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Film coating of tablets is a multivariate pharmaceutical unit operation. In this study an innovative in-line
Fourier-Transform Near-Infrared Spectroscopy (FT-NIRS) application is described which enables real-
time monitoring of a full industrial scale pan coating process of heart-shaped tablets. The tablets were
coated with a thin hydroxypropyl methylcellulose (HPMC) film of up to approx. 28 wm on the tablet face
as determined by SEM, corresponding to a weight gain of 2.26%. For a better understanding of the aqueous
coating process the NIR probe was positioned inside the rotating tablet bed. Five full scale experimental

Keywords: . runs have been performed to evaluate the impact of process variables such as pan rotation, exhaust air
Process Analytical Technology (PAT) . . . .
Film coating temperature, spray rate and pan load and elaborate robust and selective quantitative calibration models

for the real-time determination of both coating growth and tablet moisture content. Principal Component
(PC) score plots allowed each coating step, namely preheating, spraying and drying to be distinguished
and the dominating factors and their spectral effects to be identified (e.g. temperature, moisture, coating
growth, change of tablet bed density, and core/coat interactions). The distinct separation of HPMC coating
growth and tablet moisture in different PCs enabled a real-time in-line monitoring of both attributes. A
PLS calibration model based on Karl Fischer reference values allowed the tablet moisture trajectory to
be determined throughout the entire coating process. A 1-latent variable iPLS weight gain calibration
model with calibration samples from process stages dominated by the coating growth (i.e. >30% of the
theoretically applied amount of coating) was sufficiently selective and accurate to predict the progress of
the thin HPMC coating layer. At-line NIR Chemical Imaging (NIR-CI) in combination with PLS Discriminant
Analysis (PLSDA) verified the HPMC coating growth and physical changes at the core/coat interface during
the initial stages of the coating process. In addition, inter- and intra-tablet coating variability throughout
the process could be assessed. These results clearly demonstrate that in-line NIRS and at-line NIR-CI can
be applied as complimentary PAT tools to monitor a challenging pan coating process.

© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

Tablet coating is a multivariate unit operation with various pro-
cess parameters, i.e. spray rate, inlet- and exhaust air temperature,
inlet- and exhaust air flow, atomization air pressure, pan speed
and gun to bed distance. Since spraying, distribution and drying of
the coating formulation take place at the same time, tablet coating
growth and uniformity are affected by many Critical Process Param-
eters (CPPs). A change of the gun spray rate has a significant effect
on the time needed to get a certain amount of coating on the tablet
[1]. The inlet- and exhaust air temperature and also the spray rate
are important factors of the film formation from aqueous polymeric
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dispersions, thus contributing to the final product performance. As
the coalescence occurs only at a certain temperature, i.e. the min-
imum film formation temperature and a specific moisture content
[2], these CPPs have to be monitored and optimized. Moreover, a
homogeneous droplet size and a defined droplet velocity are impor-
tant parameters for a good coating quality. Both parameters are
affected by the atomization air pressure and also by the gun to bed
distance [3]. The impact of the atomization air pressure on film coat
surface roughness was investigated by Twitchell [4] and Perfetti
et al. [5]. A low surface roughness can be achieved with a higher
atomization air pressure, which leads to a higher velocity of the
droplets and thus to an increased droplet spreading resulting in a
smoother coating.

The current approach of coating process monitoring and end
point determination is based on collecting samples from the
coater. Tablet weight gain is mostly used to verify the amount of
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coating on the collected samples and determine the process end-
point. For aqueous based non-functional coatings, tablet moisture
content can be an additional quality attribute to be assessed. The
average film coat thickness is often calculated from the applied
mass of coating liquid. For functional coatings, indirect methods
such as disintegration or dissolution tests are applied to verify the
thickness and homogeneity of the coating layer. All these methods
are time-consuming and mostly destructive. To improve process
efficiency and ensure consistent product quality according to QbD
principles [6-8], timely measurements are required enabling CPPs
and Critical Quality Attributes (CQA) to be monitored [9]. Near-
Infrared Spectroscopy (NIRS) is one of the techniques that have
been described for coating process monitoring and endpoint deter-
mination [10,11]. NIRS has been applied off-line [12,13], at-line
[14,15], and in-line in a fluidized bed apparatus [16-18] and in
a pan coater [19-21]. Peréz-Ramos et al. [19] developed a NIRS
method for in-line analysis of tablet film coating thickness in a
lab scale pan coater. An empirical geometric 2-vector volumet-
ric growth model was developed to account for the differential
growth on the face and band regions of biconvex tablets. The mean
coating layer thickness was up to 180 microns (m) in the face
region and 135 wm in the band region. The correlation between
values estimated from NIR data and off-line measurements of
the volumetric growth in tablets gave good results. Romer et al.
[20] developed a calibration model based on NIRS data obtained
from a small scale rotating plate coating system that can be used
for the prediction of coating layer thickness of tablets coated in
a drum coater. The measured average coating thickness (n=100
tablets) was 210 wm. Gendre et al. [21] performed in-line NIRS
measurements in a small scale pan coater using a photodiode
array spectrometer to monitor the coating process. A functional
aqueous based polymer combination was used as coating mate-
rial. PLS models were developed for the prediction of the mass of
coating material and the film thickness using two different refer-
ence methods namely weighing and terahertz pulsed imaging (TPI).
The models provided accurate NIR predictions. A coating thickness
range of 60 and 170 wm and a mass range of 11 and 35 mg were
determined.

