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ARTICLE INFO ABSTRACT

Film coating of pharmaceutical dosage forms, such as tablets and pellets, can be used to tailor the drug release
profile. With that regard, a uniform coating thickness of a single tablet (intra-tablet), all tablets (inter-tablet) and
subsequent batches (inter-batch) is crucial. We present a method comparison between in-line (optical coherence
tomography and near-infrared spectroscopy) and well-established off-line (height-, weight- and diameter-gain)
approaches to determining the coating thickness of tablets. We used single tablets drawn during a commercial
coating process. Comparing the low intra- and high inter-tablet coating variability indicated that the tablets had a
broad distribution of spray zone passes but at a random tablet orientation. Even at the end of the coating process
at a mean coating thickness of about 70 pum, the inter-tablet standard deviation was about 9 pm or 13% relative
standard deviation. Determining correlations between the methods identified the factors that contribute to the
measurement uncertainty and bias for each method. Ultimately, we aimed to establish that in-line methods
match or even surpass the conventional off-line reference methods in terms of accuracy and precision of coating
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thickness measurement.

1. Introduction

Coating of oral solid dosage forms, such as tablets and pellets, is an
important unit operation in pharmaceutical manufacturing, since it can
be used to define the release profile of the active pharmaceutical in-
gredient (API). There are three main coating types of API release be-
havior, i.e., (1) immediate release, (2) modified release and (3) con-
trolled or sustained release [1]. Immediate release coatings often serve
cosmetic purposes (e.g., brand, dosage strength identification) or
compliance purposes (e.g., taste masking, easier swallowing). In this
case, the coating thickness is of low biopharmaceutical importance.
Modified-release coatings are typically applied to resist the gastric
juices (enteric coating). Proper functionality requires a coating that is
above a minimum thickness with a low inter-tablet coating thickness
variability. Controlled- or sustained-release coatings ensure a defined
release profile of the drug over an extended period of time. In diffusion-
based coatings [2] and osmotic systems [3,4] the coating thickness and
variability (intra- and inter-tablet) are thus critical quality attributes
[5,6]. The release profile depends not only on the coating thickness but
also on the porosity of the polymeric film and its evolution during

dissolution, on the surface area and on the added (in-)soluble excipients
[7-9].

Several modelling efforts aimed at gaining a mechanistic under-
standing of the release profile, which have to be validated based on
experimental observations [7], such as the evolution of microstructure
and its effect on the diffusion coefficients [8]. A faster release rate is
commonly accomplished via thinner coatings, increased coating por-
osity or larger total surface area. Significantly slower release rates may
be achieved by incorporating impermeable objects, e.g., inorganic
particles, crystallites or nanoclays [9]. Thus, in addition to the coating
thickness and its variation, the microstructure needs to be considered.

Due to the numerous formulation and processing factors influencing
the performance of functional coatings, development and manu-
facturing of coated dosage forms is challenging [10]. Currently the
scale-up and transfer to manufacturing equipment is strongly based on
experience and utilizing dimensionless numbers for the equipment. This
approach needs to imply that the coating structure and coating thick-
ness uniformity remains the same, because such measurements are not
accessible, or are very time consuming. Ultimately, the dissolution test
will determine if a process transfer was successful. Here, OCT can help

* Corresponding author at: Institute for Process and Particle Engineering, Graz University of Technology, Inffeldgasse 13/3, 8010 Graz, Austria.

E-mail address: khinast@tugraz.at (J.G. Khinast).

https://doi.org/10.1016/j.ejpb.2019.06.021

Received 29 March 2019; Received in revised form 24 May 2019; Accepted 18 June 2019

Available online 02 July 2019
0939-6411/ © 2019 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/09396411
https://www.elsevier.com/locate/ejpb
https://doi.org/10.1016/j.ejpb.2019.06.021
https://doi.org/10.1016/j.ejpb.2019.06.021
mailto:khinast@tugraz.at
https://doi.org/10.1016/j.ejpb.2019.06.021
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ejpb.2019.06.021&domain=pdf

P.R. Wahl, et al.

to generate knowledge if and how the formulation and process para-
meters affect the coating properties, and how these in turn affect the
quality attributes, e.g. dissolution. Measuring the coating parameters
during each step of pharmaceutical development thus supports a more
streamlined scale-up.

