
S
n

K
M
a

b

K
c

a

A

R

R

1

A

P

K

N

S

Q

P

S

1

F
t
f
s
o
o
e
a

0
d

a n a l y t i c a c h i m i c a a c t a 6 1 9 ( 2 0 0 8 ) 81–86

avai lab le at www.sc iencedi rec t .com

journa l homepage: www.e lsev ier .com/ locate /aca

elf-modeling curve resolution (SMCR) analysis of
ear-infrared (NIR) imaging data of pharmaceutical tablets

imie Awaa, Takehiro Okumuraa, Hideyuki Shinzawab,
akoto Otsukac, Yukihiro Ozakib,∗

Technology Research & Development Center, Dainippon Sumitomo Pharma Co., Ltd. Osaka 554-0022, Japan
Department of Chemistry and Research Center for Near Infrared Spectroscopy, School of Science and Technology,
wansei-Gakuin University, Sanda Hyogo 669-1337, Japan
Research Institute of Pharmaceutical Sciences, Faculty of Pharmacy, Musashino University, Tokyo 202-8585, Japan

r t i c l e i n f o

rticle history:

eceived 6 December 2007

eceived in revised form

4 February 2008

ccepted 14 February 2008

ublished on line 23 February 2008

eywords:

ear-infrared imaging

elf-modeling Curve Resolution

uality control

a b s t r a c t

The idea of quality by design (QbD) has been proposed in pharmaceutical field. QbD is a sys-

tematic approach to control the product performance based on the scientific understanding

of the product quality and its manufacturing process. In the present study, near-infrared

(NIR) imaging is utilized as a tool to achieve this concept. A practical use of a chemometrics

technique called self-modeling curve resolution (SMCR) is demonstrated with NIR imaging

analysis of pharmaceutical tablets containing two ingredients, a soluble active ingredi-

ent, pentoxifylline (PTX), and an insoluble excipient, palmitic acid. Concentration profiles

obtained by SMCR reveal that the homogenous distribution of chemical ingredients strongly

depends on the grinding time and that its process plays a central role in quantitative con-

trol, say sustained-release of PTX. In addition, pure component spectra by SMCR indicate a

sequential change of specific NIR peak intensities following the increase of the grinding time.
rocess understanding

ustained-release

The spectra change shows a molecular structure change related to its crystallinity during

grinding process. Accordingly, this study clearly demonstrates that NIR imaging combined

with SMCR can be a powerful tool to reveal chemical or physical mechanism induced by the

manufacturing process of pharmaceutical products and that it may be a solid solution for

QbD of pharmaceutical products.

it possible to reveal physical or chemical mechanism at the
. Introduction

or the delivery of reliable pharmaceutical products, one of
he important tasks is to establish the quality and its manu-
acturing process for desired product performance based on
ound science. As one of the approaches to this task, the idea
f quality by design (QbD) has been proposed [1]. The quality

f pharmaceutical products should be controlled based on sci-
ntific understanding of their quality attributes, formulation,
nd manufacturing process.
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Recently, infrared (IR), near-infrared (NIR), Raman and ter-
ahertz pulsed imaging technology have been utilized as a
process analytical technology (PAT) in various kinds of analysis
of pharmaceutical products, such as the ingredient distribu-
tion and polymorph ratio within tablets and coating thickness
[2–7]. These techniques based on vibration spectroscopy make
molecular level. The understanding of such mechanism can
be a key factor for the quality control of pharmaceutical prod-
ucts. That is, these spectroscopic imaging technologies can be

mailto:ozaki@kwansei.ac.jp
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a c t
82 a n a l y t i c a c h i m i c a

a solid solution for QbD. In this study NIR imaging is applied to
understand mechanism in the grinding process which is the
first operation of tablet manufacturing.

NIR imaging measures a series of NIR spectra for every pixel
which divides an object into several spatial parts. A unique
feature of NIR imaging technique is that it offers not only spa-
tial distribution of objects but structural information strongly
related to hydrogen bonding which is one of the key factors
for crystal structure. In spite of these advantages, NIR imag-
ing sometimes has a difficulty in its data analysis. Imaging
data having a high dimensional structure composed of two
spatial and one spectral dimensions are generally difficult to
be directly and intuitively interpreted. As a solution for this
problem, chemometrics methods have often been applied to
take the full advantage of the spectral and spatial information
contained in the imaging data. It enables one to extract the
essential information about the objects of interest in the data
by using statistical or mathematical techniques.

