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1. Introduction

Pharmaceutical dosage forms have to meet several requirements in order to be
released on the market. Most of these involve parameters that, while key in
determining product performance, are not specific to the product itself and have little
to no connection to the natural laws and phenomena that determine the functionality
of the final dosage form. This probably contributes to the fact that despite the tight
quality control maintained in the pharmaceutical industry many of the recalls happen
because of failures to meet specifications. While specific formulation properties and
their investigation have received a lot of attention and several advanced
characterization techniques have been developed a better understanding of the final
product is required to improve design and manufacturing and thus avoid unnecessary
batch failures and recalls.

Dissolution is arguably the most important parameter of a modern
pharmaceutical formulation as it is the value that determines the efficacy of the
product. Modified release formulations that are preferred nowadays by patients and
prescribers are designed to provide a dissolution profile tailored to fit disease and
patient characteristics, thus the factors influencing dissolution are of particular
importance in their case. Our work attempts to investigate some properties of a model
pellet formulation that potentially influence dissolution and translate the findings into

a deeper understanding of the internal affairs of modified release multiparticulates.

2. Current state of the art
2.1. The production of multilayered pellets

Multiparticulate drug delivery systems consist of many individual drug-
containing units as opposed to a single drug carrier entity. These units are typically
spherical pellets between 100-2000 um [1] that are further processed into capsules,
tablets or dedicated pediatric dosage forms [2-3]. The concurrent use of pellet
fractions with different APIs, drug contents, release properties, etc. offers a very wide
range of possibilities for drug development. Multiparticulate drug delivery systems
are also gaining popularity as their nature provides several benefits over single-unit
dosage forms [4-5]. These include but are not limited to a lower irritative effect due to
the decreased local concentration, less individual differences in plasma concentration,

a reduced risk of dose dumping, improved bioavailability, a decreased variation



between doses, an easy solution for interactions and a large scale of dosage forms that
can be produced from one intermediate [6-8].

Pellets are good candidates for the development of multiparticulate dosage
forms: they are small, spherical and smooth, therefore possess exceptional flow
properties and processibility, especially in coating operations [9-10].

Pellets can be produced by extrusion and spheronization or in a rotary fluid
bed (matrix pellets) and by the so-called layering technique (layered pellets) [11-12].
The latter technique uses API-containing or inert (generally sugar or MCC) cores and
processes them further, typically in a fluid bed equipment [11-12], where the materials
of the next layer are sprayed onto the cores either as a (generally aqueous) solution,
suspension or as dry powder [9, 13-14]. Layers typically contain one or more polymer
components as binder [15]. Pellets retain their shape and flowability after layering.

A critical parameter in suspension and powder layering is the particle size of
the dispersion or powder. Achieving the smooth surface required for further
processing and avoiding the abrasion and porosity issues generally calls for
micronized substances where particle size has to be cross-referenced with the size of

the cores used for production [15-16].

2.2. Processing in fluid bed equipment

Fluidized bed systems have been widely used not only in the production of
pellets but for drying and granulation as well. Regardless of purpose the system
contains a (usually conical) chamber in which the solids used in the process are
suspended in the so-called fluid state by the heated air flow blowing upwards. This
constant movement and heating makes the equipment ideal for very quick drying.
Main disadvantages are the large number of critical parameters that need to be
monitored, multiple-step manufacturing, high production costs, greater need of
excipients and advanced technological and human requirements [8, 17]. As pellet size
affects the movement patterns of the fluidized solids a wide size distribution (or a
badly picked narrow one) can also cause several problems during processing.

The schematic drawings of three fluid bed set-ups are shown in Fig. 1. The
first drawing depicts a top-spray equipment that is typically used for the granulation
of powders. The second one shows a bottom-spray fluid bed coated equipped with a
so-called Wurster column. The third picture is of a tangential spray or rotary fluid bed

equipment (described in detail in [18]).



Figure 1: Schematic drawing of common fluid bed types; from left to right top spray,
bottom spray with Wurster insert, tangential spray. Figure taken from [19], courtesy of

Glatt

Besides the auxiliary systems providing the fluidizing and spraying abilities all
three have in common the cone-shaped expansion chamber where the air flow loses
some of its velocity, the perforated plate at the bottom of the chamber regulating the
air flow and the filters placed at the top of the chamber to prevent solids from
escaping with the air flow [19].

The bottom-spray system with the Wurster insert is the optimal the equipment
for coating processes [20]. The Wurster column partitions the expansion chamber into
two main sections: due to the faster air flow provided by the air distribution plate at
the bottom of the chamber particles move upwards inside the Wurster column (and get
sprayed during the process) and slowly fall down around the insert due to the more
gentle air flow around the perimeter of the partition. Particles are then sucked back
into the Wurster column through the gap (the so-called partition height) between the
bottom of the insert and the perforated plate by the pressure gradient maintained by
the air velocity difference [21-22].

During a coating or layering process the wetting and drying of the particles are
in a delicate balance that has a great impact on the final quality of the product [23].
The system is mainly defined by its drying capacity [24-25]. In the case of fluid beds
the critical parameters that mainly determine drying capacity are inlet air temperature
and volume. (Inlet air humidity is also a critical factor playing part but not all
equipment — including both fluid beds used in this work — contains dehumidification
pieces to be able to control this parameter.) Spray rate is limited by the drying
capacity as too high rates will lead to particle agglomeration [26].

Droplet size of the sprayed substance is determined by nozzle diameter and

atomizing air pressure [27] but is also affected by the viscosity of the sprayed solution



or suspension. Suboptimal droplet size affects the quality of the product by either
overwetting the particles (and thus facilitating their agglomeration) or spray drying
where only the freshly dried solid content reaches the particles resulting in a rough
and abrasive surface.

Inlet air temperature and spray rate together determine product temperature
which is often difficult to monitor inside the equipment. Product temperature must be
chosen according to the thermal behavior of the materials involved in the process: low
enough so as not to introduce degradation and high enough to provide for reasonable
process durations [19].

Inlet air volume or more accurately inlet air velocity is also a key factor
through maintaining a higher humidity gradient between the drying air flow and the
particles. Fluidization patterns are governed by inlet air velocity therefore the
movement of the particle bed can be optimized through this parameter. Too high
velocity causes the particles to get stuck in the filter while too low velocity results in
overwetting and agglomeration. The air distributor plate is also very important in
determining fluidization patterns by distributing the air evenly thereby providing good
gas-solid mixing and drying and minimizing dead zones and channeling [28].

Spray rate has to be chosen according to the factors described above. It is the
most critical factor in determining process time and as such the maximal spray rate by

which good product quality can be maintained can be considered the optimal choice.

2.3. Film coating in fluid beds

Coating is often the final step in the preparation of a multilayered pellet. As
pellets are usually processed further into a dosage form that is more convenient to
handle for the patient the coatings in question are usually functional. This means that
their quality is of utmost importance in achieving the desired release profile and
therapeutic response.

Functional coatings can be categorized according to the release profile they
convey. The most common ones are sustained release and delayed release but by
combining polymers of different characteristics and suitable excipients a multitude of
other release profiles become available [29].

Film coating was traditionally done by spraying an organic (or rarely aqueous)
solution of the coating polymer on the core materials but due to toxicity and

environmental concerns aqueous dispersions have become the standard solution [30].



Dry powder coating — similarly to powder layering - involves the spraying of
plasticizer solution although solutions without the use of any kind of solvent have
been described [31-32].

Coatings obtained through these three methods are drastically different both in
quality [33] and in the method of formation. In an aqueous or organic solution the
coating polymer chains are swollen and the single chains overlap. Upon solvent
evaporation this degree of chain mixing remains and a uniform film is formed [34].

Aqueous dispersions contain the polymer in the solid state in globular form.
Polymer chains in this state mainly form secondary connections within the molecule
and do not interact with each other. Thus upon evaporation individual polymer grains
remain, ideally densely packed on the cores’ surface. The evaporation of the water
contained in the capillaries between the grains lead to particle deformation and under
certain conditions film formation through coalescence of the polymer particles [35-
36]. Polymer dispersions exhibit a so-called minimum film forming temperature
below which coalescence does not take place [37]; suspension coatings performed
under the minimal film forming temperature of the polymer result in coatings that do
not fulfill their intended role in esthetics, taste masking or controlling drug release.
For most polymers plasticizers are required to reach a sufficient molecular mobility to
achieve coalescence [38-39].

In the case of dry powder coatings the small amounts of liquid used in the
process are generally not enough to facilitate film formation even with sufficient
heating. Thus a curing step is required post-production, where the coated particles are
heated above the glass transition temperature (Tg) of the coating polymer [40-41].
Above glass transition temperature polymer films transform from glassy to rubbery
state where molecular mobility is enhanced and viscosity is decreased. This state can
permit polymer particles to coalesce even without the aid of capillary forces but
usually elevated humidity is employed during the process.

As even in a glassy state polymers essentially behave similar to a very high-
viscosity liquid [41-42] coalescence can occur over long term storage. Uncoalesced or
poorly coalesced films are porous and as such do not perform as well as coalesced
films in dissolution tests therefore the slow coalescence over the lifetime of the
product brings with itself a change in the dissolution characteristics that must be
avoided at all costs [43]. Curing of the films helps achieving complete continuity and

stability of the coatings and equalizes any potential differences in film structure.



Beside film structure film thickness has been identified as a critical parameter in
the performance of functional coatings [44-45]. Many different techniques have been
found suitable for the determination of film thickness with each one having distinct
advantages and disadvantages over the others. For the direct measurement of the film
thickness image analysis is the most common technique but recently tomographic
methods have also gained recognition. Traditional static image analysis in the case of
pellets is very labor-intensive especially in the case of scanning electron microscopic
images where cross-sections are needed [46]. It is mostly for this reason that there is
no agreement in the literature about a generally acceptable sample size that can
accurately represent the whole batch [10, 47]. Computerized image analysis has been
investigated as a tool to solve this problem but the skills needed for its application
limit its usefulness. Also, both software and operator choice has been shown to
influence results [48-49].

Dynamic image analysis is an emerging technique that specializes in the size
range of most multiparticulate products. It alleviates the work load associated with
image analysis and provides a more comprehensive view of particle properties but it
usually requires the purchase of an expensive piece of equipment and (mainly due to
the method making it possible to measure such amounts) requires a large amount of
sample compared to the usually investigated quantity [50]. In both cases problems
associated with particle projection and image focusing are present, and in addition
dynamic image analysis may suffer from the difference between the calibration and
the measurement method as well [51].

Raman and NIR spectroscopic methods have been proven to work both offline
and inline [52-54] however these methods need to be calibrated to another (preferably
direct) method and they rely on either a small sample or a multitude of particles
averaged by their constant movement during processing. This means that while
spectroscopic methods are a good general indicator of film thickness they cannot be
relied upon when predicting the chance of product failure due to variations in coating
thickness (for example on tablet edges).

Tomographic methods are mostly absent of the above-mentioned disadvantages.
In order to fully benefit from their advantages however samples need to be turned and
repeatedly measured. Also some studies found that their detection limit was higher

than for other methods investigated [55-57].



The most traditional method of describing and reproducing film thickness
however is through polymer weight gain [58]. While probably the easiest to measure
polymer weight gain suffers from the same problems as spectroscopic methods. In
addition it does not consider the unevenness and abrasion of the cores during the
coating process or the deviations from the average weight gain which have been
proven to crop up due to fluidized bed coating [46, 59-60]. As such polymer weigh
gain is a questionable indicator of film thickness and dissolution behavior at best.

The reasons for deviations from the average have been attributed to several
different factors. In the easiest approach larger particles will receive a thicker coating
because of their larger specific surface area. Several studies have found however that
when normalizing polymer weight gain to specific surface area larger particles still
received a larger amount of coating than smaller cores [22, 61].

These further differences are most commonly believed to stem from either the
number or the efficiency of passes through the spray zone [22, 46] — unfortunately
both of these factors require complicated experimental setups to investigate. They are
strongly correlated to particle movement patterns that are governed by the previously
described process parameters [23, 62]. Even in a narrow size distribution particle
properties contribute a lot to the variation in the fluidization patterns and thus
significant differences in coating levels can be detected [22]. Several mathematical
models were developed using different approaches to the coating process, for example
by considering the fluid bed equipment as a series of compartments [63] or by the
Monte Carlo method [64]. By their probabilistic nature these models are more
descriptive than predictive and do not include all parameters that can affect coating
quality and uniformity. However models usually agree that longer coating times result
in a more uniform distribution and that the main contributor to the coating variation is

the non-uniform weight gain per pass through the spray zone [65].

2.4. Composition-related factors affecting dissolution

Dissolution of coated dosage forms is affected by many factors. The most
obvious one is the nature of the polymer coating: does it dissolve at a physiological
pH, how permeable is it, what are its swelling and erosion characteristics? Traditional
dosage forms usually exhibit a fast initial dissolution however where a coating was
used to delay or retard dissolution at least the first phase of drug release will be

characterized by diffusion through a (preferably intact) polymer film. An excellent



overview of the possible mechanisms governing this phase was presented by A.G..
Ozturk et al. [66].

Beyond the thickness and quality of the polymer film the excipients used in the
coating can also have a great impact on the dissolution behavior. The most common
types of excipients are plasticizers (especially important in aqueous coating
operations), anti-tacking agents and dyes or pigments.

Plasticizers are necessary for coating from aqueous dispersions as they facilitate
the mobility of the polymer chains and as such help in forming a uniform film coat
[67]. Different plasticizers work differently on the molecular level [68-69] and as such
a generalized approach is difficult to maintain. However several plasticizers have
been found to influence (generally increase) dissolution through evaporation or
leaching (and consequentially pore formation [70-71] or in the unlikely cases where
they form a continuous phase through dissolving the API and thus facilitating
diffusion through the film [72]. Some studies have found that higher plasticizer levels
resulted in a decreased drug release [73-74] which was attributed to insufficient
plasticization and thus incomplete film formation at lower levels [66].

The coated substrate composition (and excipients not present in the sample but
used in the production process [75] also have an impact on dissolution properties [76].
Several studies have found that release rate increases with solubility [45, 77-78]
although some exceptions have been reported but mainly attributed to other factors
[45, 79]. Beyond API-solubility the effects of different core materials through osmotic
pressure or adsorption have been recently investigated by several authors [80-82]
although conflicting results have arisen due to the water counter-current formed due
to high osmotic pressure [83].

Binders like HPMC can also affect dissolution due to their dissolution-
enhancing properties found in other technological processes but very few studies have
been conducted in this direction [12, 15]. Polymers frequently used as binders have
been shown to improve solubility and dissolution rate through wettability [84] and
prevent the recrystallization of amorphous drugs [85]. Core shape, size and surface
have also been investigated and it was suggested that these parameters are just as
important as the coating process itself when determining dissolution of the final,

coated product [60, 86].



3. Aims

Pellets are an increasingly popular choice in the development of drug delivery
systems, yet comparatively few studies deal with their investigation even by methods
routinely used elsewhere in the pharmaceutical industry. Our aim was to study the use
of different analytical techniques in the investigation of different characteristics and
phenomena influencing dissolution, develop new ones and determine the extent of
usefulness of methods that, given their nature and required circumstances, appear to
have a limited applicability on pellets.

The first section of this work describes the development of a Raman
spectroscopic method for the determination of the film thickness of pyridoxine
hydrochloride-containing coated pellets. Two different equipment set-ups were used
for sample production and their impact on the outcome of the analysis was examined.

Section two deals with the investigation of an atypical thermal phenomenon
observed in diltiazem hydrochloride-containing multilayer pellets. This is divided into
two larger parts: the investigation of the thermal behavior and the underlying
recrystallization phenomenon and the development of a method to determine degree

of crystallinity in intact pellets.

4. Materials

4.1. Raw materials
Diltiazem hydrochloride (Ph. Eur., a gift from EGIS Ltd., Budapest, Hungary)

and pyridoxine hydrochloride (Ph. Eur.) were used as model drugs, Cellet 500 (Shin-
Etsu Chemical Co., Ltd., Tokyo, Japan, granted as a gift from Harke Pharma) as
nonpareil core material, Kollidon 25 (polyvinylpyrrolidone; BASF, Ludwigshafen,
Germany) and Pharmacoat 606 (hypromellose; BASF, Ludwigshafen, Germany) was
applied as a binder in the layering of the APIs, and Acryl-EZE (Colorcon, Dartford
Kent, UK), a fully formulated enteric coating dispersion a methacryic acid copolymer,

was used as coating material.

4.2. Samples

Samples’ names consist of two or three letters and two numerical characters.
The first letter represents the API contained in the sample where

D — indicates diltiazem hydrochloride

P — indicates pyridoxine hydrochloride.

The second letter indicates the binder used for the production of the sample such that



K — stands for Kollidon 25

P — stands for Pharmacoat 606.
In the case of samples labeled PP the third, additional letter represents the place of
production where

S —is for Szeged, Hungary

D — is for Diisseldorf, Germany.
The first number will either be 0 or 1 which indicates the lack of or presence of

coating. The second numerical character is the batch number.

5. Methods
5.1. Preparation of samples

The multiparticulate pellet samples were prepared in a Strea-1 (Niro Aeromatic,
Bubendorf, Switzerland) fluid bed chamber. In the first, drug-loading step, API was
layered onto nonpareil Cellet 500 cores. A solution of diltiazem hydrochloride or
pyridoxine hydrochloride as API and Kollidon 25 or Pharmacoat 606 as binder in a
mass ratio of 5:3 for Kollidon 25 and 5:2 for Pharmacoat 606 respectively was used. A
batch size of 200 g of nonpareils and the above-mentioned solution containing 125 g
of API was used. Water content of the solution varied with API solubility.

Between drug-loading and coating the pellets were dried in the spray coater for
10 minutes. Since the Acryl-EZE contains sodium bicarbonate as an excipient, the
equipment was disassembled and washed to prevent precipitate formation. Samples of
the drug-loaded nonpareils were taken for comparison purposes.

In the second, coating step, a 20% aqueous dispersion of Acryl-EZE (a fully
formulated USP copolymer type C coating system containing 60% polymer and
various excipients) was prepared and applied as per the guidelines of the
manufacturer. 0.1% of dimeticone was added to prevent foaming during the stirring
and coating process. The parameters of the coating were the same as for the drug

layering step in all cases. Samples of different coating levels were produced.

5.2. Measurement of layer thickness

An image analysis method (Leica Quantimet 500 MC, Leica Cambride Ltd,
Cambridge, UK) was used to determine the thickness of the layers on the pellets.
Particle size was specified as the average of the minimal and maximal diameter of the

particle projection. The mean film thicknesses were calculated from the mean

10



diameters of the particles, determined by measuring 8 chords of approx. 300 particles
of each batch with a stereomicroscope (Zeiss, Oberkochen, Germany).