Coating quality assessment requires information not only on
the average coating mass or the average coating layer thickness
of a tablet batch, but also on inter-tablet variability of the coat-
ing thickness or its uniformity on each individual tablet. A lengthy
and destructive method that has been applied to visually deter-
mine micro heterogeneities of tablet coatings is scanning electron
microscopy (SEM) [22]. An autofluorescent agent in the coating
layer is required to use confocal laser scanning microscopy (CLSM)
for this purpose [18,23]. Non-destructive techniques for chemi-
cal visualisation of film coat thickness and micro heterogeneities
include attenuated total reflection-infrared (ATR-IR) imaging [24],
NIR Chemical Imaging (NIR-CI) [25] and terahertz pulsed imaging
(TPI) [25,26]. TPI allows a direct coating thickness determination
over the whole tablet surface. However, the thinnest coating layer
that could be precisely quantified using TPI was about 40 wm [26].
ATR-IR imaging and NIR-ClI are indirect methods which use changes
in absorbance values for coating layer determination. Due to the
larger field-of-view of NIR-CI, which enables the visualization of
sample areas as large as 40 mm x 32 mm, whole tablet coating anal-
ysis is significantly faster compared to ATR-IR imaging. Moreover,
the higher penetration depth allows information to be obtained
from core and coat, simultaneously. The advantage of NIR-CI over
TPI is the lower detection limit and the higher spatial resolution.
The spatial resolution of TPI is physically limited due to the diffrac-
tion limit caused by the longer wavelength of the THz radiation
(0.03-3 mm) and due to the device optics. Since operating at shorter
wavelengths provides a higher axial resolution, a better detection
of thin coatings can be expected with NIR-CI [25,26].

To the best of our knowledge, there have been no reports on
in-line NIR process monitoring to determine the growth of very
thin tablet coatings in a full industrial scale pan coater and its ver-
ification with at-line NIR-CI. The aim of the present study was to
monitor simultaneously throughout the process the growth of a
very thin HPMC coating layer on heart-shaped tablets (up to 28 um
on the tablet face) and the tablet moisture trajectory. This latter
aspect is of great importance for the quality of the final product,
since the tablet cores can take up water from the aqueous coat-
ing solution. As temperature and moisture are known to have a
significant influence on the spectra [27], measurements above the
tablet bed were supposed to be affected by the air temperature
and the evaporation of the fine spray (i.e. water) coming from the
spray nozzles. To reduce these effects, the NIR probe was positioned
inside the tablet bed. An FT-NIR spectrometer was selected because
of its speed and spectra reproducibility. The sensitivity of the ana-
lyzer to changing operation parameters was tested with the goal,
to understand the impact of CPPs such as spray rate and exhaust air
temperature on the spectra and the product properties. In addition,
the potential of NIR-CI as an at-line PAT tool to verify the coat-
ing growth and analyze inter- and intra-tablet coating variability
during the coating process was evaluated.

2. Materials and methods
2.1. Materials

2.1.1. Tablets

The uncoated, heart-shaped tablets (average core weight of
169 mg) contained an active pharmaceutical ingredient (API) and
four excipients (microcrystalline cellulose, corn starch, crospovi-
done and magnesium stearate).

2.1.2. Coating formulation

The tablet cores were coated with an aqueous coating formula-
tion, consisting of 60% hydroxypropyl methylcellulose (HPMC) as
film forming polymer, macrogol as plasticizer and lower amounts
of titanium dioxide, iron(Ill) oxide and dimeticon.

2.2. Methods

2.2.1. Experimental design

The tablets were film coated using an industrial scale perfo-
rated pan coater (GC 1000, Glatt®) connected to a peristaltic pump
(Watson Marlow® 604U). Tablet samples were withdrawn through
a small separate door inside the main door of the coater using a
flexible tube connected with an aspirator. Samples were collected
during the whole coating process i.e. the preheating-, the spraying-
and the drying-phase. During spraying the allocation of samples
was in 10% levels of the theoretically applied coating formulation.
This resulted in samples of cores, while preheating, at 10-100%
spraying, and of the finished product (i.e. total of 14 samples). The
theoretically applied amount of coating per tablet at the 100% level
was 3.83 mg corresponding to a weight gain of 2.26% of the core
tablet weight.

The coating conditions for each individual run are summarized
inTable 1. Coating parameters not mentioned in the table were kept
constant. The pan rotation speed which was set at 11 rounds per
minute (rpm) during the “preheating”, “pan rotation with T” and
the “spraying” step and 6 rpm during the “drying” step. Sampling
details are given in Table 2.

Five runs (A1, A2, B1, B2, C) of in-line experiments were investi-
gated. The runs A1 and A2 comprised coated tablets to evaluate the
effect of changing process parameters, namely exhaust air temper-
ature and spray rate on the NIR spectra.
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Table 1
Process parameters of all experimental in-line runs.

