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ABSTRACT

The feasibility of Optical Coherence Tomography (OCT) for in-line monitoring of pharmaceutical film coating
processes has recently been demonstrated. OCT enables real-time acquisition of high-resolution cross-sectional
images of coating layers and computation of coating thickness. In addition, coating quality attributes can be
computed based on in-line data. This study assesses the in-line applicability of OCT to various coating func-
tionalities and formulations. Several types of commercial film-coated tablets containing the most common in-
gredients were investigated. To that end, the tablets were placed into a miniaturized perforated drum. An in-line
OCT system was used to monitor the tablet bed. This set-up resembles the final stage of an industrial pan coating
process. All investigated coatings were measured, and the coating thickness, homogeneity and roughness were
computed. The rotation rate was varied in a range comparable to large-scale coating operations, and no influence
on the outcome was observed. The results indicate that OCT can be used to determine end-point and establish in-
process control for a wide range of coating formulations. The real-time computation of coating homogeneity and

roughness can support process optimization and formulation development.

1. Introduction

Motivated by a shift towards continuous manufacturing in the
pharmaceutical industry and the demand for more automation, in-line
process monitoring and real-time process data acquisition are
becoming increasingly important. Process analytical methods have been
demonstrated and implemented for a range of unit operations in solid
dosage manufacturing (Fonteyne et al., 2015; Laske et al., 2017). As far
as the coating processes are concerned, in-process controls still mainly
rely on manual measuring of the diameter or weight gain of coating
thickness. This procedure is tedious and time-consuming. Moreovet, it is
affected by the operator’s influence, involves a low number of samples
and cannot account for tablet core variability.

Thus, more sophisticated methods have been reported, comprising X-
ray computed tomography (XuCT) (Ariyasu et al., 2017; Radtke et al.,
2019), broadband acoustic resonance dissolution spectroscopy (BARDS)
(Fitzpatrick et al., 2012; Alfarsi et al., 2018), near infrared spectroscopy
(NIRS) (Gendre et al., 2011; Hattori et al., 2018), Raman spectroscopy
(Barimani and Kleinebudde, 2017; Kim and Woo, 2018), terahertz
pulsed imaging (TPI) (May et al., 2011; Haaser et al., 2013; Lin et al.,
2015a) and optical coherence tomography (OCT) (Markl et al., 2014,

2015, 2018; Sacher et al., 2019). Although XuCT offers high resolution,
it is time consuming and therefore mostly used as reference method.
BARDS can evaluate the coating thickness and integrity of samples
drawn from the process using a correlation model. The rest of the above-
mentioned methods are capable of measuring the coating properties in-
line. While calibration models are required for NIR and Raman spec-
troscopy, TPI and OCT can measure the coating thickness directly. In
addition to offering high resolution, TPI and OCT can measure coating
properties of single-dosage units (Lin et al., 2017a). Especially OCT,
which is based on low coherence interferometry, is suitable for moni-
toring the coating quality in real time due to its high acquisition rate
(Sacher et al., 2019). Coating homogeneity and coating roughness can
be computed in real time. The drawback of OCT is a lower penetration
depth compared to TPI (Lin et al., 2015b). Scattering particles can limit
the penetration and hinder the coating layer detection. However, a wide
range of functional coating formulations can be analyzed by means of
OCT. Lin et al. (2017b) investigated the applicability of OCT to common
coating materials in the off-line mode. Wolfgang et al. (2019) demon-
strated the validity of OCT results for at-line and in-line applications
using a polymer reference target as well as coated tablets and comple-
mentary methods.
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However, all studies on the applicability of OCT for analysis of
different coating formulations so far concentrated on off-line OCT
technology. Therefore, in this study we investigate the feasibility of an
in-line OCT system for analysis of common coating formulations. As a
model setup, the coating process was experimentally simulated using a
perforated rotating drum, which enables the same measurement
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conditions as an industrial scale pan coater. This drum is commercially
used as an at-line monitoring system, as it mimics a modern drum coater
in terms of tablet bed movement and monitoring characteristics. Several
types of commercially-available coated tablets were investigated. In
addition to coating thickness, for the first time homogeneity and
roughness were computed for commercial tablet formulations based on

