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In this work, a novel protocol was developed for determining film coating thickness and coating quality of
microparticles, based on the use of confocal laser scanning microscopy (CLSM). CLSM was found to be an
adequate non-destructive technique for the quantification of the coating thickness and coating quality of
individual thin-coated small particles. Combined with image analysis, it was possible to derive with high
accuracy the coating thickness distribution of a representative number of microparticles. The perfor-
mance of the novel methodology was assessed by the quantification of the coating thickness and coating
quality of protein-coated microparticles produced by fluidized bed coating. It was found that the CLSM
data on coating layer thickness were generally in good agreement with the results from chemical anal-
ysis, down to a thickness of 1–1.5 lm. Using CLSM the importance of setting up the appropriate distance
between the coating nozzle and the powder bed with respect to microparticle coating quality in fluidized
bed processing was illustrated. Coating quality was found to decrease with increasing distance the coat-
ing droplets have to travel before impinging onto the core particles as a result of spray-drying of the coat-
ing droplets. Also, coating quality decreased with increasing viscosity of the coating droplets, resulting in
reduced spreading on the cores.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Microencapsulation is a process in which a pure active ingredi-
ent or a mixture is coated with or entrapped within a protecting
material or system. As a result, useful and otherwise unusual prop-
erties may be conferred to the microencapsulated ingredient, or
unuseful properties may be eliminated from the original ingredient
[1,2]. The performance of the end products of a particle coating
microencapsulation process essentially depends on quality aspects
such as microparticle film coating thickness, quality and
morphology.

Better control of the particle coating microencapsulation pro-
cess has therefore stimulated the efforts to monitor the coating
process by measuring the coating thickness. Whereas a too thin
coating will fail in its required performance (protection, controlled
release, etc.), a too thick coating will result in delayed liberation,
increased coating process times and hence, increasing costs [3].
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A basic technique, commonly applied for tablets, to determine
the endpoint of a coating process is taking samples in-process,
weighing a known sample size and determining the theoretical
amount of coating added [4]. First of all, this information assumes
equal coating thickness around the complete tablet surface and be-
tween different tablets. Secondly, it is clear that for microparticles
(100–500 lm), this technique has practical limitations.

The applicability of microscopic techniques such as SEM and
conventional fluorescence microscopy is restricted to the sample
surface. Therefore, in order to be able to study the coating layer
around tablets or microparticles, these have to be sliced into two
or more sections. As a result, this procedure is characterized by a
high number of possible practical problems and artefacts. Conven-
tionally, pellets are sliced into two sections and imaged by SEM or
fluorescence microscopy [5–7]. Tedious protocols are reported to
assure that pellets are cut in the equatorial plane [8]. For mechan-
ical sectioning of smaller microparticles, it is clear that it is even
more difficult to control the slicing plane.

Atomic force microscopy (AFM) studies microparticle surface
roughness by using a sharp probe, moving over the sample surface
in a raster scan [9]. From the detected deflections, a map of surface
topography is generated [10]. AFM has the advantage of offering a
better resolution (submicron range) than electron microscopy (EM)
and is capable of non-destructively characterising non-conducting
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surfaces [11]. Main limitations of AFM are thermal fluctuations and
the finite size of the probe tip [12].

Also, near-IR spectra can be used in the prediction of film coat-
ing thickness as spectral changes occur when the coating thickness
varies [4]. The range of film thicknesses investigated using this
method, however, varies from 25 to 75 lm. These are rather large
values, characteristic of the pharmaceutical industry, but consider-
ably exceeding the thickness of a conventional food ingredient
coating (5–10 lm) obtained via, e.g., a fluidized bed coating tech-
nique. Hence, near-IR spectroscopy does not assure the required
spatial resolution [13].

Laser-induced breakdown spectroscopy (LIBS) is an elemental
analysis technique well-suited to quickly study the microparticle
surface and the internal component distribution, with minimal
sample preparation, but suffers from the same drawback as for
near-IR spectroscopy as the sampling size is approximately
500 lm in diameter [14] and the depth penetration per laser pulse
is in the order of 10 lm. Nevertheless, for larger tablets, LIBS has
the potential to provide both a rapid at-line analysis of multiple
samples and the spatial resolution necessary for intra-tablet coat-
ing uniformity determination [13].