For the pyridoxine hydrochloride-containing samples three pellet batches from
Diisseldorf and four batches from Szeged (pellets coated with Acryl-EZE® and
uncoated pellets) were measured three times using the CamsizerXT image analysis
system (Retsch® Technology GmbH, Haan, Germany, X-Fall module, free fall mode).
The number of measured pellets per sample was counted during measurement. The
value specifying the particle size is defined as width of the particle projection and is
the shortest of measured maximum chords in 32 directions. The median of the number
size distribution was used as the particle size of the sample. The coating thickness was
calculated from the mean of n=3 measurements the half of the difference between the

coated and uncoated diameter of the sample.

5.3. Differential scanning calorimetry and thermogravimetric analysis

Differential Scanning Calorimetry (DSC) was performed with a Mettler—Toledo
DSC 821le (Mettler—-Toledo GmbH, Switzerland) instrument. Thermogravimetric
Analysis (TGA) was carried out with a Mettler—Toledo TGA/DSC1 (Mettler—Toledo
GmbH, Switzerland) instrument. Sample weight varied between 10-12 mg for the TG
measurements. Curves were evaluated with STARe Software. The starting
temperatures were 0 °C for DSC and 25 °C for TG measurements respectively and
heating rate was 10°C/min for most measurements. Final temperature varied
according to the purpose of the measurement. Argon atmosphere was used in all
cases. Three parallel examinations were done from all samples. The instrument was

calibrated using indium. Samples were measured in a 40 pl aluminum pan.

5.4. Powder X-ray diffractometry (XRPD)

The X-ray powder diffraction patterns (XRPD) were obtained with a Brucker
D8 Advance (Brucker AXS, Karlsruhe, Germany) that can be equipped with a Sycos
H-Hot (Ansyco GmbH, Karlsruhe, Germany) programmable plate holder. Results
were detected with a Véntec-1 detector. The patterns were recorded at a tube voltage
of 40 kV, tube current of 40 mA, applying a step size of 0.01 A 20 in the angular
range of 3 A to 40 A 20.

11



5.5. Hot-stage microscopy

Thermomicroscopic investigations were carried out with a Nikon Michrophot
FXA polarizing microscope (Nikon Corporation, Tokio, Japan) fitted with a Linkam
THMSG-600 heating-freezing stage (Linkam Scientific Instruments, Waterfield, UK).
Photographs were taken with a digital camera (UBS 2 UI-1640LE-C, IDS Imaging
Development Systems GmbH, Obersulm, Germany). Pellets were carefully crushed

and intact coating flakes chosen from the grist.

5.6. Fourier-transformed infrared spectroscopy (FT-IR)

FT-IR measurements were performed by an Avatar 330 FT-IR spectrometer
(Thermo Nicolet/Thermo Fisher Scientific Inc., Ramsay, Minnesota, USA) equipped
with a horizontal ATR crystal (ZnSe, 45°). Spectra were recorded between 4000 and
400 cm—1 at 4 cm—1 optical resolution. Spectra were collected in absorbance mode
using the KBr disk method (~0.5 mg powdered sample in 150 mg KBr disk). 256
scans were co-added. Spectra were collected with the EZ Omnic software and

analyzed with GRAMS/AI 9.0.

5.7. Dissolution studies

Drug content determination was done with a UV-VIS spectrophotometer
(Unicam Helios o, Thermo Fisher Scientific Inc., Waltham, USA) at pH 6.8
(phosphate buffer) from approx. 500 mg of whole pellets after two hours at 325.0 nm
for pyridoxine hydrochloride and 237.0 nm for diltiazem hydrochloride with a
bandwidth of 2 nm and a lamp charge of 325 nm. Coefficient of determination (R?)
for the calibration curve was 0.9999 and 0.9983 respectively.

Dissolution studies were carried out according to the Ph. Eur. standards with a
rotating basket (Erweka DT 700, Erweka GmbH, Heusenstramm, Germany), in 900
ml of simulated gastric acid at 100 rpm at 37 °C for 2 h, then the acidic medium was
replaced with 900 ml of phosphate buffer (pH=6.8) and the dissolution measured at
the same parameters as above. Samples were taken of the gastric acid at 2 h and of the
phosphate buffer at 5, 10, 15, 20, 30, 45, 60 and 90 min. Three parallel measurements
were performed for each sample.

Drug concentration was measured spectrophotometrically at 235 nm for
diltiazem hydrochloride and 291.0 nm for pyridoxine hydrochloride in artificial

gastric acid by comparison to a calibration curve with an R* of 0.9946 and 0.9996
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respectively. For the measurements in artificial intestinal fluid the parameters and
calibration curves were the same as described for the drug content determination.

Results were analyzed with Microsoft Excel 2007.

5.8. Raman spectroscopy

The Raman spectra were measured using a RamanRXN2 analyzer (Kaiser
Optical Systems, Ann Arbor, USA) with a non-contact optic sampling device (PhAT
probe). The probe beam was generated using a diode laser operating at 785 nm and
the laser power at the sample was 400 mW. The laser spot diameter was 6 mm
corresponding to a 28.3 mm? circular illumination area. Each sample was measured
three times with an exposure time of 10 seconds and the average of the three spectra
was used for further analysis. Data collection and Pearson’s correction were done
using icRaman data collection software package (Kaiser Optical Systems, Ann Arbor,

USA).

5.9. Data analysis

Savitzky-Golay smoothing (15 point, 2nd order polynomial), single normal
variate (SNV) correction, principal component analysis (PCA) and partial least
squares regression (PLS) were performed using Matlab 7.13.0.564 and the Statistic
Toolbox. As Matlab utilizes the SVD algorithm for multivariate analysis while
SIMCA-P, the software used to gather the results published in our article [87] uses the
NIPALS algorithm results of the two calculations are not going to produce exact

matches (they are however expected to provide the same conclusions).
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6. Results and discussion
6.1. Section I — Pellets containing pyridoxine hydrochloride

6.1.1. Preparation of samples

Preformulation studies began using Kollidon 25 as a binder as described in the
Methods section. We found that during API layering this composition resulted in the
extreme electrostatic charging of the cores that prevented the circulation of the
material. Optimization of the parameters yielded little results so Pharmacoat 606 was
used instead of Kollidon 25 in further experiments. No significant agglomeration
tendencies were observed for either composition.

Samples have been prepared in two different Strea 1 equipment pieces in the
same batch sizes. The main differences between the two equipment were the use of
the Wurster insert and the geometry of the column. The stainless steel column was set
up to include the Raman probe described in the Methods section for inline
measurements. The yield of the processes done with the Wurster insert was
significantly higher than but further analysis showed no differences between the

qualities of the samples that could not be traced back to production yields.

Table 1: Layering and coating parameters

Strea 1 in Szeged

Strea 1 in Diisseldorf

Inlet temperature 50 °C 50 °C
Outlet temperature 43 °C 37°C
Spray rate 6 ml/min 6 ml/min
Air volume 80 m’/h (variable) | 130 m*/h (pre-set)
Nozzle diameter I mm 1 mm
Chamber material Glass Stainless steel
Wurster insert Yes No

Spraying
installation

Bottom-spray

Bottom-spray

We have found that while fan capacity and fluid feed rate were critical
parameters to the process not optimizing them for the different pieces of equipment
only affected the yield of the production and not the quality of the samples. Yield was
significantly higher in the Wurster equipment with values of 98-99% for API layering
and 96-98% for coating. The lower values of 92-95% for API layering and 91-94%

for coating observed in the bottom-spray equipment are most probably aggravated by
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the difference in chamber geometry: the shape of the stainless steel chamber results in

more collisions between particles and with the chamber wall [88].

6.1.2. Determination of drug content and film thickness

6.1.2.1. Particle size and film thickness

Pyridoxine-containing samples were measured with the Camsizer and the
Leica equipment as described in the Methods section. Results are summarized in
Table 2. It is very important to note that the standard deviations shown in the table are
different for the two measurement methods: SD for the Camsizer method is the SD of
three measurements of the same sample between measurements while the SD of the
Leica method was calculated from individual particle sizes within one measurement.

Particle size and film thickness results between the two analytical methods
show a fairly consistent behavior: while film thickness results can be said to be more
or less equivalent between the two methods the mean particle sizes are usually larger
when measured with the Leica equipment (and this difference is consistent between
coated and uncoated samples as evident from the film thickness results). This is most
probably explained by the different nature of the equipment: the Leica equipment
employs a stereomicroscope focused on the stationary particles where the shadow cast
by the particles distorts the image. The magnitude of the distortion also depends on
the image recognition software and the resolution of the images taken of the particles.
The Camsizer technology measures the shadow cast by the particles thus the
distorting effects are taken into account during the calibration process.

The only exception from this is Sample PPDI12 that gave a larger film
thickness result on the Leica equipment than with the Camsizer method. The
diameters of the coated sample match our expectations based on the film thickness
obtained with the Camsizer method and the diameters of Samples PPD11 and PPDI13
measured on the Leica equipment which means that the difference must stem from the
measurement of the uncoated sample. Photographs taken of the particles during the
Leica measurement (Figure 2) show that Sample PPD(02 contains a much larger
amount of fragmented particles than Samples PPD0I and PPD03. As the Camsizer is
designed to measure large numbers of particles through obtaining 60 high-resolution
images per second the statistical significance of the results obtained by it is much
better ensured both for individual particles and for the whole batch than in the case of

the Leica equipment.
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Table 2: Particle size and film thickness results of image analysis by Camsizer and Leica equipment

Camsizer analysis results (um)

Leica analysis results (um)

Amount of .
coating . Minimum Mlnlmum Maximum : Leica
Sample dispersion Diameter of Diameter of | Coating diameter of diameter of diameter of Max1mum :
d f uncoated . coated diameter of | coating
used Ior ellets coated pellets | thickness uncoated ellets uncoated coated pellets .
sample (g) p pellets p pellets p thickness
if}’}gp]l]e 300 718.27+0.11 | 788.93z025 | 3533 | 731.7837.91 | 803.63x48.64 | 793.04+43.83 | 861.7426765 [ 3513
Sample 45.28
PPSI2 450 695.13+0.31 | 781.43+0.06 43.15 707.41+65.92 | 795.11+42.47 | 764.27+58.30 | 857.69+46.86 :
Sample 52.71
PPSI3 500 722.00+0.10 | 823.33+0.15 50.67 742.12+53.71 | 847.61+42.69 | 802.47+42.59 | 907.71+50.85 :
Sample 1 2 62.97
PPS]4 600 695.87+0.06 | 813.00+0.00 58.57 706.83+38.28 | 836.15+41.49 | 769.50+48.04 | 892.08+45.07 :
Sample 7733
PPDII 300 721.03£0.06 | 774.80+0.17 26.88 716.04+35.80 | 773.61+34.21 | 783.18+41.72 | 834.92+40.31 :
Sample 50.82
PPDI2 450 721.17+0.12 | 798.43+0.06 38.63 703.73+32.41 | 806.50+30.17 | 771.52+33.90 | 872.02+37.78 :
Sample 49 38
PPDI3 600 724.73+0.15 | 821.37+0.06 48.32 727.12+34.85 | 823.52+38.31 | 789.73+40.63 | 890.84+59.30 :
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As the parameters for the production of all PDD samples were the same we
regarded the anomalous result as a probable sampling error.
The Camsizer film thickness results that were used in further studies show a

linear correlation with coating polymer weight gain for pooled data (R*=0.9219).

Figure 2: Leica microscopic image of Sample PPD(?2

6.1.2.2. Dissolution

The dissolution curves of the two sample sets are shown in Fig. 3. All samples
showed a complete API release after 60 min in the pH 6.8 dissolution medium.
Gastroresistance of the film coatings showed a relationship with their thickness where
higher coating levels yielded better (in this case lower) results.

Similar levels of coating showed similar levels of dissolution regardless of
which equipment was used for sample production, indicating that the coating quality
produced in different equipment (but with the same parameters) does not differ in this
respect. Coatings of 35 pum or thinner were insufficient in achieving the Ph. Eur.
requirements of gastroresistant films. The dissolution testing of Sample PPD11 was
discontinued after observing over 50% drug release in artificial gastric acid.

The possibility of a linear correlation was observed between the percent of
drug dissolved in gastric acid and the film thickness was examined but the coefficient
of determination (R?) has proven to be poor (0.6667).

After excluding the data point from the discontinued dissolution test of Sample
PPDII however the goodness of fit improved to R*=0.8798 (see Fig. 4). Correlation
between polymer weight gain and dissolution in artificial gastric acid yielded an R? of

0.6842 even after excluding the clearly outlying data point, suggesting that polymer
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weight gain is a bad indicator of dissolution results even though it is a good predictor

of film thickness [57].
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These results suggest that for gastroresistant films the prediction of dissolution
performance based on film thickness measurements may be possible above a
threshold value. In the case of the samples used for the study this threshold value is
higher than the Ph. Eur. maximum requirement which means that the minimum film

thickness can be safely estimated from the correlation.

6.1.2.3. Raman spectroscopy

The Raman spectra of the materials can be seen on Fig 5. The Acryl-EZE film
coating system has peaks at 638 cm™, 515 cm™ and 395 cm™ (henceforth referred to
as Peak 1, Peak 2 and Peak 3) that are characteristic of the anatase polymorph of
titanium dioxide [89]. These do not overlap with the largest characteristic peaks of
pyridoxine hydrochloride which are at 1645 cm™, 1629 cm™, 1359 em™, 1233 cm™,
692 cm” and 329 cm™ [90]. Both API and film coating peaks can be distinctly
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observed in the spectra of the samples while signal from the polymer binder and

cellulose core cannot be readily identified.
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Figure 5: Raman spectra of components

Baseline correction was done with the algorithm described by Pearson [91]
that is included in the icRaman software to strip the spectra of the distorting effects of
baseline shifts and fluorescence [92]. Peak heights were used for further study to
minimize the uncertainty arising from the overlapping smaller peaks.

Univariate analysis of the titanium dioxide peaks showed all three to be good
predictors of film thickness where a linear correlation existed between peak area and
height and film thickness calculated from the Camsizer analysis results (Fig. 6. a).
However this was only true when examining the two sample sets separately — neither
sets fit into the others’ trend line.

For both sample sets the best fit could be obtained for Peak 1. Peak 2 and Peak
3 gave reasonably good fits for Sample set PPSI but showed a decreasing trend in the
R? value for both sets. Unlike Peak 2 and Peak 3 Peak 1 does not overlap with some
characteristic peaks of pyridoxine hydrochloride which — probably being the reason
for its better fit — makes it ideal for the univariate determination of film thickness.

The peaks at 692 cm™, 1233 cm™, 1629 cm™ and 1645 cm™ corresponding to
pyridoxine hydrochloride provided good correlations with the calculated API content
(Fig 6. b,) — this was expected due to the attenuation of the API signals being
dependent on the film thickness [93].
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The peaks between 1500 cm™ and 1250 cm™ have demonstrated worse results
which is probably the result of the baseline correction being insufficient in this
spectral region. It can be seen that the regression lines for both film thickness and API
content are fairly parallel which means the degree of attenuation is consistent between
the two sample sets.

Comparing the raw spectra of the two data sets a trend becomes clearly
visible: background fluorescence decreases with the film thickness for both sample
sets. An opposite phenomenon was observed for tablets by Kauffman et al. [93]
where linear relationship was postulated between the degree of fluorescence
stemming from the coating and film thickness. Romero-Torres et al. have also
reported small baseline differences in coated tablets [94]; while in their case no
systematic pattern was discernible, the effect of incomplete film coverage in thin
coatings on highly fluorescent cores they described coincides with our observations of

the dissolution and the baseline of Sample PPD11.
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Figure 8: Raw Raman spectra of the uncoated samples

In our case the attenuation of the signal from the highly fluorescent API-
layered core can explain the negative trend. Sample set PPDI appears to have a
distinctively larger offset (see Fig. 7) in all cases.

As long as the detection range is not exceeded fluorescence should not distort
the Raman signal [93] but signal-to-noise ratio has been known to influence the
efficiency of background subtraction techniques [92]. Other baseline correction

methods such as SNV or MSC correction may result in a unified univariate model.
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We should keep in mind that peaks indicating coating level are actually caused
by the white pigment titanium dioxide and not the coating polymer itself. The closest
direct indication of the coating polymer in the spectra would be the fluorescent shift
most polymers possess [95] but as the formulation contains several other ingredients
showing fluorescence differences in the baseline should be treated very carefully in
this case. A look at the raw uncorrected spectra (Fig 8) shows that the systematic
difference in the background already exists in the uncoated samples.

While fluorescence is usually treated as problematic noise this systematic
variation between the two sample sets suggests that further research might turn up
interesting results. Raman spectroscopy has been shown to be suitable to differentiate
between tablets coated under different conditions by Cahyadi et al. [96] and our
results give a good indication of the same ability in pellets, however for a definitive
conclusion further experiments would be needed.

Principal component analysis of the raw spectra showed that 99.85% of the
variation between the spectra is explained by the first principal component (PC)
which resembles the baseline structure — as expected considering the nature of the
calculations involved. Samples are ordered by set along the first PC with Sample set
PPD1 showing positive and Sample set PPS1 showing negative values and samples of

both sets are in decreasing order of film thickness (see Fig. 9).
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Figure 9. Scores plot of the principal components of raw Raman spectra

For the multivariate analysis spectra were SNV corrected and principal
component analysis was performed to observe the variation between the peak
structures not confounded by baseline and scaling differences. PLS regression was
performed to find a common calibration curve. SNV correction eliminates the basis of

the original first PC by subtracting the baseline and normalizing the spectra thereby
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providing a better chance to see the latent structures of the peaks. The first PC
acquired from this analysis greatly resembles the Raman spectrum of titanium dioxide
and corresponds to 91.44% of the variation between the spectra after SNV correction
(see Fig. 10. a,). The second PC is very similar to the spectrum of pyridoxine
hydrochloride with a small negative trace of the 638.1 cm™ peak of titanium dioxide.
This PC explains 6.03% of the variations. The scores plot (Fig. 10. b,) shows that
samples are located in order of increasing film thickness along the first PC axis.

These results show that pre-treatment can have a profound effect on the
outcome of the analysis. According to the scree plot of the analysis (not shown) two
PLS-components were found to give the best results based on the SNV-corrected
spectra without signs of overfitting with 97.4% of the spectral variation and 98.61%

of the film thickness variation explained.