Table 1
Tablets, coating ingredients and coating functionality.
Brand name Film-forming polymer Plasticiser Other ingredients Coating functionality Tablet shape Tablet size Tablet photo
(round: d x h, oval: (not to scale)
1xw x h) [mm]
RatioDolor HPMC PEG, Cosmetic Oval 19.3 x 8.3 x 5.3
Glycerol
Glucophage HPMC Cosmetic Round, biconvex 13.6 x 6.6
Zinkorotat Eudragit L Triethyl Talcum Delayed release Round, biconvex 9.3 x 4.9
POS citrate
Thrombo Eudragit L Triacetin Talcum Delayed release Round, biconvex 7.3 x4
ASS with small bevel
edge
Pantoloc HPMC, PVP Propylene Titanium dioxide, Inner layer, isolation Oval, biconvex 11.7 x 6 x 4
glycol yellow iron oxide
Eudragit L30D Triethyl Yellow, red and Top layer delayed
citrate black iron oxide release
Pantoprazol HPMC Triethyl SCMS Inner layer, isolation Oval, biconvex 9.3 x 4.9
citrate
Eudragit L30D Triethyl Yellow iron oxide Top layer delayed
citrate release
Pharm 1 HPMC, CA PEG Opadry, Opacode Osmotic release Round, biconvex 8 x4
black ink (controlled release)
Pharm 2 HPMC, CA PEG Osmotic release Round, biconvex 11.3x 6
(controlled release)
Pharm 3 HPMC, CA, PEG, Extended release Oval, biconvex 10.8 x 5.5 x 4.4
hydroxypropyl Triacetin
cellulose

HPMC = hydroxypropyl methylcellulose, CA = cellulose acetate, PEG = polyethylene glycol, PVP = polyvinylpyrrolidon, SCMS = sodium carboxymethyl starch, d =

tablet diameter, h = tablet height, 1 = tablet length, w = tablet width.
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data acquired in real time.

2. Materials and methods

2.1. Tablet core and coating material

Commercial tablets with different coating formulations were pur-
chased in a standard pharmacy. In addition, three types of tablets were
supplied by a pharmaceutical company (hereinafter referred to as Pharm
1, Pharm 2 and Pharm 3 rather than by the brand name). The coatings of
the investigated tablets contain mostly common polymers and represent
most types of coating functionalities, i.e., cosmetic, delayed release
(enteric), extended release and osmotic-controlled release. The cosmetic
coatings contained hydroxypropyl methylcellulose (HPMC) as a film-
forming polymer, and the delayed release coatings were Eudragit-
based. Both Eudragit L and Eudragit L30D are co-polymers of meth-
acrylic acid with methyl acrylate and ethyl acrylate, respectively. The
osmotic release coatings in this study contained HPMC and cellulose
acetate (CA) as a polymer, and the extended release coating contained
hydroxypropyl cellulose in addition. The coating of two types of tablets
(Pantoloc and Pantoprazol) consisted of two separate layers, which may
pose a challenge to the monitoring technique. Only tablets without or
with a low amount of scattering pigments were selected, as high pigment
contents is a limitation for OCT (Lin et al., 2017b). The tablets had round
biconvex and oval biconvex shapes and sizes from 7 mm to 19 mm in
diameter or length. Table 1 provides an overview of the investigated
tablets and their most important coating ingredients. The dimensions
were measured with a calliper. Note that pictures in the Table are not on
the same scale.

2.2. Optical coherence tomography measurements

The tablets were filled into an at-line tablet sampling device (Phyl-
lon, Austria) and presented to the OCT probe. This system contained a
perforated rotating drum with variable rotation rate, which mimicked
an industrial scale pan coater and had holes with a diameter of 2.8 mm
and has the advantage that a few hundred tablets can be analyzed at the
same time. An in-line OCT sensor (OSeeT Pharma 1D, Phyllon, Austria)
was placed below the drum and measured the passing tablets through
the holes in the drum in the same way as in an industrial application
described in Markl et al. (2015). A front cover of Plexiglas made it
possible to watch the tablets moving. Fig. 1 shows an image of the at-line
sampling device in operation, filled with a bed of tablets. For better
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visibility of the tablets in the image, the Plexiglas cover of the device was
dismantled.

