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Abstract

In this article, the effect of mesoporous silica (MS) on the physical stability and
molecular dynamics of the amorphous form of Celecoxib (CEL) is investigated. It has been
proven that the recrystallization process of CEL slows down with increasing the MS content.
Besides the elongation of stabilization time with the increase silica content leads to an
increase in the amorphous drug fraction remaining after the finished crystallization. The
conducted analyses show that the observed inhibition of CEL’s recrystallization is associated
with the formation of a monomolecular drug layer on the silica’s surface. The performed non-
isothermal dielectric studies of CEL + MS systems having both fully and partially amorphous
CEL shows that the biggest impact of the drug’s the temperature dependences of structural
relaxation time z,(T) has a crystalline fraction of the API. Silica, even in high concentration,

does not modify the temperature dependence of structural relaxation of CEL.
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1. Introduction

Most of the pharmaceutical products in the solid form contain a crystalline Active
Pharmaceutical Ingredient (API). The principal advantage of this form is its high physical
stability. However, as much as 40% of crystalline APIs are poorly soluble in water due to the
presence of the crystal lattice.> Moreover, it is estimated that up to 90% of drug candidates
in the crystalline form may be rejected during the research and development process just for
this reason.®* Taking into account that the solubility of an API is the limiting factor for its
bioavailability, considerable effort is currently made to improve it.>®

There are number of methods developed to enhance the water solubility of poorly
soluble APIs. One of them is conversion of the crystalline form of drug to its amorphous
counterpart.” As opposed to the crystal, in the amorphous state, there is no long-range
ordering and consequently, an amorphous material has a larger internal energy. Due to this,
weakening and/or breaking the intermolecular interactions is possible after delivering a lower
energy compared to the crystal, where the energy levels are much higher. It means that
substance in the amorphous form dissolves quicker and to a greater degree in water, often
leading to better absorption of the substance in the human body.'®>*? However, amorphous
substances are thermodynamically unstable.”*** As a consequence, they may recrystallize
during storage and secondary manufacturing. The return to the crystalline form results in the
loss of the beneficial properties resuiting from the amorphous disorder. Therefore, it is
necessary to find a method to effectively improve physical stability of amorphous APIs.*®%°

Several strategies have been tested to establish the most efficient way of improving the
physical stability of amorphous pharmaceuticals.??® It appears that the use of mesoporous
silica (MS) materials gives promising results.?*?® MS has been shown to improve the physical

2128 simvastatin,?® ezetimibe®® and nifedipine.®* In addition to being

stability of ibuprofen,
highly effective in stabilizing amorphous forms of APIs, MS reduces the drug toxicity, have
adequate biosafety (lack of cytotoxicity) and might be biodegradable.®*** All these features
make these materials more and more attractive from the application point of view. Two
possible mechanisms are commonly discussed to explain how MS can stabilize amorphous
systems. If molecules of API are loaded into pores of MS, then the impeded crystallization
might be related to the pore size effect. It means that if the pore diameter is smaller than the
nucleus radius, it will result in a lack of recrystallization. The second mechanism is related to
the specific interactions of drug molecules with the surface of MS.**** However, we have
shown recently that none of these mechanisms can be responsible for the stabilization of

simvastatin with MS.?® As discussed in our previous work, the stabilization effect was mainly

2



Journal Pre-proof

related to inhibition of the propagation of crystallization by using silica with appropriately
small particle sizes. Since it has been demonstrated that a commercial grade of MS, Syloid
244FP (SYL244FP), with an average particle size of 2.5-3.7 um and pore diameter of 23 nm
gave the best stabilization result, in this work we carried out similar studies for another API,
celecoxib (CEL). CEL was chosen due to its strong tendency toward recrystallization. In this

context, the work of Grzybowska et al.* .37

and Ajay et al.”" are highlighted. The first paper
describes in detail the dielectric response of amorphous CEL at both, supercooled liquid and
glassy states. During the non-isothermal dielectric measurements performed in that work, cold
crystallization with the onset at 365 K was observed. In the second paper the authors were
mainly focused on investigating the isothermal crystallization of CEL from the supercooled
liquid state. It has been shown that amorphous CEL at temperatures equal or higher than T =
363 K fully crystallized in less than 4 hours. The cited works confirm that amorphous CEL is
highly thermodynamically unstable, therefore, it becomes an excellent candidate for our tests.