1st prineipal component
2nd prneipal cortnponcnt

Arbitvary units

Ed

1954

-01.02
-0.04

R

Wavenumber (1/cm)
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The first component again resembles the Raman spectrum of titanium dioxide
(see Fig. 11. a). This component is responsible for 91.43% and 96.36% of the X- and
Y-directional variations respectively, indicating that the use of just this component can

result in a reasonably good model. The second PLS-component contains only 5.94%
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of spectral variation and is responsible for 2.25% of the variation in film thickness.
The loadings of this component correspond to the Raman spectrum of pyridoxine
hydrochloride in the negative. The two PLS-components indicate that the samples
contain inversely proportional amounts of coating and API — ideally only one

significant PLS-component would be enough to describe such a system.
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Figure 11: a, Loadings plot of the PLS components of the corrected Raman spectra
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Our final model included two PLS-components and provided a root mean
square error of calibration (RMSEC) of 1.15 and a root mean square error of cross-
validation (RMSECV) of 2.29 using the leave-one-out method. The slope and y-
intercept of the linear fit also indicate the validity of the model (see Fig. 12). It is
worth to mention that using only the first PLS-component in the model also results in
a good correlation with an R* of 0.9636 but the inclusion of the second component
further reduces the mean square error of the leave-one-out cross-validation somewhat.

The lasers utilized for Raman spectroscopy have small sampling area and
penetration depth [97]. In our case the illumination area was 28.3 mm?”, which means
that, calculating with the smallest size, less than 100 pellets were measured in every

case. This is a significantly lower number of pellets than what the literature generally
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suggests [10, 47] and much less than the amount of particles measured with the
Camsizer for the development of the method. Nevertheless, Raman spectroscopic data
fit well the film thickness data, which in turn showed a linear correlation with the

polymer weight gain.
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Figure 12: Linear model of the film thickness based on the PLS regression of the

SNV-corrected Raman spectra

Contrary to previous studies done on sustained release systems where film
thickness was a good predictor of dissolution [51, 57] delayed release coatings appear
to be more complicated. Our results suggest that there might be a threshold value
above which a correlation exists. One of the reasons for this may be incomplete film
formation. The greater mechanical stress the samples suffered in the bottom spray
equipment could also have contributed to the poor dissolution performance through
the formation of cracks and chips, which in the case of thin coatings (in this case

Sample PPD11) could affect the preparation more adversely than in thick coatings.

6.1.3. Summary

A Raman spectroscopic method was developed to assess film thickness
prepared in two different types of fluid bed equipment. In the dissolution tests no
indication of the films formed in the two equipment being different in quality were
observed, however circumstances of preparation and Raman spectroscopic results
suggest that differences may exist on some level. Multivariate analysis has visualized
this as a difference in the slope of the baseline. Results suggest that above a threshold
value the results of a dissolution test may be estimated by the measurement of the

coating thickness in gastroresistant pellets.
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6.2. Section II — Pellets containing diltiazem hydrochloride
6.2.1. Preparation of samples

Diltiazem hydrochloride, being more water-soluble than pyridoxine
hydrochloride, could be used in larger concentrations during API layering to reduce
loading time. This meant however that the viscosity of the Pharmacoat 606 —
diltiazem hydrochloride solution was so high that spraying became very cumbersome.
To reduce viscosity Kollidon 25 was used for some of the samples. The loading
parameters were: inlet temperature 50 °C, outlet temperature 43 °C, fan capacity 4.5,
peristaltic pump speed 4 ml/min, air volume 75 m?*h, blow-out pressure 4.4 bar,
atomizing pressure 2 bar and nozzle diameter 1 mm for drug layering and coating.

In both compositions agglomeration was observed during API layering and
coating. Fluid feed rate appeared to be the most important parameters that could
influence agglomeration tendencies. Agglomeration was observed regardless of how
low the fluid feed rate was but with discontinuous spraying the agglomerates broke
down shortly after the spraying process was paused [76, 98]. This method has caused
the coating time to stretch longer than expected. Higher fluid feed rates resulted in a

large agglomerate blocking the Wurster insert so the experiment was discontinued.

6.2.2. Determination of film thickness

Film thickness was measured with the Leica equipment using the method
described and examined in the previous section. Obtained values are summarized in

Table 3.

Table 3: Film thickness values of diltiazem hydrochloride-containing pellets

Samples Coating dispersion (g) Film thickness (mean; um)
Sample DK11 300 15.5
Sample DK12 300 17.7
Sample DK13 400 23.5
Sample DK14 500 28.9
Sample DK15 600 44.4

6.2.3. Study of the API migration and recrystallization

6.2.3.1. Thermal analysis
The DSC curves of the materials are presented in Fig. 13. The endothermic
peak at ~220°C indicates the melting of diltiazem hydrochloride; the second, broad

endothermic peak on the curve can be attributed to APl degradation. The broad
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endothermic peaks on the curves of Kollidon 25 and Pharmacoat 606 are related to the
water loss of the polymers. No glass transition temperature could be determined
which is probably due to it being obscured by the water loss peak and the changing
plasticity caused by the water loss. The T, of Acryl-EZE is visible at ~60°C, but no

peaks characteristic of the excipients used in its composition appear on the curve.

“exo  Diltiazem HCI
L

Pharmacoat 606

Kollidon 25

5
Wg~-1

Acryl-EZE

Cellet 500 $
\____H____‘——__

-40 -20 0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 °C

Figure 13: DSC curves of the raw materials

As shown in Fig. 14, the melting point of diltiazem hydrochloride appearing in
all the samples has shifted to about 10°C lower than observed in its pure form and an
exothermic peak appeared at about 100°C on the DSC curves of the coated pellets.
The T, of Acryl-EZE did not shift significantly and the T, of the binder polymers did

not appear on the curves.
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Figure 14: DSC curves of some samples containing diltiazem hydrochloride

The peak at 100°C showed up only in samples containing both diltiazem
hydrochloride and the Acryl-EZE coating (see Fig. 15), which suggests that it is a

result of an interaction between these two materials. According to its manual Acryl-
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EZE contains sodium bicarbonate as an excipient, which precipitates diltiazem base
from the aqueous solution of diltiazem hydrochloride [99]. (This concurs well with
our previous experience where the same reaction made it necessary to disassemble

and wash the equipment between API layering and coating.)
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Figure 15: Effect of sample compositions on the DSC curves

The melting point of diltiazem base is in the same thermal range as the
exothermic peak, however no melting point appears on the curves in this range and a
thermally undetectable amount of sodium bicarbonate does not seem likely to produce
detectable amounts of diltiazem base in the first place.

Fig. 15 shows that a similar exothermic peak appeared at about 180°C or
directly before the melting point on the curves of the uncoated pellets where no
sodium bicarbonate was present in the preparation. This peak is very apparent in the
HPMC (Pharmacoat 606)-containing sample and much less present in PVP-containing
ones, in come cases it is even completely missing.

An amorphous sample of diltiazem HCI was prepared by quench cooling to
measure the T, which proved to be at 100°C (Fig. 16). The repeated heating of Sample
DK 14 also plotted on the same figure showed that the exothermic peak appears only
during the first heating cycle.

Fig. 17 shows that a slow weight loss starts approximately at 50°C that
accelerates slightly at about 100°C for the uncoated sample. In the case of the coated
sample water loss starts much later. Total weight loss up to 100°C is only a few
percent in all cases; this concurs with the water loss of the polymers described before
and explains why the effect is delayed in coated samples where much of the water is

contained beneath the coating. The samples begin to lose weight fast above the
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melting point of diltiazem HCI which again concurs with our knowledge of the

composition.
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Figure 16: Thermal behavior of amorphous diltiazem hydrochloride
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Figure 17: Weight loss of coated and uncoated samples

6.2.3.2. X-ray analysis

As shown in Fig. 18 the XRPD diffractogram of diltiazem HCI comprises
several peaks; the larger ones that can also be seen in the samples’ diffractograms are
at 4.125°, 8.328°, 9.907°, 10.547°, 18.070°, 19.442°, 21.661° and 27.575° 26. Cellet
500, Kollidon 25 and Pharmacoat 606 are either polymeric or microcrystalline; hence
only very broad peaks appear in their diffractograms which do not hinder the
identification of the sharp peaks from other materials. Talc, listed as an ingredient of
Acryl-EZE by the manufacturer, produced the two sharp peaks visible in the

diffractogram of the coating system.
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Figure 18: X-ray diffractograms of raw materials

The XRPD diffractograms were detected at room temperature at baseline and
heated to 120°C and to 200°C afterward. Results are presented in Fig. 19. The
diffractogram of every coated sample shows a sharp peak at 25.648° 20. This was
identified as titanium dioxide [100], used as white pigment in the Acryl-EZE coating
system. The diffractograms of Kollidon-containing samples indicate the presence of
crystalline API at baseline while Pharmacoat-containing samples seem to be missing
the peaks characteristic of the API indicating that it is in amorphous form.

In all cases diltiazem hydrochloride peaks have become larger (or, in some
cases, appeared) after heat treatment. In the case of uncoated samples API peaks
appeared/grew only after heat treatment at 200°C whereas coated samples
demonstrated the same recrystallization after being heated to 120°C. Comparing
120°C and 200°C heat treated (coated) sample spectra a decrease in API peak heights
can be seen which is probably due to the decomposition of diltiazem hydrochloride.

The nature of the sample preparation process closely resembles the procedures
employed during the solvent method of the preparation of solid dispersions. This
implies that a solid dispersion can be formed during API layering that, depending on
the composition and parameters, can contain the API in any and all physical forms

[19, 101]. X-ray analysis revealed that the occurrence causing the exothermic peak at
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~100°C is recrystallization of the API. In the uncoated samples amorphous API

recrystallizes only upon or close to melting (see Fig. 19. b,).
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Figure 19. a, X-ray diffractograms of coated samples at different temperatures
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Figure 19. b, X-ray diffractograms of uncoated samples at different temperatures
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6.2.3.3. FT-IR analysis

The FT-IR spectra of a Kollidon-containing coated sample before and after
recrystallization upon heating are shown in Fig. 20. a. Both the samples and the
physical mixture of binder and API exhibit a water peak at 3450 cm’, although the
water content of the sample appears to have significantly decreased heat treatment. In
the un-treated sample several peaks are less prominent (if visible at all) and wider,
less sharp than in the physical mixture. No shifts in peak positions occurred indicating
that no chemical bonds formed between API and polymers. The spectrum of the heat
treated sample is mostly the same as that of the physical mixture; slight differences
can be attributed to the presence of other excipients. FT-IR spectra of a Pharmacoat

606-containing sample have yielded similar results (see Fig. 20. b,).

6.2.3.4. Hot-stage microscopy

The polarized light microphotograph of a piece of coating (Fig. 21) taken
using crossed Nicol prisms shows that the polymeric film layer contains crystalline
material even before heat treatment (left side). After the heat treatment (right side) the
amount of birefringent particles in the coating increased which indicate that the
crystalline material is diltiazem hydrochloride.

The API migrated into the coating and part of it remained amorphous that later
crystallized upon heat treatment. The probable mechanism of migration is that the
highly water-soluble diltiazem hydrochloride dissolved into the droplets of coating
suspension hitting the surface of the API-layered cores during the coating process
[102-103]. The plasticization mechanism described by Mizuno et al. can also play a
role in the process [104]. Binder polymers might also play a part by improving the
speed of dissolution even further by forming solid dispersions with the API upon
layering [101, 105-107]. This hypothesis is supported by Fig. 15 (see page 35), which
shows that no exothermic peak appears on the DSC curves of a coated sample
prepared without binder.

Migration probably occurs mostly before a uniform coating layer forms on the
drug-loaded cores [104] and thus affects only a small fraction of the API. Considering
the fact that the drug layer already contains an amorphous fraction (see Fig. 15 where
recrystallization can be seen in the uncoated samples close to the melting point of
diltiazem hydrochloride), migration does not explain the difference in the

recrystallization behavior of the coated and uncoated samples.
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Figure 20. a: FT-IR spectra of interaction between API and Kollidon 25
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Figure 20 b: FT-IR spectra of interaction between API and Pharmacoat 606

As no chemical bonds between polymer and API were found in either case it
can only be physical inhibition that prevents the drug from completely crystallizing
during sample preparation and storage [85, 106]. In such cases the main reason of

recrystallization is the glassy to rubbery state transition of the API-containing polymer
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and the increased molecular mobility of the API that is the result of the increased
mobility of the polymer chain segments separating the API clusters [105-106]. It has
been described by several authors that the physical stability of a drug depends greatly
on the preparation method and the polymer carrier [108-110]. In our case the methods
of preparation were the same for all samples but the API (both amorphous and
crystalline fractions) is split between the coating layer and the drug layer, which
means that based on the above theory we should observe two phases in the
recrystallization: one for the drug layer and one for the coating (or only one
overlapping one). However, only one recrystallization phase was observed which

appeared at significantly lower temperatures in coated samples than in uncoated ones.

Figure 21: Coating fragment under the polarized light microscope before and after

heat treatment

This discrepancy must be explained by the presence of the coating. The DSC
curves of the uncoated samples contain a broad endothermic peak that literature
attributes to the loss of water in the binder polymers. This peak does not show up on
the curves of coated samples and the TG curves indicate that water loss in the coated
samples starts close to the boiling point indicating a watertight property of the coating
at least on the timescale of the DSC analysis. The exothermic peak attributed to API
recrystallization is in the thermal range of the boiling point of water. This raises the
question: can water play a role in the recrystallization behavior of the API [111]?

Several theories postulated by other authors can be used to explain the
possible influence of water on the behavior of our coated samples [112-113]. Many
studies proved that water can act as a plasticizer in polymers; as such it can decrease

the T, of the polymer to the thermal range of our exothermic peak — which it cannot
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do for the uncoated samples as most of the water evaporates by the time the sample
reaches the temperature range in question [114]. Water can also be trapped in the
pores of the microcrystalline cellulose core after API layering. Diltiazem
hydrochloride, being highly water-soluble, can dissolve in the water migrating toward
the surface of the pellet from the core and crystallize with the eventual evaporation of
the solvent. As water boils in the thermal range of the recrystallization peak, the
pressure of the forming steam in the pores of the pellet is expected to grow rapidly at
the time of the event. As described before, water also acts as a plasticizer, so pores can
be easily expanded by the steam essentially removing the physical barriers in the
polymer structure that stood in the way of recrystallization. This expansion process is
well-known in the food industry (a good description can be found in articles detailing
the making of popcorn [115-116]) but a similar effect was noted during the use of

supercritical or pressurized carbon dioxide in the pharmaceutical industry [117-119].

6.2.3.5. Stability

These mechanisms can and in reality probably do work independently from
each other at the same time. This presents problems regarding the stability testing of
samples of this nature. Studies should take into consideration that the high relative
humidity used in accelerated stability testing could cause recrystallization by
plasticizing the polymer that would not happen under ambient conditions [113, 120].
To compensate for this effect samples were stored at 40°C at 70% relative humidity, at
40°C in a low humidity environment (25+5%), at 75+5% relative humidity at room
temperature (20°C£2°C) and at ambient conditions (45+5% and 20°C£2°C).

Fully amorphous samples have fully recrystallized after a day at both highly
humid conditions while samples stored at lower humidity levels remained fully
amorphous until the closing of the experiment 50 days later. This concurs well with
the results of Zelko et al. [121] where they have demonstrated that only high humidity
values cause a change in the structure of PVP.

A study at elevated humidity was conducted to investigate the kinetics of the
recrystallization in coated samples. Samples have recrystallized slowly at start but
recrystallization speed increased greatly after a lag time (see Fig. 22) that can

correspond both to film thickness and initial degree of crystallinity.
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Figure 22: Recrystallization trends as indicated by XRPD peak 9.907° 26

The former was confirmed by a water uptake study where samples of equal
volume were stored in open containers in a closed hygrostat containing distilled water
on ambient temperature. Samples were weighted at regular intervals and the results
plotted in Microsoft Excel.

Uncoated samples exhibited an exponentially decreasing water uptake. Coated
samples initially showed linear water uptake that gradually slowed when approaching
saturation concentration. This concurs with the equation used to describe diffusion-
regulated dissolution from coated pellets [122-123]. Linear trend lines considering the
zero intercept were fitted to the data and rate constants calculated for the coated
pellets. Rate constants showed a strong inverse relationship with the film thickness
with the coefficient of determination being reduced by the fact that Samples DK 11 and

DK 12 are very close in coating thickness.
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Figure 23. DSC curves of coated and uncoated samples at slow heating rate

The direction of diffusion is determined by the concentration gradient which
means that the equations generally used to describe dissolution behavior can be used

to describe material influx governed by diffusion. The trends observed for water
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uptake will by the same logic be true for loss of water too. This corresponds well with
the differences between the weight loss patterns of coated and uncoated samples we
have seen during the thermogravimetric measurements. To evaluate the role of water
loss in recrystallization a TG-DSC experiment with a low heating rate was performed.

The 1°C/min heating rate was expected to provide enough time for the
evaporated water to diffuse through the coating thereby equalizing the water loss
trend with that of the uncoated pellets. As can be seen in Fig. 23 DSC curves have
both fulfilled that expectation: weight loss rates were even between coated and
uncoated samples with only a slight delay for the coated pellets and recrystallization
occurs in both coated samples in the same thermal range as in their uncoated
counterparts. This confirms that the fast evaporation of water played a crucial part in

causing the difference in recrystallization behavior.

6.2.3.6. Dissolution studies

As expected, dissolution in artificial gastric acid is inversely correlated to film
thickness with 23.5 um film thickness already achieving sufficient gastroresistance for
Sample set DK. As the extent of APl migration was not determined in the study no
further conclusions can be drawn from the results.

Problems similar to the ones described in the section on stability arise when
trying to determine the significance of recrystallization on the dissolution behavior. As
intentional recrystallization without the destruction of the sample involves heat
treatment, it is logical to assume that curing of the coating also takes place during the
process which would improve the outcome of a later dissolution test [43, 114, 124].
Also if the pores expand significantly enough in volume the coating polymer would
either rupture [125] or, what is more probable given that it is in rubbery state at the
temperatures involved, would stretch thinner (thus decreasing its performance) and
transform back into the glassy state upon cooling. The extent of API migration and the
starting film thickness would probably also influence the results.

While results in gastric acid improved significantly for Sample DKII and
DP12 the change observed in the case of Sample DKI14 was well beneath the SD
value of both tests. These results suggest that no rupturing occurred due to the heat
treatment itself which means that heating the samples did not result in significant
volume expansion. Overall no clear trend could be seen in the direction of the

changes.
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6.2.4. Measurement of the degree of crystallinity

Six sub-samples were taken from Samples DK(0I-5 and their X-ray
diffractograms collected. Diffractograms were then used to attempt to set up a
calibration curve for the determination of the degree of crystallinity based on ssNMR

results.

6.2.4.1. ssNMR

Spray drying techniques are substantially impacted by environmental factors
and as such are hard to control regarding the solid state of the product [126]. To obtain
an absolute value of the degree of API crystallinity of the samples solid phase NMR

measurements were performed using the CP-MAS technique with a >C-'H coupling.

