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a b s t r a c t

The objectives of this study were to assess the utility of near infrared (NIR) spectroscopy for simultane-
ous in-line quantification of the contents of drug and excipients in tablets and to monitor the tabletting
process in real time. Direct compression tablet formulations comprising micronized chlorpheniramine
maleate, lactose, microcrystalline cellulose and magnesium stearate were used. A custom built NIR setup
was used for in-line spectral acquisition (980–1900 nm with 1 nm resolution) during the tabletting pro-
cess. Calibration models using dynamic spectral acquisition were prepared and validated using design of
experiment approach. During tabletting, stratified sampling of tablets was also carried out to compare
tratified sampling
n-line sampling
abletting
ontent uniformity
ontinuous quality monitoring

the NIR prediction results and subsequent UV analysis results for drug content. The results obtained with
calibration and validation statistics confirmed the accuracy of models used to predict contents of tablet
components. Stratified sampling results for drug content did not exhibit any significant statistical varia-
tion. However, in-line quantification enabled the content analysis of individual tablets in the production
batch and detection of content uniformity problems towards the end of the tabletting process. Further-

ranc
cess.
more, it provided the assu
during the tabletting pro

. Introduction

A majority of the medicaments dispensed to patients are tablet
osage forms as tablets offer many distinct advantages over other
osage forms including better drug stability, greater convenience
f use and lower unit cost to manufacture. Essentially, tablets are
ulti-component formulations (composite matrix of drug(s) and

everal excipients) wherein uniform distribution of each compo-
ent is critical for the desirable performance of each unit. Produc-
ion batch failures, with considerable economic costs and even mar-
eted product recalls had been the result of excessive inter-tablet
ose variations. It was the well-published court decision against
arr laboratories (Berman et al., 1997) that paved the way for the

ntroduction of stringent quality control requirements by the reg-
latory bodies to safeguard the public against active component
ariations in the final dosage. Henceforth, demonstration of content
niformity of the final powder blend as well as the finished dosage
orm has become a critical and mandatory validation process in

olid dosage form manufacturing. However, the introduction of
andatory measures later proved to be somewhat inadequate due

o certain limitations. Firstly, analysis of only 10–30 tablets from a
roduction batch of 2–3 million tablets raises serious concerns of
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e of in-process content uniformity monitoring of the individual excipients
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having a representative sample for the whole batch. Secondly, the
content uniformity assessments are generally based only on the dis-
tribution of the drug, neglecting other components (excipients) in
the powder blends or tablets. Thirdly, analysis by high-performance
liquid chromatography (HPLC) or ultraviolet (UV) spectroscopy is
usually insensitive to the excipients; furthermore, additional anal-
yses incur extra cost and are rarely supported by manufacturers.
There is growing interest to examine alternative analytical tech-
niques capable of analyzing drugs and excipients, and perhaps even
for each and every unit dose. This development is also in line with
the United States Food and Drug Administration (FDA) Process Ana-
lytical Technology (PAT) initiative and guidelines (FDA, 2004). PAT
is aimed at promoting the integration of many multivariate data
acquisition and analytical tools in pharmaceutical unit operations
for monitoring and better understanding of critical process param-
eters and implementation of timely corrective action. With recent
instrumentation and computing developments, the use of near
infrared (NIR) spectroscopy has become a viable chemical analyti-
cal alternative as it does not require additional sample preparation
and can be used for high speed real time analyses. There have been
considerable literature reports on successful pharmaceutical appli-

cations of NIR spectroscopy for at-/on-/in-line analyses (Gottfries
et al., 1996; Romanach and Santos, 2003; Sallam and Orr, 1985;
Scheiwe et al., 1999; Thosar et al., 2001; Liew et al., 2010). Excel-
lent reviews have also been published (Blanco and Villarroya, 2002;
Luypaert et al., 2007; Roggo et al., 2007; Reich, 2005).

dx.doi.org/10.1016/j.ijpharm.2010.06.011
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:phalcv@nus.edu.sg
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Table 1
Experimental design for generation of calibration samples.

Components Lower bound (%,
w/w)

Upper bound (%,
w/w)

Levels (%, w/w)

�CPM 0 10 0, 2, 4, 6, 8, 10
Lactose 70 80 70, 72, 74, 76, 78, 80
MCC 20 30 20, 22, 24, 26, 28, 30
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MgSta 0 1. 50 0.50, 0.75, 1.00, 1.25, 1.50

a MgSt was treated as a process variable owing to its lower concentrations in
ablets while generating the mixture design.

NIR spectroscopy is being extensively used in the pharmaceuti-
al industry to determine drug content uniformity of tablets (Blanco
t al., 2002; Blanco and Alcalã¡, 2006). However, in-/on-line quan-
ification studies of drug in tablet dosage forms using NIR are
elatively limited (Colon et al., 2005). There had been relatively
ess emphasis on quantification and tracking distribution of drug
nd excipients simultaneously in real time. Cournoyer et al. (2008)
haracterized tablets for multiple components but the analysis was
arried out on a limited number of tablets and by a static measure-
ent mode.
The aim of this study was to investigate the applicability of in-

ine NIR sensor for quantifying the contents of drug and excipients
imultaneously in tablets and to monitor the tabletting process
n real time. The NIR spectra were obtained in the reflectance

ode since this mode was reported to give results with enhanced
ccuracy because of the reduced sampling errors associated with
oving tablets (Cogdill et al., 2005). Another growing concern for
IR non-destructive technique implementation is the likelihood of
btaining prediction results with errors almost equivalent to the
raditional HPLC or UV methods. An attempt was made in this
tudy to address this concern by developing calibration models
hich included maximum possible variability encountered during

he actual tabletting unit operation and validating these mod-
ls according to International Conference on Harmonization (ICH)
uidelines. Finally, in-line content uniformity analysis of drug and
xcipients was carried out to test the real time application of the
roposed technique.

