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Abstract

Purpose Although the mechanical properties of paracetamol and MCC are extensively described in literature, there still is a
need for a better understanding of the material properties impacting them. Thus, this study systematically analyzed material
properties of paracetamol-MCC blends to elucidate their influence on the mechanical tablet properties in roller compaction
and direct compression with special focus on surface properties.

Methods Multiple material characteristics of binary mixtures of paracetamol and MCC with varying drug loads were ana-
lyzed, with particular emphasis on specific surface area and surface energy. Subsequently, mechanical tablet properties of
the materials in direct compression and after roller compaction were examined.

Results It was demonstrated that the impact of the initial material properties on mechanical tablet properties prevailed
over the impact of processing route for paracetamol-MCC blends, underlining the importance of material characterization
for tabletability of oral solid dosage forms. By applying bivariate as well as multivariate analysis, key material properties
influencing the tabletability of paracetamol, MCC and its mixtures such as surface area, surface energy, effective angle of
internal friction and density descriptors were identified.

Conclusions This study highlighted the importance of comprehensive assessment of different material characteristics lead-
ing to a deeper understanding of underlying factors impacting mechanical tablet properties in direct compression and after
roller compaction by the example of paracetamol-MCC mixtures with varying drug loads. Furthermore, it was shown that
multivariate analysis could be a valuable extension to common bivariate analysis to reveal underlying correlations of mate-
rial properties.

Keywords direct compression - powder characterization - roller compaction - surface properties - tabletability

Introduction

In order to accelerate the drug product development, it is
essential to understand the properties of the API and their
impact on the processability of a formulation already at
an early stage, as this enables a suitable formulation and a
robust process to be established faster with lower API quan-
tities. For oral solid dosage forms (OSD), a Manufacturing
Classification System (MCS) was proposed as a tool to select
feasible processing routes for an API depending on its pow-
der and particle properties. It was illustrated how the system-
atic characterization of powder properties and identifying
critical material attributes (CMAs) can lower the experi-
Institute of Pharmaceutical Technology mental burden and lead to robust formulation and process
g;‘:u]iisocil\ljéi’zag‘;‘ig‘;g{:ﬁg;‘i;‘il;gné‘g;i;i; development in a time- and cost-efficient manner [1].
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drug products commonly consists to a large extent of excipi-
ents such as fillers, binders, flow additives or disintegrants,
which impact the formulations’ processability as well. In
this study, a systematic analysis of powder and particle
characteristics of binary mixtures with varying drug load of
paracetamol and microcrystalline cellulose (MCC) is pre-
sented to elucidate the impact of initial material properties
on tabletability.

Paracetamol and MCC were explicitly chosen as they
both exhibit a very different mechanical compression behav-
ior which is representative for many pharmaceutical materi-
als as paracetamol is a rather brittle and elastically deform-
ing API with weak compression properties and MCC is as
plastically deforming filler with strong tabletability.

According to the MCS, direct compression and roller
compaction are the two processing routes with the lowest
process complexity, yet with the highest requirements for
the material characteristics compared to the other classes.
In both, the material is exposed to mechanical stress, yet
to a different extent. Furthermore, direct compression and
roller compaction are both important processes for the con-
tinuous manufacturing of oral solid dosage forms [2-5]. For
continuous manufacturing, a controlled process and thus a
deep knowledge of the process and its critical impact fac-
tors is essential. In order to identify these impact factors
and maintain a controlled process, it is therefore especially
important for continuous manufacturing to acquire a thor-
ough understanding of the properties of the materials in the
process. Comparing the paracetamol-MCC powder system
in direct compression and roller compaction in this study
enabled a detailed analysis of the impact of the process on
material properties and consequently how that affects the
mechanical properties during tableting.

