used in biomedical applications
and drug delivery.®® In addition, there is growing concern
over its toxicity and biocompatibility after administration
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Figure | Schematic illustration of the pore structures of (A) 2D mesoporous silica, (B) 3DOM silica, and (C) molecular structure of indomethacin.
Notes: 2D mesoporous silica contains cylindrical mesopores arranged parallel to each other, while 3DOM silica contains spherical macropores connected by windows.

Abbreviation: 3DOM, three dimensional ordered macroporous.
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in vivo.*¢ Hence, to evaluate the potential of 3DOM
silica and 2-D mesoporous silica for oral application, the
cytotoxicity test is imperative before they can be given by
oral administration. It is worth mentioning that despite the
significant progress in the utilization of mesoporous silica for
drug delivery applications, there have been only limited stud-
ies on the biocompatible evaluation of mesoporous silica.?”*
Particularly, the cytotoxicity of 3DOM silica has also never
been studied. In this work, human colon carcinoma (Caco-
2) cells, a widely used in vitro model of intestinal epithelial
cells, were chosen to investigate the cytotoxicity of this nano-
porous silica due to the similarities with intestinal epithelial
cells in morphology and physiology.*” The pore architecture
of silica particles greatly influences their biocompatibility
and therefore should be carefully designed.®

For this purpose, 3DOM silica with different pore sizes
and classic mesoporous silica (ie, MCM-41 and SBA-15)
were successfully fabricated. IMC (Figure 1C), a non-steroidal
anti-inflammatory drug, was used as a Class II of Biophar-
maceutical Classification System (BCS-II) model drug and
loaded into all types of nanoporous silica via the solvent
deposition method at the same drug-silica ratio.*>*! Various
technical tools, such as scanning electron microscopy (SEM),
N, adsorption, differential scanning calorimetry (DSC),
and X-ray diffraction (XRD) were applied to systematically
characterize all IMC-loaded nanoporous silica formulations,
aiming to explore the possible mechanism for drug dissolution
improvement and the stability of different kinds of silica.

Materials

Tetraethoxysilane (TEOS), styrene, methyl methacrylate
(MMA), and cetyltrimethylammonium bromide (CTAB)
were obtained from Tianjin Bodi Chemical Holding Co,
Ltd (Tianjin, People’s Republic of China). Pluronic P123
EO,-PO, -EO, was obtained from Sigma Chemicals, Perth,
WA, Australia. IMC (purity >99.0%) was purchased from
Shijiazhuang Pharmaceutical Group (Huasheng Pharm Co,
Ltd, Hebei, People’s Republic of China). All other chemicals
were of analytical grade as required and used without further
purification.

Methods

Preparation of nanoporous silica

Preparation of 2D mesoporous silica

MCM-41 and SBA-I15

2D ordered mesoporous silica MCM-41 microparticles were
synthesized by using cationic surfactant CTAB as a template at
room temperature.*? Briefly, 0.2 g of CTAB was dissolved in a
mixture of 20.5 mL of NH,OH and 27.0 mL of distilled water

with constant stirring. When the solution became homogenous,
1.0 mL of TEOS was introduced, giving rise to white slurry.
The mixture was stirred at 60°C for 3 hours. Then, the obtained
suspension was homogenized by an ATS AH110D homogenizer
at 600 bars for 10 cycles to reduce the aggregation of particles
(ATS Engineer Inc., Shanghai, People’s Republic of China).
Finally, the resulting product was filtered, washed with distilled
water, dried, and calcined at 600°C for 4 hours.

2D ordered mesoporous silica SBA-15 microparticles
were synthesized according to the procedure reported by
Zhao et al with some modifications.” Briefly, 2.0 g P123
was dissolved in a mixture of 15 mL water and 60 mL 2 M
hydrochloric acid solution with constant stirring at 40°C.
Then, 4.6 mL TEOS was added to that solution with stirring
for 24 hours at 40°C. The mixture was aged at 100°C over-
night without stirring. The solid product was filtered, washed
with deionized water, air dried, and calcined at 600°C for
5 hours to remove the Pluronic 123.

Preparation of 3DOM silica

3DOM silica with different pore sizes were fabricated by using
noncross-linked monodisperse poly-(methyl methacrylate)
(PMMA) and polystyrene (PS) latex spheres as templates,
which were synthesized using an emulsifier-free emulsion
polymerization technique* (see details in Supplementary
materials). The latex spheres were then close-packed into
highly ordered colloidal crystal templates by centrifugation
for 4 hours (4000 rpm), then allowed to air-dry. The detailed
procedure for the creation of 3DOM structure was the same as
in our recent publication.* The prepared 3DOM silica using
PMMA or PS as a template was milled and sieved to obtain
microparticles with nominal size of <100 micrometers, and
denoted as M1 and M2, respectively.