. Materials and methods

.1. Materials

Chlorpheniramine maleate was obtained from Merck (Singa-
ore), Pharmatose 100 M (lactose) from DMV (The Netherlands),
vicel PH102 microcrystalline cellulose (MCC) from FMC Biopoly-
er (USA) and magnesium stearate (MgSt) from Sigma–Aldrich

Germany). Chlorpheniramine maleate was milled in a jet mill
Hosakawa, AFG 100, Germany) at a pressure of 0.4 MPa and

classifying speed of 18,000 rpm to produce micronized chlor-
heniramine (�CPM) particles with mean diameter of 3 �m.
he materials were equilibrated prior to experimentation by
toring for at least 48 h at 25 ◦C and 50% relative humid-
ty.

.2. Methods

.2.1. Calibration tablet manufacturing
A simplex lattice design was used to generate 105 calibration

amples (Table 1). Calibration samples in a batch size of 100 g were
repared by mixing the respective components using a high shear

ixer (Microgral, Collette NV, Belgium) followed by tumbling in a

50 mL glass bottle for 30 min. These mixing conditions were pre-
iously optimized for uniform distribution of blend components.
t least 10 calibration tablets (weighing 500 mg) were compressed
er 105 calibration samples using a hydraulic press (Universal Test-
f Pharmaceutics 396 (2010) 63–74

ing Machine-Autograph AGE-100KN, Shimadzu, Japan) with 10 mm
flat faced punches.

2.2.2. Production batch tablet manufacturing
A 5 kg powder batch comprising 4% (w/w) �CPM, 72% (w/w)

lactose, 23% (w/w) MCC and 1% (w/w) MgSt was mixed in an
intermediate bulk container (IBC) bin blender (SP15, GEA Pharma
Systems, UK) with the prism attachment for 30 min. �CPM and
lactose were premixed in 10 L high shear mixer (UltimaTM Pro 10,
Collette NV, Belgium) at an impeller speed 200 rpm for 3 min before
proceeding to mix with MCC and MgSt in the IBC. The mixed blend
was then emptied into a 10 L hopper for tablet compression in a 10
station rotary tabletting machine (Rimek, India) using 10 mm flat
faced punches. The machine was operated at a speed of 10 rpm. The
average tablet weight was 530 mg.

2.2.3. Calibration and production (in-line) NIR spectral
acquisition

NIR spectral sensor (MCS 611 NIR 2.2, Carl Zeiss, Germany)
and NIR diffuse reflectance measurement probe (QR600-7, Ocean
Optics, USA) with a 3.18 mm diameter spot size were used to obtain
the NIR spectra of the calibration and production batch tablets. The
setup used allowed spectral acquisition of 980–1900 nm with 1 nm
resolution.

The setup used for spectral acquisition of tablets is shown in
Fig. 1. The fibre optic probe was positioned inside the metallic
holder and mounted on the tabletting machine just adjacent to the
tablet ejection area. A clearance of 0.5 mm between the tablet and
probe was always maintained to avoid errors associated with the
sampling distance.

For calibration tablets, the punches and dies were removed and
dies were replaced with the blank discs. The tablets were lined up
near the tablet ejection area and the turret was rotated at 10 rpm.
The NIR sensor was triggered while the tablets were passing under-
neath the measuring head of the probe. Reflection spectra were
acquired through the fibre optic probe and processed on a com-
puter using the Aspect Plus (version 1.76, Carl Zeiss, Germany) and
Process Explorer (version 1.1.0.6, Carl Zeiss, Germany) softwares.
For in-line spectral acquisition during tabletting, a similar proce-
dure was used with the punches and dies fixed. In order to exclude
non-sample data (when NIR sensor was not triggered on the tablet
surface), a trend qualification rule was set in the Process Explorer
method setup which removed the non-representative spectra from
the data stream.

2.2.4. Calibration model development
Unscrambler 9.8 (version 9.8, Camo Inc., India) was used off-

line to build the calibration models. The raw calibration spectra
were preprocessed using standard normal variate (SNV) followed
by derivative preprocessing. All first and second derivative spectra
were computed employing 9 smoothing points and 2nd polyno-
mial order. Partial least square (PLS1) regression technique was
used to build the calibration models except for the signature wave-
lengths models for which multi-linear regression (MLR) technique
was used. The reference values used for calibration samples were
calculated gravimetrically from the actual weights of the calibra-
tion mixtures (% ingredient A = 100 × weight of ingredient A/total
weight of tablet).

