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Abstract

Within this study, tablets microstructure was investigated sy ,”-ray microtomgraphy. The aim
was to gain information about their microstructure, anc thus, derive deeper interpretation of
tablet properties (mechanical strength, componer* distribution) and qualified property
functions. Challenges in image processing are disrucsed tur the correct identification of solids
and voids. Furthermore, XMT measurement: w2 cCritically compared with complementary
physical methods for characterizing ac.uve pharmaceutical ingredient (API) content and
porosity and its distribution (mercury porucimetry, calculated tablet porosity, Focused lon
Beam-Scanning Electron Microscopv ‘Fi12-SEM)). The derived porosity by XMT is generally
lower than the calculated porosity »as> on geometrical data due to the resolution of the XMT
in relation to the pore sizes in “ab.>ts. With rising compactions stress and API concentration,
deviations between the actual a.d he calculated API decrease. XMT showed that API clusters
are present for all tablzws ~ontaining >1 wt.% of ibuprofen. The 3D orientation of the
components is assessau'e vy deriving cord lengths along all dimensions of the tablets. An
increasing compaction swress leads to rising cord lengths, showing higher connectivity of the
respective material. Its lesser extent in the z-direction illustrates the anisotropy of the
compaction process. Additionally, cracks in the fabric are identified in tablets without visible
macroscopic damage. Finally, the application of XMT provides valuable structural insights if
its limitations are taken into account and its strengths are fostered by advanced pre- and post-

processing.
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1. Introduction
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Tableting is an important production process in various industries, such as the food, chemical
and pharmaceutical industry. The prediction of mechanical and application-oriented tablet
properties, e.g. tensile strength and active pharmaceutical ingredient (API) distribution, based
on raw material properties and process parameters is still very difficult and hardly possible.
Therefore, the formulation and process development is still mainly empirical. The mechanical
and application-oriented tablet properties are primarily determined by the microstructure of
the tablet, which is in turn affected by various material, formulation and process parameters,
such as particle size and shape, deformation behavior, composition of the powder mixture and
compaction stress [1-7]. The lack of comprehension regarding the process-structure-property-
relationship is certainly one of the main reasons for the ~bsent predictability of tablet
properties. For that reason, a systematic investigation of the infliie,>ce of material and process
parameters on the microstructure of tablets is required. In ie case, the microstructure is
addressed by the density, pore size distribution, and the uistr.bution of the components of a
formulation within the tablet framework. Different -wies show the suitability of the non-
destructive X-ray microtomography (XMT) for *the 3D characterization of particulate
structures and especially of solid dosage forms 8 -15]. First studies of the suitability of XMT
for the characterization of the microstrustire of compacted materials were performed by
Lannutti [17]and by Burch [18]. Both .*.dies investigated the density distribution inside
compacted ceramic. This is also the /~cus of different studies in the pharmaceutical area.
Several studies like Sinka et al., V/ray et al. and Busignies et al. investigated the density
distribution inside pharmaceuticl taclets [11,12,19,20], while other investigations consider
the density distribution insic'e 1:hbons produced by roller compaction [19,21-23]. Another
focus of XMT measureme:.*s is the investigation of microcracks inside tablets and the
correlation of the findirns with the occurrence of tablet defects, ( e.g. capping and
lamination), as well as tablet tensile strength [15,24-28]. Besides normal tablets, bilayer
tablets were investigated to determine the impact of local density distributions on the
delamination of the two layers [29,30]. Additionally, investigations of the porosity and pore
structure inside primary particles [31], granules [32,33] and tablets [34,35] were performed.
Beyond structural analyses, drug release processes were investigated with XMT [36].
However, these investigations were limited by the resolution of XMT, which is typically
above 0.5 um for high resolution XMT [9]. In contrast to that, mercury intrusion porosity
(MIP) measurements of pharmaceutical tablets indicate pore sizes smaller than this resolution,
so that the depiction of all existing pores by XMT is not possible [7,34]. This could be one
reason for the limited number of investigations, which studied the distribution of the single

components of a formulation, especially of the API, inside pharmaceutical tablets. Rigby et al.



showed the inhomogeneous distribution of the API amiodarone inside controlled release
tablets [37]. The drug particle distribution in mini-tablets containing moxidectin was
investigated by Wagner-Hattler et al. using synchrotron XMT [38]. The authors found a non-
uniform distribution of the API, indicating a particle movement to the outer boundaries of the
tablet during compression. Neumann et al. [39] examined the excipient, APl and pore
distribution on pharmaceutical tablets, consisting of ibuprofen and microcrystalline cellulose,
using synchrotron tomography and introduced a novel method for image trinarization.
However, the tablets must be cut into small pieces and the pores filled with a contrast
medium for the analysis. Thus, the microstructure could be affected by the mechanical cutting
or swelling effects caused by the contrast medium. The examin~d cubic volumes size was (0.3
mm)3 which allowed a detailed analysis of the pore structure. The \~vestigation of formulation
and process parameters on the API distribution is limited b~!":pann et al. investigated the
pre-processing step by applying different methods for di*fe-en’ tablet batches, concluding that
one processing procedure is not applicable for all bine.y ~Mi<tures investigated [40].

In this study, a systematical investigation of the microstructure of tablets compressed at
different compaction stresses and with varying "o'.piofen content was conducted using XMT.
The objective consists of resolving the m.~rostructure and linking it to macroscopic
mechanical properties of the tablets to L>*er understand effects such as decreasing tensile
strength as well as the homogeneity ot cral solid dosage forms. Therefore, a trade-off between
the resolution and the scanned regor of interest was necessary. In the following, the
approaches to identify and char>-terize the pore network as well as API distribution inside

tablets using XMT are introd:'ce’ and their possibilities and limitations are discussed.