An example of these chemometrics techniques is principal
component analysis (PCA) [8–10]. Another example of popu-
lar chemometrics technique is a family of multivariate curve
resolution techniques called self-modeling curve resolution
(SMCR) [11–14]. SMCR techniques have widely been studied
since its first introduction by Lawton and Sylvester [15], and it
has also been successively introduced to multivariate imag-
ing analysis [14,16]. SMCR utilizes a certain mathematical
data decomposition procedure to deconvolve instrumentally
unresolved two-way signals generated from multi-component
mixtures into individual factors for single species [12,13]. The
only premises which SMCR requires are bilinear data structure
and some generic knowledge about the pure variables, such as
non-negativity, unimodality, closure of the concentration, or
spectral profiles. Compared with PCA, SMCR provides infor-
mation closely related to physical or chemical model of data.
Instead of scores and loadings mathematically constrained to
be orthogonal, SMCR deconvolutes original data into concen-
tration profiles matrix C and pure component spectra matrix S.
Concentration profiles and pure component spectra represent
physical or chemical distribution of main contributing sources
among samples and corresponding chemical compositions.
For example, in SMCR with multivariate imaging data, C can
be seen as the spatial distribution of each chemical species
and S corresponds to their true spectrum [14].

In this study, SMCR is used for NIR imaging data anal-
ysis of pharmaceutical tablets to specify physical nature or
mechanism of grinding process. Namely, a practical use of
SMCR is demonstrated with NIR imaging data of pharma-
ceutical tablets containing two ingredients, pentoxifylline
(PTX) and palmitic acid as active ingredient and insoluble
excipient, respectively. Concentration profile of the tablets
clearly reveals the distribution of the chemical ingredients
within tablets and they are strongly related to the grinding
time, that is to say, homogenous distribution of the com-
ponents is clearly proportional to the given grinding time.
It is also shown that these distributions apparently corre-
spond to the release rate of PTX from the tablets. Thus, it

is revealed that sustained-release of PTX strongly depends
on distribution of ingredient particles within the insoluble
waxy matrix. Consequently, these results clearly demonstrate
that NIR imaging can be a powerful and versatile tool for
a 6 1 9 ( 2 0 0 8 ) 81–86

the mechanism understanding in the manufacturing pro-
cess of pharmaceutical products and QbD of pharmaceutical
products becomes possible.

2. Theory

In this article, boldface capital letters are used for matrices,
boldface lowercase characters are used for vectors, and the
superscript T indicates the transpose of matrix.

2.1. SMCR

If we assume the spectra of a mixture with contributions from
A components, a general form of SMCR is described as:

X = CST + E (1)

where X is a data matrix of m spectra recorded at n different
wavenumbers. C is an m × A matrix of pure concentration pro-
files and S is a n × A matrix of pure spectral profiles described
as follows;

C =

⎡
⎢⎢⎢⎢⎣

c1

c2

...

cm

⎤
⎥⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎢⎣

c11 c12 · · · c1A

c21 c22 · · · c2A

...
...

...

cm1 cm2 · · · cmA

⎤
⎥⎥⎥⎥⎦ (2)

ST =

⎡
⎢⎢⎢⎢⎣

s1

s2

...

sA

⎤
⎥⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎢⎣

s11 s12 · · · s1n

s21 s22 · · · S2n

...
...

...

sA1 sA2 · · · sAn

⎤
⎥⎥⎥⎥⎦ (3)

Initial estimates can be obtained, for example, by either
EFA (evolving factor analysis) for C [17,18], or SIMPLISMA for S
[19,20]. The basic principle of SMCR is to seek a bilinear model
that gives the best fit, in the sense of least squares or weighted
least squares, to X. In other words, SMCR estimates pure vari-
ables, C and S, minimizing the error criterion of sum squared
residual (SSR):

SSR =
∥∥X − CST

∥∥ (4)

2.2. ALS

ALS (alternating least squares) is an algorithm to minimize the
SSR in Eq. (4) with two matrices C and S [21,22]. The algorithm
comprises a step of iteratively solving two alternating least-
squares problems, i.e., minimization of Eq. (4) over C for fixed
S, as well as the minimization of Eq. (4) over S for fixed C.
The solutions of these two minimization problems are given,
respectively, by Eqs. (5) and (6). As a result, the basic flow of

ALS algorithm is the repetition of the calculation of Eqs. (5)
and (6) until SSR reaches a minimum value;

C = XS(STS)
−1

(5)
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dients within a pharmaceutical tablet are often known in
many cases of process analysis, and their ‘true’ spectra can
be directly obtained from the measurement of unmixed sam-
ples in advance. If ingredients have no interaction or structural
Fig. 1 – Chemical structure of PTX.

