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Abstract: Using microcrystalline cellulose (MCC) with plastic behaviour and calcium phosphate
anhydrous (CaHPO,) with brittle behaviour under compaction is very popular in the pharmaceutical
industry for achieving desirable structural-mechanical properties of tablet formulations. Thus, mix-
tures of specific grades of MCC and CaHPO, were tested in volume proportions of 100-0, 75-25, 50-50,
25-75, and 0-100 at a constant weight-by-weight concentration of sodium stearyl fumarate lubricant,
utilizing a state-of-the-art benchtop compaction simulator (STYL'One Nano). Tablet formulations
were prepared at 100, 150, 250, 350, 450, and 500 MPa, and characterized by tabletability profile,
ejection force profile, proportion-tensile strength relationship, proportion—porosity relationship,
pressure—displacement, and elastic recovery profiles, as well as by in-/out-of-die Heckel plots and
yield pressures. Interestingly, the 25-75 formulation demonstrated a two-stage out-of-die Heckel plot
and was additionally investigated with X-ray micro-computed tomography (uCT). By post-processing
the uCT data, the degree of brittle CaHPOy particles falling apart, along with the increasing com-
pression pressure, was quantified by means of the surface area to volume (S/V) ratio. For the
25-75 formulation, the first stage (up to 150 MPa) and second stage (above the 150 MPa) of the out-of-
die Heckel plot could be attributed to predominant MCC and CaHPO, deformation, respectively.

Keywords: tablets; microcrystalline cellulose; calcium phosphate; Heckel plot; tensile strength;
pressure—displacement profile

1. Introduction

Tablet formulations are one of the most efficient ways of producing pharmaceutical and
nutraceutical products. The blending of two or more components with specific properties
and proportions enables the production of a tablet with desirable properties [1]. Structural—-
mechanical properties of tablets are of particular importance. Mechanical properties can
influence the possibility and quality of further processing, such as coating and packaging,
while structural properties can influence the biopharmaceutical attributes of tablets, such as
the dissolution of the drug. Additionally, during the reverse engineering of generic tablet
development, one of the most important tasks is the de-formulation of the composition
of the original product, as well as the understanding of functions and the behaviour of
excipients upon processing.

Mixtures of plastic and brittle deforming compounds can lead to a positive com-
pactibility interaction [2—-4]. Among the available examples, the combination of plastic
microcrystalline cellulose (MCC) and brittle calcium phosphate (CaHPOy) is well known
and very popular in tablet formulation [4,5]. Both excipients are represented as multiple
grades from multiple manufacturers. MCC grades are different in terms of their size, shape,
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surface area, crystallinity, and moisture content, while CaHPO, can vary regarding its
granular form (as aggregated crystals) [6-11]. The grades and proportions of MCC and
CaHPOy can influence the compression, mechanical properties, and porosity, and thus
the water ingress, disintegration, and drug release of tablets [12-16]. Notably, CaHPO,
is practically insoluble in water, but soluble in diluted acids [6]. Different proportions
and grades with different particle sizes of CaHPOj, can influence the drug release in vitro,
including cone formation [17,18]. Thus, such pH-dependant solubility can influence in vivo
drug release as well. Therefore, the grades and proportions of MCC and CaHPOj, should
be carefully selected, considering both the mechanical and the biopharmaceutical aspects.

In order to better understand the fundamental properties and mutual influence on the
structural-mechanical properties, the single components and binary mixtures of MCC and
CaHPOy, have been investigated. The addition of 25% (w/w) of MCC to CaHPOjy resulted
in an increase in compactibility due to increased densification [2]. A simple relationship
was observed with increasing mass fractions of MCC on the mean yield pressure and elastic
recovery of the compacts. At all force application rates, the mean yield pressure decreased,
while elastic recovery increased with increasing mass fractions of MCC, attributed to the
dominating plastic deformation effect of microcrystalline cellulose [5]. The binary mixture
of MCC and CaHPOy was investigated to determine the relationship between the solid
fraction, compressive stress, and mechanical properties. The plastic deformation was
found to be predetermined by the percolating cluster-forming component [19]. Based on
the compression phase and dwell time (the area—quotient-index) data, the percolation
threshold of CaHPO, in the mixture with MCC was estimated [20].

A properly instrumented tablet press is a technical requirement for performing close
investigation of the tableting process and improving the information-based understanding
of physical processes, along with their consequences on the resulting structural-mechanical
properties of the tablets. Recently, equipment such as compaction simulators containing
high-tech sensors and sophisticated user-friendly software have become more available [21].
This have facilitated reinvestigations of well-known combinations of excipients such as
MCC and CaHPQy, as well as detailed considerations.

The aim of this study was to investigate the tableting behaviour of binary mixtures
of microcrystalline cellulose and calcium phosphate dibasic anhydrous (represented by
CEOLUS™ UF-711 and DI-CAFOS® A60) in different volume ratios at a range of com-
paction forces in order to observe and explain the influence of mixture composition on the
structural-mechanical properties.

2. Materials and Methods
2.1. Materials

Microcrystalline cellulose (MCC) powder (CEOLUSTM UF-711; Asahi Kasei, Tokyo,
Japan; Figure 1A) and calcium phosphate dibasic anhydrous (CaHPOy4; DI-CAFOS® A60;
Budenheim KG, Budenheim, Germany; Figure 1B) were used as primary components for
the binary mixtures, while silica (SYLOID® 244FP; Grace GmbH, Worms, Germany) and
sodium stearyl fumarate (PRUV® ; JRS Pharma, Rosenberg, Germany) were introduced
into the composition as a glidant and a lubricant, respectively. The specific grades of MCC,
CaHPOQ;, silica, and sodium stearyl fumarate were used because of their availability in our
laboratory during the planning of the experiment.

