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Modes of molecular interaction between prednisolone and mesoporous materials have been investi-
gated by the technique of solid-state NMR. Folded sheet mesoporous material (FSM-16) was used as
host material and prednisolone was used as guest molecule. A suspension of FSM-16 in prednisolone
dichloromethane solution was evaporated to prepare the evaporated samples. *C NMR spectroscopy
was used as well as powder X-ray diffractometry and differential scanning calorimetry. Crystalline behav-
ior of prednisolone disappeared in the evaporated samples, indicating the monomolecular dispersion of
prednisolone in FSM-16 matrices. NMR peak shifts and broadening could be attributed to the molecular
interaction between the A ring of prednisolone and FSM-16. Thermal properties of prednisolone were
investigated after heat treatment of the evaporated samples. The results indicated that the thermal sta-
bility of the dispersion made from FSM-16 of large pore size was superior to that from FSM-16 of small
pore size. Hydrocortisone was used to compare the dispersion state with prednisolone. It was suggested
that the double bond at the C-1 and C-2 positions of prednisolone might play an important role in the
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process of adsorption of prednisolone to FSM-16.

© 2009 Published by Elsevier B.V.

1. Introduction

It is known that bioavailability is correlated with in vitro disso-
lution behavior when a water-insoluble drug is administered orally.
Improving the dissolution of a drug has become an important topic
in pharmaceutical studies. To improve dissolution, use of inclusion
compounds (Arima et al., 1996; Hirayama et al., 1996) and solvate
(Sekiguchi et al., 1973), expansion of crystal surface area by size
reduction (Chattopadhyay and Gupta, 2001) and use of polymor-
phic forms with excellent solubility (Kobayashi et al., 2000) have
been applied.

A method using a porous substance that has minute holes in
its structure changes the drug to an amorphous material. When a
porous powder that has large relative surface area with minute-
hole structure was mixed with crystals that can be sublimed, it
was confirmed that the drug was taken up into the minute holes
through the vapor phase at normal temperature, which is differ-
ent from the study this time in terms of drug absorption by solvent
evaporation and also it was confirmed that it existed not as a crys-
tal but as a solid dispersion (Tozuka et al., 2003). Moreover, it was
reported that the dissolution rate of a drug that has been adsorbed
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to porous powder was better than that of a drug that exists as sin-
gle crystals (Oguchi et al., 1997). Therefore, some research in recent
years has attempted to improve physical properties by adsorbing
the drug in porous powder to improve the dissolution of the drug
(Salonen et al., 2005; Takeuchi et al., 2005). Control of dissolution
behavior has not been successful completely since it is difficult
to know the status regarding adsorption of the drug in a sample.
However, there are several attempts to investigate drug loading to
mesoporous materials and releasing from them (Andersson et al.,
2004; Heikkila et al., 2007; Mellaerts et al., 2007, 2008; Vallet-Regi
et al., 2007).

Powder X-ray diffractometry, infra-red spectroscopy, differen-
tial scanning calorimetry, etc. are analytical methods that have
been used for evaluation of the molecules of drugs that exist in
minute holes in porous powder. Information regarding the degree
of crystallization, molecular interactions, and thermal behavior
is obtained by these methods, respectively. However, there are
limits in the information obtained because, using the powder
X-ray diffractometry, no peak arises from crystals in the solid dis-
persion of an amorphous solid and an endothermic peak from
melting hardly appears even in the differential scanning calorime-
try (Leuner and Dressman, 2000).

Solid-state NMR spectroscopy is a technique that recently began
to be used for the evaluation of physical properties of solid drugs
(Berendt et al., 2006; Nelson et al., 2006). In addition to being a
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nondestructive measurement, the features of solid-state NMR spec-
troscopy are that the obtained information is accumulated from
individual atomic nuclei and that the chemical shift of the signal
given by the individual atomic nucleus is influenced only from the
extremely local magnetic environment. Therefore, even if the drug
is an amorphous solid or a mixture, the adsorption of its molecules
can be selectively measured at the nano level. Moreover, it is
reported that some information regarding conformation and mobil-
ity of the molecule in the solid state is obtained by measurement
of relaxation time in solid-state NMR spectroscopy and a linear
analysis. It is also reported that solid-state NMR spectroscopy has
been used for quantitative analysis and structure analysis of drugs
(Babonneau et al., 2004; Lubach et al., 2004; Park et al., 2005; Sheth
et al., 2005; Xu and Harris, 2005; Aso and Yoshioka, 2006; Azais
et al., 2006; Barich et al., 2006; Harris et al., 2006; Masuda et al.,
2006; Farrer et al., 2007; Nunes et al., 2007). Various examinations,
including characterization and quantitation of crystal polymor-
phism, evaluation of mobility for guest compounds in the amylose
complex and investigation, using PVP and SDS, of the mechanism
regarding formation of nano particles of a drug, have been done
in our laboratory (Tozuka et al., 2002, 2006; Pongpeerapat et al.,
2006).

