560

shown in Figure 12. Moreover, the BMDs of vertebral
bone of the D10 and D20 groups were significantly
lower than that of the N10 group. These results sug-
gest that the Zn-TCP injection improved the systemic
BMD, but the effect was not sufficient to increase the
BMD of the diseased rats to the levels of the N10
group. In contrast, BMDs of the femurs were mea-
sured to evaluate the local therapeutic effect of Zn—
TCP injection on the diseased rats by comparing the
BMD between the injected side and noninjected side.
According to the rank order of BMD (Fig. 11), BMDs of
the D10L and D20L were significantly higher than that
of the DOL, and also those of the D10R and D20R,
respectively. This suggests that the Zn-TCP injections
improved the BMD of the femur on the injected side
more than on the noninjected side. There was no sig-
nificant difference in femoral BMD between the D20L
and N10 groups, and between the D10R and N10
groups. Therefore, the Zn~TCP injections were phar-
macologically effective in improving the systemic
BMD, and the local effect on the femora was more
pronounced than the systemic effect.

After Zn~TCP injections, macroscopic examination
revealed no inflammatory reaction and no Zn-TCP
particles in the injected sites. This indicates that the
Zn~TCP particles have excellent biocompatibility. In
addition, the rats injected with Zn-TCP appeared
healthier, and retained more normal fur than the dis-
eased rats.

CONCLUSION

Zn-AUC, ALP-AUC, body weight, and BMD of the
femora and lumbar vertebra of the D10 and D20
groups injected with 10 and 20 mol % Zn-TCP sus-
pensions were all higher than those in animals injected
with Zn-free TCP. The results indicate that long-term
sustained Zn release from Zn-TCP may improve bone
mineral density in Zn-deficient osteoporotic rats.
Based on these in vivo results, we conclude that the
Zn-TCP suspension injections were adequate to via-
bly sustain Zn release for more than 1 week.

OTSUKA ET AL.
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Abstract

Form II, mefenamic acid (MA) transformed into form L'in various solvents at 25, 33 or 37 °C during kneading, and the transformation rate
was dependent on the experimental conditions. The transformation rate of form II measured by X-ray diffraction method increased with
increase of temperature and content of ethanol. The kinetic process of form II followed three-dimensional growth of nuclei equation, and the
transformation rate coustant, &, and induction period, IP, were estimated based on the equation. The & of form II decreased with decrease of
temperature, but the IP increased. The transformation rate of form II in ethanol was the fastest, and that in distilled water was the lowest, it
was dependent on the solubility of MA in the solution. On the other hand, the & of phase transformation added 1% form I crystals as seeds
was much larger than that without seeds, but the IP significantly decreased by seed addition. The resuit suggested that I[P was a nucleus
formation process, but the seed addition did not affect the crystal growth process.

© 2004’ Published by Elsevier B.V.

Keywords: Solid-state transformation; Polymorph; Mefenamic acid; Kneading; Pharmaceutical process

1. Introduction

Since the polymorphic content of pharmaceuticals was
affected on the pharmaceutical properties of the preparations,
such as dissolution rate and bioavailability, characterization
of the bulk solid powder is very important for drug design of
pharmaceuticals. Therefore, many preformulation investiga-
tors are currently interested in the monitoring of physico-
chemical and pharmaceutical properties of pharmaceutical
preparations during manufacturing processes in pharmaceu-
tical industry as process analysis technology (PAT).

In the present study, in order to clarify polymorphic
transformation during pharmaceutical preparation processes,
the effects of temperatures and kneading solution on the
oolymorphic transformation kinetics of the bulk powder of
mefenamic-acid (MA) were investigated by thermal analysis
and X-ray diffraction analysis as a basic research of PAT.
VLA which is reported to be in two kinds of polymorphic
‘orms, forms I and II, was used as a model drug; form If had

* Corresponding author. Tel.: +81-78-441-7531; fax: +81-78-441-
7532,
E-mail address: m-otsuka@kobepharma-u.ac.jp (M. Otsuka).
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50% higher solubility in distilled water than form L, so those
forms were used as a model drug of PAT research.

2. Experimental section
2.1. Materials

Two kinds of pure polymorphic forms of MA, forms I and I,
were prepared by recrystallization in acetone and N,N-dime-
thylformamide, respectively, based on the reported method [ 1].

2.2. Crystalline transformation process

The sample powders were mixed with kneading solution
(distilled water, ethanol or 50% ethanol) at 60 rpm, 25, 33
and 37 °C, respectively. The small amount of sample
suspension was collected at suitable intervals and then
immediately filtered and dried.

2.3. Analytical method

The physicochemical properties of sample powders
were evaluated by using powder X-ray diffraction analysis,
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differential scanning calorimeter and scanning electron
microscopy, respectively.

3. Results and discussion
3.1. Polymorphism of MA

The pure polymorphic form of MA, form I, showed an
exothermic peak at 170 °C continuously an endothermic
peak due to melt at 231 °C on DSC curves, but form II
showed only a melting peak at 233 °C. Both forms showed
specific X-ray diffraction profiles, respectively, as reported
previously. Romero et al. reported that form II was more
soluble than form [, and the solubility changed during the
dissolution experiment.

3.2. Polymorphic transformation of MA during granulation
process

Form I was stable after kneading with distilled water,
ethanol or 50% ethanol at 25, 33 or 37 °C, respectively. Fig.
1 showed changes of X-ray diffraction profiles of form II in
distilled water at 25 °C. The kneading results indicated that
form II was unstable and transformed into form I in water.

® v v
®) v Y

©

(d)
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26, degree

Fig. 1. Powder X-ray diffraction pattemns of form II after being suspended in
water at 28 °C (a) 0 h; (b) 192 h; (c) 312 h; (d) 456 h. Open and closed
triangles represent the significant peaks due to form I and form II,
respectively.
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Fig. 2. Percent remaining of form II after being suspended in water. Circles,
triangles and squares represent temperature, 28, 33 and 37 °C, respectively.

The results of form II kneading with various solvents at 25,
33 or 37 °C indicated that the transformation rate was
dependent on the experimental conditions as shown in Fig. 2.

The transformed polymorphic amount of form II to form
I was evaluated based on the specific diffraction peak area
(closed triangle in Fig. 1, 2g=11.8, 17.9, 23.8 and 25.6 °)
due to transformation on X-ray diffraction profiles. The
results of transformation of form II in various solvents at
different temperatures suggested that transformation rate of
form II increased with increase of temperature and content
of ethanol. The transformation kinetics of those processes
were evaluated based on 10 kinds of solid-state reaction
model equations. Since three-dimensional Avrami (A3)
plots for transformation process of form II showed a straight
line as shown in Fig. 3, the kinetic process of form II to
form I followed three-dimensional growth of nuclei equa-
tion, and the transformation rate constant, £, and mnduction

1.0

0.8 v -
= 06
P
= 04
I - A

0.2 4

0 T : :
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Time, h

Fig. 3. Dependence of the function g(x) on time for the content of form I
suspended in water. Circles, triangles and squares represent temperature, 28,
33 and 37 °C, respectively. A3=[—1n(1—-x)]“3.
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Table 1

Rate constants for nucleation formation process of form II and form I+ 1% form I crystals

Temperature (°C) Nuclei formation process (h™ ")

Form I Form II+1

Water Water—ethanol Ethanol Water Water -ethanol Ethanol
28 537x1073 5.66x 107" 5.66 X 10 285%x 1072 1.68 731%x10
33 1.71x1072 248 x 10~ 435x 10 475%x 1072 3.99 3.08 x 102
37 476 x 10732 2.71x 107! 6.87 % 10 7.55x 1072 4.10 133 x 102
Table 2
Rate constants for growth of nuclei process of form I and form I+ 1% form [ crystals
Temperature (°C) Nuclei growth process (h™ 1)

Form I Form [I+1

Water Water—ethanol Ethanol Water Water—ethanol Ethanol
28 476x 1073 2.13x 107! 6.03x 107" 576 x 1073 458x 107" 7.44
33 6.51% 1073 452x 107" 884 x 1073 6.69 % 107! 7.27
37 9.10%x 1073 499 x 10~ 1.58% 1072 1.07 1.40 x 10

period, IP, were estimated based on straight line by the least-
squares method. The nuclei formation rate (kip) was evalu-
ated as reciprocal of the IP. The kinetic parameters of the
polymorphic transformation processes were summarized in
Tables 1 and 2. The k and ki, of form II decreased with
decrease of temperature. The transformation was divided to
nuclei formation and nuclei growth processes, the former
was related with the IP, and the latter was the slope of the
line in Fig. 3.