Table 4: Degree of API crystallinity measured with ssNMR (increasing order)

Sample Degree of crystallinity of the API (%)
Sample DK03 11
Sample DK01 23
Sample DK05 35
Sample DK0?2 49
Sample DK04 49

6.2.4.2. X-ray characterization of samples

Pellet formulations were expected to cause difficulties with the measurements
due to their size and shape. Packing in the traditional sense of the phrase is less likely
to occur as a problem but considerable noise and peak shifting are to be expected due
to the air pockets between the particles. Uneven surface and sample displacement
cause peak broadening and peak shifting when using Bragg-Brentano equipment
[127]; with intact pellets neither can be avoided during measurement. Peak intensity
also decreases in rough surfaces compared to smooth ones. When analyzing
multilayer pellets starting material concentrations in the focusing circle are not
necessarily the same as in the sample bulk due to the different composition of the
layers of the sample and are hard to determine because of the unknown but
presumably small penetration depth [128-129]. Solid dispersions also have a tendency
of exhibiting changes in halo shape and intensity [130] and anisotropic peak shifting
has also been observed [131]. Because of these effects whole-pattern fitting and

pattern subtraction techniques [132] are very likely to fail. On the other hand pellets
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usually have a narrow size distribution, meaning that these features are likely to be
fairly consistent between samples. This probably reduces the confounding effects to a
level that still makes the analysis of intact pellets possible.

Preferred orientation effects have been known to appear in intact
pharmaceutical dosage forms [133-134]. In the case of pellets prepared by solution
layering the preference of some directions during crystal growth is likely to be
balanced in the three-dimensional space. Nevertheless, samples were rotated during
measurement to reduce any possible effects.

A diffractogram of Sample DKOI representative of most diffractograms
obtained from Samples DK01-5 was shown in Fig. 19. b. Sample DK03 turned out to
be X-ray amorphous but the diffractogram showed no new halo features that could be
definitively attributed to amorphous diltiazem hydrochloride. This can be a result of
the halos of the polymer components overlapping over most of the 20 range or
differences in the intensity and concentration of the materials. In this case most
probably both of these effects occur. Characteristic peaks of diltiazem hydrochloride
are shifted in sample diffractograms and the extent of the shift is not consistent for all
peaks and samples. The excessive noise (although expected) made the results of any
analysis so uncertain that smoothing had to be employed in order to continue [135].
The Savitzky-Golay smoothing algorithm was used with a frame width of 15 data
points and a 2nd degree polynomial and diffractograms were normalized to unit area
to compensate for weight differences. From here on peaks will be referred to as their

maximum observed in pure diltiazem hydrochloride.

6.2.4.3. Determination of the crystalline content by univariate methods
Crystalline and amorphous intensities are proportionate to crystalline and
amorphous concentrations [132]. The degree of crystallinity of the sample can be

calculated as

I, = 100

Xe =57

[132]
where I, and I, are usually area under the crystalline peaks and the halo respectively,
but peak heights can also be used [130, 132]. The formula requires separation of the
amorphous halo from the crystalline peaks. This is a procedure prone to errors [136]

as is the definition of the baseline [137] that is required for calculations.
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Preliminary calculations were performed to choose the best-performing peaks
and also to determine which peak parameter to use for further calculations. The
characteristic peaks at 9.907° 20, 10.547° 20, 18.071° 20, 19.442° 20, 20.521° 20 and
27.575° 20 were chosen for their consistently good performance despite some
troubling characteristics that shall be discussed later.

Area methods generally provide better results than peak heights because of the
wider 20 range involved [134]. In our case however peak heights almost always
provided better results than peak areas. The previously shown formula was used to
calculate results from total area parameters. Predicted crystallinity was plotted against
the theoretical crystallinity obtained from the ssNMR measurements. The
mathematical values used to describe the linear fit are the slope and y-intercept, the
coefficient of determination (R?) and the root mean square error of calibration and
cross-validation. For the univariate regressions these have been calculated in
Microsoft Excel and are summarized in Table 5. As ssNMR uses very small sample
sizes compared to XRPD it is reasonable to assume that sampling errors are more
likely to occur during the ssNMR measurement therefore the result may not
necessarily be representative of the sample bulk. While the particles were mixed
before sampling for XRPD measurements to reduce the chance of obtaining biased
sub-samples the actual degree of crystallinity of the sub-samples can differ from each
other and from the ,,theoretical value” for the samples obtained by ssNMR as flow
properties and thus drying characteristics are inhomogeneous during production [138-
139]. Repeated ssNMR measurements would solve this issue but NMR measurements
are both time-consuming and costly and therefore parallel measurements were not
performed.

Due to its largest relative intensity the 10.547° 26 peak was deemed the most
promising for quantitative analysis, however it provided the worst results of all the
examined peaks. The amorphous halo shows steeply increasing intensity in the region
of the 19.442° 20 and 20.521° 20 peaks which makes peak and halo separation and
thus measurement of the peak parameters prone to errors [140]; in spite of this the
peaks provided good linear fit and RMSECV. Considering the amorphous halo as seen
on the diffractograms of Cellet 500 and Kollidon 25 it can be said that this is the only
region in which the trends in the halo can be clearly identified which makes these

peaks more suitable for analysis than similarly sized peaks in other regions.
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The peak at 27.575° 26 is a double peak of moderate intensity in the API
diffractogram that fused into one broad peak in the sample diffractograms. Despite
this less than ideal quality it showed a good predictive value. This possibly stems
from the amorphous halo being fairly even and not very intensive in the region which
probably makes peak and halo separation less error-prone.

Baseline correction has resulted in significantly worse slope and R* values
although this time peaks generally provided better results in order of increasing
intensity. This indicates that the definition of the baseline can influence the outcome
of the analysis both adding to and compensating for errors from other sources.

Some correlations showed signs of non-linearity; for this reason a log-
transformation was performed and calculations repeated. While R?>, RMSEC and
RMSECYV values have improved in some cases slopes and y-intercepts show a larger
deviation from the expected values of unity and zero respectively. R* values still do
not reach the generally acceptable level of 0.95 and bias toward the small peaks can
still be observed. In general it can be said that the log-transformation worked best for
the two smaller peaks examined and the area ratio but even in these cases linear fits
clearly perform better in some areas.

While promising, the overall results of the univariate analysis cannot be
considered ideal or, in many cases, reliable based on the problems described above.
Partial least squares regression was tested to overcome difficulties in parameter

selection and to find a good fit based on not confounded information.

Table 5: Regression results for Savitzky-Golay smoothed diffractograms

Crystalline/ | Sum of Peak position (20)
amorphous |  peak o o | 19.442 ] 20.52 | 27.575
area ratio heights 9.907° | 10.547 o 10 N
Slope 1 1 1 1 1 1 1
y intercept [ 2¥107 8*10° | 5%10° | 1*10* | 1*10* | 3*10° | 3*107
R’ 0.881 0.9028 | 0.9165 | 0.8846 | 0.8972 0'9727 0.9173
RMSEC 5.12 4.62 428 | 504 | 475 | 399 | 4.26
RMSECV 5.38 4.86 452 | 5.29 500 | 420 | 451
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6.2.4.4. Determination of the crystalline content by multivariate methods

Multivariate analysis is a good technique to avoid the interference of
excipients and random noise during quantitative analysis [141] especially in intact
dosage forms [142]. First a principal component analysis was performed to see if the
method could differentiate between samples. Three principal components were found
relevant to the investigation which explained a total of 89.31% of the variation in the

diffractograms (see Fig. 24. a,).
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Figure 24. a, Loadings plot of the principal components
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Figure 24. b-c, Scores plots of the principal components

The first PC appears to contain shifts in the amorphous halo and the diltiazem
hydrochloride peaks. The second PC very closely resembles the diffractogram of
diltiazem hydrochloride. While the third PC resembles the second one it contains the
indications and corrections for API peak shifts and an obviously larger amount of
noise than the previous PCs. This indicates that while there is still about 11% of
variation unaccounted for most of it is likely to be attributed to random noise.

Score plots of the principal components (Fig. 24. b-c,) show that sub-samples
are clearly clustered according to their source sample. As the source samples varied in

crystallinity this gives us a good indication about the possible positive outcome of
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further work. Samples are ordered along the second PC according to degree of

crystallinity with the exception of Sample DK02 and DKO05.
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Figure 25. a, Loading plot obtained from PLS-regression
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Figure 25. b-c, score plots obtained from PLS-regression

PLS analysis also found three significant components that, while explaining
89.25% of the spectral variation, correspond to 95.81% of the differences in the
degree of crystallinity. PLS component weights for the first two components closely
resemble the diltiazem hydrochloride diffractogram with the both components
containing the amorphous halo from microcrystalline cellulose in negative and in
positive respectively (see Fig. 25. a,). The broad microcrystalline cellulose feature and
the baseline shift in the lower 20 region appearing in the first two PLS-components
are cancelled out or greatly reduced for most samples when considering both
components indicating that they have little actual influence on the outcome variable.
Exceptions are some sub-samples of Sample DK03 and Sample DK(02 where this
behavior can either signify an anomaly or unlucky sampling. In the case of the X-ray
amorphous Sample DK(02 this may be the result of the other features in the
components needing to be zeroed. As a few sub-samples from less affected samples

also contain the two components with opposing signs it is likely that the effect is due
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to the innate variability of pellets within one sample; an obvious such characteristic
would be particle size but more experiments are needed to show a definite connection.

Score plots obtained for the PLS-components again show the same clustering
as was described for PCA (see Fig. 25. b,). Samples are approximately in order of
increasing degree of crystallinity along the first PLS-component axis. Samples DK0?2
and DK0S5 are clearly set apart only by the third PLS-component (containing a halo
feature and shifted API peaks among some noise) as seen in Fig. 25. c.

The model obtained from the analysis shown in Fig. 26 supersedes all previous
attempts to obtain a calibration curve with an RMSEC of 3.04 and an RMSECV of
3.88.

Observed degree of eoy stallinity (%)

! . ! ! ! !
0 1 20 30 10 S0 Gl

Predicted degree of crystallinity (%)

Figure 26. Linear model of the degree of crystallinity based on the PLS regression of
the XRPD data of intact pellets

These results have shown that the degree of API crystallinity of intact pellets
can be examined by XRPD despite the initial difficulties. Univariate models varied in
their predictive quality — often the best models came from the most dubious sources.
PLS analysis provided better results and gave much less reason to worry about the
validity of the obtained model. Building the PLS model was also less time-consuming
due to the lack of preparatory work while for the univariate model not only the peak
and halo separation needed to be done but also preliminary calculations were required

to avoid choosing the most obvious but in reality not very predictive parameter.

6.2.5. Summary

In this section diltiazem hydrochloride-containing pellets were investigated to
find the reason of an atypical behavior and its impact on stability testing and
dissolution. We have also attempted to measure the degree of crystallinity of the

uncoated samples from intact pellets with both univariate and multivariate methods.
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7. Final conclusions, novelty, practical usefulness

The influence of various factors and phenomena on the dissolution of enteric

coated pellets was investigated in this study. Pellets were manufactured by solution

layering in a fluidized bed and subsequently coated with a fully formulated enteric

coating system. Two model APIs and two model hydrophilic binder polymers were

used and the four possible compositions were analysed and their characteristics cross-

referenced to see the effect of composition, process parameters and other phenomena

on the behavior of multilayer pellets.

API-layered and coated pellets were manufactured in fluid bed
equipment in different compositions. Problems encountered during
manufacturing were successfully solved and the transfer of the
technology to a different device showed the procedure to be robust
enough to withstand significant differences in manufacturing
equipment. Through this we obtained a solid understanding of what
the critical process and product parameters are.

Differences between the products stemming from the differences
between the equipment were described and investigated. This
information can be put to good use in the pharmaceutical industry
where differences in the manufacturing equipment tend to cause
problems during scale-up and technology transfer processes.

Two image analysis methods for the measurement of particle size
were compared and evaluated. For the purpose of film thickness
measurements the two methods gave similar results even though they
differed substantially in the measurement of particle size
characteristics. Results indicate that the automatized method using
large sample sizes was more robust to sampling effects and sample
characteristics.

Raman spectroscopy proved to be a good tool for the measurement of
the film thickness of coated pellets. Multivariate data analysis made it
possible to differentiate samples based on their preparation
conditions. It was shown that while the configuration of the fluid bed
used for sample preparation probably has an effect on the Raman

signal this difference does not indicate a difference in the
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performance of the coating. A relationship between film thickness and
gastric resistance was postulated.

- An unexpected change in thermal behavior due to the addition of a
coating layer was investigated. The effect of API migration on
dissolution was analysed and the representativeness of some stability
testing procedures were evaluated. The existence of such phenomena
and especially their ability to place limitations on standard evaluation
procedures emphasizes the importance of understanding product
behavior deeply enough to anticipate future problems — a goal that is
pursued through similar means by the Quality by Design initiative.

- A multivariate model was developed for the determination of the
degree of API crystallinity from intact drug-layered pellets.

- One of the main objectives of model development was to avoid
complicated and time-consuming pre-treatment and analysis. The
models and methods described in the work can be easily utilized at-
line or — under optimal circumstances — even in-line to follow the
development of the product during the manufacturing process. By
being able to monitor the changes in the product in real time these

techniques can fulfill the needs of Process Analytical Technology.

Part of the purpose of the study was to investigate the use of widespread
analytical methods in the development of pellets. As multiunit systems are much less
researched than traditional dosage forms analytical methods are not usually developed
with the goal of making them easy and efficient to use in their development. Our
results showed that nevertheless some tools primarily used in the development of
other dosage forms can be efficiently employed for pellets if their unique nature is

taken into consideration.
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Abstract Keywords
Context: Although several methods have been investigated to measure the film thickness of  Chemometric analysis, dissolution, film
tablets and its correlation with the dissolution behavior, much fewer such investigations exist thickness, PCA, pellet, PLS, Raman

for pharmaceutical pellets.

Objective: To study the possibility of measuring the film thickness and predicting the
dissolution behavior of pellets produced in different fluid bed equipments with Raman
spectroscopy.

Materials and methods: Pyridoxine hydrochloride-layered pellets were produced and coated
in two different Strea-1 equipments. Raman spectra were collected and analysed to set up a
calibration model based on the film thickness data calculated from Camsizer analysis results.
Dissolution tests were done according to Ph. Eur. standards.

Results: Raman spectroscopy proved to be a good tool in the measurement of film thickness.
Polymer weight gain showed a linear correlation with film thickness but was a poor predictor
of dissolution results below a threshold value.

Conclusion: The Raman spectroscopic measurement of a small sample can provide accurate
data of the film thickness. The investigation suggests that a threshold value might exist for the
film thickness above which it can be used to judge future dissolution results.
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Introduction used recently to quantify the film thickness of pharmaceutical
preparations”'®>*, This study utilizes Raman spectroscopy which
has been demonstrated to be suitable for the offline and online
(not online in this study) measurement of the film thickness of
tablets”> . Tts use regarding pellets however appears to be much
more limited?.

In our work we examine pellets of the same composition
prepared in two different fluid bed equipments to determine
whether a multivariate calibration model that is feasible for the
determination of the coating thickness of samples prepared in
either equipment can be built.

The use of pharmaceutical pellets provides numerous advantages
over single-unit dosage forms'~>. Among these is the smaller
variation of the in vivo dissolution profile which results in
predictible therapeutic effect. However, the multiparticulate
nature causes problems when determining coating thickness
which critically affects the drug release®. For the direct measure-
ment of film thickness, scanning electron microscopy was often
used, but usually a very low number of pellets was measured, and
the cross-section images require that the pellets be sliced which
makes the measurement very time-consuming’ . Image analysis
can be used to measure a statistically significant number of pellets
but there is some disagreement on what this statistically
significant number may be. In addition, the methods used to Materials
analyse the acquired images are often incomparablelo "1 The use
of a Camsizer allows the rapid measurement of a large number
of particles making it ideal for the calibration of indirect methods
to measure film thickness'?.

Weight gain as the most traditional indirect method has been
criticized for its lack of specificity stemming from the mass
loss of the core material and failure to predict dissolution
values'*™'>. Spectroscopic and tomographic methods have been

Experimental section

Pyridoxine hydrochloride (Ph. Eur.) was used as a model drug.
Cellet 500 (Shin-Etsu Chemical Co., Ltd., Tokyo, Japan) was
used as non-pareil core material. Pharmacoat 606 (BASF,
Ludwigshafen, Germany) was applied as a binder. Acryl-EZE
(Colorcon, Dartford Kent, UK), a fully formulated enteric coating
dispersion was used as coating material.

Layering of pyridoxine hydrochloride

Address for correspondence: Peter Kleinebudde, Institute of The pellet samples ) prepared in a Strea-1 (Niro Aeromatlc’
Pharmaceutics and  Biopharmaceutics, ~Heinrich-Heine-University, Buben.dorf, SWltZGI‘I.aI]d) fluid bed Wursterlchaml.)er. TWO. differ-
Universitéitsstr. 1, D-40225 Diisseldorf, Germany. Tel: +49-211-81- ent pieces of equipment were used with slightly different
14220. Fax: +49-211-81-14251. E-mail: kleinebudde @hhu.de capabilities and chamber layouts (Table 1). As the chamber
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Table 1. Process and equipment parameters.

Strea 1 in Szeged Strea 1 in Diisseldorf

Inlet temperature 50°C 50°C

Outlet temperature 43°C 37°C

Spray rate 6 ml/min 6 ml/min
Atomizing pressure 2 bar 2.2 bar

Air volume 80m’/h 130m*/h
Nozzle diameter I mm 1 mm
Chamber material Glass Stainless steel

Waurster insert Yes No
Spraying installation Bottom-spray Bottom-spray

Table 2. Particle size of uncoated and Acryl-EZE® coated pellets (n = 3;
mean), calculated film thickness.

Particle size of

Particle size Acryl-EZE®

of uncoated coated Coating ~ Polymer

pellets [pm] pellets [pm] thickness  weight
Sample (n=3; mean) (n=3; mean) [pm] gain [g]
Setl samplel ~ 718.27+0.11  788.93 £0.25 35.33 52.9
Setl sample2  695.13+0.31  781.43 £0.06 43.15 73.9
Setl sample3  722.00+0.10  823.33 £0.15 50.67 87.0
Setl sample4  695.87+0.06  813.00 £0.00 58.57 131.1
Set2 samplel  721.03+0.06  774.80 £0.17 26.88 43.8
Set2 sample2  721.17+£0.12  798.43 +0.06 38.63 67.7
Set2 sample3  724.73+0.15  821.37 £0.06 48.32 90.3

geometry of the Diisseldorf equipment is such that it prevents the
use of a Waurster, insert experiments in these cases were
performed using bottom-spray mode.

A solution of pyridoxine hydrochloride and Pharmacoat 606 in
5:2 mass ratio with a total solid content of 12.28% was sprayed
onto 200 g nonpareil cores (between 500 and 710 pm in diameter
as specified by the manufacturer) until 175 g dry material was
applied. The pellets were dried in the spray coater for 10 min.

