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Abstract

The performance of a pharmaceutical formulation, such as the drug (API) release rate, is significantly influenced by the
properties of the materials used, the composition of the final product and the tablet compression process parameters. How-
ever, in some cases, the knowledge of these input parameters does not necessarily provide a reliable description or predic-
tion of tablet performance. Therefore, the knowledge of tablet microstructure is desirable to understand such formulations.
Commonly used analytical techniques, such as X-ray tomography and intrusion mercury porosimetry, are not widely used
in pharmaceutical companies due to their price and/or toxicity, and therefore, efforts are made to develop a tool for fast and
easy microstructure description. In this work, we have developed an image-based method for microstructure description and
applied it to a model system consisting of ibuprofen and CaHPO,-2H,0 (API and excipient with different deformability). The
obtained parameter, the quadratic mean of the equivalent diameter of the non-deformable, brittle excipient CaHPO,-2H,0,
was correlated with tablet composition, compression pressure and API release rate. The obtained results demonstrate the
possibility of describing the tablet dissolution performance in the presented model system based on the microstructural
parameter, providing a possible model system for compressed solid dosage forms in which a plastic component is present
and specific API release is required.
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Abbreviations Introduction
MMC mechanical properties to microstructure

correlation There are many steps in the process of making a tablet from
MDC  microstructure to dissolution correlation the initial powder materials that affect the final performance

of the tablet (frequently assessed by in vitro dissolution and
disintegration, where the internal structure of the tablet
inherently plays a very important role [1]). All of those steps
can significantly alter the initially known input properties of
the used materials. There is a significant dependence of the
final tablet properties on compression process parameters,
tablet composition and, of course, different characteristics
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the force exerted on the tablet mixture by the compression
punches leads first to the particle rearrangement within the
matrix and eventually to their fragmentation, plastic or elas-
tic deformation (changing the size and shape of individual
particles) [10—13]. The dissolution profiles of the tablet may
be substantially different from the starting particulate mate-
rial, even if the disintegration limitations are avoided, as we
recently reported [14]. Here, information about tablet micro-
structure can provide a better understanding of the tablet
performance [6, 8], as it goes one step further from the input
material particle properties and the compression parameters
and aims to describe their combined result in the final dos-
age form. A great example here would be the significant
tendency of needle-like particles to undergo fragmentation
during compression [15—17]. For such materials, the input
particle size will not be of significant use in predicting tablet
behaviour.

Hence, designing a pharmaceutical tablet of desirable
properties, especially of a desirable dissolution profile, is an
intricate process since the particulate starting material prop-
erties change in many ways during the production process.
Pharmaceutical tablet properties may be multi-correlated to
properties of different powders, including active ingredients
and excipients, and they can exhibit non-linear, non-monoto-
nous or threshold-like behaviour in relation to compression
parameters. Therefore, the traditional way of dissolution tun-
ing is largely empirical, relying on a relatively large number
of development batches even if sophisticated tools for the
design of experiments are used because the number of vari-
ables in the factorial plan is large.

On the other hand, the effect of particle properties and
compression parameters on the tablet microstructure is
more straightforward as it depends only on the mechanical
properties of the materials used. The microstructure can be
evaluated by overall tablet density/porosity and pore size
distribution often measured by the mercury intrusion poro-
simetry [18] or by material (and porosity) distribution within
the tablet where X-ray microscopy [19, 20] and microto-
mography [5, 21] and different chemical imaging methods
come in. The most common ones would be methods based
on vibrational spectroscopy — near-infrared and Raman map-
ping [22, 23]; moreover, energy-dispersive X-ray spectros-
copy based on scanning electron microscopy is also used
frequently [6, 24, 25]. While different general behaviour
patterns exist, depending on the deformability attributes
of the formulation components (such as plastic, elastic and
brittle) and their combinations, the combination of a plasti-
cally deformable drug and a non-deformable excipient is of
special importance.
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Since many of the recently discovered drugs suffer from
poor water solubility, there is a significant increase in the
formulation of such drug candidates into amorphous solid
solutions and dispersions to increase the dissolution rate of
the drug [26-29]. Particles of such drug formulations can,
thanks to their relatively high polymer content then exhibit
specific viscoelastic properties [30]. It can be presumed that
such particles would be fairly well plastically deformable in
general so that they can contribute to the formation of a spe-
cific tablet microstructure. The microstructure—dissolution
relationship is again relatively straightforward as it no longer
depends on the mechanical properties of the constituents.