The transformation rate of form II in ethanol was the
fastest, and that in distilled water was the lowest; it was
dependent on the solubility of MA in the solution [2]. The
result suggested that the transformation performed in the
solvent. On the other hand, the & of phase transformation
added 1% form I crystals as seed was larger than that
without seeds, but the IP significantly decreased by seed
addition. The result suggested that [P was a nucleus forma-
tion process, but the seed addition did not affect the crystal
growth process. Since the transformation process was fol-

lowed A3 equation, it seemed that the both of nuclei
formation and nuclei growth processes were affected by
the addition of seed crystals.

4. Conclusion

The results indicated that polymorphic form of MA
transformed into stable form during pharmaceutical manu-
facturing processes. The crystalline transformation induced
variability of pharmaceutical properties of final products;
especially minor compartment of stable form seed acetated
the whole transformation rate.
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To characterize the photocatalytic activity of TiO, via solid-state reaction, the relationship between the
physicochemical properties and photocatalytic activity of TiO, was investigated and estimated from the results of
photodegradation of nisoldipine. The photodegradation of nisoldipine was significantly enhanced by addition of
TiO,. Two degradation products, nitroso-phenylpyridine derivative and nitro-phenylpyridine derivative, were
formed. The degree of photocatalytic activity of TiO, was quite different between the various types of TiO, inves-
tigated, even when the crystalline phase was the same. As a result of the investigations into the relationship be-
tween' the photocatalytic activity and physicochemical properties of TiO,, it was found that for the rutile form
the photocatalytic activity has good correlation with specific surface area of TiO,, but poor correlation with
water loss on drying of TiO,. However, for the anatase form, the photocatalytic activity has good correlation with
water loss on"drying of TiO,, but poor correlation with specific surface area. Moreover, it was found that the
crystallinity of TiO, has a moderate correlation with the photocatalytic activity of both crystal forms of TiO,.
These results suggest that a degree of phetocatalytic activity of TiO, depends on the various physicochemical

properties of each type of TiO, investigated.

Key words

Recently, many studies have been performed on titanium
dioxide (TiO,), which is known as a strong photocatalyst.'™
It is one type of inorganic pigment used in a wide range of
industrial fields. It has also been used for solid pharmaceuti-
cal products as a coating material and its purity has been
strictly regulated. According to Japanese Pharmacopoeia
XIV, more than 98.5% purity is required, and more than
99.0% purity is required according to United States Pharma-
copeia XXV. In our previous study, it was clarified that famo-
tidine, which is stable against light, was easily degraded and
discolored with the addition of TiO,.” Therefore, a prefor-
mulation study is essential to thoroughly clarify the effect of
TiO, addition on drug decomposition, in order to maintain
the high quality of pharmaceutical products containing this
excipient.

The photocatalytic activity of TiO, has not been defined
directly and 1s estimated by either the degree of discoloration
or degradation of photolabile compounds. In this study,
nisoldipine (isobutylmethyl-1,4-dihydro-2,6-dimethyl-4-(2'-
nitrophenyl)-pyridine-3,5-dicarboxylate, NS), known as an
excellent calcium channel blocker, was used as a target com-
pound and the effect of TiO, addition on the photodegrada-
tion of this drug was examined with regard to the photocat-
alytic activity of TiO,. The relationship between the physio-
chemical properties of TiO, and the degree of photocatalytic
activity of TiO, was also investigated.

Experimental

Materials Ten types of commercially available TiO, were used. Six of
these were of the anatase form and the remainder was the rutile form.
Anatase forms were obtained from Teika Co., Ltd. (A-1, A-5, A-6), Nacalai
Tesque Inc. (A-2), Toho Titanium Co., Ltd. (A-3) and Freund Corporation
(A-4). Rutile forms were obtained from Teika Co., Ltd. (R-1, R-4), Showa
Chemical Co., Ltd. (R-2) and Toho Titanium Co., Ltd. (R-3). In order to
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strictly examine the effect of TiO, on photodegradation of NS, these samples
were not surface coated with any material. NS was obtained from Perma-
chem Asia, Ltd. All other chemicals and reagents were analytical grade.

Photodegradation Test The samples used for the photodegradation test
were prepared as follows. NS was dissolved in methanol (1 mg/ml) and 50 ul
of the solution was added onto 10 mg of each sample of TiO, powder. After
thorough dispersion, the suspension was dried under vacuum.

Each sample was irradiated with a D65 lamp (illuminance: 35001x) at
25°C in a light-irradiation tester (LIGHTTRON LT-120, Nagano Science,
Japan). After the designated irradiation times, the amount of NS remaining
in the sample was determined by HPLC. The average of three determina-
tions was plotted as % NS remaining.

High-Performance Liquid Chromatography (HPLC) Analysis NS
was analyzed using an HPLC system consisting of a solvent delivery system
and an UV detector (LC-10Avp system, Shimadzu, Japan) at a detection
wavelength of 235nm, or a photodiode array detector (Model 996, Waters)
at wavelengths in the range of 220—360nm. The prepacked column
(Mightysil RP-18, 5 um, 4.6 X150 mm, Merck) was operated at 35°C with a
flow rate of 1.7mi/min. The mobile phase consisted of methanol: water
(63 : 37 volume ratio). After irradiation, each sample was dissolved in the in-
ternal standard solution (methanolic solution of diphenyl) and an aliquot of
50 pl was injected into the chromatograph.

The amount of photodegradation products of NS, nitroso-pyridine deriva-
tive  (isobutylmethyl-2,6-dimethyl-4-(2'-nitrosophenyl)-pyridine-3,5-dicar-
boxylate, NTS) and nitro-pyridine derivative (isobutylmethyl-2,6-dimethyl-
4-(2'-nitrophenyl)-pyridine-3,5-dicarboxylate, NTR), was calculated from
the ratio of specific extinction reported in previous literature.”

Characterization of TiO, Particles Specific surface areas of TiO, pow-
ders were determined using nitrogen gas adsorption apparatus (Flowsorb I1
model 2300, Shimadzu, Japan) at liquid nitrogen temperature.

FT-IR spectra were obtained by a powder-diffuse reflectance method on a
Fourier Transform-infrared spectrophotometer (Spectrum One, PerkinElmer
Japan) with analysis of the TiO, powder dispersed in KBr powder (sample
concentration 5 w/w%).

Water Joss on drying of TiO, was measured by a thermogravimetric
method (Thermo Plus TG8120, Rigaku Denki, Japan), using approximately
7 mg samples in aluminum pans at a constant scanning speed of 10 °C/min
between 35 and 100 °C, under a nitrogen gas flow (100 ml/min).

Relative crystallinity was determined using powder X-ray diffraction”
(RINT Ultima, Rigaku Denki, Japan) with nickel-filtered CuK¢ radiation

© 2005 Pharmaceutical Society of Japan
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Fig. 1. Powder X-Ray Diffraction Patterns for the Anatase (A-5) and Ru-
tile Forms (R-4) of TiO, and KCl
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Fig. 2. The Effect of Various Types of TiO, Powders on the Photodegrada-
tion of NS under Irradiation with a D65 Lamp

(a) Anatase form; (O) A-1, (@) A-2, (A) A-3, (A) A-4, () A-S, (®) A-6, (O) NS
only, and (b) rutile form; (O) R-1, (@) R-2, (A)R-3, (A) R-4, (O0) NS only.

(30kV, 30mA) in the 26 range from 20 to 80°. The scan speed was 4°/min
and the scan time constant was 1s. Relative crystallinity was calculated by
the area ratio of peaks attributable to either anatase (26=25.4°) or rutile
(26=27.4°) to that of KCl powder (20=28.4°), which was used as an inter-
nal standard (Fig. 1).

