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ARTICLE INFO ABSTRACT

Traditionally, the development of a new solid dosage form is formulation-driven and less focus is put on the
design of a specific microstructure for the drug delivery system. However, the compaction process particularly
impacts the microstructure, or more precisely, the pore architecture in a pharmaceutical tablet. Besides the
formulation, the pore structure is a major contributor to the overall performance of oral solid dosage forms as it
directly affects the liquid uptake rate, which is the very first step of the dissolution process. In future, additive
manufacturing is a potential game changer to design the inner structures and realise a tailor-made pore struc-
ture. In pharmaceutical development the pore structure is most commonly only described by the total porosity of
the tablet matrix. Yet it is of great importance to consider other parameters to fully resolve the interplay between
microstructure and dosage form performance. Specifically, tortuosity, connectivity, as well as pore shape, size
and orientation all impact the flow paths and play an important role in describing the fluid flow in a pharma-
ceutical tablet. This review presents the key properties of the pore structures in solid dosage forms and it dis-
cusses how to measure these properties. In particular, the principles, advantages and limitations of helium
pycnometry, mercury porosimetry, terahertz time-domain spectroscopy, nuclear magnetic resonance and X-ray
computed microtomography are discussed.
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unwanted adhesion to surfaces (e.g. tablet punches) (Lam and Newton,
1992, Paul et al., 2017a,b). Granulation (Gabbott et al., 2016; Markl

1. Introduction

The most widespread oral solid dosage form is the tablet, which is
traditionally manufactured via powder compaction. Ideally, a blend of
several excipients and one or more active pharmaceutical ingredients
(APIs) is directly compressed to the desired shape, dimension, weight
and hardness. However, in the majority of cases either wet or dry
granulation has to precede the compaction step to achieve the targeted
properties of the finished drug product (Leane et al., 2015). These ad-
ditional process steps are primarily required due to the often inherently
non-ideal API properties (e.g. particle size and morphology). API par-
ticles typically have a small particle size relative to excipient particles
(Bellamy et al., 2008; Olusanmi et al., 2014) and frequently exhibit a
needle-like shape (Tye et al., 2005; Waknis et al., 2013), which can
result in poor powder flowability (Carstensen and Chan, 1976, Hart,
2015, Hirschberg et al., 2016), segregation (Olusanmi et al., 2014), and
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et al., 2017a; van den Ban and Goodwin, 2017; Wikberg and Alderborn,
1990) and compaction (Alderborn et al., 1985; Markl and Zeitler, 2017;
Nordstrom et al., 2013) strongly influence the internal structure of the
final tablet. The pores created by the process (interparticle pores) and
the intraparticle pores, if present, of each constituent particle result in a
complex architecture of void space in the tablet, which impacts the
performance of the dosage form. Recent developments are towards
engineering particles to improve powder flowability (Trementozzi
et al., 2017, Chattoraj and Sun, 2018) and compressibility (Chattoraj
and Sun, 2018).

Both interparticle pore space and interparticulate bonds are created
during compaction. This process typically consists of several steps: i)
granular material is metered into a cavity formed by two punches and a
die, ii) rearrangement of particles iii) elastic deformation, iv) plastic
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Fig. 1. Schematic of different pore structures. The porous materials in both columns have the same porosities (f;
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deformation and v) fragmentation (Duberg and Nystrom, 1986). In
addition to these five compaction steps, tabletting also includes the
relaxation of the compact resulting in a change of the tablet volume.
Every single step has an impact on the final void space, which even-
tually controls the fluid flow and liquid transport through the solid
dosage form. In particular, liquid imbibition is the first, and often the
rate-determining, step in the disintegration of immediate-release tablets
(Nogami et al., 1967). Although the liquid uptake process does not
directly cause the break-up of the dosage form, it is a prerequisite to
initiate other disintegration mechanisms, such as swelling, that build up
the pressure necessary to rupture the interparticulate bonds (Markl and
Zeitler, 2017). Disintegration mechanisms and methods to characterise
these phenomena were recently reviewed by Desai et al. (2016),
Quodbach and Kleinebudde (2016) as well as by Markl and Zeitler
(2017).

The void space of pharmaceutical solid dosage forms is typically not
created by design but rather it is a by-product of the compaction pro-
cess. Therefore, in the majority of cases it is characterised by a complex
and frequently random architecture of pores of different sizes, shapes
and orientations (Fig. 1). Most of the pores are connected to each other
as well as to the surface via small throats (open pores), however some
pores are sealed-off (closed pores) from the connected structure. The
connected pores form tortuous capillaries through which the physio-
logical fluid flows and enters the dosage form upon ingestion. More-
over, it is well-known that powder compaction yields directionally
dependent mechanical properties (hardness and strength) of a tablet
(Akseli et al., 2009; Edge et al., 2001; Mullarney and Hancock, 2006;
Wu et al., 2008), yet the resulting anisotropic pore structures are stu-
died far less. It is, however, of great importance to investigate the effect
of manufacturing route and process parameters on the microstructure
of the intermediate and final product to achieve reproducible product
quality (Westermarck et al., 1998a, 1998b, 1999). A better under-
standing of the relationship between material properties, manu-
facturing process parameters and the evolution of tablet microstructure
will eventually lead to design and engineer the tablet microstructure, as
recently reviewed by Sun (2016).