The aim of this study is as follows. Firstly, we wanted to investigate the effect of
SYL244FP on the molecular dynamics of amorphous CEL. For that purpose, systems
containing CEL and 9, 18, 27, 36 and 45 wi. % of SYL244FP were subjected to non-
isothermal measurements using broadband dielectric spectroscopy (BDS). Secondly, we were
interested in the impact of MS in the form of SYL244FP on the physical stability of
amorphous CEL. To check the effect of the silica on recrystallization of CEL, neat APl and its
mixtures with SYL244FP were investigated applying isothermal (at T = 363 K) conditions
using BDS. Finally, we wanted to discover which mechanism might be responsible for the
observed CEL stabilization and to check whether CEL behaves similarly to simvastatin, for

which a small amount of SYL244FP was sufficient to stabilize the drug effectively.

2. Materials and methods
2.1. Materials and preparation of mixtures

The crystalline form of celecoxib (CEL) with purity 98% and molecular mass My, =
381 g/mol was purchased from Polpharma (Starogard Gdanski, Poland). This pharmaceutical
is chemically described as 4-[5-(4-methylphenyl)-3-(trifluoromethyl) pyrazol-1-yl] benzene-
sulfonamide and belongs to a class of agents that selectively inhibit cyclooxygenase-2 (COX-
2) enzymes. Its chemical structure is presented in the inset of Figure 1. Syloid 244 FP
(SYL244FP) was received as a gift from Grace GmbH & CO. KG (Worms, Germany). This

MS is characterized by average particle size of 2.5 — 3.7 um, surface area of 314 m?/g, pore
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diameter ~23 nm and the pore volume equal to 1.6 mL/g. All chemicals were used as
received.

To prepare the binary mixtures containing crystalline CEL and 9, 18, 27, 36 and 45
wt.% of SYL244, the weighted amounts of ingredients were mixed in a mortar for about 10
min. Every 3 minutes the sample was scraped off the mortar wall with a spatula. The prepared
physical mixtures and neat SYL244FP were dried at 373 K for 10 min before experiments to
remove water from MS, melted at T = 434 K and quenched directly before each experiment to
obtain amorphous CEL in these mixtures. In the DSC experiments, the sample was vitrified in
situ in the apparatus under dry nitrogen conditions, while for dielectric measurements, the
melting procedure took place on the hot plate in air conditions with environmental humidity

of approximately 25% RH.

2.2. Differential Scanning Calorimetry (DSC)
Thermal properties of neat CEL and its mixtures with SYL244FP were investigated using a
Mettler—Toledo DSC 1 STAR® System. The DSC was calibrated for temperature and enthalpy
using zinc and indium standards. The instrument was equipped with an HSS8 ceramic sensor
having 120 thermocouples and a liquid nitrogen cooling station. The samples were measured
in aluminum crucibles (40 pL). All measurements were carried out with a heating rate of
10K/min.

2.3. Broadband Dielectric spectroscopy (BDS)

All dielectric measurements on neat CEL and its mixtures containing 9, 18, 27, 36 and
45 wt. % of SYL244FP were performed using Novo-Control GMBH Alpha dielectric
spectrometer (Montabaur, Germany). The temperature in this apparatus was controlled by a
Quattro temperature controller with temperature stability better than 0.1 K. Dielectric studies
of fully amorphous samples were performed immediately after their vitrification by fast
cooling of the melt in a parallel-plate cell made of stainless steel (diameter 15 mm and a 0.1
mm gap provided by silica spacer fibers). Dielectric experiments of partially amorphous CEL
in systems with SYL244FP were performed ca. 12h after the cessation of crystallization.
During non-isothermal studies of CEL + 9, 18, 27, 36, and 45 wt. % of SYL244FP, the
dielectric spectra were registered in the temperature ranging from 173 to 383 K with a step of
2 K in a broad frequency range from 10" Hz to 10° Hz. During the non-isothermal high
frequency study of neat CEL the dielectric loss spectra were measured at temperatures from
443 to 313 K with a step of 2 K for frequencies from 10° Hz to 10° Hz. The isothermal time-

4



Journal Pre-proof

dependent experiments for neat CEL and its mixtures with SYL244FP were performed at T =
363 K. The spectra were registered every 300s for a period of time after which lack of
changes in dielectric spectrum were observed. During the non-isothermal studies of CEL + 9,
18, and 27 wt. % of SYL244FP with partially crystalline CEL, the dielectric spectra were
registered at temperatures ranging from 333 to 433 K with a step of 10 K in a broad frequency
range from 10 ' Hz to 10° Hz.