Run Cores (—) or coated tablets (+) Process variables Target parameters
Pan load [kg] Spray rate S1#/S223/S32 [ml/min] Exhaust air temperature [°C]
Al + 150 200/160/n.a. 25-70 Temperature effect
A2 + 150 200/160/200 25-50 Spray rate effect
B1 - 130 220/160/n.a. 45 Density and tablet motion
B2 - 130 220/160/n.a. 45 Density and tablet motion
C - 150 220/160/n.a. 45 Coating growth and moisture

4 S1=spraying 1; S2 =spraying 2; S3 =spraying 3.
b n.a.=not applied.

Table 2

Schematic presentation of the different sampling ranges for PLS modeling.

Process steps

core preheating

spraying drying

10% 20% 30% 40%

50% 60% 70% 80% 90% 100% D1 D2

| KF KF KF KF KF KF KF KF KF KF KF KF KF |
m? m? m? mt m? mi m? m? m? mi m? mi m?
m? m?2 m?2 m?2 m? m?2 m?2 m?2 m? m?2 m?2 m?2 m?
Model |

(19 cal.& 9 val.)

Model II

KF = Karl Fischer value.

m1=mean value #1 (mean value of 100 tablet weights).
m2 =mean value #2 (mean value of 100 tablet weights).
D1, D2 =drying 1, drying 2.

Both runs started with a step named “pan rotation without T”
in which the tablets were moved without any preheating, followed
by the preheating, i.e. “pan rotation with T” step, the spraying steps
and the drying step.

Three in-line runs (B1, B2, C) were performed with uncoated
tablet cores. The coating process was monitored at all steps, start-
ing from the “preheating” step throughout the “spraying 1 and 2”
steps and the drying step. In all three runs (B1, B2, C) the same
settings were used for each coating step. The only difference was
the process time being longer for run (C) because of the higher
pan load (Table 1). In the runs (B1 and B2) differences in tablet
density and tabled bed motion during the coating process were
investigated. Run (C) was performed to develop quantitative cal-
ibration models based on weight gain and Karl Fischer reference
data to monitor both the growth of the thin coating layer and also
the process trajectory of tablet moisture.

2.2.2. In-line Near-Infrared Spectroscopy

As outlined before the NIR diffuse reflectance spectra were col-
lected from inside the rotating tablet bed of a pan coater. Spectra
acquisition was performed with a FT-NIR spectrometer (Matrix-
F®, Bruker Optik GmbH, Ettlingen Germany) combined with a
reflection-immersion probe (Reflector Flush®, Solvias). Addition-
ally, the system was equipped with a gas rinsing nozzle that
enables cleaning of the optical Sapphire window without remov-
ing the nozzle from the tablet bed. The Matrix-F is equipped with a
tungsten-halogen source and an InGaAs detector. NIR in-line spec-
tra were continuously obtained in the range of 4000-12800cm™!
with a sample size of approx. 10 tablets per scan, a resolution of
36 cm~! and 66 scans per spectrum. In addition, we set the mirror

(10 cal.& 6 val.)

Model Il
(10 cal.& 4 val.)

velocity at 40 kHz for more scans at the same time. One accumula-
tion of spectra took 4.1 s. The optimal settings of the analyzer were
determined with the methodology of Design of Experiments (DoE)
(data not shown). For performing and analyzing the experimental
series ina systematic and efficient way a D-optimal Design was cho-
sen. The setup and the positioning of the NIR reflectance analyzer
inside the pan coater is shown in Fig. 1.

2.2.3. Multivariate Data Analysis

The OPUS® software (Bruker Optik, Ettlingen Germany) was
used for data acquisition. Further Multivariate Data Analysis was
performed with Simca-P+® v.12.0 (Umetrics AB, Ulmea Sweden).
The interval partial least-squares (iPLS) algorithm [28] was per-

nlet Air Flow

P
FT-NIR

Spectrometer

Exhaust Air Flow

Fig. 1. Instrumental setup for in-line NIRS coating monitoring.
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formed using Matlab® R2010a v.7.10 (Mathworks, Inc., USA)
with PLS toolbox® v.6.0 (Eigenvector Research Inc., USA). The
collected NIR spectra were used in the wavenumber range of
10,506.9-4520.6 cm~!. The spectral data were analyzed with pre-
processing techniques, i.e. multiplicative scatter correction (MSC)
[29] and mean centering to improve the quality of the models.
Principal Component Analysis (PCA) and Partial Least Squares (PLS)
regression were used to build qualitative and quantitative models,
respectively. PCA is an unsupervised variable reduction technique
being used for constructing new variables, known as Principal Com-
ponents (PC). The quantitative models for tablet weight gain and
tablet moisture were developed with the iPLS algorithm as a vari-
able selection methodology. The principal of iPLS is to split the
spectrainto a given number of equidistant subintervals and develop
PLS-1 regression models for each subinterval. Cross-validation is
performed for each of these models and the subinterval which pro-
vides the lowest model root-mean-square error of cross-validation
(RMSECV) is selected. The optimal subinterval can be found by
adding or subtracting new variables. This approach indicated the
wavelength region from 5646cm~! to 5508 cm~! as the best for
the calculation HPMC coating growth based on tablet weight ref-
erence values. The most selective region for water was calculated
in the wavelength range of 5492-4998 cm~!. The accuracy of the
models was evaluated by comparing the in-line NIR data with those
of the reference methods, e.g. analytical balance and Karl Fischer
titration according to the following criteria: the correlation coeffi-
cient (R?), the root mean square error of calibration (RMSEC), the
root mean square error of cross validation (RMSECV), and the root
mean square error of prediction (RMSEP).

