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Abstract

Monodispersed mesoporous carbon (MMPC) submicron carbon particles have been
fabricated by co-spray drying of SBA-15 submicron particles and sucrose, followed
by carbonization in a nitrogen environment and removal of the hard SBA-15 template
in NaOH solution. The ratio of sucrose/SBA-15 used for the co-spray drying affected
the integration and dispersibility of the obtained mesoporous carbon particles and
sucrose/SBA-15 ratios at 1.0 ~1.5 resulted in monodispersed mesoporous carbon
submicron particles. The surface properties of MMPC could be modified by treatment
in nitric acid solution to create oxygen groups and thus increase wettability of MMPC
powder. MMPC particles were used as drug carrier to enhance the dissolution rate of
a poorly soluble drug, indomethacin (IDMC) via co-spray drying. The morphology of
MMPC was not changed after drug loading as most IDMC molecules were
encapsulated into its pore channels in amorphous state, which was characterized by
X-ray diffraction (XRD) and differential scanning calorimetry (DSC). Due to the
ordered mesoporous structure, the pore walls separate the IDMC particles and prevent
recrystallization from happening. The amorphous IDMC/MMPC solid dispersion
exhibited excellent stability under stress storage conditions of 40 °C/75 %RH for six
months. The amorphous formulation contributed to the significantly enhanced

dissolution rate of IDMC from solid dispersion.
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1. Introduction

Since the discovery of mesoporous silica, many mesoporous materials have
been synthesized for various applications involving large molecules or for
biomolecular engineering, which was achieved by using conventional microporous
zeolitic materials [1-4]. Among these mesoporous materials, ordered mesoporous
carbons with various pore structures have mainly been synthesized by nano-casting
technology using appropriate ordered mesoporous silica as hard templates. They have
been successfully fabricated and modified for potential applications as catalysts [5-8],
adsorbents[9], separation media[10], energy storage [11-15 ] and advanced electronic
materials [16] in many scientific disciplines [17] since Ryoo et al. reported the
synthesis of CMK-1 mesoporous carbon [18]. Among the various applications, the
utilization of mesoporous carbon as drug carriers have attracted much attention as
they have shown great potential applications in drug formulation because of their
well-ordered pore structure, very high specific pore volume, specific surface area,
tunable pore diameter and biocompatibility [19, 20]. The large surface area to volume
ratio of these nanostructured materials provides the potential for significant drug
loading through surface adsorption [21]. Mesoporous carbon materials are also highly
tolerant in aqueous environments as compared to silica materials. The stable
nanostructures of mesoporous carbon could ensure that it preserves their drug cargo in
the body to enable effective targeting and release at the diseased site [22,23]. Gu et al.
[24] applied mesoporous carbon as carriers for the delivery of hydrophobic anti-

cancer drug, camptothecin, which efficiently inhibited the growth of MCF-7 cancer
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cells due to its sustained release. Wang et al. [25] reported that ibuprofen loaded on
mesoporous carbon exhibited a two-step release profile of an initially fast release
followed by a slower release. Zhao et al. [26] found that mesoporous carbon could
achieve a higher degree of drug loading and dissolution of poorly soluble drugs could
be markedly increased. Moreover, mesoporous carbon exhibited a weak cytotoxicity
at tested concentrations (10-800 pg/ml). Labiano et al. [27] studied the slow release
kinetics of mitoxantrone from ordered mesoporous carbon films where the high
porosity and surface areas of ordered mesoporous materials provide substantial

capacity for the loading of guest molecules, and could achieve a controlled release.

The preparation of mesoporous carbon usually uses mesoporous silica as the
hard template and followed by a replication process. The harvested mesoporous
carbon generally preserves the morphology of mesoporous silica [17]. Most
mesoporous carbon materials usually exhibit the common fiber morphology although
various pore structures were fabricated [28-31]. To our best knowledge, mono-
dispersed mesoporous carbon materials have rarely been reported. In this study,
sucrose was filled to mesoporous silica by a co-spray drying process at different ratios
of sucrose/SBA-15. Following carbonization in a nitrogen environment and
subsequent removal of the hard SBA-15 template by NaOH, the obtained
monodispersed mesoporous carbon were used as drug carriers for loading a poorly
soluble drug, IDMC to improve IDMC’s dissolution rate and bioavailability. The drug
loading performance of MMPC was compared with porous activated carbon (AC)
with non-uniform pore structures and non-porous microspheres of carbon (MSC). The
molecular state of drug in the IDMC/MMPC solid dispersion was studied by scanning

electron microscopy (SEM), DSC, XRD and N, adsorption.