Results

Photocatalytic Activity of TiO, Figure 2 shows the ef-
fect of the various types of TiO, powders on the time course
of photodegradation of NS. NS without TiO, was rapidly de-
graded and the percentage of NS remaining decreased to
53% after 8 min irradiation. With addition of TiO, to NS, the
photodegradation process was significantly accelerated, but
the degree of photodegradation acceleration was quite differ-
ent among the different types of TiO,. In Fig. 2, R-1 did not
show any remarkable effect on the photodegradation of NS,
whereas A-6 and R-4 exhibited a remarkable acceleration ef-
fect to photodegradation, and the percentage of NS remain-
ing decreased to only 16% after 8 min irradiation. These pho-
todegradation processes apparently followed a first order re-
action. Thus, Table 1 shows the apparent photodegradation
rate constants of NS for the various types of TiO,. It is evi-

dent that the photocatalytic activity of TiO, was quite differ- -

ent among the various types of TiO,, even if the crystalline
phase was the same. In particular, R-4 showed a higher pho-
tocatalytic activity than any of the anatase forms, except for
A-6. However, the other three types of rutile form displayed
lower photocatalytic activity than those of anatase forms.
Figure 3 shows the HPLC chromatograms of samples ob-
tained after 8 min irradiation. There were two peaks except-
ing NS (I) and internal standard (IS) at the same relative re-
tention time in the three chromatograms, (A), (B), (C). The

Vol. 53, No. 7
Table 1. Apparent Photodegradation Rate Constants for Various Types of
TiO,
f, min™!
Anatase form Rutile form
A-1 0.117 R-1 0.073
A-2 0.136 R-2 0.108
A-3 0.203 R-3 0.103
A-4 0.162 R-4 0.220
A-5 0.172
A-6 0.221
1S
| v
¥
e
v
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F T T T T 1
0 4 8 12 16
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Fig. 3. HPLC Chromatograms for (A) NS, (B) NS after 8 min Irradiation

with a D65 Lamp and (C) NS with TiO, (A-6) after 8 min Irradiation with a
D65 Lamp

Each peak was assigned as (I} NS, (II) NTS and (1) NTR, respectively.

Table 2. Characteristics of NS and Photodegradation Products
Relative Maximum
Peak . .
No Compound retention  absorption wave-
’ time to IS lengths, nm
1 Nisoldipine (NS) 0.60 239, 339
Il Nitroso-pyridine derivative (NTS) 0.54 281,315
III  Nitro-pyridine derivative (NTR) 0.42 272

IS: internal standard.

maximum absorption wavelengths for each peak are shown
in Table 2. These maximum absorption wavelengths were
compared to the results reported in previous literature.® So,
peaks Il and 111 were identified as those of NTS and NTR, re-
spectively. Photodegradation of NS without TiO, resulted in
mainly NTS as a direct photooxidation product. On the con-
trary, NS concurrently formed two kinds of photodegradation
products, NTS and NTR, with the addition of TiO,. In partic-
ular, after the addition of A-6 to NS, the degree of NTR for-
mation significantly increased compared with that of NTS
formation (Fig. 4). This fact suggests that NTR is a degrada-
tion product derived from photocatalytic oxidation. The for-
mation ratio of NTR to NTS for each sample after 8 min irra-
diation is summarized in Table 3. Figure 5 shows the rela-
tionship between the formation ratio of NTR to NTS and the
apparent degradation rate constant of NS. Good correlation
was established between the product formation ratio and
degradation rate constant for all of these crystal forms
(r=0.971, p<0.05 for anatase, n=6 and r=0.977, p<0.05
for rutile form, n=4). Therefore, the formation ratio of NTR
to NTS is defined hereafter as the index of photocatalytic ac-
tivity of TiO,.
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Fig. 4. Effect of TiO, (A-6) on the Photodegradation Time-Courses of NS
and Formation of Photodegradation Product
(a) NS only; (b) NS with TiO,. Key: (O) NS; (O) NTS; (@) NTR.

Table 3. Formation Ratio of NTR to NTS for Various Types of TiO, after
8 min Irradiation

Formation ratio of NTR to NTS

Anatase form Rutile form
A-1 0.172 R-1 0.255
A-2 0.306 R-2 0.638
A-3 2.47 R-3 1.08
A-4 .M R-4 2.59
A-5 0.961
A-6 2.95
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Fig. 5. Relationship between the Apparent Photodegradation Rate Con-

stant, k and the Formation Ratio of NTR to NTS

(a) Anatase form; (b) rutile form.

Characterization for Photocatalytic Activity of TiO,
The specific surface area of TiO, has been generally consid-
ered as a controlling factor of the photocatalytic activity: the
light exposure area and number of reaction sites on the sur-
face of TiO, powder would necessarily increase with an in-
crease in specific surface area. Table 4 shows the specific
surface area of the various types of TiO, investigated. For the
anatase form, the smallest specific surface area was 8.19 m%g
(A-1) and the largest was 117.6 m%g (A-6). For the rutile
form, the smallest specific surface area was 5.38 m%g (R-1)
and the largest was 78.2 m%g (R-4), indicating that the spe-
cific surface area was quite different even though the crystal
phase was the same. Figure 6 shows the relationship between
the specific surface area of various types of TiO, and their
photocatalytic activity. For the both crystal forms, good cor-
relations were observed between them. Particularly, a corre-
lation for the rutile form (r=0.951, n=4) was better than that
for the anatase form (r=0.738, n=6).

The amount of binding water associated with TiO, has
also been considered as a contributing factor to photocat-
alytic activity, because our previous study” confirmed that
relative humidity remarkably affects photocatalytic activity

813

Table 4. Specific Surface Area of Various Types of TiO,
Specific surface area, m%/g
Anatase form Rutile form
A-1 8.19 R-1 5.38
A-2 14.9 R-2 13.8
A-3 22.7 R-3 17.6
A-4 236 R-4 782
A-S 44.2
A-6 117.6
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Fig. 6. Relationship between Specific Surface Area and Photocatalytic

Activity of TiO,

(a) Anatase form; (b) rutile form.
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Fig. 7. Absorption Peaks in the FT-IR Spectra of TiO, Powders

(a) Anatase form; (b) rutile form.

of TiO,, and that water molecules in the atmosphere have an
important role in the photocatalytic activity of TiO,. Figure 7
shows the FT-IR spectra of TiO,. From these results, the
broad absorption peak in the wavenumber range from 2500
to 3900cm™' and the peak at 1600cm™' were appreciably
different among the samples of TiO,. These absorption peaks
are closely related with stretching vibrations of the hydroxyl
functional group.'” Thus, to clarify the effect of water ad-
sorption, the loss of water on drying of TiO, was measured.
Table 5 shows water loss on drying for various types of TiO,
powder, and Fig. 8 shows the relationship between the water
loss and photocatalytic activity. Contrary to the results in Fig.
6, a relatively strong correlation was observed for the anatase
form (r=0.712, n=6), whereas a very poor correlation was
seen for the rutile form (r=0.498, n=4).

Finally, the relationship between the photocatalytic activity
and crystallinity of TiO, was investigated. The difference in
the crystal structure has been generally recognized as a factor
closely related to the difference in photocatalytic activity be-
tween the anatase and rutile forms. The relative crystallinity
of the various types of TiO, is summarized in Table 6, and the
relationship between the relative crystallinity and photocat-
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Table 5. Water Loss on Drying for Various Types of TiO,
Water loss on drying, %
Anatase form Rutile form

A-1 0.12 R-1 0.10
A-2 0.15 R-2 0.07
A-3 0.31 R-3 0.11
A-4 0.22 R-4 0.11
A-5 0.71
A-6 6.48

Q 34 Q3

2 qo 2

2 24 Z 2

8 8

g2 ] 8

g @ 8 (®)

o Q

a:. 0 9 T T T i 0 1] T T T T
0 2 4 6 i 2 4 6

Water loss on drying, % Water loss on drying , %
Fig. 8. Relationship between the Water Loss on Drying and Photocatalytic

Activity of TiO,

(a) Anatase form; (b) rutile form.