Drug loading procedure via solvent

deposition method

The solvent deposition method,***” which involved a
combination of soak equilibrium and subsequent solvent
evaporation, was employed in the present study to load
IMC into both 3DOM and 2D mesoporous silica. Firstly,
IMC was dissolved in acetone to obtain a yellow transpar-
ent solution (50 mg/mL). Then an aliquot of this solution
was mixed with a certain amount of silica to obtain samples
with a theoretical drug-silica ratio of 1:3 (weight [w]/w).
After gentle stirring for 12 hours, the solvent was allowed
to evaporate under reduced pressure and then dried at room
temperature. The residue was placed in a vacuum desiccator
with blue silica gel for 12 hours. The obtained nanoparticles
preparations were labeled as IMC-M1 and IMC-M2 for
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3DOM materials, IMC-MCM for MCM-41, and IMC-SBA
for SBA-15 materials, respectively.

Field emission-SEM and transmission

electron microscopy

SEM images were obtained with a field emission scanning
electron microscope (JEOL-6700, JEOL Ltd, Tokyo, Japan).
Prior to examination, samples were mounted onto metal
stubs using double-sided adhesive tape and sputtered with
a thin layer of gold under vacuum. Transmission electron
microscopy (TEM) was performed with a Tecnai G2 F30
microscope instrument (FEI, Hillsboro, OR, USA) with an
acceleration voltage of 200 kV. The powder samples were
suspended in ethanol, dropped on copper grid, then allowed
to dry overnight before TEM analysis.

Nitrogen adsorption

Nitrogen adsorption measurements were performed
at —196°C on a SA3100 surface area analyzer (Beckman
coulter, Brea, CA, USA). All drug-loaded samples were
outgassed for 12 hours at 50°C before measurement.
The temperature was kept low to avoid drug degradation.
The adsorption-desorption isotherms were recorded and
the specific surface areas were calculated by applying the
Brunauer—-Emmett—Teller (BET) method in the relative pres-
sure range between 0.05 and 0.2. The pore size distribution
was calculated from the adsorption branch of N, adsorption—
desorption isotherms using the conventional Barrett—Joyner—
Halenda (BJH) method. The total pore volume was estimated
from the amount adsorbed at a relative pressure of 0.9814.

Solid state characterization of drug-

loaded porous silica

The solid state of IMC in 3DOM and 2D mesoporous
silica formulations was evaluated by DSC and XRD. DSC
was performed on a differential scanning calorimeter
(DSC 60, Shimadzu Co, Kyoto, Japan). Samples were heated
at 10°C/minute in aluminum pans under a nitrogen flow. XRD
was performed using a Rigaku Geigerflex powder X-ray
diffractometer (Rigaku Denki, Tokyo, Japan) with a copper
anode (Cu Ko radiation, A =0.15405 nm, 30 kV, 30 mA).
XRD patterns were recorded over the 20 range from 5° to 50°
with a step size of 0.02° and a scan speed of 4°/minute.

In vitro dissolution testing

Dissolution tests were carried out with USP dissolu-
tion apparatus using the paddle method (KC-8D, Tianjin
Guoming Medical Equipment Co, Ltd, Tianjin, People’s

Republic of China). The dissolution medium consisted
of 900 mL phosphate buffer (pH 6.8) prepared using
KH,PO, and NaOH. Dissolution studies were carried out at
37°C £ 0.5°C with a paddle speed of 100 £ 1 rpm. A sample
corresponding to 25 mg IMC was introduced onto the surface
of dissolution medium at time zero. Aliquots (5 mL) of the
dissolution medium were withdrawn and passed through a
0.45 wm membrane filter at appropriate intervals (5, 10, 15,
20, 30, 45, and 60 minutes). In addition, an equal volume of
fresh dissolution medium was immediately added to keep the
volume constant. An ultraviolet (UV) detection wavelength of
320 nm was used to determine the amount of IMC dissolved.
All measurements were carried out in triplicate.

Stability test

The IMC loaded samples were stored in a desiccator under 75%
relative humidity (RH; saturated solution of NaCl) at a constant
temperature (40°C £ 1°C). The samples were protected from
light. The crystalline form of IMC in loaded samples was mea-
sured by XRD and DSC after a storage period of three months
to evaluate the solid state stability. The stressed samples were
designated as M1-ST and M2-ST for 3DOM materials, MCM-
ST for MCM-41 and SBA-ST for SBA-15 materials.

