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a b s t r a c t

The aim of this study was to perform in-line Near Infrared (NIR) measurements inside a pan coater to
monitor a coating operation in real-time, by predicting the increases in mass of coating materials and
coating thickness. A polymer combination of ethylcellulose/poly(vinyl-alcohol)–poly(ethylene-glycol)
graft copolymer was used as functional aqueous coating. Coated tablets were sampled at regular intervals
during the coating operation, then subjected to either simple and fast weighing (n = 50) or accurate and
non-destructive Terahertz Pulsed Imaging (TPI) measurements (n = 3). Off-line NIR spectra analysis
revealed that the coating operation could efficiently be controlled by focusing on two distinct NIR
regions, related to absorption bands of ethylcellulose. Principal component analysis of in-line NIR spectra
gave a clear classification of the collected coated tablets. Real-time quantitative monitoring of the coating
operation was successfully performed from partial least square calibration models built using either TPI
or weighing as reference method. Coating thicknesses as well as mass of coating materials used as pri-
mary values provided accurate NIR predictions. A comparison study demonstrated that both reference
methods led to reliable and accurate real-time monitoring of the coating operation. This work demon-
strated that in-line NIR measurements associated with multivariate analyses can be implemented to
monitor in real-time a pan coating operation in order to fulfil the expectations of ICH Q8 guideline on
pharmaceutical development, especially in terms of PAT control strategy and reduced end-product
testing.

1. Introduction

Aqueous-based coating is one of the strategies frequently used
for controlled drug release applications (McGinity and Felton,
2008). The polymer coating is applied to tablets to decrease drug
release rate and to obtain a continuous release profile. Homogene-
ity and thickness of the coating are well-known to be critical
regarding drug release rate (Porter et al., 2009). According to ICH
Q8 guideline on pharmaceutical development (ICH Q8 R2, 2009),
introducing the Quality by Design approach, these critical quality
attributes should be controlled and monitored to ensure that
the product is of the desired quality. Process analytical
technologies allow timely measurements of critical quality and
performance attributes of raw and in-process materials (Food
and Drug Administration, 2004). Especially, Near Infrared (NIR)

spectroscopy, a versatile vibrational spectroscopy technique for
pharmaceutical analysis (Reich, 2005), was previously proposed
for real-time control and monitoring of thickness and coating uni-
formity over the whole coating operation. So far, only a few articles
described real-time measurements performed in-line by NIR spec-
troscopy during coating operations. Andersson et al. (2000) and Lee
et al. (2010, 2011) reported in-line NIR measurements for fluid bed
coating of pellets, while Perez-Ramos et al. (2005) and Römer et al.
(2008) performed in-line analyses for pan coating of tablets. The
difficulties to integrate a measuring system inside a coater appara-
tus and the required fast sampling acquisition were pointed out
(Perez-Ramos et al., 2005).

To extract relevant information from the NIR multivariate sig-
nal, appropriate chemometric tools are requested, as well as pri-
mary measurements to calibrate NIR spectral information (Roggo
et al., 2007). Different reference methods were studied to predict
the amount of polymer applied to tablets. Weighing was used as
reference method by Han and Faulker (1996) and Kirsch and
Drennen (1996). This fast and simple approach requires no sample
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preparation. Nevertheless, a major drawback in terms of accuracy
remains its dependency on core tablet weight uniformity. For this
reason, tablet coating thickness values were predominantly used.
Various techniques for coating thickness determination were em-
ployed. However, these techniques also present some drawbacks.
For instance, optical microscopy and image analysis are destructive
and require time-consuming sample preparation (Andersson et al.,
1999, 2000; Cahyadi et al., 2010; Larsen et al., 2003). Several stud-
ies reported tablet thickness measurements using a micrometer
(Kirsch and Drennen, 1995; Lee et al., 2010; Moes et al., 2008;
Perez-Ramos et al., 2005; Römer et al., 2008; Tabasi et al., 2008).
Although this coating thickness determination technique is fast,
it is less accurate as the dimension variability of core tablets is
taken into account. Terahertz Pulsed Imaging (TPI) was described
as a powerful alternative for coating thickness determination due
to its non-destructive nature and its ability to provide a three
dimension map of coating thickness over the whole tablet surface
(Fitzgerald et al., 2005; Ho et al., 2007; Zeitler et al., 2007). Some
authors concluded that this method could only be applied to the
monitoring of thickness values higher than 35 lm due to the
detection limit of the instrument (Cogdill et al., 2007; Maurer
and Leuenberger, 2009). For the present study, since specifications
for dissolution rate requires high polymer deposits (Siepmann
et al., 2007), TPI could be selected as a relevant reference method.

