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Abstract
Background: Since polymorphs exhibit differences in chemical and physicochemical stability, characteris-
tics, and dissolution rate of the bulk powder, they may significantly affect on the bioavailability of pharma-
ceutical compounds. Aim: The purpose of the present study is to establish a method for determining the
carbamazepine (CBZ) polymorphic content of a double-layered tablet containing various ratios of forms I
and III by using transmittance- and reflectance-near-infrared (TNIR and RNIR) spectroscopy involving
chemometrics. Methods: Both TNIR and RNIR instruments were used to analyze both top (form I) and wire
(form III) sides of the compacts, respectively. NIR spectra were analyzed to predict polymorphic content by
a principal component regression analysis. NIR data of the tablets were divided into two wavelength
ranges: between 860 and 1680 nm (FW), and 1245 and 1285 nm (NW). Results: The calibration models for
polymorphic content based on TNIR had a linear relationship, but those based on RNIR did not. The
accuracy of the calibration models suggested that the double-sided data set is more robust than the
single-sided data set. Since the spectra of FW involved various information, the calibration models
showed a linear correlation, but it is difficult to understand their model. In contrast, those of NW provided
limited information on polymorphic forms making it very easy to understand the model. Conclusion: Limiting
the wavelength of the spectra is useful to help understand the calibration-complicated model.

Key words: Carbamazepine polymorph; chemometrics; double-layered tablet; Fourier-transformed near-
infrared spectroscopy; principal component regression analysis

Introduction

Polymorphs exhibit differences in chemical and physico-
chemical stability, processing characteristics, and disso-
lution rate, and so on. Particularly, a change in the
dissolution rate may significantly affect the drug
absorption of the oral dosage form in the gastrointesti-
nal tract resulting in variation in the bioavailability of
pharmaceutical compounds1–5.

Therefore, an accurate assessment of the polymor-
phisms and solvates of bulk materials is required for the
reproducible preparation of pharmaceutical products.
Analytical methods for polymorphs include powder X-ray

diffraction6, differential scanning calorimetry (DSC)7,
thermal gravimetric analysis microcalorimetry8, infra-
red spectroscopy9, Raman spectroscopy10, solid-state
NMR11, and dissolution kinetics12. However, they are
consuming much time in the preparation of samples
and/or measurements. With the introduction of guide-
lines for process analytical technology (PAT) by the
Food and Drug Administration, on-line, real-time anal-
yses as a tool for monitoring and controlling manufac-
turing processes have become increasingly accepted in
the pharmaceutical industry13–17.

As near-infrared (NIR) spectroscopy18 involving
chemometrics19 can measure drug and/or polymorphic
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contents directly on the surface of intact samples without
any pretreatment during pharmaceutical manufacturing
processes, chemometrical NIR spectroscopic methods have
been used to determine the drug content, drug stability20,
tablet coating21, polymorphic content22–26, the particle size
of powders27–32, tablet hardness33–37, and dissolution rate38.

NIR spectroscopy is rapidly becoming an important
technique for PAT in the pharmaceuticals industry.
Norris et al.29 and Otsuka et al.39 suggested that poly-
morphic content varied during pharmaceutical pro-
cesses with physical and chemical conditions such as
heat, mechanical stress, and/or the presence of mois-
ture, solvents, and excipients40.

Previously24–26, the crystallinity and/or the polymor-
phic content of the bulk powder of pharmaceuticals
have been evaluated using chemometric methods, such
as principal component analysis (PCA)/principal com-
ponent regression (PCR) and partial least squares
regression19. The results suggested that the crystallinity
and/or polymorphic contents of bulk drug powder in a
conventional dosage form could be evaluated by the
chemometrical NIR method41–43.