The above-described limitations associated with the mechani-
cal sectioning of the microparticles can be overcome through the
use of confocal laser scanning microscopy (CLSM). In this method,
the operator is allowed to optically section the microparticle at any
desired plane [8]. Andersson et al. [6] ascribed to the use of fluores-
cence microscopy the advantage that the core and the coat could
be distinguished based on a difference in fluorescence intensity.
However, Ruotsalainen et al. [15] showed that CLSM was even
more powerful in studying the film–core interface. In their work,
only the coating was fluorescently labelled and, hence, visualized
by CLSM.

The potential for using CLSM as a non-destructive and conve-
nient method for the study of microcapsules is very high [16]. This
was concluded from CLSM’s ability to adequately visualize the dif-
ferent components of alginate–polylysine–alginate microcapsules
[17]. Furthermore, CLSM combined with computational image
analysis allowed the quantitative determination of the thickness
and composition of the wall material of microcapsules, prepared
by complex coacervation [18]. Another study, by Lamprecht et al.
[19] showed that with CLSM, it was possible to quickly determine
the location as well as the amount of an encapsulated oil phase.
Quantification of the CLSM images was facilitated by the spherical
shape of both the encapsulated oil phase and the microcapsules
themselves. Zimmermann et al. [20] used CLSM to validate a prep-
aration technique for alginate microcapsules. It was concluded that
CLSM allowed routine evaluation of capsule performance.

In a study on microparticles obtained after spray-drying,
Lamprecht et al. [8] observed that the small size of the particles ap-
peared to reach the limit of the resolution attainable with CLSM. It
was indicated that a meaningful image resolution for particles
smaller than 5 lm would be difficult to obtain. Nevertheless, CLSM
was acknowledged as a very powerful technique for the character-
ization of microparticles, providing more information than any
other microscopic inspection method. More recently, confocal
micrographs of polyelectrolyte microcapsules in the size range of
2–5 lm have been recorded and first attempts have been made
to derive the shell thickness of 5 lm sized microcapsules [21–23].

The considerable amount of literature cited above has one
important thing in common with respect to the assessment of
the microparticle quality, i.e., their focus is on either the coating
surface or the average coating thickness. However, obtaining an
average value for coating thickness alone does not adequately
characterize a batch of coated microparticles; equally important
are overall coating quality, inter- and intra-particle coating vari-
ability and the presence of coating deficiencies. Furthermore, one
of the key goals of every batch microparticle coating process is to
produce, batch by batch, uniform product quality and morphology,
so coating quality also needs to be verified for different batches. In
all of the above-mentioned studies, only the average coating thick-
ness is estimated, while no information on the heterogeneity be-
tween individual microparticles is given. An exception is the
work of Andersson et al. [6] who performed an analysis of film
coating thickness of pharmaceutical pellets. In their work, each
pellet was already characterized by a population of coating thick-
nesses rather than by one single value. However, mechanical sec-
tioning of the spherical pellets was necessary in order to study
the pellets under the fluorescence microscope.

None of the above cited studies presented a non-destructive
quantification of coating quality of microparticles (about 250 lm)
with very thin (�5 lm) coatings. Therefore, the objective of this
work was to develop a novel protocol for determining film coating
thickness and quality of microparticles, based on the use of confo-
cal laser scanning microscopy. The performance of the novel meth-
odology will be assessed by the quantification of the coating
thickness and quality of microparticles produced by fluidized bed
coating.

2. Materials and methods

2.1. Microparticle production

Fluidization experiments were performed in a laboratory-scale
Glatt GPCG-1 fluidized bed (Glatt GmbH, Germany) comprising a
tapered stainless steel (0.56 m height, 8.1� inclination) vessel with
a stainless steel woven-wire mesh distributor at the base (0.14 m
diameter). More information on the equipment can be found else-
where [24,25]. Both the top-spray and bottom-spray configuration
[2,26–29] were applied to coat glass beads Microbeads� (Sovitec,
Belgium) with an average particle diameter of 204 lm. Two differ-
ent proteins were selected as coating materials: aqueous solutions
of 5–10 wt% sodium caseinate (Armor Protein, France) and gelatine
ASF/A (Rousselot, Belgium), which is a porcine collagen hydroly-
sate, were prepared. In each case, the protein was dissolved into
demineralised water, which was previously stained with 3 ppm
Rhodamine B (99+%) (Across Organics, Belgium). In all experi-
ments, 750 g of core particles were processed in a Glatt GPCG-1 flu-
idized bed. The inlet air was heated to 75 �C and a flow rate of
97 m3/h or 55 m3/h, resulting in good fluidization conditions in
the top-spray and bottom-spray configuration, respectively, was
selected. A binary nozzle was used to atomize the aqueous coating
solution (room temperature) onto the fluidized particles. The noz-
zle atomization pressure was set at 3 bar in order to obtain suffi-
ciently small coating droplets.