2.2. Microscopy

CEOLUS™ UF-711 and DI-CAFOS® A60 were observed with an optical microscope
(BA410E; Motic, Xiamen, China). The microscope was equipped with a 50 W halogen lamp
and Motic EC-H Plan 4x /0.1, 10x /0.25 and 40x /0.65 objective lenses. The images were
collected by a MoticamProS5 Lite camera controlled by Motic Images Plus 3.0 software.
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Figure 1. Optical microscopy images of CEOLUS™ UF-711 (A) and DI-CAFOS® A60 (B) at magnifi-

cation x40.

2.3. Preparation of Powder Mixtures

The volume ratio was calculated based on the true density of components; formulation
names reflected the MCC-CaHPO, volume ratio. Powder samples (Table 1) were prepared
in accordance with the same multistep procedure. MCC, CaHPQy, and silica were mixed
for 10 min in a double-cone blender (DVC Developer; Comasa, Barcelona, Spain). To ensure
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microscopic homogeneity, the obtained mixture was then gently sieved through a 1.0 mm
mesh size sieve and mixed again for 5 min. In the next step, sodium stearyl fumarate was
sieved (through a 0.5 mm mesh size sieve) and then added to the premix, which then was
mixed for 2 min. The obtained mixture was sieved through a 1.0 mm mesh size sieve and
mixed again for 2 min.

Table 1. Mixture and tablet compositions.

Ingredients
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mg/mm3 wlw Volume, %

CEOLUS ™ yF-711

1.586 0.977 0.608 0.346 0.151 0.000 96.9 72.3 47.9 23.8 0.0

DI-CAFOS® A60

2.890 0.000 0.369 0.631 0.826 0.977 0.0 241 479 714 94.6

PRUV® 1.110 0.020 0.020  0.020 0.020 0.020 2.8 34 4.0 45 5.0
SYLOID® 244FP 2.200 0.003 0.003 0.003 0.003 0.003 0.2 0.3 0.3 0.3 04
Y - 1.000 1.000 1.000 1.000 1.000 100.0 100.0 100.0 100.0 100.0
Calculated

true density

- 1.578 2.060 2.401 2.655 2.852

2.4. Preparation of Tablets

Powder mixtures were tableted with 11.28 mm flat punches to obtain a target mass
of 500 mg using a STYL’One Nano (Medelpharm, Beynost, France) compaction simulator.
Compression cycles simulated a small rotary press with a turret diameter of 180 mm,
precompression roll diameter of 44 mm, angle between rollers of 65 degrees, compression
roll diameter of 160 mm, angle between main compression and beginning of compression
ramp of 60 degrees, angle of ejection ramp of 20 degrees at a simulated tableting speed
of 70 rpm (maximum for STYL'One Nano), pre-compaction force of 5 kN (50 MPa), and
compaction force of 10-50 kN (100-500 MPa). Powder-feeding into the die was performed
automatically via the feed shoe [22].

2.5. Tablet Hardness Measurement and Tensile Strength Calculation

The tablet height (t), diameter (d), and tablet crushing strength (hardness or breaking
force, F) were measured (n = 10) using a tablet tester (ST50 WTDH; SOTAX AG, Aesch,
Switzerland) immediately after compaction. The radial tensile strength (r, MPa) was
calculated by employing the following equation [23]:

2F
T adt M

2.6. Calculated True Density

The calculated true density of the tablet composition was obtained based on the
pycnometric density (o¢) of MCC (1.586 g/cm?) [7,24], calcium phosphate dibasic anhydrous
(2.890 g/cm?) [6], sodium stearyl fumarate (1.110 g/cm3) [25], silica (2.200 g/cm?) [26], and
their shares (x, w/w), using the additive methodology and the following equation [27]:

ot = (Pexc 1 X Xexc 1) + (Pexc 2 X Xexc 2) + -+ (paxci X Xexc i)
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2.7. Apparent Density, Porosity, and Solid Fraction Calculation

The relative volumes and densities of the tablets were determined after ejection from
the die. The apparent density (p,) of the tablets was calculated as the ratio of tablet weight
(wyqp) and volume of cylinder using the following equation:

pg = —tab 2)

The solid fraction (SF) and porosity (¢) of the tablet was calculated using the following
equations [28]:

_Pa_ g
SF o (1—e¢) 3)
P
e o (1— SF) (4)

2.8. Heckel Plot Construction

The in-die Heckel plot—the relative density In(1/¢)—was calculated using Alix soft-
ware version 20220711 (Medelpharm/Korsch, Berlin, Germany) [29]. The relative den-
sity and compaction pressure (P, MPa) data were plotted in accordance with the Heckel
equation [30]:

In(1/e) =KxP+In(1/eg) =Kx P+ A (5)

where K is the slope of the linear region (the proportionality constant) and In(1/¢) is a
constant, A, which represents the degree of packing (at porosity ¢y) achieved at low pressure
because of the rearrangement process before an appreciable amount of interparticle bonding
takes place. For the out-of-die Heckel plot, the relative density /n(1/¢) was calculated based
on the ejected tablet volume and calculated porosity (¢) for every compaction pressure
(n =10). For all formulations, the linear region was chosen as between 100 and 150 MPa,
while for F 25-75 and F 0-100, the linear region between 250 and 450 MPa was analysed. Py
was calculated in accordance with Hersey and Rees, using the following equation [31]:

(6)

2.9. Elastic Recovery

The elastic recovery (ER) was computed as a percentage of tablet recovery based on
the tablet height after ejection (fgjecteq) and the in-die minimum thickness (h;,_4ie) [29], using
the following equation:
hejected — Rin—die

ER,% =
hin—die

x 100% ()

2.10. X-ray Micro-Computed Tomography (uCT) of Tablet Samples

A small piece of the tablet (approximately 5 mm?) was broken off and scanned using
a 3D Micro X-ray CT Scanner (CT Lab HX; Rigaku Corp., Tokyo, Japan) at 70 kV with a
current of 50 nA, focus set on S, and with no filter. Scan acquisition settings were 5 FOV,
long geometry, high-resolution scan mode, and super high image resolution (68 min scan
time). Tablet CT scan images were exported as DCM files and processed with dragonfly
software (Dragonfly version 2022.2.0.1409; Object Research Systems (ORS) Inc., Montreal,
QC, Canada). From these scans, a representative 3D-section of tablet sample internal
volume was isolated using the “masking with cylinder” tool. Briefly, a cylindrical piece
of the 3D image inside tablet volume was isolated from the whole 3D image. The image
piece was then split into three regions of interest (ROI) by selecting regions in the voxel
intensity histogram. First, the CaHPO, particles (because of the high contrast); second the
non-CaHPOy space, which consisted of MCC, other excipients, and air; and third, the whole
space (first and second). The volume percentage of CaHPO, particles and the non-CaHPO,
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space was calculated against the whole space ROI. The surface area of CaHPO, particles
was calculated using the Lorensen algorithm and normalized for each sample by dividing
by the volume of the masking cylinder. Based on the CT method used, the radiographic
projections were combined to construct 2D sections of the tablet sample, followed by the 3D
sample reconstruction. The final images were composed of voxels with different grey levels
corresponding to different density values [32]. The adjustment of grey levels influenced
the determined volume of CaHPOy, but was used identically for all processed samples.

3. Results and Discussion

Deformation upon tableting can surely be considered volumetric deformation, which
refers to the dependence of the compression behaviour on the volume ratios of the compo-
nents. The volume fractions of single components in the binary mixture, along with their
mechanical properties, should predetermine the deformation of binary mixtures and result
in the mechanical properties of tablets. Under compaction, the volume of tablet constituents
approaches its true volume. Therefore, after compaction, the volume of components is
relatively close to their true volume. Thus, the effect of the volume ratio of components
(calculated based on the pycnometric density of single components) on the deformation
upon tableting and mechanical properties of the tablets was of interest, and was used in
the formulations to achieve specific MCC and CaHPO, proportions (Table 1). The increase
in the CEOLUS™ UF-711 fraction decreased the flowability of the powder mixture; thus, a
fixed weight-by-weight concentration of glidant was added to every formulation. At the
same time, the weight-by-weight concentration of lubricant sodium stearyl fumarate was
kept constant across all formulations. This resulted in the increases in glidant and lubricant
volume shares, along with the increase in high true-density CaHPOy proportions. How-
ever, the lubricant amount was justified by the tablet ejection force profile (Figure 2B): at
compression pressures up to 300 MPa, the ejection pressure was not higher than 3 MPa [33].

B

Tabletability

Ejection pressure profile
—=—F 0100 |
—~—F 25-75
4 —o—F 50-50
——F 7525 |
—o0—F1000 |

Ejection pressure, MPa

50

150 250 350 450 550 50 150 250 350 450 550

Compaction pressure, MPa Compression pressure, MPa
Figure 2. Tablet tensile strength (A) and tablet ejection pressure (B) as functions of compression pressure.

The tensile strength of the MCC formulation (F 100-0) increased along with the com-
pression pressure in the range of 100-450 MPa, although increasing the compression
pressure from 450 to 500 MPa did not increase the tensile strength further (Figure 2A). At
the same time, the CaHPO,4 formulation (F 0-100) demonstrated an almost linear increase in
tablet tensile strength from 100 to 500 MPa. At each compression pressure, the tablet tensile
strength of the MCC formulation was significantly higher than the tensile strength of the
CaHPO4 formulation. The decrease in MCC content in the formulation was accompanied
by a decrease in tablet tensile strength (Figure 2A), and was in agreement with the available
literature data [5].
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Based on the assumption that the hardness of a tablet reflects the bonding that occurs
upon tableting [1], the MCC cohesion could be concluded to be higher than MCC-CaHPO,
adhesion, which itself is higher than CaHPO, cohesion. Nevertheless, the intermolecu-
lar forces could be filtered out by the lubricant film [34-36]. Thus, the possible effect of
the lubricant on the bonding efficiency cannot be ignored. DI-CAFOS® A60 has a lower
apparent specific surface area compared with CEOLUS™ UF-711 (Figure 1), accompa-
nied by a lower specific volume of DI-CAFOS® A60 because of its higher true density
(2.890 vs. 1.586 g/cm?, respectively; Table 1). This makes it more susceptible to an increase
in lubricant content. In other words, in addition to comparably lower CaHPO, cohesion,
at a lower specific surface area, the effect of the same amount of lubricant on decreasing
the tensile strength is more pronounced. However, even at an increased volume share
of lubricant, an increase in CaHPO, volume share and compression force resulted in an
increase in the ejection force (Table 1, Figure 2B).

