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ABSTRACT: The stabilization mechanism of mesoporous silica (MS) of two
different pore sizes (21 and 2.5 nm) on overloaded celecoxib (CEL) glass was
investigated. Differential scanning calorimetry (DSC) measurements revealed
the presence of three fractions with different molecular mobilities: free,
intermediate, and rigid ones. The free fraction exhibited cold crystallization
during DSC heating and was assumed to have almost the same properties as
those of the bulk molecules. The rigid fraction did not exhibit either glass
transition or cold crystallization behavior, which should be stabilized by
interactions with the MS surface. The remaining molecules exhibited glass
transition behavior without any tendency toward cold crystallization during
heating, which is called the intermediate fraction. The molecular dynamics of
each fraction was investigated by using broadband dielectric spectroscopy
(BDS). While the intermediate and free fractions exhibited comparable
mobility, the rigid fraction demonstrated pore-size-dependent behavior:
enhanced and suppressed molecular mobility was observed for the rigid fraction confined in 21 and 2.5 nm-pores, respectively.
Isothermal crystallization of CEL glass was investigated using DSC and BDS at 95 °C. The results revealed that the CEL glass mixed
with MS with large pores exhibited slower crystallization compared to the CEL glass without MS, whereas accelerated crystallization
was observed for the CEL mixed with a small amount of MS of small pores. The pore size of 21 nm was much larger than the
cooperatively rearranging region (CRR) of the CEL glass, whereas the pore size of 2.5 nm was comparable to that. When the pore
size was larger than that of the CRR, most of the loaded CEL molecules behaved as an intermediate fraction, presumably because the
molecules could exchange inside and outside the pore. In contrast, the exchange was not likely to proceed when the pore size was
comparable to or smaller than that of the CRR, leaving a large free fraction. This finding provides a deep understanding of the
stabilization mechanism of overloaded pharmaceutical glass by using mesoporous materials.
KEYWORDS: glass, mesoporous silica, crystallization, cooperatively rearranging region, broadband dielectric spectroscopy,
differential scanning calorimetry

1. INTRODUCTION
Drugs with poor aqueous solubility often face challenges with
low oral bioavailability when the solubility or dissolution
processes limit absorption. A promising strategy for improving
low bioavailability in such cases is transforming the crystalline
form of the drug into glass.1−4 Because the glass state is
thermodynamically unstable, it may crystallize during storage
and/or immediately after contact with aqueous media.5 An
approach to stabilizing drugs involves using porous materials
such as mesoporous silica (MS).6−8 Its stabilization mecha-
nism is generally assumed to include two factors: the direct
interaction of guest molecules with the surface of the material
and the confinement effect in small pores.9 Hydrogen bonding
between silanol groups on the surface and guest molecules is
mainly responsible for the former mechanism. The capture of
molecules in small pores influences their molecular mobility;
this is known as the confinement effect. As molecular mobility
is an important factor that affects the crystallization

behavior,10,11 molecules with limited mobility in the pores
should have a lower tendency to crystallize. Moreover, crystals
cannot grow in pores unless the space provided is sufficiently
large for nucleation and crystal growth.
Understanding the influence of the properties of porous

material, including pore size, particle size, and surface
chemistry, on the physical stability of guest drugs is of
paramount importance. Surface adsorption mechanisms
include hydrogen bonding, electrostatic interactions, and
hydrophobic interactions. The effectiveness of drug loading
and release may be influenced by the adsorption mechanism.7

Received: December 16, 2024
Revised: March 18, 2025
Accepted: March 19, 2025
Published: April 4, 2025

Articlepubs.acs.org/molecularpharmaceutics

© 2025 The Authors. Published by
American Chemical Society

2556
https://doi.org/10.1021/acs.molpharmaceut.4c01482

Mol. Pharmaceutics 2025, 22, 2556−2567

This article is licensed under CC-BY 4.0

D
ow

nl
oa

de
d 

vi
a 

20
2.

22
0.

24
0.

85
 o

n 
M

ay
 1

3,
 2

02
5 

at
 0

7:
05

:1
9 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xue+Han"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kohsaku+Kawakami"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.molpharmaceut.4c01482&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.4c01482?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.4c01482?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.4c01482?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.4c01482?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.4c01482?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/mpohbp/22/5?ref=pdf
https://pubs.acs.org/toc/mpohbp/22/5?ref=pdf
https://pubs.acs.org/toc/mpohbp/22/5?ref=pdf
https://pubs.acs.org/toc/mpohbp/22/5?ref=pdf
pubs.acs.org/molecularpharmaceutics?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.molpharmaceut.4c01482?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/molecularpharmaceutics?ref=pdf
https://pubs.acs.org/molecularpharmaceutics?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


MS with the same pore size but different particle sizes
exhibited different stabilization effects for overloaded simvas-
tatin glass.12 This can be explained by the more effective
inhibition of the crystal growth of bulk glass by small particles
and easier exchange of the inside and outside molecules of the
MS for the smaller particles. Regarding the pore size effect,
when prednisolone glass was entrapped within pores of 1.60
and 2.16 nm, larger pores were reported to have a higher
stabilization effect.13 In contrast, flufenamic acid glass was
found to be stabilized in smaller pores including 3.2 nm pores
of MCM and 7.1 nm pores of SBA, whereas crystallization was
observed in the 29 nm pores of MCF silica.14 Similarly,
nifedipine glass entrapped in pores smaller than 12 nm
exhibited better stability than that in pores of 50−198 nm,15
despite both pore sizes being significantly larger than the
molecular size. These apparently contradictory observations
indicate that more systematic studies are required to provide
general ideas regarding the stabilization mechanism of
mesoporous materials. A comparison of the relative pore
sizes is not likely to provide much information, but more focus
on the relationship between the pore size and glass properties
is required. Moreover, the stabilization effect only for the
entrapped molecules in the pores is not sufficient for the use of
MS as a pharmaceutical excipient to avoid an increase in the
formulation volume. The stabilization of overloaded drugs is of
practical importance.
Extensive efforts have also been made from a formulation