Thus, separating the objective of understanding the rela-
tionship between tablet composition, compression param-
eters and the dissolution properties into two independent
problems of the mechanical properties to microstructure
correlation (MMC) and the microstructure to dissolution
correlation (MDC) is a promising opportunity to streamline
the formulation development and improve the understanding
of underlying processes. The present study aims at demon-
strating the potential of the aforementioned approach using
the MMC and MDC analysis in a binary system comprising
materials with different viscoelastic properties — a plasti-
cally deformable model drug combined with a hard, brittle
excipient.

Materials and Methods

In the presented study, directly compressed binary tablets
comprised of ibuprofen and CaHPO,-2H,0 (of different
compositions and compressed with different loads) were at
the centre of attention. Model materials were chosen based
on their mechanical properties. Ibuprofen represents well-
deformable active substances; thus, it can represent any other
plastically deformable API alone and also quite a wide range
of formulations of various APIs into various solid dispersion
systems. CaHPO,-2H,0 can, on the other hand, represent
excipients that are non-deformable, quite hard and under
higher pressure brittle [31]. Each one of the prepared tablet
formulations was subjected to tablet microstructure analysis
and dissolution testing, so these two performance parameters
could be investigated in correlation with each other.

Materials
Two different batches of ibuprofen were used in this

study (marked as Ibu I and Ibu II), both kindly provided
by Zentiva, k.s., CZ in combination with CaHPO,-2H,0
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Fig. 1 Particle size distribution of the ibuprofen batches and comple-
mentary excipient for formulation preparation used in the presented
study. Legend: grey — batch Ibu II (dgy = 367.6 um), purple — batch
Ibu I (dyy = 242.7 pm), orange — batch Ibu Im (milled) (dg, = 166.8
um), green — excipient CaHPO,-2H,0 (dg = 330.0 um)

(EmCompress®; JRS Pharma GmbH & Co., DE) for the
model tablets preparation. One of the ibuprofen batches,
Ibu I, was for some of the tested formulations milled, so
its particle size was lower than with the two raw batches.

Fig.2 SEM images of the
used ibuprofen batches and the
complementary excipient for
formulation preparation. 150x
mag. albull, bIbul, ¢ IbuIm
(milled) and d CaHPO,2H,0

Milling was performed using a planetary ball mill PM
100 CM (Retsch GmbH, DE) at 250 rpm for 15 min. This
altered batch is further marked as Ibu Im. Since the impor-
tance of initial particle size and morphology of the input
materials was taken into consideration, all four materials
(CaHPO,2H,0 and three ibuprofen variants) were char-
acterised using a static light scattering system Mastersizer
3000 (Malvern Instruments, UK) for particle size distri-
bution (Fig. 1). Scanning electron microscopy, SEM, (FE
MIRA II LMU, Tescan s.r.0., CZ) was then used to describe
and evaluate the particle morphology of these materials
(Fig. 2).

Tablet Composition and Preparation

Tablets were prepared from mixtures containing different
amounts of CaHPO,-2H,0 and one of the three respective
ibuprofen batches (Ibu I, Ibu Im, Ibu II). Homogenisation
was done with a Turbula T2F mixer (Willy A. Bachhofen
AG, CH) using 55 rpm for 5 min. Each of the mixtures was
then subjected to compression with a compaction analyser
GTP-1 (Gamlen Instruments, UK) equipped with the 5-mm
diameter die under different compaction loads. The mix-
ture weight added into the die was always adjusted, so all
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Tablel Summary of All
Prepared Tablet Variants and
Their Respective Compositions,
Applied Compaction Pressure
and Weights
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Tablet variant name API batch API wt.% API vol.% p (MPa) My average
(mg)
EmC-Ibull 85-15 62.5 MPa Ibu Il 15 27 62.5 85
EmC-Ibull 85-15 125 MPa Ibu Il 15 27 125 85
EmC-Ibull 85-15 250 MPa Ibu Il 15 27 250 85
EmC-Ibull 80-20 125 MPa Ibu Il 20 34 125 83
EmC-Ibull 75-25 125 MPa Ibu Il 25 41 125 80
EmC-Ibull 65-35 125 MPa Ibu I 35 53 125 77
EmC-Ibull 50-50 62.5 MPa Ibu I 50 68 62.5 73
EmC-Ibull 50-50 125 MPa Ibu I 50 68 125 73
EmC-Ibull 50-50 250 MPa Ibu II 50 68 250 73
EmC-Ibull 15-85 62.5 MPa Ibu I 85 92 62.5 53
EmC-Ibull 15-85 125 MPa Ibu I 85 92 125 53
EmC-Ibull 15-85 250 MPa Ibu Il 85 92 250 53
EmC-Ibul 85-15 125 MPa Ibul 15 27 125 85
EmC-Ibul 85-15 250 MPa Ibul 15 27 250 85
EmC-Ibul 15-85 125 MPa Ibul 85 92 125 53
EmC-Ibul 15-85 250 MPa Ibul 85 92 250 53
EmC-Ibulm 75-25 125 MPa Ibu Im 25 41 125 80
EmC-Ibulm 15-85 125 MPa Ibu Im 85 92 125 53
EmC-Ibulm 15-85 250 MPa Ibu Im 85 92 250 53