Cell culture and exposure

to silica carriers
Caco-2 cells were cultured in 25 cm? culture flasks (Corning
Incorporated, Corning, NY, USA) using Dulbecco’s Modified
Eagle’s Medium (DMEM,; Life Technologies, Carlsbad, CA,
USA) supplemented with 10% fetal bovine serum (FBS),
1% non-essential amino acids, 100 units/mL penicillin and
100 pwg/mL streptomycin. The culture was maintained at 37°C
in an atmosphere of 5% CO, and 95% relative humidity.
For all experiments, cells were trypsinized, harvested and
then seeded at a density of 10° per well in 96-well plates.
The cell suspensions were incubated and allowed to attach
for 24 hours, and then treated with various concentrations
of silica carriers (20, 50, 100, 200, 500 pg/mL) for another
24 hours. Prior to use, silica carriers were sterilized in an
autoclave and then dispersed in phosphate buffered saline
(PBS) solution by vortexing and ultrasonification.

In vitro cytotoxicity studies by MTT

and Cell Counting Kit-8 assays

Firstly, in vitro cytotoxicity of various silica carri-
ers against Caco-2 cells was assessed by the classic
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) colorimetric assay. After 24 hour of treatment
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with various silica carriers at different concentrations, 20 uL
of MTT (5 mg/mL in PBS solution) was added to each well
and incubated for another 4 hours, allowing the live cells
to reduce the yellow MTT to dark-blue formazan crystals.
The medium was then replaced with 100 uL of dimethyl
sulfoxide (DMSO) to dissolve the blue formazan crystals. The
absorbance was read on a microplate reader (KHB ST-360,
JingGong Industrial Co., Ltd., Shanghai, People’s Republic
of China) at a wavelength of 492 nm.

Secondly, in vitro cytotoxicity of various silica carriers
against Caco-2 cells was assessed by using the Cell Counting
Kit (CCK)-8 assay (Beyotime Biotechnology, Jiangsu,
People’s Republic of China). According to the manufacturer’s
instruction, 10 uL of CCK-8 solution was added into each
well after 24 hour of exposure to silica carriers, and then
incubated for an additional 1 hour. The absorbance was
monitored at 450 nm.

For both MTT and CCK-8 assays, the relative cell
viability (%) related to control wells containing cell culture
medium without silica samples was calculated by

Cell viability (%) = Abs,__/Abs x 100%

(test) (reference) ( 1 )
where Abs
ADS 1. oneey 18 the absorbance of reference sample.

All data from MTT and CCK-8 assays were shown as the

mean * standard deviation (SD; n=3). Statistical compari-

is the absorbance of test samples, and

sons were made with Student’s t-test. P-values <0.05 were
considered statistically significant.

External morphology observation

by phase contrast inverted microscopy

To qualitatively observe the external morphology of Caco-2
cells after incubation with various types of silica, cells were
visualized by phase contrast inverted microscope. Firstly,
cells were exposed to different types of porous silica at the
concentration of 500 pg/mL for 24 hours. After the comple-
tion of exposure period, cells (control and exposed) were
washed with PBS and observed by phase contrast inverted
microscopy at 400x magnification.

Results and discussion

Preparation and characterization

of nanoporous silica

Colloidal crystal templating was an effective, simple, and
flexible method for the creation of 3DOM materials.**° In
general, this procedure involved the assembly of latex spheres,
the vacuum infiltration of latex spheres by a sol-gel precursor,

and the final removal of the template by calcinations. In the
present experiment, uniform PMMA and PS latex spheres
were obtained by soap-free emulsion polymerization. Under
selected conditions, highly monodisperse PMMA and PS
latex spheres with narrow size distributions and mean par-
ticle size of 280 nm and 680 nm were obtained (see details
in Supplementary materials). The average particle size and
morphology of the latex spheres were characterized by
dynamic light scattering and SEM, respectively (Figures S1
and S2 in Supplementary materials). Subsequently, highly
ordered colloidal crystal arrays assembled through close
packing of latex spheres into well-arranged colloidal crystals
were employed for the preparation of 3DOM silica. Both
SEM (Figure 2A and B) and TEM (Figure 3A and B) images
revealed the formation of well-defined three-dimensionally
ordered macroporous structures of 3DOM silica with PMMA
and PS spheres as colloidal crystal templates, respectively.
The macropores were interconnected through windows which
were formed as a result of the contact between the template
spheres prior to infiltration of the precursor solution. Based
on SEM and TEM observations, the pore sizes of 3DOM
silica were estimated to be approximately 200 nm and 500 nm
for M1 and M2, respectively. In comparison to the original
colloidal spheres, the pore sizes were slightly reduced due
to calcinations shrinkage.