viewpoint to demonstrate the effectiveness of MS in stabilizing
pharmaceutical glasses. For example, oxidized porous silicon
was used to stabilize indomethacin;16 the loaded indomethacin
was stable at 40 °C/75% relative humidity (RH) for over six
months, whereas pure indomethacin recrystallized after one
month. The physical stability of vortioxetine glass loaded in
three types of MS, namely MCM, SBA, and MCF, were
compared.17 The results revealed that the pure drug recrystal-
lized in 1 day under 30 °C/56% RH, whereas the loaded drug
exhibited better physical stability for 1 week. Notably, SBA
provided the highest stability over three months.
In this study, the effect of MS addition on the physical

stability of overloaded celecoxib (CEL) glass is investigated
with a focus on the effect of pore size. Although CEL glass has
been reported to be stabilized using a diameter of 2.5−3.7 μm
and pore size of 23 nm,18 the detailed mechanism of the
stabilization effect is still unclear. If surface adsorption and
confinement effects are the only stabilization mechanisms, then
MS cannot stabilize overloaded drugs. However, we demon-
strated that the stabilization effect also worked for drug
molecules outside of the pores. The stabilization of the
overloaded CEL glass is discussed to provide clear guidance for
the selection of mesoporous materials as pharmaceutical
excipients with an emphasis on the effect of pore size.

2. MATERIALS
CEL (Form III) was purchased from the Tokyo Chemical
Industry (Tokyo, Japan) and used without further purification.
MS (Sylysia350 and Sylysia730) was obtained from Fuji Silysia

Chemical (Kasugai, Japan). The physical properties of MS are
presented in Table 1.

2.1. Preparation of CEL/MS Physical Mixtures. CEL/
MS binary mixtures were prepared by carefully mixing CEL
and MS for 20 min in various ratios using a mortar and pestle
for facilitating homogeneous mixing and loading of CEL into
pores.19 Then, the samples were sieved using a 500-μm screen,
melted at 170 °C on a hot plate, and then cooled by allowing
them to rest at 25 °C, resulting in the formation of the glass
state. The mixing ratios are expressed as the proportion of the
MS in this study. For instance, the mixture of CEL and MS
with a weight ratio of 25:75 is expressed as a mixture with 75%
MS. Sylysia350 and Sylysia730 are abbreviated as SYL350 and
SYL730, respectively.

2.2. Evaluation of Molecular States Using Differential
Scanning Calorimetry (DSC). The molecular mobility of
pure CEL and its mixtures with SYL730 or SYL350 were
determined using DSC (Q2000, TA Instruments, New Castle,
DE, USA). The instrument was calibrated using indium and
sapphire, and dry nitrogen was supplied as an inert gas at a
flow rate of 50 mL/min. Approximately 5 mg of each sample
was sealed in an aluminum pan and heated to 180 °C at a
heating rate of 10 °C/min for melting. To observe the cold
crystallization behavior of CEL, the melt was cooled to −50 °C
at a rate of 10 °C/min to induce nucleation.19 The sample was
then heated at a rate of 10 °C/min to observe the glass
transition, cold crystallization, and melting behaviors. Three
independent samples of each composition were evaluated.

2.3. Isothermal Crystallization of CEL Glass on DSC.
The influence of MS on the isothermal crystallization of the
CEL glass was evaluated at 95 °C. Approximately 5 mg of CEL
or its physical mixture with MS was sealed in aluminum pans
and heated to 180 °C at a heating rate of 10 °C/min for
melting. The samples were then cooled to −20 °C at 10 °C/
min, followed by heating to 95 °C at a rate of 10 °C/min, and
annealed at that temperature for predetermined periods. The
annealing for over 6 h was conducted in a temperature-
controlled oven at 95 °C. The samples were then heated from
25 °C at 10 °C/min to observe the glass transition behavior.
The remaining glass fraction of the annealed samples was
determined by using the heat capacity change at the glass
transition temperature (ΔCp). Three independent samples
were analyzed for each annealing period.

2.4. Determination of the Size of the Cooperatively
Rearranging Region (CRR). The size of the CRR was
determined by DSC in temperature-modulated mode.
Approximately 5 mg of CEL and its physical mixture with
MS were sealed in Tzero pans and heated to 180 °C at a rate of
10 °C/min for melting, followed by cooling at 10 °C/min to
−50 °C. Then, the samples were heated at 2 °C/min under
modulation conditions with an amplitude of 0.5 °C and a
period of 60 s. Three independent samples were analyzed for
each composition. The CRR size (L) was determined using the
following equation:20

Table 1. Physical Properties of MS

MS surface Area (m2/g) pore size (nm) pore volume (mL/g) particle size (μm)
Sylysia 350 300 21 1.6 4
Sylysia 730 700 2.5 0.44 4
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where ρ and ΔdTg are the density and half of the glass
transition width, respectively; Tg is the onset glass transition
temperature; k is Boltzmann’s constant; Cpg and Cpl are the
specific heat capacities of the glass and supercooled liquid,
respectively. The specific heat capacities were determined
using a previously established protocol.21 Briefly, 10 mg of
quenched glass was evaluated using Tzero pans in temperature-
modulated mode, and the experiments were repeated 10 times
to obtain the mean values. Cpg and Cpl were determined to be
1.62 and 2.07 J/(g°C), respectively. The glass transition width
was determined from the difference between the onset and end
points of Tg.