However, there are two types of dosage forms in a
current market: one is a conventional tablet in which
bulk drug powder is homogenously distributed in the
tablet, and the other is a nonconventional tablet in
which multidrug is loaded heterogeneously in tablet, to
control drug release and stabilization such as dry-
coated tablets and multilayered tablets. As mentioned
above, the polymorphic content of the dosage forms
also varied during pharmaceutical processes22,39. It is
not easy to measure the polymorphic content of hetero-
geneous drug-loaded dosage forms by the photospec-
troscopic method because light dose not penetrate well
inside a powder bed of solid-dosage forms.

The purpose of this study is to establish a method for
measuring the polymorphic content in a heterogeneous
drug-loaded tablet using noncontact and nondestructive
methods for PAT. Double-layered tablets44 containing poly-
morphic forms of carbamazepine (CBZ)39,45–47, an anticon-
vulsive drug, were used as a model. The calibration models
to evaluate the polymorphic content of the tablets were
investigated using reflectance-NIR (RNIR) and transmit-
tance-NIR (TNIR) spectroscopies involving chemometrics.

Materials and methods

Materials

CBZ bulk powder of Japanese Pharmacopoeia XIII grade
(lot No. CEE-9-5) was obtained from Katsura Chem. Co.,
Tokyo, Japan. The CBZ bulk powder was identified as form I
(anhydrate, monoclinic CBZ)38,47; form III (anhydride)
was obtained by heating dihydrate at 115°C in vacuo for

6 hours. All of the CBZ samples were passed through a No.
200 mesh (75 μm) screen. The X-ray diffraction patterns
and the DSC curves of forms I and III CBZ were signifi-
cantly different and identical to those reported47.

X-ray powder diffraction analysis

X-ray powder diffraction (XRD) profiles were obtained
using an X-ray diffractometer (RINT-ULTIMA, Rigaku
Co., Ltd., Tokyo, Japan). The following measurement con-
ditions were included: scan mode—step scan; target—Cu;
filter—Ni; voltage—40 kV; current—20 mA; scan speed—
2.0° per minute; receiving slit—0.1 mm; time constant—1
second; and scan width—0.1 degree/step.

Thermal analysis

DSC was performed with a Type 3100 instrument
(Mac Science Co., Tokyo, Japan). The operating con-
ditions in an open-pan system were as follows: sam-
ple weight—5 mg; heating rate—10°C/min; and N2
gas flow rate—30 mL/min.

Tableting compression process

The manufacturing process for the double-layered tab-
let (Figure 1) was as follows: one sample (0, 20, 50, 100,
150, 180, and 200 mg of form I) was put into a die 8 mm
in diameter and lightly pressed by hand with a flat-sur-
face 8-mm punch in diameter. After removing the
punch, the second component (200, 180, 150, 100, 50,
20, and 0 mg of form III) was added into the same die
and pressed at 49 MPa with a punch at a compression
speed of 15 mm/min with a compression/tension tester
(Autograph, Model IS-5000, Shimadzu Co., Kyoto,
Japan) at 25 ± 1°C.

Fourier-transformed NIR spectroscopy

RNIR were recorded with a fiberoptic probe of an NIR
spectrometer (NH1100, Spectron Tech Co., Soule,

Figure 1. Double-layered tablet (total 200 mg) consisting of forms I
and III CBZ.

Form I

Form III
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Korea) with 1.0-mm diameter spot. Detector: photo-
diode array type, InGaAs, 128 pixels; light source: tung-
sten halogen lamp. RNIR was measured 32 scans per
sample with 2 nm resolution and recorded in the spec-
tral range of 1100–1750 nm. TNIR spectra were taken
using an NIR spectrometer (NIRTABTM, Buchi AG,
Flawil, Swaziland). Detector: InGaAs; sample interface:
transmission measurement; background reference:
Spectralon; resolution: 3 nm; scan number: 32 scan;
Fourier processing parameters: apodization function,
rectangular. TNIR was recorded in the spectral range of
860–1660 nm with 10 mm in diameter spot.