Coating of layered pellets

Acryl-EZE dispersion was prepared and applied following the
guidelines provided by the manufacturer as 20% aqueous
dispersion. The manufacturer lists the ingredients of the Acryl-
EZE ready-to-disperse fully formulated coating system as USP
type C methacrylic acid copolymer, sodium bicarbonate, talc,
SiO,, titanium dioxide, sodium laurylsulphate and triethyl citrate.
Only a small amount (0.1%) of dimeticone was added to prevent
foaming during the process. Samples were prepared with different
coating levels using the same equipment and parameters as for the
drug layering. In the two different equipments two sets of samples
were prepared. Four batches were made in one and three in the
other. The sets differ only in the equipment used for manufactur-
ing; samples within the set differ in coating levels (Table 2).

Measurement of particle size and film thickness

Three pellet batches from Diisseldorf and four batches from
Szeged (API-layered pellets coated with Acryl-EZE® and
uncoated API-layered pellets) were measured three times using
the CamsizerXT image analysis system (Retsch® Technology
GmbH, Haan, Germany, X-Fall module (free fall mode)). The
number of measured pellets per sample was counted during
measurement. Due to differences in the sampling method the size
of the samples varies thus the number of measured uncoated
pellets lies between 53 000 and 103 000 and the number of coated
pellets is between 35 000 and 62 000. The value specifying the
particle size is defined as the width of the particle projection and

Drug Dev Ind Pharm, Early Online: 1-6

is the shortest of measured maximum chords in 32 directions.
The median of the number size distribution was taken for further
evaluation. The coating thickness was calculated from the mean
of n =3 measurements as follows:

A= (dmin coated pellets — dmin uncoated pellets)
2

where A is the coating thickness (Hm), dmin coated peliets 1S the
particle size of uncoated pellets (um) (n=3; mean) and d;,
uncoated pellets 18 the particle size of Acryl-EZE® coated pellets
(um) (n=23; mean).

Drug content and dissolution

Drug content determination was done with a UV-Vis spectropho-
tometer at pH 6.8 (phosphate buffer) at 325.0nm from approx.
500 mg of whole pellets after 2h. R* of the calibration curve is
0.9999. Dissolution studies were carried out according to Ph. Eur.
standards with a rotating basket (Erweka DT 700, Erweka GmbH,
Heusenstramm, Germany), in 900 ml of simulated gastric acid at
100rpm at 37°C for 2h, then the acidic medium was replaced
with 900 ml of phosphate buffer (pH =6.8) and the dissolution
measured at the same parameters as above. Samples were taken of
the gastric acid at 2 h and of the phosphate buffer at 5, 10, 15, 20,
30, 45, 60 and 90 min. Concentration was measured with a
spectrophotometer (Unicam Helios o, Thermo Fisher Scientific
Inc., Waltham, MA) at 291.0 nm with an R? of 0.9996 in artificial
gastric acid (pH 1.2). In the phosphate buffer, the same
parameters and calibration were used as for drug content
determination.

Raman and chemometric analysis

The Raman spectra were measured using a RamanRXN2 analyzer
(Kaiser Optical Systems, Ann Arbor, MI) with a non-contact optic
sampling device (PhAT probe). The probe beam was generated
using a diode laser operating at 785 nm and the laser power at the
sample was 400mW. The laser spot diameter was 6mm
corresponding to a 28.3mm? circular illumination area. Each
sample was measured with an exposure time of 10s. Data
collection, calculations, mean centering of the entire dataset,
baseline correction (SNV, standard normal variate), spectral
comparison (PCA, principal component analysis) and the con-
struction of the predictive model (PLS regression, partial least
squares regression) were done using icRaman® data collection
software package (Kaiser Optical Systems, Ann Arbor, MI),
SIMCA 13.0® (Umetrics, Umea, Sweden) and Excel® (Version
2007, Microsoft Corporation, Redmond, WA).

Calibration and validation development

In order to detect the amount of enteric coating material
calibration was developed based on the offline results of two
coated pellet sets (n=3+4). A multivariate model was built
based on the data sets and the results of the film thickness
measurement obtained by the CamsizerXT image analysis system
was used as reference analytical method.

Results
Particle size and film thickness

The pellets without the final enteric coating vary in size from
695 um to 725 pm (Table 2) due to different thicknesses of the
pyridoxine hydrochloride layer. These uncoated API-layered
pellets show a standard deviation in particle size of 0.06—
0.31 um (n=3). The standard deviation in particle size of the
Acryl-EZE® coated pellets (n = 3) varies between 0 and 0.25 um.
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Figure 1. Dissolution of coated pellets (a) set 1 prepared in Szeged and (b) set 2 prepared in Diisseldorf, in order of increasing film thickness.

The coating thickness in sample set 2 increases in steps of almost
10 pm per sample. The coating thickness of the samples in set 1
differs by 8 um in the order of the numbering.

Drug content and dissolution

All samples released the API completely after 60 min in the pH
6.8 dissolution medium. Drug release in artificial gastric acid was
greatly influenced by the thickness of the film coating with higher
coating levels yielding better results. Similar levels of coating
showed similar gastric resistance regardless of the equipment used
for sample production, indicating that the quality of the coatings
produced in different equipments does not differ much in this
respect. Samples with a film thickness of 38 pm or above have
demonstrated dissolution values below 10% that satisfy the
requirements of gastroresistant films. The dissolution testing of
Set 2 sample 1 was discontinued after observing over 50% drug
release in artificial gastric acid (Figure 1).

Raman and chemometric analysis

A PLS predictive model was constructed using the SNV
normalized spectra data from the two sample sets with enteric
coating levels from 27 to 59 um (Table 2).

Figure 2 shows the SNV preprocessed Raman spectra (n=3;
mean) of pyridoxine HCI (ingredient of the first pellet layer),
Acryl-EZE® (enteric coating material of the second pellet
layer) and two pellet sets with different enteric coating levels
(four batches produced in Szeged, three batches produced
in Duesseldorf) in a spectral range 150-1890cm '. The spectra
comprised dominant Raman shifts of the first layering as well
as shifts of the final enteric coating. Pyridoxine HCI shows

\A} Sel! coaled in Szeged
Set? coaled in Disseldorf

T

Intensity (arbitrary units)

I

150 300 450 600 750 900 1050 1200 1350 1500 1650 1800
Raman shift (cm_1)

Figure 2. Standard normal variate (SNV) preprocessed Raman spectra
(n=3; mean) of pyridoxine-HCl, Acryl—EZE® and two pellet sets with
different enteric coating levels (n=3+4), spectral range 150—
1890cm™".

characteristic Raman shifts (692cm™!, 1234cm™") which can
be assigned to the quadrant stretching vibrations and the
deformation of the 3-Hydroxypiperidin ring according to Cita S
et al. (1999)%7 (692cm™' wvvs: tors(C2-C3-C9-H19) + stretch
quadrant (C2-C4-C5-N7) 4 tors(C3-C2-C4-C5), 1234 cm™! ovs:
8(0-H); §(N-H) i.p.). Acryl-EZE® is a preformulated aqueous
acrylic coating containing the pigment TiO, and Eudragit L.100-
55 as enteric coating polymer®®. Titanium dioxide can be used in
two different polymorphic forms in pharmaceutical formulations.
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The polymorphic form anatase used in this study shows intensive
Raman shifts (637 em !, 513e¢m™Y, 395 cnf]). These shifts are
caused by the bending vibration and the symmetric stretching
vibration of the polymorph (636 em ™! vs: §(TiO,); 513cm™! m:
»(Ti0%; 395cm™' m: 6(Ti0,))*. The intensity of titanium
dioxide Raman shifts increases whereas the intensity of the
pyridoxine-HCI shifts decreases with the encreasing amount of
enteric coating material, clearly visible in the spectral range of
310-715cm ™" (Figure 3).

Principal component analysis (PCA) of the offline acquired
Raman spectra were performed to discriminate sample sets by

Intensity (after SNV correction)

Raman shift (cm™)

Figure 3. Standard normal variate (SNV) preprocessed Raman spectra
(n=3; mean) of two pellet sets with different enteric coating levels
(n=3+4), spectral range 310-715 cm ™!, decreasing Raman shifts
(3300m71, 692cm71), increasing Raman shifts (395 cm !, 513cm ™,
637cm ™).
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increasing mass of coating material. With the exception of data
point 2 and 3, PCA scores on the first principal component (PC1)
are able to order the samples with respect to the theoretical
amount of enteric coating along the first principal component
(Figure 4a). PC1 explains 91.4% of the variance. Loadings on PC1
mainly correspond to spectral information from the titanium
dioxide anatase polymorph in the Acryl-EZE® layer (Figure 4b).
The construction of PC1 can therefore be explained by the
increasing amount of enteric coating material coated onto the
pyridoxine hydrochloride layered pellet core. In Figure 4(c), each
data point displays a sample with certain amount of Acryl-EZE®
coating, which was measured by Raman spectroscopy and
analyzed by a PLS regression algorithm. The coating thickness
as predicted by the multivariate model derived from Raman
measurement is plotted against the corresponding data as obtained
by the CamsizerXT reference method. Best predictive results for
the PLS regression model were obtained by using three principal
components, which explain 100% of the X-Variance (spectral
data) and 98.7% of the Y-Variance (coated Acryl-Eze® amount)
(Table 3). The high variances of the model indicate its validity
to predict the enteric coating level even though it was built on

Table 3. Parameter set of the multivariate model*°.
Model description Results
Regression algorithm PLS
Number of components 3
Calibration range 27-59 pm
Range of wavenumbers 150-1890 cm ™!
R°X 1.000
R*Y 0.987
RMSEE 2.53 um
RMSEcv 3.44 pm

Intensity (arbitrary units)

L NN LN DL NN NN DL NN DN DL NN NN DL AN B
150 300 450 600 750 900 1050 1200 1350 1500 1650 1800

Raman shift cm™)

Figure 4. (a) Principal component analysis (PCA) scores plot obtained from SNV preprocessed Raman spectra (n = 3; mean), (b) p-loadings of PC1 of
the PCA model and (c) calibration variance regression model for SNV Raman spectra (PLS).
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Figure 5. Correlation of film thickness and dissolution in gastric acid
after 120 min.

spectra which contains peaks of both pellet layers. The black
line represents the linear fit to the data points. The resulting R?
value of the regression line can be used to quantify the strength
of the association between the observed Y and the predicted Y
for the pellet samples. The closer the R® value is to one the
stronger the association between the observed and the predicted
variables®'. The predicted coated thicknesses obtained by the
multivariate model fits the real thicknesses measured by the
reference method with exception of datapoints 5 and 6 (sample 1
set 1, sample 3 set 2). This might be due to the small differences
in coating thickness (2.35 pm) between these two samples. The
data points 2 and 3 (sample 4 set 1, sample 2 set 2) showing
a coating thickness difference of 3.3 um are also hard to classify.
This leads to the assumption that multivariate models in
combination with offline Raman analysis reaches a limit of
classification ability in samples which only differ slightly from
one another in coating thickness.

Discussion

According to Rantanen, one of the problems with Raman
spectroscopy is the small sampling area and penetration depth™.
In our study the illumination area was a 28.3 mm? circle, which
means that, calculating with a single layer, less than 100 pellets
were measured with the Raman probe. This is a significantly
lower number of pellets than measured with the Camsizer, once
again raising the question of what minimal number of pellets is
capable of representing the whole batch regarding film thickness.
Nevertheless, Raman spectroscopic data is in good agreement
with the film thickness data acquired with digital image analysis,
which in turn shows a linear correlation with the polymer weight
gain. This again suggests that the structure of the film coatings
was not impacted significantly by the differences in the equipment
used for their preparation.

No direct linear correlation was observed for the percent
of drug dissolved in gastric acid. As can be seen in Figure 5
this is mainly due to the poor performance of Set 2 sample 1.
After excluding this data point from the dissolution results the
coefficient of determination improved to 0.8798 and 0.6842 for
correlation with film thickness and polymer weight gain respect-
ively. These findings correspond with those of Ho et al., whose
work showed that weight gain was a poor predictor of dissolution
values'.

Contrary to previous studies done on sustained release systems
where film thickness was a good predictor of dissolution'**?
delayed release coatings appear to be more complicated. Our
results suggest that there might be a threshold value above which
a correlation exists. One of the reasons for this may be incomplete
film formation. The greater mechanical stress the sample suffered
in the bottom spray equipment compared to the Wurster coater
could also have contributed to the poor dissolution performance

Raman measurement of the film thickness of pellets 5

through the formation of cracks and chips, which in the case
of thin coatings (in this case sample 1 set 2) could affect the
preparation more adversely than in the case of thick coatings.

Conclusion

In this study a Raman spectroscopic model was built for the
measurement of the film thickness of pellets produced in different
equipments. Dissolution test results and the existence of a shared
film thickness—polymer weight gain correlation indicates that the
structure of the film was similar in the samples regardless of
which equipment was used for their preparation. Raman spec-
troscopy proved to be a good tool in measuring the film thickness.
Pellets with the lowest film thickness were not gastric resistant.
When excluding these pellets from the examination the correl-
ation between film thickness and dissolved fraction after 120 min
was good, leading to the hypothesis that a threshold value,
possibly representing the polymer film formation and integrity,
exists for the correlation to function. This threshold value cannot
be derived from spectral or film thickness data alone.
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Coated diltiazem hydrochloride-containing pellets were prepared using the solution layering technique.
Unusual thermal behavior was detected with differential scanning calorimetry (DSC) and its source was
determined using thermogravimetry (TG), X-ray powder diffraction (XRPD) and hot-stage microscopy.
The coated pellets contained diltiazem hydrochloride both in crystalline and amorphous form. Crystalli-
zation occurs on heat treatment causing an exothermic peak on the DSC curves that only appears in pel-
lets containing both diltiazem hydrochloride and the coating. Results indicate that the amorphous
fraction is situated in the coating layer. The migration of drugs into the coating layer can cause changes
in its degree of crystallinity. Polymeric coating materials should therefore be investigated as possible

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Polymorphs and amorphous materials have generated a great
interest in the pharmaceutical industry, although processing and
stability issues such as phase transformations significantly hinder
their application (Serajuddin, 1999; Zhu et al., 2010). In the case
of amorphous materials solid dispersions are the most commonly
used solution.

Solid dispersions can be prepared with several methods; the
two classical ones are melting and solvent evaporation (Leuner
and Dressman, 2000). Supercritical fluid processing can also be
used as an alternative (Sethia and Squillant, 2004).

One version of the solvent evaporation method uses a fluid bed
chamber to spray the solution of the drug and the carrier, generally
polymeric in nature, onto inert cores (Zhang et al., 2008; Sun et al.,
2008).

Multilayer pellets are produced in a very similar way. Inert cores
can be used in their preparation (Nastruzzi et al., 2000; Sinchaipa-
nid et al., 2004), and the same polymers are frequently used in their
production as binders and as coatings. The materials are sprayed
onto the cores in a fluid bed chamber either as a (generally aqueous)
solution, suspension or as dry powder (Ghebre-Sellassie, 1989;
Singh et al., 1995; Vervaet et al., 1995). The polymer binders used
in the drug solution or suspension are generally evaluated for inter-
actions with the drug (Tiirk et al., 2009; Bonferoni et al., 2000).

Incompatibilities aside, coatings have not been widely studied
for their influence on the drug layer underneath, although migration
of drugs into the coating layer has been described (Heinicke and

* Corresponding author. Tel.: +36 62 545 574; fax: +36 62 545 571.
E-mail address: geza.regdon@pharm.u-szeged.hu (G. Regdon Jr.).

0928-0987/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.ejps.2012.12.018

Schwartz, 2007; Wouessidjewe, 1997) and their chemical properties
can significantly influence drug release (Sadeghi et al., 2003).

In our study we would like to show that when the solid phase
behavior of the drug is a factor, coatings must be taken into ac-
count. We have formulated a coated multilayer pellet containing
the model drug diltiazem hydrochloride in a fluid bed chamber
as described in Sovany et al. (2009) and conducted examinations
to reveal the possible interactions between the drug and the excip-
ients. We offer and examine the hypothesis that even if no chem-
ical interaction occurs between the drug layer and the coating, in
the case of water-soluble drugs changes in crystallinity can be ex-
pected due to migration.

2. Materials

Diltiazem hydrochloride (Ph. Eur., a gift from EGIS Ltd., Buda-
pest, Hungary) was used as a model drug, Cellet 500 (Shin-Etsu
Chemical Co., Ltd., Tokyo, Japan, granted as a gift from Harke Phar-
ma) as nonpareil core material, Kollidon 25 (donated by BASF, Lud-
wigshafen, Germany) and Pharmacoat 606 (BASF, Ludwigshafen,
Germany) was applied as a binder in the layering of diltiazem
hydrochloride, and Acryl-EZE (kindly granted by Colorcon, Dartford
Kent, UK), a fully formulated enteric coating dispersion, was used
as coating material.

3. Methods
3.1. Preparation of samples - layering of diltiazem hydrochloride

The multiparticulate pellet samples were prepared in a Strea-1
(Niro Aeromatic, Bubendorf, Switzerland) fluid bed chamber.
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In the first, drug-loading step, diltiazem hydrochloride was lay-
ered onto nonpareil Cellet 500 cores. A solution of diltiazem hydro-
chloride and Kollidon 25 or Pharmacoat 606 in a mass ratio of 5:3
and 5:2 respectively was used, as the solution containing only dil-
tiazem hydrochloride did not yield satisfactory loading results on
previous occasions. A batch size of 200 g of nonpareils and the
above-mentioned solution containing 125 g of API was used. The
loading parameters were: inlet temperature 50 °C, outlet tempera-
ture 43 °C, fan capacity 4.5, peristaltic pump speed 4 ml/min, air
volume 75 m3/h, blow-out pressure 4.4 bar, atomizing pressure
2 bar and nozzle diameter 1 mm.

Between the drug-loading and the following coating the pellets
were dried in the spray coater for 10 min. Since the Acryl-EZE con-
tains sodium bicarbonate as an excipient, the equipment had to be
completely disassembled and washed to prevent precipitate
formation.

At this point samples of the drug-loaded nonpareils were taken
for comparison purposes; these are called Samples 1a and 1b from
here on.

3.2. Preparation of samples — coating

In the second, coating step, a 20% aqueous dispersion of
Acryl-EZE (a fully formulated USP copolymer type C coating system
containing 60% polymer and various excipients) was prepared and
applied as per the guidelines of the manufacturer. 0.1% of dimeti-
cone was added to prevent foaming during the stirring and coating
process. The parameters of the coating were the same as for the
drug layering step. Calculated from the amount of coating disper-
sion, the amount of dry material consumed for 200 g of drug-
loaded particles was 60 g and 120 g with an about 8% loss in all
cases. The coated pellets will be called Samples 2 and 3 in order
of increasing film thickness from here on (Table 1).