A functional polymer combination of ethylcellulose/poly(vinyl-
alcohol)–poly(ethylene-glycol) graft copolymer, using triethylci-
trate as plasticizer, was previously studied for aqueous coating of
pellets (Muschert et al., 2009). In the present work, this polymer
blend was applied to tablets during a pan coating operation. To
our knowledge, up until now in-line NIR measurements for
real-time monitoring of a tablet coating operation with this coating
suspension have never been reported.

The objectives of this work were thus to demonstrate the
feasibility of real-time tablet coating monitoring by implementa-
tion of a near infrared probe inside a pan coater and to compare
two distinct reference methods. Off-line NIR spectra analysis was
first performed to highlight absorption bands characteristic of core
tablet or coating materials. Then, qualitative in-line analysis aimed
at demonstrating the ability of NIRS to monitor the coating opera-
tion. Quantitative NIR models were developed using either weigh-
ing or TPI as reference method to calibrate NIR spectral
information. Finally, NIR predictions obtained from NIR calibration
models based on both primary measurements were compared.

2. Material and methods

2.1. Core tablets and coating materials

Core tablets of biconvex shape (height of 4 mm, diameter of
8 mm, curvature radius of 7 mm and an average mass of
200 mg), containing a freely soluble drug substance, were supplied
by Les Laboratoires Servier (Gidy, France).

Aqueous ethylcellulose dispersion (Aquacoat ECD 30!, FMC
Biopolymer, Philadelphia, USA), poly(vinyl-alcohol)–poly(ethyl-
ene-glycol) graft copolymer (PVA–PEG, Kollicoat IR!, BASF,
Ludwigshafen, Germany) and triethylcitrate (TEC, Citroflex 2!,
Morflex, Greensboro, USA) were purchased as coating materials.

Ethylcellulose powder (EC, Ethocel! Standard 10), used for off-
line NIR analysis, was supplied by The Dow Chemical Company
(Midland, USA).

2.2. Preparation of the coating suspension

The coating suspension was prepared with a ratio Aquacoat ECD
30! (expressed as dry mass)/Kollicoat IR! of 90:10 w/w. The solid

content of the final suspension was adjusted to 20% (w/v) with
purified water. The composition of the coating suspension is
presented in Table 1. Aquacoat ECD 30! was plasticized overnight
with Citroflex 2!. The ratio Citroflex 2!/Aquacoat ECD 30!

(expressed as dry mass) was 1:4 w/w. Kollicoat IR! was dissolved
in purified water before addition to the plasticized Aquacoat ECD
30! suspension. The final suspension was mixed for an additional
period of 30 min prior coating and stirred throughout the coating
operation using a Rayneri! apparatus (paddle, 200 rpm). Coating
suspension was prepared prior each coating operation.

2.3. Coating process

Tablets were coated inside a partially perforated pan coater
(Driacoater 500!, Driam, Eriskirch, Germany). Batch size was
4 kg. Controlled process parameters during coating are listed in
Table 2. The spray nozzle diameter was 0.8 mm. Prior to the coat-
ing operation, tablets were preheated at 40 "C for 20 min. Product
temperature was maintained at 36 "C during coating. The process
was stopped after spraying 15% of polymer blend (expressed as
percentage of core tablet mass).