Folded sheet mesoporous material (FSM-16) has been prepared
by an intercalation of quarterly ammonium surfactant as a tem-
plate in a layered sodium silicate, kanemite, followed by calcination
to remove the template (Kresge et al., 1992; Inagaki et al., 1996;
Dapaah et al., 1999). FSM-16 shows high specific surface area such
as 1000 m?/g and narrow pore size distribution in the meso range of
2-50nm. FSM-16 has honeycomb one-dimensional straight chan-
nels, and it shows excellent heat resistance and pressure resistance
(Inaki et al., 2000; Cassiers et al., 2002; Matsumoto et al., 2002).

We studied mode of interaction between the drug and FSM-
16 by solid-state NMR spectroscopy. The technique has been used
to investigate the interaction between benzoic acid and FSM-16
(Tozuka et al., 2005). An advantage of solid-state NMR spectroscopy
is that the study can be focused only on the drug since all the peaks
observed are derived from the drug. This is because FSM-16 is a
porous silica material which is composed of only silicon, oxygen and
hydrogen and does not contain carbon. FSM-16 (Oc) whose mean
pore diameter was 16.0 A and FSM-16 (Do) whose mean pore diam-
eter was 21.6 A were used to investigate the interaction between
the size of the pores in the silica material and the characteristic of
the drug. Prednisolone, one of the steroids, was used as a model
compound since it is water-insoluble and is not sublimed. Hydro-
cortisone was also used to investigate molecules of a drug that has
a different steroid structure than prednisolone.

2. Materials and methods
2.1. Materials

Folded sheet mesoporous material-16 (FSM-16) was provided
by Toyota Central R&D Labs, Inc., Japan. Two FSM-16 of different
pore sizes, which was measured by N, adsorption, were used. They
were FSM-16 (Oc) which has a mean pore diameter of 16.0A and
FSM-16 (Do) which has a mean pore diameter of 21.6 A. Specific sur-
face areas are 700 m? /g (FSM-16 (Oc)) and 1250 m? /g (FSM-16 (Do)),
respectively. “Oc” represents n-octyltrimethyl ammonium bromide
(or chloride) and “Do” represents n-dodecyltrimethyl ammonium
bromide (or chloride). A pore size changes depending on the molec-
ular size of surfactants used. FSM-16 was slightly ground and sieved
to less than 125 wm and dried under reduced pressure at 110°C
for 3 h. Prednisolone (stable form) was supplied by Sigma-Aldrich
Japan. Metastable form prednisolone was prepared by the evapo-
ration of prednisolone dichloromethane solution. Hydrocortisone

was supplied by Nacalai Tesque, Japan. Dichloromethane was used
as areagent grade.

2.2. Preparation of physical mixture (PM)

FSM-16 and steroid were physically mixed in a glass vial using a
vortex mixer for 1 min to prepare PM. The concentration of steroid
in each sample was 30% by weight.

2.3. Preparation of evaporated sample (EVP)

Ninety milligram of steroid was dissolved in dichloromethane
and then 210 mg of FSM-16 was added. The mixture was sonicated
for 3 min. Dichloromethane was removed by a rotary evaporator to
obtain EVP. The concentration of steroid in each sample was 30% by
weight.

2.4. Preparation of sealed heated sample (EVP-SH)

Three hundred milligrams of EVP was sealed in a glass ampoule
(27 mLvolume) and heated at 140 °C for 3 h to obtain EVP-SH. 140 °C
was chosen as a heating temperature to identify any change in
experiments with less amount of decomposed products.