2. Materials and Methods

2.1.  Synthesis of mesoporous submicron particles

Mesoporous SBA-15 with submicron particle size was synthesized by a rapid
condensation process. 4.0 g of template, EO»-PO;o-EOy (P123, pluronic 123, Aldrich) was
dissolved in 150 g of a 2 N HCI solution under stirring at 40 °C for 2 h. 85 g of
Tetraethylorthosilicate (TEOS, Aldrich, 98%) was added to the solution under vigorous
stirring for 2 min. The hydrolysis of TEOS was performed at 40 °C for 2 h without stirring for
different periods. The mole ratio of components in the mixture is SiO, : P123 : HCI : H,0 =
1.0:0.016: 6.9 : 178.6. The mixture was transferred to a polypropylene bottle and aged in an
oven at 100 °C for 24 h. The resulting material was filtered and washed with deionized water,
then dried at 55 °C for 12 h. To remove the template molecules, the material was heated from

room temperature to 550 °C for 6 h in air at a heating rate of 2°C/min.

2.2. Preparation of Monodisperse Mesoporous Carbon

Monodispersed mesoporous carbon was prepared by using submicron SBA-15
as hard templates and sucrose was used as the carbon precursor. Sucrose was filled to
mesoporous structure of SBA-15 by co-spray drying process. Typically, 1.0 g of
sucrose was dissolved in a mixed solvents of 80 ml of methanol and 20 ml of water as
well as 0.18 g of H,SO,4 (98%). The 1.0 g of SBA-15 submicron particles was mixed
with sucrose solution under stirring. The suspension was co-spray dried with a mini
spray dryer (BUCHI B-290, BUCHI Labortechnik AG, Flawil, Switzerland) operated
with an inlet temperature of 68 °C and feeding rate of 4 ml/min. Carbonization
experiments were performed with a tubular furnace in purified N, flow at 900 °C for 6
h and a heating rate of 10 °C/min. The obtained carbon-silica composite was washed

with 1 M NaOH solution of 50% ethanol-50% H,O twice at 90 °C, in order to



dissolve the silica template followed by washing with de-ionized water to remove
trace NaOH completely. Four mesoporous carbon samples were prepared by co-spray
dried sucrose/SBA-15 with ratios of 0.5, 1.0, 1.5 and 2.0, and the resulting MMPC

was denoted as MMPC-1, MMPC-2, MMPC-3 and MMPC-4, respectively.

2.3.  Nitrogen adsorption

Nitrogen adsorption/desorption isotherms were measured by using a gas
adsorption analyzer (Autosorb-6B, Quantachrome Instruments, Boynton Beach, FL,
USA) at a temperature of -196 °C. Before nitrogen adsorption-desorption
measurements, each sample of monodisperse mesoporous carbon was heated at
100 °C under vacuum overnight. For samples of drug loaded carbon, each sample was
degassed at 40 °C under vacuum overnight. The specific surface areas of the samples
were determined from the linear portion of the Brumauer-Emmett-Teller (BET) plots.
The mesoporous carbon pore size (diameter DBET) distribution (with and without
drug loading) was calculated from the desorption branch of N, adsorption-desorption
isotherms using the conventional Barrett-Joyner-Halenda (BJH) method. The total
pore volume, V1, was estimated from the amount adsorbed at a relative pressure of
0.95.
2.4.  Scanning electronic microscopy

The morphology of monodisperse mesoporous carbon was examined by high
resolution field emission scanning electron microscopy (FESEM, JSM-6700F, Jeol
Ltd., Tokyo, Japan). Samples were loaded and adhered to double faced carbon tape on
the sample stub then sputter coated with gold by a sputter coater (High Resolution
Sputter Coater 208HR, Cressington Scientific, Watford, UK). The SEM was operated

with an accelerating voltage of 5 kV and specimen working distance of 8 mm.