Samples were prepared later to outrule interactions. These are
labeled Samples A-C and were prepared with the methods de-
scribed above with one or more of the materials left out as indi-
cated in Table 1.

3.3. Differential scanning calorimetry

Differential Scanning Calorimetry (DSC) was performed with a
Mettler-Toledo DSC 821e (Mettler-Toledo GmbH, Switzerland)
instrument. DSC curves were evaluated with STARe Software. The
starting and final temperatures were 0 °C and 400 °C and heating
rate was 10 °C/min. Argon atmosphere was used in all cases. Three
parallel examinations were done from all samples. The instrument
was calibrated using indium. Samples were measured in a 40 pul
aluminium pan.

Table 1

Samples produced.
Sample API Kollidon 25 Pharmacoat 606 Acryl-EZE

(125.0g)  (75.08) (50.08) (8)

la v v - -
2a I I - 60
3a 17 I - 120
1b 7 - I -
2b I - I 60
3b I - I 120
A v - - 75
B - I - 120
C - - - 120

API and/or Kollidon 25 or Pharmacoat 606 layered from aqueous solution at 50 °C.
Acryl-EZE coated from 20% aqueous dispersion at 50 °C.

3.4. Thermogravimetric analysis

Thermogravimetric Analysis (TGA) was carried out with a
Mettler-Toledo TGA/DSC1 (Mettler-Toledo GmbH, Switzerland)
instrument. Curves were evaluated with STARe Software. The start-
ing and final temperatures were 0 °C and 400 °C and heating rate
was 10 °C/min. Sample weight varied between 10 and 12 mg.

3.5. Powder X-ray diffractometry (XRPD)

The X-ray powder diffraction patterns (XRPDs) were obtained
with a Brucker D8 Advance (Brucker AXS, Germany) equipped with
a Sycos H-Hot (Ansyco GmbH, Karlsruhe, Germany) programmable
plate holder. Results were detected with a Vdntec-1 detector. The
patterns were recorded at a tube voltage of 40 kV, tube current
of 40 mA, applying a step size of 0.01 A 20 in the angular range
of 3-40 A 20.

3.6. Hot-stage microscopy

Thermomicroscopic investigations were carried out with a Ni-
kon Michrophot FXA polarizing microscope (Nikon Corporation,
Tokio, Japan) fitted with a Linkam THMSG-600 heating-freezing
stage (Linkam Scientific Instruments, Waterfield, UK). Photographs
were taken with a digital camera (UBS 2 UI-1640LE-C, IDS Imaging
Development Systems GmbH, Obersulm, Germany). Pellets were
carefully crushed and intact coating flakes chosen from the grist.

3.7. Fourier-transformed infrared spectroscopy

FT-IR measurements were performed by an Avatar 330 FT-IR
spectrometer (Thermo Nicolet/Thermo Fisher Scientific Inc.,
Ramsay, Minnesota, USA) equipped with a horizontal ATR crystal
(ZnSe, 45°). Spectra were recorded between 4000 and 400 cm™!
at 4 cm™! optical resolution. Spectra were collected in absorbance
mode using the KBr disk method (~0.5 mg powdered sample in
150 mg KBr disk). 256 scans were co-added. Spectra were collected
with the EZ Omnic software and analyzed with GRAMS Al

3.8. Dissolution studies

Dissolution studies were carried out according to the Ph. Eur.
standards with a rotating basket (Erweka DT 700, Erweka GmbH,
Heusenstramm, Germany), in 1000 ml of simulated gastric acid
at 100 rpm at 37 °C for 2 h, then the acidic medium was replaced
with 1000 ml of phosphate buffer (pH = 6.8) and the dissolution
measured at the same parameters as above. Samples were taken
of the gastric acid at 2 h and of the phosphate buffer at 5, 10, 15,
20, 30, 45, 60 and 90 min.

Concentration was measured with a spectrophotometer (Uni-
cam Helios o, Thermo Fisher Scientific Inc., Waltham, USA) at
237 nm, with a bandwidth of 2 nm and a lamp charge of 325 nm
by comparison to a calibration curve.

The drug content of the pulverised pellets was determined in
phosphate buffer after 2 h at the same parameters as for the disso-
lution test. Results were analyzed with Microsoft Excel 2007.

4. Results
4.1. Differential scanning calorimetry

The DSC curves of the materials are presented in Fig. 1. The
results are consistent with literary data (Zhang et al.,, 2008;
Reverchon et al., 2008; Hekmatara et al., 2006). The endothermic
peak signaling the melting of diltiazem HCl can be seen at
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214 °C; the second, broad endothermic peak on the curve can be
attributed to API degradation. Kollidon 25 and Pharmacoat 606
both exhibit a broad endothermic peak that indicates water loss.
No glass transition temperature could be determined for the poly-
mers (Zidan et al., 2012). The T of Acryl-EZE is clearly visible, but
no other characteristic peaks appear on the curve.

As shown in Fig. 2, an exothermic peak appeared at about
100 °C on the DSC curves of the coated pellets. The T, of Acryl-
EZE did not shift significantly and no other T, or peak was observed
on the curves before the API melting point. The exothermic peaks
were always followed by the endothermic peak characterizing
the melting of diltiazem HCI.

An amorphous sample of diltiazem HCl was prepared by melt-
ing and rapid cooling to measure the T,. The DSC curve in Fig. 3

exhibits this at 100 °C. Also in Fig. 3 is the curve obtained from a
repeated heating of Sample 3a. The exothermic peak appears only
during the first heating cycle.

Fig. 4 shows that a similar peak appeared at about 180 °C or
directly before the melting point on the curves of the uncoated
API-layered pellets depending on the binder used in the
sample. No other composition results in exothermic peaks in the
curve.

4.2. Thermogravimetric analysis

Fig. 5 shows that no significant weight loss occurs in the ther-
mal range of the exothermic peaks. Significant weight loss starts
approximately at the melting point of diltiazem HCI.

\Diltiazem Hel

A Pharmacoat 606

2 —m—‘—-—-_‘——————_"'

Wg”-1
N\ Acryl-EZE
“\ Kollidon 25 /F_—'\_—,
Cellet 500
-QII) '2’0 (‘l 22) lrU BID 8‘0 IEIIU léﬂ 1»;0 1;0 2(‘!0 250 2;0 2;0 'ZBID SUrU 3%0 34‘0 35’0 3;30 °C
Fig. 1. DSC curves of the base materials.
\_Diltiazem HCI

\/ Sample 2a

\| Sample 3a

rlr\\hSample 2b

\ Sample 3b

Acryl-EZE

o 20 40 60 80 100 120 140 160 180
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220 240 260 280 300 320 340 360 380 °C

Fig. 2. DSC curves of Samples 2a-3a and 2b-3b.
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Fig. 3. Thermal behavior of amorphous APL.
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Fig. 4. Thermal analysis of the exothermic peak.

4.3. Powder X-ray diffractometry (XRPD)

As shown in Fig. 6 the XRPD spectrum of diltiazem HCI contains
several peaks of different sizes; the larger ones can be detected in
the spectrum of Sample 1 at 4.125°, 8.328°, 9.907°, 10.547°,
18.070°, 19.442°, 21.661° and 27.575° 20. Cellet 500, Kollidon 25
and Pharmacoat 606 do not produce sharp peaks but appear as
broad backgrounds which do not hinder the identification of the
sharp peaks from other materials. Acryl-EZE has two sharp peaks
in the spectrum; these were identified as talc, listed as an ingredi-
ent by the manufacturer.

The XRPD spectra were detected at room temperature at base-
line and heated to 120 °C and 200 °C as they are slightly above
the range of the exothermic peaks observed in Figs. 2 and 4. The

results are presented in Figs. 7 and 8. The spectrum of the coated
samples contains a sharp peak at 25.648° 20, which was identified
as titanium dioxide (Parker, 1924), an ingredient of the Acryl-EZE
coating system. All coated and the Kollidon-containing uncoated
samples contain crystalline API at baseline. In all cases diltiazem
peaks have become larger (in some cases, appear) after the heat
treatment. Also, in the case of the coated samples almost all of
the diltiazem peaks are visible in the spectrum of the heat-treated
sample, whereas only the peaks at 9.907°, 10.547°, 15.897°,
18.070°, 19.442° and 21.661° 20 were prominently present before.
In the case of the uncoated samples API peaks only appeared/grew
after the 200 °C heat treatment. Comparing 120 °C and 200 °C heat
treated (coated) sample spectra, a decrease in API peak heights can
be observed.
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Fig. 6. X-ray spectra of the materials.

4.4. Hot-stage microscopy

Fig. 9, the polarized light microphotograph of a piece of coating
taken using crossed Nicols shows that the polymeric film layer

contains some dispersed crystalline material even before the
heat treatment (left side). After the heat treatment (right side)
the amount of birefringent particles in the coating increased
significantly.
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Fig. 7. X-ray spectra of the coated samples before and after heat treatment.

4.5. Fourier-transformed infrared spectroscopy

The FT-IR spectra of a coated sample before and after heat treat-
ment in the DSC equipment is shown in Fig. 10. Both the samples
and the physical mixture of binder and API contain a water peak
at 3450 cm™!, although the heat treatment appears to have signif-
icantly reduced the water content of the sample. Compared to the
spectrum of the physical mixture several peaks in the un-treated
sample are less prominent (if there at all) and wider, less sharp. De-
spite this no shifts in peak positions can be observed indicating
that no chemical bonds were formed between API and polymers.
The spectrum of the heat treated sample appears to be fundamentally
the same as the physical mixture spectrum with slight differences
that can be attributed to the presence of other excipients. FT-IR
spectra of Sample set b have yielded similar results.

4.6. Dissolution studies

The dissolution of the coated samples before and after heat
treatment in the DSC equipment is shown in Fig. 11. While the gas-
troresistance of Samples 2a and 3b improved significantly the
change observed in the case of Sample 3a is well beneath the SD
value. Sample 2b’s coating level proved to be insufficient for
significant gastroresistance and thus its dissolution tests were
discontinued.

5. Discussion

In Fig. 2 an exothermic peak appeared at about 100 °C on the
DSC curves of the coated pellets. The peak only occurred in samples
containing both diltiazem hydrochloride and the Acryl-EZE coating
(see Fig. 4), suggesting that it is a result of an interaction between
these two materials. According to the manual Acryl-EZE contains

sodium bicarbonate, which, unlike the polymers used in the study,
has a known interaction with diltiazem hydrochloride (Pillay and
Fassihi, 1999): in aqueous media the diltiazem base precipitates.
The melting point of diltiazem base is in the same thermal range
as the exothermic peak, however, no signs of melting appear on
the curves and even though the interaction is known to exist, an
undetectable amount of sodium bicarbonate is not likely to pro-
duce detectable amounts of diltiazem base in the first place.

The nature of the preparation procedure indicates that a solid
dispersion can be formed during API layering that, depending on
the composition and parameters, can contain the API in amorphous
and/or crystalline form (Zhang et al., 2008). The X-ray analysis con-
firmed that the transformation causing the exothermic peak at
~100 °C is caused by the recrystallization of the API In the un-
coated samples the amorphous API only recrystallizes upon or
close to melting (see Figs. 4 and 8).

Fig. 9 shows that the API migrated into the coating layer and re-
mained in amorphous clusters that later crystallize if subjected to
heat treatment. The probable explanation for this is that diltiazem
HCI as a highly water-soluble drug dissolved into the droplets of
the coating suspension during the coating. The plasticization
mechanism described by Mizuno et al. can also play a role in the
process (Mizuno et al., 2005). Binder polymers might also play a
part in the phenomenon by forming solid dispersions with the
API upon layering, from which the amorphous API dissolves more
readily than from a fully crystalline API layer (Konno et al., 2008;
Van den Mooter et al., 2001; Sun et al., 2008; Zhang et al., 2008).
This hypothesis is supported in Fig. 3, as no exothermic peak ap-
pears on the DSC curves of the sample prepared without a binder.
The migration from the drug layer to the coating probably occurs
mostly before a thin uniform coating layer forms on the drug-
loaded cores (Mizuno et al., 2005).

Considering the fact that the migration thus affects only a small
fraction of the API and the drug layer already contains an
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Fig. 8. X-ray spectra of the uncoated samples before and after heat treatment.

Fig. 9. Polarized light microphotograph of the coating before and after heat treatment.

amorphous fraction, migration does not explain the different FTIR spectra show no evidence of chemical bonds between poly-
recrystallization behavior of the coated and uncoated samples. As mer and the API in either case only physical inhibition prevents
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Fig. 10. FT-IR spectrum of Sample 2a after heat treatment, Sample 2a and physical
mixture of diltiazem HCI + Kollidon 25 (from top to bottom).

the drug from completely crystallizing during sample preparation
and storage (Van den Mooter et al., 2001). In such cases the main
reason for recrystallization is the glassy to rubbery state transition
of the polymer and the increased molecular mobility of the API
(Konno et al., 2008; Van den Mooter et al., 2001). It is known that
the physical stability of a drug depends greatly on the preparation
method and the polymer carrier (Crowley and Zografi, 2002; Van
Eerdenbrugh and Taylor, 2010; Bley et al., 2010). In our case the
methods of preparation were the same for all samples but the
amorphous API is located partly in the coating layer and partly in
the drug layer, which means that if no other underlying mecha-
nism exists, we should observe two phases in the recrystallization:
one for the drug layer and one for the coating (or only one if they
overlap). However only one was observed and at significantly low-
er temperatures than in the uncoated samples.

According to our results this phenomenon must be explained by
the presence of the coating. The DSC curves of the uncoated

120

samples in Fig. 5 show a broad endothermic peak that literature
attributes to the loss of water in PVP and HPMC, respectively. This
peak is not present in the coated samples indicating a quasi-water-
tight property of the coating on the timescale of the DSC analysis.
The exothermic peak attributed to API recrystallization coincides
with the boiling point of water which raises the question: does
water play a role in the recrystallization (Wu et al., 2012)?

Several well-described phenomena can be used to explain the
possible influence of water on the recrystallization behavior of
our coated samples (Baird and Taylor, 2012; Malaj et al., 2010).
Many studies proved that water acts as a plasticizer in polymer
drug delivery systems; as a plasticizer it can decrease the T, of
the polymer to the observed range - which it cannot do for the un-
coated samples as the unhindered evaporation reduces its amount
by the time the sample reaches the temperature range in question
(Pirayavaraporn et al., 2012). Water can also be contained in the
microcrystalline cellulose core. As a highly water-soluble drug, dil-
tiazem hydrochloride can dissolve in the water migrating toward
the surface of the pellet from the core and crystallize from the solu-
tion. As water boils in the thermal range of the recrystallization
peak, the pressure of steam in the pores of the pellet is expected
to grow rapidly at the time. Since water also acts as a plasticizer,
pores can be expanded essentially removing the physical barrier
that stood in the way of recrystallization. The process is well-
known and routinely used in the food industry but a similar effect
achieved during the use of supercritical or pressurized carbon
dioxide in the pharmaceutical industry has been described (Var-
nalis et al., 2001; Norton et al., 2011; Verreck et al., 2005, 2006,
2007).

These mechanisms can and probably do work independently at
the same time. To determine the most important among them and
explore its implications regarding the stability of the system, many
difficulties will have to be overcome. A method should be devised
to measure the position of water and pore size inside the pellet
without removing the coating. Studies on stability should take into
consideration that the generally used high relative humidity will
probably cause an unrelated recrystallization phenomenon by
plasticizing the polymer that would not happen at ambient condi-
tions (Malaj et al., 2010).

Similar problems arise when trying to determine the signifi-
cance of recrystallization on the dissolution behavior of the pellets.

—Sample 23
——Sample 2a after heat treatment
—Sample 3a
= Sample 3a after heat treatment

=—Sample 3b

Sample 3b after heat treatment

0 31 60 91 121

152 182

Fig. 11. Dissolution of coated samples before and after heat treatment.
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As recrystallization involves heat treatment, it is logical to assume
that a curing of the coating also takes place which (while further
limiting water evaporation from the sample) would affect the out-
come of a later dissolution test (Pirayavaraporn et al., 2012; Musc-
hert et al., 2009). Also if the expansion of the pores described above
is significant enough to expand the pellet, the coating polymer
would either rupture or, which is more probable given that it
transforms into the rubbery state at the temperature involved,
would stretch and transform back into the glassy state upon cool-
ing. Both of these mechanisms would result in worsening gastrore-
sistance, unlike the curing effect which has been described to
improve results significantly (Muschert et al., 2009; Gendre et al.,
2012). The extent of the API migration and the film thickness
would probably also influence the results. The preliminary dissolu-
tion tests presented in this article suggest that no rupturing
occurred in the samples and in some cases the sum of the effects
described above could significantly improve gastroresistance.

6. Conclusion

DSC analysis of the coated pellets showed an exothermic peak
that is not characteristic of any of the materials used. Further
examination revealed that this is due to the recrystallization of
amorphous diltiazem HCl present in the film coating. This confirms
our hypothesis that water-soluble drugs are subject to significant
migration when coated with aqueous systems and thus the poly-
mers used for coating must be taken into account when determin-
ing the crystallinity of the APL
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Rétegzéses technologia elve és alkalmazasi lehetésége
multipartikularis rendszerekben

Nikowitz Krisztina, Hodi Klara, ifj. Regdon Géza

Bevezetés

A modositott hatdanyag-leadast készitmények térnye-
résével szamtalan 0j gyogyszerforma alakult és alakul
ki. A jelenség nagy gyOztesei az ugynevezett multi-
partikularis rendszerek, amelyek (a hagyomanyos
gyogyszerformakkal szemben) sok kisebb, egyedi hor-
dozoegységben tartalmazzak a hatéanyagot. Legelter-
jedtebb formdjuk a kapszuldba toltott pelletek, de tab-
lettava préselve is forgalomba keriilnek [1].

A pelletek tobbnyire egyenletes feliileti, ennek ko-
vetkeztében jO folyasi tulajdonsagokkal rendelkezd,
tomott szerkezetil, kozel gomb alaku granuldtumok. A
hagyomanyos gyogyszerformakkal szemben elonyiik
a sokoldalt alkalmazhatdsag, a megndvekedett ab-
szorpcid €és a csokkent irritacid, a nem kivant hato-
anyag-felszabadulas kockazatanak csokkenése, vala-
mint az inkompatibilitasok elkeriilése [1-11].

A pelletek eldallitdsanak lehetséges modja a felépi-
téses technologia (pl. rotofluid granulélés), valamint
az extrudalas-szferonizalas. Mindkét esetben lehetsé-
ges tovabbi rétegek felvitele a pelletre az un. rétegzé-
ses eljarassal [11-13].