2.24. Near-Infrared Chemical Imaging

Tablet samples collected during the spraying phase were ana-
lyzed for coating growth and coating distribution using a SyNIRgi®
Chemical Imaging System (Malvern Instruments, Malvern, UK)
equipped with an InSb focal plane array detector (320 x 256 pixel)
and a 25-position automatic sample holder. To get a represen-
tative sampling both faces of each tablet were measured. For
each spraying stage (i.e. 10-100%) 20 tablets were analyzed. This
resulted in 400 images. Imaging was not possible on the center-
band because of the tablet shape and the strong curvature of the
round parts, which made identical positioning of each tablet dif-
ficult. Image cubes of tablet samples at each coating level were
acquired with Pixys® 1.1 software (Malvern Instruments, Malvern,
UK) in the spectral range 1200-2400 nm with a spectral resolution
of 10nm and 16 frames per wavelength. The field of view was set
to 12.8 x 10.2 which encompasses 100% of the area of the sample
and provides a magnification of 40 pm per pixel. Each image cube
contained 81,920 full NIR spectra and required a collection time of
approximately 3 min. Before the sample was scanned, it was nec-
essary to accomplish a dark response and a background correction
because the intensity of the raw signal from the sample is also influ-
enced by the system components. After this reference correction
the instrumental influences are characterized in the “background”.
The correction of the raw data was performed according to the
following equation (1):

Cl—lbeSample — Cubepaik
CubeBackground - CUbeDark

(1)

CubeFinal = (

This calculation was performed for all pixels in all planes
in the cube. Data were analyzed using ISys® software (Malvern
instruments Ltd., Malvern, UK). Before the image pre-processing
algorithms were applied all spectra were converted to absorbance
unit. The regions around the tablets were masked with the
threshold image function. The data were pre-processed using a
standard normal variate (SNV) algorithm and a first derivative. A

Savitzky-Golay filter was calculated using third-order polynomi-
als each 19 data points long. The hyperspectral reference library
was built for the core and the HPMC with more than 600 spec-
tra per component. The spectral data were computed in the same
way. For the determination of coating growth partial least squares
discriminant analysis (PLSDA) was performed. The PLS-2 predicted
images are associated with histogram plots, which were used to
perform sample statistic. One parameter given by the histogram
is the mean value which was used to accomplish an Analysis of
Variance (ANOVA).

2.2.5. Reference methods

For the determination of tablet weight gain and tablet mois-
ture content samples were studied with two reference methods,
namely an analytical balance (Mettler, AT 261 Delta Range® FACT)
and Karl Fischer titration. The reference values for the multivari-
ate models were determined as follows: for each coating step (i.e.
core, preheating, 10-100% spraying and two times during drying)
20 sets of 10 tablets were weighted. Then two mean values of
100 tablets each was calculated, resulting in a total of 28 tablet
weights. Two PLS calibration models (model [, model II) with mean
reference values from two different sampling ranges were devel-
oped both using the same wavelength region calculated by iPLS.
In addition, an iPLS calibration model (model III) for tablet mois-
ture content was determined using Karl Fischer reference values.
The moisture determination was performed using an Oven Sample
Processor 774 with a KF Coulometer 831 (Methrom, Fliederstadt,
Germany). Each weighted sample containing 10 crushed tablets
was preheated in the oven. The evaporated water from the sample
was transported by a dry carrier gas to the titration cell. The analysis
was performed with iodide KF Coulometric reagent CombiCoulo-
mat fritless (Merck, Darmstadt, Germany) and Lactose standard
5% (Merck, Darmstadt, Germany). The calibration and validation
samples are specified in Table 2.

Scanning Electron Microscopy (SEM) (Leo/Zeiss Supra 35®, Carl
Zeiss, Oberkochen, Germany) and Energy Dispersive X-ray (EDX)
Spectroscopy were used to determine the coating layer thickness
and the surface characteristics of the film coated tablets. One tablet
of each spraying stage (i.e. 10-100%) was investigated at different
locations on the face and the band region, respectively. Then the
average coating thickness of the tablet face and the tablet band
was calculated at each spraying stage. For sample preparation, the
tablets were divided at the score lines into two halves. Each half was
fixed onto a special sample holder. Then they were sputtered with
platinum using a vacuum evaporator. SEM images were obtained
at an acceleration voltage of 5.0 kV. EDX was used for the detection
of iron(Ill) included in the coating solution for a better distinction
between core and coating.