the resulting tablets had comparable geometry (height of
2.3 mm =+ 15%). All of the tablet variants with the above-
mentioned parameters prepared are summarised in Table L.

Tablet Microstructure Evaluation

The inner microstructure of tablets was evaluated in the
form of a quadratic mean of area equivalent diameter (d »,,)
of CaHPO,-2H,0 particles/aggregates on the tablet radial
cross-section areas. Tablets were, for this purpose, incorpo-
rated into paraffin wax matrices and cut on rotary microtome
RM2255 (Leica Mikro spol. s.r.o., CZ), so the resulting
cross-sections are flat and smooth [32]. Samples prepared in
this way were subsequently sputter coated with 2 nm of plat-
inum (sputter coater Q150R ES, Quorum Technologies Ltd,
UK) and analysed using the SEM with detection of back-
scattered electrons (BSE). Here, the use of CaHPO,-2H,0
as an excipient in model binary formulations and also as the
primary source of the microstructural data can be justified.
Thanks to its chemical nature, CaHPO,-2H,0O provides a
different contrast than ibuprofen during the BSE detection
which is necessary for further image analysis. While the
SEM-BSE was the most suitable method in the presented
model system, other imaging methods such as scanning
Raman spectroscopy or SEM-EDS could also be used for
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different systems as the input data for the subsequent image
analysis, depending on the specifics and limitations of the
tested systems.

Image Analysis

The original SEM images of tablet cross-sections were
subjected to image analysis using a simple script created
in the Matlab® environment (Fig. 3). Its whole workflow
is based on a greyscale thresholding thanks to the phase
contrast of CaHPO,-2H,0 mentioned earlier. However, a
few image adjustments had to be made with the original
SEM picture, so the thresholding provides sensible results.
Preceding the analysis, each picture was modified using a
low-pass filter and contrast enhancement. Since the aim
was to analyse the whole cross-section at once, the used
magnification is rather low (40x) for such a purpose. It
can cause the SEM-BSE pictures to have a horizontal
brightness gradient. That is why the thresholding itself is
eventually done separately for three vertical bands (left,
middle and right) of the image and those three resulting
segmentation masks are combined into one final mask
only after a proper threshold setting for each one of them
separately. From this final mask, where CaHPO,-2H,0
particles/aggregates are properly marked, a particle size
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Fig. 3 Illustrative workflow of image analysis performed on tablet
cross-section areas (tablet from formulation EmC-Ibull 50-50 250
MPa). 45x mag. a Original SEM picture (lighter areas on the tab-
let cross-section indicate the regions where the excipient is present,
which are measured during the image analysis, the darker areas
belong to the API), b three vertical bands after low-pass filtering

distribution (PSD) is constructed, so the d,,, along with
its coefficient of variation (d,,, CV) for each tested tab-
let variant can be calculated. The coefficient of variation
is used to represent the sample polydispersity since the
final result for each tablet is a mean size rather than a
size distribution. To ensure the statistical significance of
the results, as many pictures as necessary for the PSD to
be constructed from at least 100 particles/aggregates are
analysed for each tested tablet variant.