Usually, 300-500 MPa is the highest pressure level for pharmaceutical tableting [37].
For a successful formulation window, 300 MPa is widely considered the maximum allow-
able compression pressure for shaped tooling; 2 MPa is widely considered the minimum
acceptable tensile strength of tablets to comply with both pharmacopeial requirements
and downstream processing [33]. The abovementioned maximum allowable compression
pressure for shaped tooling and the minimum acceptable tensile strength are depicted as
vertical and horizontal red lines, respectively (Figure 2A). Thus, from the practical point
of view, at conditions simulating a small rotary press at 70 rpm, the F 0-100 CaHPO4
formulation could only yield desirable tablet tensile strength at a compression pressure of
350 MPa, while the F 25-75 mixture demonstrated this at more than 150 MPa. At the same
time F 50-50, F 75-25, and F 100-0 could yield a desirable tablet tensile strength even at a
relatively low compression pressure of 100 MPa (Figure 2A).

Upon the application of compaction pressure, the decrease in porosity increases the
contact area, bonding, and tensile strength. However, the ability of ingredients and their
mixtures to decrease porosity as a function of pressure is different and can be characterized
by the mean yield pressure. Interestingly, the component proportion-tensile strength
profiles obtained at all compaction pressures in the range of MCC volume shares from
25% to 75% showed an almost linear relationship (Figure 3A), where the tensile strength
increased along with the MCC content and compression pressure. In the same MCC
volume share range, the proportion—porosity profiles also demonstrated an almost linear
relationship (Figure 3B), where the porosity reduced along with the MCC content and
compression pressure. The non-linear relationship in the range of MCC volume shares
from 0% to 25% and from 75% to 100% could be attributed to percolation thresholds of
CaHPO,4 and MCC, respectively (Figure 3).

The proportion—porosity relationship (Figure 3B) can be utilized to explain how the
tablet’s tensile strength (Figure 3A) is controlled by density. This is because the powder can
no longer be compacted further beyond a certain compaction pressure. In contrast to the
compression pressure range of 100-350 MPa, a relatively small change in porosity resulted
in a relatively small change in tensile strength at 350-500 MPa (Figure 3B vs. Figure 3A).

In-die pressure-displacement profiles reflected the difference in the true density of
formulations. To apply the same preset compression pressure to CaHPO,-rich formulations,
the distance between the punches should be smaller, resulting in tablets being thinner
because of the higher true CaHPO, density compared with MCC (Figure 4A). In addition to
the decreasing MCC portion and the increasing CaHPO, portion, the in-die yield pressure
of formulations gradually increased from 94 MPa (F 100-0) to 350 MPa (F 0-100) (Figure 4B).
As far as in-die yield pressure can be used as an indicator of material plasticity [38], the
plasticity of formulations expectably increased from the CaHPO, formulation to the MCC
formulation (from F 0-100 to F 100-0, respectively). Considering the measured values
for formulations with MCC-CaHPO, combinations, their in-die yield pressure cannot be
predicted by additive methodology (such as the calculated true density) based on the in-die
yield pressures of F 0-100 and F 100-0.
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A B
14, Proportion—Strength relationship Proportion—Porosity relationship
—o— 500 MPa
12| —e—450MPa
0.35
—o— 350 MPa
E 10 4 —o0—250MPa
s | ——150mPa -
o
_s* . —e— 100 MPa g
o | 2025
o
o c
= 6
= 6 4
o
ﬁ —e— 100 MPa
< 41 0151 ——150MPa
[ —o—250MPa
2 4 —o— 350 MPa
—o— 450 MPa
0 005 L —"— 500 MPa
5 20 45 70 95 5 20 45 70 95
MCC content, % (v/v) MCC content, % (v/v)
Figure 3. Tensile strength as a function of the MCC content—proportion-tensile strength relationship
profiles (A) and porosity as a function of the MCC content—proportion—porosity relationship profiles
(B; for clarity, error bars at 500 MPa are highlighted in red).
A 5 . -di
Pressure-displacement profile 3 In-die Heckel plot
—F 100-0
E, —F 50-50
< —F 25-75
o ——F 0-100
£
(]
o
S
a3
k7] ——F 100-0; Py= 94.4 3.4 MPa
= —F 50-50; Py= 158.4 6.2 MPa
—— ——F 25-75; Py=191.8 7.1 MPa
\ ——F 0-100; Py= 350.1 +12.9 MPa
2 04
0 100 200 300 400 500 0 100 200 300 400 500
Compression pressure, MPa Compression pressure, MPa
C Elastic recovery D Out-of-die Heckel plot
12
3 —o0—F 1000 ——F 75-25 s
P —o—F 5050 —=—F 25-75 1
S —a—F 0-100 =
o ]
9 has
e £
2
@
ot ~5—F 100-0; Py= 106 MPa
w —o—F 75-25; Py= 250 MPa
—o—F 50-50; Py= 323 MPa
—2—F 25-75; Py=179 & 833 MPa
, 08 —a—F 0-100; Py= 434 & 833 MPa
50 150 250 350 450 ) 150 250 350 450
Compaction pressure, MPa Compaction pressure, MPa

Figure 4. In-die pressure-displacement profile (A), in-die Heckel plot for F 100-0, F 50-50, F 25-75,
and F 0-100 formulations (B), elastic recovery (C), out-of-die Heckel plot for F 100-0, F 75-25, F 50-50,
F 25-75, and F 0-100 formulations (D).
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As expected, after ejection from the die, the increase in the MCC portion increased the
value of elastic recovery (Figure 4C). F 100-0, F 75-25, and F 50-50 demonstrated increases
in elastic recovery values with the increase in compaction pressure. The elastic recovery
profile of F 0-100 had relatively large standard deviations, while F 25-75 had a comparably
complex shape, and the elastic recovery of F 25-75 and F 0-100 also increased along with
the compaction pressure.