2.5.  Transmission electron microscopy

The morphology and structures of mesoporous carbon were also examined by
transmission electron microscopy (TEM, G2 F20, Tecnai, Hillsboro, OR, USA) at 200
kV. The specimens for high resolution transmission  microscopy
(HRTEM)/TEM/selected area electron diffraction (SAED) studies were prepared by
suspending a solid sample in acetone with ultrasonic dispersion in a water bath.
2.6.  Fourier transform infrared spectroscopy

The framework vibration Fourier ‘transform infrared (FTIR) spectra were
recorded on an infrared spectrophotometer (Bio-Rad, TFS 3000MX, Hercules, CA,
USA) at a resolution of 2 cm™. The samples were thoroughly ground with KBr pellets

before being pressed at 4 ton to form a thin wafer.

2.7.  Raman spectroscopy

The Raman scattering spectra were measured at room temperature using a
Raman microscope (JY LabRAM, Horiba Ltd., Kyoto, Japan) equipped with liquid-
nitrogen-cooled charge-coupled device (CCD), multichannel detector (256 pixels x
1024 pixels) and a high grade Olympus microscope (objective 100x). The spectra
were recorded using the visible 514.5 nm argon ion laser as the scattering excitation
source. The laser power on the sample was about 6 mW. The spectral acquisition time

for each Raman spectrum was about 120 s with spectral resolution around 1.5-2 cm™.

2.8.  Chemical oxidation of MMPC
To introduce oxygen-containing functional groups on the surface of MMPC,

MMPC-3 was selected to be oxidized by nitric acid. 1.0 g of MMPC-3 was treated



with treated with 100 ml of 4M HNOg solution for 3 h at a temperature of 80 °C.
After oxidation, samples were recovered and washed thoroughly with ultra pure water

until the pH was close to 7.0, and further dried at 90 °C overnight.

2.9.  Water Vapor dynamic adsorption and desorption

Sorption isotherms of MMPC-3 and MMPC-3-OX were obtained using
dynamic vapor sorption (DVS Advantage, Surface Measurement Systems, Alperton,
UK). The humidity range was varied from 0 %RH to 90% RH in steps of 10% RH at
40 °C. The instrument was run in dm/dt mode to decide when equilibrium had been
reached, with a reported 33 dm/dt set at 0.002 %RH/min within an interval of 5 min.

Approximately 10-12 mg of sample was used for each run.

2.10. Differential scanning calorimetry

Differential scanning calorimetry (DSC) was performed concurrently using a
simultaneous TGA-DSC thermogravimetric analyzer (SDT 2960, TA Instrument Co.,
New Castle, DE, USA). Ten mg of sample was used in each experiment. The sample
was heated from room temperature to 200 °C under nitrogen flow of 100 mL/min with
a heating rate of 10 °C/min
2.11. Drug loading

One gram of indomethacin was dissolved in 100 mL of ethanol and one gram
of mesoporous carbon or other types of carbon was dispersed in the solution under
stirring. The spray drying was performed on a BUCHI B-290 mini spray dryer
(BUCHI Labortechnik AG, Switzerland) operated in inert loop mode. The inlet
temperature was set to 81 °C and the resulting outlet temperature at the above-

mentioned operating conditions was approximately 50-55 °C. The feed rate was 4.0



mL/min. The loading of IDMC in resulted solid dispersion was assayed by extraction
with pH 6.8 PBS buffer under stirring at 50°C overnight. After filtrated with micro-
filter (0.45um), the concentration of IDMC was measured by UV spectrometer at
wavelength of 320 nm. The efficiency of encapsulation was calculated according to

the ratio of measured drug loading to designed value.