NIR spectra of 35 sample tablets (7 polymorphic con-
centration levels, 5 tablets each) were recorded from the
top (form I) and the wire (form III) sides of the tablet
with both TNIR and RNIR spectrometers, respectively.
All of spectra were transformed into absorbance and
area normalization as pretreatment. The 42 NIR spectra
of the top and the wire of 21 tablets were used as a cali-
bration dataset to establish a model to predict polymor-
phic content by PCR analysis. The 28 spectra of the top
and the wire sides of the other 14 tablets were used as a
validation dataset to validate the calibration model.

In the multivariate data analysis19, to predict value y
from a suite of other measurement xj (where j = 1, 2,...,
y = m), we must first establish a relationship between
the two sets of measurements. If we assume that y is lin-
early related to x and write

then the b specifies the relationship, and f contains the
error in describing this relationship. For a set of n
samples (i = 1, 2,. . ., n):

In matrix format, this becomes

The error vector, f, is included because it is unlikely that y
can be expressed exactly in terms of the X block; fi is the y
residual for the ith sample. The determination of the vec-
tor of regression coefficients allows future values to be pre-
dicted from future X block measurements. Thus, finding
the b vector is described as creating a regression model.

PCR is presented as regression of y on selected princi-
pal components (PCs) of X. Properties of PCR are given
together with a discussion on selection of eigenvectors.

A spectrum including n spectral data can be seen as a
point in an n-dimensional space. In multivariate data
analysis, PCA/PCR of a spectral data matrix X is a basic

tool. PCA/PCR decomposes X into three matrices
(Equation 3):

This decomposition is particularly useful for converting
X into a few information plots (score plots and loading
plots) and for modeling the systematic structure in X.
The U matrix holds the eigenvectors of the row space,
the V matrix holds eigenvectors of the column space, S
is a diagonal matrix whose diagonal elements are the
singular values, T is a scores matrix, and L is a loadings
matrix.

The solution then becomes

where b is the regression vector. Predicting y from a
new x form from

The chemometric analysis was performed using the
PCR program associated with the Pirouette software
(InfoMetrix Co., Woodenville, WA, USA). The best con-
ditions of the calibration model were determined based
on the NIR spectra calibration dataset to minimize the
SE of cross-validation (SECV) by the leave-one-out
method. The obtained calibration model was validated
based on a validation dataset.

Results and discussion

Characterization of CBZ polymorphic forms by XRD 
and DSC

Polymorphic forms I and III of CBZ prepared in accord
with the published methods38,39 were characterized by

y x x x fm m= + + + + +b b b b0 1 1 2 2 L , (1)

y x x x fi i i m im i= + + + + +b b b b0 1 1 2 2 L . (2)

y X f= +b .

X USV= T. (3)

L V≡ , (4)

T US≡ , (5)

y USV f= +( ) .T b (6)

ββ = −VS U y1 T , (7)

y x x VS U ynew new new
T= = −ββ 1 . (8)
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XRD and DSC measurements. The XRD profile of form I
had three diffraction peaks at 2q° = 13.0°, 14.1°, and
17.0°, and that of form III had at 2q° = 12.0° and 19.6°.
The DSC curve of the form I showed endothermic and
exothermic peaks at around 170°C due to melting of
form I and crystal growth of form III, after then an
endothermic peak at 195°C due to melting of form III.
On the contrary, the DSC curve of form III had only an
endothermic peak at 195°C due to melting as reported
previously32,33. The results of XRD and DSC of both
crystalline CBZ forms were significantly different and
identical to those reported32,33. After compression at 49
MPa, the XRD profiles of forms I and III were
unchanged because the crystalline transformation of
either form was not induced under the compression
conditions. Therefore, polymorphic content of forms I
and III in the double-layered tablets was not changed.