Eleven samples were collected at regular intervals, between 5%
and 15% of theoretical applied polymer blend. Three independent
batches were manufactured. At the end of the first coating opera-
tion, a sample of dried coating suspension was removed from the
inner surface of the pan coater. This sample was analyzed by off-
line NIR measurements in order to assign specific absorption bands
from coated tablet spectral information. In addition, the film coat-
ing density was measured by helium pycnometry technique
(Micromeretics AccuPyc 1330, Gosford, New South Wales,
Australia), from the same dried coating suspension sample in order
to determine the theoretical coating thickness derived from the
mass of coating materials.

2.4. Reference measurements

2.4.1. Mass of coating materials
Coated tablets were weighed using a Mettler Toledo AE 50

analytical balance (Mettler Toledo, Colombus, USA). The experi-
mental amount of coating materials was obtained by subtracting
the average weight of core tablets from the average weight of
coated tablets.

The number of tablets used to calculate the average weights of
core tablets and coated tablets was set at 50 tablets to minimize
the effect of individual core tablet weight variation.

Table 1
Composition of the coating suspension: manufacturing formula for 1 kg of core
tablets.

Materials Suspension (g) Solid (g) Percent (%)

Aquacoat ECD 30! 450.0 135.0 49.0
Kollicoat IR! 15.0 15.0 1.6
Citroflex 2! 33.8 33.8 3.7
Purified water 420.2 – 45.7
Total 919.0 183.8 100.0

Table 2
Coating process parameters.

Process parameters Values

Atomizing air pressure (bar) 2.4
Difference pressure (mbar) –0.5
Inlet air temperature ("C) 66
Pan speed (rpm) 20
Spray rate (g/min) 20



2.4.2. Coating thickness
Coating layer thickness of tablets was determined by Terahertz

Pulsed Imaging (TPI). A TPI Imaga 2000 (TeraView Ltd., Cambridge,
UK) was used in off-line mode, equipped with a robotic arm mov-
ing the tablet for complete 360" 3D imaging.

The terahertz spectroscopy operates in the far-infrared region of
the electromagnetic spectrum (0.06–3 THz, corresponding to a
wavelength range of 2–100 cm!1) (Zeitler and Gladden, 2008).
Coating thickness (dcoat) can be non-destructively calculated from
the terahertz temporal waveform in the time domain, for each ana-
lyzed single point, according to Eq. (1) (Ho et al., 2007).

2dcoat ¼ Dt c=n ð1Þ

where Dt is the time delay between the terahertz pulse reflection
occurring at the coated tablet surface and the reflection occurring
at the coating/core interface, n is the refractive index value of the
coating material and c is the speed of light.

The refractive index of a dried coating suspension sample was
determined using Terahertz Pulsed Spectroscopy in the transmis-
sion mode. A mean value of 1.38 (n = 3) was found.

A full terahertz map of coated tablets was recorded, comprising
approximately 3200 point measurements. For each 200 lm
% 200 lm pixel, coating thickness was determined. An average
coating thickness per tablet was thus calculated. Three tablets
per collected sample were analyzed.

2.5. Near Infrared Spectroscopy (NIRS)

2.5.1. NIR equipment and set-up parameters
Samples were analyzed using a photodiode array spectrometer

(MCS 611 NIR 1.7H spectrometer, Carl Zeiss, Germany), equipped
with an OMK 500-H reflectance measuring head (wavelength
range of 950–1690 nm).

A reference measurement using a diffuse white standard of
polytetrafluoroethylene (PTFE, Spectralon!) was performed prior
to each acquisition. The integration time was set at 75 ms. Each
spectrum was the average of 20 scans. The total spectrum mea-
surement time was 1500 ms. Acquisition set-up parameters were
similar for off-line and in-line acquisitions.

