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Abstract: Carbamazepine (CBZ), a widely used antiepileptic, is known to be sensitive to light.
The aim of this study was to evaluate the photostabilities of three cocrystals of CBZ (CBZ—-succinic
acid (SUC), CBZ-saccharin (SAC) form I, and CBZ-SAC form II) illuminated with a Dgs5 fluorescent
lamp compared with those of the conventional solid forms: CBZ polymorphs (forms I, II, and III).
The order of discoloration determined using a colorimetric measurement was almost consistent
with that of the degradation rates estimated using Fourier-transform infrared reflection—absorption
spectroscopy, and these parameters of CBZ polymorphs increased in the order of form III, form I, and
form II. CBZ-SUC and CBZ-SAC form I significantly suppressed the discoloration and degradation
of CBZ compared with the raw CBZ, while CBZ-SAC form II facilitated the discoloration and
degradation of CBZ. These results were supported by the results from the low-frequency Raman
spectroscopy. The molecular mobility estimated using solid-state nuclear magnetic resonance 'H
spin-lattice relaxation time strongly correlated with the degradation rate constant, indicating that
molecular mobility significantly decreased following the formation of CBZ-SUC and CBZ-SAC form
I and resulted in higher photostability. Overall, CBZ-SUC and CBZ-SAC form I are photostable
forms and cocrystallization was proven to be an effective approach to improving the photostability of
a photolabile drug.
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1. Introduction

The efficacy, safety, and quality of pharmaceuticals are adversely affected by light exposure.
Most drugs are exposed to light during production, storage, distribution, handling, and use [1,2].
Light potentially alters physicochemical properties of the active pharmaceutical ingredients (APIs)
and affects the stability of the final products [1-3]. Light can provoke the photodecomposition of a
drug, which may cause not only a loss of potency of the drug but also the production of a highly
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toxic compound. Thus, a better understanding of the nature and extent of photodecomposition,
the mechanisms of the degradation, and the wavelength causing instability is needed to stabilize the
product [2,3].

Carbamazepine (CBZ), a widely used antiepileptic, is known to be a photosensitive drug and the
form issued by the manufacturer has been reported to exhibit a color change after 3 days of illumination
with a xenon lamp. Form diversity of CBZ is also well known, and many reports have examined its
polymorphs [4,5], hydrate and solvate forms [5,6], and the relationship between its solid form and
physicochemical properties [7,8].

Recently, cocrystals have received considerable attention as a new class of API solids. A cocrystal
is defined as a multiple crystalline molecular complex coexisting through noncovalent interactions such
as hydrogen bonding, —m stacking interactions, and van der Waals forces [9,10]. Cocrystals can alter
the physicochemical properties of the API without modifying its intrinsic structure [10]. In addition,
the cocrystallization technique has been applied to a wide range of drugs because it does not require
proton transfer between components, unlike salt formation [11]. CBZ has been shown to form cocrystals
with various cocrystal formers (coformers), including dicarboxylic acid and saccharin (SAC) [12].
Favorable physicochemical properties of these cocrystals have been reported previously. Ullah et
al. reported the advantages of a cocrystal of CBZ with succinic acid (SUC) (CBZ-SUC) in terms of
aqueous solubility, in vitro drug release, and bioavailability [13]. According to Hickey et al., a cocrystal
of CBZ with SAC (CBZ-SAC form I) potentially represents a viable alternative to the conventional
anhydrous polymorph due to its physical and chemical stability and oral bioavailability [14]. As shown
in a study by Porter III et al., a polymorph exists in a cocrystal of CBZ with SAC (CBZ-SAC form
II) [15]. Although many reports have analyzed CBZ cocrystals, no studies have investigated their
photostabilities. In addition, fewer studies have focused on the photosensitivity of cocrystals compared
with those concentrated on the conventional solid forms [16-19].