NIR spectra of double-layered tablets containing CBZ 
polymorphs

Figure 2 showed the TNIR and RNIR spectra of forms I
and III CBZ, and those were significantly different and
identical to those reported. In the TNIR spectra, NIR
spectral peaks were assigned based on the data48 as fol-
lows, the peak at 876 nm is attributable to the third over
tone C–H stretching, that at 1015 nm to N–H stretching
of CONH2 (Structure 1), that at 1100–1140 nm to a com-
bination of second over tone C–H stretching and second
over tone C=C stretching of the benzene ring, those at
1190 and 1257 nm to second over tone C–H stretching
and those at 1465 and 1517 nm to first over tone N–H
stretching of CONH. In the RNIR spectra, NIR spectral

peaks were also assigned as follows48, the peak at 1130
nm is attributable to second over tone C–H stretching,
those at 1468 and 1515 nm to first over tone N–H
stretching of CONH2 and that at 1680 nm to first over
tone C–H stretching of the benzene ring. As shown in
Figure 2, the bands attributable to second over tone
C–H stretching, first over tone N–H stretching of
CONH2, and first over tone C–H stretching of the ben-
zene ring were observed in RNIR, but did not in TNIR,
because the baseline of TNIR at wavelength region
between 1400 and 1700 nm was over 6, and saturated.

Both the top and the wire sides of double-layered
tablets containing various ratio of forms I and III were
measured by RNIR and TNIR, respectively. Figures 3
and 4 show TNIR and RNIR spectra of the top of the tab-
lets. As shown in Figure 3, the order of the TNIR peak
intensity of the sample tablet followed that of the poly-
morphic content of the tablet, but the RNIR intensity in
Figure 4 did not. The order of the peak intensity of TNIR
for the top was almost the same as that for the wire side,
but that of RNIR for the top side was different from that
for the wire. These results suggested that TNIR spectra
could provide information on polymorphic content for
a whole tablet, but RNIR spectra could not, because the

Structure 1. 

N

CONH2

Figure 2. TNIR (a) and RNIR (b) spectra of forms I and III CBZ.
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reflecting light had not reached deep enough in the case
of RNIR.

Chemoinformetric NIR spectroscopy

Chemometrics can be used to decompose raw data
profiles and help us to understand the significant con-
tribution of a specific group’s data. In this section, to
predict polymorphic content of the heterogeneous
drug-loaded dosage forms, calibration models were
established based on TNIR and RNIR spectra of the
double-layered tablets by PCR.

The calibration models established based on TNIR
had a linear relationship. However, the model based on
RNIR did not because the reflecting light might not have
reached deep enough. Gottfries et al.49 reported that the

drug content of metroprolol tablets could be measured
by TNIR and RNIR. Cournoyer et al.50 reported that
drug concentration in tablet measured three different
NIR instruments and compared each other. They con-
cluded that TNIR was more accurate than RNIR. Their
results were consistent with the present results.

To clarify the scientific evidence of the calibration
model, the TNIR datasets of the tablets were divided
into two wavelength ranges between 860 and 1680 nm
(FW) and 1245 and 1285 nm (NW). The calibration
models were then recalculated based on the datasets of
limited wavelength regions by PCR after transformed
area normalization as pretreatment and are summa-
rized in Tables 1 and 2. The peak intensity of TNIR spec-
tra datasets in all wavelength ranges followed
polymorphic contents. Peak area-normalized TNIR
spectra for the top of the tablets with wavelength ranges
of NW are shown in Figure 5 as an example. In NW, the
peak at 1257 nm decreased, and that at 1270 nm
increased with an isosbestic point, clearly indicating a
change of polymorphic content of forms I and III due to
the second over tone C–H stretching. The SECV calcu-
lated based on TNIR datasets for the top and the wire
sides of FW and NW were summarized in Table 1. The %
variance and SECV of the first PC (PC1) calculated
based on FW dataset were 88.2%, 12.271 and those of
the second PC (PC2) were 6.07% and 3.30, respectively.
In contrast, those of PC1 based on NW were 99.5% and
5.11. The result indicated that the calibration models for
both sides in FW and NW consisted of two and one PC,
respectively. Because the FW spectra contained a lot of
chemical, physicochemical, and physical information
such as drug content, polymorph, and particle size, the
dataset had multi-isosbestic points on the spectra, but

Figure 3. TNIR spectra of double-layered tablets consisting of various
ratios of forms I and III CBZ (0:100, 10:90, 25:75, 50:50, 75:25, 90:10,
and 100:0).
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Figure 4. RNIR spectra of double-layered tablets consisting of vari-
ous ratios of forms I and III CBZ.
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Table 1. The % Variance and standard error of cross validation
(SECV) calculated based on TNIR data sets for the top and the wire
sides of FW and NW.