2. Materials and m_thc s
2.1. Materials

The pharmaceutical excipient microcrystalline cellulose (MCC, X310 =20 pum, Xso = 63 um, Xgo
=139 um, Vivapur® 101, JRS Pharma, Rosenberg, Germany) and the active pharmaceutical
ingredient ibuprofen (IBU, X130 = 9 um, Xso = 31 pum, Xgo = 34 pum Novartis Pharma, Basel,
Switzerland) were selected as materials. MCC mainly consists of elongated primary particles
and of approximately spherical agglomerates, while the particle shape of IBU is
approximately rectangular (Fig. 1). The solid density determined by helium pycnometry is
1.544 g/cm® for MCC and 1.112 g/cm® for IBU. Additionally, magnesium stearate (Faci,
Carasco GE, Italy) was used as lubricant.



MCC IBU

Fig. 1: SEM images of the MCC and IBU powders.

2.2. Methods
2.2.1. Powder characterization

Particle size analysis was performed using the lase, ligr.t diffraction instrument HELOS in
combination with the dry dispersion unit ROPNS for MCC and the wet dispersion unit
SUCELL (all: Sympatec, GmbH, Clausthal-Z¢ile.*2.d, Germany) for IBU. IBU was dispersed
in deionized water and the dispersion air' Po ysorbat 20 was added. The particle shape of the
powders was characterized by scanring electron microscopy (SEM) using the device LEO
1550 (Carl Zeiss, Oberkochen, Gerr.cay,(Fig. 1). The particles were spread on carbon pads
and sputter-coated with gold. The zal.2 densities of the powders were determined by helium
pycnometry using the device ULTRAPYC 1200e (Quantachrome Instruments, Boynton
Beach, FL, USA). Double me« urements with 10 measurement points each were performed

and the mean values wer': ca'culated.

2.2.2. Preparation of binary mixtures

Binary mixtures of MCC and IBU with varying IBU concentration (1, 5, 15, 25 and 50 wt.%)
were prepared using a Turbula® mixer (Willy A. Bachofen, Muttenz, Switzerland) with a
rotational speed of 49 rpm. The volume of the mixing container was 1 L and was filled up to
60% with the powders. The mixing time was set to 15 min. Before mixing, IBU was sieved

(mesh size: 1 mm) for the destruction of large agglomerates.

2.2.3. Tableting



The binary mixtures were compacted using the compaction simulator Styl’One Evolution
(MEDEL’PHARM, Beynost, France). The simulator was operated using the compression
profile of a camshaft with a maximum punch velocity of 20 mm/s and was equipped with flat-
faced, round punches with a diameter of 11.28 mm. The die was manually lubricated with
magnesium stearate and 450 mg of the respective mixture was manually filled into the die.
Two test series were performed: one under variation of the compaction stress (50, 75, 100,
150 and 200 MPa) using the mixture with an IBU concentration of 50 wt.% and one under
variation of the IBU concentration (1, 5, 15, 25 and 50 wt.%) at a constant compaction stress
of 200 MPa.

2.2.4. Tablet characterization

The tablets were stored under constant ambient conditicn. of 25 +- 2°C and 45 +- 15% r.H.
for at least 24 h. As these humidity values are maximr.... nussible fluctuations guaranteed and,
moreover, the tablets have been stored in containers, e actual humidity range relevant for
the tablets was much smaller. Afterwards, the \veight of the tablets was measured and tablet
height, diameter and breakage force were ~ha.acterized for 10 tablets using the tablet tester
MultiTest 50 FT (Sotax AG (Dr. Schi>riiger), Aesch, Switzerland). The mass and the

geometrical dimensions were used tu. the calculation of the tablet porosity er as follows:

1o 4 my 1
Er = N — = —_
! Ps m-d} - hr-ps @

where pr is the tablet cens.‘y, ps is the calculated solid density of the respective powder
mixture, my is the tau.~t mass, dr is the tablet diameter and ht is the tablet height.
Additionally, the tablet tensile strength was calculated using the diametral breakage force F
[41]:
2-F
o= T d e (2)
The IBU concentration of the tablets used for the investigation with XMT (one tablet per
process parameter setting) was controlled using UV-VIS spectroscopy. Each tablet was
dissolved in 0.1 M sodium hydroxide solution and the supernatant was filtered before
analysis. The absorption of the solution was measured using the UV-VIS spectrometer
SPECORD 210 Plus (Analytik Jena, Jena, Germany) at a wave length of 264 nm. The IBU

concentration was calculated based on the Lambert-Beer’s law, considering a previously



established calibration curve. Furthermore, the pore size distribution of the tablets containing
50 wt.% IBU and compacted at 100 MPa and 200 MPa was exemplarily determined by
Mercury Intrusion Porosimetry (MIP) using the device PoreMaster® 60 (Quantachrome
Instruments, Boynton Beach, FL, USA). The penetrometer was filled with two tablets per
sample. Low pressure (up to 0.344 MPa) and high pressure operations (up to 414 MPa) were
performed and the pore size distributions were calculated based on the Washburn equation
[42]. For an optical evaluation of the inner tablet porosity, dual focused ion beam in
combination with scanning electron microscopy (FIB-SEM, Helios G4 CX, FEI Company,
USA) was used. The pixel size of the SEM image was 10.4 nm, the image was taken by 10
KV source voltage and 0.2 nA current.