2.12. InVitro Drug Release Studies.

The dissolution profile of indomethacin from solid dispersion was measured
using VK7010 (Varian Co) USP dissolution tester (Varian VK7010 Dissolution
Apparatus, Varian Inc., Palo Alto, CA, USA) with online flow cell (Cary 50 UV-
visible spectrophotometer, Varian Inc., Palo Alto, CA, USA). The stirring rate was set
at 100 rpm and the vessel temperature at 37 °C. Typically, 58 mg of spray-dried co-
spray dried IDMC with MMPC (drug loading 43.4 wt.%) and 25 mg of pure
indomethacin (Sigma) crystal were used for dissolution testing in 900 mL of pH 6.8
phosphate buffer at 37 °C. Samples were taken by the auto sampling system equipped
with filters at intervals of 5 min. After each measurement, liquid samples were
conveyed back to the dissolution vessel by a peristaltic pump. UV readings were
taken at a wavelength of 320 nm. For tablet dissolution tests, 58 mg of spray-dried
IDMC/MMPC powder was mixed with 800 mg of corn starch and pressed to tablet

(13 x 6 mm) at a pressure of 75 mPa.

2.13. Powder X-ray Diffraction

Powder X-ray diffractograms were obtained for the co-spray dried particles
using an X-ray diffractometer (D8 ADVANCE, Bruker Corporation, Madison, WI,

USA) in steps of 0.02° using Cu Ka radiation as the X-ray source. The



measurement conditions were as follows: target, Cu; filter, Ni; voltage, 40 kV;

current, 10 mA; scanning speed, 2°/min

3. Results and Discussion

Figure 1A displays the nitrogen adsorption and desorption isotherms of
MMPC samples prepared by using different ratios of sucrose/SBA-15. All MMPC
samples exhibited the typical Type IV isotherm curves with distinct capillary
condensation steps at a P/Py range of 0.4 ~ 0.7, indicating ordered mesoporous
materials with narrow pore size distributions. Figure 1B shows the pore size
distribution peak of MMPC samples. Sample of MMPC-1 exhibited a sharp pore size
distribution peak at 3.8 nm, while the pore size of MMPC slightly shifted to 3.4 nm
with the increase of the ratio of sucrose/SBA-15. For MMPC prepared with a
sucrose/SBA-15 ratio at 0.5, the pore channels of SBA-15 were not fully filled and
partial interstitial gap between silica and sucrose could attribute to the pore space of
resulting MMPC materials. For MMPC prepared with a sucrose/SBA-15 ratio below
2.0, the original pore channels of SBA-15 were completely filled and no interstitial
gaps could contribute to the pore space of the resulting MMPC after carbonization
and remove of silica pore wall, thus the pore size is slightly smaller. Table 1 lists the
specific areas and pore properties of MMPC samples. For the sample prepared with a
sucrose/SBA-15 ratio of 0.5, MMPC-1, has a specific surface of 1100 m%g and total
pore volume of 1.09 cm®/g. With increase of the sucrose/SBA-15 ratio to 1.0 - 2.0, the
obtained MMPC samples exhibited similar surface areas about 1800 m?/g, meanwhile
the total pore volume was also increased and MMPC-3 prepared at a sucrose/SBA-15
ratio of 1.5 possessed the largest pore volume of 1.82 cm*/g.
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Figure 2 displays the SEM images of MMPC samples. The morphologies of
resultant mesoporous carbon generally replicated the morphology of submicron
particles of mesoporous silica used as templates. For the sample prepared with a
sucrose/SBA-15 ratio of 0.5, the particle surface exhibited a fiber-stack-like surface
and carbon fibers were also observed. As the mesoporous structure of SBA-15 was
not fully filled, carbon fibers were formed in the pore channels of SBA-15 after
carbonization and removal of the silica framework, and cannot be held as part of the
integrated particle as observed in the high magnification SEM image inset of MMPC-
1. This effect also resulted in the smallest pore volume and specific surface areas
among samples prepared in this study (Table 1). For mesoporous carbon fabricated
with a sucrose/SBA-15 ratio above 1.0, part of the sucrose remained on surface of
SBA-15 after co-spray drying and facilitated the assembly of mesoporous carbon after
carbonization. The surface of submicron carbon particles are smooth and
agglomeration of mesoporous carbon particles for MMPC-4 was observed. The
morphology and pore structure of monodispersed mesoporous carbon was also
investigated by TEM (Figure 3). The TEM image indicates that MMPC-1 comprised
of broken particles as the carbon source was not sufficient to be held together after
removal of the mesoporous silica template. For MMPC-2 and MMPC-3 fabricated
with sucrose/SBA-15 ratios of 1.0 or 1.5, the particles exhibited integration and good
monodispersion. When the sucrose/SBA-15 ratio was increased to 2.0, the sucrose
remaining on the external surface of SBA-15 formed carbon to bind the mesoporous
carbon to large agglomerates. The high resolution TEM images of MMPC-3 and
MMPC-4 indicate that the monodispersed mesoporous carbon possessed a highly