Table 6.

Relative Crystallinity of Various Types of TiO,

Relative crystallinity

Anatase form Rutile form
A-1 5.97 R-1 4.65
A-2 6.79 R-2 4,72
A-3 3.37 R-3 3.70
A-4 5.56 R-4 3.34
A-5 2.99
A-6 1.83
g 3 g 34
5 - o (®)
& 8
° o
% 14 5 14 o
[+ o
g ]
Q [=}
£ o g o ———
0 0 2 4
Relative crystallinity Relative crystallinity
Fig. 9. Relationship between Relative Crystallinity and Photocatalytic Ac-

tivity of TiO,
(a) Anatase form; (b) rutile form.

alytic activity is shown in Fig. 9. A good correlation was es-
tablished between these for all of the crystal forms (»=0.837
for anatase, n=6 and »=0.898 for rutile form, n=4).

Discussion

The photodegradation of NS by light irradiation was more
or less enhanced by addition of TiO,, and the difference in
the degree of photodegradation was caused by the difference
of photocatalytic activity. Particularly, for the rutile form, R-
1 had little effect on the degradation of NS. On the other
hand, R-4 showed a high photodegradation effect as did A-6,
which exhibited higher photocatalytic activity than that of
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Fig. 10. Possible Photodegradation Processes of NS

any other anatase form measured. These facts suggest that
the photocatalytic activity depends not only on the crystal
form, but also on the other physicochemical properties of
each type of TiO,.

In the photodegradation processes, two kinds of pho-
todegradation products, NTS and NTR, have been detected.
It has been reported that NTS was a direct photooxidation
product of NS under irradiation with artificial daylight or
white fluorescent light,*® whereas NTR is predominantly
formed under UV light irradiation.”'? Therefore, in the pres-
ence of TiO,, NTR would be produced even if the light
source has low irradiation energy (Fig. 10). In addition, as
the formation ratio of NTR to NTS becomes larger with in-
creasing photocatalytic activity, it can be said that NTR is a
photocatalytic degradation product with TiO, present and
after irradiation.

According to the results described above, it is clear that
the photocatalytic activity of TiO, is dependent not only on
the crystal form, but also on the micromeritic properties of
Ti0, powders. Therefore, the relationship between the photo-
catalytic acttvity of TiO, and the physiochemical properties
of TiO, was investigated.

For anatase form, photocatalytic activity was correlated
with both specific surface area and water loss on drying.
Therefore, for the anatase form, changes in specific surface
area and water loss on drying affect the photocatalytic activ-
ity of TiO,. On the other hand, photocatalytic activity of the
rutile form was quite well correlated with specific surface
area, but not correlated with water loss from drying. The ru-
tile form has little water adsorption, because the values of
water loss on drying were very small. Therefore, for the ru-
tile form, a change in the specific surface area dramatically
affects the photocatalytic activity of TiO,.

Additionally, it was clear that for both crystal forms an in-
crease of relative crystallinity of TiO, led to a decrease of
photocatalytic activity; the slope of the regression line for the
rutile form was steeper than that for the anatase form (Fig.
9). This fact suggests that the relative crystallinity of the ru-
tile form is more sensitive for photocatalytic activity.

According to these facts, it might be possible to predict the
photocatalytic activity of TiO,, particularly for the rutile
form, by measuring the specific surface area of TiO,. Previ-
ously, we discussed that the photocatalytic activity of TiO,
can comprise the high quality and chemical integrity of phar-
maceutical products. However, TiO, is an essential excipient,
because of its whiteness and light-proofing ability. Therefore
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the information on the relationship between photocatalytic
activity and physicochemical properties of TiO, will be use-
ful to make a rational selection of the appropriate type and
grade of commercial TiO, for this use.
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TiO, has been widely used in pharmaceutical products, and it also has been used as a photocatalyst. In this
study, the influence of photocatalytic activity on the stability of solid-state mequitazine, an H,-blocker, was inves-
tigated. The phote-degradation of mequitazine with TiO, occurred under irradiation with both light sources.
The degree of degradation of mequitazine with anatase was higher than that of rutile. The degradation was sig-
nificantly enhanced with increasing relative humidity. The relationship between the apparent degradation rate
constant and water vapor pressure could be clearly described by a simple power law. The major photo-degrada-
tion products of mequitazine, resulting from photocatalytic activity of TiO,, were mequitazine-S-oxide and
mequitazine-sulphone. A remarkable degradation of mequitadine occurred with addition of TiO,, and its photo-
catalytic activity was controlled by water vapor pressure. The photo-degradation of mequitazine with TiO, is a
different process from mequitazine without TiO,, because mequitazine-S-oxide and mequitazine-sulphone are
not formed with normal photo-degradation of mequitazine.

Key words

Titanium dioxide (TiO,) is known as a useful inorganic
pigment and is widely used as a coating material for solid
pharmaceutical preparations. Recently, many studies have
been performed, from a material science perspective, to mod-
ify the function of TiO, as a strong photocatalyst. In some
studies the photocatalytic activity of TiO, has been linked to
oxidation-reduction reactions.'™®

With regard to pigment use, TiO, 1s usually surface-treated
to prevent photocatalytic activity. On the other hand, for
pharmaceutical use, TiO, is not surface-treated, and even if
the surface is treated, the amount of surface coating sub-
stance would be very small, because of its strictly regulated
purity. Thus, TiO, for pharmaceutical use may exhibit con-
siderable photocatalytic activity. Therefore, when TiO; is
used in pharmaceutical preparations, some drugs may often
be easily decomposed by light irradiation. However, on phar-
maceutical research field, almost studies were reported for
the effect of light resistance of TiO, or the reaction related to
TiO, in the solution system.”~'" We focused the solid-state
reaction between TiO, and drug substance. In our previous
work, it was revealed that famotidine, known as an H,-
blocker, with TiO, as an additive, was easily discolored by
only light, and the photocatalytic activity of TiO, was con-
trolled by relative humidity.'” Therefore, the purpose of this
preformulation study is to clarify the relationship between
the addition of TiO, and drug decomposition, so that from a
thorough investigation, consistently high quality in pharma-
ceutical products may be assured.

Mequitazine, known as a histamine H,-receptor antago-
nist, is slightly discolored under irradiation with light. On the
basis of this fact, mequitazine may be unstable under light ir-
radiation, and therefore it may be presumed that the photo-
stability of mequitazine will be influenced by the photocat-
alytic activity of TiO,. In this study, mequitazine was em-
ployed as a model drug for fundamental study and the effect
of photocatalytic activity of TiO, on the solid-state photosta-
bility of mequitazine under various relative humidity condi-
tions was investigated. The photodegradation products of ir-

* To whom correspondence should be addressed. e-mail: k-kakinoki@tatho.co.jp

preformulation; solid state stability; photostability; titanium dioxide; photocatalytic activity

radiated mequitazine containing TiO, were also investigated.

Experimental

Materials Two commercially available crystal structures of TiO,,
anatase and rutile, were used. In order to examine the effect of TiO, on pho-
todegradation of mequitazine, the surface of these TiO, powders was not
coated with any material. The anatase and rutile forms of TiO, were sup-
plied by Toho Titanium Co., Ltd. and Showa Chemical Co., Ltd, respec-
tively. Mequitazine was obtained from Sumika Fine Chemicals Co., Ltd.
Mequitazine-N-oxide and mequitazine-S-oxide were obtained from Azwell
Inc. All other chemicals and reagents were analytical grade.

Discoloration Test The samples used for the discoloration test were
prepared as follows: Mequitazine and TiO, were physically mixed in a bow!
at a mass ratio of 1: 1. A 200 mg sample of mixture was compressed into a
10mm diameter pellet under a compression force of 10kN, using an accu-
rate compression/tension testing machine (Autograph model 1S-5000, Shi-
madzu).

Samples were placed in a light-irradiation tester (LIGHTTRON LT-120,
Nagano Science) at 25°C and irradiated with a D65 lamp (illuminance:
3500 1x). Discoloration of the pellet surface, after irradiation, was measured
using a chromameter (Model 3004, Nippon Denshoku) after the designated
time points in the Lab color system.