2.5. Evaluation of Molecular Mobility on Broadband
Dielectric Spectroscopy (BDS). Broadband dielectric
measurements of pure CEL and its mixtures with MS were
performed by using a Novo-Control GMBH Alpha dielectric
spectrometer (Montabaur, Germany). The sample temperature
was controlled by a Quattro temperature controller with
temperature stability better than 0.2 °C. The samples were
melted on a stainless-steel sample stage using a hot plate
heated to 170 °C for 10 min and then quenched under
ambient temperature to obtain the glass samples. Thickness of
the samples was controlled to 0.1 mm by inserting silica spacer
fibers between the stainless-steel plates. The samples with the
stage were immediately transferred to the instrument and
heated at 190 °C for 1 h to remove residual moisture under a
flow of nitrogen gas. The dielectric spectra were acquired in a
temperature range from −120 to 140 °C, with an interval of 4
°C (−120 to 0 °C) or 2 °C (0 to 140 °C) in a frequency range
from 10−2 to 107 Hz. All measurements were repeated twice to

confirm reproducibility. The data obtained at each temperature
were analyzed by fitting the spectra to the Havriliak−Negami
(HN) equation as follows:18,22,23

i
i

( ) ( ) ( )
1 ( )k

a b
HN

* = = +
[ + ]

(2)

Here, ε*(ω) is the complex permittivity; ε’ (ω) and ε”(ω) are
the real and imaginary parts, respectively, of the complex
permittivity; ε∞ is the high-frequency limit permittivity; Δε is
the relaxation strength; τHN is the relaxation time; and a and b
are exponents of the relaxation processes. ω is equal to 2πf,
where f denotes frequency. σdc is the DC-conductivity, and ε0
is the permittivity of a vacuum. The α relaxation time τa was
determined using the following equation:18,22,23
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2.6. Isothermal Crystallization of CEL Glass on BDS.
BDS was also used to investigate the isothermal crystallization
of the glass samples at 95 °C. The isothermal dielectric
response of the CEL glass was measured continuously at 600 s
intervals. The frequency range in which the α relaxation peak
appeared was investigated. The crystallization process was
monitored by the intensity of the real (ε′) part of the complex
dielectric permittivity because basically, only the glass phase
contributed to the dielectric response.24 Therefore, the relative
permittivity (ε′N) of CEL can be calculated using the
normalized change in dielectric dispersion. The equation is
as follows:

( )/( )N 0 t 0= (4)

Figure 1. (a) First and (b) second heating DSC curves for pure CEL, its mixture with 25% SYL350, and its mixture with 25% SYL730. After the
first heating, the samples were cooled to −50 °C to induce nucleation. (c) Second heating curves for the CEL mixtures with 33 or 50% MS.
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where ε′0 is the initial static dielectric permittivity, ε′∞ is the
long-time limiting value, and ε′t is the value at time t. ε′N is
almost analogous to crystallinity; however, the calculated
values do not have strong physical meaning, as each fraction
has different strengths of dipole moment.

2.7. X-ray Powder Diffraction (XRPD). The samples used
for BDS and DSC measurements were collected after
evaluation and subjected to XRPD analysis. Data were
obtained on a Rigaku RINT Ultima X-ray diffraction system
(Rigaku Denki, Tokyo, Japan) with Cu Kα radiation. The
voltage and current were set to 40 kV and 40 mA, respectively.
Data were acquired at a scan rate of 2 °C/min at 0.02°
intervals.

2.8. Density Measurement. The true density of the CEL
glass was measured by using an AccuPyc II gas pycnometer
(Micromeritics, Norcross, GA, USA) using helium gas.
Approximately 0.5 g of the sample was melted on a hot plate
and then cooled under an ambient atmosphere. Subsequently,
the obtained glass pellet was ground using a mortar and pestle
and dried under a vacuum at 40 °C for 30 min. The powder
was confirmed to be in a completely glassy state by XRPD and
DSC. The measurements were repeated ten times to obtain the
mean value.

3. RESULTS
3.1. Discrimination of Molecular State of CEL Glass

Using DSC. Figure 1a,b shows the first and the second DSC
heating curves for pure CEL and its physical mixtures with
25% MS, respectively. At this mixing ratio, the amount of CEL
exceeded the pore capacity (i.e., overloaded) of both types of
MS. The melting behavior of the mixture with SYL730 was
similar to that of pure CEL during the first heating; however,
the melting peak split into two for the mixture with SYL350.
CEL is expected to penetrate the pores during the grind-
ing.25,26 The appearance of the fraction that melted at a lower
temperature can be explained by the confinement effect of the
pores, as described by the Gibbs−Thomson equation.27

Presumably, the pore size of SYL730 was too small to allow
the crystalline CEL to penetrate during the grinding.
The melted samples were cooled to −50 °C and then heated

again to acquire the second heating curves (Figure 1b), where
the onset Τg values were ca. 58 °C for all samples. A cold
crystallization peak appeared for pure CEL and the mixture
with 25% SYL730, whereas it was not observed for the mixture
with 25% SYL350. This observation indicates that SYL350 has

a stronger stabilization effect on CEL, despite its smaller
surface area compared to that of SYL730. The proportion of
MS was increased to determine the effect of the mixing ratio
on the stabilization of the CEL glass (Figure 1c). The thermal
behaviors for the mixture with SYL350 remained almost the
same, except for ΔCp, which decreased with an increasing MS
amount. For the mixture with SYL730, in addition to the
decrease in ΔCp, the cold crystallization peak became smaller
with increasing MS amount. However, small crystallization and
following melting peaks were observed even for the mixture
containing 50% SYL730.