MCM-41 and SBA-15 with 2D cylindrical pores were
the most widely studied mesoporous material-based drug
carriers and were often used as models to compare with other
materials due to the simplicity and ease in preparation.*’ In
our work, MCM-41 possessing well-defined morphology was
synthesized under basic conditions in a straightforward way
by self-assembly of silica species and cationic CTAB, while
SBA-15 was hydrothermally synthesized with a block copoly-
mer P123 as a template under acidic conditions. SEM images
(Figure 2C and D) revealed that the as synthesized MCM-41
represented grape-like morphology with relatively uniform
sizes of 0.5—1 wm, while the as synthesized SBA-15 sample
consisted of many rope-like fibers with relatively uniform
sizes of 1 um aggregated into wheat-like macrostructures,
which were in good agreement with previous reports.* TEM
images (Figure 3C and D) revealed that the inner pores of
both MCM-41 and SBA-15 were unidirectional and arranged
in a honeycomb structure.

Drug loading and characterization

In this experiment, the solvent deposition method was applied
instead of the solvent adsorption method generally adopted
for mesoporous silica in order to obtain a much higher drug
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Figure 2 SEM images of (A) M-1, (B) M-2, (C) SBA-15, and (D) MCM-41.

Abbreviations: M, macroporous; MCM, Mobil Composition of Matter; SBA, Santa Barbara Amorphous; SEM, scanning electron microscopy.

loading amount usually desirable in oral drug delivery appli-
cation. This method included the immersion of porous silica
carrier into concentrated solution of IMC and then the rapid
evaporation of acetone after complete adsorption equilibrium
between drug solutions and carriers. Crude IMC powder

was found to be irregular-shaped particles with a relatively
wide particle size distribution (mean particle size of several
micrometers, see Figure S3 in Supplementary materials).
However, after incorporation into all nanoporous silica by
the solvent deposition method, large crystals of IMC disap-

Figure 3 TEM images of (A) M-1, (B) M-2, (C) SBA-15, and (D) MCM-41.

Abbreviations: M, macroporous; MCM, Mobil Composition of Matter; SBA, Santa Barbara Amorphous; TEM, transmission electron microscopy.
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peared, suggesting the successful entrapment of IMC into
porous silica (Figure 4). For both 3DOM silica formulations
(Figure 4A and B), the outer pores of 3DOM silica were
blocked by IMC and became ambiguous except that a few
needle-like crystals could be observed on the surface of the
3DOM silica. In the case of 2D mesoporous silica formula-
tions (Figure 4C and D), it was observed that the morphol-
ogy of IMC-loaded MCM-41 and SBA-15 was not changed
compared to pure silica, demonstrating that most IMC was
filled into the pore channels of MCM-41 and SBA-15.
Furthermore, the drug loading characteristics of 3DOM
silica and mesoporous silica samples were confirmed by the
results of N, adsorption-desorption measurements. The N,
adsorption-desorption isotherms of all nanoporous silica
before and after drug loading are presented in Figure 5.
For both pure 3DOM silica M1 and M2, Type II nitrogen
isotherms with some adsorption hysteresis was observed
(Figure 5A and B), typical for a nonporous or macroporous
adsorbent with no significant mesoporosity.*® For both pure
SBA-15 and MCM-41, however, typical type IV sorption iso-
therm was observed (Figure 5C and D) and the sharpness of
the adsorption branches was indicative of a narrow mesopore
size distribution. The isotherm of SBA-15 exhibited a sharp
inflection in /P range from 0.60 to 0.80, while the isotherm
of MCM-41 displayed the inflection over a narrow range
between 0.2 and 0.3. After drug loading, the nitrogen sorption

isotherms of both 3DOM and mesoporous silica showed obvi-
ous decrease in the total volume of adsorbed N, indicating
the substantial pore filling. Table 1 summarizes the physical
parameters, such as the BET surface area, total pore volume
and BJH average pore diameter for nanoporous silica before
and after drug loading. After drug loading, the decrease in
BET surface area, pore volume, and pore size were observed
and these changes can be attributed to the filling of IMC into
pores of nanoporous silica thereby blocking the adsorption
of nitrogen molecules.

Solid state characterization

by XRD and DSC

The crystal property of pure IMC and IMC-loaded silica
formulations was evaluated by XRD analysis. As shown in
the XRD patterns (Figure 6), pure IMC showed intense and
characteristic diffraction peaks at 20 =11.6°, 16.8°, 19.6°,
21.9°, and 26.7°, which corresponded to the stable y-form
of IMC. After incorporation into nanoporous silica, a signifi-
cant loss of IMC crystallinity was observed, irrespective of
the types of silica. For MCM-41 and SBA-15 samples, the
characteristic peak of IMC disappeared completely, implying
noncrystalline state of the confined drugs. However, in the
case of 3DOM silica preparations, very weak peaks could still
be detected, suggesting the presence of traces of crystalline
drugs. It was assumed that mesoporous silica with a smaller