The difference between in-die and out-of-die tablet densities depends on elastic recov-
ery. In accordance with the out-of-die Heckel plot (and in agreement with the in-die Heckel
plot), the out-of-die yield pressure of the MCC formulation (F 100-0) was the smallest,
equalling 106 MPa, while the out-of-die yield pressure of the CaHPO,4 formulation (F 0-100)
was the highest, equalling 434 MPa (Figure 4D). Interestingly, being surrounded with F
50-50 (Py = 323 MPa) and F 0-100 (Py = 434 MPa), the F 25-75 (Py = 179 MPa) formula-
tion did not follow the sequence of the out-of-die yield pressure increases along with the
CaHPO; proportion increase. However, the angle of the first part of the curve was close
to that of the MCC formulation (F 100-0), while the rest of the curve was parallel to the
CaHPO, formulation (F 0-100). This similarity was supported by the same Py (833 MPa)
for the compared 250-450 MPa compression pressure range (Figure 4D). Thus, it can be
proposed that the densification of F 25-75 was predetermined by MCC (despite the low
MCC portion) in the compaction pressure range of 100-150 MPa, and dictated by CaHPO,
(Figure 5) in the compaction pressure range of 150-500 MPa.

—— F 25-75; out-of-die Heckel plot
------- Py= 179 MPa
— — — Py=833 MPa

1.8 -

w

=

£

0.8

50 150 ) 250 350 450
Compaction pressure, MPa

Figure 5. F 25-75 formulation: out-of-die Heckel plot.

The F 25-75 formulation was investigated more thoroughly. After the ejection of the
tablet (out-of-die vs. in-die), the volume share of components in the apparent tablet volume
decreased due to the elastic recovery. At 100, 150, and 250 MPa and even higher compaction
pressures, the calculated volume share of CaHPO, comprised 0.471, 0.526, and 0.568, and
higher in-die values, as well as 0.450, 0.505, and 0.542, and higher out-of-die values,
respectively (Figure 6A, Table 2). The calculated CaHPO, volume share increased along
with the increase in compression pressure, and the same trend was observed for the uCT
measured CaHPO, volume share (Figure 6A vs. Figure 6B). Despite the MCC-like out-of-die
Heckel plot profile in the compaction pressure range of 100-150 MPa, the uCT investigation
showed the increase in surface area to volume (S/V) ratio (100 vs. 150 MPa; Figure 6B),
witnessing the fracture of CaHPOy particles along with the increase in compaction pressure
from 100 to 150 MPa. The subsequent compaction pressure of 250 MPa further increased
the CaHPO4 S/V ratio, witnessing the further fracturing /brittle deformation of CaHPO,
particles (Figure 6B). Nevertheless, despite the decreases in the logical sequence of the



Pharmaceutics 2024, 16, 362

10 of 14

CaHPOy4 volume share and the visual CaHPOy particle size (Figure 7, Supplementary
Materials), the CaHPO,4 S/V ratio value at 450 MPa unexpectedly turned out to be too low
(Figure 6B). The authors considered the S/V ratio of CaHPO, at 450 MPa to be wrong and
predetermined with the limitations of the pCT settings.

A
F 25-75

06 -

05 ——in-die CaHPO,
3 —<o>— out-of-die CaHPO4
< —a—indie MCC &
5 04 1

. —o— out-of-die MCC &

©
g —e—in-die pores
E 03 —o— out-of-die pores

02 -

01 . . . v .

50 150 250 350 450 550
Compression pressure, MPa
B
80 - F 25-75
™
£
& 75 X
£
£
g X X
= 70
B
>
D g5 .
<
O
o
s X
S 60
Q2
°
S 55 -
5
(@)
50 ; , r . ,
50 150 250 350 450 550

Compression pressure, MPa

Figure 6. F 25-75 formulation: calculated volume shares of tablet constituents at different compression
pressures based on the in-die and out-of-die tablet dimensions (A); out-of-die surface/volume ratio
of tablets prepared at different compression pressures based on the uCT measurements (B).



Pharmaceutics 2024, 16, 362 11 of 14

Figure 7. F 25-75 formulation: pCT scan of the piece of the tablet prepared at compression pressures
of 104 MPa (A) and 454 MPa (B). Three-dimensional reconstruction videos of F 25-75 based on the
uCT measurements are available in the Supplementary Materials.
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Table 2. F 25-75 formulation: calculated volume shares of tablet constituents based on the in-die and
out-of-die tablet dimensions at different compression pressures.

Compression Pressure (MPa)

Volume Shares of 104 146 251 423 454 498

CaHPO, 0.471 0.526 0.568 0.611 0.617 0.621

% MCC and the other excipients 0.189 0.211 0.228 0.245 0.248 0.249
5 porosity 0.340 0.264 0.204 0.144 0.135 0.130
Y 1.000 1.000 1.000 1.000 1.000 1.000

° CaHPO4 0.450 0.505 0.542 0.574 0.579 0.581
i.‘; MCC and the other excipients 0.180 0.203 0.218 0.230 0.232 0.233
-§ porosity 0.370 0.292 0.240 0.196 0.188 0.185
° Y 1.000 1.000 1.000 1.000 1.000 1.000