Moreover, image analysis of SEM pictures of the raw
CaHPO,-2H,0 powder was done, where the clearly observ-
able excipient particles were marked, so a similar particle
size distribution to the one from tablet cross-section can
be constructed and a comparable excipient d,, parameter
can be used for the tablet microstructure evaluation.

Dissolution Testing

Along with the microstructural characterisation, all pre-
pared variants of tablets were subjected to dissolution test-
ing, so the release profile and release rate of ibuprofen from
model tablets can be described. Tests were performed using
an apparatus with flow-through cells (USP 4) CE-7smart
(Sotax AG, CH). The apparatus was equipped with small
tablet cells (12 mm diameter, 32 mm height) with the use of
glass beads to ensure laminar flow. Tablets were placed in a
holder approximately halfway up the cell. Phosphate buffer
(pH 6.8) at a flow rate of 6 mL/min was used as a dissolu-
tion medium, and the whole system was tempered to 37°C.
The tests were performed using an open-loop configuration;
the dissolution medium passed the cell only once, and the
samples were collected during the whole sampling intervals
which were capped at 1 min, 2 min, 3 min, 4 min, 5 min, 7
min, 10 min, 15 min, 20 min, 25 min, 35 min, 45 min and
60 min after the beginning of the test.

and contrast adjustment, ¢ segmentation masks for three individual
bands (here, the white areas indicate the regions of the excipient,
CaHPO,-2H,0), d combined segmentation mask, e partially transpar-
ent segmentation mask in colour on top of the original picture for vis-
ual control (excipient here shown in pink colour, API and background
in green)
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Fig.4 Illustrative dissolution profile (immediate API concentration
over time) for three measurements performed with tablets EmC-
Ibul 15-85 125 MPa. Tablet 1 (grey), tablet 2 (purple) and tablet 3
(orange)

Sample Analysis

Collected samples were analysed for ibuprofen concentra-
tion on a UV/VIS spectrophotometer SPECORD 200 PLUS
(Analytik Jena AG, DE). Analysis was done at two wave-
lengths, 234 nm and 264 nm, each with a separate calibration
curve. Ibuprofen concentration in samples was then calcu-
lated based on the more suitable absorbance value measured
at either one of the wavelengths. The concentration values
were then used to construct dissolution profiles (in the form
of immediate API concentration values plotted against time)
for each tablet variant (illustratively in Fig. 4). Measure-
ments were always done in triplicates. The relatively high
and variable values of the API concentration observed at

@ Springer



199 Page 6 of 13

AAPS PharmSciTech (2023) 24:199

the beginning of the test (approximately the first 1% of the
released API) are mostly caused by the individual tablet sur-
face characteristics, including adhered particles of the API
or excipients and the API domain distribution on the tablet
surface. After this 1% is released, tablets provide a consist-
ent matrix tablet-like character.

Limit Release Rate Calculation

Subsequently, the relative release rate (r,;, min~') of the
samples was calculated for each time point of the measure-
ment according to Eq. (1).

gz _cF

rel m, m ’ (1)
where 71 is the mass flow of the API from the immediately
exposed tablet surface, m is the initial API dose, c is the
immediate concentration in each sample and F stands for
the flow rate of the dissolution medium [33].

The r, values were then plotted against the amount of
ibuprofen released from the tested tablet at the correspond-
ing time points, so the limit release rate (ry;,,, -) of the API
can be determined (Fig. 5). Its values are equal to the y-inter-
cept of linear regression of relative release rate—released
amount of ibuprofen dependency after the release rate
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Fig.5 Illustrative limit release rate (ry;,,) calculation for three meas-
urements performed with tablets EmC-Ibul 15-85 125 MPa. Tablet
1 (grey), linear regression equation: r., = —0.0006wz,; + 0.0014,
R* = 0.0787; tablet 2 (purple), linear regression equation: r, =
—0.0021wgy + 0.0014, R? = 0.4345; tablet 3 (orange), linear regres-
sion equation: r,., = —0.0035wyp; 4+ 0.0016, R* = 0.2192. A vertical
dashed line marks the area with a steady release rate where the linear
regression was applied
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became stable and not influenced by any surface inconsist-
encies and possible adhered particles of either API or the
excipient on top of the tablet (typically where the amount of
released API is already higher than 1%).