3. Results and discussion

3.1. Thermal characterization of systems containing crystalline or amorphous CEL

and SYL244FP

Thermal properties of neat CEL, SYL244FP, and its mixtures with 9, 18, 27, 36 and 45 wt. %
of SYL244FP were investigated using DSC. Firstly, dry samples containing crystalline CEL
were heated from 298 to 460 K. The heating procedure was carried out with a heating rate of
10 K/min. The obtained thermograms are presented in Figure 1. It can be seen that the DSC
trace of neat crystalline CEL is characterized by one endothermal event corresponding to the
drug melting. The melting temperature (T,), which was determined as the onset of the
endothermal process, is 434 K. This value agrees well with the literature. Interestingly, CEL
in the presence of SYL244FP meits in two stages, i.e., on DSC thermograms two thermal
events were recorded. The first peak has an onset at lower temperatures than the pure API
(Tm1), while the second corresponds broadly to the melting temperature of neat CEL (Tyy),
however some shift towards iower temperature is observed with an increasing amount of MS,
consistent with the presence of MS as an impurity.*® Also, the enthalpy of the second
endothermic process decreases with an increasing amount of MS. At the same time an
increase in enthalpy for the first process is observed. However, the appearance of the first
endothermic process is unclear. It could be related to partially filling the pores of MS by the
API or interactions of the drug molecules with the surface of MS**“°. However, the first
scenario is unlikely due to the method of preparing the mixture, which was mechanical
grinding CEL with Syloid244FP in a mortar. Therefore, in this case, the observed peak could
be of another polymorphic form of CEL, i.e. form IV with a melt onset at 418-421 K * or it
may be associated with interactions of the drug molecules with the surface of MS. Infrared
spectroscopy (Figure 2) discounted the hypothesis of another polymorphic form, as all
samples, included the one comprising 45 wt. % of SYL244FP and heated to 423 K, show the
N-H stretching bands at the same positions, at 3335 and 3231 cm™. Lu and co-workers
presented that CEL form IV had a different shape and position of those bands, at 3342, 3295

5
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and 3213 cm™.** Spectroscopic studies also showed that no strong interactions between the
MS and CEL are present in the mixtures with no changes to the bands of the sulfonamide
functional group shown as the above N-H or S=O (at 1347 and 1159 cm™) stretching
vibrations. The sulfonamide would be the group most likely to be involved in interactions
with the Si-O-Si moieties (visible as a broad peak at 1200-1000 cm™). Therefore, the
endothermic peak at app. 419 K in thermal analysis is most likely to be an artifact created by
sample preparation, a comminution process, where the two components were ground together
for 5 minutes, creating a variation in microstructure, similar to what was observed previously
for itraconazole.*? In addition, it appears that this intimate mixing may have generated
opportunities for weaker interactions between CEL and SYL244FP, which were not

discernible by infrared spectroscopy, to occur.

lendo” | 10 K/min

i 0
HoN< &
B I
i O \©\N N
\
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- Celecoxib (CEL)
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= |CEL (ground as in mixtures)
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Figure 1. DSC thermograms of neat crystalline CEL, SYL244FP, and its physical mixtures with
SYL244FP.
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Figure 2. Infrared analysis of crystalline CEL and its mixtures with SYL244FP.

In the next step of calorimetric studies, the samples were quenched in situ in DSC to 273 K.
The employed cooling rate was 20 K/min. No CEL crystallization was noted during this
cooling stage. After the quenching, the samples were heated again, at 10 K/min, as used
previously. The second heating thermograms presented of amorphous form of CEL (Figure
3). In the studied temperature range, only the step-like behavior, a manifestation of glass
transition, was recorded on DSC thermograms. The glass transition temperature (T,) was
determined as a midpoint of the heat capacity increment and the values are shown in Figure 3.
The presence of a single glass transition event confirms that CEL molecules do not fill the
pores of SYL244FP. When the drug is incorporated inside the pores of silica, one should
expect two Tgs. It is worth pointing out that the addition of SYL244FP did not change the
value of CEL’s glass transition temperature. This result is similar to our previous finding,
where a lack of Ty modification in mixtures with SYL244FP was observed for simvastatin.
With the increasing silica content one can however note a decrease in 4C,. Because the AC,, is
an extensive and additive property, its value is proportional to the amorphous fraction of the
system and will decrease linearly with decreasing drug content.** When molecules of
amorphous API’s fraction are absorbed to the MS surface does not contribute to any thermal

event since they are “immobilized” by interactions with the functional groups of the surface
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of MS. Consequently, if CEL molecules do not interact with the surface of MS, the value of
AC, of the mixture should proportionally decrease with the silica to zeros. If some interactions
between CEL molecules and MS exist, a decrease in 4C, values should be larger than
expected since the part of the amorphous fraction is "immobilized". Therefore, as Hempel et
al. showed, by measuring the AC, of various concentrations of drug + MS systems, it is

possible to estimate the monomolecular loading capacity of the drug on the MS surface. *

| endo” | 10 K/min

E CEL + 9% SYL244FP
= T =331K
£ g
i
< CEL + 18% SYL244FP
2 T,- 331K '
w CEL +27% SYL244FP
K T,-331K ’
CEL +36% SYL244FP
I,-331K
i CEL + 45% SYL244FP
T . 330K
" 9 N 1 " 1 N 1 L 1 N 1

300 320 340 360 380 400 420 440 460

Temperature (K]

Figure 3. DSC thermograms of amorphous CEL and its mixtures with SYL244FP.