2.2.5. X-ray microtomography

The high resolution X-ray microtomograph (XM, MicroXCT-400 (Zeiss (Xradia),
Germany) was used for the microstructural examinaticn e/ the tablets. The voxel size depends
on the volume of the scanned region of interest ‘ROI) and on the sample size. The XMT
measuring settings (Table 1) were chosen by coi.c.dering the trade-off between a large ROI
for a representative analysis volume ar 1 a small voxel size to generate detailed structural
information. The spatial resolution is 5.06 pn/pixel for all experiments was chosen according
to thesettings so that the microstriic. 're over the complete height of the tablet could be
investigated. The chosen magnificctivia resulted in a measuring time of approximately 1.5
hours. One tablet was charac-erizod per compaction stress and IBU concentration. Each
investigated tablet was positior.>d on the rotation stage and was exposed to an X-ray beam
emitted by the X-ray so Irce Hence, the volume of interest was measured concentric to the
axial axis of the tablet (r:9. 2). A scintillator converts the transmitted X-ray beam into visible
light, which is magnified by an objective and is used for the generation of a projection image
on a CDD detector. One projection image was taken for each rotation step. Overall, 3000
projection images were taken and reconstructed to a stack of 2D cross-sectional images using

the software XMReconstructur (Zeiss (Xradia), Oberkochen, Germany).

Table 1. Micro XCT-400 settings.
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Fig. 2: Schematic representation of the XMT principle (¢ dapw. 1 tfrom Landis and Keane (2010))

2.2.6. Image processing

Image processing is a crucial step for the Jharacterization of microstructural properties and
was performed for the improvem~nt ond quantification of the 3D image. After the
reconstruction, the grayscale imar~s ~«re filtered, an analysis volume VA was extracted and

segmented into the three phases MCC, IBU and pore volume (Fig. 3).

0

&

Fig. 3: Schematic representation of image processing

A non-local-mean filter algorithm was used, included in the software Avizo Fire (Thermo
Fisher Scientific Inc., Waltham, MA, USA) for the reduction of noise and the improvement of
the contrast. Further image processing was performed using Matlab (MathWorks, Natick,
MA, USA). The analysis volume VA was extracted to save computational time and to exclude
measuring artifacts along the border region (Fig. 5). Before the extracted volume VA was
used for further analysis, it had to be ensured that the volume is high enough to be
representative, e.g. regarding phase volume fraction, of course assuming a homogeneous
distribution of the phases. Thus, a representative elementary volume (REV) analysis was

performed to determine the minimum volume at which the volume fraction of IBU ¢lIbu is not



linked to the volume VA any more [23]. For this purpose, the volume fraction of IBU ¢Ibu in
the solid phase was examined for the tablet with 50 wt.% IBU compressed at 200 MPa in a
cuboid-shaped analysis volume with an increasing side length Lex from 0.0506 mm up to 2.53
mm (Fig. 4). Here, the volume fraction of IBU is approximately constant for an analysis
volume above (0.75 mm)3, representing a REV. The analysis volume VA should be at least of
the same size as the REV to generate valid results. Regarding the aim to gain as much
information of the inner tablet structure as possible, the horizontal projection area of the
extracted analysis volume VA was set to (2.53 mm)2 multiplied by the tablet height for all
experiments. The tablet height differed between 4.2 and 3.7 mm, depending on the applied
compaction stress of 50 to 200 MPa. Thus, the extracted analysis volume VA is high enough
to generate valid results. A 3D-image and a top view of the regresentative proportions in
contrast to the tablet volume and the scanned volume are prese.ted (Fig. 5 a, b).
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Fig. 4: Determination of REV for volume ‘ractio.1 of ibuprofen in the solid fraction for the tablet compressed at 200 MPa

(@ (b)
Fig. 5: Schematic representation of the proportions of the tablet volume V+, the scanned volume Vs and the extracted analysis

volume V, in (a) a 3D presentation of a cross section and (b) a top view.
2.2.7. Image segmentation
For the detailed analysis of the tablet microstructure, especially for the calculation of the

volume fractions of MCC, IBU and pores, an image segmentation is necessary. Image

segmentation is performed by analyzing the frequency distribution of the grayscale pixel



intensity (image histogram) and dividing it into three different phases by defining thresholds.
For the segmentation between the solid and the void phase, a manually set threshold was
applied in a way that only all clearly visible and identifiable pores were taken into account.
Segmentation of IBU and MCC was done using the automated segmentation algorithm by
Otsu, which is implemented in the Matlab function “multithresh” [43]. Otsu was used as it is a
simple and robust algorithm, which enables the segmentation of different phases in images
with high noise.

For the investigation of the pore diameter distribution from the XMT images, the pore
network was segmented into single pores by using the watershed method applied by the
software Avizo Fire. Subsequently, the separated pores were dntected and the pore volume as
well as the frequency distribution of the pore volume gz were ca,culated. Based on the pore
volumes, the diameters were calculated, assuming only spheric2! 7ores.

In order to gain information about the connectivity, anisou2n'y and accumulation of the solid
phases, the cord length was investigated with GSenUict 2019 (Math2Market GmbH,
Kaiserslautern, Germany). It was calculated for each u: the three dimensions separately, by
summing up the successive voxels of the re:pcctive phase. The result is a cord length
distribution [44].

2.2.8. Derivation of porosity a1 solid volume concentration

The porosity exmr, Yielded from ,"M7 measurements and image processing, is derived by
calculating the ratio of the sur~ ot \he volume elements (voxels) belonging to the void phase
Vvoid (X,¥,2) to the total n''mbv: of voxels inside the analyzed domain location v (X,y,z)

(Equation 3), where X, y and ~ describe the three dimensions.

2 Vyoid (x' Y Z)

3
Zvvoid(x;y» Z) + ZvMCC (x,y,z) + ZvIBU (x,y,z) ( )

Exmr =

The volume concentrations exmr,i of the solid phases MCC and IBU in the XMT images are
calculated by the ratio of the sum of voxels belonging to the respective solid phase v; (x,y,z)
to the total number of voxels representing the solid phase inside the analyzed domain location

v (X,y,2) (Equation 4).

Xvi(x,y,2)

4
X Vmcc(x,y,2) + X vipy (x,¥,2) @

Pxmr,i =



The theoretical volume concentration Qe is calculated based on the solid density p; and the
mass concentration cn; of the respective solid phase i (Equation 5). The obtained values are
then compared to the results of the solid volume concentration, provided by XMT, @xmr,i.