The effect of the pore structure on the performance is not only re-
levant for tablets manufactured via powder compaction - it is also of
critical importance for 3D printed drug delivery systems. Additive
manufacturing, or 3D printing, enables the manufacture of highly
porous and complex solid dosage forms which were previously con-
sidered impossible to create. These porous structures can be designed
such that they disintegrate within seconds upon contact with
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dissolution liquid (Norman et al., 2017). The most common printing
technologies in the context of solid dosage form manufacturing are
fused deposition modelling (FDM) (Goyanes et al., 2015a, b; Khaled
et al., 2015) and the powder based 3D printing method developed at
MIT and commercialised (defined as getting a new product or service
introduced into the general market) as the ZipDose technology (Aprecia
Pharmaceuticals Company; Fina et al., 2017; Katstra et al., 2000; Rowe
et al., 2000). In FDM, a polymer strand is heated, extruded and then
deposited layer-by-layer to create a 3D object. It was recently demon-
strated that this process generates a strongly anisotropic pore structure
(Markl et al., 2017c¢), which influences the drug release kinetics. In the
case of powder based 3D printing, the 3D printed object is built up by
adding a binding solution and applying a new layer of powder on top,
and repeating these steps. Within powder based 3D printing, Parteli and
Poschel (2016) have recently highlighted how crucial it is to develop a
better understanding of the packing behaviour of the powder bed, as it
determines the fusion process between layers.

It has been demonstrated for porous media (Cai and Yu, 2011;
Dullien, 1992) in general but also for pharmaceutical tablets (Markl
et al., 2018b) that the tortuosity, connectivity, as well as pore shape,
size and orientation affect the liquid imbibition process (Fig. 1). To
advance the understanding of the relationship between the manu-
facturing process and the performance of the final drug product, it is
essential to quantitatively measure, and to routinely report, these
characteristic pore parameters in a tablet in addition to the commonly
used descriptor of tablets, namely total porosity or solid fraction.

The pore structure of pharmaceutical solid dosage forms can be
characterised by a number of different techniques (Fig. 2). The methods
exploit a range of physical phenomena to determine various macro-
scopic and microscopic pore parameters. The methods can be divided
into two main categories: void space- and matrix-sensitive techniques.
Void space-sensitive methods use a fluid (gas or liquid) to directly ac-
cess the pore volume in the sample. These techniques include helium
pycnometry (see Section 3), mercury porosimetry (see Section 4), ni-
trogen adsorption (Ferrero and Jiménez-Castellanos, 2002;
Westermarck et al.,, 1999; 1998a) as well as thermoporometry
(Faroongsarng and Peck, 2003; Iza et al., 2000; Luukkonen et al.,
2001). Cost-effective and simple analysis using an oil absorption
method has been reported for the measurement of the porosity of non-
uniform ribbons from a roller compaction process (Khorasani et al.,
2015a). Since void-space sensitive techniques use a fluid to directly
probe the pores, they only provide a measure of the open/connected
pores which are accessible from the surface.
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Fig. 2. Overview of different techniques used to characterise pore structures of phar-
maceutical materials. AFM: atomic force microscopy; SEM: scanning electron microscopy;
TEM: transmission electron microscopy; CLSM: confocal laser scanning microscopy; FIB-
SEM: focused ion beam SEM; THz-TDS: terahertz time-domain spectroscopy; XuCT: X-ray
computed microtomography; NMR: nuclear magnetic resonance.

Matrix-sensitive methods typically use electromagnetic radiation to
probe the sample. These methods yield a measure of the pore space by
either using additional information about the sample (e.g. dimensions
or optical properties of the solid material) or applying specifically-de-
veloped data processing procedures to separate the solid material from
the voids (e.g. thresholding for image-based techniques). 2D imaging
methods (surface-sensitive), such as optical microscopy, scanning
electron microscopy (SEM) (Andersson et al., 2013; Boissier et al.,
2012; Hébel et al., 2016; Wu et al., 2008, 2005, 2007, 2006), trans-
mission electron microscopy (TEM) (Eddleston et al., 2010) and atomic
force microscopy (AFM) (Tuntikulwattana et al., 2010) can be applied
to determine structural parameters of the sample at the surface or at
cross-sections by cutting or breaking the sample. The samples are often
frozen using liquid nitrogen before they are cut or broken at a pre-
defined breaking point to avoid smearing and plastic deformation of the
sample that may damage the pore structure. However, these measure-
ments may not be representative of the sample as they probe only the
surface, and 3D information about the pores can only be estimated by
making assumptions about the shape of the pores. The meaning of 2D
measurements in 3D volumes can be investigated with the aid of ste-
reological conversions and/or 3D texture models (Jerram and Higgins,
2007; Jerram and Kent, 2006).

There are also several techniques utilising electromagnetic radiation
that are sensitive to the volume of the pores. These methods include
focused ion beam SEM (FIB-SEM) (Heng et al., 2007; Moghadam et al.,
2006; Palmas et al., 2016; Poozesh et al., 2017), confocal laser scanning
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microscopy (CLSM) (Barman and Bolin, 2017; Hébel et al., 2017;
Marucci et al., 2013), nuclear magnetic resonance (NMR, see Section
5), X-ray computed microtomography (XuCT, see Section 6), and ter-
ahertz time-domain spectroscopy (THz-TDS, see Section 7). NMR is also
a void-space sensitive method as it utilises the interaction of the liquid
in the pores and solid phase to reveal structural properties of the porous
medium. A laser-based method has also been reported to measure the
porosity of ribbons by measuring the weight by a precision weighing
module as well as the thickness of the sample by two laser displacement
sensors (Allesg et al., 2016).

These and several other techniques are well-known and routinely
applied in geology (Anovitz and Cole, 2015), where the pore structure
plays an important role. It controls fluid storage in aquifers, oil/gas
fields and geothermal systems as well as fluid flow and transport
through geological formations. Other matrix-sensitive techniques used
outside the pharmaceutical field are ultrasmall-angle X-ray (USAXS)
(Lee et al., 2014) and ultrasmall-angle neutron scattering (USANS)
(Clarkson et al., 2012; Mastalerz et al., 2012).

The destructive nature and the relatively long measurement times of
most of these techniques render them incapable of characterising pore
structures in an at-line, on-line or in-line setting. There is a need in the
pharmaceutical industry for process analysers that can be integrated in
a manufacturing line and provide almost real-time measures of the pore
structure. This has been demonstrated using near-infrared spectroscopy
(NIRS) for roll compaction and tabletting (Khorasani et al., 2015b).
However, NIRS does not probe a physical attribute of the material that
is directly related to a characteristic property of the pore structure. It
measures the surface specular reflection and it is assumed that this
specular reflection measurement is correlated to the porosity. Another
promising technology for in-process control is the novel terahertz-based
porosity measurement. This rapid and simple approach has the poten-
tial to be applied as a process monitoring tool, as discussed in Section 8.