Degradation Test The samples for the degradation test were prepared
as follows: Mequitazine was dissolved in methanol (1 mg/ml) and 50 ul of
the solution was added to 10.mg of TiO, powder. After thorough dispersion,
this suspension was dried under vacuum. A solution of benzophenone in
isooctane~methanol (1: 1 v/v) was prepared as an-internal standard for high-
performance liquid chromatography (HPLC) analysis.

Each sample was placed in a desiccator at 0, 22, 75 and 97% RH at 25°C
and irradiated with a near-UV lamp (irradiation energy: 1.0mW/cm?) or a
D65 lamp (illuminance: 35001x) in the light-irradiation tester (LIGHT-
TRON LT-120, Nagano Science). The amount of mequitazine remaining in
the sample, with respect to time, was measured by HPLC. A relative humid-
ity of 0% RH was maintained using diphosphorus pentaoxide, and others
were adjusted using saturated aqueous solutions of several inorganic salts;
22% RH: potassium acetate, 75% RH: sodium chloride, and 90% RH: potas-
sium sulfate.

HPLC Analysis Mequitazine was analyzed using an HPLC system con-
sisting of a solvent delivery system (Model 510, Waters) and a UV detector
(Model 484, Waters) at a detection wavelength of 254 nm, or a photodiode
array detector (Model 996, Waters) at wavelengths of 250—360nm. The
prepacked column (Zorbax Rx-SiL, 5pum, 4.6X250mm, Agilent Tech-
nologies) was operated at room temperature with a flow rate of 1.5 ml/min.
The mobile phase consisted of isooctane: ethanol : acetonitrile : isopropyl-
amine : water (120:100: 15:7: 2 volume ratio). After irradiation, each sam-
ple was dissolved in the internal standard solution and after filtrated by
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0.45 um membrane filter, a 20 ul aliquot was injected into the chromato-
graph.

HPLC/APCI-MS Analysis Degradation products of mequitazine were
completely identified by a high-performance liquid chromatography/atmo-
spheric pressure chemical ionization-mass spectrometry (HPLC/APCI-MS)
system. The HPLC system consisted of a solvent delivery system and a UV
detector (LC-10Avp system, Shimadzu). The prepacked column (Lichro-
spher CN, 5 pum, 4X125mm, Cica-Merk) was operated at room temper-
ature with a flow rate of 1.8 mi/min. The mobile phase consisted of acetoni-
trile : methanol : isopropanol : water: 1M ammonium  acetate  solution
(85:5:5:6.65:0.35 volume ratio). The sample preparation was the same as
that described previously for the HPLC analysis.

Mass spectrometric detection was achieved by means of an Applied
Biosystems API 3000 apparatus using an APCI interface. MS measurements
were acquired in positive ion, full scan modes from 100 to 400, using a frag-
mentation voltage of 80V to determine the molecular weights of the degra-
dation products.

Results

Figure 1 shows the effect of TiO, on the time course of
surface discoloration for the mequitazine pellet at 25°C.
Mequitazine with a TiO, additive, for both crystal structures,
was significantly discolored; whereas, without TiO,, only
slight discoloration was observed, even after a long period of
irradiation (25 h). Discoloration of mequitazine with anatase
additive was significantly greater than that with rutile. Figure
2 shows the effect of TiO, on the degradation of mequitazine
with time at 25 °C and 75% RH. Under irradiation with both
the near-UV and D65 lamps, mequitazine with anatase

Color difference , AE*ab

Time , h

Fig. 1. The Effect of Photocatalytic Activity of TiO, on the Discoloration
of Mequitazine at 25 °C under [rradiation by a D65 Lamp

(O) With anatase, (@) with rutile, and (O) without TiO,.
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Fig. 2. The Effect of Photocatalytic Activity of TiO, on the Degradation
of Mequitazine at 25°C and 75% RH and under Irradiation by (A) a Near-
UV Lamp and (B) a D65 Lamp

(O) With anatase, (@) with rutile, and (C1) without TiO,.
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showed a remarkable degradation, but was only slightly de-
graded for rutile. Mequitazine without TiO, was hardly de-
graded, even after a long period of irradiation. The degrada-
tion rate of mequitazine was much higher under the near-UV
lamp, than under the D65 lamp. This degradation process ap-
parently followed a first order reaction. Figure 3 shows the
degradation of mequitazine with TiO, with respect to time, at
various relative. humidity, with irradiation using near-UV
light. The degree of degradation increased with increasing
relative humidity for both TiO, crystal forms, and particu-
larly for anatase, the increment of degradation was greater.
The phenomenon for irradiation observed under the near-UV
lamp was also observed under the D65 lamp (Fig. 4). Figure
5 shows the semi-logarithmic plots of the relationship be-
tween the apparent degradation rate constant, calculated from
the slopes of regression lines in Figs. 3 and 4, and the water
vapor pressure, converted from relative humidity, under each
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Fig. 3. The Effect of Relative Humidity on the Degradation of

Mequitazine at 25°C under Irradiation by a Near-UV Lamp: (A) with
Anatase; and (B) with Rutile

(O) 0% RH, (®) 22% RH, (3) 75% RH, (&) 97% RH.
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Fig. 4 The Effect of Relative Humidity on the Degradation of

Mequitazine at 25 °C under Irradiation by a D65 Lamp: (A) with Anatase;
and (B) with Rutile

(O) 0% RH, (@) 22% RH, ([3) 75% RH, (&) 97% RH.
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Fig. 5. The Effect of Water Vapor Pressure on the Degradation Rate Con-
stant

(O) With anatase under irradiation by a near-UV lamp and (@) with anatase under a
D65 lamp; (O) with rutile under irradiation by a near-UV lamp and (B) with rutile
under a D65 lamp.

Table 1. r-Values under the Various Irradiation Conditions
r(X10%
Light source
Anatase system Rutile system
Near-UV lamp 335 18.0
D65 lamp 14.0 8.2
!
i}
1l C)
A
0 4 8 12
Time , min
Fig. 6. HPLC Chromatograms of the Sample after 50 min Irradiation by a

Near-UV Lamp at 25°C and 97% RH; (A) Mequitazine, (B) Mequitazine
with Rutile, (C) Mequitazine with Anatase

Each peak is assigned as (I) mequitazine, (II) mequitazine-N-oxide and (III)
mequitazine-S-oxide.

light source. Good linear relationships were established be-
tween the logarithm of the apparent degradation rate constant
and the water vapor pressure, for either of the TiO, -crystal
forms. The apparent degradation rate constant for anatase
was larger than that for rutile, at all water vapor pressures
under any of the light sources. This fact clearly indicates that
anatase exhibits higher photocatalytic activity than rutile.
These results imply a relationship between the apparent
degradation rate constant and water vapor pressure as shown
in Eq. 1

Ink=Inky+r-P )]

where P is the water vapor pressure, # is a coefficient relating
to water vapor pressure dependency of the apparent degrada-
tion rate constant, and k, is the apparent degradation rate
constant calculated for 0% RH. The values of r, calculated
from Eq. 1, are given in Table 1.

Figure 6 shows the HPLC chromatograms of samples after
6h irradiation with the D65 lamp at 25°C and 97% RH.
Each of the peaks I, II and III were identified to be
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Table 2. UV and HPLC Characteristics of Mequitazine and Related Com-
pounds
Retention time  Maximum UV
Peak Compound {min) absorbance (nm)
I Mequitazine 4.03 308
II  Mequitazine-N-oxide 6.45 308
Il Mequitazine-S-oxide 9.12 278, 300, 346

()

——

Time , min
Fig. 7. HPLC Chromatograms for MS Analysis of the Standard with (a)
Mequitazine, (b) Mequitazine-N-oxide, (¢) Mequitazine-S-oxide and (d)
Mequitazine with Anatase after 50 min Irradiation by a Near-UV Lamp at
25°C and 97% RH

mequitazine, mequitazine-N-oxide and mequitazine-S-oxide,
respectively, by their UV spectrum. The characteristics of
each peak obtained from the HPLC chromatograms and UV
spectra are shown in Table 2. Interestingly, degradation of
mequitazine without TiO, produced only mequitazine-N-
oxide as the degradation product; however, mequitazine with
TiO, gave two kinds of degradation products; mequitazine-
N-oxide and mequitazine-S-oxide.