3. Results and discussion

Performing in-line NIRS measurements in a pan coating process
reveals spectral changes resulting from process-induced changes
of core properties, coating growth and different moisture condi-
tions. Fig. 2 shows the spectral changes during the pan coating
process. The intensity of the NIR signal corresponding to HPMC
strongly increased during the spraying phase. The spectral simi-
larity between coated tablets and the HPMC raw material indicates
that the spectral information of the coating formulation is domi-
nated by HPMC. HPMC has a characteristic intense NIR band region
between 5800 cm~! and 5500 cm~! which corresponds to the first
overtone of the CH-stretching vibration of the polymer backbone.
Water bands can be monitored at 6835cm~! and at 5190 cm™!
which correspond to the first overtone of the OH-stretching vibra-
tion and the combination band of OH of core and coat components.
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Fig. 2. NIR reflectance spectra of the coating process - increase of absorbance val-
ues between 5986 cm~" and 5369 cm~! show the effect of HPMC film growth. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of the article.)

3.1. Qualitative in-line NIR monitoring

Four experiments (A1-A2, B1-B2) were performed to study the
influence of different process variables (see Table 1) on the NIR
spectra and related product properties.

Fig. 3a illustrates a PC score plot of 1170 reflectance NIR spectra
for the first experimental run (A1). Each spectrum was pretreated
by MSC for compensation of scatter-induced baseline shifts and
intensity differences. Some correlations with the operation vari-
ables can be found in the score plot. Arrows are added to the plot
to describe these correlations. The scores are clustered according
to each coating step, i.e. different process parameters affected the
tablet properties, which in turn were detected by NIRS. The exper-
iment started with a “pan rotation without T” step. During this
step the tablets were rotated in the pan at room temperature. The
cluster shows that the rotation of coated tablets has little influ-
ence on the NIR measurements. Then the increase of temperature
can be observed. During normal pan rotation speed the coater was
heated up to 50°C, 65°C and then 70°C by increasing the exhaust
air temperature. Fig. 3b shows the spectral changes during the “pan
rotation with T” step. A shift and an intensity decrease of the com-
bination band of OH stretching vibrations, indicating changes in
water content are clearly visible. After cooling down the exhaust
air temperature to 50 °C the first spraying step started and the tem-
perature decreased to 45 °C. Interestingly, there is no separation of
the scores between the “pan rotation with T” step and the “spray-
ing 1” step, indicating that temperature-induced changes and their
effect on the spectra were more pronounced than the effect of the
additional coating growth. This may be attributed to the fact that in
this run (A1) the tablets were already coated from the beginning of
the experiment and the “spraying 1” step was short. The loadings
plot in Fig. 3¢ verified the dominating temperature effect on the
OH bonds in the first PC. In “spraying 2” the spray rate was reduced
at constant temperature (45 °C) which is also visible in the score
plot (Fig. 3a). The score clusters of “spraying 1” and “spraying 2”
differ clearly in their direction. This indicates that in “spraying 2”
moisture and coating growth are dominating the spectral informa-
tion, which is also shown in the loadings plot of PC 2 (Fig. 3c). After
spraying, the “drying” step took place and shows the same trend
as the “pan rotation with T” step. Based on this experiment it was
shown that the pan rotation is not a disturbing factor. On the other
hand, the spectral effects of changes in process parameters such as
exhaust air temperature and spray rate are directly visible, i.e. may
not be neglected.

In the second experiment (A2) the spray rate was varied. 1160
reflectance NIR spectra were collected during this run. Due to a
lower temperature and a shorter period of the “pan rotation with
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Fig. 3. (a) PC score plot of the first experimental run (A1). The scores are clustered
according to each coating step. (b) Temperature induced spectral changes during
the “pan rotation with T” step, spectra are shown after pre-processing using MSC.
(c) Corresponding loadings plot of PC 1 and PC2.

T” step compared to A1, the temperature effect on the spectra was
less pronounced and the coating growth was explained by the first
PC. The trajectory of the tablet moisture content during the process
is shown in a score line plot of the second PC (Fig. 4a). As illustrated
in Fig. 4b, the loading of this PC verifies the moisture information.

The changes of the spray rate are directly visible. In the “pan
rotation without T” step the already existing moisture level of
the tablets was more or less the same, but when the tempera-
ture increased there was a distinct decrease of the tablet moisture
content. After starting the first spraying step with 200 ml/min the
moisture content increased and slightly decreased again when the
spray rate changed to 160 ml/min at constant temperature. By
increasing the spray rate again to 200 ml/min the change of the
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Fig. 4. (a) PC score line plot of the moisture progress during the entire coating pro-
cess of the second experimental run (A2). (b) Loading plot of PC 2. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of the article.)

moisture content is also recognizable. Finally, during “drying” the
moisture decreased to a minimum as expected. Thus, it can be con-
cluded that the distinction of the tablet moisture content from
the coating growth and other process related spectral features is
feasible.

The runs B1 and B2 have been performed to evaluate the sen-
sitivity of in-line NIRS measurements to tablet density differences
and changes in tablet bed motion, which may occur during a pan
coating process after a certain amount of coating material has been
applied. For this purpose, we used cores instead of pre-coated
tablets and decreased the pan load to 130kg (see Table 1). Dur-
ing “preheating” and at the early stage of “spraying 1”, all the NIR
measurements occurred within the tablet bed. At the end of the
first spraying step, the volume of the tablet bed decreased and as a
result, the NIR analyzer slipped out of the tablets and measured in
the gas phase mainly consisting of evaporated water. A drawback
of the proposed application is the limitation in the positioning the
probe in the tablet bed due to the fixed baffles at the pan wall. Thus,
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the immersion depth of the probe cannot be adapted to a decreased
volume of the tablet bed.