This review begins with discussing the characteristic and perfor-
mance-determining pore properties based on exemplification. It then
presents and critically discusses the state-of-the art and emerging
technologies to determine pore parameters of pharmaceutical mate-
rials. This includes the discussion of mercury porosimetry and helium
pycnometry as well as three methods exploiting the interaction of
electromagnetic radiation with porous materials, namely XuCT, NMR
and THz-TDS. This review presents their principles and applications on
pharmaceutical materials, but we also refer occasionally to applica-
tions, methods and processing procedures from other areas to provide a
full picture of the capabilities of each technique. The final section of
this article discusses the advantages and disadvantages of each tech-
nique.

2. Pore analysis

Quantitative and descriptive pore parameters are needed to capture
the sample microstructure. For the purpose of this review, any void
space within the tablet boundary is considered a pore.

To illustrate the various pore parameters, an example dataset is used
throughout this section. These data were acquired by XuCT of 3D
printed tablets (the technique and data acquisition are elaborated on in
Section 6). The printing was performed using a Makerbot Replicator 2
desktop 3D printer (New York, NY, US) and the material used was poly
(vinyl alcohol). For the first two layers, the printing nozzle moved in a
circular motion, and for subsequent layers it printed a parallel strand
pattern, which was rotated by 90° between layers. Hence, a high degree
of anisotropy is expected in the pore formation. The tablet form was a
simple disk (height, H = 1.5mm and diameter, D = 10 mm), as illu-
strated in Fig. 3, that was designed using Comsol Multiphysics (Comsol,
Stockholm, Sweden, v5.1). Two samples were printed with the same
print resolution (0.1 mm), however one was printed at a lower tem-
perature (220 °C, referred to as P1) compared to the other (230 °C, re-
ferred to as P2).
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Fig. 3. Schematic of the 3D printed disks. A model of the printed disk is depicted in (a),
which also highlights the volume investigated by XuCT as shown in (b). The dimensions
of the subvolume in (b) are 3.16 x 3.16 x 0.89 mm> (1 064 X 1 064 x 301 voxels).

2.1. Porosity and pore size

The pore structure is commonly described by one single parameter,
the total porosity, which is a measure of all the void space contained
within the geometric boundaries of the dosage form and it includes the
closed as well as the open pores. Porosity is expressed as f = V}, owl/V,
where V}, oal is the total pore volume, and V is the total sample volume
(Rouquerolt et al., 1994).

After identifying and separating individual pores from the dataset
(Fig. 4) the pore size distribution can be characterised. This gives the
spread of pores by volume, surface area, equivalent diameter etc. It is
rotation-independent.

2.2. Tortuosity

In general, low to high tortuosity describes, respectively, how linear
to twisted the pore space structure is (Julbe and Ramsay, 1996). A
commonly used definition is 7= L,/L where 7 is a dimensionless
number relating the average length of the fluid path, L., and the geo-
metrical length of the sample, L (Fig. 1). This explains how much far-
ther a liquid must flow through the pores compared to the direct dis-
tance with respect to the physical length of the sample. A 3D
description is the tortuosity tensor, which describes how the flow of
individual streamlines in a pore deviate from the overall macroscopic
flow in the pore (Dullien, 1992). In general, tortuosity depends on two
key relations. Firstly, 7 > 1, i.e. a given volume element of fluid must
travel further to cover the same distance in a porous medium compared
to simple straight pipe flow: passing through a porous material involves
covering an additional distance. Secondly, lim7 = 1, i.e. as the medium

—1

becomes more porous, the tortuosity approaches 1, in that the pores are
straight and no longer twisted. Using these relations, there are many
models relating tortuosity and porosity in the literature, and their use
depends on the specific application and material in question (Boudreau,
1996).

For a packed bed, a tortuosity factor can be defined as 7 = Lyore/H,
where L, is the continuous pore void length and H is the bed height.
This can be related to the mean pore velocity U = U,7/f (Comiti and
Renaud, 1989), where U, is the overall superficial bed velocity and f is
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Fig. 4. Pore network visualisations classified by pore equivalent diameter for (a) P1 and
(b) P2 as well as (c) pore size distribution for both samples.

the bed void fraction. The mean velocity of fluid in a pore is faster than
the overall superficial bed velocity and it increases with decreasing
porosity. The tortuosity factor, however, increases the inside pore speed
compared to the overall superficial bed velocity. The tortuosity factor is
higher in parallelepiped packings than in spherical packings. The tor-
tuosity and void fraction in a packed bed are also related through the
equation 7 = 1—PlInf, where P is a fitting parameter that is determined
experimentally (Comiti and Renaud, 1989). Tortuosity factors can also
be defined in terms of diffusion coefficients, as molecules diffuse under
a concentration gradient (Weissberg, 1963), for instance 72 = fD, /D,
or as per Maxwell’s formula, 7=1 + %(l—f ). Dy/Deg; is the diffusion
coefficient of the diffusing species in a free fluid, Dy, relative to its value
in a porous medium, D (Ghanbarian et al., 2013). It has been claimed
in the geophysical field that this diffusion-based tortuosity is similar to
the electrical tortuosity that is related to the electric conductivity of a
material (Ben Clennell, 1997). Boudreau and Meysman (2006) devel-
oped a model, 7=1+ %(1—]‘~ ), based on an assembly of non-
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penetrating and non-overlapping blocks to predict the tortuosity of
muds. These disk-shaped blocks are described by the factor p that re-
presents their radius to thickness ratio. The model was also shown to
describe the relationship very well between porosity and tortuosity for
functionalised calcium carbonate (FCC) tablets (Markl et al., 2018b).
Wu et al. (2006) determined the fastest route through the pore space of
sodium chloride compacts by analysing cross-sections of the tablets
using SEM. The authors measured the relative path length from the SEM
images and proposed this as a measure of the tortuosity. This char-
acterisation revealed that the particle size influences the measured re-
lative path length. Furthermore, the results indicated an anisotropic
structure with the pores preferentially oriented in the direction of
compression. This preferred directional orientation of pores could also
be observed for FCC tablets (Markl et al., 2017b, 2018a).