Tablet coating is commonly performed in perforated pan coaters
[11]. The coating uniformity is influenced by the equipment geometry
(e.g., the baffle design), the coating solution properties (e.g., the solid
content, viscosity and surface tension) and a multitude of process
parameters (e.g., the spray rate, inlet air temperature and relative hu-
midity, bed temperature, pan radial velocity, atomizing and pattern air
pressure, orientation of nozzles, distance to tablet bed and number of
nozzles) [6,12-14]. These parameters influence the spray pattern on the
tablet bed surface, the particle size distribution of droplets, the drying
of spray droplets before they hit the tablets and the thermodynamics of
drying. Optimizing the coating process should be supported by CFD/
DEM simulations. Though based on first principle calculations, such
models still have a few fitting parameters. To identify these parameters
and to validate the simulations, reliable and fast in-line reference
measurements are required. Additionally, parallel in-line measurements
can help to determine potential influencing factors not considered by
the model.

Several in-line methods have been utilized to study the coating
growth on pharmaceutical pellets and tablets. These include near-in-
frared (NIR) [15-19] and Raman spectroscopy [20,21], terahertz
pulsed imaging (TPI) [22,23], visual imaging [24,25] and optical co-
herence tomography (OCT) [22,26,27]. A detailed review was pub-
lished by Knop et al. [1].

NIR and Raman spectroscopy are indirect methods that measure the
intensity of spectral fingerprints of NIR/Raman active compounds in
the illuminated or sampled volume. The sample volume depends on the
penetration depth of radiation, which is material and wavelength-spe-
cific [28]. It is influenced by the material’s absorption peaks and scat-
tering properties defined by the particle size distribution (PSD), shape
and surface roughness. Additionally the contribution to the overall NIR
signal is not the same throughout the sample volume [29]. The spectral
information can be correlated to coating thickness only by using che-
mometric models. NIR can acquire the spectra significantly faster than
Raman, in the low millisecond range, which allows to measure single
tablets in-line. The Raman signal, in contrast, is less influenced by water
due to its low Raman scattering coefficient (i.e., the influence of re-
sidual moisture is expected to be lower than in NIR). However, RAMAN
measurements take longer and thus, yield integral values of coating
properties.

OCT and TPI directly measure the optical path length of the coating
layer. Thus, a simpler referencing based on determining the refractive
index of the examined material is possible. Due to a higher speed and
resolution of OCT, coating as thin as about 10 um can be measured.
Additionally, information about the coating structure can be obtained,
i.e., the intra-particle coating variability, distribution of coating parti-
culates and properties of interface between the coating and the core.
Due to longer wavelengths used, TPI can penetrate scattering coatings
containing inorganic pigments and thicker layers, but it cannot resolve
layers below 30 um (measured on PE foils) [30] to 50 um (measured on
tablet coatings) [22].

Visual imaging can mainly be applied to pellet coating. It is a direct
measurement of the entire particle size, including the coating and the
core. Assuming a constant core particle size distribution, the average
coating thickness and an estimate of its distribution can be calculated.

Our paper focusses on an experimental comparison of in-line OCT
and NIR approaches to the established off-line height-, weight- and
diameter-gain methods. Based on the experimental data obtained,
contributions to the measurement uncertainty are analyzed. In addi-
tion, we aimed to test if the in-line methods match or even surpass the
established off-line reference methods in terms of accuracy and preci-
sion.
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2. Materials and methods
2.1. Materials

All sample tablets were drawn during a commercial manufacturing
process. The cores were bi-convex tablets with an average weight of
200 mg and a dosage strength of 100 mg of a common pain killer. An
enteric coating based on Eudragit L 30 D-55 30% aqueous dispersion
(Evonik, Germany) with a target weight gain of 8% was applied in a
perforated pan coater with a batch size exceeding 100kg (Bohle,
Germany). According to the confidentiality agreement with the manu-
facturer, the exact composition of coating and core cannot be disclosed.

2.2. Sampling and method comparison procedure

During the coating process, nine samples consisting of approx. 150
to 200 tablets each were drawn at 15, 45, 75, 105, 135, 165, 195, 225
and 240 min. The last sample at minute 240 corresponds to the target
coating end-point of 8% weight gain. For each sample, 10 tablets were
labelled to allow a direct tablet-by-tablet comparison. To mimic an in-
line measurement, the entire sample was loaded into a miniature per-
forated drum for at-line measurement (OSeeT tablet sampling device,
Phyllon, Austria). It consists of a small drum of 20 cm in diameter with
a single line of perforations with 3 mm in diameter and a distance be-
tween perforation center points of 5mm. The drum has adjustable ro-
tational speed. The OCT probe was permanently mounted on the de-
vice, while the NIR probe was placed on a lab stand with clamp (with
OCT probe removed). Both probes were installed in the same position
outside of the drum directly below the center of the tablet bed at an
angle of 45° from the vertical, to measure the tablets in the sampling
device through the perforations. All samples were measured for
3 minutes at a rotational speed of 30 rpm.