For data analysis a PCA model was generated to summarize the
main variation in the complete data set. The data set consisted of
2138 reflectance NIR spectra. Fig. 5 presents the score line plots
of the first PC scores which show how the processes B1 and B2
proceeded over time.

Both experiments (B1-B2)reveal the same trajectory. The scores
from the “preheating” step show variations as seen before in Fig. 3.
The variation reveals the temperature effect which declines after
starting “spraying 1”. At the end of this spraying step, i.e. after
approx. 32 min of process time strong fluctuations are observed
during the second spraying step. These fluctuations were caused by
the decrease of the tablet bed volume after a certain time which is
an indicator for a defined amount of coating material applied to the
tablets. This change of the tablet bed volume, which often happens
in full industrial scale pan coaters, also implicates a change of the
distance and the angle of the analyzer to the tablet bed. Sometimes,
even the spray arm, where the several spray nozzles are mounted,
has to be corrected by the operator. A shift in spray gun to bed dis-
tance may have an influence on the coating quality, since a greater
distance intensifies the influence of the viscosity on the droplet size
and influences the droplet velocity. The spray width and height of
the spray zone are also affected [3]. As indicated in Fig. 5, three
steps can be observed within the second spraying phase. The vol-
ume of the tablet bed decreased after 20% of spraying. Tablet coating
was unsteady and incomplete. Thus, the strong spectral fluctua-
tions in the beginning of the second spraying step can be explained
by changes in the surface properties and the moisture content of the
tablets and the overall tablet bed density, affecting the reflectance
characteristics, i.e. the penetration depth of the NIR light and the
path length to the tablets and back to the sensor. Reduced spectral
variations are observed at the end of “spraying 2”,when the motion
of the tablet bed is more consistent and the tablet coating gets more
uniform and complete. The knowledge at what particular time the
change of the tablet bed volume takes place can be used as a good
indicator. A too wet tablet bed could be detected at an early stage
and would enable a rapid intervention in the process.

3.2. Quantitative in-line NIR monitoring

In run (C) the quantitative determination of coating growth and
tablet moisture content was elaborated.

Fig. 6a displays a PC score plot of 1367 NIR reflectance spectra.
The data were mean centered and pre-processed by MSC. The plot
illustrates the first and the second PC. The grouping of the scores in
clusters is easily visible and shows again that a change of the tablet
characteristics has happened during the process. As seen before
the temperature effect in the “preheating” step is shown by the
disorder of scores. As soon as the “spraying 1" step starts the scores
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Fig. 5. PC score line plots of two monitoring runs (B1-B2) over process time - decrease of the tablet bed volume after around 32 min. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of the article.)
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are in order of time and the separation between these two steps
is observable. The change of the spray rate in the second spraying
step is marked by another clustering direction of the scores. Dur-
ing this run it happened that in “spraying 2” the spray rate was
not constant at 160 ml/min. It declined to 150 ml/min. This was
not planned but it could be monitored immediately in the spec-
tra. This event emphasizes that not estimated changes in process
parameters and related changes in product characteristics can be
identified and eventually corrected in time. After spraying took
place, the scores of the “drying” step are represented by a separate
cluster because of different moisture information.

The first PC explains with 93% variation the concentration of
HPMC and the second PC accounts for 5.2% variation and is related
to the moisture content.

For a better interpretability both PC scores are presented as score
line plots in Fig. 6b and c.

Fig. 6b displays the first PC which shows after 45 min a lin-
ear increase of the coating layer against process time. After the
stationary level of the “preheating” step the HPMC concentration
rises from “spraying 1”, throughout “spraying 2” until “drying”. Ref-
erence values of the mean tablet weight at different time points
included in Fig. 6b confirm the NIR predicted coating progress
throughout the “spraying 2” step. Interestingly, the real-time NIR
measurements were found to be more consistent and also more
reliable to monitor the coating growth. This can be explained by
the fact that the use of tablet weights to determine the growth of a
thin coating layer is far from ideal at least during the early process
stages, since process-induced changes of tablet properties other
than the coating growth are contributing to the tablet weight. These
aspects will be discussed in more detail with the development of
the PLS model.

Fig. 6¢c shows the second PC which comprises the tablet mois-
ture trajectory over time. In spite of the disorder of the scores in the
“preheating” step the moisture profile can be monitored. The slope
in “spraying 1” shows the increase of the moisture content. Then
in “spraying 2” the moisture content decreased as the spray rate
changed followed by a plateau phase. In the “drying” step the mois-
ture content decreased again, as expected. The reference values
obtained from Karl Fischer titration and included in Fig. 6¢ con-
firm the NIR trajectory. The corresponding loadings of both PCs are
shown in Fig. 6d.

With the PCA model it was possible to visualize the entire coat-
ing process in one PC score plot. The different score clusters indicate
the change of process parameters and their effect on the tablet char-
acteristics. Even the unexpected change of the spray rate could be
directly identified. The clear separation of coating growth and tablet
moisture in different PCs enable a real time monitoring.