Results and Discussion

All of the prepared tablet variants with differing compo-
sitions and used compression pressure were subjected to
analyses described in the “Materials and Methods” sec-
tion in order to study their microstructural and dissolution
properties and their respective relationship with the tablet
composition and preparation, as well as their relationship
with each other.

Mechanical Properties to Microstructure Correlation
(MMCQ)

The first studied relationship was the one between the input
material and process properties and the created tablet micro-
structure (mechanical properties to microstructure correla-
tion, MMC), where the input material viscoelastic proper-
ties, the compression pressure and the tablet composition
were taken into account.

API Particle Properties and Their Influence on Tablet
Microstructure

The model materials were specifically chosen to represent
different groups of viscoelastic behaviour — ductile, deform-
able API and a non-deformable hard excipient prone to brit-
tle fracture. Another reason behind the choice of these mate-
rials lies in their different contrast while subjected to the
SEM-BSE analysis. The excipient, CaHPO,-2H,0, provides
higher intensity of the back-scattered electrons, leading to
a brighter appearance on the produced images. In contrast,
the API appears darker in the images, thanks to the lack of
elements heavier than oxygen in its molecule. Lastly, if there
are any pores or voids present on the tablet cross-section,
they are generally seen in black in the original unprocessed
images. After preparation of the first tablets (containing only
ibuprofen batch Ibu II with the particle size distribution clos-
est to the excipient one) and performing SEM imaging of
them, an observation was made that the ductility of the API
causes its particles to form continuous domains when sub-
jected to compression (shown in a darker shade of grey in
the following Figs. 6 and 7), in which the crystalline areas of
excipient are spread (lighter shades of grey to white areas in
Figs. 6 and 7). Following this fact, it was decided to prepare
tablets with APIs having different particle size distributions
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Fig.6 SEM images for the
input API particle character-
istics influence evaluation. a
EmC-Ibull 75-25 (w/w) 125
MPa, 40X mag.; b EmC-Ibulm
75-25 (w/w) 125 MPa, 40x mag

Fig.7 SEM images of the
EmC-Ibull 15-85 (w/w) 62.5
MPa tablet whole cross-section
area (a) and its detail (b) to
illustrate the extent of ibupro-
fen particle deformability and
continuous domains creation, a
45x mag., b 250X mag

(and shape to some extent) to see if the tablet microstructure
will be somehow changed. For example, if the smaller API
particles would be able to separate the excipient particles
more efficiently within the tablet mass and how the size
affects their ability of continuous domain creation. The first
mentioned phenomenon, separation of excipient by the API
particles differing in size, was evaluated on formulations
having 25 wt.% of API, and it was compared with the use
of tablets prepared with compaction pressure of 125 MPa
(Fig. 6). The tabletting pressure was chosen to be the mid-
dle point of all the tested ones, so it allows a certain degree
of manifestation of the particulate viscoelastic properties in
the final tablet. SEM images show no significant difference
in compact structure when the different particle size of API
was used. Formation of the API continuous domains was
best observable in tablets having the highest amount of API
(in the presented study that would be tablets with 85 wt.%
of ibuprofen, Fig. 7). Here, the tabletting pressure chosen
for the illustration has a value of 62.5 MPa, since even at

200 pm

this low compression pressure the borders between the API
particles are already very poorly or not distinguishable, as
seen in the representative images in Fig. 7. The results were
strongly comparable for all three API variants. From the
SEM pictures presented in Figs. 6 and 7, it can be concluded
that neither of those phenomena is manifesting excessively,
and the influence of initial particle size and morphology is,
in terms of the resulting tablet microstructure, negligible for
well-deformable materials (in this case the API).

Use of Image Analysis in Tablet Microstructure Description

As mentioned in the corresponding part of the “Materials
and Methods” section, the image analysis was put together
in a way that the excipient, CaHPO,-2H,0, is the primary
source of tablet microstructural information. Besides the
phase contrast advantage, the use of this particular excipient
as a primary microstructural tablet descriptor is sensible also
from a mechanical point of view since it does keep some
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structure inside the tablet in contrast with well-deformable
ibuprofen, which creates a more or less uniform mass after
being subjected to compression and does not leave signifi-
cant space for pores, cracks etc.