Several sets of calibration models were developed using dif-
ferent spectral regions (980–1400, 1400–1900 and 980–1900 nm)
and signature wavelengths for each components (�CPM—1124,

lactose—1538, MCC—1489, MgSt—1408 nm) to find the best cal-
ibration model. Additional models were also built using the
significant wavelengths obtained after Martens’ jack-knife signifi-
cance test (Westad et al., 1999; Esbensen, 2004; Marten and Naes,
1989) was performed on whole wavelength spectral data. In this
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Fig. 1. Experimental setup for the in-line quantification of drug and excip

est, under cross validation, a number of sub-models were cre-
ted which were based on all the calibration samples that were
ot kept out in the cross validation segment. For every sub-model,
egression coefficients were calculated. For each wavelength, the
ifference between the regression coefficient in a sub-model and
he regression coefficient for the total model (model based on all
he samples) was calculated. The sum of the squares of the differ-
nces in all sub-models was calculated to obtain an expression of
he variance of the estimate of regression coefficient in a sub-model
or a wavelength. A t-test was then applied to determine the sig-
ificance of the estimate of regression coefficient in a sub-model.
esultant regression coefficients with uncertainty limits that corre-
ponded to 2 standard deviations and/or those which did not cross
he zero line were considered as significant variables. More detailed
escription of this test could be found in the reference (Esbensen,
005).

.2.5. Validation of calibration models
Leave one out full cross validation was carried out for all the

alibration models. Additionally, external test set validation and
alidation according to ICH guidelines were carried out for the
elected optimal models. For external test validation, at least 10
ablets (weighing 500 mg) per 34 independent validation tablets
alling within the range of calibration tablets were prepared using
he hydraulic press and scanned using a procedure similar to that
sed for generating the calibration tablets. The spectra obtained
rom 10 tablets per validation tablet were averaged and used for
urther processing. Respective test set validation models for each
omponent were then constructed and tested based on the figures
f merits.

The validated calibration models for each component were then
ploaded into the Process Explorer using the Online Unscrambler
redictor (OLUP) software for in-line quantification of components.
LUP packaged calibration models into a dynamic link library (DLL,
2 bit only) protocol. Through these protocols, Process Explorer
as interfaced with the OLUP for in-line quantification of each

omponent.
.2.6. Content uniformity of production tablets obtained using
tratified sampling

During production batch tabletting, tablets were collected
mmediately after in-line spectral acquisition into three separate
ontainers. The containers were changed at every 30 min interval.
during tabletting. (A) Rotary tablet press with NIR probe and (B) Hopper.

At the end of the tablet production process, 30 tablets from each
container were randomly withdrawn and weighed before perform-
ing further analysis. These tablets were then scanned in a dynamic
manner using the same procedure as that for the calibration tablets.
A laboratory validated UV spectroscopic method was used to deter-
mine the drug content uniformity of each batch of tablets. Each
individual tablet was weighed in a volumetric flask and diluted to
200 ml with distilled water. The flask was then shaken and ultra-
sonicated for 10 min to ensure complete disintegration of the tablet.
Approximately 20 mL aliquot per sample was subjected to cen-
trifugation at 2000 rpm for 5 min and the resultant supernatant
solution was analyzed for the concentration of �CPM using a UV
spectrophotometer (UV-3101 PC, Shimadzu, Japan) at 262 nm.

3. Results and discussion

3.1. Effective surface area sampled by NIR probe

Effective tablet surface area sampled by NIR probe was deter-
mined based on the distance travelled by the moving tablet under
the illuminated spot of 3.18 mm diameter of the NIR probe. Con-
sidering the experimental conditions used, it was estimated that
the 3.18 mm spot would traverse a distance of 1.66 mm during its
scanning across the tablet surface. Thus, the effective surface area,
i.e. area sampled by NIR probe, was 13.221 mm2. There was an
added advantage of employing dynamic sampling (moving tablets)
as it actually enabled the scanning of a larger tablet surface than
a stationary illuminated spot measurement of 3.18 mm diameter.
Furthermore, with the usage of this dimension, it was possible
to determine the occurrence of non-uniform distribution result-
ing from the agglomeration of very fine �CPM particles (3 �m)
which would not have been feasible with analysis of the whole
area of the tablet surface. In a recent investigation, Li et al. (2003)
demonstrated that spectral analysis of a small part of the tablet is an
acceptable replacement for whole tablet analysis using traditional
HPLC/UV.

3.2. Effect of sampling strategies on NIR spectra
Preliminary experiments were carried out to examine the effect
of sampling strategies on the NIR spectral features of the tablets.
Target formulation tablets compressed using rotary press were
subjected to NIR spectral acquisition using static and dynamic
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ig. 2. Spectral differences observed for the same tablet with dynamic and static
ampling strategies. (A) SNV followed by 1st derivative spectra and (B) SNV followed
y 2nd derivative spectra. In these plots, X and Y axes represent the wavelength (nm)
nd absorbance, respectively.

trategies. The obtained spectra were pretreated with SNV fol-
owed by 1st derivative, and SNV followed by 2nd derivative
reprocessing. Careful examination of the spectra (Fig. 2) obtained

sing different strategies showed the exhibition of distinct spec-
ral differences. The observed spectral differences illustrated the
mportance of adopting appropriate and similar sampling strate-
ies for both calibration and actual testing, i.e. real time tabletting
rocess. Hence, it was decided to capture the NIR spectra of the cal-

ig. 3. SNV followed by 1st derivative preprocessed NIR reflectance spectra of tablet com
bsorbance, respectively.
f Pharmaceutics 396 (2010) 63–74

ibration tablets in a dynamic mode so as to simulate the movement
of tablets during real time tabletting process.