2.3. Weight-, height- and diameter gain

The individual tablet weights were measured using a precision scale
(XP205DR, Mettler Toledo USA, resolution 0.01 mg). Diameter and
height measurements were performed with a micrometer screw gauge
with torque control (QuantuMike MDE-25MJ, Mitutoyo Europe,
Germany, resolution 1 um). Three replicated measurements per tablet
were performed and averaged to minimize the operator influences.

Based on the weight gain, the coating thickness was estimated.
Therefor the density p of the dried coating formulation was calculated.
The coating thickness x of the biconvex tablets was computed by nu-
merically solving the equation

Myotal my + my

mo + pr((r + x)% + (r + x)?(h + x) + 3(h + x)* — (r’s + rh
+ 3h%)

for x, with measured weight m,, weight gain m,, and tablet core
properties weight mg, =196 * 2mg, radiusr = 4.044 = 0.002 mm,
dome heighth = 0.9 * 0.008 mm and band heights =1.996 +
0.008 mm. Ten tablet cores were measured. This equation assumes a
uniform coating thickness over the entire tablet (Opm intra-tablet
coating variability).

2.4. Optical coherence tomography

Off-line investigations were performed via a 3D OCT setup (re-
solution: 4.1 ym axial in air, 10 pm lateral in focus, 1.6 mm image
height in air), as described in [27]. For each tablet, a B-scan with
6.12 mm length consisting of 1024 A-scans was acquired from the top,
bottom and band. For at-line measurements, a process OCT system with
a 1D probe (OSeeT pharma 1D, Phyllon, Austria, resolution: 4.1 um
axial in air, 15 pm lateral in focus, 2.76 mm image height in air) was
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used. Both systems employ a superluminescent diode (SLD) with a
central wavelength of 830 nm and a bandwidth of 62nm. The OCT
image acquisition in the 3D system was accomplished via a custom
software. The image acquisition in the 1D system and the evaluation of
all OCT data were executed via the vendor software (OSeeT 3.3,
Phyllon, Austria). The minimum coating thickness, below which mea-
surements were discarded, was set to 12 um. No additional data pre-
treatment or sorting was required.

Based on the OCT images, the following parameters were evaluated:
the coating thickness per tablet, the standard deviation (SD) of coating
thickness between the tablets, the surface roughness and the homo-
geneity index. Surface roughness Rq is calculated as the root mean
square deviation of the detected surface versus an ellipse fit, as de-
scribed in [31]. In the OSeeT software, the homogeneity index is given
in percent and is defined as 100% minus the fraction of coating that
appears dark in the OCT image due to reflections or scattering. This
way, the area of regions (pixels) that are above a defined threshold can
be compared to the entire coating area. We used a threshold of 0.1, of a
range of 0 to 1 (white to black) and a minimum area of 5 connected
pixels to suppress noise. This image analysis of homogeneity requires a
minimum coating thickness of about 30 um, based on the OSeeT sys-
tem’s axial resolution and analysis procedure.

2.5. Near-infrared spectroscopy

All measurements were performed using a process NIR spectrometer
(SentroPAT FO, Sentronic, Germany, spectral resolution: 2nm,
1100-2200 nm) with a probe of 6 mm spot size (SentroProbe DR LS).
For off-line measurements of top and bottom, each tablet was placed
directly on top of the probe window. The integration time for off-line
measurement was set to 20 ms, with an averaging of 40 spectra, leading
to a total integration time of 800 ms. For at-line measurement no
averaging was performed, with a total integration time of 20 ms, to
allow later spectral sorting and to obtain spectra mainly of single ta-
blets. These spectra correspond to the mean coating thickness.