The degree of mequitazine-S-oxide formation for me-
quitazine with anatase was particularly larger than that for
rutile. HPLC/APCI-MS analysis was used as another ap-
proach to identify the photodegradation products. The condi-
tion for the HPLC-MS was not the same as that described for
the HPLC analysis, because the degradation products could
not be ionized under the former condition. Figure 7 shows
the chromatograms of these photo degradation products. The
m/z value of each peak was determined by MS analysis, as
shown in Fig. 8. The retention time on the chromatogram and
the m/z value of the peak (d)-i correspond to that of intact
mequitazine, and peak (d)-iii corresponds to that of the stan-
dard sample of mequitazine-S-oxide. On the contrary, the re-
tention time and the m/z value of peak (d)-ii did not corre-
spond to that of the standard sample of mequitazine-N-oxide.
From the results of previous reports,'” (d)-ii was presumed
to be mequitzine-sulphone, because the m/z value (355.4) of
the (d)-11 peak coincided with that of mequitazine-sulphone.
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Fig. 8. Mass Spectroscopic Peaks Obtained from HPLC Chromatography
¢f Fig. 7.

At this retention time, mequitazine-N-oxide could not be
detected, due to the difficulty of ionizing mequitazine-N-
oxide under these HPLC-MS analysis conditions. Accord-
ing to these results, it was confirmed that at least three
kinds of photo-degradation products, mequitazine-N-oxide,
mequitazine-S-oxide and mequitazine-sulphone were formed
from mequitazine.

Discussion

Mequitazine, with the addition of TiO,, was easily de-
graded by light wuradiation. The degree of degradation for
mequitazine with anatase was larger than that with rutile,
under all experimental conditions. This fact can lead to the
conclusion that the photocatalytic activity of anatase is
higher than that of rutile. The photocatalytic activities of
these TiO, phases have been measured by a direct electro-
chemical measuring method, four-probe method.'® The
degradation of mequitazine occurred under irradiation with
not only a near-UV lamp, but also a D65 lamp. The rate of
degradation of mequitazine with a near-UV lamp was faster
than that with a D65 lamp for both crystal forms because the
energy giving an excitation state of a near-UV lamp would be
stronger than that of a D65 lamp. Since D65 lamps have been
widely used as a standard light source for the light stability
test, the quality of pharmaceutical preparations containing
photo-labile drugs such as mequitazine with TiO,, are easily-
deteriorated by light irradiation. The degradation of me-
quitazine with TiO, was remarkably enhanced by an increase
of relative humidity. The relationship between water vapor
pressure and the apparent degradation rate constant could be
described by a simple power low. Since the same tendency
was observed in our previous study,'? this fact suggests that
the photocatalytic activity of the two TiO, phases is con-
trolled by water vapor pressure. Furthermore, during the
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Fig. 9. Degradation Scheme of Mequitazine and Mequitazine with TiO,
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degradation process, the ratio of the r-value for anatase to
that for rutile, under the near-UV lamp, was calculated to be
1.71. This value was similar to that under the D65 lamp, cal-
culated as 1.86. This result also suggests that the dependency
of the ratio of the r-value for anatase to that for rutile on
water vapor pressure would be almost constant, even under a
different type of light source.

Three kinds of photodegradation products of mequita-
zine were detected in this study; mequitazine-N-oxide, me-
quitazine-S-oxide and mequitazine-sulphone. It was con-
firmed that mequitazine-N-oxide was a direct photooxidation
product of mequitazine, because it was obtained by light irra-
diation of pure mequitazine, without TiO,."” On the other
hand, mequitazine-S-oxide and mequitazine-sulphone were
photocatalytic degradation products after irradiation of -
mequitazine with TiO, additive. According to these results,
the following degradation mechanism may be possible: The
degradation caused by photocatalytic activity of TiO, would
predominantly oxidize the sulfur part of the mequitazine
molecule, as shown in Fig. 9. Mequitazine-sulphone has been
reported as a degradation product of mequitazine -reacted
with hydrogen peroxide.'” Some studies have described that
the radicals are generated due to photocatalytic activity of
TiO,."">'9 In the series of radical reactions, the generation of
hydrogen peroxide may be considered as follows:

TiO, +hy—e™ +h*
e +0,--0;

07 +H*©HO,-
2HO, —H,0,+0,

Moisture proofing is important to restrain the photocat-
alytic activity of TiO, in pharmaceutical preparations of
photo-labile drugs, because moisture can play an important
role in the degradation reaction.

Conclusion

Mequitazine was significantly degraded by photocatalytic
activity of TiO, under light irradiation and this degradation
was enhanced by increasing the relative humidity under vari-
ous storage conditions. Because the relationship between the
relative humidity and the apparent degradation rate constant
was described with a simple power law, the photocatalytic ac-
tivity of TiO, was confirmed to be controlled by moisture ad-
sorption onto mequitazine crystals. The degradation products
of mequitazine with TiO, were different from that formed
from mequitazine without TiO,. By the interaction between
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TiO, and mequitazine, unexpected photo-degradation prod-
ucts could be identified. So using TiO, for pharmaceutical
products, we must be care of unexpected photo-degradation
products from ingredient.
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Purpose. The purpose of this study was to establish a useful methodology, possibly providing
information on the stoichiometry of pharmaceutical drug salts obtained from salt screening by using a
multiwell plate and a Raman microscope.

Methods. Tamoxifen salt screening was conducted with monobasic and polybasic acids on 96-well quartz
plates with a Raman microscope. Appearance and crystalline forms of salts prepared on 96-well plates
were observed by polarizing light microscope and Raman microscope, respectively. Based on the results
of the salt screening, tamoxifen citrate and fumarate salts were prepared on a large scale. The salts
prepared were characterized by powder X-ray diffractometry (PXRD) and ion chromatography.
Resulrs. The results of the multiwell salt screening indicated that tamoxifen has a tendency toward the
formation of mono salt as opposed to hemi salt with polybasic acid, and that most of tamoxifen salts gave
several potential polymorphic forms. PXRD patterns of scaled-up tamoxifen citrate and fumarate salts
suggested that the same crystalline form was obtained from the binary mixture regardless of molar ratios
of 2:1 or 1:1 (tamoxifen/acid). The crystalline forms obtained were tamoxifen monocitrate and
monofumarate salts as measured by ion chromatography.

Conclusions. Salt screening on multiwell plates with a Raman microscope provided novel insight into
the characteristics prediction of the stoichiometrical salts in addition to potential polymorph
information. Based on the stoichiometrical information of salts, the amount of compound and time

required for crystalline form selection of drug candidates would be significantly reduced.

KEY WORDS: crystalline form; polymorphism; Raman microscope; salt screening; tamoxifen.

INTRODUCTION

In the field of drug development, solid form selection of
pharmaceutical compounds, such as crystalline and amor-
phous, is an essential process, because selected solids can
dominate physicochemical properties affecting the efficacy,
safety (1-3), stability (4), manufacturing process (5,6), and
quality control (7). Especially, crystalline form selection has
gotten a lot of attention recently. For example, inadequate
crystalline form selections have resulted in the withdrawal of
products from the market (8,9). Moreover, insufficient
crystalline form screening has led to patent litigation (10).
To avoid these problems, many articles have discussed a
crystalline form selection strategy comprised of salt screen-
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ing, polymorph screening, and crystalline form characteriza-
tion (4,11-18).