3.3. Calibration model development

In NIR spectroscopy, spectral preprocessing and spectral regions
to be used for building the calibration models are of crucial
importance. Spectral preprocessing is usually performed to remove
unwanted scattering features incorporated in NIR spectra which
are often due to the differences in sizes of the constituent particles
and other interfering factors which do not provide any information
about the chemical concentration of the analyte of interest (Blanco
et al., 1997; Olinger and Griffiths, 1993a,b). On the other hand, it
is a general principle that a parsimonious model, i.e. a model with
fewer components and variables than the full components or vari-
ables, will result in a model with optimal calibration statistics since
the number of model parameters is sparse. However, it could be
advantageous in some cases to keep some of the wavelengths (X)
with even the slightest correlation (with respect to the component
(Y)) to span the multi-dimensional space especially when the sam-
ple is moving, or varies rapidly with time (Honigs, 1992; Beebe et
al., 1998; Esbensen, 2005). As can be seen from Fig. 3, all the tablet
components exhibited regions of meaningful correlations through-
out the range but almost all the regions were overlapping. Thus,
different strategies were used to determine the appropriate spec-
tral preprocessing and spectral regions for obtaining the optimal
calibration models. Performances of the models were compared on
the basis of figures of merits as shown in Tables 2 and 3.

All the models built using respective signature wavelengths for
each of the blend components showed inferior performance in
terms of figures of merits, irrespective of the spectral preprocess-
ing technique employed. This is quite interesting as most previous
studies based on static spectral acquisition reported improved per-
formances of models after restricting the wavelengths to where the
specific regions were. In static acquisition, occurrence of spectral
shifts is unlikely as the calibration sample/tablet surface is always
stationary under the probe during measurement as compared to
dynamic acquisition where the calibration sample is subjected to

continuous movement during measurement. Hence, inferior per-
formances of models built using signature wavelengths could be
attributed to the spectral shift.

In the case of PLS1 models built using different wavelength
ranges, the performances of calibration models were found to be

ponents in powder form. In this plot, X and Y axes represent the wavelength and
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Table 2
Summary of the figures of merits obtained for calibration models based on SNV followed by 1st derivative pretreated spectra.

Components No. of PC Explained variance (%) Calibration

X Y R2 RMSEC (%) RMSECV (%)

Spectral region 980–1900 nm
�CPM 4 90.00 94.92 0.961 0.572 0.603
Lactose 6 90.27 90.66 0.942 0.696 0.797
MCC 6 91.12 88.22 0.927 0.797 0.904
MgSt 4 91.08 94.12 0.947 0.080 0.084

Martens’ jack-knifing
�CPM 4 90.62 94.90 0.952 0.585 0.604
Lactose 6 91.25 90.06 0.914 0.847 0.909
MCC 6 91.15 87.50 0.915 0.863 0.958
MgSt 4 90.61 84.02 0.845 0.137 0.139

Spectral region 980–1400 nm
�CPM 9 90.15 90.94 0.937 0.669 0.676
Lactose 5 90.00 75.32 0.831 1.211 1.322
MCC 5 93.75 71.63 0.853 1.138 1.289
MgSt 5 90.96 84.22 0.868 0.126 0.131

Spectral region 1400–1900 nm
�CPM 5 90.01 92.75 0.934 0.675 0.711
Lactose 6 90.74 84.01 0.864 1.064 1.157
MCC 5 90.59 79.64 0.880 1.036 1.188
MgSt 5 91.85 91.92 0.939 0.085 0.089

Signature wavelengths (MLR)
�CPM – – – 0.871 0.919 0.923
Lactose – – – 0.615 1.629 1.636
MCC – – – 0.740 1.538 1.551
MgSt – – – 0.867 0.128 0.129

P squar
l mode
t

b
e
t
e
M

T
S

C represents principal components, R2: correlation coefficient, RMSEC: root mean
eave one out full cross validation. Martens’ jack-knifing indicates the PLS1 calibration
est.

etter when SNV followed by 1st derivative spectra was used. Y

xplained variances for all the models reduced, particularly when
hey were built using SNV followed by 2nd derivative spectra. How-
ver, models built using significant wavelengths obtained after
artens’ jack-knife significance test resulted in somewhat similar

able 3
ummary of the figures of merits obtained for calibration models based on SNV followed

Components No. of PC Explained variance (%)

X Y

Spectral region 980–1900 nm
�CPM 6 69.85 89.53
Lactose 8 69.71 85.74
MCC 8 68.95 76.84
MgSt 6 68.97 91.77

Martens’ jack-knifing
�CPM 4 62.65 91.86
Lactose 8 68.37 79.99
MCC 7 70.77 78.16
MgSt 5 71.53 91.50

Spectral region 980–1400 nm
�CPM 5 72.90 93.18
Lactose 7 74.01 82.73
MCC 7 71.83 79.73
MgSt 7 75.33 84.61

Spectral region 1400–1900 nm
�CPM 5 68.24 88.84
Lactose 8 68.85 82.91
MCC 7 67.18 82.62
MgSt 6 68.90 91.42

Signature wavelengths (MLR)
�CPM – – –
Lactose – – –
MCC – – –
MgSt – – –
e error of calibration; RMSECV: root mean square error of prediction obtained with
ls built using significant wavelengths suggested by Martens’ jack-knife significance

performances compared to those built using full wavelength range.

The largest RMSEC (root mean square error of calibration) and
RMSECV (root mean square error of prediction obtained with leave
one out full cross validation) were observed for the low wavelength
region (980–1400 nm). Moreover, X and Y explained variances

by 2nd derivative pretreated spectra.