ΔCp is assumed to be proportional to the mobile glass
fraction of CEL. The dependence of ΔCp of each mixture on
the proportion of MS is shown in Figure 2a. Linear
extrapolation of each data set provided the required amount
of MS to erase the glass transition of CEL as 83.9 and 85.6%
for SYL350 and SYL730, respectively. The disappearance of
the glass transition behavior can be explained by the strong
interaction of CEL molecules with the MS surface. In the field
of polymer chemistry, the amorphous part where the glass
transition cannot be observed is called the rigid amorphous.28

Thus, the invisible CEL glass in this study is hereafter referred
to as the rigid fraction. The rigid fraction may be expected to
be proportional to the surface area of the MS, which includes
both surfaces inside and outside pores. However, it was slightly
larger for SYL350 than for SYL730, indicating that the pores
were not filled completely, at least for SYL730.
Although the amount of the rigid fraction was not

significantly different for both MS, their stabilization effects
were completely different, as shown in Figure 1b,c, suggesting
the important roles of the mobile fraction on the physical
stability of CEL glass. For example, in the presence of 33% MS,
the amount of rigid fraction was 15.2 and 6.7% for SYL350 and
SYL730, respectively. Most of the CEL glass remained mobile
in the presence of both MS. However, cold crystallization was
not observed in the mixture with SYL350 during DSC heating,
whereas most of the mobile CEL crystallized in the mixture
with SYL730. The fraction that exhibited cold crystallization
during DSC heating was assumed to have a molecular mobility
similar to that of pure CEL and is hereafter termed the free
fraction. The remaining fraction, which exhibits glass transition
behavior but is unable to crystallize during heating, is called the
intermediate fraction. The free fraction was calculated from the
cold crystallization enthalpy. Figure 2b and Table 2 show the
classification of each fraction for various mixing ratios of MS.
In the mixture with SYL350, most CEL molecules, except for

Figure 2. (a) Changes in ΔCp (expressed as per gram of the mixture) as a function of the loading proportion of MS. (b) Rigid, intermediate, and
free fractions of CEL molecules in mixtures with SYL350 or SYL730. NT: not tested.
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the rigid fraction, existed as the intermediate fraction,
regardless of the mixing ratios. In contrast, most CEL
molecules behaved as free fractions in the mixture with
SYL730.
The absence of proportionality of the rigid fraction to the

surface area of the MS indicated imperfect penetration of the
CEL molecules into the small pores.29 Using the density of the
CEL glass (1.41 g/cm3), the required amounts of SYL350 and
SYL730 to completely capture the CEL molecules into the
pores were calculated to be 31 and 61%, respectively, based on
the pore volume of MS. The strong stabilization effect is
expected on molecules adsorbed as a monolayer.30 The
adsorbed area per CEL molecule was calculated as ca. 0.59
nm2 using the bulk density value under a simple assumption of
the cubic shape of CEL molecules. Given that the surface of
MS is densely packed with monolayered CEL, SYL350, and
SYL730 theoretically can load 5.1 × 1020 and 1.2 × 1021 CEL
molecules per gram, respectively; thus, the required amounts of
MS to offer monolayer adsorption sites for all CEL molecules
are 76 and 57%, respectively. In the experiment, the required
amounts of MS for changing all CEL molecules into the rigid

fraction were 83.9 and 85.6%, respectively. Based on this
calculation, approximately 9% and 33% of the pores in SYL350
and SYL730, respectively, were unfilled. Because this
calculation includes some assumptions, such as the use of
the bulk density value to estimate the adsorption area per CEL
molecule, SYL350 may be almost filled, whereas this is not true
for SYL730. Approximately one-third of the pores of SYL730
were likely to be unfilled.

3.2. Investigation of Molecular Mobility Using BDS.
Figure 3 shows the normalized dielectric spectra obtained by
BDS measurements of the CEL glass and its mixture with 25%
MS, where all fractions are expected to coexist. The
intermediate fraction is dominant in the mixture with
SYL350, whereas the free fraction dominates, but the
intermediate fraction should also have a contribution in the
mixture with SYL730. All spectra fit well with the superposition
of the HN function (Figures 3a−c). Figure 4a shows the τα
value as a function of temperature, where the Vogel−Fulcher−
Tammann (VFT) equation was used to fit the data.31

DT
T

Texp0
0

0= i
k
jjj y

{
zzz

(5)

where τ0 is the time scale of the vibrational motion, T is the
temperature, T0 is the temperature analogous to the Kauzmann
temperature, and D is a strength parameter. The data for pure
CEL and its mixtures with 25% MS could be fitted by similar
VFT functions, and the fitting parameters are reported in the
Supporting Information. The shape of the α relaxation peak
provides information on the distribution of τα, which can be
described by the β parameter in the Kohlrausch−Williams−
Watts (KWW) function.31

Table 2. Calculated Rigid and Free Fractions of CEL Glass
in the Mixture with SYL350 or SYL730

mixture with SYL350 mixture with SYL730

MS load (%) rigid (%) free (%) rigid (%) free (%)