In order to determine the monomolecular loading capacity of CEL on the surface of
SYL244FP the concentration dependence of AC, for CEL + SYL244FP was prepared and is
presented in Figure 4. The experimental data were fitted to a linear function and from its
extrapolation to 4C, = 0 the monomolecular loading capacity was determined as 13.5 wt. %
of CEL.
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Figure 4. Linear extrapolation of the 4C, values as a function of drug loading.

3.2. Molecular dynamics of CEL + SYL244FP systems

In this part of paper, the effect of MS on the molecular dynamics of CEL is
investigated. The molecular dynamics studies of the quenched CEL + SYL244FP systems
were performed by BDS. The non-isothermal dielectric loss spectra measurements were
performed in a broad frequency (from 10™* to 10° Hz) and temperature range (from 173 to 383
K). Figure 5 a-e shows the representative dielectric loss spectra obtained above T4 for CEL +
SYL244FP systems with different silica concentration. In the low frequency region a
characteristic contribution from DC-conductivity can be identified. However, the most
significant process in ¢ ’(w) is the structural () relaxation process. Increasing the temperature
leads to shifting of a-relaxation peak towards higher frequencies, reflecting enhancement of
molecular mobility. It is worth highlighting that during non-isothermal dielectric
measurements, one can observe a cold crystallization process for systems at concentrations of
SYL244FP of 27 wt. % or lower. The beginning of crystallization for these systems occurred
at 369 K for systems with 9 and 18 wt. % of SYL244FP, and at 371 K for the system with 27
wt. % of SYL244FP. The recrystallization process is manifested by a rapid decrease in the
intensity of the dielectric loss peak of a — process (see light-red dashed lines in Figure 5 a-
e).* The drop in the intensity of the peak is due to the fact that the population of reorienting
polar molecules decreases as the crystallization progresses. Note that the intensity of the a —

peak, Ae,, is proportional to Nu?, where N is a number of reorienting dipoles and 4 is the value
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of dipole moment of molecule. For the samples containing 36 and 45 wt.% of SYL244FP,
crystallization was not observed during the measurement, proving that the presence of silica
improves the physical stability of CEL.

CEL + 9% SYL244FP
a) b) C)
i
10 \ 10 10
:u ,,,,,,,, s =
2 £ %
1k o E o
2 E 3
2 z 2
a a =]
0.1 o1k 0k
|
~ =
mom AT = 2K F—— AT=2K AT =2K -
I>T, 38K2383K — [>T, 33K—>383 S BIK =383 K
10! 10" 10' 10 10’ 10t 10 10° ! 10° 10! 10 1w 10 10 10° 1t 10° 10! 10° 1w 1w 10 10°
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d) \'\_ —— DC-conductivity e)
-~ otductivi 0.60
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Figure 5. Dielectric loss spectra of CEL + SYL244FP containing: (a) 9% of silica, (b) 18% of silica, (c)
27% of silica, (d) 36%b of silica and (e) 45% of silica. The spectra were collected upon heating at T > T,. In
panel (f), the temperature dependence of z, for all tested systems are compared to z,(T) of neat CEL (data
from the low temperature region presented as filled stars were taken from ref. [36], while those from the
high temperature region, presented as empty stars, were taken from the high frequency experiment). The
inset of panel (f) shows the result of the derivative analysis focused on the validity of VFT

parameterization. The intersection of the two VFT lines denotes the crossover temperature T = 366 K.