The model tablet characteristics presented in this
paper arose from the nature of used materials and their
preparation process, which ultimately result in an atyp-
ical behaviour of such model tablets — fairly low or
absent disintegration. This is another reason why to
evaluate the microstructure based on the used excipi-
ent. Since it is insoluble, there is a certain correspond-
ence with constitutional excipients used in matrix tab-
let production, where the insoluble matrix structure can
be of great significance; hence, the evaluation of tablet
microstructure in the form of a quadratic mean of the
equivalent diameter (d,,,) of CaHPO42H,0 particles/
aggregates present on the tablet cross-section area. The
quadratic mean was chosen to provide representative
information about the mean excipient size while tak-
ing the relationship between the particle/aggregate size
and its area visible on the cross-section into account.
Moreover, using d,,, of CaHPO,-2H,0 stems from the
fact that the well-deformable API forms continuous
domains when subjected to compression, in which the
crystalline areas of excipient are spread. API domain
characteristics are then dependent only on the mixture
composition and homogeneity, and not on initial par-
ticle properties.

Process Setup Influence on Tablet Microstructure

Besides the input API particle size and morphology, the pro-
cess parameter setup influence on the resulting tablet micro-
structure was evaluated. Compaction pressure was chosen as
the independent variable here with the predetermined values
of 62.5 MPa, 125 MPa and 250 MPa. The objective of this
part was mostly about whether the presence of some amount
of the ductile material (API) in the formulation will have
the ability to suppress the excipient brittle fraction propen-
sity and to what extent (to how high compression pressure
values).

For the formulations where there is a high amount
of ibuprofen present (Table II), its somehow fracture-
protective function seems to manifest quite well. The
values of the mean quadratic equivalent diameter of the
CaHPO,-2H,0 particles in prepared tablets are close to its
raw powder value of 127.6 + 87.2 pm. There are two out-
liers between the values obtained from tablets (EmC-Ibull
15-85 250 MPa and EmC-Ibul 15-85 125 MPa) which
can be caused by the span of the size distribution (as can
also be observed with all of the other formulations and
the pure excipient evaluated from the SEM pictures) and
relatively lower number of evaluated particles. However,
the protection from the brittle fracture works here, at least
to some extent. With the decreasing amount of the API
in the formulation, the formation of excipient aggregates
within the tablet begins to complicate drawing definite
conclusions about the brittle fracture protection provided
by the ibuprofen particles. However, the differences in
excipient particle/aggregate size within tablets prepared
from certain formulations with differing compaction
loads are rather low when the ibuprofen content in the
formulation is higher than 15 wt.%, which suggests that
the fracture-protective function might be possible even at
loads between 15 and 85 wt.% of the deformable material
in the tablet. For a complete data table, please see Sup-
plementary Table III.

Formulation and Process Impact on Microstructure

The resulting tablet microstructure was eventually evaluated
as a function of tablet composition and compression pres-
sure. In Fig. 8, there is the mean size of CaHPO,-2H,0 par-
ticles/aggregates on the tablet cross-section plotted against
tablet composition. The particle size of raw excipient pow-
der, evaluated in the same manner as in the tablet cross-
section analysis, is depicted in the graph for comparison
(cross mark). The measured excipient size increases with
its increasing amount in the formulation which is connected
with the used evaluation method. Size is evaluated based on
excipient regions observable on tablet cross-section, so the
higher the amount of excipient, the higher the propensity

Table Il Comparison of

Formulations with excipient: API ratio 15:85 (w/w)

CaHPO,-2H,0 Particle Size

(Together with the Coefficient API batch Ibu II Ibu I Ibu Im

of Variation Value) Within

the Resulting Tablet in p (MPa) dave (pm) dave CV () davg (pm) dave CV () vy (H) davg CV ()
Formulations Prepared with

Different Ibuprofen Batches 625 . 0.710 ) . ) )

Under Different Compaction 125 116.7 0.588 71.7 0.536 156.4 0.738
Loads 250 89.1 0.669 128.7 0.635 110.8 0.630

Indicated coefficients of variation (in the range between 0 and 1) are a measure of sample polydispersity