17 3.42 ± 3.77 0.00 N.T. N.T.
20 6.47 ± 1.75 0.00 3.73 ± 3.93 78.9 ± 14.2
25 2.67 ± 1.90 0.00 4.28 ± 3.07 84.7 ± 6.0
33 15.2 ± 2.5 0.00 6.69 ± 0.78 74.6 ± 9.7
50 23.8 ± 3.4 0.00 8.36 ± 1.13 1.42 ± 2.47
67 32.4 ± 9.6 0.00 28.9 ± 0.6 1.49 ± 1.29
83 100 0 100 0

Figure 3. Normalized dielectric spectra of (a) pure CEL, (b) its mixture with 25% SYL730, and (c) its mixture with 25% SYL350, respectively. The
KWW fitting at 74 °C is represented by break lines. ε″max is the maximum value of the α relaxation peak.
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where Φ and t are the remaining fractions of the excess
enthalpy with reference to the extrapolation of the supercooled
liquid to a lower temperature, and time, respectively. A large β
value indicates homogeneity of the relaxation time, which
makes the dielectric spectral peaks symmetric. The fitting of
the BDS data revealed that pure CEL and the mixture with
25% SYL730 shared similar β values of 0.69 and 0.66,
respectively. However, the β for the mixture with 25% SYL350
was 0.55, suggesting that the addition of SYL350 made the
molecular mobility of CEL heterogeneous, most likely due to a
large proportion of the intermediate fraction.
Figure 4b shows the normalized dielectric spectra of the

mixtures with 67% MS, where those for 25% mixtures are
retained as a comparison. For the mixtures with 67% MS, the
presence of two components must be assumed for successful
fitting. Thus, τa values were obtained by applying deconvolu-
tion to the spectra (Figure 4c,d). As almost no free fraction

exists for both (Figure 2b), the obtained two τa values are likely
to be assigned to those of intermediate and rigid fractions. As
presented in Figure 4a, one of the mean τα of CEL with
SYL350 and SYL730 was both comparable to that of pure
CEL. This observation aligns with previously reported results
for the CEL mixtures with SYL244FP, which has a pore size of
23 nm, ranging from 9 to 45%.18 Furthermore, their results
reported that the β values of the mixtures decreased from 0.65
to 0.45 with increasing amounts of MS. Our observations also
revealed a widening of the dielectric spectra, which suggested a
decrease in β values. The β values of the intermediate fraction
in the mixture with 67% SYL350 and SYL730 were determined
to be 0.31 and 0.57, respectively.
The mobility of the rigid fraction was investigated using

mixtures with 83% MS (Figure 4e,f). The β values for the rigid
fraction in the mixture with 67% SYL350 and 67% SYL730
were 0.30 and 0.25, respectively. The mean τα values (Figure
4a) were influenced differently by the addition of MS. The
rigid fraction in SYL350 had higher molecular mobility relative
to free and intermediate fractions, whereas the opposite trend
was observed in the presence of SYL730. Thus, molecular

Figure 4. (a) Relaxation time (τα) of CEL glass and its mixtures with various amounts of SYL350 or SYL730; all fractions exist for the mixtures
with 25% MS but the amount of rigid fraction is negligible; intermediate and rigid fractions exist for 67% MS, and only rigid fraction is available for
83% MS. (b) Normalized dielectric spectra and KWW fitting (as presented by break lines) of the mixtures with 25 or 67% of MS at 70 °C. (c) An
example of deconvolution of dielectric loss spectra of the mixture with 67% SYL350 at 68 °C into rigid and Intermediate + free fractions. (d) An
example of deconvolution of dielectric loss spectra of the mixture with 67% SYL730 at 72 °C. (e) Dielectric loss spectra of a mixture with 83%
SYL350 at 68 °C (1000/T = 2.93). (f) A dielectric loss spectra of a mixture with 83% SYL730 at 72 °C (1000/T = 2.90).
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mobility of the rigid fraction was likely to be influenced by
pore size. Although a decrease in molecular mobility is easy to
imagine considering its interaction with the MS wall, an
increase in mobility appears to be unnatural. However, both
effects have been observed in previous studies. The mobility of
naproxen glass encapsulated in MS with a pore size of 5.9 nm
exhibited two α relaxation processes: a slower relaxation
belongs to molecules interacting with the pore surface and a
faster relaxation that happens in the center, whereas such
multimodal processes were not the observed for the naproxen
glasses in 2.4 or 3.2 nm-pore.32 On the other hand, ibuprofen
glass showed faster mobility inside MCM with pore sizes of 3.5
and 11.6 nm,33 which may be explained by a decrease in the
dimension of molecular motion.34−36 As for clotrimazole glass,
density functional theory simulation proved that the high
flexibility of the silica surface silanols made the glass molecules
highly mobile in the MSU-H having 8.5 nm pores.37 Thus, an
increase in molecular mobility in nanopores has also been a
general observation.

3.3. Size of CRR of CEL Glass. Figure 5 shows the effect of
MS addition on the CRR size of the CEL glass. Because Τg was

the same for the intermediate and free fractions, this estimation
was the average for the two fractions. Upon mixing with
SYL730, it remained almost constant up to 33% MS, and
decreased beyond this ratio. This observation corresponded to
a change in the intermediate/free fraction ratio (Figure 2b).
Mixing with SYL350 significantly reduced the size of the CRR,
even in small amounts. This analysis suggests that the
intermediate fraction has a CRR smaller than that of the
bulk molecules.