For off-line analysis, successive collected samples were posi-
tioned on the top of the OMK measuring head in order to cover
the entire measurement surface. For in-line analysis, the integra-
tion of the OMK measuring head inside the rotating drum was car-
ried out without interfering with the coating process, as shown in
Fig. 1. The probe was positioned at the front of the drum, parallel to
the spray to prevent clogging of the reading surface. The optimum
clearance between the OMK head and the analyzed area was set at
15 mm. In-line NIR spectra acquisitions were performed every 3 s,
without interrupting the coating process, until the required mass
of coating materials was sprayed. At each sampling time performed
while the theoretical applied polymer blend was 5–15%, 10 NIR
spectra (bracketing the corresponding sampling time) were

selected to perform multivariate analysis. This methodology mini-
mized the influence of tablet bed moving (due to drum rotation
and mixing baffles) on spectral information and allowed a repre-
sentative sampling of coated tablets.

ProcessXplorer! software (version 1.2.0.30, Carl Zeiss, Ger-
many) was used to collect NIR spectra. All NIR data were exported
from processXplorer! software and analyzed using Matlab! 7.8,
R2009a (The MathWorks Inc., Natick, MA, USA) software and PLS
Toolbox 5.8.3 (Eigenvector Research Inc., Wenatchee, WA, USA).

2.5.2. Multivariate data analysis
Data were pre-processed to reduce impacts of light scattering,

path length variations and random noise on spectral information,
arising from tablet moving and differences in tablet packing. Sev-
eral pre-processing methods were tested. A Standard Normal Var-
iate (SNV) correction was applied to spectra to correct intensity
differences and baseline shifts (Barnes et al., 1989). Derivatives
(first and second derivatives) associated with a Savitzky–Golay
smoothing algorithm (filter width of 9 points and a second-order
polynomial fitting) were also evaluated in order to improve the
resolution of overlapping bands and minimize baseline offsets
(Savitzky and Golay, 1964).

A multivariate qualitative analysis was performed from in-line
pre-processed NIR spectra using Principal Component Analysis
(PCA) (Naes et al., 2002), while a multivariate quantitative analysis
was carried out using Partial Least Squares (PLS) regression (Wold
et al., 2001).

PLS calibration models were evaluated by cross-validation,
using a random subset method. The optimum latent variable num-
ber was selected with respect to the lowest root mean square error
of calibration (RMSEC) and the lowest root mean square error of
cross-validation (RMSECV). Equations of these two errors are given
below (Naes et al., 2002):

RMSEC ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
XN

i¼1

ðŷi ! yiÞ
2=ðN ! A! 1Þ

vuut ð2Þ

RMSECV ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
XN

i¼1

ðŷCV ;i ! yiÞ
2=N

vuut ð3Þ

where ŷi, yi and ŷCV,i correspond to calculated, measured and cross-
validation-estimated values for either mass of coating materials or
coating thickness. N is the total number of collected spectra from
the calibration set and A represents the number of latent variables
used in the PLS model.

The most appropriate PLS models were selected from their pre-
dictive ability based on the root mean square error of prediction
(RMSEP), which equation is given by (Naes et al., 2002):

RMSEP ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
XNp

i¼1

ðŷi ! yiÞ
2=Np

vuut ð4Þ

where Np is the number of predicted spectra from the prediction set.
A high value of the correlation coefficient R2 was also consid-

ered as an indicator of the quality of the PLS models.
Different PLS models were built considering either TPI (model

A) or weighing (model B) as reference method. An additional cali-
bration model was created based on the same calibration and pre-
diction sets as in model B but using theoretical coating thicknesses
derived from average mass of coating materials, as new reference
values (cf. Section 3.3.3) (model C). The objective was to compare
NIR predictions obtained from both categories of primary measure-
ments. For the three models, the calibration set was built consider-
ing two batches (220 in-line spectra), while an independent batch
(110 in-line spectra) was used as prediction set.Fig. 1. Schematic integration of the probe inside the pan coater.



3. Results and discussion

3.1. Off-line NIR analysis

In order to evaluate the ability of NIRS to monitor the coating of
tablets with the studied functional polymer combination, off-line
NIR measurements were first carried out.