2.2. Coating thickness calculation

The theoretical coating thickness can be calculated based on the
fact that a known amount of coating dry matter, Mc, is added to a
fluidized powder mass, Mp. All core particles are considered to be
spherical and to have an equal particle radius, rp. Under the
assumptions that no coating losses occur and that a coated particle
can be considered as two concentric spheres, a theoretical refer-
ence value for coating thickness, dc, can be found as (after [30])

dc ¼ rp � 1þ
qp �Mc

qc �Mp

� �1=3

� 1

 !
ð1Þ

where qp is the particle density of the core particles (kg/m3) and qc

is the particle density of the coating material (kg/m3). The particle
density of the core particles and the coating materials were ob-
tained through toluene pycnometry. The particle density of the
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glass beads was found to be 2467 ± 3 kg/m3 while the particle den-
sity of the coating material was 944 ± 15 kg/m3 and 1075 ± 11 kg/
m3 for sodium caseinate and gelatine hydrolysate, respectively.

Secondly, also the actual protein content of the coated micro-
particles was determined using the Lowry method [31–33]. This
value for actual protein content was introduced in Eq. (1) as an
estimate of Mc/Mp, and consequently, an experimental reference
value for coating thickness was obtained. In contrast to the theo-
retical reference value, coating losses, e.g., through spray-drying
of the coating solution, are included in the experimental reference
value for coating layer thickness.

2.3. CLSM protocol

A Bio-Rad Radiance 2000 confocal laser scanning microscopy
system (Bio-Rad, United Kingdom), attached to a Nikon Eclipse
TE300 inverted fluorescence (Bio-Rad, UK) microscope, equipped
with a He/Ne-laser with a laser power of 1.4 mW, generating a
green excitation line of 543 nm, was used. Rhodamine B was de-
tected on a photomultiplier using a HQ590/70 filter. All confocal
images were taken with a Nikon S Fluor 40� objective (oil immer-
sion, NA 1.30). All settings for the confocal microscope and the
imaging of the microparticles were computer controlled through
the software Lasersharp 2000 version 5.2 (Bio-Rad, UK). The fol-
lowing settings were kept constant during all experiments: laser
power (20% of the maximum power), scan speed (500 lines per sec-
ond), iris (6.0), gain (5.4) and offset (1.0). Background noise was re-
duced through Kalman filtering, whereby the image was scanned
six times.

A small amount of coated particles was dispersed in immersion
oil (Merck, Germany) (refractive index: 1.515) on a cover glass. The
objective lens, located below the sample, was covered with immer-
sion oil and was allowed to approach the bottom of the cover glass,
until the sample was in focus. Images were exclusively recorded in
the equatorial optical slice of the microparticle. Through the selec-
tion of appropriate CLSM settings, as defined above, it was assured
that the image was neither undersaturated nor oversaturated, as
this would lead to values for coating thickness that were too high
or too low, respectively, with respect to reality. Using the 40�
magnification lens, the confocal image covers an area of
285 � 285 lm2. As digital image files in 1024 � 1024 pixel resolu-
tion were recorded, the image resolvable area (pixel) was about
0.278 � 0.278 lm2, close to the resolution of the optics. If a Ny-
quist criterion is used, the resolution of the image is theoretically
limited to 0.7 lm. An example of a typical CLSM image obtained
is shown in Fig. 1, where the equatorial plane of a microparticle
is visualized, recorded under both the epi-fluorescence and epi-
reflectance mode. In the fluorescence mode, the coating, which is
labelled with a fluorochrome (Rhodamine B), can be detected from
Fig. 1. Example of a typical CLSM microparticle image in the epi-fluorescence (A)
and epi-reflectance (B) mode.
the darker background as pixels with a grey value approaching 255
(white). In the reflectance mode, reflected laser light forms the im-
age, so from Fig. 1 it can be observed that a material with a refrac-
tive index different from the core material was present around the
glass bead. Based on this light scattering and from the comparison
with the corresponding fluorescence image, it can be seen that
coating regions showing a higher fluorescence contained more pro-
tein dry matter. This confirmed directly that the rhodamine was at-
tached to the protein, and that the detected fluorescence was
representative of the protein coating present. This finding sup-
ported the protocol used to derive microparticle coating thickness
from CLSM images in the epi-fluorescence mode.