A study by Jeon and Betz demonstrated less tableting
speed dependency but a decreased tablet tensile strength of
paracetamol-MCC blends after roller compaction compared
to direct compression, most likely due to loss in plastic-
ity after roller compaction [6]. These results were partially
opposed by a study from Tay, Han, Liew et al. where better
tableting properties of neat paracetamol after roller compac-
tion were attributed to a pre-breakage and partial amorphiza-
tion during the roller compaction process [7]. Another study
by Paul and Sun correlated a high capping tendency with
increasing paracetamol drug load to its higher in-die elastic
recovery and low tensile strength [8]. Although the mechani-
cal properties of MCC and paracetamol are well described
in literature, there still is a scientific gap in understanding
the relationship between mechanical tablet properties in
roller compaction and direct compression and initial powder
properties. This has proven to be a complex topic as multi-
ple powder and particle properties interact with each other
and simultaneously impact mechanical tablet properties [9,
10]. Surface properties such as the specific surface area and
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surface energy are known to strongly impact processability
as the mechanical properties are dependent on interparticle
interactions during tableting [11-13]. Therefore, it is essen-
tial to analyze individual contributions of different powder
properties, and especially surface properties, on tabletability
to identify potential critical powder properties for mechani-
cal tablet properties of PCM and MCC.

Thus, to the best of our knowledge, the present work is
the first systematic analysis of material properties of paracet-
amol-MCC blends with focus on surface properties to elu-
cidate their influence on the mechanical tablet properties in
direct compression and roller compaction. By combination
of bivariate and multivariate analysis of the impact of initial
material properties on the tabletability of paracetamol-MCC
powders and roller compacted materials, underlying correla-
tions were revealed and potential key parameters identified.

Materials and Methods
Materials

Paracetamol (PCM) was acquired from Fagron Services
(Rotterdam, Netherlands) and sieved through a 1.0 mm
sieve using a Turbosieve BTS 100 (L.B. Bohle, Enniger-
loh, Germany). Microcrystalline cellulose (MCC, Vivapur®
101) was supplied by JRS Pharma (Rosenberg, Germany).
In addition to neat paracetamol and MCC, binary powder
blends with 20%, 40%, 60% and 80% drug load were pro-
duced by blending at 12 rpm for 15 min.

Methods
Roller Compaction

Roller compaction of paracetamol, MCC and the blends was
performed with a Mini-Pactor® (Gerteis, Rapperswil-Jona,
Switzerland) using knurled rolls with a diameter of 25 cm
and width of 2.5 cm. Process parameters were set to a spe-
cific compaction force (SCF) of 3 kN/cm, gap width of 3 mm
and roll speed of 1.5 rpm. The Mini-Pactor® was equipped
with an oscillating star rotor and a 1.0 mm sieve for ribbon
granulation.

Roller compaction of neat paracetamol as well as neat
MCC was additionally performed with 9 kN/cm specific
compaction force whereas the other process settings were
kept the same with a gap width of 3 mm and roll speed of
1.5 rpm.

Particle Size Distribution

Particle size distribution (PSD) of powders and roller com-
pacted material was assessed by dynamic image analysis
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using the X-Jet module of the CamSizer X2® (Retsch
GmbH, Haan, Germany) with a dispersing air pressure of
25 kPa. Measurement was conducted in triplicate and sam-
ples were divided with the sample splitter RT 12.5 (Retsch
GmbH, Haan, Germany) before measurement.

Density

The bulk (py,) and tapped (p,) densities were determined with
a Granupack™ (GranuTools, Awans, France) by applying
500 taps and a tapping frequency of 1 Hz. The initial vol-
ume (V,) and volume after tapping (V,) of a powder sam-
ple of known mass (m) were obtained in a steel cylinder.
Bulk and tapped density were calculated as m/V,, and m/V,,
respectively. Powders and roller compacted materials were
measured in triplicate.

Effective Angle of Internal Friction and Flow Function
Coefficient

The effective angle of internal friction (AIFe) and the flowa-
bility as the flow function coefficient (ffc) were determined
by ring shear tester RST-XS (Dietmar Schulze Schiittgut-
messtechnik, Wolfenbiittel, Germany) in triplicate. A normal
preshear stress of 9000 Pa was applied and the samples were
sheared at 1800, 4500 and 7200 Pa consolidation stress.

AlFe and ffc were evaluated according to Jenike [14] with
the RSV 95 software (Dietmar Schulze Schiittgutmesstech-
nik, Wolfenbiittel, Germany) using straight line segments
for regression.