Superimposition of off-line NIR spectra was performed to assign
NIR absorption bands to coating materials or core tablet compo-
nents and to highlight an increase or decrease in these specific
bands. Several studies reported that absorbance values related to
coating materials increased while absorbance values related to
core tablet components decreased during coating proceeded
(Perez-Ramos et al., 2005; Tabasi et al., 2008). Second derivative
pre-processed NIR spectra of core tablets and coated tablets for
successive collected samples are shown in Fig. 2. The correlation
between mass of coating materials or coating thickness and spec-
tral absorbance was clearly highlighted over the 1150–1210 nm
and the 1360–1440 nm NIR regions (Fig. 2A and B, respectively).
The overlaid spectrum of the dried coating suspension revealed
that these two absorption bands were linked to a component of
the coating materials (Fig. 2). The superimposition of the spectra
of the dried coating suspension and ethylcellulose powder showed
that the spectral information in the dried coating suspension could
mostly be explained by ethylcellulose, the main constituent of the
coating suspension (Fig. 3). Absorbances over the 1150–1210 nm
region were attributed to the C–H second overtone, while
absorbances over the 1360–1440 nm region were attributed to
the C–H stretching and deformation vibrations and to the O–H first
overtone (Osborne et al., 1993), respectively, and corresponding to
functional groups of ethylcellulose.

The increase in absorbances observed in both selected NIR
regions, while the applied amount of polymer and the coating
thickness increased, was likely linked to the presence of ethylcellu-
lose. Off-line experiments demonstrated clearly the ability of NIR
spectroscopy to monitor the tablet coating operation.

3.2. In-line NIR qualitative monitoring

Principal component analysis of in-line NIR spectra acquired
during the coating operation was performed to discriminate tablets
coated with increasing mass of coating materials. In a previous
work dealing with HPMC coating and off-line analysis, Roggo
et al. (2005) classified samples retrieved at different coating times.

PCA scores on PC2 classified samples in a logical and ordered way
related to the theoretical mass of coating materials, as illustrated in
Fig. 4. Loadings on PC2 corresponded for a large part to spectral
information from the dried coating suspension (Fig. 5). The con-
struction of PC2 could be thus explained by the increase in coating
absorbance due to both the coating weight gain and the increase in
coating thickness. Implementation of the NIR probe inside the pan
coater, associated with the multivariate qualitative spectra analy-
sis, successfully allowed the classification of coated tablets col-
lected at regular intervals during the coating operation.

These results demonstrated the ability of NIRS by in-line mea-
surements to qualitatively monitor the coating operation with
the studied functional polymer combination.

3.3. In-line NIR quantitative monitoring

3.3.1. Calibration and prediction based on coating thickness
A PLS calibration model was developed from in-line NIR spectra

using TPI measurements as primary values (model A). PLS results
for the calibration set are reported in Table 3. The best calibration
model was obtained using a second derivative transformation of
in-line spectra and considering both NIR regions of interest. A 3-la-
tent variable PLS calibration model was generated yielding both

Fig. 2. Second derivative pre-processed NIR spectra of core tablets (dashed line), dried coating suspension (bold dash-dotted line) and coated tablets for various theoretical
mass of coating materials: 12 mg (solid line), 25 mg (dash-dotted line), 37 mg (dotted line), (A) in the 1150–1210 nm and (B) in the 1360–1440 nm NIR regions.

Fig. 3. SNV pre-processed NIR spectra of dried coating suspension (dashed line) and
ethylcellulose powder (solid line).



low calibration error and cross calibration error, associated with a
high R2. An independent batch was prepared to evaluate the pre-
dictive ability of the calibration model. PLS coating thickness pre-
dictions gave a RMSEP of 4.02 lm (Table 3). The low predictive
error compared to the actual increase of coating thickness between
successive sampling times (around 12 lm) demonstrated the
validity of the calibration model. Coating thickness predictions
were in agreement with TPI coating thickness values as a linear
relationship with a high R2 was found in the actual thickness range
of 60 and 170 lm. As recently suggested by Maurer and Leuenber-
ger (2009) who compared TPI and NIR imaging to monitor a tablet
coating operation, the present study demonstrated efficient
calibration of NIR measurements with TPI coating thickness. Only
three tablets per sampling time were required for accurately
determination of coating thickness. TPI did not account for the

variability in the dimensions of the core tablets thus allowing the
determination of more accurate coating thickness values.