For at-line measurements potentially more than one tablet can
contribute to the obtained spectrum, due to the drum geometry, the
rotational speed of 30 rpm, 20 ms integration time and the 6 mm spot
size. As the used NIR probe was a contact probe, the distance to the
sample was important. Only tablets which were located directly behind
the perforation provide sufficient backscattered signal intensity. The
perforated drum was sprayed matte (flat) black to minimize specular
reflections from the metal. That way the backscattered light from the
tablet surface was the main contribution to the NIR spectrum.
Additional spectra sorting was performed in order to remove all spectra
with insufficient signal from tablets, e.g. due to a too large tablet-sensor
distance or no tablet at all in the field of view. The criteria used for
sorting was based on the intensities at specific wavelengths,
Lg3anm < Losonm, due to which 81.1% of acquired spectra were dis-
missed.

2.6. Light microscopy

A light microscope (DM 4000M, Leica, Germany) with 5x magnifi-
cation in the reflected light mode was employed to obtain the reference
measurements of coating thickness. After the tablets were measured
using 3D OCT, they were cut with a scalpel on one side and then
broken. Since smearing of the coating by the blade affected the read-
ings, the broken side was analyzed. The coating thickness was de-
termined by averaging 5 positions measured close to the apex using the
vendor software (Leica Application Suite v4.9). The error introduced by
the manual identification of the interface was estimated to be 5 um for a
single reading. The estimate was based on the interpretation of the
same microscopy image by different operators.
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3. Results
3.1. PLS model for NIR spectroscopy

Both, for off-line and at-line applications, a PLS model was devel-
oped to predict the coating thickness, with a mean diameter gain per
sample as the reference. Since the presentation of the tablets to the
probe was very different, two PLS models were required. Off-line tablets
were in direct contact with the probe, while for at-line measurement
there was a distance between them of about 5mm, leading to lower
intensity captured by the probe and noisier spectra. The spectra were
pretreated with SNV in a spectral range of 1200-2030 nm, and the PLS
model was developed in the same range. A coating specific peak was
observed at 1394 nm. Samples from coating time Omin (uncoated
cores) were excluded from the PLS model due to the distinct differences
in surface scattering properties of the tablet core and the coated tablet.
Additionally, uncoated cores are commonly prone to attrition, which
leads to a reduction in weight and dimension (detailed in discussion
section). Both PLS models consisted of 3 latent variables. The PLS
metrics were R2=0.87, RMSEP=7.8um and Q2= 0.83,
RMSECV = 8.7 um for off-line and R? = 0.89, RMSEP = 7.2 um and
Q? = 0.81, RMSECV = 9.1 um for at-line.

3.2. Refractive index for OCT

Unfortunately, materials databases do not list the wavelength-de-
pendent refractive index n of complex multi-component and multi-
phase media (e.g., coating polymer with plasticizer and anti-tacking
agent). This refractive index is required to translate the OCT pixel count
into absolute coating thickness values. For a measured pixel count p, an
image height z,;, a total number of pixels p,, of 1024, the coating
thickness d is determined viad = %. We compared three approaches
to determine n of the coating: (1) acl)iiirect measurement of the coating
thickness via light microscopy imaging of broken tablets, (2) a calcu-
lation of coating thickness based on the measured weight gain and (3) a
calculation of n based on a volume-weighted mixture of the coating
components’ refractive indices. As described below, in the first two
methods n was calculated to match the measured coating thicknesses.
In the third method n was calculated based on literature values. The
results are summarized in Table 1. The impact on the determined
coating thickness is notable. A coating which has 100 pm at n = 1.37, at
a given OCT pixel count, has 92.7 um for n = 1.27 and 109.3 pm for
n = 1.498, varying nearly by = 10%.

The coating thickness of 10 tablets after 240 min of coating time
was analyzed using the light microscope. Only tablets with a clean
breakage line were compared. Prior to breaking the tablets, OCT
measurements were performed in similar positions.

The second method for determining n was to calculate the coating
thickness via the average weight gain of 100 tablets for coating times of
45-240 min. The first minutes of coating were excluded due to un-
known attrition of the tablet core. The density of dry coating mass was
calculated to be p = 1.465 g/cm®>.

Lastly, n was calculated using values np of the raw materials re-
ported in the literature. These literature values are measured at 589 nm,
at the sodium D-line. Since the refractive index is typically wavelength-
dependent (see Cauchy or Sellmayr equation of dispersion), it is slightly
different at 830 nm, which is the central wavelength of OCT.