Specific Surface Area & Surface Energy

Inverse gas chromatography was performed with the iGC-
SEA (Surface Measurement Systems Ltd., Alperton, UK) to
measure specific surface area (SSA) and surface energy (SE)
of the powders and roller compacted materials. Data was
analyzed with the SEA Analysis software (Surface Meas-
urement Systems Ltd., Alperton, UK). A sample mass of
approximately 500 mg was packed into silanized glass col-
umns (3 mm inner diameter) and stoppered using silanized
glass wool at both ends. Dead volume was determined by
methane injections. Retention times of probe molecules and
methane were determined using a flame ionization detector
(FID). Samples were conditioned for 60 min at measurement
settings of 30°C, 0% relative humidity and a 10 cm*/min
nitrogen carrier gas flow.

SSA was calculated from the isotherm of physical
adsorption of octane molecules onto the solid’s surface in
the pressure range (p/p0) from 0.05 to 0.35 according to
Brunauer—-Emmett—Teller [15, 16].

Surface energy measurement was performed with the
same sample columns, conditioning settings, temperature,

relative humidity and nitrogen carrier gas flow as used for
the SSA measurement.

According to Fowkes, the total SE (yt) can be divided
into a dispersive and polar contribution [17]. The disper-
sive SE (yd) was determined with a series of alkanes, hep-
tane, octane and nonane, according to the Dorris and Gray
approach, where the contribution of a single methylene
group (CH2) to the Gibbs free energy of adsorption (AG)
is considered [18]. yd of a solid can therefore be calculated
with the following equation.

1 [ —AG™2 \* 1
4ycpn \Na X acpp 4vcmn

V 2
RT X In(~2:1)
N.

n

Ny X acy,

ey
with yqy, as the surface energy of a methylene group, N, as
the Avogadro constant, oy, as surface area of a methylene
group, R as gas constant, T as the temperature and Vy as
the net retention volume of the alkanes with n+1 and n
carbon atoms.
Polar SE (yab) can be divided into a Lewis acid part
(yab,") and Lewis base part (yab,").

yab = 24/yab_Tyab?) 2)

Therefore, yab is determined with a Lewis acidic probe
(chloroform) and a Lewis base probe (ethyl acetate) based on
the polarization approach described by Dong, Brendlé and
Donnet [19] and the Della Volpe scale [20, 21]. yab* and
yab~ is calculated from the polar Gibbs free energy AG of
the two probes with

AG™® =N, x a x 2(\/ yab;yab] + \/ yabTyab?)  (3)

AG?™ is obtained in this approach by plotting RTInV
versus the molar deformation polarization of the probes P,

(Mm x (r* = 1))
P - —_—mm———
P x (P +2) @)

where Mm, r and p, represent the molar mass of the mol-
ecules, the refractive index of the probe and the density of
the probe.

Due to the precise injection volume of the iGC-SEA sys-
tem, a distribution of SE as a function of different surface
coverages can be determined. Ten surface coverages ranging
from 0.015 to 0.2 n/n,, were analyzed. SE values at 0.06 n/
n,, surface coverage are displayed in Table I given that the
trends with drug load and between the two manufacturing
processes are equal for all analyzed surface coverages.

Measurements were performed with n=1, the relative

standard deviation of the SE measurement was shown to be
below 4% [22].
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Scanning Electron Microscopy

Scanning electron microscopy (SEM) using a LEO Gemini
1530 (Carl Zeiss AG, Oberkochen, Germany) was performed
with an acceleration voltage of 5.0 kV and 50 X magnifica-
tion to analyze surface morphology of the materials. Sam-
ples were sputtered with a 10 nm platin coating before meas-
urement to improve electron conductivity.

Tablet Compression

Powders and roller compacted materials were compressed
using a Styl’One Evolution compaction simulator (Medelp-
harm, Beynost, France) with round, flat faced punches with
a diameter of 11.28 mm and a default compression profile
without precompression at 20% compression speed. 25 tab-
lets per powder blend or roller compacted materials were
produced at each compression stress (50, 100, 150, 200, 300
and 400 MPa). A sample mass of 400 mg per tablet was
weighed by Quantos dosing system QB1 (Mettler Toledo,
Columbus OH, USA) with a deviation < 1%. Powders were
filled into the die manually.

Tablet Characterization

Weight, thickness, diameter and breaking force of the tablets
(n=10) were determined using a MultiCheck VI (Erweka
GmbH, Langen, Germany) with a constant tablet breaking
speed of 2 mm/s.