Although significant progress in the computational pre-
diction of polymorphs has been made in the past decade (19),
the packing structure of crystals in salt and pseudopolymor-
phic systems, as yet, cannot be predicted, and experimental
salt and polymorph screening is still relied on. To reveal or
validate polymorphs, numerous studies dealing with high-
throughput salt and polymorph screening have been con-
ducted because polymorph or pseudopolymorph would be
given under the wide range of solvent and crystallization
conditions (20-29). High-throughput salt and polymorph
screening is commonly performed using a multiwell plate,
powder X-ray diffractometry (PXRD), and a Raman micro-
scope. Raman microscopy is especially useful for sait
screening because the technique has made it possible to
obtain not only physical information but also chemical
information (30,31). The flood of data provided by high-
throughput equipment can be automatically analyzed by
computer using classification software (32-34). These techni-
ques for crystalline form identification from physical infor-
mation have been currently applied to high-throughput salt
and polymorph screening. However, chemical information
specific to high-throughput salt and polymorph screening
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Fig. 1. Chemical structure of tamoxifen.

with a Raman microscope has not been fully elucidated up to
now.

This paper focuses on salt screening through the use of
multiwell plates and Raman microscopy using tamoxifen
(Fig. 1) as a model drug. Tamoxifen is clinically used as an
antiestrogenic agent for the treatment of breast cancer (35)
and marketed as a monocitrate salt.

In this study, we performed effective salt screening on
tamoxifen by using Raman microscopy to evaluate chemical
information. Some of the salts obtained were also separately
prepared on a large scale, characterized, and compared with
the results of salt screening on multiwell plates using 2 Raman
microscope. In addition, information obtained by using this
combination technique was discussed.

MATERIALS AND METHODS
Materials

Tamoxifen free base was obtained from Aldrich Chem-
ical Company (Milwaukee, WI, USA). Methanesulfonic acid
was obtained from Nacalai Tesque (Kyoto, Japan), and other
organic acids were obtained from Wako Pure Chemical
Industries (Osaka, Japan). All solvents were purchased from
Wako Pure Chemical Industries.

Salt Screening on 96-Well Plate

Tamoxifen salt formation on a 96-well plate was con-
ducted using a combination of 12 kinds of crystallization
solvents and six different acids according to the method
reported (25). Each methanol solution of tamoxifen and
acids, which were methanesulfonic acid and benzenesulfonic
acid as monobasic acids, and L-tartaric acid, fumaric acid,
citric acid, and succinic acid as polybasic acids, was prepared
in the same concentration of 20 mM prior to use. Tamoxifen
solution (50 pl) was placed in all wells of the 96-well quartz
plate (Hellma, Miillheim, Germany). Each aqueous solution
of monobasic acid (50 ul) was added into each row of the
plate to give the binary mixture of tamoxifen and acid in 2
molar ratio of 1:1. Each aqueous solution of polybasic acid
(25 or 50 pl) was added to give 2:1 or 1:1 binary mixtures of
tamoxifen and acid in the same manner as monobasic acid
solution. The plate was sealed with CAPMATS (Whatman,
Brentford, UK) and was shaken with BioShaker M-BR-022
(TAITEC, Saitama, Japan) at room temperature for 4 h.

Solvent was evaporated under reduced pressure at 40°C
overnight. Each crystallization solvent, 200 pl of methanol,
ethanol, isopropyl alcohol, acetonitrile, acetone, ethyl ace-
tate, isopropyl ether, tetrahydrofuran, toluene, dichlorometh-
ane, cyclohexane, and 100 ul of water, was added to each
column of the plate. The plate was sealed again and shaken
at 40°C for 4 h and allowed to stand at room temperature
overnight. All solvents in the plate were evaporated slowly in
an atmosphere of nitrogen to attempt crystallization. Solids
recrystallized on the 96-well plate were checked for crystal-
linity with a polarizing light microscope (PLM) and analyzed
with Raman microscope (n = 2 in each well).

Salt Preparation

Tamoxifen fumarate and citrate salts were prepared on a
300-mg scale. Tamoxifen free base was dissolved in acetoni-
trile, and fumaric or citric acid was added to give 1:1 and 2:1
(tamoxifen/acid) mixtures. The suspension obtained was dried
under reduced pressure. The resultant products were recrys-
tallized by slowly cooling the saturated solution from the same
12 solvents as those for the salt screening on the 96-well plate,
filtrated and dried in an atmosphere of nitrogen. Crystals ob-
tained were subjected to PXRD and ion chromatographic
analysis.

Raman Microscopy

Raman spectra were recorded on a LabRam HR-800/
HTS-Multiwell (Jobin Yvon Horiba, Edison, NJ, USA) at
room temperature, equipped with a backscattering light path
system of a light-emitting diode laser (785 nm, 300 mW) as an
excitation source and an air-cooled charge-coupled device
detector. A 20-fold superlong working distance objective lens
was used to collect the backscattered light. The spectra were
acquired with 5.84 cm™ spectral width and at least 30 s
exposure. The laser power incident on the sample was 87mW.
The spectrometer was calibrated with a silicon wafer.

Powder X-Ray Diffractometry

Powder X-ray diffraction patterns were collected using an
RINT-TTR (Rigaku, Tokyo, Japan) with Cu Ko radiation
generated at 300 mA and 50 kV. Samples were placed on an
aluminum rotation plate and rotated at 60 rpm at room
temperature. Data were collected from 3 to 35 (26) at a step
size of 0.02° and scanning speed of 4°/min.

Ion Chromatography

Ton chromatography was performed using a Dionex
(Sunnyvale, CA, USA) DX 500 apparatus equipped with a
GP50 pump and an AS50 autosampler, connected to a CD25
conductivity meter with Peaknet software. Potassium hydrox-
ide eluent was generated electrolytically using a Dionex
EG40 eluent generator, and multistep gradient concentra-
tions ranging from 10 to 60 mM allowed the complete
separation of counterions in aqueous media in 156min at a
constant flow rate of 1.0 ml/min. An ASRS Ultra II
suppressor at 100 mA, with an external water feed, was used
for anion chromatography.
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Fig. 2. Raman spectra of tamoxifen (TAM), TAM fumarate, and fumaric acid crystals. TAM
fumarate was prepared with TAM and fumaric acid (1:1 and 2:1) on a 96-well plate. Free, F1,
F2, and counter acids (CA) correspond to the classification in Table I. Heavy solid line (—),
TAM (free); solid line (—), TAM fumarate (F1); dotted line (~~), TAM fumarate (F2); and

heavy dotted line (—), fumaric acid (CA).

RESULTS
Chemical Information from Salt Screening on 96-Well Plate

Polarizing light microscope observations indicated that
114 crystalline solids were obtained out of 132 wells on the 96-
well plates. Except for amorphous or oily substances observed
by PLM, crystals obtained were analyzed by Raman micro-
scope. The results of Raman microscopy for tamoxifen salts on
the 96-well plate are shown in Table I. The Raman spectra of
all crystals were sorted in comparison with each pattern in the
shift region 600-1800 cm™. Sorted spectra were compared
with those of the tamoxifen free base and counter acids
measured separately. Crystals from the free base and counter
acids detected by Raman microscopy are hereafter denoted
as free and CA, respectively. Crystalline forms in the binary

mixtures of tamoxifen and acid on the plate identified as salts
showing different spectra are presented numerically with
initial, i.e., M1 and M2 for two crystalline forms of tamoxifen
mesylate salt.

Raman spectra indicated that salt screening revealed that
only one crystalline form was obtained for both tamoxifen free
base and succinate salt, whereas two potential polymorphic
forms were obtained for tamoxifen mesylate, besylate, fuma-
rate, and citrate salts, and three potential polymorphic forms
were obtained for tamoxifen L-tartrate salt, including hydrate
or solvate. In addition to potential polymorph information,
the same crystalline forms were detected on the wells in
molar ratios of 1:1 and 2:1 (tamoxifen/polybasic acid).

Chemical identification of solids was also performed by
Raman microscope. Tamoxifen free base was detected on the
wells in a molar ratio of 2:1 (tamoxifen/L-tartaric acid) in
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Fig. 3. Raman spectra of TAM, TAM citrate, and citric acid crystals. TAM citrate was
prepared with TAM and citric acid (1:1 and 2:1) on a 96-well plate. Free, C1, and C2
correspond to the classification in Table 1. Heavy solid line (—), TAM (free); solid line (—),
TAM citrate (C1); dotted line (—), TAM citrate (C2); and heavy dotted line (=), citric acid.
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Fig. 4. Powder X-ray diffractometry (PXRD) patterns of TAM fumarate prepared with TAM
and fumaric acid (1:1 and 2:1) on a large scale. Solid line (—), TAM fumarate form A; dotted

line (~-), TAM fumarate form B.

isopropyl alcohol, 2:1 (tamoxifen/L-tartaric acid) in isopropyl
ether, 2:1 (tamoxifen/fumaric acid) in acetonitrile, 2:1 (ta-
moxifen/citric acid) in ethyl acetate, and 2:1 (tamoxifen/
succinic acid) in acetone. Fumaric acid as a counter acid was
detected in the well in a molar ratio of 1:1 (tamoxifen/
fumaric acid) in toluene.