Table 1

Overview of refractive indices determined.
Approach n
Light microscopy 1.37 £ 0.07
Weight gain 1.27 = 0.11
Volume weighted mixture 1.498
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All calculations required significant simplifications: the solvent is
fully evaporated, the coating is free of pores, the coating solution is
perfectly mixed and no coating solution diffuses into the tablet core.
These assumptions are most likely not valid for real coatings. A
minimum level of diffusion into the core is required to bond the coating
to the core. Excess diffusion can cause a multitude of effects: the solvent
may remain in the core leading to a higher residual moisture and
weight and, potentially, to a swelling of the core. Additionally, coating
solution that migrated into the table core does not contribute to the
function of the coating, e.g., enteric protection. Light microscopy pro-
vided the only direct thickness measurement, and thus we used
n = 1.37 in all subsequent analysis.

3.3. Off-line method comparison

The five methods, i.e., OCT, NIR, and weight-, height- and diameter-
gain, were compared in terms of (1) repeatability, (2) influence on the
tablet core, (3) coating thickness variation on a single tablet and (4)
resulting coating thickness variation between the tablets. A summary of
the results is provided in Table 2.

First, the repeatability of each method was evaluated by performing
ten replicate measurements of a single tablet (sample 165 min, tablet
#4). Since for NIR and OCT the tablet was not moved between the
measurements, these methods measured the effect of sensor noise on
the PLS model prediction and image analysis, respectively.

Next, the influence of the tablet core properties for NIR and weight-,
height- and diameter-gain was assessed by calculating the SD of ten
tablet cores. Generally for OCT, swelling or attrition of the tablet core
(changes in the core dimensions during coating) does not influence the
coating thickness reading. However, the tablet’s core roughness can
influence the distribution of coating thicknesses on a tablet. The coating
layer itself can have an additional thickness variability due to the sta-
tistical nature of the coating process. The core roughness affects the
coating thickness and its distribution (intra-tablet variation). Especially
with regard to OCT, the intra-tablet variation refers to the coating
quality and is not a measurement error. It was assessed by calculating
the SD of coating thickness in 3D OCT scans, consisting of 512B-scans,
of three tablets (sample 165 min, tablet #4 - #6).

Lastly, the inter-tablet variation was evaluated. To that end, 10 la-
belled tablets per sample, as described in Section 2.2, were examined
via all five methods. In Table 2, the inter-tablet variability was calcu-
lated as the SD of the mean-centered data for all samples drawn at
45 min until the end of the process. Before 45 minutes of coating the
layer thickness was below the limit of detection for OCT. As such, the
SD reflects both the coating thicknesses and the measurement accuracy.
In this case, both in-line methods, i.e., OCT and NIR, showed the lowest
SDs, followed by the diameter-gain.

The results of coating thickness measurements and the corre-
sponding inter-tablet SDs of all five methods for the drawn samples are
shown in Fig. 1. The data was pretreated in order to highlight the
correlations between the methods and to remove the obvious correla-
tion of coating thickness gain due to the coating progress. For each
method and sample (i.e., tablets drawn at the same time from the
process) the measurements of the ten tablets were mean-centered. For

Table 2
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ﬁ Diameter gain (-4min)
Height gain (-2min)
80 Weight gain

= NIR off-line (+2min)
~(- OCT off-line (+4min)
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Fig. 1. The growth of the coating thickness over coating time, as measured by
all five methods. For a better visualization of all curves, the data points are
shifted up to four minutes from the original sampling time (see legend).

example, the mean weight gain of the ten tablets drawn at 135 min was
subtracted from the individual weight gain measurements at 135 min.

A graphical matrix of the correlations consisting of the scatter plots
of two methods as well as Pearson’s correlation coefficients p are shown
in Fig. 2. Here, all drawn samples from coating time 45 min until the
process end at 240 min are considered. The methods diameter gain, NIR
and OCT all correlate strongly to each other (> 0.80). Moreover, height
gain and weight gain correlate at the same level (0.84) to each other but
poorly to the other methods (diameter-gain, NIR and OCT). A correla-
tion between the height and weight can be expected since heavier ta-
blets are thicker at a constant bulk density. The poor correlation to the
other methods can be attributed to significant height and weight var-
iations in the tablet core (see Table 2). This is probably due to fluc-
tuations in the powder flow into the die of the tablet press, leading to
varying dosed volumes or powder densities prior to compaction. The
resulting weight and height variations are also reflected in a broader
distribution, as shown in the histograms of Fig. 2.