Calibration

R2 RMSEC (%) RMSECV (%)

0.916 0.867 0.969
0.911 0.845 1.074
0.829 1.179 1.374
0.930 0.090 0.098

0.924 0.817 0.847
0.843 1.146 1.292
0.821 1.205 1.335
0.922 0.096 0.099

0.937 0.720 0.750
0.856 1.130 1.239
0.836 1.191 1.326
0.864 0.127 0.135

0.900 0.877 0.928
0.874 1.006 1.176
0.868 1.055 1.211
0.927 0.093 0.101

0.827 1.275 1.283
0.808 1.334 1.342
0.798 1.352 1.360
0.734 0.158 0.159
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ig. 4. NIR reflectance spectra of calibration batch tablets. (A) Raw and (B) SNV follo
nd absorbance, respectively.

ith models developed using narrow ranges (both 980–1400 and
400–1900 nm) were inferior compared to those using entire
avelength range. Fig. 4A and B shows the raw and SNV followed

y 1st derivative preprocessed spectra of calibration tablets for the
ntire spectral range of 980–1900 nm. Fig. 4B depicts the correction
f both shift and curvature of the baseline obtained after processing
he spectra with SNV followed by first derivative.

The improved performance with the entire wavelength range
odels could be attributed to the incorporation of multivariate data

veraging effect where regions/wavelengths even with the slight-
st correlation were also utilized for model development (Beebe et
l., 1998). Previous studies have shown the improved performance
f calibration models after narrowing down the wavelength range
El-Hagrasy and Drennen, 2006). However, for the present study,
n opposite trend was observed, possibly due to the wider spread
f the high correlation regions/wavelengths of the analytes (tablet
omponents). These results concur with the findings reported by
eza et al. (2006) where they attributed the improved performance
f the calibration model to the inclusion of many wavelengths with
lightest correlation while building the calibration models. Based
n this finding, the calibration model for each component included
he entire spectral range, i.e. 980–1900 nm, pretreated with SNV
ollowed by 1st derivative spectral preprocessing.
y 1st derivative preprocessed. In these plots, X and Y axes represent the wavelength

Among the models involving the entire spectral range, the �CPM
and MgSt models showed excellent results in terms of explained
variances and residual errors at the calibration and validation
stages. This could be attributed to the action of dry powder coating
of the coarse excipients by the numerically larger, fine �CPM and
MgSt particles during mixing of the blend components. Thus, the
measuring head encountered the �CPM and MgSt boundaries at a
much higher frequency than those of the coarser lactose and MCC.

3.4. Validation according to ICH guidelines

As the calibration models were developed based on dynamic
spectral data, it was imperative to test the adequacy and applica-
bility of the model for process analysis. The proposed NIR method
was validated in accordance with the ICH guidelines for accuracy,
repeatability, intermediate precision and linearity (ICH, 2005).

3.4.1. Linearity

The linearity of an analytical method can be defined as its ability,

within a given range, to predict the concentration of test (unknown)
samples which are directly proportional to the concentration of
analyte in the (known) samples. Linearity was confirmed on the
basis of the R2 values of regression lines obtained from the plots of
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Table 4
Validation results obtained with the leave one out full cross validation and test set validation.

Statistics �CPM Lactose MCC MgSt

FCV TSV FCV TSV FCV TSV FCV TSV

Samples 105 34 105 34 105 34 105 34
Slope 0.949 0.871 0.927 0.890 0.904 0.922 0.939 0.794
Offset 0.144 0.247 5.292 8.188 2.230 2.181 0.059 0.205
Correlation 0.974 0.970 0.961 0.944 0.951 0.949 0.970 0.975
R2 0.949 0.944 0.924 0.887 0.906 0.903 0.941 0.926
RMSECV(%) 0.603 – 0.797 – 0.904 – 0.084 –
RMSE (%) – 0.869 – 0.844 – 0.800 – 0.097

F SE: ro
o

N
a
l
fi
m

3

R
v
t
R
a
c
w
t

F
t
a

Bias −0.001 −2.891 −0.001
SD of residuals (%) – 0.453 –

CV: leave one out full cross validation statistics, TSV: test set validation statistics, RM
f residuals after test set validation.

IR model predicted values and reference values at the calibration
nd test set validation stages. All the models were found to exhibit
inearity within the span of calibration and validation range as con-
rmed from the R2 values (Table 4). Fig. 5 depicts the predicted vs.
easured plot for each tablet component.

.4.2. Accuracy
Accuracy of the models developed was estimated based on

MSECV and bias values obtained from the leave one out full cross
alidation and on RMSE (root mean square error of prediction with
est set) and bias values obtained from the test set validation.

esults obtained for RMSECV, RMSE and bias values confirmed the
ccuracy of the models for predicting the concentration of tablet
omponents. A further estimate of accuracy for each component
as given by the standard deviation of the residuals obtained after

he test set validation (Table 4).

ig. 5. PLS regression models for (A) �CPM, (B) lactose, (C) MCC and (D) MgSt. Points in
hose in red colour are test set validation samples (n = 34). (For interpretation of the refer
rticle.)
0.214 −0.001 0.458 0.000 0.013
0.902 – 0.785 – 0.081

ot mean square error of prediction with test set, SD of residuals: standard deviation

3.4.3. Repeatability
Repeatability, an indicator of precision under the same condi-

tions over a short interval of time, was assessed according to the
ICH specifications which require: (a) a minimum of 6 readings of
a single sample at 100% target concentration, and (b) a minimum
of 3 samples, one at each of the 3 levels of concentration. Tablets
with �CPM concentration at 3 levels were used. Each tablet was
scanned and 10 spectra were obtained per tablet and the concentra-
tion of each component was predicted using respective calibration
models. % RSD (relative standard deviation) values of lower than
2 were obtained for all the tablet components (Table 5) indicating
that there was adequate exhibition of repeatability of predictions

by the models applied.