Cm, i

Ptheoi = ﬁ (%)

2.2.9. Calculation of the homogeneity

For the investigation of the distribution of IBU inside the tablets, and thus, for the evaluation
of the homogeneity, V4 was divided into 360 cuboid volu: @ elements, six in X and y
direction, respectively, and ten in z direction (Fig. 6). Tie s'de length of each volume
element was selected to be about 2.5 times larger thin e particle size xgo of MCC,
representing the particle size at which 90% of MCC pa.ticles are smaller than the specified
value. The side length in z-direction is related to the *ab):t height and is therefore a function
of the compaction stress (side length of a cube ir = -airection: 360 to 410 um). Afterwards, the
homogeneity of the IBU distribution was calr.ula:cu using the empirical normalized standard
deviation oy, considering the concentratiun ¢f IBU in each volume element i, @xwmr,su(i), as
well as the concentration of IBU in the analysis volume Va of the respective tablet,

oxmT.18u(Va) (Equation 6).

1 ’

Op = Pxmr 150 (V) , 1 Z (@xmri8u(D) — Pxmr,18u(Va))? (6)
V

%0hg)

>‘>'::\
— /380 um
380 pum

d
7
> y

X

Fig. 6: Schematic representation of the division of V5 into rectangular volume elements for the evaluation of the

homogeneity of the IBU distribution.

3. Results and discussion



In the following, the results of the segmentation are critically discussed by comparing them to
volume fractions obtained by other methods. Subsequently, the microstructure, provided by
XMT, is presented. Here, API clusters and cracks inside the tablet can be observed.
Furthermore, the pore network for the tablets is investigated by means of a pore size
distribution and the connectivity of the material in x-, y- and z-direction is displayed using the

cord length.

3.1. Evaluation of image processing and segmentation strategies
3.1.1. Evaluation of porosity segmentation

The porosity exut (Eq. 3), yielded from the segmented 3D-imag.s. is compared to the tablet
porosity er calculated by using the geometrical dimensiol.= o. the tablets (Eq. 1). Both
methods show a comparable progress (Fig. 7 a), while gv), -~ is considerably lower with 9.2 %
and 4.6 % at 50 MPa and 200 MPa, respectively. A* 'aw, compaction stresses of 50 and 75
MPa, about 50% of the calculated porosity is identifia.'< by XMT and the subsequent image
processing, while the ratio decreases to about 22 7 at 200 MPa.
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Fig. 7: Comparison of porosity determined by geometrical dimensions &1, by XMT exyr and by MIP gyp.

The apparent pore size distribution of the tablets has a considerable impact on the
segmentation results. Due to the given resolution of 5.06 um, only a certain quantity of the
void phase could be detected by XMT examination. However, the similar course of the curve
confirms an appropriate segmentation, so it can be assumed that the difference is mainly
affected by the limited resolution.

For a deeper investigation of the pore size distribution, MIP measurements of tablets
compacted at 100 and 200 MPa were carried out (Fig. 8a). In addition, SEM images of a FIB
cut of a tablet compacted at 200 MPa were produced (Fig. 8b). In fact, MIP results present a

considerably high proportion of pores with diameters lower than 3 um and 1 pum for the



tablets compressed at 100 MPa and 200 MPa, respectively. However, the total pore volume
corresponds to the out-die data (Fig. 7). The pore size distribution is shifted to smaller sizes
with increasing compaction stress, as expected. Regarding the resolution of the XMT images
of 5.06 um (dashed line in diagram Fig. 8 a), 96.2% of the pores are smaller than the voxel
size for 100 MPa as well as 80% for 200 MPa and, therefore, are not detectable. However, it
has to be considered that the calculation of the pore size distribution is based on the
Washburn-equation assuming cylindrical pores. The intruded mercury volume at a given
pressure is assigned to the inlet diameter of the pore, which filled with mercury at this
pressure. Therefore, MIP rather yields a pore bottleneck distribution because the volume of
the subsequent, most likelycoarser pores are attributed to the characteristic diameter of the
certain bottleneck [45]. It is most likely that bottlenecks especi=!ly ~ccur on the tablet surface,
where mostly very small pore sizes result as a function m “igh local stresses due to the
confinement of the punches and the die. Accordingly, the m«rcury must pass these pores to
enter the tablet pore network. Moreover, MIP is no. a>le to detect closed pores within the
tablet structure.

The SEM image confirms that pores with a diare’er lower than the voxel size of 5.06 um are
present. However, a considerably coarser “‘0i' space is observable on the left side of the
image, which indicates that there are poics with diameters above 5.06 um. Therefore, these
pores are detectable in the XMT n.ages, representing between 50% and 22% of the
geometrically estimated porosity foi t'ie 50 MPa and 200 MPa tablets, respectively. Thus, the
used XMT method is valid to sh-w lager pores (> 5.06 um) as well as the overall decrease of
the porosity. Furthermore, the g "metric diameter of all pores within the tablet volume can be
assessed without the restriction “hat bottlenecks are taken as representative values for all pore

sizes in a chain of por ~s.

0.25
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Fig. 8: Pore size distribution determined by MIP (a), the dashed line marks the voxel side length of 5.06 um and SEM image

of a FIB cut close to the tablet surface of a tablet containing 50wt.% IBU compressed at 200 MPa (b).

The tablet porosity is only characterized by XMT for the tablets with an IBU concentration of
50 wt.% at different compaction stresses. For the images with varying IBU concentration, the
contrast between void phase and 1BU was too low. This can be traced back to the application
of the maximum compression stress (200 MPa) for the production of these tablets and hence,
to the low tablet porosities et (Table 2) and pore sizes. Therefore, only the solid phases (MCC
and 1BU) are segmented. Accordingly, for the tablets with a IB!J concentration up to 25 wt.%,
a considerably high void volume is expected to be wronglv a.~igned to the solid phases
during segmentation. Regarding the tablet compressed at 50 *P. with 50 wt.% IBU, where
only about half (8.6%) of the porosity (17.8%) is deuxcted, the error for this tablet is
comparable to the error of the tablets with different '=' I content, since also about 10% void

space is not taken into account.