As Fig. 1 indicates, at 165 min of coating time the variation between
all methods for the sample is the highest. This is the reason why this
sample was examined in more detail. Fig. 3 presents the coating
thicknesses of ten tablets, as determined via all methods. Three tablets
(#4 - #6) with a pronounced variation are highlighted with black filled
circles. Their corresponding OCT images are shown in Fig. 4 and the
coating thicknesses are summarized in Table 3. The cross-sectional
images visually confirm the reported high inter-tablet coating thickness
variations. Interestingly, the top, bottom and band of a single tablet
have consistent coating thicknesses. The low intra-tablet variability is
confirmed via OCT 3D mapping of the top and bottom in an area of
6.12mm X 6.12 mm.

In summary, the analysis on coating thickness intra- and inter-tablet
homogeneity show very different outcomes. The width of the mean-

Overview of the off-line method comparison results. Details on the samples used to calculate each column are in the main text. (1) Ten replicate measurements
without moving the tablet (2) could be determined via NIR-chemical imaging (not part of this study) and (3) 3D OCT measurement of top and bottom of three tablets.

Repeatability SD (um)

Tablet core SD (um)

Intra-tablet variation (um) Inter-tablet variation (um)

Weight gain + 0.0000 mg *2.0mg/ + 9.6 um
Height gain +24 + 89
Diameter gain +3.3 +3.5
NIR +0.1W +1.7

oCT + 0.0 N.A.

N.A. 12.0
N.A. 15.8
N.A. 7.9
NA @ 5.9
+28®@ 6.3
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8or For at-line measurement all approx. 150 to 200 drawn tablets from a
—~701} ° sample were measured at once in the sampling device. Typical NIR
g_ ® spectra and OCT images are presented in Fig. 5. The NIR spectra for all
% 601 ° © e o o sampling times shown were averaged per sample, after removing the
3 e ® o non-tablet spectra. The OCT images shown in the Figure are for a
£50f o - O * . sample at 240 min of coating time.
E w0l 5 - oC The analyzed results are shown in Fig. 6, comparing at-line and
s o 5 previously discussed off-line data for both methods. As can be clearly
£ 30+ * ° * © © o seen, the gain of coating thickness is detected by both methods (Fig. 6,
8 ® ° 5 left). Interestingly, both technologies have the same pattern of offset
Ot © oe between off-line and at-line (see Fig. 6, right), except at 165 minutes
© when the number of NIR spectra after sorting was significantly lower
107 o (by a factor of 2 - 3) than in the other samples. It is likely that the NIR
0 ) ‘ ) ) ) probe was not ideally positioned in that case. The synchronized varia-
ocT NIR Diameter  Height Weight tion of the offset (at-line vs. off-line) between NIR and OCT confirmed

Sample and method

Fig. 3. Coating thickness of 10 tablets from the sample at 165 min of process
time. The black lines show the mean value for each method. The black-filled
circles are tablets #4 — #6, as shown in Fig. 4.

centered coating thickness data, as shown in Fig. 1, shows that the ta-
blets have a large inter-tablet variability. Despite that, the inter-tablet
variability, as shown via OCT cross-sectional images in Fig. 4 is low.
In literature one study of tablet dimension measurements stated that
the coating thickness variation between the top and the band depends
strongly on the tablet shape, with round tablets having the lowest
variation [32]. Another study that applied terahertz on round tablets,
reported a pronounced difference between top/bottom and band [33].
The literature and our results suggest, that shape is only one of many
influential factors for coating homogeneity. Thus, minimizing inter- and
intra-coating variability is a multivariate optimization task.

348

the good correlation between the methods (although the reason for this
offset is not known). Additionally, due to a higher number of samples
measured at-line, the measured mean value is expected to be closer to
the mean value of the entire sample than that of 10 tablets analyzed off-
line. The SD of the at-line data is in the same range as off-line, i.e., for
OCT 5.8 um at-line and 6.3 um off-line, as well as 6.1 um at-line and
5.9 um off-line for NIR. The SD was calculated for the samples at 45 min
to the end of the process.