@ Springer
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Fig.8 CaHPO,-2H,0 quadratic mean equivalent diameter as a func-
tion of tablet composition. Used ibuprofen batch: B Ibu II, @ Ibu I,
A Tbu Im. Used compression pressure: white — 62.5 MPa, grey — 125
MPa, black — 250 MPa (data points for tablets containing ibuprofen
batch Ibu II compressed with 62.5 MPa may not be visible as they are
overlapped by data points obtained at higher tabletting pressures)

to evaluate aggregates, preferably to individual particles
and the higher the variance of resulting size between differ-
ent used compression loads. As for the different ibuprofen
batches (different point mark shapes) with different particle
characteristics used for tablet preparation, there do not seem
to be major differences in the resulting tablet microstructure
evaluated from the excipient point of view. It corresponds
with the previous findings about the initial API particle size
influence on tablet microstructure (“API Particle Proper-
ties and Their Influence on Tablet Microstructure”) and the
observed phenomenon of ibuprofen’s well deformability
and creation of larger domains with non-distinguishable
primary particles after submission to pressure. Moreover, a
larger drop between the resulting sizes is observable between
the formulations having 40 vol.% and 50 vol.% amount of
ibuprofen which can be pointing to a certain threshold-like
behaviour of this particular material combination, which is
associated with the steep change of the system characteris-
tics as the percolating (continuous) phase of the microstruc-
ture changes from excipient to the drug.

The compression pressure used for tablet production
(as the key process parameter) was found not to have a
significant influence (shown in Fig. 8 via different point
mark fillings on the tablet microstructure evaluated by the

0.007

0.006

0.005

0.004

= 0.003 %

0.002

Tim ( )

0.001

0.000 " 1 L 1 L 1 1 1 "
0 20 40 60 80 100

Parr (%)

Fig. 9 Ibuprofen limit release rate as a function of tablet composition.
Used ibuprofen batch: ll Ibu II, @ Ibu I, A Ibu Im. Used compres-
sion pressure: white — 62.5 MPa, grey — 125 MPa, black — 250 MPa
(data points for tablets containing ibuprofen batch Ibu II compressed
with 62.5 MPa may not be visible as they are overlapped by data
points obtained at higher tabletting pressures)

methodology used in this article). This corresponds to and
confirms the earlier discussed high deformable propensity
of ibuprofen during tablet compression, where nearly max-
imum deformation is obtained even for low compression
pressure.

Formulation and Process Impact on Dissolution

As for microstructure, the atypical behaviour of the resulting
tablets (low or no disintegration) also leads to the descrip-
tion of the API release in a non-standard way. The resulting
parameter obtained from dissolution is, for the purposes of
this work, the value of the limit release rate (ry;;,,) of ibu-
profen. The use of ry,, arose from the API plastic character
and also from the fact that the used excipient creates non-
disintegrable compacts. Thanks to these tablet properties,
the dissolution of the drug can be considered comparable
to intrinsic dissolution [34, 35] in its early-developed forms
[36].

Firstly, the limit release rate (ry;,,) was, analogous to the
tablet microstructure, evaluated as a function of tablet com-
position and compression pressure (Fig. 9). The overlook
of the experimental data plot is quite similar to the depend-
ency of tablet microstructure on composition. It suggests
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that the lower the amount of API in the formulation, the
faster the dissolution. It can be thanks to the general nature
of the tested model tablets. As only model binary mixtures
were used (instead of the complex tablet formulation), there
was not any extensive disintegration happening during the
performed tests. This phenomenon thus can be explained
by the higher relative surface area for ibuprofen available
for dissolution in formulations having higher amounts of
CaHPO,-2H,0, thanks to lower ibuprofen domain size
within the tablet and possibly also higher structural poros-
ity created by the excipient. The limit release rate is sig-
nificantly more dependent on tablet composition in these
faster-dissolving formulations (with an ibuprofen amount
lower than 50 vol.%) than in the formulations where API is
the major component, which can also be presented as some
form of threshold-like behaviour as seen by the microstruc-
tural characterisation of model tablets. In correspondence
with the previous results for excipient mean size, the used
compression load or ibuprofen initial particle characteristics
are not significantly influencing the release rate of the API
from model tablets either.