3.4. Effect of MS on the Physical Stability of CEL
Glass. The effect of MS addition on the physical stability of
the CEL glass at 95 °C was investigated using BDS and DSC.
Representative BDS spectra of the three samples are presented
in Figure 6a−c. Unlike in DSC, a rigid fraction was detectable
in the BDS study. However, the weak intensity of static
permittivity (ε′s) in the mixture with SYL350 suggested a
reduction in the dipole moment of the intermediate and rigid
fractions. During annealing, the CEL glass in all samples
showed recrystallization, as reflected by the decreasing ε′s.

However, for the mixtures with MS, the decrease of ε′s halted
before reaching 100% crystallinity. The evolution curves of ε′N
for pure CEL and its mixtures with MS are shown in Figure 6d.
The ε′N values of mixtures with 25% SYL350 and SYL730
stopped growing at approximately 86 and 99%, respectively. As
the rigid fraction is not expected to crystallize, the ε′N does not
reach zero. However, the remaining is larger than the
proportion of the rigid fraction for the mixture with SYL350,
suggesting that a part of the intermediate fraction was not
likely to be crystallized. The time to reach 50% ε′N (t1/2) of the
mixture with 25% SYL350 was the longest at 14400 s, followed
by pure CEL (10800 s) and the mixture with 25% SYL730
(5400 s). Thus, the addition of SYL350 retarded the
crystallization of CEL glass, whereas the addition of SYL730
accelerated it when a free fraction exists. The physical stability
of CEL was enhanced by increasing the amount of MS. The
crystallization of CEL was slower than that of pure CEL when
it was mixed with 67% SYL730, and the crystallization was not
observed with 67% SYL350 (Figure 6e). When 83% MS was
added, crystallization never proceeded for both types of MSs.
DSC was also used for investigating the isothermal

crystallization of the mixtures with 25% MS at 95 °C. The
crystallization curves are shown in Figure 7. The crystallinity
(X) of CEL was calculated by using ΔCp under the assumption
that it is proportional to the amount of the remaining
amorphous phase. The data were fitted using the Avrami−
Erofeev equation:

X k t d1 exp ( )n= { } (7)

where k and d are the crystallization rate constant and
induction time, respectively. n is the Avrami exponent, which
reflects the dimensions of the crystal growth and nucleation
mechanisms.
The crystallization curves were very similar to those

obtained from the BDS measurements (Figure 6d); that is,
the addition of SYL350 and SYL730 retarded and accelerated
crystallization, respectively, and a part of the amorphous phase
remained uncrystallized. The uncrystallized fraction as revealed
by DSC was 6 and 4%, respectively, in the presence of SYL350
and SYL730.
The kinetic parameters obtained are given in Table 3. The

uncrystallized fraction was ignored in the fitting procedure of
the Avrami equation. The Avrami exponents obtained were
approximately 2 for both pure CEL and its mixture with MS,
suggesting that the presence of MS did not influence the
crystallization mechanism. This may be due to the fiber-like
growth properties of the CEL crystals38 that can fit the pore
structure. The results show that k was smaller and larger in the
presence of SYL350 and SYL730, respectively, than in the
presence of pure CEL. As shown next, a small amount of
metastable form III was included after crystallization with
SYL350. Thus, the slow crystallization may partially be
responsible for the appearance of a different crystal form.
The kinetic parameters obtained could be understood as those
for the stable form I. As the crystallization of CEL glass
frequently proceeds into mixtures of form I and III,22 these
forms are likely to grow independently, that is, no interference
is anticipated during the crystallization. Moreover, both stable
and metastable forms (I and III) of pure CEL have almost the
same growth rate at 95 °C.38 Thus, the presence of a small
amount of form III does not have an impact on the kinetic
analysis.

Figure 5. Sizes of the CRR of CEL glass in its mixture with SYL350 or
SYL730.
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3.5. Physical Characterization of Recrystallized CEL.
The recrystallized samples at 95 °C in the BDS study were
subjected to XRPD analysis (Figure 8a). CEL can exist in five
crystal forms (Form I, II, III, IV, and V),22,39,40 where the most

stable form at 95 °C is the Form I. The XRPD pattern of pure
CEL was characteristic of Form I and represented by peaks at
5.5°, 5.7°, 7.2°, and 16.6°. These peaks were observed in the
XRPD patterns of the mixtures recrystallized in the presence of
SYL730 or SYL350. In addition, the characteristic peak of
Form III (19.2°) was observed for the mixture with SYL350.
Figure 8b shows the DSC curves of the recrystallized CEL in

the presence of MS. The melting peak of Form I (ca. 164 °C)
was observed for pure CEL and its mixture with 25% SYL730.
Two endothermic peaks were observed at ca. 151 and 162 °C
for the mixture with 25% SYL350. These peaks can be
attributed to Forms III and I, respectively, under the influence
of pores, as observed for the physical mixture (Figure 1). A
small endothermic peak with an enthalpy value of about 2.6 J/g
was observed for pure CEL at about 75 °C in a reproducible
manner. Because a small endothermic peak indicates an
enantiotropic polymorphic transformation,41 traces of other
crystal forms might exist in the recrystallized sample.