This work demonstrated the interest of TPI as innovative and
non-destructive reference method, in comparison with other film
thickness determination methods such as ordinary micrometric
measurements (Perez-Ramos et al., 2005; Tabasi et al., 2008) or
more sophisticated image analysis (Andersson et al., 2000; Lee
et al., 2011; Možina et al., 2010).

3.3.2. Calibration and prediction based on mass of coating materials
Weighing was used as another reference method to create a cal-

ibration model from in-line NIR spectra (model B). This model was
developed based on the same sampling range and on the same
number of in-line NIR spectra as in model A. Even though this pri-
mary method is a fast and simple approach requiring no sample
preparation, the major drawback in terms of accuracy remains its
dependency to core tablet weight uniformity. Therefore, the influ-
ence of core tablet weight variability on reference value accuracy
should be minimized. For this purpose, more coated tablets per
sampling time were analyzed compared to model A (50 tablets in-
stead of 3 tablets). PLS results for calibration set are presented in
Fig. 6A. The optimum calibration model was again obtained using
a second derivative pre-processing of in-line spectra and consider-
ing both NIR regions of interest. A 2-latent variable PLS calibration
model was created providing both low calibration error and cross
calibration error, associated with a high R2. The predictive ability
of the calibration model was evaluated using an independent
batch. PLS coating weight predictions gave a RMSEP of 0.91 mg
(Fig. 6B). The low predictive error compared to the actual increase
of mass between successive sampling times (around 2.5 mg) dem-
onstrated the validity of the calibration model. As previously seen
for model A, a linear relationship with a high R2 was found for
model B, in the actual mass range of 11 and 35 mg, demonstrating
the correlation between actual and calculated values. The ability of
in-line NIR measurements to monitor in real-time the coating
operation was depicted in Fig. 7. The real-time NIR predictions cal-
culated at each NIR acquisition were similar to the actual mass of
coating materials determined by weighing.

Previous studies described off-line or at-line NIR measurements
to monitor the mass of coating materials (Han and Faulker, 1996;
Kirsch and Drennen, 1996). The present work demonstrated that
in-line NIR measurements combined with the multivariate quanti-
tative analysis allowed successfully to monitor the amount of coat-
ing materials applied to tablets.

3.3.3. Comparison of NIR prediction accuracy according to the applied
reference method

To our knowledge, no study reported a comparison of NIR pre-
diction accuracy obtained using either coating thicknesses or mass
of coating materials as primary values.

To carry out this comparison, errors of prediction had to be ex-
pressed in the same unit. Coating weights wcoating, used as primary
values to calibrate NIR spectral information in model B, were thus
mathematically transformed into coating thicknesses dmath, as de-
scribed below. The coating weight is directly related to the volume

Fig. 4. PCA scores plot obtained from second derivative transformation of in-line
NIR spectra, from one batch. The theoretical mass of coating materials for the
collected samples ranged from 12 to 37 mg.

Fig. 5. Superimposition of second derivative pre-processing of dried coating
suspension spectral information (dashed line), and PCA loadings plot corresponding
to scores on PC2 (solid line).

Table 3
PLS calibration model and PLS prediction results for model A (TPI as reference method) and model C (weighing followed by mathematical transformation as reference method).

Models Calibration Prediction

Latent variables included in PLS
regression

RMSEC
(lm)

RMSECV
(lm)

R2 Slope ± SD Intercept ± SD
(lm)

RMSEP
(lm)

R2 Slope ± SD Intercept ± SD
(lm)

A 3 3.82 3.88 0.988 0.99 ± 0.01 1.38 ± 0.90 4.02 0.988 0.97 ± 0.01 2.56 ± 1.22
C 2 2.82 2.85 0.994 0.99 ± 0.01 0.71 ± 0.64 4.29 0.992 0.99 ± 0.01 !1.54 ± 1.01



of the coating applied to the tablet Vcoating and to the film coating
density qcoating, according to the following relation:

wcoating ¼ qcoating & Vcoating ð5Þ

Film coating density was measured from a sample of dried coat-
ing suspension removed from the inner surface of the pan coater
and a value of 1.17 g cm!3 was found (n = 3).