Thus, in the present study, we prepared two polymorphs (CBZ form I and form II) and
three cocrystals of CBZ (CBZ-SUC, CBZ-SAC form I, and CBZ-SAC form II) and compared their
photostabilities with CBZ form III, which is known to be a comparatively stable form of CBZ.
Photostability was assessed using colorimetric measurements, low-frequency Raman spectroscopy,
Fourier-transform infrared reflection-absorption spectroscopy (FT-IR RAS) and solid-state nuclear
magnetic resonance (SSNMR) H spin-lattice relaxation time (T7).

2. Materials and Methods

2.1. Materials

CBZ (purity: >97.0%) was purchased from Fujifilm Wako Pure Chemical Corporation (Osaka,
Japan). SUC (purity: 299.5%) and SAC (purity: >98.0%) were purchased from Nacalai Tesque, Inc.
(Kyoto, Japan). The chemical structures of CBZ, SUC, and SAC are shown in Figure 1. All the other
reagents were of analytical grade or reagent grade.
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Figure 1. Chemical structures of (a) carbamazepine (CBZ), (b) succinic acid (SUC), and (c) saccharin (SAC).
2.2. Preparation of CBZ Polymorphs

CBZ polymorphs (forms I and II) were prepared according to a previously reported method [20].
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CBZ form I: CBZ was dissolved in a 50% ethanol solution at 70 °C, stored at room temperature
and dried in vacuo for 3 h, obtaining CBZ-dihydrate. Then, CBZ form I was obtained by drying
CBZ-dihydrate in vacuo at 115 °C for 6 h.

CBZ form II: CBZ was dissolved in chloroform, after which diethyl ether was added and stirred
at room temperature. The precipitated crystals were then filtered and dried in vacuo in a desiccator
containing P,Os5 at room temperature for 3 h, obtaining CBZ form II.

CBZ form III: The commercial product was used without further purification.

2.3. Preparation of CBZ Cocrystals

Three cocrystals were prepared according to previously reported methods [13-15].

For the preparation of CBZ-SUC, 1.00 g of CBZ and 0.25 g of SUC (molar ratio: 2:1) were dissolved
in 30 mL of ethanol at 70 °C and stored at room temperature. The precipitated crystals were then
filtered and dried in vacuo at room temperature.

For the preparation of CBZ-SAC form I, 1.04 g of CBZ and 0.81 g of SAC (molar ratio: 1:1) were
dissolved in 20 mL of ethanol, stored overnight at 50 °C and then maintained at 30 °C. The precipitated
crystals were filtered and dried in vacuo at room temperature.

For the preparation of CBZ-SAC form II, 1.04 g of CBZ and 0.81 g of SAC (molar ratio: 1:1) were
dissolved in 20 mL of ethanol at 70 °C and stored overnight at room temperature. The precipitated
crystals were filtered and dried in vacuo at room temperature.

As a control, physical mixtures (PMs) of CBZ form III and SUC or SAC were prepared by weighing
CBZ and each coformer in an equivalent molar ratio to cocrystal and mixing them with a vortex mixer.

2.4. Powder X-Ray Diffractometry (PXRD)

PXRD patterns of CBZ polymorphs, coformers, PMs, and cocrystals were recorded using an X-ray
diffractometer (RINT-Ultima, Rigaku Co., Tokyo, Japan) with CuK« radiation generated at 36 kV and
20 mA at room temperature. Data were collected within a diffraction angle range of 5°—40° (20) at a
step size of 0.02° and a scanning speed of 2°/min.

2.5. Thermal Analysis

Differential scanning calorimetry (DSC) analyses were performed using a DSC 3500 Sirius
instrument (NETZSCH Japan K.K., Yokohama, Japan). Two milligrams of each sample were weighed
in an aluminum pan and heated from 30 to 240 °C at a rate of 10.0 °C/min.