= XTC(CTC)
−1

(6)

Although this iteration process finds mathematically valid
olutions, because of rotational ambiguities, the solutions
ust be constrained in order to find chemically reasonable

olutions [21].

.3. SMCR with imaging data

pectroscopic imaging system can measure spectra for each
ixel of objects. For example, if an object is divided into x × y
ixels and spectra are collected at n variables for each pixel,

maging data become three-dimensional cubic data structure,
ay (x × y × n) size matrix. In a practice of SMCR with three-
imensional data, spatial coordinate of the data are arranged
o be two dimensional data structure, such as ((x × y) × n)

atrix. SMCR is applied to this arranged X to obtain C and
. Consequently, C and ST becomes ((x × y) × A) and ((A × n)
atrices, respectively. Therefore the concentration of compo-

ents can be obtained by rearranging ((x × y) × A) matrix to be
x × y × A) size. Detailed description can be found in Ref. [14].

. Experiment

.1. Materials

TX and palmitic acid were purchased from Nakalai tesque,
nc. (Kyoto, Japan) and Kanto Chemical Co. Inc., (Tokyo, Japan),
espectively, and used without further purification. Chemi-
al structure of PTX is shown in Fig. 1. Total 10 g PTX and
0 g palmitic acid were ground by a ball mill, MONO MILL
-6 (Fritch Japan Co., Tokyo, Japan) containing 50 zirconia
alls with 10 mm diameter. The sample powder was ground
or 0, 0.5, 1, 2, 10 and 45 min with 250 rpm rotating speed.
inally, for each ground mixture, 200 mg of mixture powder
as compressed to form a tablet using a single punch tableting

quipped with flat-faced punches and a cylindrical die (8 mm
.d.) set at 1000 kg cm−2.

.2. NIR imaging

IR diffuse reflectance spectra of the tablet were col-

ected with a Spotlight 400 (PerkinElmer, MA, USA)
ver the 7800–4000 cm−1 region. NIR spectra were mea-
ured in 400 �m × 400 �m region with a spatial resolution
5 �m pixel−1.
6 1 9 ( 2 0 0 8 ) 81–86 83

3.3. Dissolution study

The release profiles of PTX from the wax matrix tablets were
investigated by Japanese Pharmacopoeia XV (JP XV) Method
2 (Paddle method), as reported previously [23]. Namely, each
PTX tablets were dipped into phosphate buffered saline of pH
6.8 in 1 h at 37 ◦C. The solution was sampled and the dissolving
amount was measured with observed intensity at 274 nm by
using UV2400 (Shimadzu Co., Kyoto, Japan).

3.4. X-ray powder diffraction (XRD) analysis

Structural changes related to their crystallinity were also con-
firmed with X-ray powder diffraction (XRD) of the samples.
XRD profiles of each tablet were recorded using an X-ray
diffractometer, RINT-ULTIMA III (Rigaku Co., Tokyo, Japan). The
operating conditions were as follows: radiation, Cu K�; power,
40 kV × 50 mA; automatic monochromator; divergence slit,
1.00 mm; scan mode, continuous mode; scan range, 2◦–40◦;
scan rate, 4◦ min−1, scan step. 0.02◦.

3.5. Data analysis

First, chemical rank of the whole system is evaluated by sin-
gular value decomposition. As shown in Fig. 2, chemically
meaningful rank can be estimated, in a mathematical sense,
as 2 for each tablet and, accordingly, it is noted that this
number of chemical rank 2 corresponds to that of chemical
ingredients, PTX and palmitic acid. Therefore, it can be seen
that the system concerning the grinding process is mainly
described with distribution of PTX and palmitic acid.