3.4.4. Intermediate precision
Intermediate precision, an indicator of precision under the influ-

ence of random events during the analysis, was determined by

blue colour in the regression plots indicate the calibration samples (n = 105) and
ences to color in this figure legend, the reader is referred to the web version of the
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Table 5
Results of repeatability and intermediate precision.

Statistics Tablet 1 Tablet 2 Tablet 3

�CPM Lactose MCC MgSt �CPM Lactose MCC MgSt �CPM Lactose MCC MgSt

Repeatability
Mean (%, w/w) 2.55 70.73 27.45 1.11 4.40 69.86 28.19 1.10 6.13 69.24 31.98 0.96
% RSD 0.96 0.30 0.91 1.39 0.59 0.33 0.68 1.19 0.63 0.24 0.77 1.96

Intermediate precision
Inter-day
p value 0.37 0.60 0.49 0.93 0.70 0.37 0.85 0.51 0.83 0.64 0.44 0.81
F experiment 1.70 0.67 0.15 0.08 0.44 1.68 0.18 0.95 0.21 0.58 1.28 0.24
F critical 19.00 19.00 19.00 19.00 19.00 19.00 19.00 19.00 19.00 19.00 19.00 19.00
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Inter-analyst
p value 0.37 0.60 0.49 0.29 0.37
F experiment 4.12 2.57 0.70 2.04 1.32
F critical 18.51 18.51 18.51 18.51 18.51

nalyzing tablets for �CPM concentration at 3 levels on two dif-
erent days and by two analysts, each carrying out the analysis on
different day. Results of the intermediate precision studies are as

hown in Table 5. Two-factor analysis of variance (ANOVA) was per-
ormed on the data and it did not show any statistically significant
ifferences between analysts and days for tablet testing.

.5. Application of developed models for real time tabletting
rocess analysis

.5.1. System performance for real time application
Results obtained from the initial calibration and validation stud-

es confirmed the accuracy of the developed NIR models to predict
he concentration of the tablet components. However, the next
bjective was to apply the developed models for their application
n real time monitoring during the tabletting process. Consider-
ng the differences between the tablets prepared at the calibration
tage by a hydraulic press and production stage by a rotary press,
he occurrence of spectral artefacts was anticipated. These artefacts
ould be detrimental to cross correlation studies and may lead to
rroneous predictions. Hence, it was imperative to standardize the
easured spectra in order to minimize the incorporation of process

orne effects during predictions. A possible treatment to minimize
uch differences was to standardize the spectral acquisition times
uring the calibration and production stages and to pretreat the
pectra with suitable preprocessing techniques which had been
hown to be able to minimize such effects. A fixed integration
ime of 100 ms for spectral acquisition and different pretreatments
ere adopted at the calibration and production stages of analyses.
atches of tablets with �CPM concentration at 6 levels (0%, w/w;
%, w/w; 4%, w/w; 6%, w/w; 8%, w/w and 10%, w/w) were pre-
ared independently using the hydraulic press and rotary press.
fter compression using the hydraulic press, the NIR spectra of

ablets were obtained according to the procedure described for cal-
bration tablets. Rotary press tablets were scanned in-line during
abletting. Efficiency of the conditions was tested by analyzing the
pectra using principal component analysis (PCA) and by compar-
ng predictions of content of individual formulation components
sing the respective models (Fig. 6). For PCA, the spectra were
ormalised using 1/standard deviation scaling so as to bring the
core to equal scales. Among the different pretreatments used,
NV followed by 1st derivative showed excellent results in terms
f reducing the effects arising from differences in the compres-

ion process employed as evident from the reduced scattering
ithin the scores plots. The distance between the scores of the

ablets of same formulation but compressed using hydraulic and
otary process was found to be reduced in the scores plot obtained
rom preprocessed spectra. Furthermore, the predictions results
.64 0.29 0.20 0.97 0.11 0.25 0.88

.30 2.09 3.67 0.00 7.80 2.60 0.03

.51 18.51 18.51 18.51 18.51 18.51 18.51

(Table 6) obtained for content of each tablet component revealed
no statistically significant differences between tablets compressed
using the hydraulic press and rotary press (p value > 0.05 obtained
with a paired t test at 95% confidence interval).

3.5.2. In-line analysis of tablets
In-line quantification of the formulation components during

tabletting was carried out using the setup described in the experi-
mental section. The turret of the tabletting machine was rotated
at 10 rpm which ultimately resulted in the production rate of
100 ± 3 tablets/min. Considering the tabletting speed, an integra-
tion time of 100 ms was adequate for scanning a sufficient area of
one tablet at each trigger. In-line spectral acquisition was carried
out over 100 min. Thus, approximately 10,000 tablets were scanned
during the acquisition process. The spectral data was divided into
three periods of the tabletting operation, i.e. 0–30, 30–60 and
60–100 min, in order to determine any deviation in content uni-
formity during the tabletting process. Frequency distribution plots
(Fig. 7) for �CPM per period were constructed from the individual
prediction values obtained.