2.4. CLSM image analysis

Image analysis of the confocal recordings was performed using
the software Image J 1.32j (National Institutes of Health, USA). An
example of a raw image and its subsequent processing is given in
Fig. 2. In order to improve the extraction of the information content
of an image, reducing the background noise by Kalman filtering
was a first step to reach the required contrast for discriminating
between the fluorescent coating and the non-fluorescent environ-
ment. For measurements of feature-specific parameters related to
object dimensions and shapes (in this case the two borders of
the coating layer around the glass bead), the object of interest
had to be segmented from the image [34]. First, the 8-bit colour
image was converted into an 8-bit grey image, for which the grey
value of each pixel is between 0 (black) and 255 (white). Segmen-
tation of this grey image in order to distinguish the coating from its
environment was performed by applying the automatic threshold
function of Image J. The algorithm applied is similar to the Riddler
and Calvard [35] optimal threshold method. After applying the Im-
age J auto threshold, the image consisted of only two grey values: a
black (grey value: 0) background (which contains both the glass
bead core and the environment of the coated glass bead) and the
white (grey value: 255) coating. In the resulting binary image, an
oval was constructed around the coated particle and, from the oval
centroid to the periphery, the sum of pixel grey values along a high
number of radii was determined. As only contributions from pixels
belonging to the coating are part of the sum of pixel intensities
along each radius, the distribution of the radial sum around the
oval is a direct indication of the coating thickness variation. Taking
into account the grey value of a white pixel (255) and the conver-
sion between distance in pixels and micrometer, the coating thick-
ness distribution of a single microparticle was obtained. For the
coated glass bead in Fig. 2, 120 radii were sampled, so 120 values
of coating thickness were obtained. For all the beads investigated
by CLSM in this study, samples were taken for every degree around
the oval, so generating 360 values for microparticle coating
thickness.

Generally, instead of obtaining one value for coating thickness,
a distribution of coating thicknesses was obtained for every single
microparticle. From this distribution, a number of parameters
could be obtained for the microparticle coating considered: e.g.,
the average, as a measure of coating content; the standard devia-
tion, as a measure of coating heterogeneity; the minimal recorded
value, as a measure of the occurrence of imperfections. Distribu-
tion statistics calculations were performed using SPSS 10.0.1 (SPSS
Inc., United States). As the aim of the study was to find whether
coating thickness and coating quality differed between microparti-
cles from different fluidized bed experiments, a number of micro-
particles from each experiment, representative of the bulk
microparticle population, had to be investigated. In literature, con-
tradictory figures are mentioned concerning the number of micro-
particles (from 15 to 1000) that need to be investigated to obtain a
representative measure of microparticle characteristics [7,19,36–
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Fig. 2. CLSM image segmentation and further processing protocol.
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38]. For this study, it was found that a population of 50 micropar-
ticles adequately represented the bulk microparticle population.
Taking into account the number of observations (360) of coating
thickness for each microparticle, a lumped dataset of 18,000 coat-
ing layer thickness observations was obtained for each experiment.
In order to compare different experiments, the individually ob-
tained values (from 50 coating thickness distributions for each
experiment) for the mean and standard deviation of coating thick-
ness, as well as the minimum coating thickness observed, were
averaged over the random factor ‘‘particle”. To estimate whether,
e.g., average coating thickness differed significantly between dif-
ferent experiments, an adapted test for means comparison was
used. This test assumes a mixed model with a random factor ‘‘par-
ticle” nested in a factor ‘‘experiment”. The test statistic z is calcu-
lated as [39]

z ¼
�xð1Þ � �xð2Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

s2
ð1Þ þ s2

ð2Þ

q
�������

������� ð2Þ

�xðjÞ ¼
x̂j1 þ x̂j2 þ � � � þ x̂jnj

nj
ðj : experiment 1;2Þ ð3Þ

s2
ðjÞ ¼

s2
j

nj
þ

s2
j1 þ s2

j2 þ � � � þ s2
jnj

n2
j

ð4Þ

where x̂jnj
is the average particle coating thickness value for each

particle (nj: 1, . . . , 50), s2
jnj

is the estimator of the variance of x̂jnj

and s2
j is the sample variance of the nj parameter estimations x̂jnj

for one specific experiment. The standard deviations reported in
the Results and discussion section correspond to the variance as cal-
culated in Eq. (4). Using the central limit theorem, a similar expla-
nation for the test statistic associated with the standard deviations
of the coating thickness distributions of different experiments can
be given, provided the distribution of the nj values for the standard
deviation of microparticles of a same experiment is chi-squared
with (360�1) degrees of freedom. The resultant test statistics were
compared with the threshold value of 1.96, corresponding to the
95% confidence level.
3. Results and discussion