Figure 4 SEM images of (A) IMC-loaded M-I, (B) IMC-loaded M-2, (C) IMC-loaded SBA-15, and (D) IMC-loaded MCM-41.
Abbreviations: IMC, indomethacin; M, macroporous; MCM, Mobil Composition of Matter; SBA, Santa Barbara Amorphous; SEM, scanning electron microscopy.
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Figure 5 The N, adsorption-desorption isotherms of (A) MI and MI-IMC, (B) M2 and M2-IMC, (C) SBA-15 and SBA-IMC and (D) MCM-41 and MCM-IMC.
Abbreviations: M|-IMC, IMC-loaded MI; M2-IMC, IMC-loaded M2; SBA-IMC, IMC-loaded SBA-15; MCM-IMC, IMC-loaded MCM-41; IMC, indomethacin; M, macroporous;
MCM, Mobil Composition of Matter; Ps, measured pressure; Po, saturated vapor pressure of N,; SBA, Santa Barbara Amorphous; STP, standard temperature and pressure.

pore size might be more effective to form less perfect crystal
due to space confinement. When confined to the narrow pores,
the drug molecules are prevented from arranging themselves
into a crystal lattice.

To further confirm the physical state of IMC, DSC
measurement was used. Figure 7 shows the DSC curves
of pure IMC and IMC-loaded silica formulations. For the
crystalline IMC, a single sharp endothermic melting peak at
161°C was observed, in agreement with the melting point of
v-crystalline IMC. However, when loaded into nanoporous

Table | Detailed textural parameters of samples by N, adsorption
measurements

Sample Sger (M?g) Vt (cm?®/g) WELH (nm)
Ml 303.8 0419 \

IMC-MI 176.9 0.206 \

M2 130.2 0.101 \

IMC-M2 59.1 0.062 \

SBA-15 530.0 0.883 8.42
IMC-SBA 231.6 0.435 6.76
MCM-41 996.2 0.704 3.9
IMC-MCM 387.0 0.287 N/A

Abbreviations: BJH, Barrett-Joyner—Halenda; IMC, indomethacin; M, macroporous;
MCM, Mobil Composition of Matter; SBA, Santa Barbara Amorphous; S, BET surface
area; Vt, total pore volume calculated as the amount of nitrogen adsorbed at the relative
pressure of 0.98; Wy average pore diameter was calculated using the BJH model.

silica, IMC suffered a marked reduction in crystallinity
reflected in the disappearance of the melting peak at 161°C.
In the case of 2D mesoporous silica formulations, no trace
of an endothermic peak was observed in the DSC curves.
In combination with XRD results, IMC was proved to be
in a non-crystalline state when confined into MCM-41 and
SBA-15, which was consistent with previous reports.* Nev-
ertheless, in the DSC curves of both 3DOM silica formula-
tions, an endothermic peak at 155°C was corresponding to
the meta-stable a-form. In combination with XRD analysis,
the coexistence of both amorphous and crystalline IMC in
3DOM silica was proved. Moreover, for the 3DOM M2 car-
rier with larger pore diameter at about 500 nm, the crystal
diffraction peak of IMC encapsulated in M2 was stronger at
20 =16°-18° in XRD pattern and the endothermic peak was
more obvious at 155°C in DSC curve compared with that in
M1 which had a pore diameter of 200 nm, indicating that in
the scope of macropores the larger pore diameter the carrier
had, the easier the formation of drug crystal could be. Vari-
ous reports have revealed the hydrogen interaction between
drug molecules and porous silica. In addition to the space
restriction of nanoporous silica, the formation of hydrogen
bonding between the silanol groups present on the surface of
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Figure 6 XRD patterns for raw IMC powders (insert) and IMC-loaded nanoporous silica samples.
Abbreviations: au, arbitrary unit; IMC, indomethacin; M, macroporous; MCM, Mobil Composition of Matter; SBA, Santa Barbara Amorphous; XRD, X-ray diffraction.
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Figure 7 DSC thermograms for pure IMC powders and IMC-loaded nanoporous silica samples.
Abbreviations: DSC, differential scanning calorimetry; IMC, indomethacin; M, macroporous; MCM, Mobil Composition of Matter; SBA, Santa Barbara Amorphous.
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silica and carboxyl group in IMC might be one responsibility
for the observed loss of crystallinity.>*!

In vitro dissolution

The in vitro dissolution behaviors of nanoporous silica for-
mulations, including 3DOM silica, MCM-41, and SBA-15,
were compared to original IMC crystals. As presented in
Figure 8, for pure IMC crystals, less than 70% of IMC was
released within 60 minutes, indicating the poor dissolution
of the pure drug. However, the dissolution of IMC from all
nanoporous silica formulations, irrespective of the silica type,
was significantly higher than from pure IMC. The enhanced
dissolution rate of IMC by inclusion into nanoporous silica
was supposed to improve its absorption in the digestive tract
and thereby improve the efficacy.!®!” Hence, improving the
dissolution rate and solubility are essential to increase the
bioavailability of poorly water soluble drugs.