2.5. Powder X-ray diffractometry (PXRD)

Measurement of PXRD was carried out using Rigaku Miniflex
CN2005B111. Powder sample was applied on a glass plate so that
the surface of the powder was flat. Conditions of measurement were
CuKa radiation, scanning speed: 4°/min and scanning angle: 2-35°.

2.6. Differential scanning calorimetry (DSC)

DSC was performed using SII Nano Technology EXSTAR6000
DSC6200. Each sample was measured in a crimped aluminum pan
under N, gas (60 mL/min) with heating rate of 5°C/min. The cali-
bration was done by using indium.

2.7. Solid-state nuclear magnetic resonance (NMR) spectroscopy

All 13C solid-state NMR spectra were acquired using JNM-
ECA600 NMR spectrometer that had a magnetic field of 14.09T
(JEOL, Japan) operating at 150 MHz for 13C. Samples (ca. 100 mg)
were placed as powders into 4 mm silicon nitride (SisN4) rotors. 13C
spectra were acquired using variable amplitude cross-polarization
(CP) together with magic angle spinning (MAS) at 15kHz and
a high-power two-pulse phase-modulation 'H decoupling. For
each spectrum, total number of accumulations (1000-30000) was
acquired depending on the signal-to-noise ratio required. Perti-
nent acquisition parameters included relaxation delays of 3 s for all
experiments, a CP contact time of 5 ms and a 'H 90° pulse of 2.7 s.
The total number of data points was 2048 points per spectrum in
each experiment and zero-filled to 8192 points. All spectra were
externally referenced to tetramethylsilane by setting the higher
field peak of adamantane to 29.5 ppm. Carbon spin-lattice relax-
ation times (T;) were measured by monitoring the recovery of 13C
magnetization following cross-polarization and inversion (Torchia,
1978). Values of T; were determined from the initial rates of this
recovery.

3. Results and discussion
3.1. Molecular state of prednisolone in FSM-16

As the two-dimensional molecular size of prednisolone was
evaluated as 9.8 A x 13.7 A from the consideration based on van der
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Fig. 1. PXRD patterns and DSC curves of physical mixture [PM (Oc)] and evaporated samples with FSM-16 (Oc) [EVP (Oc)] and evaporated sample with FSM-16 (Do) [EVP

(Do)].

Wiaals radius, a prednisolone molecule could theoretically fit to the
pore size of FSM-16 where the pore diameter of FSM-16 (Oc) and
FSM-16 (Do) were 16.0 and 21.6 A, respectively.

Fig. 1 represents the PXRD patterns and DSC curves of pred-
nisolone stable form, the physical mixture with FSM-16 (Oc) [PM
(0c)], the evaporated sample with FSM-16 (Oc) [EVP (Oc)] and
the evaporated sample with FSM-16 (Do) [EVP (Do)]. Black trian-
gles in the PXRD patterns demonstrate X-ray diffraction peaks of
prednisolone crystals. PM (Oc) showed an X-ray diffraction pattern
similar to that of prednisolone crystals, as FSM-16 was an amor-
phous material. The pattern of PM (Do) was in good agreement
with that of PM (Oc). Regarding the two evaporated samples, the
pattern changed to halo pattern and clear diffraction peaks were
not observed. These results indicated that most of the prednisolone
molecules were transformed to amorphous form during the evap-
oration process, and presumably they existed within the pores of
FSM-16.

In the DSC curve of prednisolone crystals, a melting endother-
mic peak was observed at around 242 °C, and with PM as well. A
small exothermic peak at about 140 °C was found in the evaporated
sample with FSM-16 (Oc). This peak was supposed to be due to the
crystallization of prednisolone during the heating process. No char-
acteristic thermal event was observed for EVP (Do). This suggested
that the pore size of FSM-16 affected the stability of the dispersed

Prednisolone
(Crystal)

e

state of prednisolone in the dispersion matrix. Results of PXRD pat-
terns and DSC curves indicated that prednisolone adsorbed to either
FSM-16 (Oc) or FSM-16 (Do) after evaporation.