The Raman spectra of crystals in the wells with combi-
nations of tamoxifen and fumaric acid are shown in Fig. 2. The
Raman spectra of F1 in molar ratios of 1:1 and 2:1, as
presented in Table I, showed the same patterns with distinct
peaks at 1595 and 1638 cm™. The Raman spectra of F2 in
molar ratios of 1:1 and 2:1 showed the same patterns with
distinct peaks at 1596, 1618, and 1637 cm™!. These results
suggested that these crystals were identified as tamoxifen
fumarate because their spectra were different from the
spectra of either free base with a distinct peak at 1613 cm™
or fumaric acid with the distinct peak at 1686 cm™.

The Raman spectra of the crystals in the wells with
combinations of tamoxifen and citric acid are shown in Fig. 3.
Raman spectra of Cl in molar ratios of 1:1 and 2:1, as

presented in Table I, showed the same patterns with distinct
peaks at 1595 and 1635 cm™. Raman spectra of C2 in molar
ratios of 1:1 and 2:1 showed the same patterns with the
distinct peaks at 1598 and 1608 cm™. These results suggested
that these crystals were identified as tamoxifen citrate
because their spectra were different from the spectra of
either free base with a distinct peak at 1613 cm™ or citric acid
with distinct peaks at 1693 and 1735 cm™.

These results indicated that tamoxifen would prefer to
form salts in a 1:1 molar ratio (tamoxifen/polybasic acid), and
the excess amount of nonsalt-forming tamoxifen free base
tended to be detected in the rows of the plate displaying a
binary mixture of tamoxifen and polybasic acid in a molar
ratio of 2:1.

Characterization of Salts by Scaled-Up Preparation

Tamoxifen fumarate and citrate prepared on a 300-mg
scale were characterized using PXRD and ion chromatogra-
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Fig. 5. PXRD patterns of TAM citrate prepared with TAM and citric acid (1:1 and 2:1) on a
large scale. Solid line (—), TAM citrate form A; dotted line (), TAM citrate form C.
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phy. Tamoxifen fumarate prepared in molar ratios of 1:1 or 2:1
(tamoxifen/fumaric acid) was recrystallized in 12 solvents, and
two crystalline forms were detected by PXRD in each
preparation. PXRD patterns of these crystalline forms
assigned as forms A and B, which were prepared in a 1:1
molar ratio, were confirmed to be the same as forms A and B
prepared in a 2:1 molar ratio, respectively (Fig. 4). Ion
chromatography indicated that the molar ratios of fumaric
acid to tamoxifen free base were 1.02 and 1.03 for tamoxifen
fumarate prepared in molar ratios of 1:1 and 2:1 (tamoxifen/
fumaric acid), respectively. These results clearly suggested
that crystals obtained were tamoxifen monofumarate.

Tamoxifen citrate was prepared in the same manner as
tamoxifen fumarate, and at least two crystalline forms were
detected by PXRD. Because forms A and B were the forms
already reported (36), the new form was designated as form
C. The PXRD patterns of the two crystalline forms assigned
as forms B and C, which were prepared in a 1:1 molar ratio,
were found to be the same as forms B and C prepared in a 2:1
molar ratio, respectively (Fig. 5). Ton chromatography in-
dicated that the molar ratios of citric acid to tamoxifen were
1.01 and 0.99 for tamoxifen citrate prepared in molar ratios
of 1:1 and 2:1 (tamoxifen/citric acid), respectively. These
results suggested that the crystals obtained were tamoxifen
monocitrate.

Characterization of the salts produced in the scaled-up
preparation gave the same stoichiometrical information on
tamoxifen fumarate and citrate salts as salt screening using the
96-well plates. These results suggested that salt screening with
the 96-well plates would provide not only potential polymorph
information but also prediction of stoichiometrical informa-
tion on the salts.

DISCUSSION

We have first demonstrated that salt screening using
multiwell plates and a Raman microscope can suggest
stoichiometrical information on polyprotic salts. Salt screen-
ing using multiwell plates could be satisfactorily performed
with less than 100 mg of drug candidate, and stoichiometrical
information was easily obtained by comparing the Raman
spectra of a drug candidate in the free base and counter acid
condition, the free acid and counter base condition, and the
salts found on the multiwell plates.

In the process of drug development, Raman micro-
scopes have been widely used as an analytical tool for the
chemical and physical identifications of either or both drugs
and contaminants within pharmaceutical systems, which is
also referred to as mapping of the dosage form (37,38). Phys-
ical indication, focusing on polymorph detected by Raman
microscopy in place of PXRD, has been increasingly reported
over the last few years (39). Attention has been also drawn to
polymorphic evaluation by Raman microscopy of salt and
polymorph screening of pharmaceutical drug molecules
(22,24). However, to the best of our knowledge, chemical in-
formation obtained by Raman microscopy was not discussed.

In salt screening with Raman microscopy, it is possible to
detect drug molecules, counter acids/bases, and salts individ-
ually. In salt formation of ionic drug molecules with polyprotic
counterions, it is possible to form salt in more than one
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stoichiometric combination. Some ionic drug candidates form
only one stoichiometric salt in combination with some
polyprotic counterions, such as mono salt, and the other
candidates form several combinations of salts, such as mono
and hemi salts. In the crystalline form selection process,
possible salts in various combinations should be prepared on a
large scale and subsequently characterized because each
combination of salt would show different physical properties
(40). Therefore, it is important to obtain stoichiometrical
information for efficient preparation of polyprotic salts.

The case that an ionic drug candidate formed only hemi
salt with polyprotic counterion in salt screening has been
previously reported (25). In the report, sertraline hemi-L-
tartrate was obtained in 1:1 molar ratio (sertraline/L-tartaric
acid); however, only polymorphism of salts was discussed,
and stoichiometrical information of sertraline L-tartrate on
multiwell plate was not fully elucidated (25). In this study, we
performed tamoxifen salt screening on multiwell plate, and
free base, counter acids, and salts could be identified by
Raman microscope to obtain stoichiometrical information.
Combining the information of Raman spectra of all crystals
on multiwell plate, we could predict salt formation and
stoichiometrical information of polybasic acid salts in addi-
tion to polymorph information. As the analytical tools for
crystalline form selection, PXRD gives physical information
and Raman microscopy provides both physical and chemical
information. Physical information suggests the crystallinity
and existence of polymorphism, whereas chemical informa-
tion suggests salt formation and stoichiometrical combination
of polyprotic salts. Therefore, Raman microscopy would be
another useful analytical tool for salt screening, and further
investigation for screening may be expected to expand.

In addition to salt screening for ionic drug candidates,
cocrystals have been recently investigated as a pharmaceutical
development option for neutral drug candidates (18,41).
Cocrystals, categorized as multicomponent crystals such as
solvate and salt, have the potential to improve drug
candidate properties. Cocrystal preparations by melt crystal-
lization, grinding, and recrystallization from solvents have
been reported (11,41,42). Cocrystal screening could be
performed with drug candidates and pharmaceutically ac-
ceptable excipients on multiwell plates. Cocrystal screening
using Raman microscopes will also provide effective infor-
mation for scaled-up preparation because there would be
numerous stoichiometrical combinations with drug candi-
dates and excipients.

In conclusion, our investigation enabled the successful
development of salt screening methodology by using a Raman
microscope, providing information on salt formation and
stoichiometrical combinations of polyprotic salts, as well as
polymorphism. Stoichiometrical information of polyprotic
salts with small amount of drug candidate allows efficient
crystalline form selection process by saving bulk.
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