For neat PCM, the tablet breaking force was below the
limit of detection of the MultiCheck and tablet diameter
and breaking force were determined via Texture Analyzer
TA.XTplus (Winopal GmbH, Elze, Germany) with a tablet
breaking speed of 2 mm/s (n = 10). The comparability of the
determined values from MultiCheck and Texture Analyzer
were evaluated in advance. Further information on the set-
tings of the Texture Analyzer and comparability of the meas-
urements by the two devices can be found in Supplementary
Material Al and A2.

Tablet Tensile Strength Diametral tablet tensile strength
(TTS) was calculated according to Fell and Newton [23]:

2XF

Tablet tensile strength = —————
TXdXt

)
with F as the tablet breaking force, d as tablet diameter and
t as tablet thickness.

Tablet Solid Fraction Tablet solid fraction (SF) describes the
non-porous part of the tablet and was calculated using the
following equation with the tablet mass (m) and pycnomet-
ric density of the samples (p,,). Pycnometric density data is
given in Supplementary Material A3.

@ Springer

4xXm

Solid fraction = ————
TXd2XtXpp

(6)
Elastic Recovery In-die compression analysis was per-
formed using the applied compression forces and punch
displacement data (n=10). Elastic machine deformation
was considered.

Total work of compaction (TWC) was defined as the inte-
gral of the force (F) over the distance (dD) covered between
the compact height at start of the force application (D;)) and
at maximum force (D gy,x)) according to Celik and Marshall
[24].

D(Fmax)
TWC = FxdD 7)

D(0)

Elastic recovery work (ERW) was determined by the inte-
gral of the force (F) over the distance (D) covered between
compact height at maximum force (Dgy,y)) and compact
height reached at the end of the compression force (D ¢pg))-

D(end)
ERW = / FxdD (8)

D(Fmax)

With ERW to TWC the percentage ratio ER (%) was cal-
culated as

ER(%) = % x 100 )

Partial Least Square Regression

Partial least square regression (PLS) was applied for a mul-
tivariate analysis of the impact of characteristics of powders
and roller compacted materials on the material’s tableta-
bility. PLS was performed with the Unscambler X 10.5.1.
software (Camo software inc., Magnolia, USA). The mate-
rial properties from Table I were used as input parameters
and TTS at 50, 100, 200, 300 and 400 MPa were used as
response parameters for PLS. All input and result param-
eters were mean centered and unit variance scaled before
partial least square regression. The powders and respective
roller compacted materials of neat MCC, neat paracetamol
and the binary blends with 20%, 40%, 60% and 80% drug
load were included in the model. The NIPALS algorithm
with a maximum of 100 iterations was applied. For internal
validation of the created PLS model, a full cross validation
was performed.

To compare the 3 kN/cm and 9 kN/cm roller compacted
material, additional partial least square regression models
with only neat MCC and PCM powder and 3 kN/cm roller
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compacted material as well as neat MCC and PCM powder
and 9 kIN/cm roller compacted material were created. Except
for the use of TTS at only 100, 200 and 400 MPa as response
parameter, the two models were generated in accordance
with the description given above. The correlation loadings
plots and weighted regression coefficients of these models
can be found in the supplementary material B5-B8.

Results and Discussion

Material Characterization of Powders and Roller
Compacted Materials

Particle size distribution, bulk and tapped density, ffc, the
effective angle of internal friction, SSA and dispersive, polar
and total surface energy of the powders and roller compacted
materials with varying paracetamol content are displayed
in Table I.

Roller compaction is a process often used for particle
size enlargement. This could also be observed for neat MCC
as roller compacted material displayed a much larger par-
ticle size than the powders. However, the difference in par-
ticle size between powder and roller compacted materials
decreased with increasing drug load. In the materials with
drug loads larger than 40% the powders even demonstrated
larger particle size than the respective roller compacted
material. An explanation was found in the well-known
weak compaction properties of the thermodynamically sta-
ble and therefore commercially available polymorph I of
paracetamol [25]. Roller compaction of neat paracetamol
did not lead to the formation of stable granules, which is
why rather the term roller compacted material than granules
was used in this study. Due to its weak compaction proper-
ties, neat paracetamol was rather milled by the compaction
process than granulated, which led to smaller particle size
after roller compaction compared to the initial paracetamol
powder. This was further supported by SEM imaging of the
neat materials before and after roller compaction (Fig. 1),
as much smaller particles and fractured areas were visible
in paracetamol after roller compaction. Therefore, neat par-
acetamol represented a special case in the correlations of
powder properties before and after roller compaction and
mechanical characteristics.