The tablets were placed into the perforated drum. Either 200 or a
minimum of 100 ml of tablets were filled depending on the tablet size in
order to achieve a uniform tablet bed. For the pan diameter of 0.2 m, a
rotation speed of 30 rpm was adjusted to achieve a circumferential speed
of 0.31 m/s. This resembles the operating conditions in an industrial-
scale pan coater with pan diameters from 0.6 m to 0.8 m, which typi-
cally operates at 8-10 rpm (Wang et al., 2012).

For OCT measurements, the spectral-domain (SD) system described
in Sacher et al. (2019) was used. It consists of a base unit (which houses
the light source, the spectrometer and the electronics) and the sensor
head, which divides the light beam into the measurement and reference
beams. As light source a super luminescent diode (SLD, BLMS mini,
Superlum Diodes Ltd., Ireland) with a central wavelength of 832 nm and
spectral full-width at half-maximum (FWHM) bandwidth of 75 nm was
used. The resulting axial resolution in air is 4 pm. The system acquires up
to 100,000 single depth scans (A-scans) per second. The sensor head was
placed into the at-line sampling device and connected to the base unit
via an optical glass fibre. For image evaluation, the algorithm presented
in Sacher et al. (2019) was applied. First, each A-scan is classified into
the categories air, tablet and drum. Next, the interfaces between the air
and the coating and between the coating and the core are detected via
ellipse fitting. The coating thickness is computed as the shortest distance
between the ellipse fits of air/coating and coating/core interfaces
perpendicular to the top interface. To exactly identify an interface, three
adjacent layers must be clearly visible in the OCT image. Taking the
axial resolution of 4 pm into account, this results in a detection limit of
12 pm. The coating homogeneity is calculated as a ratio between the
number of pixels with brightness above a defined value and the total
number of pixels in the detected coating layer. Therefore, a more uni-
form coating layer with fewer dark pixels yields a higher homogeneity
value. The coating roughness is defined as a root mean squared error
(RMSE) between the real top interface peaks and the ideal top interface
ellipse. All coating properties are computed based on the acquired depth
profiles in real time. Fig. 2 shows how the thickness (distance between
the ellipse fits in red), the coating homogeneity (calculated using all
pixel data within the ellipse fits and the vertical lines) and the coating
roughness (deviation between the upper ellipse fit and the true coating
surface in the cross section) are defined.

Fig. 1. At-line sampling device with a rotating drum and an in-line OCT sensor. The insert shows the moving tablet bed in the drum.
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Roughness

Homogeneity

Fig. 2. Definition of coating thickness, homogeneity and roughness.

2.3. Reference analytics

The tablet coating layers were investigated off-line via light micro-
scopic (LM) imaging. From each tablet type, 10 tablets were selected
randomly for LM analysis from the tablets, which have also been
measured in the at-line sampling device before. In the case of circular or
oblong shape, the tablets were cut with a sharp knife on one convex side
between the center and the outer edge. Capsule-shaped tablets were cut
in the center on one side in the circumferential direction. After cutting
off half of the tablet height, all tablets were broken manually. This
procedure allowed an optimal preservation of the coating layer. The
broken sides of the tablets were analyzed by means of a light microscope
(Leica DM 4000 M from Leica, Germany) with a 50-fold magnification in
the reflectance mode. The coating thickness was measured in 10 posi-
tions for each tablet using the software Leica Application Suite v4.9. An
error of 10% was estimated based on the range of subjective identifi-
cation of the layer boundaries. Images with 200-fold magnification were
taken to acquire an optical impression of the coating homogeneity.

3. Results and discussion

The OCT images were acquired by means of in-line OCT system and
the coating attributes were computed in real-time. A refractive index of
1.5 was assumed for all investigated coatings. Since coating polymers
typically have refractive indices between 1.4 and 1.6 in the wavelength
range of the applied OCT system (https://refractiveindex.info, 2020),
the potential maximum deviation for the coating thickness is 7%,
compared to the value obtained via the actual refractive index.