2.6. Colorimetric Measurement

One hundred milligrams of CBZ polymorph, PMs, and cocrystal powders were compressed to
prepare tablets with 10 mm in diameter using a compression/tension testing machine (TG-50kN,
MinebeaMitsumi Inc., Tokyo, Japan) equipped with flat-faced punches and a cylindrical die.
The compressed tablets were stored in a light-irradiation tester (Light-Tron LT-120, Nagano Science
Co. Ltd., Osaka, Japan) equipped with a Dg5 fluorescent lamp. The illuminance was set to 3500 1x.
The irradiation tests were conducted at 25 °C.

The surface color of the tablet was measured with a color reader (CR-13, Konica Minolta Japan,
INC., Tokyo, Japan) after the designated irradiation times. The color difference (AE*,;,) before and after
irradiation was calculated using Equation (1) to evaluate the degree of discoloration. All values were
reported as the averages of three measurements:

8y = (i 1o + (- )+ (55, o

where AE*,, is the color difference, L* is the brightness, a* is the red/green coordinate, and b* is the
yellow/blue coordinate.
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The apparent discoloration rate constant (k) was calculated using Equation (2) [21]:

1 1
log AE}, = T nlog A nlog[(l —n)k]. ()

2.7. Low-Frequency Raman Spectroscopy

The CBZ form III, CBZ-SUC, or CBZ-SAC form II powder was ground using a mortal and a
pestle, and then passed through a No. 200 sieve (nominal aperture size: 75 um). The sieved powder
was mixed with microcrystalline cellulose at a weight ratio of 1:9 (the sieved powder/ microcrystalline
cellulose) for 5 min. Two hundred milligrams of the resulting mixture were weighed and compressed
to prepare tablets with a diameter of 8§ mm.

The sample tablets were irradiated with a Dgs5 fluorescent lamp for 343 h (over 1.2 million Ix-h)
as described above (Section 2.6). Qualitative analyses of changes in the surface of the tablets after
irradiation were conducted using the Raman WorkStation (Kaiser Optical Systems Inc., MI, USA)
equipped with a low-frequency XLF-CLM module (ONDAX Inc., CA, USA). The excitation wavelength
was set to 976 nm. The standard spectrum of each component was obtained with an exposure time
of 10 s in three scans. Samples with an area of 500 pm X 500 pm were scanned with a spectral range
from —200 to 200 cm™?, a step size of 16.7 um, and a resolution of 4.0 cm™!. The data were analyzed
using ISys 5.0 software (Malvern Instruments Ltd., Worcestershire, UK). The spectral analysis was
performed in a range of 5-200 cm™~!. The spectrum of each component was preprocessed using the
standard normal variate (SNV), and images were generated based on the standard spectrum of each
API using the partial least squares (PLS) analysis.

2.8. FT-IR RAS

Five hundred milligrams of CBZ polymorph, PMs, and cocrystal powders were compressed
to prepare tablets with a diameter of 20 mm. The prepared tablets were fixed on a glass plate and
irradiated with a Dgs fluorescent lamp as described above (Section 2.6). FT-IR RAS spectra were
obtained using a Frontier FI-IR system (PerkinElmer Japan Co., Ltd.). The spectra were modified by
the Kramers—Kronig transform and baseline correction was performed. The remaining percentage was
calculated from the intensity ratio of the C=O stretching vibration (at 1675-1685 cm™') of CBZ before
and after irradiation [22]. The photodegradation rate constant was also calculated from the apparent
first-order plots.

2.9. SSNMR 'H Spin-Lattice Relaxation Time (T7)

Spin-lattice relaxation times (T7) of CBZ polymorphs and cocrystals were measured using a
Varian VXR 'H SSNMR spectrometer (Varian Inc., Palo Alto, CA, USA) at 500 MHz. Cross-polarization
and magic angle spinning (CP-MAS) methods were applied with a spinning rate of 20 kHz, a contact
time of 200 ps, and a recycle delay of 600 s, using a zirconia sample tube with a diameter of 3.2 mm.
Saturation recovery times were assayed from 0.1 to 1500 s.