The bulk and tapped density increased with drug load
for powders as well as roller compacted materials. Roller
compaction led to an increase in density for samples with
drug load below 40% paracetamol but to a decrease in den-
sity for drug loads above 40% paracetamol compared to the
powders. This was in alignment with the change in parti-
cle size distribution of the powders and respective roller
compacted materials. In the blends with low paracetamol
content, compacted granules were produced leading to

higher densities than in the respective powders. Opposed
to that, with increasing paracetamol drug load the amount
of grinded and fractured particles after roller compaction
increased, potentially leading to more interlocking of the
particles during pouring or tapping and therefore to lower
densities compared to the powders.

The SSA decreased with increasing drug load for powders
as well as roller compacted materials as MCC demonstrated
the highest SSA and neat paracetamol the lowest SSA. Com-
paring powders with respective roller compacted materials it
was shown that, despite differences in particle size, the spe-
cific surface area of the materials was not strongly impacted
by roller compaction except for paracetamol. With a roller
compaction force of 3 kN/cm a relatively high porosity of
the roller compacted particles could be expected for MCC
and the blends with still intact structures of the primary par-
ticles in the roller compacted agglomerates and thus com-
parable SSA values for the material before and after roller
compaction. This was also shown in previous studies [26].
As mentioned above, neat paracetamol represented a special
case as the material was rather milled than granulated by
the roller compaction process and therefore no porous gran-
ules were formed from primary particles. The resulting size
reduction led therefore in this case to an increase in surface
area compared to the neat paracetamol powder.

The polar, dispersive and total SE decreased with increas-
ing drug load for the powders whereas in the roller com-
pacted materials, the decrease with drug load is only minor
for the polar and total SE, which could be explained as com-
pensation by the increase in polar SE of neat PCM after
roller compaction. As seen in the SSA, the biggest difference
in SE between powder and roller compacted materials was
seen in neat paracetamol, where the polar and consequently
the total SE increased from powder to roller compacted
material. This was likely a result of the fracturing of the
paracetamol particles during roller compaction due to expo-
sure of more polar high energy facets from paracetamol par-
ticle breakage at the weakest attachment energy plane. This
would lead to more polar interaction consequently leading
to higher polar surface energy [27, 28].

The effective angle of internal friction (AIFe) is a
measure for the internal friction in steady-state flow and
is dependent among other things on friction and adhesive
and cohesive forces between particles. Therefore, it can
be an indicator for interparticle interactions [29]. AlFe
decreased with increasing drug load for powders, which
could also be seen in the roller compacted material but to a
much lower extent. For neat MCC and the binary blends no
difference in AIFe was seen between powder and respec-
tive roller compacted material and a similar trend for pow-
der and respective roller compacted materials was also
observed for the surface properties.

@ Springer
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300 um 50 X
SE2 5.00kV  Aufsicht, 10 nm Pt

00408023 300 um 50 X
SE2  5.00kV Aufsicht, 10 nm Pt

MERCK

00408033 300 um 50 X
SE2 5.00kV Aufsicht, 10 nm Pt

00408083 300 um 50 X
SE2 5.00kV  Aufsicht, 10 nm Pt

MERCTK

Fig. 1 Scanning electron microscopy images of (a) MCC powder, (b) roller compacted MCC, (c¢) paracetamol powder and (d) roller compacted

paracetamol at 50 X magnification.

For neat paracetamol however, AlFe increased from
powder to roller compacted material, which again was also
seen for SSA and total SE. Consequently, the span in AlFe
values as well as SSA and vyt in the powders was larger than
in the roller compacted materials. A larger SSA and higher
SE due to milling of PCM during roller compaction likely
increased the friction and adhesive-cohesive forces leading
to higher AIFe in the roller compacted material compared to
the PCM powder. Therefore, milling of PCM during roller
compaction highlighted the relationship between cohesive-
adhesive forces and surface properties such as SSA and SE.