Several factors may contribute to the dissolution
enhancement: lack of crystalline form and increased surface
area of the drug when after confined into pores of nanoporous
silica as well as the hydrophilic surface of silica carriers. It
is well known that drug nanosizing is an effective way to
increase the dissolution velocity, because nanosized drug
crystals can increase the effective surface area available for
dissolution according to the Noyes—Whitney equation.*?

Since the pore size of both 3DOM and 2D mesoporous silica
was within the nanometers range, drugs incorporated into
pores of silica may not be able to grow to large crystals. On
the other hand, the formation of the highly ordered crystal-
line form may be restricted by the confined space of the
nanopores, thus retaining its noncrystalline or amorphous
form."”> The formation of the less ordered or amorphous
form, compared to the crystalline form, is well known to
dramatically increase the apparent solubility and dissolution
rate of poorly water-soluble drugs.>*

Comparing the dissolution profiles of IMC from 3DOM
silica and 2D mesoporous silica formulations, the dissolu-
tion rate of IMC from 3DOM silica was faster than from
MCM-41 and SBA-15. The difference in matrix architec-
ture, including the pore size and pore geometry, may be
mainly responsible for the difference in the drug dissolution
profile. Drug release from the pores of the carrier into the
dissolution medium requires two main processes: dissolving
of the entrapped drug is the first step and diffusion of the
dissolved drug through the pore channel into the dissolution
medium is the second. The particle size of IMC entrapped
in 2D mesoporous silica (2-50 nm) MCM-41 and SBA-15
is much smaller than in 3D macroporous silica M1 and M2,
which could make drugs dissolve quickly. However, it is
the diffusion process throughout the elongated mesopores
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Figure 8 In vitro dissolution profiles for pure IMC powders and IMC-loaded nanoporous silica samples.
Note: Each data point represents the mean + standard deviation of three determinations.
Abbreviations: IMC, indomethacin; M, macroporous; MCM, Mobil Composition of Matter; min, minutes; SBA, Santa Barbara Amorphous.
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that is the rate-limiting step that decides the dissolution
rate of IMC. For 3DOM carriers, a large pore diameter
and interconnecting 3D pore networks might facilitate fast
diffusional transport of dissolved drugs and shorten the dif-
fusion distance from the inner pores to the outer dissolution
medium owing to the reduced pore restriction and good
accessibility, then leading to fast drug diffusion of 3DOM
carriers. Therefore, the dissolving of drug entrapped in the
3DOM silica is the rate-limiting process of the dissolution.
The particle sizes of IMC entrapped in these two kinds of
carriers (2D mesoporous silica and 3D macroporous silica)
with nanopores are all in the nanometer range, which could
be dissolved rapidly when the carriers contacted the bulk
medium. Therefore, the reason that the dissolution velocity
of IMC from 3DOM silica was faster than from MCM-41
and SBA-15 might be due to the dissolved velocity of IMC
in 3DOM silica which is the rate-limiting step of dissolution
and is faster than the diffusion process of IMC entrapped in
the 2D mesoporous silica MCM-41 and SBA-15.

For 3DOM silica with different pore sizes, it was observed
that IMC displayed a much faster dissolution rate from M1
with a smaller pore size of 200 nm than from M2 with a larger
pore size of 500 nm. This may be due to the fact that drug
particles entrapped in M1 had a much smaller particle size
than in M2, resulting in a higher surface area for dissolution
according to the Noyes—Whitney equation. The dissolution
of the drug entrapped in M1 is faster than in M2, and the
dissolution process is the rate-limiting step for 3DOM silica.
Consequently, in comparison to a large pore space, the drug
particle size might play a more pronounced role in the drug
release behavior in the case of macroporous materials within
the sub-micrometer range.