ordered 2-dimensional (2-D) pore structure.
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Figure 4 displays the Raman spectra of MMPC-2 and MMPC-3 mesoporous
carbon submicron particles with good mono-dispersion. The results indicate that
carbonization at 900 °C led to the formation of graphite structures. All samples show
the typical peaks of carbon materials at 1350 and 1585 cm™. The peak at about 1585
cm™ (G band) is attributed to an E»q mode of hexagonal graphite and is related to the
vibration of sp?-bonded carbon atoms in a graphite layer, and the D band at about
1350 cm™ is associated with the vibration of carbon atoms with dangling bonds in the
plane terminations of disordered graphite. The relative intensity ratio of D to G band,
In/lg, can be related to the degree of graphitization [32]. The similar intensity of D
and G bands indicated that the mesoporous carbon materials were composed of some
small graphite sheets with structural defects and the two samples showed the similar

graphitization degree after carbonization at 900 °C.

The surface groups of original monodispersed mesoporous carbon and
chemically oxidized MMPC were analyzed by FT-IR spectroscopy (Figure 5). It can
be seen that, compared with the original MMPC, several new peaks were observed to
be created after treatment with nitric acid. The absorption band at 1352 cm™ is
attributed to nitro (-NOy) stretching vibration and carbonyl groups (-C=0) contributed
to the stretching vibration at 1712 cm™. The broad band at 3200 — 3600 cm™ is
assigned to stretching vibration of hydroxyl groups [33]. These newly formed IR
absorption bands indicate that oxygen-containing groups, such as nitro, hydroxyl,
carboxylic, lactones and ketene, are created on the modified ordered mesoporous
carbons by the oxidation of surface carbon species [34]. The modification of the
surfaces of mesoporous carbon with functional groups is expected to change its

hydrophobic properties and increase its wettability.
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The wettability of MMPC-3 was investigated by dynamic vapor adsorption
and Figure 6 shows the water adsorption-desorption isotherms of MMPC-3 before and
after oxidation treatment. The results indicated that the original MMPC-3 showed low
level of water uptake. At P/P, of 0.6, only 7% (w/w) of water vapor adsorption was
observed and 38% (w/w) water adsorption at P/Py of 0.9. By comparison, modified
MMPC-3 showed substantial water uptake at P/P from 0.1 to 0.5 where the original
MMPC-3 showed very low level uptake of water. At P/Py of 0.6, 34.7% (w/w) of
water uptake was achieved on modified MMPC-3. The oxidized MMPC-3 exhibited a
much high capability for water adsorption due to its improved hydrophility of surface
functional groups, and the existence of the functional groups is also expected to
change the adsorption/desorption of other organic ingredients.