Fig. 2 shows 13C NMR spectra of the solid dispersion samples
in the range of 100-230 ppm. All the NMR peaks originated from
carbon atoms of prednisolone since FSM-16 has no carbon atoms.
The 13C NMR spectrum of PM was very similar to the carbon res-
onance of prednisolone crystals. The peak positions in evaporated
samples with both FSM-16 (Oc) and (Do), however, were shifted
and their peak shapes became broad. A newly-formed intermolec-
ular interaction such as hydrogen bonding has been reported to
affect the chemical environment of the neighboring molecules,
causing chemical shifts to downfield or upfield (Kuo and Chang,
2001; Shenderovich et al., 2003). The NMR peak shifts were mainly
observed on the carbon atoms of the A ring of prednisolone. It was
suggested that the formation of new hydrogen bonding between
carbonyl group (C3) of prednisolone and the hydroxyl group of FSM-
16 induced the changes of the conjugated double bond system of
the A ring in prednisolone. Mollica et al. (2006) reported that line
broadening of 13C CP/MAS NMR peaks were a result of a larger distri-
bution of isotropic chemical shifts, arising from wider distribution
of chemical environments for the same carbons belonging to differ-
ent drug molecules. Broad NMR peaks detected in the evaporated
samples indicated that the prednisolone molecules with a broader
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Fig. 2. 13C CP/MAS spectra of physical mixture [PM (Oc)] and evaporated samples with FSM-16 (Oc) [EVP (Oc)] and evaporated sample with FSM-16 (Do) [EVP (Do)].
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Fig. 3. PXRD patterns and DSC curves of prednisolones and sealed heated samples with FSM-16 (Oc) [EVP-SH (Oc)] and with FSM-16 (Do) [EVP-SH (Do)].

conformational distribution, which suggested higher molecular
mobility, were present in the matrix. 13C NMR spectra as well as
PXRD patterns and DSC curves suggested that prednisolone was
adsorbed as amorphous form to FSM-16. T; value for each 13C sig-
nal of prednisolone was determined by using Torchia’s methods to
evaluate the molecular mobility. Each 13C signal of prednisolone
in PM showed longer T; values (>300s), while that in EVP showed
shorter one (<50s). (Accurate T; values could not be obtained for
the EVP samples because of the broader peak and poor sensitivity.)
Smaller T; values imply more enhanced molecular motion for the
solid-state samples (Yang et al., 2006; Takahashi et al., 2004). It was
indicated that molecular mobility of prednisolone in EVP samples
was much more enhanced due to the interaction with FSM-16.

3.2. Relationship between physical stability of dispersion state
and pore size of FSM-16

The sealed heated samples were used to clarify the thermal sta-
bility of amorphous state in the dispersion matrix. Fig. 3 presents
the PXRD patterns and DSC curves of prednisolone stable form,
prednisolone metastable form, the sealed heated sample of EVP-
16 (Oc) [EVP-SH (Oc)] and the sealed heated sample of EVP-16
(Do) [EVP-SH (Do)]. Small X-ray diffraction peaks were observed
in EVP-SH (Oc), which were identical to the peaks of prednisolone
metastable form (star symbols), while no X-ray diffraction peaks
were detected in the EVP-SH (Do). In EVP-SH (Oc), prednisolone
partly existed in the metastable form outside of the pores. Pred-
nisolone which was not able to stay in the pore of FSM-16 (Oc) was
crystallized while heating process even though the prednisolone
had been captured in the FSM-16 (Oc). A surface condition of
the FSM-16 (Oc) related to crystallization as the metastable form
since the formation of crystal depends on where the crystallization
occurs. In EVP-SH (Do), prednisolone still existed in the amorphous
dispersed state in the pores of FSM-16 (Do). This was also confirmed
by the DSC measurements. A small melting peak was observed in
the EVP-SH (Oc) and there was no peak with EVP-SH (Do). The pore
size of FSM-16 (Do) is larger than that of FSM-16 (Oc), and the
larger pore size of FSM-16 contributed to the thermal stability of
dispersion state.

Fig. 4 represents 13C NMR spectra of sealed heated samples
observed in the range of 100-230 ppm. The sealed heated sample
with FSM-16 (Oc) showed sharp resonances. The observed chemical
shift was in fair agreement with that of the prednisolone metastable
form. The sealed heated sample of EVP-16 (Do) showed broad sig-
nals, which was similar to that of EVP (Do). This suggested that
prednisolone molecules had been adsorbed to FSM-16 (Do) pores
even after sealed heating process. It was found that the amorphous
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Fig. 4. 3C CP/MAS NMR spectra of prednisolones and sealed heated samples with
FSM-16 (Oc) [EVP-SH (Oc)] and with FSM-16 (Do) [EVP-SH (Do)].

stability of prednisolone depended on the difference of the FSM
pore size and that the larger size of pores contributed to high heat
stability.