Additional information about the surface roughness and homo-
geneity index was obtained via OCT (see Fig. 7) as this is the only
method that can provide such data. Interestingly, the surface roughness
and its SD increased during the coating process. In our previous work,
we could show that, compared to the tablet core, the surface roughness
increased over process time [31]. No clear trend was established for the
homogeneity index, a measure for the fraction of scattering areas in the
coating. Towards the process end, the homogeneity of samples stayed
nearly constant. In other words, regardless of the coating thickness, the
appearance of layers in terms of “dark spots” remained the same.
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#5
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#6

top

— +

bottom

side

Fig. 4. OCT cross-sectional images of the top, bottom and band of tablet numbers 4 to 6. The tablets are from the sample at 165 min of process time.

Table 3
3D OCT results for 3 tablets, shown in Fig. 4. The scanned area is
6.12 x 6.12 mm, consisting of 1024 X 512 A-scans.
Tablet #4 #5 #6
Top (um) 49.8 = 29 255 = 2.1 51.8 = 3.8
Bottom (um) 51.1 = 2.8 254 = 2.4 53.0 = 3.0
Band (um) 51.3 = 4.6 28.6 = 3.0 53.0 = 3.1

4. Discussion
4.1. Off-line measurements

Coating recipes in pharmaceutical manufacturing are currently
based on weight gain. Our current study demonstrates that weight gain
is a poor measure of coating thickness. For single tablets, it correlates
poorly with the diameter-gain, NIR and OCT (Pearson’s correlation
coefficients of p < 0.3), primarily due to significant deviations in the
tablet core weight, compared to the low weight of the coating. In this
case, a high precision of the balance has no benefits. Typically, a high
SD in the core weight is compensated by relying on the statistics of large
sample sizes and on sampling several hundred tablets for weight gain.
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Yet this method provides no information on the coating thickness dis-
tribution between the tablets. Other influential factors are the potential
swelling of the core due to water uptake and attrition of the tablet core
in the beginning of the coating process, which would lead to a bias. The
water uptake bias can be prevented by determining loss-on-drying
(LoD) before and after coating, while the attrition bias cannot be de-
termined by weight measurements only.

The weight-gain method has the advantage of directly determining
the coating efficiency by comparing the dry mass of applied coating
solution to the weight gain. The disadvantages of this approach are the
necessary correction of the weight gain for the tablet core moisture
uptake and the remaining bias in terms of attrition. OCT and NIR data
plotted over diameter gain (from 45 minutes to process end) were fit
with a first order polynomial in order to estimate the attrition. Where
the fit intersects 0 um, the diameter gain was — 6.7 um and —7.9 pm for
OCT and NIR, respectively. Thus, attrition is likely to be in this range.

The height-gain results were similarly affected by the tablet core
variability. An increase in the core tablet weight results in an increased
height at equal bulk density. This is also reflected by correlation factors
o = 0.84 between the height- and weight-gain methods. The variation in
the tablet core height was higher by nearly a factor of four than the
error of the manual caliper measurement.

Based on the results of this study, OCT, NIR and diameter-gain are

Fig. 5. Left: Averaged NIR spectra for each sample after removing the non-tablet spectra. Right: OCT image of the sample at t = 240 min. The green area highlights
the detected layer and the vertical violet line indicates the mean coating thickness. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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Fig. 6. Comparison between at-line (dotted line) and off-line (solid line) results for NIR (circle) and OCT (diamond). Left: Absolute coating thicknesses over process
time. Right: coating thickness difference between at-line and off-line results over process time.

more precise methods for measuring the coating thickness, with a very
good correlation (p > 0.8) between all three methods for single tablets.
Since the NIR model was calibrated with the diameter gain as reference
data, a strong correlation was expected. OCT was referenced in-
dependently via light microscopy and correlated equally well. This
suggests that all three methods measured the same property.

The diameter of tablet cores is well-defined by the punch geometry
of the tablet press and has a much lower variance than the height and
weight. Therefore, the main source of variation is the manual caliper
measurement. Other influential factors are possible swelling and attri-
tion.

Since OCT directly measures the coating thickness based on the
optical path length, the coating thickness obtained is not affected by
swelling and attrition. The 2D cross-sectional images (see Fig. 4 and
Table 3) illustrate a strong variation in the mean coating thickness of up
to 30 um for tablets from a single sample. The intra-tablet coating
variability of 2.9 um for these samples was an order of magnitude
smaller. This indicates that the coating thickness for this specific setup
has a good intra-tablet uniformity but a poor inter-tablet uniformity.