Table 2: Geometrically calculated porosity of the tablets comy res. »d <.¢ 200 MPa.

IBU mass concentration (wt.%) 1 5 15 25 50
Corresponding IBU volume

_ 130 7.41 15.95 31.35 56.74
concentration (vol.%)
Porosity et (%) ‘ 10.14 9.83 9.03 8.89 5.93

3.1.2. Results of "ne segmentation for the solid components

Besides the identification of the pores, the differentiation of the solid phase between MCC
and IBU is a challenge as well. As for the porosity, the correct estimation of the volume
concentrations of each solid component is an indication of the quality of the image
segmentation. In order to classify whether the investigation by XMT and the subsequent
segmentation process provide reliable information about the concentration of the solid
content, the solid volume concentrations of MCC and of IBU determined using the segmented
3D images are compared to values determined by theoretical assumptions and by UV-VIS
spectrometry. To enable the direct comparison of the data obtained by UV-VIS with the XMT

data, the investigation was always done for exactly the same tablet as used for the XMT



examination. However, the UV-VIS measurement assessed the concentration in the whole

tablet while the XMT only assessed the central cylinder of V (see Fig.4).
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Fig. 9: Comparison of volume fraction within the solid phases of 50 wt."4 IBU tablets (a) and tablets with varying IBU
concentration compacted at 200 MPa (b), determined by XMT, UV-\ IS «. 4 the theoretical volume fraction calculated by

equation 4.

The theoretical volume fractions e 0of MZC ard IBU, calculated based on the aspired
blend composition (Eg. 5), are constant “or the varied compaction stresses due to the same
IBU concentration. The volume fractions c.'culated from UV-VIS measurements @uy.-vis are
in very good accordance with the thaorctical fractions for the tablets compressed at 50 and
75 MPa (Fig. 9 a). Tablets comprass»d at 100, 150 and 200 MPa show slightly lower IBU
concentrations than expected v:hich most likely results from variation of IBU concentration
inside the powder blend. Fur.heninore, the volume fractions of IBU obtained by XMT are
about 5% higher than for /- vIS for the tablets compressed at 50, 75 and 100 MPa. At 150
MPa, a slightly lowe: u:fteicnce between the values is observable. In fact, for 200 MPa, there
is good agreement bet.veen all three methods, although the XMT-measured porosity is
approx. 78% lower than the calculated porosity based on the geometry (Fig. 7). However, the
porosity after this compression stress is generally low at 5.93% for the geometrically derived
porosity.

When considering that @xyr mcc and @xmr gy should have a constant relation of the solid
volume concentration independent of the applied stress, the deviation can be understood as a
result of wrongly segmented or not detected void phases. Consequently, a wrongly segmented
or not detected void phase is assigned to one or both solid phases. While @xuyr gy IS
overestimated, @yyrmcc 1S underestimated, suggesting that a part of the pore volume is

wrongly segmented as IBU. This hypothesis is supported by the fact that IBU has a lower

solid density compared to MCC. Therefore, IBU generally displays lower intensities



(represented by darker gray values in the unprocessed XMT images) than MCC, while a void
phase possesses the lowest intensity (shown in black). In the case of pores, which are smaller
than the resolution of 5.06 pum and located inside IBU, the voxels show a medium intensity
still well differentiable form voids. Thus, these voxels are most likely segmented as IBU and,
due to the presence of air in the assigned voxels, the resulting volume fraction of IBU is even
higher than it should be. If the pores are located inside MCC, i.e. inter-particulate and intra-
particulate porosity, and represent a considerably high proportion of the respective voxel
volume, the mean density within such voxels is medium and result in medium intensity as
well. As an example, a voxel containing approx. 27% voids and 73 % MCC possesses the
same apparent density and consequently, the same intensity as pure, solid IBU and is
segmented as IBU accordingly. Therefore, these voxels are alea .~gmented as IBU. Only in
the case, that the pores inside the MCC have a low ratio to the ‘= xels volume, they fall under
the distribution of intensities, which are assumed to be 'MCC Summing up these cases, there
IS a significant proportion of pores which might w.angly be segmented as IBU. This
challenge can be solved by using a higher resolutio.: Subsequently, the scanned region
decreases in size, which makes the analysis ar.d subsequent conclusions referred to the

microstructure of the whole tablet difficult
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Fig. 10: Porosity difference compared with difference in solid phase concentrations derived from XMT and UV-Vis.

With increasing compaction stress, the porosity decreases, and thus the difference between
€geo and exwit also decreases, resulting in lower volume fractions which are wrongly assigned
to the solid phases. Therefore, the difference between @xyr and @yy_yis decreases as well
(Fig. 10 a). As the porosity decreases, the number of voxels which are erroneously assigned to
the solid phase declines. Simultaneously, the pore size decreases, as shown by MIP, which



both results in apparent densities closer to the respective solid density. This leads to an easier
and therefore higher quality of segmentation of the solid phases, as seen for the tablet
compressed at 200 MPa with an IBU concentration of 50 wt.%.