3.1. Case-study 1: CLSM resolution and minimum coating layer
thickness determination

In a first set of fluid bed experiments, a 5 wt% sodium caseinate
solution labelled with Rhodamine B was sprayed downwards onto
the fluidized glass beads. For all experiments, the position of the
nozzle tip in the top-spray configuration was kept constant at
121 mm above the distributor. The liquid spray rate was
2.4 ± 0.1 g/min and the relative humidity of the inlet air was
53 ± 6%. The single parameter varying between the experiments
of this test series was the amount of coating mass delivered to
the powder bed, ranging from 1 to 3 wt% coating on core material.

In Table 1, for each experiment the reference values for the
coating thickness (according to Eq. (1) and from the chemical pro-
tein determination data on 20 g of microparticles) are compared to
the CLSM coating thickness distribution data of 50 microparticles.

In this work, coating quality is defined as the ratio of the aver-
age coating thickness, dc,avg, to the average standard deviation of
the coating thickness distributions, dc,stdev. The higher this ratio,
i.e., the thicker a coating of equal homogeneity is, or the more
homogeneous the coating thickness distribution around a same
average value is, the better the coating quality.

In Table 1, data on the core particle size of the 50 microparticles
investigated by CLSM are also given. From this, it can be seen that
the particle size of the samples did not significantly (p > 0.05) differ
between experiments and hence, did not contribute to differences
observed between different experiments.

From the CLSM coating thickness distribution data in Table 1,
the mean coating thickness of all experiments, except for the coat-
ing levels of 1.0 wt% and 1.5 wt%, was found to be significantly dif-
ferent at a 95% confidence level. The effect of spraying a higher
amount of coating material on the coating thickness heterogeneity,
expressed as the standard deviation, was not clear from the data in
Table 1. However, the coating quality was found to significantly in-
crease with higher coating levels. Additionally, the minimum coat-
ing thickness values observed on individual microparticles
increased for higher coating levels, while the extent to which loca-
tions of zero thickness prevailed on individual beads decreased for
higher coating levels. For all experiments, however, coating defi-
ciencies were encountered on the microparticles.

Table 1 also shows the comparison of the values of coating
thickness, obtained using CLSM, with both the theoretical and
experimental reference values. It can be concluded that the CLSM
results were in good agreement with the two reference values from
a coating level of 1.5–2.0 wt% onwards. For an average coating
thickness below 1.5 lm, CLSM was found to overestimate the coat-
ing thickness. This can be explained by a decreasing contrast be-
tween the fluorescent thin coating layer and the non-fluorescent
environment, when the coating thickness becomes smaller. For
the selected confocal settings (such as laser power), a sharp delin-
eation of the coating region, and hence proper thresholding, was
not possible for coatings around 1 lm and thinner. As it was cho-
sen to maintain these confocal settings throughout the work, this
should be considered as the resolution limit of the confocal tech-
nique. This is close to the Nyquist criterion used for digital picture
analysis with a pixel size of 0.285 lm.

Also, when comparing the reference values for coating thickness
with the CLSM data, it needs to be taken into account that Eq. (1)
assumes that all core particles have an equal size and assumes
the exact knowledge of the coating material particle density. Also,
the chemical protein determination is performed for about 20 g of



Table 1
Effect of the amount of sodium caseinate coating on glass beads: comparison of reference values for coating thickness (Eq. (1)) with CLSM coating thickness distribution data (dc:
coating thickness, dp: core particle size).