3. Results

3.1. Characterization of CBZ Polymorphs and Cocrystals

The PXRD patterns of CBZ polymorphs, two coformers, PMs, and cocrystals are shown in Figure S1
(Supplementary Materials). The PXRD patterns of CBZ form I, form II, and form III were consistent
with the patterns reported by Grzesiak et al. (Figure Sla—c, Supplementary Materials) [4]. The PXRD
patterns of CBZ-SUC, CBZ-SAC form I, and CBZ-SAC form II, which were also consistent with the
patterns described in previous reports, were different from those of CBZ form III, the corresponding
coformers, and PMs (Figure S1c—j, Supplementary Materials) [13-15].
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The DSC profiles of CBZ polymorphs, two coformers, PMs, and cocrystals are shown in Figure S2
(Supplementary Materials). The DSC profiles of each polymorph were approximately consistent with
the profiles described in a previous report (Figure S2a—c, Supplementary Materials) [4]. The DSC profiles
of CBZ-SUC, CBZ-SAC form I, and CBZ-SAC form II exhibited the characteristic endothermic peaks
at 191.7,177.9, and 174.5°C, respectively, which differed from those of CBZ form III, the corresponding
coformers, and PMs (Figure S2c—j, Supplementary Materials). These results confirmed the formation
of cocrystals.

3.2. Changes in the Surface Color of Tablets

Changes in the appearance of sample tablets were evaluated by calculating the difference in color
before and after irradiation with a Dgs fluorescent lamp and the apparent discoloration rate constant
(k). Time courses for discoloration of CBZ polymorphs, PMs, and cocrystals as well as their apparent
discoloration rate constants are shown in Figure 2 and Table 1, respectively. The surface color of tablets
gradually turned from white to pale yellow-white following light exposure, and AE*,}, increased as the
irradiation time increased. The discoloration rate constants of CBZ polymorphs increased in the order of
form III, form I, and form II, and the surface color of the tablet of form II turned yellow. The surface color
of the tablets of PMs also changed, similar to that of the raw CBZ. On the other hand, the discoloration
rate constant of CBZ cocrystals differed. The discoloration rate constants of CBZ-SUC and CBZ-SAC
form I were significantly lower than those of the raw CBZ and the corresponding PMs, that is, changes in
appearance were significantly suppressed. Meanwhile, the discoloration rate constant of CBZ-SAC form II
was significantly higher and the surface color of the tablet more quickly turned yellow.

20.0

15.0

10.0

AE ab

5.0

0.0
0 100 200 300 400 500 600

Time (h)
Figure 2. Time courses of the discoloration of CBZ polymorphs, physical mixtures (PMs), and cocrystals.
The symbols represent changes in AE*,}, of CBZ form I (O), form II (@), form III (@), CBZ-SUC PM (2),

CBZ-SUC (a), CBZ-SAC PM (o), CBZ-SAC form I (m), and CBZ-SAC form II (m). Data are presented
as the means + SD of 3 values.

Table 1. Apparent discoloration rate constants of CBZ polymorphs, PMs, and cocrystals.

Sample Apparent Discoloration Rate Constant (h—1)
CBZ form I 0.032
CBZ form II 0.054
CBZ form III 0.026
CBZ-SUC PM 0.024
CBZ-SUC 0.004
CBZ-SAC PM 0.026
CBZ-SAC form 0.008

CBZ-SAC form II 0.064
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3.3. Evaluation of Photodegradation on the Surface of Tablets Using Low-Frequency Raman Spectroscopy