For the tablets with varying IBU concentration, the volume fractions measured by UV-Vis
@uv-vis are in good accordance to the theoretical solid volume fractions @ineo, €xcept for 15
wt.% (Fig. 9 b). In the 3D images, obtained by XMT, the volume fraction of IBU is again
higher compared to the other two methods. With increasing IBU content, the overestimation
of the IBU concentration decreases from about 4% to about 1%, until the volume fractions are
in good accordance for 25 and 50 wt.% (Fig. 10 b). However, the resulting deviations are
lower than expected regarding the high porosity of about 10%, which is not segmented as
such, but assigned to the solid phases. This could be explair~d 3 small pore sizes, which
arises from the high compaction stress of 200 MPa. Therefore, ~ considerably high ratio of the
pores is expected to be below the resolution of 5.06 um ~.~ Aascribed, small pores inside the
MCC particles or neighboring particles are segmented .~ WMCC, if the proportion of the void
phase in the voxel in question is low enough (< 27 vrl.- 4). Otherwise the voxel is segmented
as IBU, leading to the higher deviation at o IBU concentrations. The geometrically
determined porosity et decreases with incrz>sn.2 IBU concentration. Simultaneously, a rising
share of the void phase is located inside v. un adjoining particles of IBU and are accordingly
segmented as IBU. As a result, the di*ribution of the solid volume fraction is closer to the
one measured by UV-Vis.

However, results for @yy_yis ar! @qheo are based on the examination of whole tablets while
@xur relates to an analysis \lume of (2.53 mm)? multiplied by the tablet height taken from
the middle of the tablet. Tr.orofore, the measured values by UV-VIS may not necessarily
match the exact samc v ''ies yielded by XMT — especially if IBU is not homogeneously
distributed inside the tah’et or due to the density distribution from the center to the edge in
flat-faced tablets [46].

3.2. Structural evaluation of the microstructure in XMT images

In order to get a general impression of the microstructure obtained by XMT, segmented
images for the variation of the compaction stress as well as for the variation of the IBU
content were studied (Fig. 11). The images are 2D vertical cuts through the 3D analysis
volume, and thus, just provide a local impression. In both instances, large clusters of IBU are

observable.



For the images with varying IBU content, clusters were observed at IBU mass concentrations
of 5 wt.% and above. With increasing IBU concentration, the number of clusters tends to rise.
However, the identification of the clusters is more difficult for higher IBU concentrations (i.e.
50 wt.%) as higher contact areas between neighboring clusters of IBU are developed. The
clusters of IBU are most probably results of the powder preparation and insufficient blending
process. IBU was sieved with a mesh size of 1 mm, thus agglomerates with slightly lower
sizes entered the blending process. Due to the low kinetic and shear energy which is induced
by the turbula mixer as well as to the high cohesivity of IBU, the agglomerates were only
slightly dispersed and may reagglomerate. Therefore, they remained in the blend, which was
filled into the dies, and they are found in the segmented images of the tablets — even for low
IBU contents. Furthermore, the IBU clusters in the tablete a > anisometric with larger
dimensions in the horizontal direction and, by that, perpenu.~.ar to the vertically exerted
stress of compaction. This hints at the preferential orientat.~n Jf the clusters during the filling
of the die, the higher compression of such clusters -au.2q the main vertical stress axis, or a
combination of both. The length of connected voxels o. the same phase and its orientation is
discussed in section 4.6.

Besides the IBU distribution, the pores ¢~ be abserved in the cutouts of the images of the
variation of the compaction stress (Fig. 12 feft). With increasing compaction stress, the size
as well as the number of pores identificd by segmentation in the images decrease, as expected.
For the tablet compacted at 200 MFa. nuiizontal cracks can be observed. Both, the large IBU

clusters as well as the observed c'acks will be addressed further in the following.



Journal Pre-proof

Fig. 11: Segmented images of a vertical cut (x-z plane) for: tablets containing 50 wt.% IBU compacted at various compaction
stresses (left) with cut-out magnifications (2™ from left) and tablets with varying IBU content compacted at 200 MPa (right).
Black arrows highlight IBU clusters. Black pixels correspond to pores, white to IBU and red to excipient (MCC). Depiction
of only the pores for the tablet compacted at 200 MPa in a 3D image indicates the occurrence of a horizontal crack (3™ from
left).

3.3. Homogeneity of IBU distribution

XMT enables the localized analysis of the homogeneity within the tablet itself. This is of
special interest as considerable IBU clusters were observed for weight fractions of 5 wt.% up
to 50 wt.% (Fig. 11). Accordingly, the distribution of IBU is examined following the method



described in section 3.5.4 to evaluate the homogeneity. The variation of the compaction stress
shows no clear influence on the IBU distribution at 50 wt.% (Fig. 12 a), as expected. The
results for o, fluctuate between 5 % and 10 %, showing no dependency of the compaction
stress, but indicating a non-uniform IBU distribution on the micro scale.

For the variation of the IBU mass concentration, there is a high discrepancy between the o-
values for 1 wt.% and 5 wt.% (Fig. 12 b) due to the occurrence of large IBU clusters for the
latter (compare Fig. 11). As the overall concentration of IBU increases, the empirical
normalized standard deviation becomes smaller due to the higher IBU concentration in each
volume element. Thus, the difference between the IBU content in volume elements with
clusters compared to the overall content decreases. This dependency of the variation
coefficient on the IBU content is in accordance with literature Aasc:ibing the blending process
in general [47]. The results indicate that the inhomogeneor's Jic'ribution of IBU is mainly a
result of the mixing and the filling process of the die (cf. st~tirn 3.2. & 3.3.). Therefore, these
sub-processes should be carefully designed and imuiemented to achieve the desired 1BU
homogeneity in the tablets.
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Fig. 12: Homogeneity of IBU distribution (a) in relation to compaction stress for 50 wt.% of IBU and (b) in relation to weight
fraction of IBU compacted at 200 MPa.