2.3. Connectivity

Yang et al. (2014) characterised packed ore particle beds by con-
sidering pore connectivity, which is especially important to determine
the leaching from pores. Analogies can be drawn to that of solubilised
drug diffusion through a tablet. Pore connectivity is defined as the
summed volume of the individual pore clusters, identified by a suitable
image analysis algorithm, divided by the total pore volume of the
sample containing the clusters (Yang et al., 2014). A variation on this
pore connectivity index is pore interface area divided by total surface
area, where interface area is shared by two or more pores. The higher
the proportion of interface area, the higher the pore connectivity
(Axelsson and Svensson, 2010). Gutierrez et al. (2014) took a different
approach, defining interconnectivity of aluminides in AlCu, alloys as
the volume of the biggest dendritic aluminide divided by the total vo-
lume of aluminides. Another parameter to describe the connectivity of
pores is percolation, which Fusseis et al. (2012) calculated using a
parallelepiped box that moves through the sample volume in a grid-like
fashion. This results in a probability function for percolation in different
directions. Liu et al. (2014) performed a similar analysis with porous
heterogeneous carbonate. More complex and lesser used parameters
include Mandelbrot’s succolarity and lacunarity (Anovitz and Cole,
2015).

2.4. Anisotropy

Pore orientation and anisotropy can be determined from three
perpendicular eigenvectors defining the principal axes of a pore (v;, and
v;) describing its orientation in space (Fig. 1). v; corresponds to the
longest dimension of the pore and corresponds to the second longest
dimension that is perpendicular to v;. Finally, v; is the third longest
dimension that is perpendicular to both and v;. Each of these eigen-
vectors has an eigenvalue, 4;, 4, or A3, respectively. Problems arise
when a porosity detection algorithm interprets a cluster of pores as a
single large pore, rather than as several small ones — hence, an addi-
tional algorithm is needed to separate connected pores before aniso-
tropic analysis can be applied.

Fusseis et al. (2012) investigated dehydrating polycrystalline
gypsum pores by using the ratio of the largest eigenvalue divided by the
smallest eigenvalue for each pore. They disregarded both very large
pores (>1 200 voxels) and very small pores (<50 voxels), whose shape
is not adequately described in this way. Axelsson and Svensson (2010)
plotted anisotropies of pores along different sample planes to char-
acterise the structure of paper. To visualise the angular orientation of
irregular pores in carbon-composite materials, Drach et al. (2013)
created a spherical probability density function, which is volume
weighted to account for the reduced contribution of smaller pores.

A simpler approach was presented by Claes et al. (2016) by plotting
v; for each pore on a 3D unit sphere (Fig. 5). The trend for both the
samples illustrated is that many larger pores are oriented in the xy
plane, demonstrating their alignment along the printing direction. It is
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therefore possible to infer the xy printing orientation, due to two
clusters of pores at approximately 90° to one another. Smaller pores
have more random orientations and hence they are dispersed almost
evenly around the sphere.

2.5. Permeability

The resistance to flow in a porous bed is described by the factor
R = pu/k where u is fluid viscosity and k is the permeability. This re-
sistance depends on the pore structure network of the bed, and gives
rise to a pressure drop. If the fluid is exposed to an increased internal
surface area per unit length of the sample, viscous drag increases,
which, in turn, increases resistance to flow (Holdich, 2002). To un-
derstand permeability it is important to emphasise that it is determined
by the flow behaviour through a saturated porous medium and thus the
permeability is related to both its porosity and tortuosity. The equiva-
lent hydraulic radius is a useful metric to describe fluid flow in porous
structures, considered to be the radius of a single cylindrical pipe that
exhibits the same flow resistance as the overall porous medium. The
hydraulic radius itself cannot be defined by observing the overall
porous medium physical structure (Costa, 2006), but can be approxi-
mated with significant assumptions by modelling, involving 3D mini-
misation of structure path lengths (Matthews et al., 1993). It is defined
as the volume of fluid flowing across a unit cross-sectional area of the
sample per unit sample length, divided by the surface area it touches,
i.e. it can be described by ry, = Vi,/A, where V, is the saturated pore
volume, and A is the pore surface area (Rouquerolt et al., 1994). It is
frequently used to predict permeability properties of the sample, and
influences material response to processes such as drying and mechan-
ical loading (Scherer, 1994). To understand flow, the Reynolds number,
Re, is commonly used, which must be modified for a porous medium.
The length dimension is given as the hydraulic radius, which for a
porous bed becomes d = where S, is the specific surface area
Tohse (Holdich, 2002). At low Re < 2,
the flow is considered laminar and can be described by Darcy’s law and

the Carman-Kozeny equation. Darcy’s law can be used to determine the
permeability of the bed experimentally, whereas Carman-Kozeny cre-

f
a-Nsy
(per unit volume). Thus, Re =

ates an analytical expression for the permeability, k = where

f3
KQ-f)psy’
K is the Kozeny constant, which is likely dependent on f based on
experimental findings (Holdich, 2002). It is derived from Darcy’s law in
conjunction with Poiseuille’s law, by modelling pores as cylindrical

tubes (Costa, 2006).
2.6. Shape

To gain more insight into the spatial distribution of pores, cumu-
lative porosity plots of the xy, yz and xz planes can be obtained by
summing the number of voxels classified as voids along each dimension
Z, x and Yy, respectively, as done by Reh et al. (2012) and shown in
Fig. 6. The colour map depicts the void fraction at each point, i.e. the
number of void voxels in a column divided by the total number of
voxels in a column. To analyse the spatial distribution of pores further,
the void voxels can be averaged in each xy plane and plotted by height
Z.