Based on the results of the PCA model, PLS models for the
determination of tablet weight gain, coating growth and tablet
moisture content were developed. Details of all quantitative PLS
models are summarized in Table 3. Model I represents the quan-
titative iPLS model for the determination of the tablet weight
with calibration samples from all stages of the process including
core tablets (using the first three PCs). To minimize the effect of
the core tablet weight variability on reference value accuracy, the
mean weight of 100 tablets was used at each process step. This
model I was tested against in-line NIR data obtained from the
same coating process. The corresponding profile is presented in
Fig. 7a. The high R? of 0.959 and the low predictive error (RMSEP
of 0.29 mg) compared to the theoretical net weight gain of the
coating growth between successive spray levels (approx. 0.38 mg)
indicate that the model built is sufficiently accurate to be used
for the determination of tablet weight changes during the coating
process.

However, the weight gain profile presented in Fig. 7a clearly
demonstrates that the tablet weights reflect not only the coating
growth which can be assumed to be linear, but also the changes
in process-related physical properties of the core tablets and at
the core/coat interface (e.g. attrition-induced weight loss, core/coat
interactions including penetration of coating liquid into the core
and subsequent swelling, residual moisture, surface roughness,
etc.). As NIR reflectance spectra are sensitive to all these tablet char-
acteristics, it is evident that the 3-latent variable PLS weight gain
calibration model I is not sufficiently selective to quantify the coat-
ing growth of the very thin HPMC coating layer at the early stages
of the process. This clearly implies the use of calibration samples
from process stages where the tablet weight gain can be assumed to
be dominated by the coating growth. Therefore, a 1-latent variable
iPLS model II with calibration samples from >30% coating level for
the selective determination of the coating weight was developed
and evaluated (Table 3). The high R2 of 0.963 and the low RMSEP
of 0.21 mg demonstrate the validity of the model in the 30-100%
coating level, which is the important range for end point determi-
nation. The profile in Fig. 7b represents the application of model
II against the in-line NIR data. Interestingly, the prediction of the
20% coating level corresponding to a theoretical coating amount of
0.77 mg per tablet was still very accurate. A much lower weight
was predicted for the 10% level confirming the aforementioned
process-induced changes of the core characteristics (e.g. liquid
penetration and swelling) during the initial stages of the coating
process.

Model Il represents the 2-latent variable calibration model
based on Karl Fischer reference values. The results for the predic-
tion of the tablet moisture content are shown in Table 3. Fig. 7c



34 C.-V. Moltgen et al. / Talanta 92 (2012) 26-37

5

173
2.5
172
171.5
171
170.5
170
169.5
169
168.5 '.'f’ o
168 -

0 20 40 60 80 100 120 140 160 180 200 220

process time [minutes]|

tablet weight [mg]

+ predicted tablet weight
measured tablet weight

173
1725
172

G

—_—
~1
—
wh

171
170.5
170
169.5
169 + predicted coating growth

coating growth [mg]

168.5 measured coating growth
168

60 80 100 120 140 160 180 200 220
process time [minutes]

—
2]
-

1.95
1.9 + predicted tablet moisture

1.85 measured tablet moisture

1.8
195
1.7
1.65
1.6
1.55
15

0 20 40 60 80 100 120 140 160 180 200 220
process time [minutes]

e

tablet moisture [%]

Fig. 7. Real-time application of the quantitative PLS models: (a) model I - tablet weight profile: measured and predicted; (b) model Il - coating growth profile: measured
and predicted; (c) model III - tablet moisture profile: measured and predicted.



C.-V. Méltgen et al. / Talanta 92 (2012) 26-37 35

Table 3
Results of PLS calibration models.
Calibration Prediction
Target parameter Model Alem1] LV RMSEC RMSECV R? RMSEP R? y-Block included sampling range
Tablet weight I 5646-5508 0.20mg 0.26 mg 0.968 0.29 mg 0.959 All process levels
Coating growth 1l 5646-5508 1 0.16 mg 0.24mg 0.970 0.21mg 0.963 30-100% coating level
0.52mg 0.948 10-20% coating level
Tablet moisture 111 5492-4998 2 0.03% 0.05% 0.921 0.03% 0.911 All process levels

displays its application in the process. The R% value of 0.911 and
the RMSECV of 4.8e—02% or the RMSEP of 3.1e—02% for the exter-
nal validation indicate the capability of the method to predict the
tablet moisture content during the coating process. The profile
shown in Fig. 7c provides further evidence for moisture uptake and
swelling of the tablet cores during the initial stages of the coating
process.

3.3. Coating thickness determination with Scanning Electron
Microscopy (SEM)

Fig. 8a shows the SEM image of the cross section of a coated
tablet. The numbers indicate locations of coating thickness mea-
surements. Film thickness determination of water-soluble film
coats are challenging because the coatings are very thin and the
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Fig. 8. (a) SEM image of a cross section of a coated tablet. The numbers indicate
locations of coating thickness measurements. (b) Comparison of coating thickness
in band and face region.

possibility of interactions with the core is very high, which compli-
cates the measurements.