The powders and roller compacted materials were easy
flowing and neat paracetamol powder was even classified
as free flowing. In the powders, ffc increased with drug
load whereas the roller compacted materials demonstrated
comparable flowability. Roller compaction did not improve
flowability and even decreased flowability for samples with
high paracetamol content. The smaller particle size and
higher SSA of the grinded paracetamol after roller compac-
tion leading to higher interparticle interactions would be an
explanation for the worsened flowability after roller com-
paction, and in addition, also for the lower bulk and tapped
density. However, one would have expected an improvement

in the ffc of neat MCC and the low drug load blends due to
the particle size enlargement after roller compaction. The
comparable or reduced flowability of roller compacted MCC
and low drug load blends compared to the powders therefore
highlighted that flowability is not only dependent on particle
size but must be impacted by multiple factors such as the
particle shape and surface roughness. Consequently, roller
compaction does not improve flowability due to particle size
enlargement in all cases as multiple factors impact flow.

It is noteworthy that in most of the investigated material
characteristics, trends observed with drug load evident in
the powder transferred to the roller compacted materials as
well such as in the bulk and tapped density, SSA, and AlFe
and MCC properties often dominated the properties of the
blends. Thus, although these findings are attributed to only
one binary powder system and have to be validated by more
API-excipient combinations, this systematic analysis of the
PCM-MCC binary system already highlights the importance
of initial material properties for formulation and the selec-
tion of excipients with beneficial attributes for the respec-
tive API. Comparing initial powders and roller compacted
materials furthermore enables a systematic comparison of
direct compression and roller compaction.
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Manufacturability of Tablets
Mechanical Tablet Properties

Tablet tensile strength decreased with increasing drug
load for powders and roller compacted materials (Fig. 2).
Already small amounts of MCC strongly impacted the
blend properties and improved tabletability of paraceta-
mol-MCC blends as neat paracetamol did not generate tab-
lets with a sufficient TTS of > 1 MPa for further processing
[30], which highlights the importance of excipient charac-
terization and the impact of excipients on the mechanical
properties of a formulation. Comparing the mechanical
tablet properties in the two processing routes direct com-
pression and roller compaction, it became apparent that
powders and respective roller compacted materials have
comparable tabletability (TTS vs. compression pressure)
for all drug loads and only a slight loss in tabletability
was seen in Fig. 2. As a loss in tabletability due to roller
compaction is strongly dependent on roller compaction
force [31, 32], the comparable tablet properties of pow-
der and respective roller compacted material can mainly
be explained by the relatively low compaction force. The
lower compaction force of 3 kN/cm was chosen as a com-
promise of representative process settings for the plas-
tically deforming, strongly compressible MCC [33-36]
and the prevention of amorphization of brittle, weakly
compressible paracetamol at higher compaction pres-
sures indicated by Jeon ef al. and Tay et al. [6, 7] (Sup-
plementary material A4). However, despite demonstrating
comparable tabletability between powder and respective
roller compacted material, there still was an effect of the
roller compaction process detected for multiple material
properties, as described in 3.1 and shown in Table I. Fur-
thermore, neat PCM and MCC were additionally roller
compacted at higher specific roller compaction forces of
9 kN/cm to validate that the conclusions of this study are

as well applicable at higher roller compaction forces. The
material characteristics and mechanical tablet properties
of the 9 kN/cm roller compacted material are shown and
discussed in detail in the supplementary material B1-B4.