3.4. Pore size distribution

Considering the amount of porosity detected with XMT, a detailed pore size distribution
including the small pores cannot reasonably be described with the resolution used.
Nevertheless, the pore size distribution of the detected pores can be determined. The analysis
of the pore network helps understanding the mechanical properties of the tablets as well as
linking them to the microstructure. Hence, the pore network is separated into single pores

using the watershed method. The volume of the separated voids is calculated which is



afterwards used to calculate the diameter of a volume equivalent sphere to describe the pore
diameter. A volume frequency distribution — as commonly used for the description of particle
size distributions — is used to present the pore size distribution (Fig. 13). The tablet
compressed at 50 MPa shows high pore diameters and almost no small pores, which can be
related to the challenge to separate the relatively coarse pores correctly. At low compression
stresses, the porosity is high, so the pores are well cross-linked and have comparatively large
bottlenecks between the individual cavities. For the application of the watershed algorithm,
this is a challenge to distinguish the individual pores, resulting in clusters of pores which are
defined to be one pore. The not precise separation of the pores leads to the high proportion of
large void volume for 50 MPa. With rising compression stress up to 150 MPa, the maximum
pore diameter decreases, while the proportion of small pores rises significantly, as expected.
In contrast, the tablet compressed at 200 MPa presents a hioh ~~7ortion of large pores, which
are about the same size as for 50 MPa. They correspond “o e cracks in the tablet found in the
segmented images (Fig. 11). As MIP detects most ruics with a pore diameter considerably
smaller than 5 pm, it is not useful to compare the twe ai_*ributions.
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Fig. 13: Volume frequency distribution of pores determined by XMT, applying watershed method, over the pore diameter.

3.5. Tablet defects

The systematic variation of the compaction stress for an IBU concentration of 50 wt.%
present tablet defects depending on the compaction stress. For the tablet compressed at 200
MPa and an IBU content of 50 wt.%, defects in form of horizontal cracks are observed (Fig.
14 ¢ and 14 d). In contrast, the 3D visualization of the porosity distribution for the tablet
compressed at 150 MPa shows, as expected, a higher porosity compared to 200 MPa but no

cracks are observable (Fig. 14 a and b). In addition, the tensile strength for the tablets



compressed at 200 MPa decreases considerably (Fig. 15 a). The lower strength results from
the microstructure, which is weakened by the crack. As ten tablets are investigated to examine
the strength, cracks seem to occur for several tablets with the same formulation compacted at
200 MPa. These findings can be related to an increased instantaneous elastic recovery at the
maximum applied compaction stress for tablets of pure IBU (n=5) (Fig.15 b). In contrast, the
instantaneous elastic recovery for MCC, as well as for the formulation with 50 wt.% IBU, is
considerably lower. Thus, MCC dominates the behavior concerning the instantaneous elastic
recovery for the blend, Therefore, it is hypothesized that large clusters of IBU lead to high
local stresses due to the differing instantaneous elastic recovery of MCC and IBU, as it is not
able to expand significantly to reduce the elastically stored energy. Thus, the high local
mechanical relaxation stress in normal direction may result in the c~currence of cracks, as the
local contact strength of the neighboring particles for IBU as vzl as for MCC is exceeded.
For the tablets with lower IBU content up to 25 wt.%, ro ~ra_ks are observed in the images.
In addition, although a decreasing trend in tensile st'ei,>tn can be seen with increasing IBU
content, there is no sudden drop and no significantly hiy.er standard deviation below 50 wt.%
(Fig. 15 c). Therefore, up to a certain IBU cor ~rat-ation, MCC seems to be able to build a
linked microstructure, which compensates *~= 1>covery energy of IBU.

Cracks inside tablets were also found by **.u et al. using XMT measurements to investigate
capping on lactose tablets [28,48,49]. The cracks found in these studies, however, display
different local orientation with diago'ia cracks as compared to cracks parallel to the punch
surfaces in our case (Fig. 14 d). n oirder to deeper understand the crack formation, Wu et al.
applied Finite Element Methou ‘FEM)-Simulations to identify the shear stress distribution
inside the tablets. Althouar, th2 shape of the tablets investigated by Wu et al. are more
complex due to con~.~ve niraches, local stresses in the upper part of the flat-faced tablets

might contribute to the er ergence of cracks.
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Fig. 14: Segmented images showing the microstructure of the tablet compressed at (a) 150 MPa and (c) 200 MPa and the
corresponding pores at (c) 150 MPa and at (d) 200 MPa, showing a ‘rack in lateral direction.
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containing 100 and 50 wt.% IBU as well as pure MCC (b) [4], tensile strength for different IBU mass concentrations (c).

3.6.Cord length of the solid phases — insights into the connectivity of the microstructure



The cord length can be interpreted as a measure for the connectivity of the microstructure, as
it describes how many successive voxels in one direction (X, y or z) belong to the same phase.
The higher the cord length, the higher the connectivity of the respective phase in the
respective direction is. The result of the cord length analysis is a distribution for each
direction for the two solid phases IBU and MCC, where Lsp and Lgy are extracted and
discussed below (Fig. 16). The Lso represents the median of the cord length distribution, while
90% of the cord lengths are shorter than Lgo. These representative values result from
interpolations of the discrete distribution. Besides Lso and Lgg, also Lig was considered, at
which 10% of the cord lengths are smaller than Ljo. However, the minimal cord length of 5.06
pum already has a proportion over 10%, thus the Ly is an interpolation between 0 and 5.06
pm. As these values are below the resolution of the XMT u.?y are not displayed and

discussed in the following.
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Fig. 16: Cord length of IBU And . ACC n the microstructure of the tablets with increasing compaction stress: L50 (a), L90 (b).