One of the major limitations for the analysis of the data in the
present study was the non-existence of scale of scrutiny guidelines
for excipients unlike for the active component in the formulation.
For ease of analysis, only the active, i.e. �CPM, was subjected to the
USP specified scale of scrutiny. However, it was recognized that a
casual check of concentration values would also be useful to mark
the occurrence of non-uniform distribution of excipients within the
powder blend in the hopper during the tabletting process.

Mean �CPM concentration of the tablets and % RSD values for
each component obtained from in-line predictions are depicted in
Tables 7 and 8. The highest and lowest concentrations of �CPM
were 114.63% and 85.06% during the first 30 min. These results
passed the USP criteria (2009) of 100 ± 15% content and % RSD of not
more than 6%, confirming that the drug particles were uniformly
distributed in the tablets. However, deviation in content uniformity
was observed midway through the tabletting process and dete-
riorated towards the end stage as can be seen from the skewed
frequency distribution plots for �CPM (Fig. 7(A-2 and A-3)).

The results of this in-line NIR study revealed the occurrence of
segregation towards the end of the tabletting process as shown
by reductions in mean concentrations of both �CMP and lactose
and a slight increase in concentration of MCC (Tables 7 and 8). This
occurrence of segregation in an initially well-blended 5 kg powder

as used in the present study (even in the absence of an unusual
high vibration frequency) was due to the considerable disparities
in the physical characteristics of the blend components, i.e. size and
density, and the hopper geometry (bin hopper with a tapered end
(Fig. 1(B)).
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ig. 6. Scores plot for the spectra obtained after PCA. (A) Raw spectra and (B) spec
sing hydraulic press and D-n represents the tablets compressed using rotary press

A non-skewed content uniformity histogram was obtained
or the tablets compressed during the initial 0–30 min period
s depicted in Fig. 7(A-1). During their residence in the hop-

er, the lactose particles coated with fine �CMP particles (Fig. 8)
ehaved as individual ordered units as they had been premixed
sing a high shear mixer before mixing with the remaining
xcipients in an IBC. Initially, the powder blend underwent
ass flow pattern on a first in/first out basis. This particu-

able 6
ffect of compression process on the prediction results obtained from NIR models.

Tablet formulation Tablet component (%, w/w)

�CPM Lactose

Ref Rotary Hydraulic Ref Rotary H

1 0.000 −0.408 −0.019 69.301 73.010 7
2 1.980 1.919 1.967 77.222 78.688 7
3 3.960 4.302 4.822 73.267 73.475 7
4 5.941 6.632 6.408 71.287 70.802 6
5 7.921 8.029 8.254 71.287 71.909 7
6 9.901 11.503 11.486 69.301 66.346 6

Mean 5.330 5.486 72.372 7
p value 0.221 0.134

Ref” indicates gravimetric reference values of the tablet components, “Rotary” and “Hydr
otary and hydraulic press.
eated with SNV followed by 1st derivative. S-n represents the tablets compressed

lar flow pattern exhibited by the blend promoted uniform flow
of the blend components for tabletting. As more and more of
the blend was utilized (30–60 min), a skewed distribution of

the content uniformity data was obtained (Fig. 7(A-2)). This
was attributed to the slight change in flow pattern which
caused a greater degree of channelling at the core region of the
powder bed and development of a shallow v-shaped powder sur-
face.

MCC MgSt

ydraulic Ref Rotary Hydraulic Ref Rotary Hydraulic

2.044 29.703 30.982 32.086 0.990 1.140 0.990
6.355 19.802 19.763 21.743 0.990 0.982 0.968
4.048 21.782 22.104 22.869 0.990 1.007 0.894
9.720 21.782 22.516 20.132 0.990 0.921 0.937
2.414 19.802 18.281 16.864 0.990 1.192 0.901
3.861 19.802 18.075 21.979 0.990 1.112 1.052

1.407 21.954 22.612 1.059 0.957
0.511 0.074

aulic” indicate the NIR predicted values of components of tablets compressed using
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Fig. 7. Frequency distribution plots of individual tablet potency in terms of �CPM obtained from (A-1 to A-3) in-line NIR, (B-1 to B-3) stratified NIR and (C-1 to C-3) stratified
UV analysis. The numbers 1, 2 and 3 indicate the time periods of 0–30, 30–60 and 60–100 min during tabletting.

Table 7
Comparison of �CPM (% potency) in-line NIR predictions, stratified NIR predictions and stratified UV analysis results.

Mode In-line NIR Stratified NIR Stratified UV

Time (min) 0–30 30–60 60–100 0–30 30–60 60–100 0–30 30–60 60–100

Minimum 85.06 80.18 76.23 97.55 87.23 84.38 95.39 85.33 85.23
Maximum 114.63 118.94 127.84 111.78 112.80 112.73 110.55 111.85 113.81
OOS tabletsa 0 86 302 0 0 1 0 0 0

l
t
(
h
t
c
l

T
S

Mean 101.05 98.38 92.19 104.60
% RSD 5.96 6.98 6.81 4.47

a OOS represents tablets out of specification of USP standard criteria.