A comparable tablet porosity for powders and their
respective roller compacted materials was shown by their
compactability plots (Supplementary material A5). It was
shown that SF slightly increased with increasing drug load
with the exception of neat PCM in both processes. The ER
(%) at one lower (100 MPa), one medium (200 MPa) and
one higher (400 MPa) compression pressure is exemplarily
displayed in Fig. 3 as the same trends were observed for all
compression pressures except for 400 MPa. With increas-
ing drug load, ER% increased with drug load in both pro-
cesses as neat MCC has the lowest and neat PCM the high-
est ER% values. High ER% is often associated with tablet
defects which again illustrated the weak compaction prop-
erties of paracetamol and the improvement of its mechani-
cal tablet properties by already small amounts of excipient.
In contrast to neat paracetamol, neat MCC and the blends
did not demonstrate differences in powder and respective
roller compacted material in the ER (%), again support-
ing the similar mechanical behavior of the materials in
direct compression and roller compaction despite differ-
ences in PSD and density. Neat PCM had the highest ER%
in powders and roller compacted materials highlighting
its strong elastic deformation. PCM powder demonstrated
slightly higher ER (%) than the roller compacted material
at 400 MPa compression pressures. In contrast to MCC,
paracetamol mechanical properties were not sufficient to
form stable granules in roller compaction, nevertheless
similar trends before and after roller compaction became
apparent for the two materials. For both, paracetamol and
MCC, tableting properties were similar before and after
roller compaction whereas in the material characterization,
differences before and after roller compaction were visible
for paracetamol and MCC.
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Multivariate Data Analysis

A multivariate analysis of the material properties and tab-
letability of the PCM-MCC powders and roller compacted
materials was performed to identify material properties
impacting the tabletability and to reveal underlying correla-
tions. Partial least square regression is a commonly used
multivariate analysis method to reduce dimensionality and
determine correlations between input (material characteris-
tics) and response (tabletability) parameters. In a correlation
loadings plot, input parameters that are closely located to
the responses are positively correlated to them and input

Compression Pressure (MPa)

parameters that are located on the opposite direction are
negatively correlated to the responses. Figure 4 shows the
correlation loadings plot of factor 1 and 2, which together
explained 93% of the variance in the tablet tensile strength
data of the PCM-MCC powders and roller compacted mate-
rials. A strong negative correlation of the bulk and tapped
density with the tablet tensile strengths at different compres-
sion pressures is displayed in Fig. 4 as well as a positive cor-
relation of the tablet tensile strengths with SSA, the effective
angle of internal friction and also the surface energy, espe-
cially the dispersive surface energy. Thus, the multivariate
PLS regression indicates SSA, AlFe, yd as well as bulk and
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Fig.4 Correlation loadings plot of material properties of powders and roller compacted materials as input parameters and tablet tensile strength
at different compression pressures as responses. Factor 1 (73%) and factor 2 (20%) explained together 93% of the variance in the tensile strength

data.
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tapped density as potential key parameters for tabletability
of PCM, MCC and their blends, which is as well shown by
the weighted regression coefficients of the PLS regression
model in Fig. 5. In addition, the flow properties and particle
size did not show a correlation to TTS in the PLS regression.

Process Routes

A positive correlation of SSA as well as AIFe was shown
in the PLS model. Powder and respective roller compacted
material had similar ATFe and SSA values except for neat
PCM, which indicated comparable interparticle forces and
bonding area during tablet compression between powders
and roller compacted materials, leading to similar mechani-
cal tablet properties such as the tablet tensile strength. This
was also supported by the SSA-TTS plots (Fig. 6) illustrating
a similar strong correlation between specific surface area
and tablet tensile strength in direct compression and roller
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-0.05

-0.1

Regression coefficient (weighted)
o

-0.15

8‘0 8’0 @0 ((((0 §<e P & ox
Q7 7 7
E L

Fig.5 Weighted regression coefficients indicating the variable impor-
tance of material properties of powders and roller compacted materi-
als for tablet tensile strengths at different compression pressures on
factor 1, which explained 73% of the variance in the tensile strength
data.

Fig.6 The TTS at six different Powders

compaction. Linear regression for SSA and TTS exemplary
at 100 and 400 MPa displayed R? values of 0.91 and 0.95
and residual sum of squares (RSS) of 1.73 and 3.93 for the
powders. R? values of 0.87 and 0.93 and RSS of 2.06 and
6.10 were calculated for the roller compacted materials.
Although neat PCM demonstrated an increase in SSA after
roller compaction due to the above described grinding, no
improvement in tabletability is seen for the roller compacted
PCM as SSA was still low with 0.19 m%/g.