Generally, the cord lengths (Lsp approx. 12.5um at 50 MPa for IBU and MCC) are
distinctively lower than the particle sizes measured by laser diffraction (MCC Xs5o = 63 um,;
IBU, x50 = 31 um). The lower cord length might result from intraparticular pores. With
increasing compaction stress, the cord lengths of IBU as well as of MCC increase in general
in all three directions. Therefore, the corresponding phases present growing clusters or single
clusters with an increasing connectivity to others due to the compaction stress. The median
value Lsp is mostly independent of direction, whereas Lgy presents lower values in the z-
direction of compaction for both phases. This indicates a narrower cord length distribution in
z-direction. Under the applied stresses, the powder volume is reduced in z-direction, leading

to a rearrangement of particles and deformation of clusters preferably in the horizontal plane



(X, y), resulting in a higher Lgo in x and y direction (Fig. 16 b).A lower Lgo in z-direction,
starting to differ from those of x- and y-direction above 75 MPa, displays that the connectivity
in z-direction is limited and may lead to failure perpendicular to this direction. This is in
accordance with the well-known occurrence of cracks or lamination along the horizontal x-y-
plane as also detected in Fig. 14 d.

In general, the Lo is lower for MCC than for IBU, which can be explained by the generally
higher volume fraction of IBU (58.07 vol.%) and the observed occurrence of clusters of IBU.
In contrast to IBU, the Ls of the cord length of MCC flattens for a compaction stress of 200
MPa, which is in good accordance with the declining tablets tensile strength (Fig. 15 a). The
weakening of the microstructure by the crack at 200 MPa is rerresented here and supports the
hypothesis that the strength mainly results from the connectivit:’ o1 MCC.

However, it has to be considered that the cord length onlv ni2eeats successive voxels of the
same phase, while for the connectivity of a network, anc ti.~re.ore its strength, connections in
all directions (diagonal as well asin x, y and z directin, ar¢ important. Therefore, an analysis
of the tortuosity of the solid phases may present a more ~opropriate method to investigate the
MCC network and connect the information wit *iie tablet strength. Additionally, the limited
resolution of the XMT images has to be ~anidered to result in wrongly segmented solid
phases due to the undetected void volun. =. Nevertheless, the cord length analysis presents
results, which are in good agreement > other observations such as the 1BU clusters and the
tensile strength. Thus, the cord lei.ch-inethod is appropriate for a first evaluation of the
microstructure, provided by XM T, w0 determine the connectivity in combination with the

tablet properties as well as th~ te.sile strength.

4. Conclusion and 2 ttho0!,

In the present study, methodologies for a systematic characterization based on XMT
measurements and image processing were applied to visualize and investigate the
microstructure of tablets consisting of the API Ibuprofen and the excipient microcrystalline
cellulose. Image segmentation of three phases (excipient, API, pores) was performed on
relatively large volumes with a resolution of (5.06 pum)3 of the voxels. This limits the
identification of small pores, which results in an underestimation (50-75%) of the porosity
and an overestimation of the solid phase of the lower density. However, deviations amount to
less than 5%. A higher number of larger pores (approx. 40% of pore volume > 5 um at 100
MPa) are detected by XMT while MIP vyields higher fractions of small pores (> 95% of pore

volume < 5 um at 100 MPa). FIB-SEM however confirmed the existence of both, large and



small pores within the tablets. Accordingly, XMT is a useful tool for determining true internal
pore sizes (instead of bottlenecks), which may in the future, better contribute to the
understanding of tablet strength.

Respecting the necessary size of ROIls, the microstructure can be examined regarding the
distribution and the homogeneity of the IBU. Coarse IBU clusters resulting from
agglomeration in former process steps, such as blending, are visualized and can be interpreted
towards their deformation based on the applied stresses and their connectivity in view of
tablet strength. Such clusters resulted in high values for the empirical standard deviation,
especially for low IBU contents, which may lead to varying contents between the parts of
divided tablets or between different tablets in general. This inhnmogeneity may lead to a high
local stress gradient during the elastic recovery after comnaction due to the differing
instantaneous elastic recovery behavior of the pure substances. v consequence, cracks can be
proved by XMT when they are inconceivable from the takiet surface. However, internal
cracks (at 200 MPa compaction stress) directly coircic~s with a loss of tensile strength. In
addition, cord length analysis was introduced to proviae direction-specific information on the
connectivity of each solid phase, providing arisatropy information and measuring the
deformation of particles (lower cord-lencths ‘n narrower distributions in z-direction) and
stagnation or loss of connectivity at high s:-:ss (200 MPa) connected with internal cracks.
These presented methods can be used as tools to identify critical effects on the quality
attributes of pharmaceutical tablets, sucii as on bond networks, and, by that, supply crucial
information. Prior process steg: like mixing and filling procedures also influence blend
properties (homogeneity anc' u.~ size of particle clusters inside the blend).Therefore, the
distribution and dispersion ¢ 13U and excipient within the tablet structure as well as their
impacts on mechanic:! pooorrties should be analyzed by XMT measurements in more detail
in future studies. Here, di ferent aspects can be considered to obtain images of higher quality.
Thus, a more precise analysis of the phase and especially pore distribution can be conducted.
First, a higher resolution of the resulting image would improve the quality, although the
inspected volume decreases simultaneously. Using tablets with a lower diameter might
contribute to better results as the penetration depth decreases and therefore the reduction of
the X-ray intensity decreases as well, leading to a better intensity resolution. An XMT device
with a higher resolution of the CCD camera would further contribute to better results.
Alternatively, a synchrotron, providing only monochromatic X-ray beams, enables a better
differentiation between different solid densities and thus, between the different phases.
Instead of standard X-ray imaging methods like computed tomography which detect

differences in the intensity after transmitting through the sample, an alternative method called



phase-contrast X-ray imaging or phase-sensitive X-ray imaging can be used. Here, the
contrast-to-noise ratio can be improved using X-ray interferometry, which measures the X-ray
deflection, providing more detailed information about density variations especially to low
densities. Additionally, the segmentation quality would benefit from improved filtering
algorithms.

Using different imaging techniques, like FIB SEM and Raman in parallel, might also be an
interesting approach to gain deeper insight locally into the pore structure and the distribution

of API and excipient.
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