A

Stability test

The solid-state samples were characterized by DSC and
XRD and compared to the original state to evaluate
stability. As seen in Figure 9A and B, the emergence of
a drug melting peak of IMC at 161°C in the DSC curves
of M1-ST and M2-ST, as well as the characteristic crys-
talline diffraction peaks at 26 =15° in the XRD pattern,
prove that some amorphous IMC has changed to the stable
crystalline state during storage in the accelerated test for
3 months. But there is still some amorphous drug accord-
ing to the result of XRD. On the contrary, the DSC curves
and XRD patterns of MCM-ST and SBA-ST indicated
that the physical state of IMC in 2D mesoporous silica
MCM-41 and SBA-15 showed no significant change
compared to the initial samples. This study further proved
that mesoporous material has a strong recrystallization-
inhibition effect, and it was still able to effectively inhibit
drug crystallization even if drugs were kept in storage for
3 months under accelerated conditions. These results may
be mainly due to the space confinement effect. The rigidity
of mesoporous carriers can effectively inhibit drugs from
mutually aggregating, thus preventing the formation of
crystals. However, for 3DOM silica, the pore size was in
the sub-micron range and interconnected with each other,
thus weakening the inhibition of mutual aggregation.
Therefore, the drug loaded in M1 and M2 aggregated with
each other, and transformed into the crystalline state in the
accelerated tests. In addition, the diffraction peak intensity
of M2-ST at 26 =17° is stronger than that of M1-ST, which
could indicate that with the increase of the carrier pore,
the inhibition of drug crystallization weakens gradually.
These results indicate that the amorphous state of IMC in
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Figure 9 (A) XRD curves and (B) DSC patterns of physical stability of IMC-loaded porous silica systems after storage at a relative humidity of 75% and 40°C.
Abbreviations: au, arbitrary unit; DSC, differential scanning calorimetry; IMC, indomethacin; M, macroporous; MCM, Mobil Composition of Matter; SBA, Santa Barbara

Amorphous; XRD, X-ray diffraction.
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Figure 10 Effect of nanoporous silica on cell viability of Caco-2 cells by (A) MTT and (B) CCK-8 assays.

Notes: Experiments were carried out in triplicate and error bars indicate standard deviation; *P<<0.05.

Abbreviations: CCK, Cell Counting Kit; M, macroporous; MCM, Mobil Composition of Matter; MTT, 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; SBA,
Santa Barbara Amorphous.

Figure 11 Phase contrast inverted microscope image of Caco-2 cells untreated (control) and treated with various silica carriers at the same concentration. (A) Control,
(B) MI, (C) M2, (D) SBA-15, and (E) MCM-41.
Abbreviations: M, macroporous; MCM, Mobil Composition of Matter; SBA, Santa Barbara Amorphous.
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2D mesoporous silica has a better physical stability than
the 3DOM M1 and M2 silica.

In vitro cell cytotoxicity evaluations
A number of methods have been developed to study cell
viability and proliferation in cell populations. Among these
methods, the colorimetric assay was a convenient and
widely used tool for the study of the metabolic activity of
viable cells, which is usually performed in a microplate
format which allows many samples to be analyzed rapidly
and simultaneously.> In principle, the cells were incubated
with a colorimetric substrate (eg, MTT or 2-(2-methoxy-
4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-
2H-tetrazolium [WST]-8), which is reduced to a colored
formazan exclusively by metabolically active cells. In the
MTT assay, MTT can be reduced by viable cells to a colored,
water-insoluble formazan salt, which can then be solubilized
and easily quantified. However, in the CCK-8 assay, which
contains WST-8, viable cells can convert WST-8 to a water-
soluble formazan, thus avoiding the solubilization step and
enabling the simplification of assay performance.*® In our
preset study, both the MTT and CCK-8 assay were used and
combined in order to measure the cytotoxicity of nanoporous
silica against Caco-2 cells. The results of MTT and CCK-8
assays in Figure 10 indicate that both 3DOM silica and SBA-
15 silica exhibited negligible cytotoxicity on Caco-2 cells at
tested concentrations. Even at the highest concentration of
500 pg/mL, cell viability was higher than 80%. However,
MCM-41 silica was slightly toxic at high concentrations with
cell viabilities lower than 80% and showed more toxicity at
the same concentration than 3DOM silica and SBA-15. This
result was probably due to the smaller diameter of MCM-41
nanoparticles when compared to other materials, which is
therefore able to enter the cells through endocytosis.
Variation of the shape and morphology of cells upon
their exposure to toxic materials could be observed by optical
measurements. In our work, cell morphologic changes were
observed by phase-contrast microscopy and photographs of
adherent cells were taken after removal of the medium contain-
ing any floating cells. Figure 11 shows the general external mor-
phology of control cells and nanoporous silica-exposed cells.
Except for the slight shrinkage and irregular shape observed
for cells treated with MCM-41 silica, no obvious differences
were found between cells untreated and treated with other
nanoporous silica, demonstrating their low toxic effect and
good biocompatibility. These results were in agreement with
those obtained from the MTT and CCK-8 assays. The slight
cell cytotoxicity of spherical MCM-41 against Caco-2 cells

might due to its relatively small particle size, nearly spherical
morphology, and large surface areas, resulting in the increased
cellular associations and thus enhanced intrinsic toxicity.*