Pore shape can be classified using particle characterisation techni-
ques, such as Blott and Pye’s (Blott and Pye, 2008) elongation ratio I/L
and flatness ratio S/I, which assign particles to form classes. L is the
longest dimension, I is the longest dimension perpendicular to L, and S
is perpendicular to both I and L. Schmitt et al. (2016) used Blott and
Pye’s approach to analyse pores in German sandstone rocks using Feret
calliper diameter measurements to obtain the relevant lengths. Claes
et al. (2016) obtained I, L and S with moments of inertia to find the
principal axes of an ellipsoid approximating each pore in carbonate
reservoir rocks. This concept can be illustrated for the sample tablets:
the pore eigenvalues give an indication of the pore size in perpendicular
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Fig. 5. Orientation of pores, plotted by the largest eigen-

39.30
vector vy and classified by size. Shown for (a, b) P1 and (c,
d) P2 for two different view angles. The same colour bar
33.76 applies to all subfigures. Pores larger than 1 500 voxels were
o neglected from the anisotropy analysis, as the simple ei-
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dimensions, allowing the elongation ratio, I/L = 4,/4 and flatness
ratio, S/L = A3/, to be calculated. In the example dataset the large
pores from P1 (Fig. 7a) and P2 (Fig. 7b) lie close to the axes and the
origin, indicating a blade-like shape of the large pores (Fig. 7b).

An extension is to include sphericity (Wadell, 1935) in the z axis,
71% (6‘/},)%/513, where S, is pore surface area and V} is pore volume. In
general, smaller pores show a higher sphericity (Fig. 7c and d). For the
larger pores, the more tubular, grid-like pores are expected to have a
lower sphericity than round/bubble-shaped pores.

Further shape parameters can be found in the literature, with simple
ones including surface area to volume ratios used by Reh et al. (2012)
to describe pores in carbon fibre reinforced polymers. More intricate
descriptions include pore compactness (Claes et al., 2016) and Gaussian
curvature, which Tolnai et al. (2009) used to characterise dendritic
solidification of AIMg, ,Sis.

3. Helium pycnometry

Helium pycnometry is used to obtain a key parameter for porous
samples: the true solid density. This can be used in conjunction with the
bulk density to calculate the total pore volume and the sample porosity.
It does not give information on individual pore sizes, pore shape, pore
orientation etc. The measurement apparatus involves two chambers — a
sample chamber where the sample is inserted (of volume V,), and a
reference chamber (of volume V;), which are connected by a pressure
transducer as shown in Fig. 8. The sample chamber is filled with helium
to pressure P.. Helium demonstrates close to ideal gas behaviour, and
hence is the test gas of choice. Given their small size, helium atoms are
able to penetrate into very fine pores. Helium is considered inert and it
is assumed that helium is neither adsorbed nor absorbed within the
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solid material (Lowell et al., 2004). The pressure of the sample chamber
is recorded and then the valve to the reference chamber is opened and
allowed to equilibrate to B (the equilibrated pressure in the reference
and sample chambers), which is recorded.

The true density and eventually the porosity of a sample can be
derived using the ideal gas law, and applying it to different control
volumes (Lowell et al., 2004). The measurement must be performed at
constant temperature to be valid. The relationship between the solid,
void and reference volumes is given by the following equation (Lowell
et al., 2004): Vyoiq = Ve + % where Violia is the solid volume (not to

>
1t

be confused with V, the totalpsrarnple volume including pores). The true
density of the object, which refers to the density of just the solid part, is
given by the ¢, = W/Viia Where w is the weight of the sample. This
can be related to the porosity as f = 1—g, /9> Where g, is the bulk
density of the sample. A selection of helium pycnometry applications of
porous pharmaceutical materials is provided in Table 1.

Unless there are closed, non-penetrable voids, helium pycnometry
gives an accurate value of the true density of a material. If there are any
gaseous particles that could be outgassed from the solid during the
pressure changes, the sample must be degassed first. However, certain
substances cannot be tested using helium as they release water under
these conditions, which distorts the measurement and destroys the
sample. For instance, the porosity of microcrystalline cellulose (MCC) is
generally overestimated by approximately 3.6-14.2% due to this phe-
nomenon, and, hence, must be dried adequately beforehand (Sun,
2005). This is particularly important for the characterisation of hy-
groscopic excipients using helium pycnometry. Many true density va-
lues in the literature may thus be erroneous and these materials need to
be carefully re-examined.

The helium pycnometer porosity reading is somewhat dependent on
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Fig. 6. Cumulative porosity plots (a, b) and porosity by height for (a, ¢) P1 and (b, d) P2. The pore alignment of the large pores as well as the layer structure in the printed object are

clearly resolved.

the applied pressure: at higher pressures, helium can penetrate into
smaller voids, meaning the porosity will be recorded as being higher.
This limitation depends on the length scale of the pores in question
(Klaja and Przelaskowska, 2015). For some samples, the apparent true
density decreases when a powder is compacted to a tablet — this can be
explained by an increased frequency of closed pores through which the
helium cannot penetrate (Alkhatib et al., 2010).

The measurement using commercial instruments, such as the
AccuPyc II 1340, can be made in approximately 3 min. Prior to mea-
suring, the AccuPyc II 1340 completes purging cycles to clean the
sample. It then takes several successive measurements until they con-
verge to the same result (Micromeritics Instrument Corp., 2017).
Quantachrome Instruments state that their gas pycnometers can analyse
data in as little as one minute (Quantachrome Instruments, 2017).