If OCT is employed in industrial applications, the actual refractive
index should be used to obtain the most accurate coating thickness.
Although the residual moisture content in the coating layer can influ-
ence the refractive index, it can be assumed to be constant for tablets at
the outer region of the coater close to the drum, where an in-line OCT
measurement is performed from outside the coater through the holes of
the drum. However, for end-point determination, in-process control and
closed-loop process control, establishing a relative increase in the
coating thickness and the value related to the optimal drug dissolution
performance is sufficient. In Fig. 3, OCT images of the investigated
commercial tablet coatings, acquired via the in-line OCT system, are
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shown. The orientation of the coating layers in the images depends on
the orientation of the tablet in front of the OCT sensor. The green areas
represent the sections of the layer that are classified as coatings by the
algorithm. Based on these image data, the coating attributes are
computed. The scale bar shows the dimension in the direction of light
beam in the z-axis. The dimension in the x-axes depends on the speed of
the tablets passing in front of the light beam and on the pan speed. The
coating layers of all investigated tablets were successfully detected and
classified, from very thin (15 pm at RatioDolor) to very thick coating
layers (158 pm at Pantoprazol).

Interestingly, even coating layers with lower amounts of talcum or
iron oxides could be detected (see Table 1), while titanium dioxide
disabled proper layer identification. Only the top layers of Pantoloc and
Pantoprazol could be detected. In contrast, in the LM images of these
tablets, two layers are visible. Fig. 4 shows light microscopic images of
all investigated tablet coatings with a 200-fold magnification. For Pan-
toloc, both layers are in the same thickness range, while for Pantoprazol
the inner layer is very thin. A potential reason could be that the amount
of titanium dioxide in the inner layer of Pantoloc hinders proper
detection of the second layer via OCT. Another cause could be overlap or
penetration of the core and the isolation layer, making the detection of a
distinct interface impossible.

Table 2 summarizes the coating attributes and their relative standard
deviations (RSD) based on 500 OCT detections. In addition, the mean
coating thicknesses and RSDs from analysis of the LM images are pro-
vided, based on approximately 100 measurements in different positions
on the tablets, including band and bend. The values for RatioDolor and
Glucophage are missing since their coating layers were too thin for a
reliable evaluation based on the LM images.

Fig. 5 shows an example of the thickness measurements based on the
LM images. The mean coating thicknesses of OCT and LM are in very
good agreement for most of the tablets. Potential reasons for the relative
thickness deviation between OCT and LM are the difference between the
estimated and the actual refractive indexes and the challenge of
manually selecting the correct interfaces in the LM images. However, it
is below 5% for all tablets, except for Pharm 2 and Pharm 3, which show
deviations in the range of 10%. Assessing the measurements in more
detail reveals that the majority of thicker LM readings stem from posi-
tions far away from the tablet center. In contrast, OCT acquires its data
more often from the top of the tablets due to their orientation in the
drum. We thus, conclude that for these tablets (Pharm 2 and 3) the
coating thickness is not evenly distributed. For Pantoloc and Pan-
toprazol only the top layer values are shown in Table 2.

The RSD of the coating thickness is below 15% for most tablet
samples. It has been shown in the literature that the coating thickness
can vary greatly between tablets (inter-tablet variability) (Sacher et al.,
2019; Wahl et al.,, 2019; Lin et al., 2017a) due to the randomly
distributed amount of spray being deposited on each tablet and, to a
certain extent, to the uneven surface of tablet cores. For two tablets
(Glucophage and Thrombo ASS), the RSD is higher. Since the formula-
tions of these two tablets are different, yet similar to other tablets with
lower RSD, their broad RSD rather seems to stem form the process. Due
to a relatively small number of measurements, the RSD based on LM can
only be used to estimate tendencies in the thickness variation. These are,
however, comparable to the OCT results.

The coating homogeneity, which represents the number of dark
pixels related to the overall number of pixels in the coating layer, varies
greatly among the investigated tablets and seems to be related to the
type of coating and ingredients. Products that contain HPMC have high
homogeneity values, while the Eudragit-based coatings have low ho-
mogeneity (as reflected by the darker images in Fig. 3). The coatings of
Ratiodolor and Glucophage are very thin. For a thin coating layer, the
air-coating and coating-core interfaces, which also consist of dark pixels,
can influence the computation of homogeneity. Therefore, these two
tablets were excluded from the comparison. The homogeneity acquired
via OCT is influenced by a change in the refractive index within the
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Fig. 3. Images of commercial tablet coatings acquired using the OCT in-line sensor. The scale bar represents the coating layer dimension.

coating layer, which can be caused by any kind of inclusions and a
different amount of residual solvent during drying and curing that are
affected by both the formulation and the process. OCT has the potential
to analyze and detect deviations in the coating homogeneity from a pre-
defined set-point, and to support formulation development and process
control. The dark pixels in the images of the osmotic release products
Pharm 1 and Pharm 2 can be due to porosity in these coating formula-
tions. Therefore, the homogeneity could also be used as an indicator of
the layer porosity.