The modified MMPC-3 was used as a drug carrier to be co-spray dried with a
model poorly soluble drug, indomethacin (IDMC). In this study, non-porous
microspheres of carbon (MSC) and porous active carbon (AC) with a non-uniform
pore structure were also used as a comparison to investigate drug loading performance.
Figure 7 exhibits the morphology transformation of various carbon materials after the
co-spray drying with indomethacin at IDMC/carbon ration of 1:1 (w/w). It can be
seen that, the morphology MMPC-3 was not obviously changed after co-spray drying
with IDMC, implying that most IDMC was entrapped inside the mesoporous
structures. Even if part of the IDMC molecules has not been entrapped into pore
channels via capillary condensation, the IDMC remaining on the external surface was
not observed to form new particles. The encapsulation efficiency of IDMC/MMPC
(2:1) is 86.8% based on the ratio of measured drug loading to designed value. From
Figure 8, N, adsorption measurements indicate that the total pore volume of modified

MMPC-3 was reduced from 1.33 to 0.35 cm®g. As a comparison, when non-porous
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carbon MSC was used as a drug carrier, the morphology of the co-spray dried solid
was obvious changed after loading with IDMC. As the total pore volume of MSC is
only 0.03 cm®g, there is no porous structure to accommodate IDMC molecules and
most IMDC molecules played the role as binder at the external surface to agglomerate
MSC particles. However, although the porous AC particles have plenty of porosity for
entrapment of IDMC molecules, extra particles could be observed to be formed on the
external surface of AC after spray drying. As the pore structure of AC is not uniform
as MMPC, the capillary condensation of IDMC solution is not smooth during the
rapid drying of the spray drying process and left more IDMC molecules on the
external surface of AC to form new needle-like particles. After co-spray drying with
IDMC, the total pore volume of the solid dispersion was 0.43 cm®g while that of AC
was 1.16 cm®g. The results also implied that partial amounts of IDMC were
entrapped in the pore structure of AC and occupied the pore volume although some
particles of IDMC were formed at the external surface of AC.

Figure 9 displays DSC curves of solid dispersions of IDMC co-spray dried
with different drug carriers and compared with pure IDMC crystals. The untreated
IDMC crystal exhibited a strong endothermic peak at 160 °C, which corresponds to
the melting of the IDMC crystal. By comparison, IDMC co-spray dried with MSC
showed doublet endothermic peaks at 152 and 158 °C, indicating that IDMC is not
uniformly dispersed among the particles of MSC. The solid dispersion of IDMC co-
spray dried with AC exhibited a weak endothermic peak at 150 °C. However, these
endothermic DSC peaks were not observed for IDMC co-spray dried with MMPC,
implying that the solid dispersion of IDMC entrapped in MMPC is amorphous.
According to a reported investigation of crystallization processes in confined spaces,

crystallization can only occur in channels with diameter to molecular size ratios above
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20 [35, 36]. The pore diameter in this study was about 3.8 nm, which is smaller than
five times of the dimension of the indomethacin molecule (estimated to be about 1
nm). The limited size of the mesoporous channels prevents the formation of
crystalline indomethacin.

Figure 10 shows the dissolutions profiles of co-spray dried IDMC and MMPC
and compared with pure untreated IDMC crystals. The dissolution of IDMC/MMPC
was conducted both in powder and tablet forms. It was found that the dissolution rate
of co-spray dried IDMC/MMPC powder was much faster than that of pure IDMC
crystals. As the MMPC drug carrier was modified with oxygen-containing groups on
surface and possessed better wettability, the powder form IDMC/MMPC solid
dispersion could be quickly dispersed in the dissolution medium and reduced the
floating period of powder. Consequently, IDMC dissolved from the solid dispersion
of IDMC-MMPC rapidly reached about 70% dissolution in 5 min and achieved about
80% in 15 min. As a comparison, the untreated IDMC crystal was only dissolved
about 6% in first 5 min and achieved 28% dissolution in 15 min. Although the tablet
pressed with corn starch took a while to disintegrate, IDMC from solid dispersion
tablets also achieved 74% dissolution in 5 min. The disintegrated tablet facilitated the
particles to be fully dispersed into medium and even exhibited better burst dissolution
than the powder form. The rapid dissolution of IDMC from the solid dispersion is
attributed to the completely amorphous state of IDMC entrapped inside the
mesoporous structure [37,38]. Nevertheless, it was observed that after about 80%
dissolution of IDMC/MMPC solid dispersion was quickly achieved in 15 min, the
dissolution also achieved an equilibrium level. This incomplete dissolution was also
reported for the loading of other active pharmaceutical ingredients (APIs) using

mesoporous carbon as carriers [26, 39, 40]. The adsorption of IDMC on the internal
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surface of micropores could result in the incomplete dissolution of IDMC from solid

dispersion of IDMC/MMPC.