Experiment 1.0 wt% 1.5 wt% 2.0 wt% 2.5 wt% 3.0 wt%

Reference values for coating thickness (Eq. (1))
dc, th (lm) 0.98 1.44 1.95 2.46 2.91
dc, exp (lm) 1.16 ± 0.09a 1.64 ± 0.23b 2.17 ± 0.26c 2.56 ± 0.20d 2.92 ± 0.42d

CLSM coating thickness distribution data of 50 individual microparticles/test
dc, avg (lm) 1.63 ± 0.08a 1.84 ± 0.08a 2.12 ± 0.08b 2.58 ± 0.08c 3.13 ± 0.09d

dc, stdev (lm) 0.54 ± 0.01ac 0.55 ± 0.01ac 0.52 ± 0.01ab 0.50 ± 0.01b 0.59 ± 0.02c

dc, min (lm) 0.01 ± 0.03 0.04 ± 0.08 0.39 ± 0.44 0.98 ± 0.58 1.32 ± 0.76
Coating quality 3.0 ± 0.2a 3.3 ± 0.2a 4.1 ± 0.2b 5.2 ± 0.3c 5.3 ± 0.3c

dp (lm) 225 ± 14a 222 ± 14a 226 ± 15a 229 ± 17a 227 ± 15a

For each row, significantly different values (p < 0.05) are indicated with a different superscript letter.
Theory (th), experimental (exp), average (avg), standard deviation (stdev), minimum (min).

F. Depypere et al. / European Journal of Pharmaceutics and Biopharmaceutics 73 (2009) 179–186 183
microparticles, implying millions of individual particles. Coating
thickness distribution analysis by CLSM, however, allows an indi-
vidual particle to be examined.

3.2. Case-study 2: effect of fluidized bed process settings on coating
quality

In a second fluid bed test series, the influence of the spray noz-
zle position relative to the powder bed on the coating thickness
and coating quality was investigated using two different proteins,
sodium caseinate and gelatine hydrolysate, as the coating material.
In all experiments, 200 g of a 10 wt% protein solution was atom-
ized onto the fluidized glass beads. The distance between the noz-
zle tip and the fluidized core particles was minimal in the case of
the bottom-spray experiment, where the partition height was set
at 10 mm. The distance between the distributor and the nozzle
tip was gradually increased in the experiments in the top-spray
configuration: 121 mm in the ‘‘top low” experiment, 168 mm in
the ‘‘top middle” experiment and 270 mm in the ‘‘top high” exper-
iment. It is important to emphasize that the powder bed height in
all three top-spray configuration experiments was kept constant as
defined by the selected air flow rate. From previous research [40],
it was found that for the selected conditions of the top-spray fluid-
ized bed experiments, the particle bed height was 120 mm (rela-
tive to the distributor), implying that in the ‘‘top low”
experiment, the nozzle was almost submerged in the powder
bed. In all experiments with the sodium caseinate coating solution,
the relative humidity of the inlet air was 64 ± 3% and the liquid
spray rate was 5.2 ± 0.1 g/min. These parameters were 52 ± 6%
and 4.9 ± 0.1 g/min, respectively, for the experiments with the gel-
atine hydrolysate coating solution.

In Table 2, the experimental reference value for the coating
thickness of the different experiments is compared to the CLSM
Table 2
Influence of the spray nozzle position when spraying a sodium caseinate coating on glass b
with CLSM coating thickness distribution data (dc: coating thickness, dp: core particle size

Experiment Bottom Top lo

Reference values for coating thickness (Eq. (1))
dc, exp (lm) 2.42 ± 0.04a 2.37 ±

CLSM coating thickness distribution data of 50 individual microparticles/test
dc, avg (lm) 2.64 ± 0.10a 2.59 ±
dc, stdev (lm) 0.61 ± 0.02a 0.81 ±
dc, min (lm) 0.86 ± 0.51 0.19 ±
Coating quality 4.3 ± 0.3a 3.2 ±
dp (lm) 202 ± 21a 208 ±

For each row, significantly different values (p < 0.05) are indicated with a different supe
Experimental (exp), average (avg), standard deviation (stdev), minimum (min).
coating thickness distribution data of 50 microparticles for the
experiment with sodium caseinate as coating material.

Despite the large differences involved in their determination,
the average values of the coating thickness of the different exper-
iments as obtained by CLSM were in good agreement with the
respective experimental reference values. It could be clearly dem-
onstrated that the average coating thickness decreased with
increasing distance between the nozzle tip and the powder bed
(from bottom-spray to top-spray with the nozzle in the ‘‘high” po-
sition). Also, it was found that the coating thickness heterogeneity
(standard deviation of the coating thickness distribution) signifi-
cantly (p < 0.05) increased from the bottom-spray experiment to
the top-spray ‘‘high” experiment, i.e., from the shortest to the lon-
gest average droplet travel distance. Intermediate values for coat-
ing thickness heterogeneity were obtained for the top-spray
‘‘low” and top-spray ‘‘middle” experiments, which were not found
to be significantly (p > 0.05) different for this quality parameter.
When combining the results for average coating thickness and
coating heterogeneity, coating quality was found to significantly
(p < 0.05) decrease with increasing distance between the nozzle
tip and the powder bed. A significantly better coating quality
was obtained for the bottom-spray experiment, compared to all
three top-spray experiments. This is in line with the reported bet-
ter coating quality of a well designed bottom-spray fluid bed pro-
cess compared to a similar process in the top-spray configuration
[28]. The coating quality of the top-spray experiment with the noz-
zle in the highest position was significantly (p < 0.05) lower com-
pared to the top-spray experiments with the nozzle in a lower
position, i.e., very close to the powder bed. These findings can be
attributed to spray-drying of the coating solution droplets which
is more pronounced with increasing distance the droplets have
to travel before impinging onto the core particles. This does result
not only in lower amounts of coating retrieved on the core parti-
eads: comparison of the experimental reference values for coating thickness (Eq. (1))
).