3.3. Comparison of molecular state of prednisolone with
hydrocortisone

As the interaction between the A ring of prednisolone and FSM-
16 was suggested, we investigated the effect of chemical structure

Prednisolone 0
‘ 9.8 4
13.7A
-
,) 9.94
1354

Fig. 5. Molecular structure of prednisolone and hydrocortisone.
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of guest molecule on the dispersibility in the matrix. Hydrocorti-
sone was selected as a different guest molecule for FSM-16. The
molecular structure of hydrocortisone is the same as that of pred-
nisolone except the double bond at C1 and C2 positions, which is
shown in Fig. 5. The double bond at C1-C2 position enhances glu-
cocorticoid activity like anti-inflammatory effect (hydrocortisone
vs. prednisolone =1 vs. 4) and it reduces mineralocorticoid activity
like sodium retention (hydrocortisone vs. prednisolone =1 vs. 0.8).

Evaporated samples with hydrocortisone were prepared. Fig. 6
represents the PXRD patterns and DSC curves of hydrocortisone
crystals, the physical mixture with FSM-16 (Oc) [PMh (Oc)], the
evaporated sample with FSM-16 (Oc) [EVPh (Oc)] and the evap-
orated sample with FSM-16 (Do) [EVPh (Do)]. Diamond symbols
represent X-ray diffraction peaks of hydrocortisone crystals. With
regard to PXRD patterns, PMh and EVPh (Oc) had identical diffrac-
tion peaks with hydrocortisone. In the evaporated sample with
FSM-16 (Do), the peak intensities were smaller than those of evapo-
rated sample with EVPh (Oc). With respect to DSC curves, there was
the same trend as with PXRD patterns. This is due to an intrinsic
difference of compounds between prednisolone and hydrocorti-
sone. The reason why there is still some crystalline behavior in
the large pore material is thought to be that FSM-16 (Do) does
not have enough pore size to have it as an amorphous since its
molecular size is large. It is considered that there would not be any

20 3 5 4
Hydrocortisone
EVPh (Oc)
EVPh (Do)
20 20 150 : loln(ppm)

Fig. 7. 13C CP/MAS spectra of hydrocortisone evaporated samples with FSM-16 (Oc)
[EVPh (Oc)] and evaporated sample with FSM-16 (Do) [EVPh (Do)].

crystalline behavior if we use the larger pore size of FSM-16 than
FSM-16 (Do).

Fig. 7 demonstrates 13C NMR spectra of the evaporated samples
with hydrocortisone. In the spectrum of hydrocortisone crystals,
sharp peaks were due to carbon atoms of the 3, 4, 5 and 20 posi-
tions of hydrocortisone. The spectrum of the evaporated sample
with FSM-16 (Oc) was similar to that of hydrocortisone crystals,
while the evaporated sample with FSM-16 (Do) showed compar-
atively broad peaks. These results suggested that hydrocortisone
molecules did not adsorb to the FSM-16 (Oc) pore structure and that
some hydrocortisone could adsorb to FSM-16 (Do) as an amorphous
state in the pores. The different results between hydrocortisone and
prednisolone in 3C NMR spectra were assumed to be due to the
difference of the double bond at C1-C2 position.

4. Conclusion

PXRD patterns, DSC curves and 3C CP/MAS NMR spectra
revealed that the molecular state of prednisolone changed from
crystal state to amorphous state during the evaporation method
with FSM-16. Thermal properties of prednisolone in FSM-16
depended on the pore size of FSM-16. In the dispersion with large
pore size FSM-16, prednisolone molecules existed stably even in
the heating process, while they crystallized during heating from the
dispersion of small pore size FSM. Comparison of prednisolone with
hydrocortisone suggested that the double bond at the C-1 and C-2
position of prednisolone was critical for the adsorption of steroid
to FSM-16. It was found that the larger size of pore contributed to
the heat stability of the drugs.
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