The NIR signal is a volume-based average spectrum of the chemical
composition of penetrated volume. An increase in the spectral con-
tribution of the coating material was calibrated against diameter gain.
The NIR result is independent on dimensional changes of the tablet
core, but can be influenced by the moisture uptake since water has a
pronounced NIR signal. This increases the modelling effort but offers
insights into the residual moisture after coating.

Roughness Rq (um)

0 . . . .
50 100 150 200

Coating time (min)

4.2. At-line measurements

At-line measurement of coating thickness of single tablets in a setup
which mimics an in-line process interface was possible via both OCT
and NIR methods. The SD of the at-line data is in the same range as the
off-line data for both NIR and OCT, and the absolute coating thickness
values are comparable. This suggests that both methods delivered
consistent results. Hence, both methods fulfill an important goal of
developing an in-line method: achieving comparable accuracy and
precision with the off-line method.

For at-line application of NIR spectra, sorting had to be performed
to remove spectra for instances when no tablet was in front of the
sensor. Additionally, since the process interface (distance probe to ta-
blet) was different from that off-line, a new calibration model had to be
developed. Although a greater distance also led to noisier spectra, no
significant effect on the prediction quality was observed.

For at-line application of OCT, no modifications of software or
hardware are necessary. What is more, OCT provide information be-
yond coating thickness. An increased roughness over the coating time
that was observed (Fig. 7, left) which may be due to mechanical forces
in the pan coater or the coating droplet deposition during the coating
process. Since the mechanical forces acting on the tablets increase with
the tablet bed height, roughness can also be a good indicator for scale-
up. The homogeneity index (Fig. 7, right) was nearly constant towards
the process end. This suggests that the coating conditions, such as
solvent evaporation rate, bed and air temperature, spray rates and

100 T T T !
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Fig. 7. At-line OCT results for surface roughness (left) and homogeneity index (left) over process time.
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coating solution properties, were constant during the entire process.
Most importantly, OCT does not require extensive model development
as needed using NIR spectroscopy, instead a simpler referencing based
on determining the refractive index of the examined material is used.

4.3. Summary

From the methods compared, diameter-gain, OCT and NIR showed
consistent results, which correlated well to each other. OCT and NIR at-
line and off-line performance was comparable. The effort for the
method development and transfer to at-line application was sig-
nificantly smaller for OCT, since it directly measures the coating
thickness, while chemometric modeling is required for NIR measure-
ments. Due to a large number of samples measured at-line, the mea-
sured mean value and SD are expected to be closer to the mean coating
thickness values of the entire sample (or batch) than those obtained
based on the ten tablets analyzed off-line. This is reflected by the
coating growth over time: the at-line approaches had smaller deviations
from a linear growth than the off-line reference methods. As such, the
coating thickness variation determined via in-line methods is a statis-
tically more correct representation of the entire batch. The data clearly
supports the statement that in-line methods surpass conventional off-
line reference methods.

When comparing OCT and NIR to the diameter-gain method, attri-
tion was estimated to be in the range of 6.7 um (via OCT) and 7.9 pm
(via NIR), leading to a small weight loss and reduced dosage strength.
This weight loss is not taken into account in the coating efficiency
calculations. Hence, the actual coating efficiency will be higher and
more coating suspension is deposited on the tablets, contributing to the
coating thickness. Different levels of attrition of the tablet core in the
beginning of the process, in addition to commonly considered spray
drying and turbulent air flow, may be a notable contribution to the
coating-efficiency differences between coaters. Therefore, next to
achieving a low inter-tablet coating uniformity, a second optimization
opportunity is to reduce the forces acting on the tablet core until a
sufficient protective coating layer has formed.

A broad distribution of coating thicknesses was observed. Even at
the end of coating process, with a mean coating thickness of about
70 pm, the inter-tablet SD was about 9 um or 13% RSD. This indicates
that the tablets had a broad distribution of spray zone passes. The intra-
tablet homogeneity of 2.9 um, as measured via 3D OCT, was compar-
ably low. Hence, the tablets in the spray zone had no preferred or-
ientation. This information is valuable for process development since it
indicates that a broad distribution in the number of spray zone passes is
the root cause of the coating thickness variations observed.

Further research could be directed towards the functional perfor-
mance of coatings. The coating functionality is likely to be determined
not only by its thickness. For controlled release coatings, the link has to
be established between the dissolution rate and the coating thickness
and its variability, yet also including OCT parameters, such as surface
roughness and homogeneity index. Furthermore, understanding how
the coating process affects these parameters could provide important
information about the coating.
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