FW NW

% Variance SECV % Variance SECV

PC1 88.213 12.371 99.105 5.110*

PC2 6.070 3.301* 0.556 5.162

PC3 1.755 3.315 0.098 5.234

PC4 0.611 3.239 0.060 5.260

*: the lowest value.

Table 2. The multiple correlation coefficients (g2) and standard error
of calibration (SEC) and number of principal components (PC) for
various calibration models.

Double sides Top side Wire side

SEC g2 PC SEC g2 PC SEC g2 PC

FW 3.253 0.9962 2 3.281 0.9965 3 2.537 0.9978 2

NW 5.055 0.9908 1 5.397 0.9898 1 4.003 0.9944 1
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that of NW had an isosbestic point, and the calibration
model of FW might be more complex than that obtained
with a narrow wavelength range. As NW spectra had
limited information concerning polymorphic form, the
calibration model is simple and easily understood. The
result indicated that wavelength range affected the cali-
bration model structure.

Table 2 shows the multiple 
correlation coefficients (g2) and standard error of

calibration (SEC) for various calibration models. The g2

of the wire side of FW was the highest value, 0.9978, and
that of the double sides of NW was the lowest, 0.9906.
The SEC of the wire side of FW was the lowest, 2.537,
and that of the top side was the highest, 5.397. The g2 of
the calibration model of FW is larger than that of NW,
but the SEC is smaller than that of NW. Since the spectra
data of wavelength range contained chemical, physico-
chemical, and physical information, the calibration
model might be more complex. Therefore, it is possible
to measure more accurately parameters based on more
complicated datasets, but it is not so easy to clarify the
scientific evidence of the complicated model to mea-
sure an objective function. The relationship between
the predicted and actual polymorphic content of all
datasets for the top and/or the wire sides of tablets for
FW and NW gives a straight line, respectively. The rela-
tionship for NW is shown in Figure 6 as an example, the
predicted value at 50% was relatively lower, but the
whole plot gives a reasonable straight line, with a slope of
0.9801, a Y-intercept of 1.065, and g2=0.9809. These pre-
dicted values were all within the 95% predictive intervals,
indicating that TNIR has good predictive potential for
polymorphic content in double-layered tablets.

Accuracy of the calibration models for polymorphic 
content of double-layered tablets

To evaluate the accuracy of calibration model, the poly-
morphic content of the double-layered tablets was eval-
uated based on various kinds of validation datasets for
the tablets. The calibration models were obtained based
on the calibration datasets for FW and NW of the top
and/or the wire of tablets, and the predicted values
were obtained to evaluate based on the validation
datasets. The accuracy (Am) and bias (Bm) of the cali-
bration models were calculated based on the predicted
values using Equation 10 and are summarized in  Table 3.

Figure 5. Limited-TNIR spectra in NW of double-layered tablets
consisting of various ratios of forms I and III CBZ (0:100, 10:90,
25:75, 50:50, 75:25, 90:10, and 100:0).
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Figure 6. Correlation between actual and predict polymorphic con-
tent of double-layered tablets containing forms I and III based on
NW of NIR spectroscopy. The symbols and error bars represent the
average and SD (n = 3). The solid line and long dashed line represent
the regression line, 95% predicted interval.
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Table 3. Validation results of the calibration models for FW and NW
of the top and/or the wire of tablets.