The volume of the coating applied to the tablet was calculated
by subtracting the volume of the core tablet Vcore tablet from the vol-
ume of the coated tablet Vcoated tablet, according to Eq. (6).

Vcoating ¼ Vcoated tablet ! Vcore tablet ð6Þ

The volume of a round biconvex tablet is derived from the vol-
umes of a cylinder and two spherical segments of known curvature
radius (CR) (Bauer et al., 1998). Assuming coating thickness was
uniform around the tablet, the volumes of core and coated tablet
were thus given by the following equations:

Vcore tablet ¼ pðr2sþ r2hþ 3h3Þ ð7Þ

Vcoated tablet¼pfðr þ dmathÞ2sþ ðr þ dmathÞ2ðhþ dmathÞ þ 3ðhþ dmathÞ3g
ð8Þ

where r is the radius of the cylindrical part, s and h are the height of
the cylindrical part and the height of the spherical cap, respectively.

Vcoating was obtained by replacing Eqs. (7) and (8) into Eq. (6),
leading to the following equation:

Vcoating ¼ pf4d3
math þ ðsþ 2r þ 10hÞd2

math þ ð2rsþ 2hr þ r2

þ 9h2Þdmathg ð9Þ

Theoretical coating thickness values dmath were finally calcu-
lated by replacing Eq. (9) into Eq. (5) and by solving the resulting
cubic equation:

4d3
math þ ðsþ 2r þ 10hÞd2

math þ ð2rsþ 2hr þ r2 þ 9h2Þdmath

¼ wcoating=ðqcoatingpÞ ð10Þ

Using theoretical coating thickness values, an additional cali-
bration model was built (model C). Calibration and prediction sets
as well as pre-processing of in-line NIR spectra and selected NIR re-
gions remained identical to the initial model. PLS calibration model
and PLS prediction results are summarized in Table 3. Results ob-
tained from both reference methods appeared similar. Both TPI
and weighing could successfully be used as reference method in
order to calibrate in-line NIR spectral information, providing accu-
rate NIR predictions of coating thickness and deposit mass.

4. Conclusions

The aim of this study was to carry out a real-time pan coating
monitoring by near infrared spectroscopy. Film thickness and mass
of coating materials were selected as monitored critical attributes.
The functional polymer blend presently used has never been de-
scribed for tablet coating. Off-line spectra analysis revealed the
ability of NIRS to monitor the tablet coating by focussing on the in-
crease in coating absorbance related to ethylcellulose, the main
constituent of the coating suspension. Real-time monitoring of
the coating operation was then ensured by implementation of a
NIR probe inside a rotating drum coater (4 kg batch size), without
interrupting the process. A multivariate qualitative analysis of in-
line NIR spectra classified in a logical order the coated tablets
collected at regular intervals throughout the coating operation.
Calibration of NIR spectral information was successfully carried
out using either TPI or weighing as reference method. This demon-
strated the interest of TPI as innovative and non-destructive
reference method, since it does not account for the variability in
core tablet dimensions and required only three tablets to get
reliable results. Alternatively, weighing can also be used as simple
and fast reference method provided at least 50 tablets are weighed.

Fig. 6. PLS results based on in-line NIR spectra and mass of coating materials: model B, (A) calibration, (B) prediction.

Fig. 7. Real-time monitoring of coating deposit mass: (%) real-time NIR predictions
during the pan coating operation and (+) experimental results obtained by
weighing.



A comparison between PLS results demonstrated that both primary
methods led to models of similar quality.

In-line NIR measurements associated with multivariate analy-
ses fulfilled the expectations of ICH Q8 guideline on pharmaceuti-
cal development, especially in terms of PAT control strategy and
reduced end-product (coated tablet) testing. Production scale
adaptation (100 kg batch size) is now in progress.
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