As it was difficult to distinguish between tablet core and coating,
EDX spectroscopy was used to ensure where the interface between
core and coating could be expected. However, measurements
of the coating thickness were still difficult and time-consuming
due to the core/coating interactions. Moreover, the limited num-
ber of measurements did not allow inter-tablet variability to be
determined for both the face and the band region (Fig. 8b). Never-
theless, the trend of the coating thickness increase throughout the
different coating steps could be estimated. The standard deviations
included in Fig. 8b indicate high intra-tablet variability at the begin-
ning and at the end of the spraying stage, while tablet samples in
the middle of the process, i.e. at 40-70% spray level show less vari-
ability. Similar observations were made with NIR-CI (see Section
3.4). The mean coating layer thickness of the finished tablets was
estimated to be 28 wm in the face region. This clearly confirms the
thin coating layer. It turned out that SEM is not an adequate method
for the determination of both mean thickness and thickness vari-
ability of a thin aqueous based coating on a heart-shaped tablet. As
the method is destructive, time-consuming and expensive, it does
not allow an easy and fast handling. Hence, NIR-CI was evaluated
as an at-line tool to provide more detailed information about the
coating growth and uniformity.

3.4. At-line monitoring using Near-Infrared Chemical Imaging
(NIR-CI)

To monitor the coating progress in more detail including the
spatial distribution of the film coat on the tablet surface, a PLS-2
classification model was built using the whole spectral range. The
images of the samples were pre-processed as described in Section
2.2.4. The spectra in the reference library were used as predictors,
i.e. two factors were included in the model for the prediction of the
core and the HPMC coat, respectively.

Based on the reference library a PLS calibration model was built
which was applied to the collected tablet samples. Fig. 9a repre-
sents the PLS predicted HPMC images of the tablets, with red pixels
being related to high HPMC concentrations and blue pixels indicat-
ing low HPMC concentrations. According to this classification there
is only little HPMC on the tablet surface after 10% of spraying. The
visual inspection of the images reveals, however, a distinct increase
of the HPMC concentration throughout the coating process. Thus,
monitoring the coating growth with NIR-Cl is possible. The PLS pre-
dicted images are associated with histogram plots, which were used
to perform sample statistic. One parameter given by the histograms
is the mean value which was taken to accomplish an Analysis of
Variance (ANOVA). Fig. 9b shows a plot with the predicted mean
values of the relative abundance of HPMC for each coating step.
A continuous increase of HPMC during the spraying steps is evi-
denced. Theresults of the ANOVA point out that there is a significant
difference between the cores and the coated tablets at the 20% spray
level. This confirms the results obtained from the 1-latent variable
iPLS model (II) for quantitative in-line NIR monitoring of the coating
growth.
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The coating progress is also visible in the PLS predicted core
images of the tablets shown in Fig. 9c. The linear decrease of the
mean relative abundance of the core (Fig. 9d) provides further evi-
dence for the coating growth. From the ANOVA results of the PLS
predicted images of the cores, which indicate a significant differ-
ence between cores and coated tablets at the 10% of spray level, it
is obvious that physical changes of the core and/or at the core/coat
interface occur during the early stages of the process.

The PLS image analysis enables not only the monitoring of the
coating growth, but also the analysis of the spatial distribution of
the coating. The distribution of the coating formulation showed
strong intra- and inter-tablet variability throughout the process
(Fig. 9a and c). In particular, there is higher relative abundance of
the coating at the edges and score lines. As expected, this indicates
a thicker coating in these regions. A high inter-tablet variability
was mainly observed in the beginning and at the end of the coat-
ing process. Samples in the middle of the spraying stages present
less variability. This could be an indicator for a possible endpoint.
The process endpoint determination will be a subject of our future
work.

4. Conclusion

The study clearly demonstrated that in-line NIRS is a useful
and highly sensitive tool for monitoring in real-time a pan coat-
ing process. For a better understanding of the coating process
we performed the NIR measurements inside the rotating tablet

bed with contact to the product. With the PCA models it was
possible to visualize the entire coating process in one plot. The
clear separation of each coating step was visible. Also the influ-
ence of different process variables on the NIR spectra could be
elaborated. Process-induced changes of tablet characteristics were
detected and even the time point of the decrease of the tablet
bed volume could be identified. A 1-latent variable iPLS weight
gain calibration model with calibration samples from >30% coat-
ing level was sufficiently selective to quantify the coating growth
of the very thin HPMC coating layer. The simultaneous determi-
nation of process-induced changes of tablet moisture content from
NIRin-line spectra could be demonstrated. The PLS predicted image
analysis enabled the at-line monitoring of the coating process with
NIR-CI. Significant differences between core and coated tablets
were detectable after 20% of spraying indicating physical changes
at the core/coat interface and coating growth, respectively. Also
the coating stages with low inter- and intra-tablet variability could
be identified. Overall, this work demonstrated that the new in-line
NIRS application in combination with MVDA has the potential to
measure the growth of very thin coatings based on materials other
than HPMC provided that the NIR signal of the coating material
can be separated from other spectral features related to chemi-
cal and physical core properties. The combination of in-line NIRS
and at-line NIR-CI is an appropriate PAT approach for gaining a
better understanding of the tablet coating process thus leading to
more effective and robust coating processes and higher product
quality.
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