A rétegzéses eljaras soran a hato- és segédanyago-
kat rétegekben vissziik fel egy kordbban elkészitett
magra. A mag lehet inert (ezek altalaban cukrok, cu-
korszdrmazékok, vagy késziilhet cellulozbol stb.), il-
letve tartalmazhat hatéanyagot is. A felvitt rétegek
szdmaban ¢és funkcidjaban is lehet kiilonbség. Az 1.
dabran egy indifferens maggal késziilt rétegzett pellet
szerkezete lathatd. A rétegek szdma és vastagsaga meg
kell feleljen a hatdanyag anyagi sajatsagainak, terapias
adagjanak, ill. az adott alkalmazasi célnak.

indifferens mag
1. réteg

2. réteg -
bevonat ——

Miikodési elvek és berendezések

A rétegzéses eljarashoz tobbféle berendezés hasznal-
haté. Kezdetben a cukros drazsirozasra hasznalt tistot
alkalmaztak, azonban ez tobb szempontbdl nem volt
idealis megoldas. A porlasztashoz és a szaritashoz
hasznalt levegd eltavozasa csak az {ist szajan keresztiil
lehetséges, ahova sz{ir6 nem épithetd be, igy a kis to-
megli apré szemcsék eltavozasa komoly gondot, a visz-
szatartasa pedig komoly feladatot jelent. Ezenkiviil a
rétegzett anyag egyenletes eloszlasa az iist alakjatol €s
dolésszogétdl fiigg, igy a holtterek keletkezésével is
szamolni kell.

Az el6bb felvazolt problémak kikiiszobolése célja-
bol, ill. a nagyobb hatékonysdg érdekében hamar at-
tértek a centrifugal-granulatorok, ill. a rotofluid
granulatorok alkalmazasara. Az ilyen tipusi berende-
zésekben kozos, hogy idealis esetben a magok nedve-
sedése ¢és szaraddsa folyamatosan egyenstlyban van
és igen rovid id6 alatt végbemegy, igy a hatéanyag

5 .
porlasztd

allithatd magassagu
forgo tanyeér

lebegtetd
levegd

magassag

(B)

porlasztd

magagy —

/

i | fix magassagl
rés

forgd tanyeér

lebegtetd
levegd

1. abra: Multilayer pellet sematikus dabrdja

2. abra: A centrifugal-granulator miikodése [2]
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3. dbra: Az Innojet Ventilus késziilek miikodése
Jelmagyardzat: 1 — kiilsd fal; 2 — also tanyér levegdnyila-
sokkal; 3 — Rotojet porlaszto, 4 — Sepajet porvisszavezeto

rendszer; 5 — sziirétarto elem; 6 — sziirdtisztito levegd,
7 — sziirok feletti rotor, 8 — sziirok feletti rotor meghajtasa;
9 — lebegtetd levegd bevezetése,; 10 — levegd kivezetése,
11 — centralisan bevezetett levegd

szaradasa a magok feliiletén gyorsan megtorténik, ez-
zel csokkentve az anyagveszteséget. A gyors szaradas
és az ebbdl kovetkezd kis nedvességtartalom miatt a
magoknak nincs alkalma 0sszetapadni [2].

A centrifugal-granulatorokban a szemcsék Osszetett
mozgast végeznek (lasd 2. d@bra): a tanyér sz¢élén folfe-
1¢ halado levegdaram hatasara a magok megemelked-
nek, a tanyér kozepe felé esnek, majd leérkezve a cent-
rifugalis erd ismét a tanyér széle felé taszitja oket, igy
folyamatosan mozgasban vannak. A tdnyér forgasa
ekOzben szintén hat a szemcsékre, igy azok onmagaba
visszatérd, spiral alakl utat jarnak be [2, 14, 15].

A fent vazolt berendezés egyik legfontosabb jellem-
sonlo elven mikodo, de ,,zart” elvi késziilékek az an.
,,Rotofluid” berendezések; a gyogyszeripar elsosorban
ezeket hasznalja.

Az Innojet uj berendezésében (lasd 3. d@bra) mar a
tanyér forgatasa helyett a tanyért alkot6 koncentrikus

4. abra: A fluidizdacios bevono és részei
Jelmagyarazat: A — miiveleti ter fala; B — térelvalaszto
kolonna; C — perforalt lemez; D — porlaszto; E — expanzios
kamra [2]

fémlemezek kozotti réseken irdnyitottan kidramlé le-
vegd kényszeriti az anyagot a berendezés széle felé.
Az cljaras elénye az egyenletes levegdaramlas ¢s a
sokoldalu felhasznalhat6sag. Ipari szempontbdl a be-
rendezés konnyl szerelése €s tisztitasa, valamint a fel-
épitésébol kovetkezo linearis 1éptékndvelhetdsége
emelhetd ki.

A leggyakrabban hasznalt berendezés fluidizacids
elven miikodik, amelyben az alulrdl jovo levegbaram
emeli fel a magokat a kolonnaban, majd azok a sebes-
ségcsokkenés miatt visszahullanak a berendezés alja-
ra. Ennek bevonasra és rétegzésre optimalizalt valto-
zata a Wurster modszer (1asd 4. dabra). A berendezés-
ben térelvalasztoként egy csovet helyeznek el. A ma-
gok felfelé torténd mozgasa iranyitottan a cso belsejé-
ben, lefelé esése a csO koriil torténik. A lehullott
magokat a nagy sebességgel aramlo leveg6 szivo hata-
sa visszahlizza a cs6 ald, igy a magok folyamatosan
mozgasban maradnak [2, 16].

A fluidizécios berendezésnek tobb modositott valto-
zata sziiletett. A pulzalé fluidagyas berendezésben a
levegd aramlasa a perforalt lemeznek egyszerre csak
egy részére koncentral, és id6ben valtakozva mozgatja
at a teljes magagyat [17].

Rétegzéses hatoanyag-felvitel

A kiilonboz0 rétegek felvitele az anyagok tulajdonsa-
gaitdl fiiggden tobbféleképp torténhet. Vizben jol ol-
do6do hatdéanyagok esetében az oldatos, rosszul oldodo
anyagok esetében a szuszpenzios felvitel, vagy a
porrétegzés alkalmazhatd. A szerves oldészerek hasz-
nalata kornyezetvédelmi €s koltséghatékonysagi okok-
bol, valamint az oldészermaradvanyok jelentette prob-
Iémak miatt kiszoruldban van [2, 18].

Oldatok és szuszpenziok rétegzésénél a hatdanyagot
minél magasabb koncentracioban érdemes felvinni,
mert az oldoszer eltavolitdsanak sebessége hatdrozza
meg a milvelet idejét, energiaigényét és a részecskend-
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5. abra: Rotojet porlaszto miikodési elve
Jelmagyarazat: 1 — folyadékréteg; 2 — also porlaszto
levegd; 3 — felsd porlaszto levego,; 4 — felsé védo
levegoréteg, 5 — védokup; 6 — meghajto tengely,

7 — kiilsé védoéburkolat; 8 — tomités

vekedés sebességét. Szuszpenzidk esetében célszerii
minél kisebb szemcseméretben alkalmazni a hato-
anyagot, mivel a kialakulo feliilet egyenletessége a
szemcsemérettel forditottan ardnyos, valamint a na-
gyobb részecskék hajlamosabbak letéredezni a ma-
gokrdl [2, 19].

Porok rétegzése esetén a hatdanyagot szilard for-
maban adagoljak a berendezésben 1évé magok feliile-
tére, mikozben a kotéanyagot tartalmazo folyadékot
porlasztva juttatjak a rendszerbe. A por kis szemcse-
mérete miatt altalaban glidansok alkalmazasara is
sziikség van [20-21].

A miiveletben hasznalt porlasztd altalaban a beren-
dezés aljan helyezkedik el, és a levegéaramlassal azo-
nos iranyba (fiiggdlegesen felfelé) porlaszt. Laborato-
riumi méretli berendezésekben altalaban egy porlasztd
iizemel a berendezés kozepén, mig nagyobb gépek,
iizemi berendezések esetében a porlasztok egyenld ta-
volsagra, koncentrikus korokben talalhatok. Utobbi
megoldas hatranya, hogy a porlasztok egyikénél fellé-
pett probléma a termék teljes mennyiségére van hatés-
sal, igy a potencidlis veszteség nagyobb.

A késziilékeknél emlitett Innojet berendezésben a
flivokanak nem a csucsan, hanem a peremén talalha-
tok a folyadékot és a porlasztod levegét adagold rések
(lasd 5. abra). A vizszintes porlaszto két ellentétes ira-
nyu nyaldbban porlaszt, a termék egyenletes nedvesi-
tését a porlasztofej forgasa biztositja.

A magok folyamatos mozgéasa miatt a felsziniikon

képzddo réteg folyamatos erdzidnak van kitéve, amely
részben az iitk6zésekbdl, részben a levegd aramlasabol
ered. Minél gyorsabb a magok mozgasa, annal erd-
sebb és tobb litkozés zajlik a magok, illetve a magok
¢és a berendezés falai kozott, és minél nagyobb a leve-
gbaram, annal gyorsabban, akar még a magok elérése
el6tt tavozik a hatdanyag a rendszerbdl, illetve annal
nagyobb eséllyel sodorja le a gyengén kotott hatdoanya-
got a mag felszinérdl [2]. Ezért fontos a levegdaram ¢és
a tobbi paraméter megfeleld szinkronizalasa.

A kitermelés novelése érdekében szinte minden
esetben alkalmaznak kotéanyagokat. Ezek altalaban
alacsony molekulatomegii polimerek, amelyeket a fo-
lyékony fazisban oldva visznek be a rendszerbe. Kez-
detben a folyadék alkotta hidak, majd a szaradas utan
a feloldodott hatdéanyagbdl vagy a polimer kotdanyag-
bol képzddott szilard hidak tartjdk a helyén a hato-
anyagréteget [2].

Egy magra tobb kiilonb6z6 hatéanyag is rétegezhetd,
az inkompatibilitasok figyelembe vételével akar egy-
szerre, akar egymast kovetéen. Tobb pumpa megfelelo
programozasaval akar egy rétegen beliil is fokozatosan
valtozo 0sszetételt érhetiink el. Egymassal inkompatibi-
lis hatdanyag- illetve bevonatrétegek kozé elvalaszto ré-
teget iktatnak, ami megakadalyozza a kritikus kompo-
nenseket tartalmazo rétegek érintkezését [22].

Bevonatként — amennyiben sziikséges — a tablettak
bevonasanal megszokott anyagok johetnek szoba.
Megfeleld polimerek, ill. tobb kiillonbdzd bevonatréteg
alkalmazasaval modositott hatoanyag-leadd (nyujtott,
késleltetett, pulzalo stb.) rendszerek hozhatdk Iétre.

Kritikus paraméterek

Minden eljarasnal kiilonds figyelmet kell forditani a
kritikus paraméterek meghatarozasara, mivelet koz-
beni folyamatos ellendrzésiikre. A kritikus paraméte-
rek kore nemcsak az anyagi rendszerek Osszetételétol
fligg, hanem az egyes technologidk, eléallitasi elvek
esetében is jelentds eltéréseket mutathat, ezért megha-
tarozasuk kiilondsen fontos [23].

A hagyomanyos drazsirozé iistnél az iist alakja, a
forgastengely dolésszoge, a tereldlapatok allasa és a
forgasi sebesség, mig a centrifugal-granulator ¢és a
fluidizacids berendezés esetében a porlasztdo levegd
nyomadsa, a szaritd levegd hémérséklete, a levegd ned-
vességtartalma, a por ill. a folyadék adagolasi sebessé-
ge, a fuvoka atmérdje szamitanak elsdsorban kritikus
paraméternek. A centrifugdl- ill. rotofluid granula-
torokban a rétegzett anyag egyenletes eloszlatasat el-
sOsorban a tanyér megfeleld forgasi sebességével lehet
biztositani, de fontos paraméter a szarit6 levegé térfo-
gata ¢és sebessége, a fuvoka atmérdje, valamint a
sarzsméret is. A szarito levegd sebessége bizonyos be-
rendezéseken a tdnyér és a berendezés fala kdzotti rés
nagysaganak valtoztatasaval szabalyozhat6 [24].
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A vedo- vagy sav-
rezisztens bevonat

id6zitett felszabadulasa
hatdanyagréteg

el0szor felszabaduld
hatdanyagréteg
mag a felszabadulast
szabalyozd polimer

@®@ @@

kiilonosen alkalmas pulzald hatéanyag-le-
adas elérésére: a pelletek legkiilsé bevo-
natrétege oldhatatlansdgaval vagy savre-
zisztens mivoltaval biztositja a kezdeti
késleltetett kioldodast az alatta levd hato-
anyagrétegbdl, majd a hatdéanyagréteg fel-
olddédasa utan az ez alatt talalhaté bevo-
natréteg késleltetd hatdsa érvényesiil, majd
kioldodik az alatta levé hatoanyagréteg, €s
igy tovabb, egészen az inert magra kozvet-
leniil felvitt hatdanyagrétegig.

Ezek gyakorlati megvaldsitasahoz altala-
ban rupturald bevonatokat, illetve eseten-
ként az azokra rétegzett oldhatatlan, de per-

T e e vy Sl ‘.“’,i":.;".,::‘"’“"”""‘*’“"“’“‘ meabilis filmeket hasznalnak. Az FDA 4ltal
felszabacl M Pulsys néven engedélyezett ilyen tipusu ké-

alsd *"*ﬂ'"m'-'“-‘b“‘—‘“ risodi h'*“"\“fl‘"mb‘ﬂ““ szitmény amoxicillint tartalmaz [3, 23].
- fgéretes kisérletek torténtek rétegzéses

savas Thzis / \ hshlm-dqn idé (lag tima) / \

eljarassal készitett sz6 rendszerek eloalli-
tasara [28-29]. Bizonyos oldhatatlan per-

meabilis polimerek alkalmasak arra, hogy
az alattuk elhelyezkedd efferveszcens ré-

6. abra: Rétegzéssel kialakitott pulzdlo rendszer sematikus abrdja [23]

tegben termel6dd gazt csapdaba ejtve akar
24 6ran keresztiil is lebegésben tartsak a

A fluidizacids berendezésekhez altalaban tobb kii-
16nb6z6 lyukméretii perforalt lemez tartozik, igy a
szaritd levegd mennyisége bizonyos keretek kozott
valtoztathato. Természetesen mod van az dramlasi se-
besség szabalyozasara is. Kritikus paraméter tovabba
a szuszpenzioban torténd hatdéanyag-felvitel esetén a
hatdanyag szemcsemérete is [2, 25].

A rétegzéses eljaras a komoly felszereltség mellett
is nagy szakértelmet kivan, hiszen a termék mindsé-
gét rengeteg paraméter befolyasolja. A kritikus para-
méterek folyamatos ellendrzése ezért kiemelten fon-
tos [23].

A rétegzéses eljaras szamos jelentds gyodgyszer-
technologiai probléma megoldasara alkalmazhato. Se-
gitségével egyszerlien allithatok el6 a hatéanyag
amorf formajat tartalmazoé szilard oldatok, mivel a ko-
téanyagként hasznalt polimerek egy része kristalyoso-
dast gatlé tulajdonsagokkal is rendelkezik [26-27].
Sokoldaliian mddosithatd a termék hatdéanyag-leaddsa
mind a segédanyagok, mind az egyes rétegek megfele-
16 megvalasztasaval. Egy készitményben feldolgozha-
tova valik szamos, akar egymassal inkompatibilis ha-
tdanyag is, és az egyes hatdanyagok leaddsa idében ¢s
egymashoz viszonyitva pontosan szabalyozhatd. A
rétegzéses eljarassal eldallitott pelletek késébb tobb
gyogyszerformaban is feldolgozhatok.

Gyogyadszati alkalmazdsuk
Magyarorszagon jelenleg elsésorban nytjtott hato-

anyag-leadésu ill. savrezisztens készitmények keriil-
nek igy forgalomba. A rétegzéses eljaras ezenkiviil

pelleteket. A polimer a kioldédast a megszokott mo-
don befolyasolja.

A rétegzett pelletek — mint a pelletek altalaban —
kapszulaba tolthet6k vagy tablettava préselhetok. A
rétegzett pelletekbdl préselt tablettdk eldallitasa sok
kihivassal jar. A multipartikularis rendszerek elonyei-
nek megtartasa érdekében az egyes pelletek a préselés
soran nem veszithetik el egyediségiiket, illetve a meg-
felelo hatoanyag-kioldodast biztositd bevonataik nem
sériilhetnek. A kész termék ugyanakkor rendelkezik a
tablettak kényelmes bevehetdségevel, esetleges felez-
hetéségével, valamint gyors szétesésénél fogva nyelési
nehézségeket sem okoz [30-31]. Az igy eldallitott ké-
szitmények altalaban modositott hatdanyag-leadasuak,
kiilfoldon MUPS megjeldléssel keriilnek forgalomba.
A tablettazas nehézségeinek elkeriilésére a pelletek
gyorsan szétesO gélmatrixba inkorporalasaval is kisér-
leteznek [32].

Osszefoglalds

Osszességében elmondhato, hogy a rétegzéses eljaras
szamtalan, (Magyarorszagon) még kihasznalatlan le-
hetéséget rejt magaban, amelyek gyakorlati felhaszna-
lasdhoz és a megfeleld betegtdjékoztatdshoz elenged-
hetetlen a hattérben levd technologia ismerete. A
rétegzéses eljarast ugyan nem egyedill a gyogyszer-
iparban alkalmazzak, de miikddése minden iparagban
azonos miiszaki elven zajlik, igy alapvetden azonos
problémakat vet fel. Természetesen a gyogyszeripari
alkalmazas az a teriilet, ahol a benne rejlo lehetdsége-
ket a legjobban lehet kihasznalni.
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The properties of a fully formulated enteric coating system were examined on a model multiparticulate
formulation. Samples containing the model drug diltiazem hydrochloride were made in a fluid bed chamber
with different amounts of Acryl-EZE, a ready-to-use coating dispersion. The effects of the film thickness on the
dissolution profile were determined. While all samples yielded satisfactory release results in simulated
intestinal fluid, the results in simulated gastric acid were worse than expected. The scanning electron
microscopic images suggested that coating problems were not responsible for this behaviour.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The highly water-soluble model drug diltiazem hydrochloride is a
first-line antihypertensive and antianginal agent. In the treatment of
hypertension a once-daily dosage is preferred in consequence of
compliance issues. The extended-release diltiazem capsules available
on the market typically consist of rapid-release, delayed-release and,
for some products, immediate-release particle fractions [1].