The LM images in Fig. 4 provide further information about the in-
ternal coating structure, although they show a very limited area. Pan-
toloc with the highest homogeneity computed via OCT has a very
smooth and uniform coating layer, while Zinkorotat POS and Thrombo
ASS with the lowest OCT homogeneity have the most irregular coating
appearance. Thus, there is a clear correlation between visual appearance
and the measured OCT homogeneity. In the LM images of Pantoprazol,
some grains or inclusions can be found, which result in a lower homo-
geneity compared to Pantoloc. This is in agreement with OCT. However,
the LM images of Pharm 1, Pharm 2 and Pharm 3 leave room for
interpretation. While the OCT homogeneities of Pharm 1 and Pharm 3
are close to Pantoloc, the LM images indicate a layered coating structure
similar to Zinkorotat. This may reflect layer-wise application and drying

during the coating process. To the naked eye, the coating structure of
Pharm 2 looks similar, although the homogeneity is much lower. A
potential reason of grain-like or irregular areas of coating, which is not
clearly related to the formulation or the process, is the preparation
procedure that can induce delamination of the coating. Compared to the
coating structure analysis via LM, OCT provides a more objective rep-
resentation based on the number of pixels darker than a defined
threshold. Nevertheless, the homogeneity value computed by OCT can
be influenced by various sources (real change in homogeneity due to
process or formulation, but also image artefacts due to broader dark
areas at layer interfaces) and therefore, more research on this topic is
needed.

The coating roughness is 3-4 pm for most of the investigated sam-
ples. Only the thin coating layers of Ratiodolor and Glucophage show
less roughness. This is in good agreement with the observation that the
coating roughness increases with increasing process time (Sacher et al.,
2019; Seitavuopio et al., 2006). The roughness of Pantoprazol’s very
thick coating is still about 4 pm. This correlates with Seitavuopio et al.
(2006), who found that the coating roughness increases in the beginning
of the coating process and remains stable after some period of process
time leading to no further increase for thick coatings. The absolute
roughness values are within the same range as those obtained via
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Fig. 4. Images of commercial tablet coatings acquired using the light microscope in the reflectance mode with 200 fold magnification.

contact profilometry (Markl et al., 2018) and laser scanning microscope
(Dohi et al., 2016).

The OCT measurements were repeated at various rotation rates to
investigate the influence of tablet speed on the quality of the results. As a
lower limit, a rotation rate of 20 rpm was selected. At this speed, there is
still enough movement in the tablet bed to induce sufficient exchange of
tablets in front of the OCT sensor. The upper limit of 40 rpm still pro-
vides a bed of tablets, while a further increase in the drum speed leads to
cascading and tumbling of tablets in the drum. Depending on the size
and shape of tablets, slightly lower and higher drum speeds are possible.
The investigated range also represents typical operation states of con-
ventional coaters. Generally, faster movement of the tablets in front of
the OCT sensor leads to distortions in the acquired images (Markl et al.,
2014). This effect can be overcome by decreasing the time between two
A-scan acquisitions and obtaining more information for each tablet. In
this study, exactly the same settings of the OCT system were used for all
rotation rates. The results in Table 2 indicate that a change in the
rotation rate within the described limits does not influence the OCT
readings. The measured coating thickness remained within a range of
+1 pm. Coating homogeneity and roughness are not affected signifi-
cantly by an altered drum rotation either, meaning that the operator can
run OCT at a wide range of coater speeds using the same settings.