Microstructure to Dissolution Correlation (MDC)

Eventually, both the tablet microstructural characteris-
tic in the form of CaHPO42H,0 d,,, and ibuprofen ry,
were correlated (MDC, Fig. 10). The idea was to collect
the combined influences of the mechanical properties of
the input materials (particle size and viscoelastic behav-
iour) into the tablet microstructure parametrization (d,, of
CaHPO,-2H,0, MMC) and see its subsequent relationship
with the tablet performance (API dissolution ry;,,, MDC).
Here, the tendencies for threshold-like behaviour described
in “Mechanical Properties to Microstructure Correlation
(MMC)” and “Formulation and Process Impact on Disso-
lution” sections are mutually compensated, and the drug
release rate proves to be a strong function of the given tab-
let microstructure. It can be well characterised merely by
the CaHPO,-2H,0 d,,, parameter irrespective of the tablet
composition (ibuprofen amount in the formulation and ini-
tial particle size and morphology) and preparation method
(applied compression load) in the form of linear dependency
(Fig. 10c; Eq. (2)).

Fiim = 5.54 - dpg +9.99 (R? = 0.8881) 2)

It can be argued that microstructure, which is deter-
mined by the material properties, is not the only or the
most important factor affecting dissolution since physico-
chemical properties, such as hydrophilicity, pKa and the

@ Springer

physical form of the API, also significantly impact the
dissolution behaviour. However, the effect of those param-
eters could be captured via an experiment involving pure
API, such as the intrinsic dissolution rate test. When such
an experiment precedes the use of the proposed methodol-
ogy, the simplifications made can be seen as reasonable
within the tested system.

In practice, the MMC to MDC approach can work
together with the traditional methods used for a better under-
standing of dissolution behaviour, such as disintegration
tests and different types of tablet imaging and input mate-
rial imaging (Raman, SEM, SEM-EDS). The major area
of application would probably be in the scope of new for-
mulation development (especially for complicated systems
containing, i.e. API in the form of an amorphous dispersion
system), as well as troubleshooting and dissolution profile
fine-tuning. Considering the poor disintegration of tested
tablets, the application of the obtained results could lie in
the area of disintegrated tablet fragments more likely than
in the tablets as whole dosage forms. More specifically, the
surface of the model tablets, when compared with the sur-
face of disintegrated tablet fragments of the corresponding
composition, can lead to the prediction of the drug release
from such fragments and, subsequently, of the whole disin-
tegrating tablet in question.

The additional directing parameter of the drug release from
the whole tablet would then be the amount of disintegrant used
for tablet preparation and its different modes of incorporation
into the tablet microstructure [37].

Conclusions

The studied system of plastic API (ibuprofen) and brittle
excipient (CaHPO,2H,0) was used as a model to illustrate
the potential of separating a formulation study into MMC
and MDC parts. The direct relationship between the ibu-
profen variant used, tablet composition and tablet compres-
sion parameters was difficult to analyse due to the mutually
combined effects of those parameters. The MMC approach
allows documenting the tablet microstructure through the
excipient particle/aggregate size. This approach revealed that
different combinations of the parameters can lead to similar
microstructure and a threshold-like behaviour was observed
when tablet microstructure (CaHPO,-2H,0 d,,,) and drug
release rate (ibuprofen ry;,,) were evaluated separately. MDC
approach, which considers the drug release rate to be a func-
tion of the tablet microstructure, successfully described
the drug release rate only as a function of excipient par-
ticle/aggregate size in the tablet as a single microstructure
descriptor and the influence of input particle size and other
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Fig. 10 Ibuprofen limit release rate dependence on CaHPO,-2H,O
particle/aggregate size in prepared tablets for ibuprofen batch (a) Ibu
II, (b) Ibu I and Ibu Im, (c) all tested tablets. l Ibu II, @ Ibu I, A Ibu
Im. Used compression pressure: white — 62.5 MPa, grey — 125 MPa,
black — 250 MPa. Ibuprofen content in formulation: red — 15 wt.%,

parameters on the dissolution beyond their effects already
identified by MMC proved rather insignificant. The used sys-
tem can thus provide a general understanding of compressed
solid dosage forms in which the plastic API component is
formulated with a hard excipient with a propensity to brittle

orange — 20 wt.%, purple — 25 wt.%, aqua — 35 wt.%, green — 50
wt.%, blue — 85 wt.%. Linear dependency of the limit release rate on
the tablet microstructural parameter, CaHPO,2H,0 d, (- - -), with
the equation of ry;, = 5.54 dy, + 9.99, R* = 0.8881

fracture under higher compression pressures. For example,
solid dispersions prepared from poorly soluble drugs with
polymers can belong to the plastic API component category,
and their formulation can benefit from the presented results
and proposed methodology.
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