4. Conclusions

Formulations of MCC-CaHPO, with volume share proportions of 100-0, 75-25, 50-50,
25-75, and 0-100, and their respective lubricant volume shares of 2.8, 3.4, 4.0, 4.5, and 5.0
were investigated. The simultaneous increases in both the lubricant volume share and the
CaHPOy volume share were justified by the ejection force profile. Next to the decrease in
the MCC volume share, the decrease in the tablet tensile strength was observed, which can
be partially explained by the increase in the lubricant volume share. For all formulations,
upon the increase in compression pressure, decreases in porosity and increases in tensile
strength were shown. At an MCC volume share range of 25% to 75%, the increase in
tensile strength and the decrease in porosity fraction was observed in a linear manner.
The F 25-75 formulation demonstrated a complex elastic recovery profile and two-stage
out-of-die Heckel plot. The first stage could be attributed to predominant MCC; the
second stage could be attributed to CaHPO,4 deformation. The level of brittle deformation
of CaHPOy in the F 25-75 formulation in the compression force range of 100-250 MPa
was additionally illustrated using the uCT method. In this investigation, the compaction
simulator was shown to be a powerful tool for the deep and detailed investigation of
composition variables, the compaction process, and their effect on the properties of the
resulting tablets. The investigation of the combinations of different MCC and CaHPO,
grades can be considered a potential direction for future work.

Supplementary Materials: Three-dimensional reconstruction videos of F 25-75 based on the uCT
measurements are available through the following links: sample of tablet compressed at 104 MPa,
https:/ /youtu.be/TjBvCZMOKk30 (accessed on 26 February 2024); sample of tablet compressed
at 146 MPa, https://youtu.be/3bLDvqOYWHM (accessed on 26 February 2024); sample of tablet
compressed at 251 MPa, https:/ /youtu.be/ TRUuYbWZVIE (accessed on 26 February 2024); sample
of tablet compressed at 454 MPa, https:/ /youtu.be/hb_BvkQS4WA (accessed on 26 February 2024).

Author Contributions: Conceptualization—V.M.; methodology—V.M.; investigation—A.P., O.R., L.L.
and V.M,; data curation—V.M. and A.P; formal analysis—V.M.; writing—original draft preparation—V.M.;
writing—review and editing—A.P, O.R.,, LL. and VM., visualization—V.M. and A.P;
supervision—V.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The first/correspondence author would like to thank Andriy Dashevskiy (Freie
Universitét Berlin, Germany) for their meaningful and helpful scientific discussions on this topic. In
addition, we would like to acknowledge the following people and their organizations for support of
this project: Julia Shmyrova and Kenji Obata (Asahi Kasei Europe GmbH, Diisseldorf, Germany) for


https://youtu.be/TjBvCZMOk3o
https://youtu.be/3bLDvqOYWHM
https://youtu.be/TRUuYbWZVIE
https://youtu.be/hb_BvkQS4WA

Pharmaceutics 2024, 16, 362 13 of 14

providing the MCC powder CEOLUS™ UF-711; Tristan Hessberger (Budenheim KG, Budenheim,
Germany) for providing DI-CAFOS® A60; Joachim Quadflieg (Grace GmbH, Germany) for providing
SYLOID® 244FP; Mahasti Nourshargh (Rettenmaier UK Ltd., England, UK) for providing PRUV®;
and Davids Vardanjans (Armgate SIA, Riga, Latvia) for providing pCT training. Furthermore, we
want to thank our colleagues Kirils Kukuls and Zoltan Mark Horvath for obtaining the data with
the compaction simulator and improving the written English of this work, respectively. The authors
acknowledge the access to the infrastructure and expertise of the BBCE Baltic Biomaterials Centre
of Excellence (European Union Horizon 2020 research and innovation programme, under grant
agreement No. 857287).

Conflicts of Interest: No potential competing interest was reported by the authors.

References

1. Fell, J.T. Compaction Properties of Binary Mixtures. In Pharmaceutical Powder Compaction Technology; Alderborn, G., Nystrom, C.,
Eds.; Marcel Dekker, Inc.: New York, NY, USA, 1996; pp. 501-515.

2. Vromans, H.; Lerk, C.F. Densification properties and compactibility of mixtures of pharmaceutical excipients with and without
magnesium stearate. Int. J. Pharm. 1988, 46, 183-192. [CrossRef]

3. Al-Ibraheemi, Z.A.M.; Anuar, M.S,; Taip, ES.; Amin, M.C.L; Tahir, $.M.; Mahdi, A.B. Deformation and Mechanical Characteristics
of Compacted Binary Mixtures of Plastic (Microcrystalline Cellulose), Elastic (Sodium Starch Glycolate), and Brittle (Lactose
Monohydrate) Pharmaceutical Excipients. Part. Sci. Technol. 2013, 31, 561-567. [CrossRef]

4. Zakowiecki, D.; Edinger, P; Papaioannou, M.; Hess, T.; Kubiak, B.; Terlecka, A. Exploiting synergistic effects of brittle and plastic
excipients in directly compressible formulations of sitagliptin phosphate and sitagliptin hydrochloride. Pharm. Dev. Technol. 2022,
27,702-713. [CrossRef]

5. Garr, ].5.M.; Rubinstein, M.H. The effect of rate of force application on the properties of microcrystalline cellulose and dibasic
calcium phosphate mixtures. Int. ]. Pharm. 1991, 73, 75-80. [CrossRef]

6.  Moreton, R.C. Calcium Phosphate Dibasic Anhydrous. In Handbook of Pharmaceutical Excipients, 5th ed.; Rowe, R.C., Sheskey, PJ.,
Owen, S.C., Eds.; Pharmaceutical Press and American Pharmacists Association: London, UK; Grayslake, IL, USA, 2006.