4. Mercury porosimetry

Penetration of liquid under pressure can be employed to determine
the size and volume of void spaces in a porous medium. This principle
works only with liquids that exhibit a contact angle with the solid
greater than 90° as it will then resist wetting the solid and so can be
intruded in pores controllably as a function of applied pressure.
Mercury has a contact angle > 90° for very many materials, and it is,
therefore, the liquid of choice for such measurements. Mercury is forced
under increasing pressure initially into the large pores and then pro-
gressively into the finer pores of the porous sample (Fig. 9a). The vo-
lume of liquid forced into the pores increases as the pressure increases.
By assuming a cylindrical pore shape, the Young-Laplace equation,
d, = 4y, ,cos6/P is then utilised to determine the pore diameter d, at
each pressure, P. The liquid-vapour surface tension of mercury
(v = 0.485Nm ™) and the liquid-solid contact angle, 6, for the given
sample with mercury need to be known. Thus, in practice, mercury
porosimetry measures the intruded volume in relation to the mass of
the sample at a range of defined pressures. Increasing the pressure P on
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a material with a specific pore size distribution yields a unique cumu-
lative pressure-volume curve, which permits the calculation of the pore
volume as a function pore size (Fig. 9b and c).

Mercury porosimetry was introduced to the pharmaceutical field by
Strickland et al. (1956) to measure the apparent density of granulates
and the intragranular porosity. Reich and Gstirner (1968) developed a
mercury porosimeter that made it possible to measure from very low to
high pressures continuously, which could thus be used to determine the
pore sizes ranging from 0.05 to 500 um. This was demonstrated with
the example of starch tablets, where the authors showed that an in-
crease in compression force resulted in a decrease in porosity and pore
radius, as well as an extended disintegration time of these tablets. These
publications and others published before 1981 are summarised in an
excellent review article from Dees and Polderman (1981).

Mercury porosimetry (together with helium pycnometry and ni-
trogen adsorption) is nowadays one of the most popular methods to
measure the pore size distribution and porosity of pharmaceutical
powders, granules and tablets (Table 2). Ohno et al. (2007) investigated
the effect of changing process parameters of high shear wet granulation
on the granule properties and the dissolution behaviour of mefenamic
acid tablets. They found that an increase in water amount and kneading
time caused an increase in the particle diameter of the granules and a
decrease in the mean pore diameter. It was also observed that the larger
the mean pore diameter of the granules, the more mefenamic acid was
released after 15 min. This clearly indicates that the initial dissolution
behaviour is strongly affected by the pore structure of the granules.
Riippi et al. (1998) demonstrated that the pore size distribution cor-
relates with the dissolution behaviour of erythromycin acistrate tablets.
However, they also indicated that the dissolution behaviour cannot be
explained only by the volume of intruded mercury, as the imbibition of
the dissolution medium in the compact also strongly depends on the
surface properties, in particular the surface energy (wettability) of the
material.

A slightly different application of mercury porosimetry in
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pharmaceutical technology was demonstrated by Guerin et al. (1999).
They proposed that the mercury intrusion of a powder bed causes a
rearrangement of the particles, and, therefore, the intruded volume at
low pressures can be used to analyse compressibility and flow proper-
ties of pharmaceutical powders. Seven different pharmaceutical pow-
ders were analysed and the results revealed that the compressible vo-
lume determined by mercury porosimetry is in excellent agreement
with the compressible volume determined using a powder tester

Cell cover

apparatus. The bulk modulus of the skeletal material making up the
solid phase of the porous medium (a measure of the ability of the
sample solid phase to withstand changes in volume when under com-
pression) of MCC/indomethacin tablets was studied by Ridgway et al.
(2017). The authors prepared tablets with varying API concentrations
and porosities and measured the bulk modulus of the material making
up the pore walls of these different sets of tablets. The measurements
revealing the bulk modulus were performed by analysing the change of

Fig. 8. Experimental set-up for the helium pycnometry

measurement.
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Table 1
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A selection of helium pycnometry applications for porous pharmaceutical materials from recent literature. Information not given is indicated with ‘N/A’. ‘T’ refers to the temperature of
the measurement. Of interest is that few papers note the relative humidity conditions and the maximum pressures used for measurement.

Author

Date  Measuring device Material T (°C) Repeat
(Alkhatib et al., 2010 Ultrapycnometer 1000 Polyvinyl acetate—polyvinyl pyrrolidone matrices with 25 Minimum 6 per sample
2010) (Quantachrome) MCGC, dibasic calcium phosphate and D-lactose
(Schiffter et al., 2010 Pycnomatic ATR (ThermoFisher) Spray freeze dried insulin loaded microparticles for 20 20 initial cleansing cycles and then 6
2010) needle-free ballistic powder delivery measurements per sample
(Schrank et al., 2012  AccuPyc II 1340 (Micromeritics)  Ibuprofen-loaded calcium stearate pellets with different 20 20 purges to 1.34 bar and 5 analytical runs,
2012) drying conditions with each sample measured 3 times
(Khomane and 2013 Pycno 30 (Smart Instruments) Ranitidine hydrochloride polymorph tablets 25 3 per sample
Bansal, 2013)
(Pircher et al., 2015) 2015 Accupyc II 1340 (Micromeritics) ~ Dual porous biocompatible cellulose scaffolds 27 400 measurements per sample
(Yassin et al., 2015b) 2015  Accupyc 1330 (Micromeritics) Hydroxypropylmethyl cellulose (HPMC), Eudragit RSPO  N/A Chamber is pressurised to 10 bar 30 times,
and lactose tablets after which measurement is recorded.
(Yassin et al., 2015a) 2015 Accupyc 1330 (Micrometrics) MCC and croscarmellose sodium (CCS) tablets N/A Chamber is pressurised to 10 bar 30 times,
after which measurement is recorded.
(Pircher et al., 2016) 2016  Accupyc II 1340(Micromeritics) Cellulose II aerogels made with different solvents 27 400 measurements per sample

apparent intruded volume at intrusion and extrusion of mercury at the
highest pressures. A typical pore retention hysteresis over the pressure
range largely below the maximum pressure region could be observed,
which indicated that the skeletal material is partially undergoing plastic
deformation during the pore volume measurement. At the highest
pressures, however, the mercury volume at extrusion could be seen to
equal that of intrusion as a function of pressure, such that the skeletal
material was considered to have been elastically compressed. Here the

gradient of the elastic response to pressure provides a measure of the
elastic bulk modulus of the skeletal material (Fig. 10). Ridgway et al.
(2017) demonstrated that the bulk modulus of the skeletal material
increased with porosity associated with increasing API loading.