w Top middle Top high

0.06a 2.19 ± 0.10b 1.66 ± 0.04c

0.12a 2.37 ± 0.13a 1.76 ± 0.22b

0.03b 0.86 ± 0.03b 1.55 ± 0.09c

0.29 0.05 ± 0.14 0
0.3b 2.8 ± 0.2b 1.1 ± 0.2c

22a 211 ± 22a 206 ± 25a

rscript letter.
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cles, as part of the spray-dried coating will be entrained with the
fluidization air and will be collected in the exhaust filter, but also
in a lower coating quality. Upon eventual contact with cores,
spray-dried coating material does not wet the surface nor does it
uniformly spread out. Moreover, with increasing distance between
the nozzle tip and the powder bed, more core material remained
uncoated and lower average values for the minimum coating thick-
ness were found. Ultimately, for the top-spray experiment with the
nozzle in the highest position, on all beads coating deficiencies
(zero coating thickness locations) were observed.

In addition to the CLSM results described in Table 2, Fig. 3
shows SEM images of the microparticles of each experiment at
three levels of magnification. From SEM analysis, it can be quali-
tatively confirmed that the coating quality was superior for the
bottom-spray experiment and worsened with increasing distance
between the top-spray nozzle tip and the powder bed. For the
bottom-spray experiment, a dense homogeneous coating was ob-
served. In contrast, for the microparticles of the top-spray coating
experiments, more coating deficiencies were detected. While a
relatively good coating was still obtained when the top-spray
nozzle was in the ‘‘low” position, a bad coating showing deep cra-
ters and high amounts of incorporated spray-dried material was
observed when the top-spray nozzle was in the ‘‘high” position.

Based on the amount of coating material applied, the experi-
ment with the nozzle in the ‘‘low” position in Table 2 can be com-
pared with the two experiments with the highest coating level
(2.5–3 wt%) of the first fluid bed test series (Table 1). The experi-
ment in the second fluid bed test series (Table 2, ‘‘top low”) re-
sulted in a significantly (p < 0.05) lower coating quality compared
to the experiments (2.5–3 wt%) from Table 1. This may be ex-
Fig. 3. SEM images of sodium caseinate coated microparticles: influence of the spray no
from left to right: 100�, 400� and 2000�).
plained by the fact that in the second test series, a more concen-
trated sodium caseinate solution was sprayed at a higher spray
rate, compared to the experiments of the first test series. As a re-
sult, the coating droplets may have spread out less due to a higher
viscosity, which implies a lower coating quality.

3.3. Case-study 3: effect of coating material on coating quality

For gelatine hydrolysate as a coating material, Table 3 shows
the CLSM coating thickness distribution data of 50 microparticles
of the different experiments of the second fluid bed test series,
compared to their respective experimental reference value for
the coating thickness.

Comparable to the findings for sodium caseinate, the CLSM
results for average thickness of the gelatin hydrolysate coating
layers were in good agreement with the experimental reference
values. Also, for the experiments with the nozzle in the top-
spray configuration, spray-drying of the coating solution was
found to be more pronounced with increasing distance between
the nozzle tip and the powder bed: the amount of coating mate-
rial retrieved on the microparticle surface decreased from the
experiment with the top-spray nozzle in the ‘‘low” position to
the one with the nozzle in the ‘‘high” position. With respect to
the coating thickness heterogeneity, given by the average stan-
dard deviation of the coating thickness distributions in Table 3,
generally more homogeneous coatings were obtained for the
top-spray experiments compared to the bottom-spray experi-
ment. Together with equal values of average coating thickness,
this resulted in a significantly (p < 0.05) better coating quality
for the ‘‘top low” experiment compared to the bottom-spray
zzle position (B: bottom, TL: top low, TM: top middle, TH: top high) (magnification



Table 3
Influence of the spray nozzle position when spraying a gelatine hydrolysate coating on glass beads: comparison of the experimental reference values for coating thickness (Eq. (1))
with CLSM coating thickness distribution data (dc: coating thickness, dp: core particle size).