7. Galichet, L.Y. Cellulose Microcrystalline. In Handbook of Pharmaceutical Excipients, 5th ed.; Rowe, R.C., Sheskey, PJ., Owen, S.C,,
Eds.; Pharmaceutical Press and American Pharmacists Association: London, UK; Grayslake, IL, USA, 2006.

8. Zhao, H.; Shi, C; Zhao, L.; Wang, Y.; Shen, L. Influences of different microcrystalline cellulose (MCC) grades on tablet quality and
compression behavior of MCC-lactose binary mixtures. J. Drug Deliv. Sci. Technol. 2022, 77, 103893. [CrossRef]

9. Haware, R.V,; Bauer-Brandl, A ; Tho, I. Comparative evaluation of the powder and compression properties of various grades and
brands of microcrystalline cellulose by multivariate methods. Pharm. Dev. Technol. 2010, 15, 394-404. [CrossRef]

10.  Zhao, H.; Zhao, L.; Lin, X.; Shen, L. An update on microcrystalline cellulose in direct compression: Functionality, critical material
attributes, and co-processed excipients. Carbohydr. Polym. 2022, 278, 118968. [CrossRef]

11.  Schmidt, P.C.; Herzog, R. Calcium phosphates in pharmaceutical tableting. 2. Comparison of tableting properties. Pharm. World
Sci. 1993, 15, 116-122. [CrossRef]

12.  Ekmekciyan, N.; Tuglu, T.; El-Saleh, F.; Muehlenfeld, C.; Stoyanov, E.; Quodbach, ]J. Competing for water: A new approach to
understand disintegrant performance. Int. J. Pharm. 2018, 548, 491-499. [CrossRef]

13. Johansson, B.; Alderborn, G. The effect of shape and porosity on the compression behaviour and tablet forming ability of granular
materials formed from microcrystalline cellulose. Eur. |. Pharm. Biopharm. 2001, 52, 347-357. [CrossRef]

14.  Sun, C.C. Decoding Powder Tabletability: Roles of Particle Adhesion and Plasticity. J. Adhes. Sci. Technol. 2012, 25, 483-499.
[CrossRef]

15.  Thoorens, G.; Krier, F.; Rozet, E.; Carlin, B.; Evrard, B. Understanding the impact of microcrystalline cellulose physicochemical
properties on tabletability. Int. . Pharm. 2015, 490, 47-54. [CrossRef] [PubMed]

16. Skelbaek-Pedersen, A.L.; Al-Sharabi, M.; Vilhelmsen, T.K.; Rantanen, J.; Zeitler, J.A. Effect of particle size and deformation
behaviour on water ingress into tablets. Int. . Pharm. 2020, 587, 119645. [CrossRef] [PubMed]

17.  Wagner, M.; Hess, T.; Zakowiecki, D. Studies on the pH-Dependent Solubility of Various Grades of Calcium Phosphate-based
Pharmaceutical Excipients. J. Pharm. Sci. 2022, 111, 1749-1760. [CrossRef] [PubMed]

18.  Arnold-Lockwood, E.; Sproston, K.E.; Kraus, D.; Brady, A.S. The Impact of Formulation on Dissolution Coning: Supporting
Development of a Classification System and Predictive Tool. Br. J. Pharm. 2023, 8, 1348. [CrossRef]

19. Holman, L.E. The compressibility of pharmaceutical particulate systems. An illustration of percolation. Int. J. Pharm. 1991, 71,
81-94. [CrossRef]

20. Schmidt, P. Compression force/time-profiles of microcrystalline cellulose, dicalcium phosphate dihydrate and their binary
mixtures—A critical consideration of experimental parameters. Eur. ]. Pharm. Biopharm. 1997, 44, 303-313. [CrossRef]

21. Bourland, M.E.; Mullarney, M.P. Compaction Simulation. In Pharmaceutical Dosage Forms: Tablets—Unit Operations and Mechanical

Properties, 3rd ed.; Augsburger, L.L., Hoag, S.W., Eds.; Informa Healthcare USA, Inc.: New York, NY, USA, 2008; Volume 1.


https://doi.org/10.1016/0378-5173(88)90076-2
https://doi.org/10.1080/02726351.2013.785451
https://doi.org/10.1080/10837450.2022.2107013
https://doi.org/10.1016/0378-5173(91)90102-T
https://doi.org/10.1016/j.jddst.2022.103893
https://doi.org/10.3109/10837450903262041
https://doi.org/10.1016/j.carbpol.2021.118968
https://doi.org/10.1007/BF02113939
https://doi.org/10.1016/j.ijpharm.2018.07.025
https://doi.org/10.1016/S0939-6411(01)00186-2
https://doi.org/10.1163/016942410X525678
https://doi.org/10.1016/j.ijpharm.2015.05.026
https://www.ncbi.nlm.nih.gov/pubmed/25981619
https://doi.org/10.1016/j.ijpharm.2020.119645
https://www.ncbi.nlm.nih.gov/pubmed/32679259
https://doi.org/10.1016/j.xphs.2021.12.005
https://www.ncbi.nlm.nih.gov/pubmed/34890630
https://doi.org/10.5920/bjpharm.1348
https://doi.org/10.1016/0378-5173(91)90070-5
https://doi.org/10.1016/S0939-6411(97)00129-X

Pharmaceutics 2024, 16, 362 14 of 14

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

STYL'One Nano the Most Advanced Benchtop Tablet Press; Medelpharm SAS: Lyon, France, 2019; Available online: https://www.
pharmaceutical-networking.com/wp-content/uploads/2020/11/The-most-advanced-Benchtop-Tablet-Press-STYLOne-
Nano.pdf (accessed on 26 February 2024).