Photodegradation of the surface of sample tablets of CBZ form I1I, CBZ-SUC, and CBZ-SAC form II
under a Dg5 fluorescent lamp was evaluated using low-frequency Raman spectroscopy. Low-frequency
Raman spectroscopy is a simple and highly sensitive analytical technique for identifying the crystal
form [23,24]. Standard spectra of CBZ form III, CBZ-SUC, CBZ-SAC form II, and microcrystalline
cellulose are shown in Figure S3 (Supplementary Materials). Blue-to-red domains in each image
represent the low-to-high density of each APIL. For CBZ form Il and CBZ-SUC (Figure 3a,b), the Raman
images and representative spectra of each domain before and after 343 h of irradiation were not
substantially different, indicating that these crystal forms were comparatively photostable. In contrast,
the blue domain of CBZ-SAC form II increased and the characteristic peaks of the cocrystal in the
domain almost disappeared after 343 h of irradiation (Figure 3c), indicating that part of CBZ-SAC
form II photodegraded after irradiation.
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Figure 3. Low-frequency Raman images and representative spectra of the red domain (upper panels)
and blue domain (lower panels) before irradiation (left panels) and after 343 h of irradiation (right
panels): (a) CBZ form III, (b) CBZ-SUC, and (c¢) CBZ-SAC form II. The Raman spectra of each domain
were obtained ten times.

3.4. Evaluation of Photodegradation on the Surface of Tablets Using FI-IR RAS

An evaluation of photodegradation of the surface of the sample tablets of CBZ polymorphs,
PMs, and cocrystals under a Dgs fluorescent lamp was also performed using FT-IR RAS. Since the
photodegradation of pharmaceuticals in tablet form is a topochemical reaction, this method is suitable
for evaluating the decomposition ratio of a drug on the surface of tablets in a quantitative and
reproducible manner [22,25,26]. Figure 4 shows a semilogarithmic plot of the degradation profiles
of CBZ polymorphs, PMs, and cocrystals. Negative linear relationships were observed between
the logarithm of the remaining percentage and irradiation time for each sample, indicating that the
degradation of the drug on the surface followed first-order kinetics. Calculated degradation rate
constants are shown in Table 2. The degradation rate constants of CBZ polymorphs increased in the
order of form III, form I, and form II, consistent with the order of the discoloration rate constants.
Degradation rate constants for CBZ-SUC and CBZ-SAC form I were significantly lower than those for
the other forms, indicating that the photostability was improved by the formation of these cocrystals.
In contrast, the degradation rate constant of CBZ-SAC form II was significantly increased, indicating
that CBZ-SAC form II was a photolabile crystal form.

Remaining (%)

40.0 T T T T T
0 200 400 600 800 1000 1200

Time (h)

Figure 4. The apparent first-order plots for the photodegradation of CBZ polymorphs, PMs, and
cocrystals. The symbols represent changes in the remaining percentages of CBZ form I (O), form II (@),
form I1I (@), CBZ-SUC PM (2), CBZ-SUC (a), CBZ-SAC PM (O), CBZ-SAC form I (m), and CBZ-SAC
form II (m). Data are presented as the means + SD of 3 values.



Crystals 2019, 9, 553 8of 11

Table 2. Degradation rate constants for CBZ polymorphs, PMs, and cocrystals.

Sample Degradation Rate Constant (h~1)
CBZ form I 5.53 x 107*
CBZ form II 6.51 x 107%
CBZ form III 3.78 x 107*
CBZ-SUC PM 4.86 x 1074
CBZ-SUC 3.79 x 1072
CBZ-SAC PM 2.63x1074
CBZ-SAC form I 423 x107°
CBZ-SAC form II 1.82 x 1073

3.5. Investigation of the Relationship between Molecular Mobility and Photostability

Spin-lattice relaxation times (T1) of CBZ polymorphs and cocrystals were measured using 'H
SSNMR to investigate the relationship between molecular mobility and photostability. The spin-lattice
relaxation time reflects the degree of order and mobility, i.e.,, the dynamics, in the molecular
system [27,28]. Figure 5 shows the relationship between 'H Ty values and degradation rate constants.
The 'H T, value of each polymorph was in the order of form II, form I, and form III, that is, the more
photostable crystal form had a larger 'H Ty value. A negative linear correlation was observed between
the logarithm of 'H Ty and degradation rate constant. Thus, the molecular mobility was significantly
decreased by the formation of CBZ-SUC and CBZ-SAC form I, leading to higher photostability.