Figure 11 illustrates the XRD patterns of co-spray dried IDMC with modified
MMPC powders after storage under severe stress test conditions of 40 °C/75 %RH in
open pans for different periods. As the improved dissolution rate of IDMC/MMPC
solid dispersions obtained by co-spray drying is attributed to the amorphous state of
IDMC formed in the pores channels of MMPC, the stability of the amorphous state
during storage is a crucial property to assess the applicability of the formulations. It
was found that the amorphous form of IDMC co-spray dried with MMPC exhibited
excellent stability against re-crystallization at the accelerated stressed test conditions
of 40 °C/75 %RH. As shown in Figure 11, the freshly spray-dried IDMC with MMPC
exhibited typical amorphous characteristics and no XRD diffraction peaks were
detected. The amorphous form of IDMC/MMPC solid dispersions showed superior
stability under severe storage conditions. No crystal growth could be detected by
XRD after the storage tests for one week, one month, three and six months. The XRD
patterns of samples after storage were same as that of the fresh sampleswith typical
diffraction patterns of amorphous form. No X-ray diffraction peaks assigned to the
crystalline form of IDMC could be observed. The nanospace between the pore
channels of MMPC confined IDMC molecules in the amorphous state within the solid
dispersion. In addition, the uniform carbon pore walls perfectly separate the fine
amorphous particles of IDMC and prevent the re-crystallization and crystal growth
even under severe storage conditions, thus enabling the solid dispersion to exhibit
excellent amorphous stability. By co-spray drying, only a small amount IDMC stayed

on the surface of MMPC submicron particles. On the modified surface of MMPC
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containing hydroxyl groups and other oxygen containing groups, the hydrogen bonds
between IDMC and surface of MMPC are also believed to limit the movement and
crystallization of IDMC on the external surface. This shows a distinct property of
MMPC as drug carriers for the formulation of poorly water-soluble drugs. It has also
been reported that amorphous APIs of poorly soluble drugs can be obtained by
formulation with soluble polymer to form solid dispersions. However, the stability of
the amorphous state is often a challenge as re-crystallization occurs due to the low
surface areas of polymer [ 37,38,41-43]. Although a number of formulation methods
have been reported to improve the dissolution rate of IDMC, very few reports
investigate their stability on storage [44,45]. In this study, the co-spray drying with
MMPC not only produces amorphous IDMC as solid dispersions, but also stabilized
the amorphous state of IDMC under severe storage condition for six months. The
stability of the amorphous state of co-spray dried IDMC/MMPC mono-dispersed solid

dispersions was also confirmed by DSC analysis.

4. Conclusions

By co-spray drying sucrose to fill the ordered pore channels of SBA-15
submicron particles with optimized sucrose/SBA-15 ratios of 1.0 ~1.5, well
monodispersed mesoporous carbon submicron particles were harvested by subsequent
carbonization in a N, environemnt at 900 °C followed by the removal of the
mesoporous silica hard templates in NaOH solution. The wettability of
monodispersed mesoporous carbon was improved by treatment with nitric acid and
created oxygen-containing groups on its surface. MMPC was used as drug carrier to

encapsulate model poorly soluble drug, IDMC and MMPC exhibited showed superior
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ability to non-porous MSC and AC with non-uniform pores in drug loading by co-
spray drying with IDMC. In addition, IDMC entrapped in the ordered pore channels
of MMPC is in its amorphous form, which contributed to the enhanced dissolution
rate. Due to the confined space between the uniform pore walls, the amorphous
IDMC/MMPC exhibited excellent stability under stress storage conditions as the rigid
pore wall effectively prevented any recrystallization. MMPC has the application
potential in formulation of other poorly soluble drugs and candidates to achieve

enhanced dissolution and bioavailability.
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Table 1. Surface and pore properties of monodispersed mesoporous carbon