The determination of elastic bulk modulus of the skeletal material
occurring during the porosimetry measurement, as described above,
can be undertaken based on the model proposed by Gane et al. (1996),
embedded as part of a pore modelling software program package
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Fig. 9. Overview of mercury porosimetry: (a) schematic of the setup, (b) cumulative pore intrusion volume, V, as a function of the pore diameter, dj, and (c) pore volume size
distributions of one tablet per batch. The samples analysed were pure FCC tablets. More details about the samples can be found in the supporting information.
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Table 2 (continued)

Application

Material

Measuring apparatus

Date

Author

Porosity, intragranular pore size distribution, effect of average

Mefenamic acid, lactose monohydrate, low-substituted HPC, MCC, HPC and MgSt

Micromeritics Autopore
granules

9420

2007

(Ohno et al., 2007)

pore diameter on dissolution. Effect of granule process parameters

on porosity and average diameters

Intragranular porosity and pore size distribution

a-lactose monohydrate granules with PVP

Micromeritics AutoPore IV

9500

2010

(Crean et al., 2010)

Porosity and pore size distribution (related to disintegration time)

Pure F-Melt tablets; tablets containing of F-Melt and one of the three APIs:
ibuprofen, diclofenac sodium or diltiazem hydrochloride

Calcium stearate/ibuprofen pellets

Quantachrome PoreMaster
60

2012

(Krupa et al., 2012)

Porosity and average pore size

Quantachrome Poremaster

60-GT

2012

(Schrank et al., 2012)

Pore size distribution

Indomethacin/sodium dodecyl sulfate/maltodextrin dry foams
Compaction structure of functionalised calcium carbonate

Thermo Fisher PASCAL 140

Micromeritics Autopore V
Micromeritics Autopore V
Micromeritics Autopore V
Micromeritics Autopore V

2013

(Sprunk et al., 2013)

Discretely bimodal pore size distribution

Pore space occupied by API

2014

(Stirnimann et al., 2014)

(Preisig et al., 2014)

Drug loading into porous calcium carbonate by solvent evaporation

Indomethacin/MCC tablets

2014

Porosity, pore size distribution and bulk modulus

Pore size distribution

2017

(Ridgway et al., 2017)

Functionalised calcium carbonate

2017

(Markl et al., 2017b)
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(PoreXpert software available from the University of Plymouth, Ply-
mouth, UK) that can also simulate the pore structure of the sample
measured. The concept of the model is to overcome one of the major
limitations to any analysis of mercury intrusion data, i.e. only being
able to describe the pore structure as a bundle of parallel capillary tubes
corresponding to the range of intruded capillary diameters, which in
turn correspond to the pressure range applied. The experimenter must,
therefore, resort to such models to advance an understanding of the
differences between pore size, connectivity and structure tortuosity.
Furthermore, the intrusion method is susceptible to pore shielding, in
which access to a large diameter pore is restricted by a narrow entry
throat, such that the volume intruded into the large pore is erroneously
recorded as intrusion into a pore having the diameter of the narrow
throat.

Use of the model, described above, showed the rate of absorption is
dependent on many aspects of the geometry of the void structure as
well as on the properties of the fluids. The results confirmed that rea-
listic absorption dynamics cannot be modelled using the Lucas-
Washburn equilibrium between Poiseuille flow resistance and capillary
wetting force alone. Rather, the absorption rate as a function of time
depends upon pore size distribution, connectivity and connecting throat
length, together with fluid properties including viscosity and density
(Ridgway and Gane, 2002). The Bosanquet model can be used, in-
cluding an inertial acceleration related term complementing the Lucas-
Washburn viscous description (Bosanquet, 1923). It could be shown
that short timescale acceleration and deceleration of fluid, within the
pore structure, leads to plug flow behaviour which deviates from the
laminar permeability approximation. The result is that absorption fol-
lows two regimes, inertial plug flow where the rate is proportional to
time, and viscous where the rate is proportional to the square root of
time (Bosanquet, 1923; Schoelkopf et al., 2002).

In specifically designed, discretely separable bimodal (dual) por-
osity structures, porous particles are compacted together to provide
very high absorption rates. In these structures it is possible to separate
the permeability, associated with the interparticle pores, and the ca-
pillarity, associated with the intraparticle pores, with respect to the
inflection point of the bimodal cumulative mercury intrusion curve
(Ridgway et al., 2006). Such structures are used across a wide range of
industries, but in the context of this review, they constitute the material
termed FCC. This material has been demonstrated primarily as a
functional excipient for orally dispersible tablets (Stirnimann et al.,
2014, 2013; Wagner-Hattler et al., 2017).

5. Nuclear magnetic resonance

NMR is a non-invasive and chemically specific technique that can be
applied to study mass transport phenomena quantitatively in the form
of molecular diffusion and flow (Mantle, 2013). The complete theory of
NMR is beyond the scope of this review article and the reader is referred
to several excellent books (Brown et al., 2014; Callaghan, 1993; Levitt,
2008).

Basically, an NMR signal is generated when a nucleus of non-zero
spin is subjected to a strong magnetic field and radio-wave irradiation.
Since the nucleus has a net magnetic moment, it tends to align with the
applied magnetic field. This results in a net magnetisation vector
aligned parallel to the direction of the magnetic field, which precesses
when disturbed from equilibrium by exposing the system to radio-fre-
quency (RF) radiation. This precession induces a voltage in the sur-
rounding tuned coil, which represents the NMR signal. The frequency of
the precession is the so-called Larmor resonance frequency and it is
equal to the product of the applied magnetic field and the gyromagnetic
ratio. The gyromagnetic ratio is an isotope-specific property that is
largest for the hydrogen nucleus. Typically, a pulse of RF radiation at
the Larmor resonance frequency of the nucleus of interest is used to
disturb the nuclei from equilibrium and to set them into precession. The
NMR signal is inherently weak, but it increases in strength with an
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increasing gyromagnetic ratio and applied magnetic field.