The dielectric loss spectra of all studied systems were analyzed to obtain values of the
structural relaxation times (z,). For this purpose the dielectric loss spectra were fitted by the
Havriliak-Negami (HN) function with an additional term describing the DC-conductivity
contribution:*®

« _ Ae Odc ¢
€ ((1)) = oo + [1+(inHN)a]b + Eoiw\l)

where &, is the high-frequency limit permittivity, g signify the permittivity of vacuum, 4e is
dielectric strength, w is equal to 2zf, tyn is the HN relaxation time, and a and b represent
symmetric and asymmetric broadening of the relaxation peak. From the fitting parameters we
then determined values of z, using the following formula:

mwa

_ . l . mwa
Ta = TuN [Sm(2+2b)]“[5m(

b
2+2b

)7e(2)
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The temperature evolutions of the structural relaxation times of both neat CEL as well as its
mixtures with SYL244FP are depicted in Figure 5f. The data for neat CEL, which are marked
as black filled stars, were taken from the publication of Grzybowska et al.*® In order to
parameterize the experimental data the Vogel-Fulcher-Tammann (VFT) equation was
employed:*"*°

DT,

7a(T) = 7w eXp(2L) (3)

where 7., To, and D, are fitting parameters. Parameter z., is a pre-exponential factor denoting

the upper limit of temperature for z,, and its value should be of order of around 10™* s (i.e.
vibrational frequency of molecule). Ty is the Vogel temperature, which corresponds to the
state with infinite relaxation time, and D denotes deviation from the Arrhenius model. During
the analysis we noticed that the temperature evolution of the structural relaxation time of
systems with concentrations of SYL244FP greater than 27 wt. % is not consistent over the
entire experimental temperature range to fit to a single VFT equation. Therefore, the detailed
analysis of the temperature dependence of z,, were performed. For that purpose, the derivative
method proposed by Stickel was employed.>® According to this method, a plot of the values of
the derivative operator [-dlog(z,)/dT] 0% versus temperature should be linear for a single VFT
function. Since two distinct linear regions are observed for CEL + 36% SYL244FP and CEL
+ 45% SYL244FP, two sets of VFT fitting parameters are required to describe the data over
the entire temperature range. It is worth pointing out that in the case of neat CEL there is no
information in the literature about the requirement of using two VFT. Thus, the question
arises: why in the mixtures such a behavior was noted? There are two possible reasons. The
silica used in our experiments might either modify the temperature dependence of z, of the
drug or due to stabilization effect SYL244FP might reveal true nature of CEL z,(T). To verify
whether the silica changes or not the z,(T) of CEL, an additional experiment was performed
by means of a high frequency setup for BDS. During this experiment, to avoid
recrystallization, the sample was measured on cooling from 443 to 383 K with a step of 2 K.
The temperature dependence of 7,(T) for the neat API determined based on the analysis of
these data is presented in Figure 5f as the empty stars. The Stickel analysis indicated that two
sets of VFT fitting parameters are required to describe the data of neat CEL over the entire
temperature range. The intersection of these two VFT lines, seen in the inset of Figure 5f,
gives a crossover temperature Teross = 366 K.>* This result proves that SYL244FP does not
modify the temperature dependence of CEL structural relaxation time but due to the drug

stabilization elongates the available for measurement frequency window. Since different

11
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mixtures of SYL244FP with CEL exhibit the same temperature dependencies as neat CEL,
their glass transition temperatures are identical. To determine T4 of neat CEL and its mixtures
with SYL244FP the VFT; functions were extrapolated to the value of 7, = 100s (Tq =T (z, =
100s) = 328 K). The T4 values determined by BDS are consistent with the data obtained from
calorimetric measurements. Slight discrepancies result from the different heating rates applied

during the calorimetric (HR = 10 K/min) and dielectric (HR = 0.5 K/min) measurements.

a) EL + 9% SYL244FP b) @ EL +45% SYL244FP
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Figure 6. The master plot from dielectric loss spectra of: (a) CEL + 9 % of SYL244FP, and SVT +
45 9% of SYL244 formed by horizontal shifting of spectra to overlap the reference system.

In the next step of analysis of the dielectric loss spectra, we concentrated on the shape of the a
— process. Firstly, we checked if the shape of the a — process changes with temperature. In
order to do this, we constructed for each composition a master plot, i.e.: the reference
spectrum was selected and remaining spectra were shifted along horizontal and vertical axes
to superimpose them on the reference system. The master plots for the extreme MS
concentrations are presented in Figure 6. It can be seen that, with exception of an increase in
DC-conductivity with decreasing temperature, the shape of the structural relaxation process
does not change in a given temperature range for the CEL + SYL244FP systems. It now
becomes interesting to test if the shape of the structural relaxation peak is dependent on the
concentration of SYL244FP. To perform a more quantitative analysis, we used the
Kohlrausch-Williams—Watts (KWW) function to fit the a— relaxation peak. The advantage of
using this fitting function is that it has only a single parameter, Sxww, characterizing the shape
of the relaxation curve. Its value can change from 0 to 1, with a value of 1 indicating that the
alpha relaxation peak is narrow and symmetrical, which corresponds to the Debye case. As