For each tablet, SMCR was applied to the NIR spectra over
the spectral region of 7600–4500 cm−1 and concentration pro-
files C and pure component spectra S were obtained. SMCR
requires an initial estimate for C or S. Several well-known
methods, EFA for C and SIMPLISMA or OPA for S [20], are
usually used for the initial estimate. However, chemical ingre-
Fig. 2 – Chemical rank estimate by singular value
decomposition.
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Table 1 – LOF for each tablet

min 0 0.5 1 2 10 45
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changes during the grinding process, measured spectra can be
simply described with linear combination of some coefficients
and their ‘true’ spectra obtained from the measurement of
unmixed samples in advance. In contrast, if some physical or
chemical changes are induced to the chemical ingredients by
stimuli during measurements or sample preparation process,
it can not be assumed that measured spectra are completely
descried just with their ‘true’ spectra of pure samples. For
example, if the decrease (or increase) of relative peak intensity
or peak shift concerning crystallinity occurs in the grinding
process, it is not adequate to identify pure component spec-
tra with the ‘true’ spectra obtained by unprocessed samples
because, in this case, the pure component spectra includes
the influence by the stimuli given in the grinding process.
In other words, the comparison between the ‘true’ spectra
of pure ingredients and corresponding pure component spec-
tra by SMCR may make it possible to heighten the structural
change at molecular level induced by the grinding process.
Therefore, NIR spectra of each individual ingredient were uti-
lized as the initial S. In SMCR, all spectra were normalized
and non-negativity constraint was imposed. All calculations
were performed by the in-house programs coded in MATLAB
(Version 7.01; The Math Works, USA).

4. Results and discussion

First, curve resolution performances for each tablet were esti-
mated by a fitting parameter, called lack of fit (LOF). LOF, used
as an indicator of curve resolution performance, is defined as

m∑ n∑√
(xij − x̂ij)

2

LOF =
i=1 j=1

x2
ij

× 100 (7)

where x̂ij is a reconstructed spectral intensity based on the
optimized C and S. It is noted that if the reconstructed spec-

Fig. 3 – Concentration profiles C of (A) PTX and (B) palm
LOF (%) 2.732 1.017 0.238 3.776 0.068 0.096

LOF: lack of fit.

trum approaches the original, LOF decreases. In other words,
LOF is a kind of degree to represent the closeness of the
obtained SMCR model to the observed chemical phenomena.
Table 1 summarizes LOF for each tablet. It is noted that LOF
ranges from 0.068 to 3.776%, resulting relatively small resolu-
tion errors.

Fig. 3(A) and (B) illustrate a series of concentration profiles
C of PTX and palmitic acid, respectively, for the tablets ground
for 0, 2 and 45 min. These concentration profiles of the tablets
ground for 0–45 min can be as an index to estimate the dis-
tribution of PTX and palmitic acid within them. As shown in
Fig. 3, the ingredients were well distributed with the increase
of grinding time. These SMCR results indicate that the grinding
time is an important factor for the homogenous distribution
of ingredients within the tablets.

The relationship between the ingredient distribution and
the dissolution property can also be discussed for the present
study. Fig. 4 shows the standard deviation of concentration
profiles of PTX. Standard deviation of concentration profiles is
given as:

� =

√√√√ 1
m − 1

m∑
i=1

(Ci − C̄)
2

(8)
where, C is a concentration profiles for a specific chemical
component (e.g. palmitic acid or PTX) and m corresponds to
the number of spectra. Standard deviation of concentration
profiles can be viewed as a quantitative index representing the

itic acid for each tablet ground for 0, 2 and 45 min.
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Fig. 6 – Pure component spectra S and pure spectrum of
ig. 4 – A plot of grinding time versus standard deviation of
oncentration profiles C of PTX.

istribution of chemical ingredients. For example, if a chem-
cal ingredient distributes homogenously within a tablet, its
tandard deviation approaches to zero. The standard deviation
bviously decreases with the increase of grinding time, and it

s indicated that PTX can be uniformly distributed within the
ablets when enough grinding time is given. Fig. 5 shows the
elationship between the release rate of PTX and the grind-
ng time. The release rate of PTX decreases with the increase
f grinding time. It is noted that the decrease of release
ate clearly corresponds to the decrease of standard devia-
ion of concentration profiles shown in Fig. 4. Accordingly,
hese results suggest that the distribution of PTX particles
ithin the insoluble waxy matrix is one of the key factors
f sustained-release of PTX. In the design of pharmaceuti-
al drugs, several physical parameters such as release rate
f components are important indices to control the effect
f pharmaceutical drugs inside bodies. Therefore, it is note-
orthy that the estimate of release rate by NIR imaging may
ecome possible since release rate is clearly related to stan-
ard deviation.