The PLS model illustrated a positive correlation for the
surface energy, especially the dispersive surface energy,
and tablet tensile strength, which can be explained by the
direct relation of the surface energy to the work of cohesion
and adhesion. The dispersive surface energy had a strong
correlation in the PLS model to TTS as similar dispersive
surface energy was shown for powder and respective roller
compacted material comparable to what was seen in TTS
for powder and respective roller compacted material. How-
ever, the polar and consequently the total SE of neat PCM
increased after roller compaction, whereas for neat MCC
and 20% PCM the total SE decreased slightly after roller
compaction leading to only minor differences in polar and
total SE values between neat PCM and neat MCC after roller
compaction. Thus, the correlation of surface energy and
TTS, which was shown in the PLS, was as well detectable
in the bivariate evaluation (Fig. 7) for the powders but was
not as explicitly shown for the roller compacted materials
in Fig. 7. Therefore, the PLS model revealed a correlation
of surface energy and TTS that would not be as explicitly
apparent in the bivariate data evaluation which highlights
that multivariate analysis could be a valuable extension to
bivariate data analysis. Further, the additional PLS models
of neat PCM and MCC powder and 3 kN/cm SCF as well as
neat PCM and MCC powder and 9 kN/cm SCF (Supplemen-
tary material B5-B8) displayed the same correlations and
important material characteristics for tabletability in sup-
plementary material B5-B8, supporting that the identified
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potential key parameters for tabletability of PCM and MCC
in this study are valid for direct compression as well as roller
compaction.

In addition, the opposing trends in particle size for pow-
der and respective roller compacted material did not transfer
into the tablet properties,

Drug Load

The SSA, AlFe and dispersive SE of the powders and roller
compacted materials displayed a decreasing trend with
increasing drug load as seen in the mechanical tablet prop-
erties. This supports the hypothesis that lower adhesive and
cohesive forces result in lower tabletability as visualized in
the PLS correlation loadings plot (Fig. 4) and Fig. 6. A nega-
tive correlation between TTS and density descriptors was
revealed in the PLS regression. In bulk and tapped density,
an opposing trend to the mechanical tablet properties was
demonstrated as with increasing drug load the powder and
roller compacted material densities decreased. A negative
correlation for bulk density and TTS could be the result of
possibly less interparticle interactions due to a decreased
degree of deformation during compression at higher bulk
density due to less porosity in the powder bed [37, 38]. This
is in alignment with the indicated decreasing interparticle
interaction due to decreasing SSA, AlFe and decreasing dis-
persive SE with increasing drug load.

The particle size distribution did not demonstrate a cor-
relation to the mechanical tablet properties as PSD increased
with drug load in the powders and decreased with drug load
in the roller compacted material yet the same trends in pro-
cessability were seen with drug load for both process routes,
demonstrating that although particle size impacted powder
properties such as flowability of the roller compacted mate-
rial, mechanical tableting properties in this case are predom-
inated by other properties than the PSD, which are rather
inherent material properties than bulk properties.

Total Surface Energy (mJ/m?)

The effects of initial material properties on mechanical
tablet properties are complex and codependent and the com-
bination of bivariate analysis as well as a multivariate data
analysis approach allowed for a deeper understanding of
potential critical properties and exposure of underlying cor-
relations between initial material properties and tabletability.

The results obtained in this study are valid for the PCM-
MCC system solely and further materials with a broad vari-
ety of properties as well as more combinations of APIs and
excipients would need to be analyzed to expand the conclu-
sions from this study and to gain more general validity. How-
ever, it is a very important foundation to initially understand
effects on mechanical tablet properties in binary systems to
then be able to systematically examine which can be general-
ized and transferred to more complex formulations.

Conclusion

To elucidate the impact of powder properties on the mechan-
ical tablet properties, paracetamol, MCC and binary blends
thereof were systematically analyzed and compared in two
processing routes, direct compression as well as roller com-
paction (3 kN/cm and 9 kN/cm SCF). Density descriptors,
surface properties such as surface area and surface energy
and other indicators of interparticle interaction such as the
effective angle of internal friction were identified in bivariate
as well as multivariate data analysis as potential key param-
eters for the tabletability of MCC and paracetamol in direct
compression as well as roller compaction. It became evident,
that individual material properties alone are not sufficient to
describe the complete processability of a powder and that
a more holistic approach such as multivariate data analysis
is beneficial to reveal underlying correlations and to bet-
ter understand the multicollinearities of material properties
impacting tabletability. More materials need to be analyzed
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in subsequent experiments to provide general validity to the
results obtained in this study.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11095-023-03626-6.
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