the value of Skww decreases towards 0 the peak becomes broader and asymmetric. The results
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of the shape analysis of the structural relaxation peak in terms of the KWW function are
presented in Figure 7. It becomes obvious that the value of the Sxww parameter decreases with
the increasing concentration of SYL244FP. For instance, Shamblin et al. noticed that for
materials with low Sxww values the tendency to crystallization is much higher.>® This
phenomenological observation disagrees with our finding as for systems with the lowest Sxww
values (i.e., higher concentration of SYL244FP) crystallization was not observed during the
non-isothermal dielectric measurements. Note that the similar discrepancy between the
physical stability of amorphous API and its Skww Value has been previously observed for
other pharmaceuticals, i.e. ezetimibe and sildenafil. Furthermore, in our case, broadening the

o-relaxation peak of CEL is associated with the increase of the system heterogeneity.>*
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Figure 7. (a) Comparison of the dielectric spectra of various concentrations of the CEL + SYL244FP
systems recorded at T = 361 K. The dashed lines represent the KWW fit to the a-peak with a value of
Prww given in the legend. (b) The concentration dependence of Sww for the CEL + SYL244FP systems.

3.3. Studies of the effect of silica additive on the physical stability of amorphous CEL
Presented in the previous section, non-isothermal dielectric studies indicated that
SYL244FP improves the physical stability of amorphous CEL. However, based on these data,
it is impossible to assess the stabilization effect. Therefore, to properly evaluate the
effectiveness of SYL244FP in the stabilization of the disordered form of CEL, time-
dependent, isothermal dielectric studies were performed. The crystallization of both neat CEL
and its mixture with SYL244FP was measured at T = 363 K (the spectra were registered every
300s). This particular temperature was selected for two reasons. Firstly, the crystallization
kinetics of neat CEL was previously investigated by Dantuluri et. al at temperatures ranging
from 363 to 378 K (47 = 5 K).*" Thus, choosing one of these temperature conditions, one can
check whether the investigated by us batch of the drug behave identically as that shown in the

literature. Secondly, at T = 363 K neat CEL should fully convert to its crystalline form after
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ca. 4h. This period of time is on the one hand long enough to safely prepare and measure the
sample avoiding partial crystallization, while on the other hand, fast enough to investigate
how the silica stabilizes the drug.

Figure 8 shows the representative (i.e., registered every 1200s), data obtained for neat
CEL. It can be seen that the crystallization process can be followed directly in both the real
(") and imaginary (¢ ") parts of the complex dielectric permittivity, reflected by a decrease of
the static permittivity (&) and an increase in the intensity of the loss peak with time,

respectively.
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Figure 8. Dielectric spectra of the imaginary (upper panel) and real (lower panel) parts of the complex
dielectric permittivity during an isothermal crystallization of neat CEL at T = 363 K.

However, since usually the progress of crystallization is analyzed in terms of the normalized
real permittivity (¢’n), in the further part of this work we will present data only in the
dielectric permittivity representation. The aforementioned ¢’y is defined as:*°

N = ;’<(00))—_§((o?) 4)
where &'(0) is the initial static dielectric permittivity, ¢'() is the long-time limiting value, and
¢'(t) is the value at time t. Normalized by this method data of neat CEL were compared to the
crystallization kinetics of CEL obtained from digitalizing the data from the Dantuluri et al.

paper.®” Both time dependences are plotted together as empty and filled circles in Figure 10a.
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Since the kinetics of CEL crystallization measured by us is identical as that investigated
earlier, we can conclude that the sample batch has no impact on the physical stability of this
API and one can investigate the effect of silica on its stabilization. For this purpose, the
systems containing CEL and 9, 18, 27, 36 and 45 wt. % of SYL244FP were isothermally
measured at T = 363 K by means of BDS (4t = 300s). The representative spectra obtained
from these experiments (i.e., with 4¢ = 1200s, 4t = 2400s, and At = 3600s for CEL + 9%
SYL244FP, CEL + 18% SYL244FP, and CEL + 27% SYL244FP, respectively) are presented
in Figure 9a-c.
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Figure 9. Dielectric spectra of the real part of the complex dielectric permittivity during an isothermal
crystallization at T = 363 K of (a) CEL + 9% SYL244FP, (b) CEL + 18% SYL244FP, and (c) CEL + 27%
SYL244FP.