4. DISCUSSION
4.1. Molecular Mobility of CEL Molecules as Indicated

by BDS measurements. In this study, CEL glass was divided
into three types based on its thermal behavior during DSC
heating. A comparison with the BDS results provided further
insights. The mobility of free and intermediate fractions was
similar in the BDS measurements, as proven by a similar mean
τα (Figure 4a). The rigid fractions are likely to behave in
opposite ways depending on the pore size. When the pore size
is comparable to or smaller than CRR, the mobility of the rigid
fraction seemed to be suppressed. However, the mobility
appeared to be enhanced in larger pores, presumably because
of the easiness of exchange of molecules inside and outside
pores. In literature, water molecules inside the graphene slab,
of which the pore size was 3.1 nm, were reported to exhibit fast
diffusion.42 The motion parallel to the pore wall was assumed

Figure 6. Decrease of ε′s during isothermal annealing of the glass samples at 95 °C: (a) pure CEL, (b) mixture with 25% SYL350, and (c) mixture
with 25% SYL730. (d) and (e) ε′N of mixture with different amounts of MS determined by eq 4, as a function of time.

Figure 7. Evolution of crystallinity of pure CEL, mixture with 25%
SYL350, and mixture with 25% SYL730 at 95 °C, as determined by
DSC.

Table 3. Kinetic Parameters for the Isothermal
Crystallization of Pure CEL Glass and the Mixture with 25%
SYL350 or SYL730 from DSC

sample k (s−1) d (s) n

CEL 1.59 × 10−7 907 1.8
mixture with 25% SYL350 4.64 × 10−8 0 1.8
mixture with 25% SYL730 4.06 × 10−7 0 1.8
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to be faster than that perpendicular to the surface, and the
diffusion mostly occurs in a parallel direction to the wall in a
confined space.43 However, the diffusion was slower in the
pore of 0.7 nm, most likely because of the suppression of
translational motion.43 According to a dielectric relaxation
spectroscopy study of ibuprofen glass in MCM-41, whose
diameter is 3.6 nm, higher molecular mobility was likely to be
retained near and below the Tg compared to that of bulk
ibuprofen,44 which was also verified by magic-angle spinning
and pulsed-field gradient NMR techniques.45 In a study of
flufenamic acid glass, the presence of a liquid-like layer that has
high molecular mobility on the nanopore surface was proposed
based on investigation using 19F NMR spectroscopy.14

Presumably, the high stability of the rigid fraction is not
related to molecular mobility but to geometrical restriction in
the pores. In the isothermal crystallization study by BDS
(Figure 6), the ε′N of the mixtures with 25% SLY350 and
SYL730 reached 86 and 99%, respectively, whereas their rigid
fractions were only 2.7 and 4.3%, respectively, in the DSC
measurements. The higher final ε′N of the mixture with
SYL730, compared to that expected based on the amount of
the rigid fraction, may be understood as within experimental
error; however, as the disagreement for the mixture with
SYL350 was quite large, an additional explanation is required
for the apparent low ε′N. One possible explanation is the
contribution of the crystallized part to the dielectric spectra.
The decrease in dielectric loss was caused by a reduction in
active dipoles after crystallization.46 However, the crystal
microstructure can significantly influence the dielectric loss.47

The remaining dielectric loss of the mixture with 25% SYL350
could have originated from the orientation of the associated
dipole located in defects, such as dislocations and vacancies,
which exist in the form of loose crystallization in larger pores.48

In fact, the final crystallinity in the DSC measurement reached
94% (Figure 7).
The crystallization of CEL with 67% SYL350 was completely

inhibited, whereas it was significantly retarded with 67%
SYL730. Almost no free fraction was expected to exist at this
mixing ratio for both MS. The ε′N reached 80% in the presence
of 67% SYL730, which is smaller than the amounts of
intermediate and free fraction (66%). This discrepancy may be
explained by the weak dipole moment of the rigid fraction.

4.2. Influence of Pore Size of MS on the Stabilization
of CEL Glass. The physical stability of the CEL glass showed
opposing trends, depending on the pore size in the presence of
25% MS. The crystallization of CEL glass with 25% SYL730

was faster than that of pure CEL, whereas 25% SYL350
delayed the crystallization. Although SYL730 had a larger
surface area than SYL350, its smaller pores did not allow easy
penetration of CEL molecules, resulting in a similar amount of
rigid fraction in both MS. Considering the size of the CEL
molecules, the number of molecules per cross-sectional area of
the pores is estimated to be ca. 750 and 11 for SYL350 and
SYL730, respectively. The most striking difference in the
mobility of the overloaded CEL molecules was the presence of
a large intermediate fraction in the mixtures with SYL350. It is
difficult to explain the delayed crystallization of CEL in the
presence of SYL350 solely based on molecular mobility, as the
mobility of free and intermediate fractions was similar (Figure
4a). Thus, the steric hindrance of the nanopores for crystal
growth should also be responsible for stabilization, although a
large fraction of CEL molecules existed outside the pore.
Accelerated crystallization in the presence of SYL730 was an
interesting observation. In the literature, both physical
stabilization and destabilization of pharmaceutical glasses
have been reported for MS, suggesting a complicated influence
on the stability. The stabilization mechanism includes the
interaction of the drug with the MS surface and the
confinement effect of the pores. In addition, MS seems to
have a destabilizing effect, which may be explained by its
templating property. Notably, the same MS can either stabilize
or destabilize the system depending on the mixing ratio, as
observed for aripiprazole glass.49

The size of the CRR of the CEL glass was smaller than the
pore size of SYL350 but comparable with that of SYL730
(Figure 5). Therefore, the size of the CRR may explain the
difficulty in the exchange of inside and outside molecules for
SYL730. The three fractions of CEL glass and their possible
exchange behaviors inside and outside the pores are presented
in Figure 9. The CEL molecules near the surface form a rigid
fraction. When the pore size is sufficiently larger than the size
of the CRR, the molecules inside and outside the pores appear
to be easily exchanged. Crystallization was delayed in the
presence of SYL350, mainly because of geometrical restric-
tions, as only molecules outside the pores were allowed to
grow into large crystals. The molecules in the pores must
“wait″ until they are released outside the pores, which causes a
delay in crystal growth. Moreover, nuclei formed outside the
pore may diffuse into the pores to inhibit their growth into
large crystals. When the pore size is comparable to or smaller
than that of the CRR, as in the case of SYL730, the exchange of
molecules inside and outside the pores is expected to be

Figure 8. (a) XRPD patterns for pure CEL and its mixture with 25% MS after the isothermal crystallization study at 95 °C by using BDS. (b) DSC
curves for pure CEL and its mixture with MS after 14400 s (4 h) of annealing at 95 °C.