FW NW

Calibration Validation PC SEV Am (%) PC SEV Am (%)

Both sides Both sides 2 3.301 6.127 1 5.110 7.711

Both sides Top side 2 3.301 5.906 1 5.110 6.884*

Both sides Wire side 2 3.301 4.517 1 5.110 8.538

Top side Both sides 3 3.349 5.877 1 5.523 8.689

Top side Top side 3 3.349 4.517* 1 5.523 6.894

Top side Wire side 3 3.349 4.517* 1 5.523 10.485**

Wire side Both sides 2 2.666* 6.332 1 4.075 8.078

Wire side Top side 2 2.666* 4.517* 1 4.075 8.63

Wire side Wire side 2 2.666* 9.522** 1 4.075 7.525

*: the lowest value; **: the highest value.
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Am is the percentage mean accuracy, Xc the predicted
value of content of form I, Xt the actual value of content
of form I, and n the number of experiments.

In FW, Nos. 5, 6, and 8 were the lowest Ams and
No. 9 was the highest. In NW, Nos. 2 and 6 were the

lowest and the highest Ams. Most Am values were
smaller for FW than NW. The Am of the single-sided
set was smaller than that of the two-sided set, but
analytical data of the two-sided model were much
important because double-layered tablets must mea-
sure random tablet surface in practical manufactur-
ing process. This result suggested the double-sided
sample set to be more robust than the single-sided
dataset. Polymorphic crystalline forms had different
characteristics due to crystalline structure, crystal
habit, surface morphology, density, and particle

Figure 7. Regression vectors for the calibration models to predict polymorphic content of double-layered tablets consisting of various ratios of
forms I and III CBZ based on the spectra in FW (a) and NW (b).
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size1,2. The powder bed of polymorphic crystalline
forms in the tablet had different geometrical struc-
ture due to powder flow and compactivity due to par-
ticle characteristics1,2. Therefore, the polymorphic
crystalline forms differenced photometric character-
istics, such as absorbance, refraction, and reflection.
Because the calibration model of the two-sided
datasets involved variability in both polymorphic
characteristics, it was more robust.

Scientific evidence of the calibration model to measure 
polymorphic content of double-layered tablets

As mentioned above, the calibration models of FW
and NW to estimate the predicted polymorphic con-
tent in the double-layered tablet in Figure 6 were sig-
nificantly (P < 0.05) by multiple regression analysis. A
regression vector of the calibration models reflects
the scientific evidence of parameters18,37. Figure 7
shows the regression vector of the calibration models
for FW and NW, respectively. In Figure 7a (FW), the
main positive peaks at 998 and 1016 nm are attribut-
able to N–H stretching of CONH2, those at 1115 nm to
a combination of second over tone C–H stretching
and second over tone C=C stretching of the benzene
ring, and those at 1197 and 1268 nm to second over
tone C–H stretching48. The main negative peak at 994
nm is attributable to the third over tone C–H stretch-
ing, and those at 1188 and 1255 nm to second over
tone C–H stretching48. As shown in Figure 2a, the pos-
itive peaks might be due to form I and the negative
peaks to form III. However, there are many unknown
positive and negative peaks in the regression vectors.
In contrast in Figure 7b (NW), there are only two posi-
tive and negative peaks at 1257 and 1269 nm due to
forms III and I attributable to the second over tone C–
H stretching48 as shown in Figure 2a. Because the
spectra of FW involved various information, there are
too many positive and negative peaks to explain their
role in the regression vector, but those of NW are lim-
ited to the second over tone C–H stretching of forms I
and III, making it very easy to understand the model,
and evaluate the polymorphic content of double-
layered tablets.

Conclusions

Because the polymorphic content of CBZ tablets could
be evaluated by TNIR spectroscopy with chemometrics,
but it could not be by RNIR, the quantitative evaluation
of the tablet sample by TNIR was proven to be superior
than that by RNIR. Limiting of wavelength range of
TNIR spectral datasets is useful to help understand the

calibration model and how to evaluate objective func-
tions, but the processing loses important information.
These results suggested that the TNIR method provides
a rapid quantitative analysis of the polymorphic content
of heterogeneous drug loaded-dosage form during
preparation processes, as characterized by the simple,
nondestructive, and high-sensitive nature of the
method.
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