Conclusion

The feasibility of two types of nanoporous silica materials,
including mesoporous silica (MCM-41 and SBA-15 with 2D
hexagonal pores) and 3D macroporous silica (3DOM silica), as
matrices for the dissolution enhancement of the poorly soluble
drug IMC was studied in this work. Moreover, the influence
of pore geometry and size of the silica host on the loading
and release properties of IMC was studied systematically.
IMC was loaded into porous silica via a soaking/solvent
evaporation method to obtain a drug-silica ratio of 1:3 (w/w).
A significant loss of crystallinity for IMC was observed after
entrapment into both 3DOM silica and 2D mesoporous silica,
probably due to spatial confinement and hydrogen bonds
formation between silica surface and IMC molecule. All
nanoporous silica exhibited dissolution-enhancing effects for
IMC. Several factors seem to play roles, including both the
lack of crystalline form and extremely large surface area for
dissolution as well as the hydrophilic surface of porous silica.
Compared to 2D cylindrical mesopores, 3DOM silica could
reduce the diffusion resistance significantly and shorten the
diffusion distance from the inner pores to the outer dissolution
medium, thus leading to faster drug release. However, 3DOM
silica can’t effectively inhibit drugs from mutually aggregating.
Therefore, the amorphous drug could partly turn into a crystal-
line form after accelerated testing after 3 months. Therefore,
the stability of amorphous drug entrapped in 3D macroporous
silica is a significant factor to be considered. The cytotoxic-
ity results obtained from MTT, CCK-8, and phase contrast
microscopy clearly showed that the presence of 3DOM silica
and SBA-15 had no significant effect on the cell proliferation
and cell viability at tested concentrations, demonstrating its
good biocompatibility. We hope that our research encourages
further research on the application of silica with different pore
architecture as drug delivery systems.
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Supplementary materials
Synthesis of monodisperse PMMA

and PS microspheres

For a typical synthesis, a three-necked round-bottomed flask,
which was equipped with a condenser, a thermometer, and
a pipe for nitrogen introduction, was filled with 200 mL of
deionized water and heated to 70°C before a certain amount
of monomer was added. Prior to use, the monomers (styrene
and MMA) were washed in a separatory funnel four times
with 5% NaOH and then four times with distilled water.
Under constant stirring (300 rpm) and with N, bubbling
for 30 minutes, a solution of potassium persulfate (KPS)
initiator (0.01 g/mL) preheated to 70°C was added to initi-
ate polymerization reaction. The temperature of the reaction
system was kept at 70°C for 2 hours (PMMA spheres) or
24 hours (PS spheres). Dynamic light scattering (also known
as photon correlation spectroscopy; PCS) was performed by
using the Submicron Particle Sizer NICOMP 380 (NICOMP,
Santa Barbara, California, USA) to monitor the mean particle
size of the resulting latex spheres. The particle size distribu-
tion of PMMA and PS spheres is NICOMP distribution, and
the angle of measurements is 90°. Prior to measurement, the
latex spheres were filtered to remove any large agglomerates.
By varying the reaction conditions listed in Table S1, mono-
disperse PS spheres with average diameters of 780 nm and
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Table S| Reaction conditions for the synthesis of microspheres
by soap-free emulsion polymerization

Microsphere KPS Monomer Polymerization Diameter
time (hours) (nm)

PMMA I0mL 30mL 2 280

PS 20mL  20mL 24 680

Abbreviations: KPS, potassium persulfate; PMMA, poly-(methyl methacrylate);
PS, polystyrene.

PMMA spheres with average diameters of 280 nm were
synthesized as shown in Figure S1.

Preparation and characterization

of highly ordered colloidal templates
PMMA and PS colloidal templates were obtained by cen-
trifugation and then characterized by SEM (Figure S2).
Figure S2 presents typical SEM images of PMMA and PS
nanospheres in a dry monolithic form. It was found that both
PMMA and PS colloidal spheres were closely packed into
a highly ordered 3D arrangement with uniform particle size
of 250 nm and 550 nm, respectively. In comparison with
results from dynamic light scattering analysis (280 nm and
680 nm), a size reduction was observed, probably due to the
drying and assembly process. These obtained well-arranged
3D colloidal crystal arrays could be available templates for
the creation of 3DOM silica materials.
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Figure S| The intensity-weighted particle size distributions for (A) PMMA and (B) PS microspheres based on dynamic light scattering.
Abbreviations: PMMA, poly-(methyl methacrylate); PS, polystyrene; Intens-WT, intensity-weighted; REL, relative; Diam, diameter.
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Figure S2 SEM images for colloidal templates of (A) PMMA and (B) PS spheres.
Abbreviations: PMMA, poly-(methyl methacrylate); PS, polystyrene; SEM, scanning electron microscopy.

Figure S3 SEM image of crude IMC powders.
Abbreviations: IMC, indomethacin; SEM, scanning electron microscopy.
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