The v-shaped depression became more pronounced at the
ater stage of tabletting (60–100 min) as can be observed from
he severely skewed distribution of the content uniformity data

Fig. 7(A-3)). The low amount of powder blend remaining and the
opper geometry (its funnel shape section with tapered end) led
o rolling segregation, with the denser ordered units (lactose parti-
les coated with �CMP) moving more rapidly downwards and the
ess dense MCC particles trailing behind at the upper portion of the

able 8
ummary of NIR prediction results (% potency) obtained from in-line and stratified samp

Component Lactose MCC

Time (min) 0–30 30–60 60–100 0–30

In-line NIR
Minimum 77.02 76.94 71.69 82.06
Maximum 99.59 97.73 95.51 124.65
Mean 90.48 89.58 88.41 99.12
% RSD 3.29 3.17 2.75 5.88

Stratified NIR
Minimum 93.66 91.12 83.06 94.89
Maximum 105.06 103.25 99.44 112.13
Mean 97.65 96.79 95.75 103.99
% RSD 2.54 3.16 3.24 4.66
101.83 99.60 103.02 107.10 100.26
6.12 8.19 4.48 5.12 6.55

powder bed. Simultaneous collection of in-line blend uniformity
data of the powder blend in the hopper, which was beyond the
scope of this study, would be useful to demonstrate and confirm

this occurrence of segregation in the hopper. Although changes in
lactose and MCC concentrations were detected at the later stage
of tabletting, these changes were still within the scale of scrutiny
observed in this study (Table 8). This could be traced to their much
larger proportions in the blend/tablet matrix composition. As for

ling.

MgSt

30–60 60–100 0–30 30–60 60–100

86.13 95.94 82.40 83.84 90.64
125.55 137.47 107.44 131.20 120.40
106.14 112.10 96.70 103.47 106.31

5.56 4.47 4.08 4.49 2.99

96.47 94.35 89.37 92.42 89.58
115.45 115.99 105.68 109.58 110.74
103.34 105.47 98.26 101.32 101.35

4.63 4.80 4.82 4.87 5.66
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ig. 8. Scanning electron micrograph of the ordered unit of coarse lactose particle
oated with fine �CPM particles (1000× magnification) obtained after high shear
remixing.

gSt, despite being present in a lower proportion, it showed uni-
orm distribution due to its formation of a thin coat over the coarser
xcipients.

.6. Analysis of tablets using stratified sampling

Results obtained with stratified sampling for �CPM are as shown
n Table 7 and in the frequency distribution plots in Fig. 7 while the
esults for excipients are shown in Table 8. As can be seen from
he results for �CPM content, both NIR and UV stratified sampling
nalysis of 30 tablets per time period showed that the whole batch
et the standard specification for content uniformity and did not

etect any content non-uniformity within the batch. This is because
he probability of the tablet batch being passed as within the stan-
ard specification for content uniformity increases with decrease

n sample size. Only exhaustive analysis of all the tablets produced
ould be able to reveal the potential content non-uniformity issues

owards the later part of the tabletting process. NIR in-line analy-
is showed significant number of tablets starting to fall outside the
SP criteria when the batch reached the second half of the tablet-

ing cycle. NIR prediction results obtained for stratified sampled
ablets did not reveal any aberrant distribution phenomenon for
he excipients.

.7. Continuous quality monitoring of the tabletting process

US-FDA in its PAT guidance (FDA, 2004) encouraged pharma-
eutical manufacturers to voluntarily develop and implement new
echnologies in pharmaceutical production and quality control for
eal time measurements of critical product and process param-
ters. PAT implies building quality into products through better
nderstanding and control of the manufacturing process, rather
han merely testing the quality of the end product. With the exper-
mental set up discussed in this study, PAT goals of continuous

uality monitoring of the process could be achieved successfully.
s demonstrated, this in-line monitoring study may be used to

dentify out of specification (OOS) tablets in real time. This would
ot have been possible by following merely the pharmacopoeial
equirement for sampling and testing of 30 tablets off-line.
f Pharmaceutics 396 (2010) 63–74 73

Additionally, owing to the multi-sensing ability of NIR, it was
possible to track the in-process distribution of excipients within the
tablet matrix. Although the problem of non-uniform distribution
of excipients was not observed in this study due to their relatively
larger proportions in the tablet formulation, this analysis could be
critical and of great value for formulations containing lower pro-
portion excipients, such as super disintegrants or release modifiers,
which are used in much smaller quantities and their uniform dis-
tribution is as critical as that of the drug for the performance of the
dosage form.

4. Conclusion

This study demonstrated that the unique features of NIR for
high speed sampling and rapid spectral acquisition enabled the
quantification of individual tablet components with a high degree
of accuracy during tabletting. Due to inclusion of maximum pos-
sible variability encountered during tabletting at the calibration
stage, more sensitive prediction models were obtained which
ultimately gave predictions of high accuracy. Furthermore, ade-
quacy of the models for in-line quantification of individual tablet
components was evident from the validation results. In-line anal-
ysis revealed the inadequacies associated with the commonly
employed analysis of a smaller number of sampled tablets from
the production batch. Sampling could not consistently identify the
content uniformity problems and thus warranted the need for
increasing the number of tablets to be analyzed before allowing
the release of a tablet batch in certain cases. With the proposed
setup, simultaneous quantification of drug and excipients in an
efficient and non-destructive manner could be achieved. This is a
step forward towards achieving the objectives laid out by the PAT
guidelines.
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