Molecular Pharmaceutics pubs.acs.org/molecularpharmaceutics Article

https://doi.org/10.1021/acs.molpharmaceut.4c01482
Mol. Pharmaceutics 2025, 22, 2556−2567

2564

https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.4c01482?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.4c01482?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.4c01482?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.4c01482?fig=fig8&ref=pdf
pubs.acs.org/molecularpharmaceutics?ref=pdf
https://doi.org/10.1021/acs.molpharmaceut.4c01482?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


extremely slow. No stabilization effects were expected based on
the geometrical restriction for the molecules outside the pores.
Previously, the difference in the particle size of MS was

found to influence the stabilization effect; simvastatin glass was
physically stabilized by mixing it with MS of small particle
size.12 The MS with a large particle size did not offer a
stabilization effect despite having the same pore size of 23 nm,
which can be explained in a similar manner. If the particle size
is small, then the exchange of molecules is easy because of the
large surface area of the particles. If the particle size is too
large, then only entrapped molecules near the surface are
involved in the stabilization effect. In summary, exchangeable
molecules, which can be quantified as intermediate fractions,
are likely to play an important role in the physical stabilization
of overloaded glass. A sufficiently large pore size and small
particle size are required to exert the stabilization effect.
From a practical point of view, the perfect filling of small

pores is anticipated to be difficult by any means. In fact, our
model calculation revealed that one-third of the pores of
SYL730 was assumed to be unfilled even in the mixture with a
sufficiently large amount of CEL. If guest molecules penetrate
from both sides of a connected pore, the pressure inside the
pore increases, which should inhibit further penetration of the
guest molecule. If the loading of drug molecules is done under
high-temperature conditions, a decrease in temperature should
allow additional loading of the guest molecules due to a
decrease in pressure in the pores. However, even with this
scenario, perfect loading cannot happen as the pore environ-
ment is not a vacuum. This is also a reason for the poor
stabilization effect of MS with too small pores.

4.3. Influence of the Pore Size of MS on the Crystal
Form of CEL Glass. Form III is the most stable crystal form
for CEL at room temperature, whereas Form I is the most
stable at temperatures higher than about 60 °C.22 In this study,
only Form I appeared in the mixture with 25% SYL730 at 95
°C. In contrast, Form III was likely to be formed in a mixture
containing 25% SYL350. Similar observations, where nano-
confinement influenced the form of the recrystallized drug,

have been frequently reported. In the case of the crystallization
of phenyl salicylate, an unstable (monoclinic) form was
preferred in the presence of anodic alumina oxide membranes
with 150 nm pores, whereas a stable (orthorhombic) crystal
was found in that with 100 nm pores.50 When bulk probucol
crystallizes into Form I, unstable Form II is found in
nanochannels with a 40−120 nm pore size.51 This observation
revealed the usefulness of mesoporous materials for control of
the crystal forms. In addition, our study indicated that a larger
pore size is required relative to that of the CRR for the
controlled crystallization as well as for the stabilization of the
amorphous state. The slow crystallization in the presence of
SYL350 may be related to the occurrence of the metastable
form, although its amount was small.

5. CONCLUSIONS
In this study, the stabilization effects of two MS with different
pore sizes on the overloaded CEL glass were compared. CEL
glass in the presence of MS was classified using DSC into free,
intermediate, and rigid fractions based on its molecular
mobility. The intermediate fraction appears to play an
influential role in the stabilization effect. The MS with a
large pore size (SYL350) significantly retarded the crystal-
lization of the CEL glass, most likely because most of the
overloaded CEL molecules could exist as an intermediate
fraction. In contrast, the crystallization of CEL glass was
accelerated in the mixture with SYL730, when the amount of
MS was not sufficient, where most of the overloaded CEL glass
remained as the free fraction. This difference likely originated
from the difference in the ease of exchange of CEL molecules
inside and outside of the pores. The pore size of SYL350 was
sufficiently larger than the size of CRR of the CEL glass, but it
is not true for SYL730, which might affect the exchange
dynamics of the CEL molecules. These findings offer valuable
insights into the effect of pore size on the stabilization effect of
overloaded pharmaceutical glass.
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Figure 9. Schematic presentation of the influence of pore sizes on the
dynamics of glass molecules. Rigid, intermediate, and free fractions are
presented by blue/cyan, yellow, and red, respectively. The rigid
fraction exists as monolayers on the wall. It has a higher mobility in
SYL350 but a lower mobility in SYL730. The intermediate fraction
retains bulk-like mobility and is exchangeable inside and outside
pores. The stabilization effect based on the confinement effect is
effective for the outside molecules as well as for the inside molecules,
as the molecules are easily exchangeable inside/outside pores. When
the exchange is slow, no stabilization effect is exerted on the free
fraction outside the pores, as observed for SYL730.
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