Note that, since SYL244FP does not modify the temperature dependence of z, of neat CEL,
these experiments were performed not only at fixed temperature conditions but also at
constant z,, i.e., isothermal conditions. A drop in the static permittivity (es) was observed
during all experiments indicating that CEL recrystallizes from the drug-silica binary systems,
even when high SYL244FP content is employed. However, crystallization observed in CEL

mixtures is unfinished, and its degree decreases with the increasing amount of SYL244FP
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(see the green areas in Figure 9a-c). The end of the crystallization process was considered
when no further changes in the dielectric spectrum were observed. To properly analyze these
data, i.e., to take into account the degree of CEL crystallization, we took the value of &,
instead of ¢'(x) in eq. 4. The comparison of all kinetic curves is presented in Figure 10a. As
can be seen Dby increasing the amount of the silica, the prolongation of the CEL
recrystallization was noted indicating that SYL244FP improves the physical stability of
amorphous CEL. It is worth pointing out that a similar partial crystallization of the drug
measured by means of BDS was previously observed when API was mixed with another drug
(drug-drug system)®” or polymer (drug-polymer system)>®*®. In these cases, together with the
reduction of Ae, the shift in the position of the structural relaxation process was noted proving
that the molecular dynamics of the system was changing. The incomplete crystallization of
the drugs described in the mentioned works results from the crystallization of the excess of
drug from the supersaturated system (drug-drug or drug-polymer). Thus, this allows to
determine the concentration corresponding to the saturated system, which should guarantee
high physical stability. However, such scenario is impossible for the CEL + SYL244FP
systems since the drug cannot be dissolved in the silica.

By analyzing the kinetic curves, the crystallization half-life time (t1,) and the degree
of CEL crystallinity were determined. The obtained values are summarized in Figure 10b. The
concentration dependence of the degree of CEL crystallinity shows a linear behavior.
Therefore, by extrapolating the fiited to these data a linear function to 0% of CEL
crystallinity, one can predict what concentration of the silica is needed to fully stabilize the
amorphous form of the investigated drug. Based on this analysis, one can estimate that at least
85.3 wt. % of SYL244FP is needed to fully prevent crystallization of the API. Note that this
concentration corresponds well (£1%) with concentration in which CEL molecules form the
monomolecular layer on the silica surface (i.e., 86.5 wt. %), as determined above from the
calorimetric studies. This result suggests that SYL244FP inhibits only the crystallization of
CEL molecules located nearby the surface of the silica. Based on this assumption one can
conclude that the observed stabilization of CEL in the systems with SYL244FP originates

from the interaction of drug molecules with the surface of the silica.
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Figure 10. Panel (a) compares the time dependences of &y’ for neat CEL (empty circles — data from ref
[37], filled circles — data from our experiment), and its mixtures with 9, 18, 27, 36 and 45% of SYL244FP
at 363 K. Panel (b) shows presented as a squares the concentration dependence of degree of CEL
crystallinity obtained after the isothermal dielectric studies and presented as a stars concentration

dependence of CEL crystallization half-life time from the mixtures with SYL244FP.

3.4. Molecular dynamics of recrystallized CEL + SYL244FP systems

In the previous section, it was shown that CEL remains partially amorphous after
recrystallization from the mixtures with SYL244FP. The samples obtained after the
isothermal BDS experiments (where crystallization was observed) were again subjected to
non-isothermal dielectric studies. These tests were performed for two reasons. On the one
hand, they can prove whether or not the amorphous fraction of CEL still remains in the CEL +
SYL244FP systems. While on the other hand, these experiments will show how the molecular
dynamics of the investigated systems change when some part of CEL converts to the
crystalline form.

The dielectric loss spectra of partially amorphous systems containing 9, 18 and 27 wit.
% of SYL244FP were measured at temperatures from 333 to 433 K (47T = 10 K). The

representative dielectric loss spectra are presented in Figure 11 a and b. The investigated
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systems reveal two processes. One is located at higher frequencies reflecting the structural
relaxation associated with the CEL glass transition dynamics, while the second i.e., slower
process, is probably associated with the Maxwell-Wagner-Sillars (MWS) polarization
mechanism.**® MWS processes reflect the trapping and accumulation of charges at the
interface of the different phases of the sample. Considering that in the measured samples
three different phases exists (i.e., crystalline CEL, amorphous CEL and SYL244FP) the origin
of this process seems to be obvious. However, it can also originate from the dynamic of CEL
molecules localized nearby the pore walls and/or the crystallite front. In order to determine
the temperature evolution of the structural and “slow” processes, the dielectric loss spectra
were fitted in a similar way to that used for the fully amorphous systems with two HN
functions used instead of one. An exemplary fit of spectra investigated at T = 363 K for CEL
containing 9, 18 and 27 wt. % of SYL244FP are presented in Figure 11c. The intensity of the
process located at lower frequencies increases with the increasing the silica content. This
suggests that the “slower” process indeed reflects the MWS polarization. It is well known that
MWS effects are more pronounced for conductive materials. This is consistent with the
obtained data — as shown in Figure 7a, conductivity of the mixture increases with the
increasing SYL244FP content. If the “slower” process originated from the dynamics of the
interfacial CEL molecules, a reduction of the process intensity with the increasing SYL244FP
would be visible. It is because a reduction in the crystalline fraction was noted with increasing