Sucrose/SBA-15  Specific Total pore  Micropore  Pore

ratio surface volume volume diameter
areas (<55 nm) (<1.5nm)  (nm)
(m?/g) (cm®/g) (cm®ig)
MMPC-1 0.5 1100.8 1.09 0.42 3.8
MMPC-2 1.0 1850.9 1.47 0.67 3.8
MMPC-3 1.5 1825.8 1.82 0.65 3.8

MMPC-4 2.0 1801.5 1.36 0.63 3.4
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Figure Captions

(A) Nitrogen adsorption and desorption isotherms for MMPC-1, MMPC-2,
MMPC-3 and MMPC-4; (B) Pore size distribution of MMPC-1, MMPC-2,
MMPC-3 and MMPC-4.

SEM imagines of MMPC-1, MMPC-2, MMPC-3 and MMPC-4 with a high
resolution inset of MMPC-1.

TEM images of MMPC-1, MMPC-2, MMPC-3 and MMPC-4 with high
resolution images of MMPC-3 and MMPC-4.

Raman spectra of MMPC-2 and MMPC-3.
FTIR spectra of MMPC-3 and chemically oxidized MMPC-3.

DVS sorption isotherms for the (a) adsorption of Ox-MMPC-3 and (b)
desorption of Ox-MMPC-3, (c) adsorption of MMPC-3 and (d) desorption
of MMPC-3.

SEM micrographs of MMPC, co-spray dried IDMC/MMPC, MSC, co-
spray dried IDMC/MSC, AC and co-spray dried IDMC/AC.

N, adsorption isotherms of AC, co-spray dried IDMC/AC, MMPC, co-
spray dried IDMC/MMPC, MSC and co-spray dried IDMC/MSC.

DSC curves of co-spray dried IDMC/MMPC, IDMC/AC, IDMC/MSC and
pure untreated IDMC crystals.

Figure 10. Dissolution profiles of co-spray dried IDMC/MMPC and compared with

pure IDMC crystals

Figure 11. XRD patterns of co-spray dried IDMC/MMPC for (a) fresh sample, and

after storage at 40 °C/75 %RH for (b) one week, (c) one month, (d) three
months and (e) six months.

23



1400

1200 -

-
o
o
o

O MMPC-2

® MMPC-4

N, adsorption (cc/g)

N, adsorption (cc/g/A, a.u.)

0.00

20

Pore Diameter (nm)

Figure 1. (A) Nitrogen adsorption and desorption isotherms for MMPC-1, MMPC-2,
MMPC-3 and MMPC-4; (B) Pore size distribution of MMPC-1, MMPC-2, MMPC-3
and MMPC-4.
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Figure 2. SEM imagines of MMPC-1, MMPC-2, MMPC-3 and MMPC-4 with a high

resolution inset of MMPC-1.
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MMPC-4 HR

Figure 3. TEM images of MMPC-1, MMPC-2, MMPC-3 and MMPC-4 with high

resolution images of MMPC-3 and MMPC-4.
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Figure 4. Raman spectra of MMPC-2 and MMPC-3.
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IDMC/MMPC

Figure 7. SEM micrographs of MMPC, co-spray dried IDMC/MMPC, MSC, co-spray

dried IDMC/MSC, AC and co-spray dried IDMC/AC.
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Figure 8. N, adsorption isotherms of AC, co-spray dried IDMC/AC, MMPC, co-spray

dried IDMC/MMPC, MSC and co-spray dried IDMC/MSC.
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Figure 11. XRD patterns of co-spray dried IDMC/MMPC for (a) fresh sample, and
after storage at 40 °C/75 %RH for (b) one week, (c) one month, (d) three months and

(e) six months.
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Graphical abstract
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Highlights

e Monodispersed mesoporous carbon (MMPC) submicron particles were successfully
fabricated.

e The wettability of mesoporous carbon powder was improved by treatment of
surface oxidation.

e The dissolution rate of poorly soluble indomethacin was enhanced by co-spray
drying with MMPC.

e The amorphous form of indomethacin in confined nano-space exhibited excellent
stability
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