Fig. 6 represents optimized S for PTX over the spectral
egion of 7600–4500 cm−1. Black line represents the pure spec-
rum of PTX and blue and red lines indicate the pure spectra
f samples ground for 0.5 and 45 min, respectively. It is inter-
sting to point out that there are some differences between
he initial and optimized S in Fig. 6. If there were no structural
hange in the mixtures and no interaction among the ingredi-
nts, the NIR spectra of the mixtures could be described simply
s a linear combination of the pure spectra of individual chem-

cal ingredients. Note that, in this case, each optimized S
ould become equal to each initial S obtained directly from

he measurement of unmixed samples in advance. On the
ther hand, if there is a true chemical or physical change in the

ig. 5 – Relationship between percent released and
rinding time for each tablet.
PTX.

ingredients upon grinding, the optimized S may be altered and
show some difference compared to its original pure compo-
nent spectrum. Accordingly, the difference between the initial
and optimized S can be seen as useful information, which is
not described just by the spectra of pure ingredients. Moreover,
the comparison of S from each tablets indicates a sequen-
tial change of S caused by the physical stimuli concerning the
grinding process. The difference between the initial and opti-
mized S in our case is most probably due to that chemical
interaction caused by grinding process. The spectral differ-
ence between initial and optimized S or among S, for example,
indicates their structural change related to polymorphs or
amorphous properties during the grinding process. In Fig. 6,
peaks in the region of 6300–5500 cm−1 clearly decrease with
the increase of grinding time. These peaks are assigned to
the overtone and combination modes of CH groups of PTX.
For example, a peak at 5830 cm−1 is due to the first overtone
of antisymmetric stretching mode of CH2 group. Note that
these peak intensities clearly decrease in conjunction with the
increase of the grinding time. This kind of use of SMCR analy-
sis of the sequentially perturbed system can be a useful tool to
reveal the detailed effect of the stimuli which causes stepwise
or continuous change in C and S.

On the other hand, XRD profiles indicated the decrease of
crystallinity of PTX. As shown in Fig. 7, the intensity of PTX
peaks at 7.5◦, 13.6◦, and 15.2◦ (2�) decreased with the grind-
ing time. This result supports the observation obtained with
the initial and optimized S by SMCR. Namely it clearly cor-
responds to the crystal structure change of PTX related to
CH group, say probably hydrogen bonding. Decreases in crys-
tallinity of ingredients generally induce the enhancements in
their solubility. On the contrary in this study, however, the
solubility ratio of PTX was restrained though its crystallinity
decreased. It suggests, decrease in the solubility ratio may be
related to the distribution of the ingredient. For example, if

PTX molecules are covered with hydrophobic palmitic acid,
it can prevent the contact with the solution. On the other
hand, the result reveals the presence of a specific change of
PTX crystalline structure. Thus, its crystallinity decrease may
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Fig. 7 – XRD profiles of mixtures of PTX and palmitic acid

r

ground for (A) 0, (B) 2, (C) 10 and (D) 45 min.

also be another key factor of sustained-release of PTX. Conse-
quently, it indicates the possibility and utility that NIR imaging
combined with SMCR enables one to reveal the change of
crystallinity or crystal structure of ingredients without using
XRD.

5. Conclusion

The NIR imaging analysis of pharmaceutical tablets contain-
ing PTX and palmitic acid was demonstrated in this study. A
chemometrics technique called SMCR was applied to the NIR
imaging data of the tablets to extract qualitative and quanti-
tative information. Concentration profiles obtained by SMCR
revealed that PTX was well distributed in the waxy matrix
of tablet with the increase of grinding time. On the other
hand, pure component spectra by SMCR apparently indicate
a sequential change of crystal structure of PTX induced by
the grinding process. Thus, these results imply that follow-
ing two factors are strongly related to sustained-release of
PTX; the distribution of PTX particles within the insoluble
waxy matrix and the crystal structure change of PTX which
may be based on intermolecular hydrogen bonding induced
by the manufacturing process. Consequently, this study has
demonstrated that it is possible to reveal both distribution
uniformity and molecular structure change of the ingredients
by NIR imaging combined with SMCR analysis. It can be a

powerful and versatile tool for the mechanism understand-
ing in the manufacturing process of pharmaceutical products.
This tool would surely prompt QbD of pharmaceutical prod-
ucts.
a 6 1 9 ( 2 0 0 8 ) 81–86
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