Fell, J.T.; Newton, ].M. Determination of tablet strength by the diametral-compression test. |. Pharm. Sci. 1970, 59, 688-691.
[CrossRef]

Elsergany, R.N.; Vreeman, G.; Sun, C.C. An approach for predicting the true density of powders based on in-die compression
data. Int. J. Pharm. 2023, 637, 122875. [CrossRef]

Weller, PJ. Sodium Stearyl Fumarate. In Handbook of Pharmaceutical Excipients, 5th ed.; Rowe, R.C., Sheskey, PJ., Owen, S.C., Eds.;
Pharmaceutical Press and American Pharmacists Association: London, UK; Grayslake, IL, USA, 2006.

Owen, S.C. Colloidal Silicon Dioxide. In Handbook of Pharmaceutical Excipients; Rowe, R.C., Sheskey, PJ., Owen, S.C., Eds.;
Pharmaceutical Press and American Pharmacists Association: London, UK; Grayslake, IL, USA, 2006.

Mohylyuk, V.; Bandere, D. High-Speed Tableting of High Drug-Loaded Tablets Prepared from Fluid-Bed Granulated Isoniazid.
Pharmaceutics 2023, 15, 1236. [CrossRef]

Tye, CK,; Sun, C.C.; Amidon, G.E. Evaluation of the effects of tableting speed on the relationships between compaction pressure,
tablet tensile strength, and tablet solid fraction. J. Pharm. Sci. 2005, 94, 465-472. [CrossRef]

User Guide and Reference Manual of Software Alix (PR-W3-002); Medelpharm SAS: Lyon, France, 2020.

Heckel, R.W. Density-pressure relationships in powder compaction. Trans. Metall. Soc. AIME 1961, 221, 671-675.

Fell, J.T.; Newton, ].M. Effect of particle size and speed of compaction on density changes in tablets of crystalline and spray-dried
lactose. J. Pharm. Sci. 1971, 60, 1866-1869. [CrossRef] [PubMed]

Boudina, I.; Rondet, E.; Nezamabadi, S.; Sharkawi, T. Insight into tableted pellets by combining X-ray micro-computed tomogra-
phy and experimental compaction. Powder Technol. 2022, 397, 117083. [CrossRef]

Polak, P; Sinka, I.C.; Reynolds, G.K.; Roberts, R.J. Successful Formulation Window for the design of pharmaceutical tablets with
required mechanical properties. Int. J. Pharm. 2024, 650, 123705. [CrossRef] [PubMed]

Nystrom, C.; Karehill, P.-G. The Importance of Intermolecular Bonding Forces and the Concept of Bonding Surface Area. In
Pharmaceutical Powder Compaction Technology; Alderborn, G., Nystrom, C., Eds.; Marcel Dekker, Inc.: New York, NY, USA, 1996;
Volume 71, pp. 17-53.

Bolhuis, G.K.; Lerk, C.E; Zijlstra, H.T.; De Boer, A.H. Film formation by magnesium stearate during mixing and its effect on
tableting. Pharm. Weekbl. 1975, 110, 317-325.

Gunawardana, C.A.; Kong, A.; Blackwood, D.O.; Travis Powell, C.; Krzyzaniak, J.F.; Thomas, M.; Calvin Sun, C. Magnesium
Stearate Surface Coverage on Tablets and Drug Crystals: Insights from SEM-EDS Elemental Mapping. Int. J. Pharm. 2022,
630, 122422, [CrossRef]

Fuhler, C. Interparticulate Attraction Mechanisms. In Pharmaceutical Powder Compaction Technology; Alderborn, G., Nystrom, C.,
Eds.; Marcel Dekker, Inc.: New York, NY, USA, 1996; pp. 1-15.

Vreeman, G.; Sun, C.C. Mean yield pressure from the in-die Heckel analysis is a reliable plasticity parameter. Int. J. Pharm. X 2021,
3, 100094. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://www.pharmaceutical-networking.com/wp-content/uploads/2020/11/The-most-advanced-Benchtop-Tablet-Press-STYLOne-Nano.pdf
https://www.pharmaceutical-networking.com/wp-content/uploads/2020/11/The-most-advanced-Benchtop-Tablet-Press-STYLOne-Nano.pdf
https://www.pharmaceutical-networking.com/wp-content/uploads/2020/11/The-most-advanced-Benchtop-Tablet-Press-STYLOne-Nano.pdf
https://doi.org/10.1002/jps.2600590523
https://doi.org/10.1016/j.ijpharm.2023.122875
https://doi.org/10.3390/pharmaceutics15041236
https://doi.org/10.1002/jps.20262
https://doi.org/10.1002/jps.2600601223
https://www.ncbi.nlm.nih.gov/pubmed/5158009
https://doi.org/10.1016/j.powtec.2021.117083
https://doi.org/10.1016/j.ijpharm.2023.123705
https://www.ncbi.nlm.nih.gov/pubmed/38110016
https://doi.org/10.1016/j.ijpharm.2022.122422
https://doi.org/10.1016/j.ijpx.2021.100094

	Introduction 
	Materials and Methods 
	Materials 
	Microscopy 
	Preparation of Powder Mixtures 
	Preparation of Tablets 
	Tablet Hardness Measurement and Tensile Strength Calculation 
	Calculated True Density 
	Apparent Density, Porosity, and Solid Fraction Calculation 
	Heckel Plot Construction 
	Elastic Recovery 
	X-ray Micro-Computed Tomography (CT) of Tablet Samples 

	Results and Discussion 
	Conclusions 
	References