Experiment Bottom Top low Top middle Top high

Reference values for coating thickness (Eq. (1))
dc, exp (lm) 2.03 ± 0.03a 1.98 ± 0.06b 1.83 ± 0.04c 1.24 ± 0.03d

CLSM coating thickness distribution data of 50 individual microparticles/test
dc, avg (lm) 2.05 ± 0.17a 2.09 ± 0.14a 1.79 ± 0.13a 1.36 ± 0.15b

dc, stdev (lm) 1.18 ± 0.07a 0.95 ± 0.04bc 0.87 ± 0.02b 1.00 ± 0.03c

dc, min (lm) 0 0 0 0
Coating quality 1.7 ± 0.2a 2.2 ± 0.2b 2.1 ± 0.2ab 1.4 ± 0.2c

dp (lm) 208 ± 20a 203 ± 21a 221 ± 16a 212 ± 19a

For each row, significantly different values (p < 0.05) are indicated with a different superscript letter.
Experimental (exp), average (avg), standard deviation (stdev), minimum (min).

Fig. 4. SEM images of gelatine hydrolysate coated microparticles: influence of the spray nozzle position (B: bottom, TL: top low, TM: top middle, TH: top high) (magnification
from left to right: 100�, 400� and 2000�).
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experiment. Also, the coating thickness heterogeneity of the
microparticles from the ‘‘top high” experiment was found to be
lower for the gelatine hydrolysate coating compared to the so-
dium caseinate coating. The SEM images in Fig. 4 demonstrate
that in the three top-spray experiments, holes and incorporated
spray-dried material are present, but to a lesser extent for the
‘‘top high” experiment when compared to the respective sodium
caseinate coating in Fig. 3.

This fluidized bed coating experiment with gelatine hydrolysate
did not confirm the general acceptance of a superior coating qual-
ity of a bottom-spray fluid bed coating process compared to a top-
spray process [28]. This may be explained by the higher viscosity
and tackiness of gelatine hydrolysate compared to sodium casei-
nate. As for the bottom-spray process, overall the distance between
the nozzle tip and the particles will be smaller than for a top-spray
process, the particles will be more excessively wetted which, com-
bined with a higher viscosity of the coating liquid, may impart
proper spreading. Another problem typically observed with gela-
tine hydrolysate is the presence of cracks (Fig. 4). As the gelatine
is hydrolysed, less molecular interaction is possible and a more
brittle coating is obtained. During fluidization processes, the
coated microparticles are subjected to particle–particle and parti-
cle–wall contacts, which may have resulted in cracks in this type
of coating material [41].

4. Conclusions

Confocal laser scanning microscopy (CLSM) was found to be an
adequate non-destructive technique for the quantification of the
coating thickness and coating quality of thin-coated (<5 lm) small
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(200 lm) inert spherical particles. A CLSM protocol was developed
which allowed, in combination with image analysis, to quantify the
microparticle coating quality with high accuracy.

Compared to other techniques, where a single value for coating
thickness as an average for the whole sample population is ob-
tained, the CLSM protocol generates a coating thickness distribu-
tion for each individual microparticle. It is clear that in this
distribution, much more information such as coating thickness
heterogeneity and coating deficiencies is contained.

In a number of case-studies performed in the fluidized bed,
the feasibility of using the CLSM protocol developed to quantify
coating thickness and coating quality was demonstrated. Good
agreement between the CLSM results and the reference values
for coating thickness was seen for values of coating thickness
down to 1–1.5 lm. Furthermore, it could be quantified through
CLSM to which extent process settings (increased distance be-
tween the nozzle tip and the core particle bed; a more concen-
trated coating solution) led to a decrease in the quality of the
coating layer. Also the differences in coating quality when differ-
ent coating materials were used, could be quantified. Moreover,
all these CLSM findings could be qualitatively confirmed from
SEM images.

In order to enhance the applicability of the developed CLSM
methodology in the study of microparticle coating quality, efforts
are under-way to adapt the image analysis protocol to non-spher-
ical and porous particles.
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