Multiparticulate drug delivery systems consist of multiple discrete
drug-containing units, typically thousands of spherical pellets that are
filled into one capsule. The individual pellets in a multiparticulate
system can sometimes be divided into fractions according to their
size, coating, release properties, drug content, etc., offering a wide
range of possibilities for drug development. Multiparticulate drug
delivery systems are increasingly gaining favor on the market, as their
multiple-unit nature furnishes several benefits over the more
traditional single-unit dosage forms [2,3]. These include a lower
irritative effect due to the decreased local concentration, less
individual differences in plasma concentration than with tablets [4],
a reduced risk of dumping, improved bioavailability [4], a large scale
of products to be covered (in terms of both dosage forms and release
kinetics) and an easy-to-solve approach to interactions [5,6].
Disadvantages include the large number of variables, multiple-step
manufacturing, high production costs, greater excipient requirements
and the need for advanced technology and trained operating
personnel [7].

* Corresponding author. Tel.: +36 62545576; fax: +36 62545571.
E-mail address: geza.regdon@pharm.u-szeged.hu (G. Regdon).

0032-5910/% - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.powtec.2010.09.006

Pellets can be produced by the direct pelletization of the drug and
the excipients (matrix pellets) and the use of nonpareil seeds with
one or multiple layers of drug (layered pellets) [8,9]. Both types of
products can be further coated; in our case this was done with an
acrylic-based film-coating product. In the latter case, the quality and
thickness of the film layer can be greatly influenced by the drug layer
underneath [10]. Besides the surface characteristics and distribution,
this also means that the chemical characteristics of the film layer can
vary because of the drug. It has been documented that diltiazem is
associated with the hydrophobic sites of cationic polymer coatings
and is retained during dissolution [11].

A number of ready-to-use coating dispersions are available on the
market for the achievement of various release profiles. Their use
eliminates the need for the development and preparation of the
coating suspension and they have therefore gained acceptance in the
pharmaceutical industry [12].

In our experiments, we used the solution layering technique to
make the multilayered pellets described below. Solution layering is a
process during which the active pharmaceutical ingredient (API) and
the excipients (typically binders and coating materials) are either
dissolved or suspended and sprayed onto the continuously drying
cores. The method can be used to dose multiple, even incompatible
APIs together and the further processibility of the pellets is good,
thanks to the narrow size distribution, the good flow behaviour and
the dense surface [6].

In our experiments, we evaluated the possibility of a multi-
particulate delayed-release diltiazem product. We also investigated
the use of fully formulated coating systems as a possible method of
reducing the manufacturing steps. Our future goal is to formulate a
sustained-release capsule in which the delayed-release product
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described below can be used as a fraction as the release directly on the
absorption site is expected to yield better results in extending the
release time of the formulation.

2. Materials

Diltiazem hydrochloride (Ph. Eur.) was used as a model drug,
Cellet 500 (Shin-Etsu Chemical Co., Ltd., Tokyo, Japan) as nonpareil
core material, Kollidon 25 (BASF, Ludwigshafen, Germany) was
applied as a binder in the layering of diltiazem hydrochloride, and
Acryl-EZE (Colorcon, Dartford Kent, UK), a fully formulated enteric
coating dispersion, was used as coating material.

3. Methods
3.1. Preparation of samples — layering of diltiazem hydrochloride

The multiparticulate pellet samples were prepared in a Strea-1
(Niro Aeromatic, Bubendorf, Switzerland) fluid bed Wurster chamber.
In the equipment cores were fluidized by filtered and heated air. The
cores' fast upward movement takes place inside a partition coloumn
and slower downward movement on its sides. Liquid is sprayed onto
the cores from below. Schematic figure (Fig. 1) taken from Chan et al.
[13].

In the first, drug-loading step of the process, diltiazem hydrochlo-
ride was layered onto the nonpareil Cellet 500 cores. In accordance
with the results of our preliminary examinations, a solution of
diltiazem hydrochloride and Kollidon 25 in a mass ratio of 5:3 with a
total solid content of 40% was used, as the solution containing only
diltiazem hydrochloride did not yield satisfactory loading results. A
batch size of 200 g of nonpareils and the above-mentioned solution
containing 197 g of dry material was used. The loading parameters
were: inlet temperature 50 °C, outlet temperature 43 °C, fan capacity
4.5, peristaltic pump speed 4 ml/min, air volume 75 m3/h and nozzle
diameter 1 mm.

Between the drug-loading and the following coating step the
pellets were dried in the spray coater for 10 min. Since the Acryl-EZE
containes sodium bicarbonate as an excipient, the equipment had to
be completely disassembled and washed to prevent precipitate
formation.

At this point samples of the intermediate product were taken for
comparison purposes; these drug-containing uncoated pellets are
called Sample 1 from here on.

_ — Coating Chamber

——— Partition column

i

~—.'— Column support

Air distribution plate

Spray nozzle

A

Fig. 1. Schematic picture of the Strea 1 fluid bed chamber.

3.2. Preparation of samples — coating

In the second, coating step, an Acryl-EZE dispersion (a fully
formulated USP copolymer type C coating system containing 60%
polymer and various excipients) was prepared and applied, following
the guidelines provided by the manufacturer, as a 20% aqueous
dispersion. A small amount (0.1%) of dimeticone was added to prevent
foaming during the stirring and coating process. The parameters used
for the coating were the same as for the drug layering step.

Different amounts of coating dispersion were sprayed onto 200 g
of drug-layered pellets in the Strea equipment. Four batches were
prepared with different amounts of coating dispersion for each. The
amount of the dry material consumed for 200 g of drug-loaded
particles was 59.5 g, 79.5 g, 99.3 g and 125.0 g, respectively with an
about 8% loss. The drug-layered pellets were pre-heated at a reduced
atomizing pressure for 10 min, coated at a gradually increasing spray
rate and dried in the equipment for 10 min afterwards. The coated
pellets will be called samples 2 to 5 in order of increasing dry material
consumed for the film coating from here on (Table 1).

3.3. Measurement of layer thickness

An image analysis method (Leica Quantimet 500 MC, Leica
Cambride Ltd, Cambridge, UK) was used to determine the thickness
of the layers on the pellets. The mean thicknesses were calculated via
the mean diameters of the particles, determined by measuring 300
particles of each batch with a stereomicroscope (Zeiss, Oberkochen,
Germany). Film thickness was also examined with Raman spectros-
copy; the results of that work were published independently [14].

3.4. Scanning electron microscopy

Photographs of every batch were taken with a scanning electron
microscope (SEM) (Hitachi 4700, Hitachi Ltd., Tokyo, Japan) and
possible coating problems were identified. A sputter coating appara-
tus (Polaron E5100, Polaron Equipment Ltd., Greenhill, UK) was used
to induce the electric conductivity on the surface of the samples. The
air pressure was 1.3-13 mPa.

3.5. Dissolution of diltiazem hydrochloride from pellets

Dissolution studies were carried out according to the Ph. Eur.
standards with a rotating basket (Erweka DT 700, Erweka GmbH,
Heusenstramm, Germany), in 1000 ml of simulated gastric acid at
100 rpm at 37 °C for 2 h, then after draining the vessel of the acid it
was replaced with 1000 ml of phosphate buffer pH=6.8 and the
dissolution measured at the same parameters as above. Samples were
taken of the gastric acid at 2 h and of the phosphate buffer at 5, 10, 15,
20, 30, 45, 60 and 90 min.

Concentration was measured with a spectrophotometer (Unicam
Helios o, Thermo Fisher Scientific Inc., Waltham, USA) at 237 nm, with a
bandwidth of 2 nm and a lamp charge of 325 nm by comparison to a
calibration curve.

Table 1
Samples produced.

Samples Coating dispersion (g) Dry material consumed (g)
Sample 1 none (only contains the drug on none
the nonpareil core)
Sample 2 300 62.40
Sample 3 400 79.48
Sample 4 500 99.34
Sample 5 600 124.96
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The drug content of the pulverised pellets in the phosphate buffer
was determined after 2 h at the same parameters as for the dissolution
test.

4. Results and discussion
4.1. Preparation of the samples

The fan capacity and the fluid feed rate proved to be the most
important parameters in our studies. A too low fan capacity often
resulted in the particles sticking to the inner surface of the vertical
cylinder. Agglomeration of the particles was never completely over-
come but when discontinuous spraying was employed the agglomerates
broke down into individual particles shortly after the spraying process
was paused [15]. This method has the disadvantage of an excessively
long coating time but decreasing the fluid feed rate increased the coating
time even more and did not eliminate agglomeration completely. Use of
a higher fluid feed rate resulted in one large agglomeration that blocked
the inside of the cylinder and the experiment had to be discontinued.

4.2. Measurement of layer thickness

As illustrated in Fig. 2, two diameters of each sample were measured
(white and grey boxes) and the mean (dotted line) and median
(uninterrupted line) calculated. Both the mean and median lines show
that the particle size increased from that of the nonpareil core in each
sample. As the median represents the value that separates the lower half
of the sample from the upper half, the shift of the median toward one
end of the scale and its difference from the mean value means that the
samples exhibited an increasingly skewed distribution; this corre-
sponded with the observation that larger particles tended to recieve a
thicker coating than smaller ones [16], which is a known occurence and
is mainly due to the fact that between equal masses of particles the one
consisting of larger spheres has the smaller surface area. The increase in
size was mostly due to the addition of the drug layer, but Fig. 2 clearly
reveals the shift in the graph with the amount of coating dispersion
used. The mean thickness of the film coating is presented in Table 2.

The roundness distribution of the particles, where roundness was
calculated as the quotient of two diameters, (Fig. 3) did not change
significantly during the process, suggesting that no serious coating
problems occurred.

4.3. Scanning electron microscopy

The characteristics of the drug-loaded pellets are clearly depicted
in Fig. 4. It can be observed that the API forms a relatively uniform

1100

1000 -

i

800 A

diameter (um)

700 -

600

Sample 1 Sample2 Sample3 Sample 4 Sample5

Fig. 2. Size distribution (breadth and length) of coated particles.

Table 2
Film thicknesses of samples.

Samples Coating dispersion (g) Film thickness (mean; um)
Sample 1 none (only API) none
Sample 2 300 15.5
Sample 3 400 235
Sample 4 500 28.9
Sample 5 600 444

drug layer on the core, though recrystallization causes some
unevenness and cracking in the layer.

The coating covered the uneven drug layer adequately for all the
samples (Fig. 5), but thinner coatings displayed the same uneven
surface, and higher-resolution images demonstrated coating pro-
blems, such as layers, craters and a rough surface.

The results of the morphological tests indicated that the thickest
coating layer yielded the best quality of surface.

4.4. Dissolution of diltiazem hydrochloride from pellets

It is clear from Fig. 6 that every sample underwent 100% drug
release by 60 min in the pH 6.8 dissolution medium. Sample 2, with
the thinnest coating film layer, however, yielded more than 10% drug
release in the acidic medium, despite the enteric coating used.
Samples 3, 4 and 5 furnished progressively better results, with no
release exceeding 2.50%. Previous studies showed that the minimum
film thickness for achieving gastro-resistance (less than 5% over 2 hin
gastric acid) in aqueous enteric Eudragit coatings is about 50 pm in
tablets [17] and 15% weight gain in pellets [18]. With Arcyl-EZE a
thinner coating (about 30 pm thick and 13% polymer weight gain) was
sufficient.

The standard deviation due to the coating problems tended to be
inversely proportional to the thickness of the film on the pellets.

The standard deviations were unusually high. One explanation for
this is the rupture of the film coating, which occurs more often in
thinner coatings. The diagram further indicated that thinner film
coatings also had a tendency to dissolve more quickly, with higher
drug release patterns early on. Thicker film coatings seem to hinder
dissolution (not prevent it, as the film dissolves at pH 6.8), but give a
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Fig. 3. Roundness distribution of particles.


image of Fig.�2
image of Fig.�3

158 K. Nikowitz et al. / Powder Technology 205 (2011) 155-159

1 1
10.0kV 12.0mm x100 SE(V) 7/17/2008

Fig. 4. SEM picture of Sample 1 (10.0 kV, x100 SE(U)).

more even dissolution profile, as revealed in the progressively lower
standard deviation values.

5. Conclusions

Our investigations permit the conclusion that Acryl-EZE is suitable
for the making of delayed-release multilayer pellets without the use
of additional excipients. The film thickness is easily determined
through image analysis.

Dissolution studies led to the finding that the film thickness directly
influenced the rate and extent of dissolution in an acidic medium,
and with an observable tendency to hinder dissolution in an alkaline
medium, but this tendency was not highly pronounced because of the
large standard deviations.

For every sample, the drug release in acidic medium greatly
exceeded our expectations based on the film thickness. This may have
been due to drug migration into the film layer. This idea is supported
by the very good solubility of diltiazem and by the fact that the drug
release in acid is dependent on the film thickness.
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The determination of film thickness is of prime importance in the quality assurance of
coated pharmaceutical preparations. The rapid measurement of this parameter is prob-
lematic for multi-particulate pellet systems. The aim of this study was to apply the Raman
spectroscopic method for the determination of the thickness of polymer coating on pellets.
The change of Raman intensity was compared with measured film thickness, which was
calculated from the change of the geometric parameters of the pellets, measured with an
image-analyzing system. The results revealed that despite some difficulties Raman spec-
troscopy is a suitable method for the fast and accurate determination of film thickness on

multi-particulate systems.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The thickness of the film coating on solid dosage forms
exerts a large effect on the drug dissolution profile of the
preparation. For this reason, the determination of this
parameter is of prime importance in the quality assurance
of controlled release dosage forms. Traditionally, the film
thickness can be determined via the addition of a specific
amount of coating material, or by measurement of the
geometric parameters. Geometric measurements can easily
be performed on tablets, but measurements on granules or
pellets are more difficult due to their size. Such measure-
ments can be made only with image-analyzing techniques,
which are accurate, but time demanding [1]. In recent
years, the use of fast and powerful nondestructive methods
such as interferometry [2] or spectroscopic methods (NIR,
FTIR, Terahertz) has come into focus [3], which can be used
for on line monitoring of the technological process [4,5],
particularly as regards tablet coatings. In the case of pellet
systems, this measurement is more problematic due to the
size ratio of the particles and the laser spot. The present
study relates to the applicability of Raman spectroscopy for
the measurement of the thickness of films on pellets.

* Corresponding author. Tel. +36 62545576; fax: +36 62545571.
E-mail address: klara.hodi@pharm.u-szeged.hu (K. Pintye-Hodi).

0142-9418/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.polymertesting.2009.05.001

2. Experimental

The multi-particulate pellet samples were prepared in
a Strea-1 fluid bed Wurster chamber (Niro Aeromatic Ltd.,
Switzerland). In the first step, the API was layered onto the
surface of indifferent (without API) cores. Dilthiazem HCl
(Ph. Eur.) and Kollidon 25 (BASF, Germany), in a relative
mass ratio of 5:3, were dissolved in water to give a total
solid content of 40%. The liquid was layered onto the
surface of preheated Cellet 500 (ShinEtzu, Japan) cores at
50 °C. The other coating conditions for all batches were:
nozzle diameter 1 mm, peristaltic pump speed 4 rpm, fan
capacity 4.5, air volume 75 m3/h and outlet temperature
43 °C. The dry material consumed was 197 g for 200 g of
core. The pellets were further fluidized for 10 min after
layering.

Table 1
Film thickness and corresponding peak integrals of products.
Film thickness (um) Integrals

Peak 1 Peak 2 Peak 3
Sample 1 0 0 0 0
Sample 2 15.5 9158 5369 22,155
Sample 3 235 11,471 7669 24,926
Sample 4 28.9 11,805 9174 26,077
Sample 5 444 13,876 10,416 30,428
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Fig. 1. Raman spectra of materials with different measuring distance.

T

200 1300

After a 10-min drying time, the coating material was 3. Results and discussion
sprayed under the same conditions as above. The coating
liquid was a 20% aqueous dispersion of Acryl-Eze (Colorcon, 3.1. Measurement of film thickness
UK), a 1:1 copolymer of methacrylic acid and methyl
methacrylate, generally used for enteric coating of dosage Film thickness was determined from the results of
forms. The consumed dry material, from Samples 2 to 5 was image-analyzing measurements. Samples were taken after
59.5¢g,79.5¢g,99.3 g and 125.0 g, respectively. the layering of the active pharmaceutical ingredient and

Fig. 2. Raman spectra of the samples.
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after coating. The geometrical parameters of 300 particles
were determined with a stereomicroscope (Zeiss,
Switzerland) and a Quantimet 500 MC image-analyzing
system (Leica Cambridge Ltd., UK). The mean film thickness
was calculated from the difference between the mean
particle diameters of the particles before and after coating.
The image analysis demonstrated that the roundness of
pellets was good, with calculated values in the range 1.07-
1.21. However, there was a small difference between the
smaller and the larger diameter of the particles. These were
around 780 um and 860 pm respectively for every batch
after layering. The further measurements revealed that the
film thickness of the coating layer, which was 15.5, 23.5,
28.9 and 44.4 pm for the various samples (Table 1), corre-
lated well (R?>=0.975) with increasing amount of the
coating material.

3.2. Raman spectrometry

The Raman spectra were detected off-line with an
AvaSpec 2048 CCD-array Raman spectrometer (Avantes BV,
The Netherlands) using a standard 785 nm laser. Two
problems occurred during the spectroscopic measure-
ments. The spectra were taken from bulk samples with
a fiber optic detector, where the spot size was about three
times larger than the individual particles of the sample. The
scattering of the laser light on the rough surface weakened
the intensity of the Raman signal, so an increase in the
number of scans was necessary. Each spectrum was calcu-
lated as the average of 25 scans, which required about
2 min measurement time. The other problem was that the
API exhibits many characteristic peaks in the Raman shift
range 250-1700 1/cm, which partially overlap with the
characteristic peaks of the coating material at 398, 516 and
640 1/cm (Fig. 1). However, the results indicated a strong
influence of the measuring distance of the detector on the
peak intensities. The optimal distance was 6 mm for the API
and 8 mm for the coating material. This difference is a great
advantage during the measurements, which were per-
formed with an 8 mm detector distance, because the
weakening of the signal of the API (Fig 1) helps the deter-
mination of the film thickness. Especially in the case of
coated samples, because under these circumstances the

signals of the API were hidden in the noise, the peaks of the
coating material could be determined alone without sub-
tracting the spectra from each other (Fig 2). The integral
values of the peaks were calculated after baseline correc-
tion. The integral values (Table 1) exhibited a strong
correlation with the film thickness: the R? values of the
calibration curves were 0.943, 0.892 and 0.996 respectively
for the different peaks. This tendency clearly indicates that
the estimation of the film thickness based on the Raman
spectra improves with the improvement of the signal/noise
ratio.

4. Conclusions

It may be concluded that Raman spectrometry is a suit-
able method for the estimation of film thickness. The
measurement requires only a short time as compared with
other methods. The disturbing effects of the different
materials can be eliminated through selection of the
optimal measuring conditions. This permits monitoring of
the film thickness even during the coating process.
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