silica content consistent with a smaller surface area of the crystal.
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Figure 11. Dielectric loss spectra of samples obtained after time-dependent isothermal dielectric studies
which contain crystalline and amorphous fractions of CEL and (a) 9% of SYL244FP and (b) 18% of
SYL244FP. Panel (c) compares the dielectric loss spectra of partially crystalline CEL + SYL244FP
systems registered at T = 363 K. In panel (d), the temperature dependences of z, and Tuws of all tested

systems are compared to z,(T) of neat CEL.

The values of z,, and zuws were determined from the obtained fitting parameters. The
7,(T), and =vmws(T) of the measured systems are compared to z,(T) of neat CEL in Figure 11d.
The MWS process of all investigated systems reveals an Arrhenius T dependence, while the
temperature dependence of CEL structural relaxation time in the partially amorphous systems
follows VFT behavior. It is clear that the latter dependences differ (especially at the low
temperature region) from z,(T) of neat CEL and consequently from z,(T) of amorphous CEL
in mixtures with SYL244FP. To describe the temperature evolution of z, of mixtures with
partially amorphous CEL, the VFT equation (eg. 3) was employed. The comparison of VFT
fitting parameter of systems containing partially amorphous CEL and neat CEL are shown in
Table 1. The glass transition temperatures of the investigated systems, which were determined
from the fit extrapolation, are 321 K for CEL + 9% SYL244FP, and 319 K for CEL + 18%
SYL244FP as well as CEL + 27% SYL244FP. It should be stressed that the presence of the a
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— relaxation process in the recorded spectra demonstrates that part of CEL indeed remains

amorphous in the investigated samples.

Sample 10910(z0/S) B =DTy To
neat CEL -13.97 £ 0.04 1758.3+11.6 280.2+0.8
CEL + 9% SYL244FP -14.4 +0.56 20443 +54.4 266.5+ 2.1
CEL + 18% SYL244FP -15.72 £ 0.98 2555.5 £48.2 256.7 1.7
CEL + 27% SYL244FP -15.87 £ 1.48 2698.0 £ 78.5 253.1x3.1

Table 1. Comparison of the VFT; parameters of neat, fully amorphous CEL and partially crystalline CEL
in mixtures with 9, 18 and 27% of SYL244FP.

4. Conclusions

In this paper we investigated the impact of MS in the form of SYL244FP on the molecular
dynamics and physical stability of amorphous CEL. For that purpose, a series of calorimetric
and dielectric studies of various concentrations of CEL + SYL244FP were performed. As the
calorimetric data shows, the presence of SYL244FP. significantly modifies the melting
process of CEL resulting in the drug melting in two stages. Interestingly, SYL244FP have no
impact on the glass transition temperature of the API. From the analysis of the change in
specific heat capacity of glass transition temperature process of the CEL + silica systems, the
monomolecular loading capacity of CEL on the silica surface was determined as 13.5 wt. %.
Non-isothermal dielectric studies of systems containing fully amorphous CEL and SYL244FP
show that the silica did not modify the temperature dependence of the structural relaxation
time of the API. It however has an impact on the distribution of the structural relaxation peak.
With the increasing amount of the silica in the system, the a — relaxation peak of CEL
becomes broader. Subsequent isothermal BDS experiments showed that the increased content
of SYL244FP in CEL mixtures causes prolongation of the drug recrystallization time as well
as it leads to an increase in the amount of the drug remaining stable in the amorphous form.
The analysis of the degree of crystallinity of the samples in which completed crystallization
was observed suggests that SYL244FP inhibits crystallization of CEL molecules located only
nearby the surface of the silica. Based on this observation it can be concluded that the
observed stabilization of CEL originates from interactions of drug molecules with the surface
of the silica. Finally, the molecular dynamics of the systems with partially amorphous CEL
were investigated. The dielectric loss spectra of the systems with only partially amorphous
CEL reveals an extra process in addition to the a-relaxation peak. Due to the high

inhomogeneity of these systems this process was identified as the MWS polarization.
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Dielectric studies of these complex systems confirmed that indeed a fraction of CEL remains
amorphous in the sample and the presence of the crystalline fraction of the CEL in the system
modifies the z,(T) of the drug.
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