-
o
o

R2=0.9516

"H spin-lattice relaxation time (T) (s)

-
o

0 0.0005 0.001 0.0015 0.002

Degradation rate constant (h')

Figure 5. The relationship between the 'H spin-lattice relaxation time (T;) and degradation rate
constant of CBZ polymorphs and cocrystals: CBZ form I (O), form II (@), form III (@), CBZ-SUC (a),
CBZ-SAC form I (m), and CBZ-SAC form II (m).

4. Discussion

The cocrystallization technique improves the physicochemical properties of an API without
modifying its chemical structure. In the present study, we prepared three cocrystals, including
two polymorphs, of CBZ and investigated their photostabilities compared with that of the CBZ
polymorphs. CBZ-SUC and CBZ-SAC form I showed better photostability than the conventional
crystal forms. The order of the photostability of solid forms estimated using FT-IR RAS was almost
consistent with the order obtained from the colorimetric measurement (Figure S4, Supplementary
Materials). Based on these results, the discoloration on the surface of the tablets was due to the
photodecomposition of API. CBZ is transformed into CBZ cyclobutyl dimer and 10,11-epoxide after
irradiation by a mercury-vapor lamp [29] and a near-UV fluorescent lamp [22]. These photoproducts
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are also produced by irradiation with a Dgs fluorescent lamp, and the surface color of the tablets
subsequently changed. The remaining percentages of CBZ form IlI, CBZ-SUC, and CBZ-SAC form
II estimated using FT-IR RAS were approximately 95%, 100%, and 80%, respectively, after 343 h of
irradiation. The results obtained using low-frequency Raman spectroscopy showed the same trends as
the data obtained using FI-IR RAS. The low-frequency Raman spectroscopy provides complementary
information about the photodecomposition of API on the surface of pharmaceutical preparations in a
simple and rapid manner.

Molecular mobility correlates with the photodegradation of CBZ. SUC combines with two CBZ
molecules through hydrogen bonding [30]. In addition, CBZ-SAC form I forms a homosynthon
between two CBZ molecules, hydrogen bonds between SAC molecules and hydrogen bonds between
CBZ and SAC [15]. The dimerization of CBZ induced by photoirradiation needs the reorientation of
each CBZ molecule, resulting in a satisfying alignment for the reaction. The formation of alternate
stacking configurations of CBZ and the corresponding coformers may hinder the approach of CBZ
molecules, thus preventing photodimerization, as reported for vitamin K3 by Zhu et al. [17]. CBZ-SAC
form II also forms a heterosynthon through hydrogen bonds between CBZ and SAC [15]; however, this
polymorphic form exhibited a lower photostability than CBZ itself. According to the thermodynamic
study reported by Pagire et al., CBZ-SAC form I is a stable form, CBZ-SAC form Il is a metastable form,
and these forms are monotropically related polymorphs [31]. In the present study, the 'H T; value of
CBZ-SAC form Il was significantly lower than the other crystal forms, suggesting that the molecular
mobility was sufficiently high to allow for a photoreaction. This higher reactivity and instability of
CBZ-SAC form Il was supported by the findings from previous reports that CBZ-SAC form Il is easily
converted to form I in a slurry at room temperature [15,31].

In summary, CBZ-SUC and CBZ-SAC form I are photostable crystal forms, and cocrystallization
was confirmed to be an effective approach to improving the photostability of a photolabile drug in the
present study.
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Figure S1: Powder X-Ray Diffractometry (PXRD) patterns of CBZ polymorphs, coformers, PMs, and cocrystals; Figure
S2: Differential scanning calorimetry (DSC) profiles of CBZ polymorphs, coformers, PMs, and cocrystals; Figure S3:
Standard low-frequency Raman spectra of CBZ form III, CBZ-SUC, CBZ-SAC form II, and microcrystalline cellulose;
Figure S4: The relationship between the discoloration rate constant and degradation rate constant.
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