4. Conclusion

When applying OCT for in-line monitoring of industrial coating
processes, it is essential to establish which type of coatings can be
measured. In this study, several types of tablets containing common
coating polymers and plasticisers were investigated using an in-line OCT
system. All tested materials could be measured and coating attributes
computed in real time, from very thin coating layers of about 15 pm to
very thick coating layers of over 150 pm. Although coatings with high
pigment scattering were excluded from the study, it was possible to
detect the coating layer interfaces for drug products with fewer pig-
ments. In addition to the coating thickness, homogeneity and roughness
could be computed based on the OCT images. Homogeneity is linked to
the coating formulation, while roughness seems to be influenced mainly
by the process. OCT has high potential to support formulation devel-
opment and process optimization via coating quality monitoring.
Compared to LM imaging, OCT can provide statistically more repre-
sentative information about the coating structure much faster. However,
deeper investigation of both of these coating attributes is required to
understand the link between coating quality and effects such as drying
and curing.

The results of this study are valid for coating processes on the
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Table 2
Tablet coating attributes computed using the OCT data and coating thickness obtained via light microscopic (LM) imaging.

Tablet at 20 rpm at 30 rpm at 40 rpm LM
Mean Mean Coating Mean Mean Mean Coating Mean Mean Mean Coating Mean Mean
Coating Homogeneity Coating Coating Homogeneity Coating Coating Homogeneity Coating Coating
Thickness [%] and RSD Roughness Thickness [%] and RSD Roughness Thickness [%] and RSD Roughness Thickness
[pm] and [pm] and [pm] and [pm] and [pm] and [pm] and [pm] and
RSD RSD RSD RSD RSD RSD RSD

RatioDolor 155 + 41.9 £ 50.6 1.9 + 245 15.5 + 34.6 + 53.5 1.9 +20.1 15.7 + 42.6 + 44.9 1.9 + 50.4 -
14.7 13.6 13.3

Glucophage 21.5 + 41.9 £ 39.4 1.4 £15.0 20.7 £ 55.9 + 29.0 1.4 +£11.3 199 + 50.0 + 32.4 1.4+11.1 -
24.7 21.3 20.1

Zinkorotat 63.9 + 57.2 £37.2 3.3+£525 64.2 + 55.8 + 33.4 3.4 +£50.7 63.5 + 62.9 £+ 27.6 3.3+46.5 67.2 £ 6.8

POS 13.5 12.8 12.4
Thrombo 52.2 + 51.9 £ 47.6 3.7 £43.1 50.5 + 49.3 + 47.6 3.6 £38.1 51.2 + 49.7 + 44.7 3.7 + 36.4 50.1 +
ASS 19.7 15.2 15.0 15.5

Pantoloc 77.5 + 98.2£1.5 2.9 +57.1 76.2 £ 97.9 £1.8 3.4+ 476 76.0 = 97.9+1.9 3.8 +49.8 73.7 £
12.3 11.9 12.6 14.9

Pantoprazol =~ 156.2 + 86.5+7.3 5.3 + 60.7 157.8 + 86.4 + 5.8 4.1 +£62.1 157.1 + 89.2 +£6.3 5.4 +63.8 162.4 +
11.3 11.1 11.6 7.8

Pharm1 79.3 £ 96.0 + 3.7 4.0 £57.0 78.5 + 95.9 £ 2.6 3.4 £55.0 77.9 £ 96.5 + 2.9 3.7 £ 56.4 81.6 £8.1
11.6 11.0 11.0

Pharm2 58.7 + 81.1 £6.8 4.6 +28.1 58.6 + 82.2+5.8 4.3 +£28.1 59.9 + 84.6 +£ 4.9 4.2 +28.9 63.8 £ 8.2
13.2 11.9 12.2

Pharm3 75.3 + 92.9 +£ 6.7 3.2+ 529 74.3 £ 941 £5.1 3.2+47.2 74.4 + 94.1 + 4.6 3.6 + 47.5 82.6 £ 7.7
11.4 10.5 10.8

500 pm

86.2 uym

86.2
I

III

Fig. 5. Coating thickness measurement in the LM image.

industrial scale since the conditions in the miniaturized drum set-up
mimicked large-scale drum coating. Therefore, OCT is applicable for
end-pint determination and in-process monitoring of a wide range of
pharmaceutical coatings. To maximize the use of OCT capabilities,
future work must concentrate on implementation in industrial-scale
processes and combination with process control systems. Development
of closed-loop control based on a correlation between coating attributes
monitored by OCT and critical quality attributes of the drug product will
support manufacturing of precise coating applications.
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