NMR and the closely related magnetic resonance imaging (MRI)
technique have been applied to study the fundamental processes in-
volved in the disintegration (Quodbach et al., 2014a,b; Tritt-Goc and
Kowalczuk, 2002) and dissolution (Chen et al., 2014; Chen et al., 2010;
Mantle, 2016; 2013; 2011; Melia et al., 1998; Nott, 2010; Richardson
et al., 2005; Tajarobi et al., 2009; Zeitler and Gladden, 2009; Zhang
et al., 2011) of solid dosage forms. The characterisation of pore struc-
tures using NMR is typically performed by measuring the signal from
liquids interacting with the solid material as the relaxation times of the
solid phase are too short to be measured by NMR. There are three main
approaches in NMR to gather information about the pore structure of
porous samples: NMR cryoporometry, diffusometry and relaxometry.
Each of these will be discussed in the following.

NMR cryoporometry is a thermoporometry technique, which is
suitable for mapping the pore size distribution of a material (Strange
et al., 1996). The sample is saturated with a suitable liquid (typically
water or cyclohexane) and the porous sample is cooled until all liquid is
frozen. The sample is then gradually warmed up causing the melting of
the water or cyclohexane crystals that were formed in the pores. In their
frozen state the molecules of the liquid used to fill the pores do not
result in an NMR signal due to the fast relaxation in solids. The crystals
within the small pores will melt before those from larger pores and the
volume of the liquid produced yields an NMR signal that is proportional
to the volume of pores smaller than a specific size, x. The crystals of
dimension x melt at a temperature T, which is lower than the bulk
material melting point T;,. The Gibbs-Thompson equation, AT (x) = k/x,
is utilised to relate the melting point change, AT (x) = T,,—T, for liquids
in pores and their respective pore size. The melting point depression
constant k depends on the properties of the liquid and the liquid/solid
interface. Consequently, k needs to be determined for the probe mate-
rial using samples with known pore size distribution (Strange et al.,
2003). Similar measurements can be performed with differential scan-
ning calorimetry (DSC) or differential scanning microscopy, which re-
sults in an experimental graph of heat flow and temperature that can be
related to a pore size distribution (Rouquerolt et al., 1994). DSC mea-
sures the actual melting manifested by heat transfer, whereas NMR
cryoporometry determines the fraction of liquid molten at a range of
temperatures.

Diffusometry provides a measure relating to the surface-to-volume
ratio and the tortuosity of the pore structure by determining the time-
dependent diffusion coefficient, D(t), of a liquid diffusing in the pore
space of a material (Collins et al., 2007). The analysis of the D(¢) at
short observation times provides the surface-to-volume ratio, while the
D(t) at long observation time yields the tortuosity of the pore structure.

Prior to
mercury intrusion

Mercury intrusion
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Another NMR-based approach is relaxometry, which exploits the
enhanced relaxation of molecules at a pore surface to determine the
pore size. By assuming a rapid exchange between molecules at the
surface and in the pores, the inverse spin-lattice and spin-spin relaxa-
tion rates are then proportional to the surface-to-volume ratio of the
pore structure (Strange et al., 2003). The pore size distribution can be
calculated by combining the measured relaxation times with an esti-
mated mean surface relaxivity of the material. This relaxivity is as-
sumed to be constant throughout the sample and it can be calculated by
matching the relaxation times with pore size distributions determined
by mercury porosimetry or nitrogen adsorption (Collins et al., 2007).
Relaxometry was also combined with cryoporometry by measuring the
relaxation times throughout the melting of the sample (Valckenborg
et al.,, 2002). The setup of this combined approach is illustrated in
Fig. 11.

The majority of applications employing NMR methods to char-
acterise pore structures are in fields outside pharmaceutical sciences.
NMR cryoporometry was demonstrated for studying the pore structure
of silica gels, bones, cements, rocks and many other applications (Allen
et al., 1998; Alnaimi et al., 1994; Mitchell et al., 2008; Strange et al.,
2003, 1996, 1993). The pharmaceutical applications of NMR are sum-
marised in Table 3.

The pore structure of calcium carbonate was studied using NMR
cryoporometry by Gane et al. (2004). A very similar material, namely
FCC, has recently found its application in the pharmaceutical field,
where it is of particular interest for orally disintegrating tablets
(Stirnimann et al., 2014, 2013; Wagner-Hattler et al., 2017) due to its
very high intraparticulate porosity. Gane et al. (2004) studied calcium
carbonate tablets compacted at different compression pressures leading
to different total porosities and pore size distributions as measured by
the authors using NMR cryoporometry. Boissier et al. (2012) applied
NMR cryoporometry to measure the pore size distribution of pharma-
ceutical coatings, which revealed that the amount of solvent in the
coating mixture impacted the connectivity of the pore channels in the
film. The authors proposed that the lack of interconnected channels
prevented the complete removal of the solvent and it therefore affected
the permeability of the film. Another pharmaceutical application of
NMR cryoporometry was presented by Petrov et al. (2006). The authors
studied the pore size distribution of biodegradable polymer micro-
particles, which can be used for drug delivery in depot formulations
(Fig. 11b and c). The dry polymer powder was placed in an NMR tube
that was filled with water to study the swelling of the microparticles.
NMR cryoporometry measurements were performed on samples after 1,
3 and 4 days in the water reservoir to study the evolution of the pore
size distribution as the particles swelled and degraded in the aqueous

Elastic compression
of the skeleton

0 §lo 3o

Particles Mercury

Compressed
particles

-

Pressure

Fig. 10. Schematic of mercury porosimetry, showing the impact of pore wall material compression at the highest intrusion pressures (Gane et al., 1996; Ridgway et al., 2017).
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Fig. 11. NMR cryoporometry: (a) schematic of a setup as used by Valckenborg, Pel and Kopinga (2002) to measure the surface-to-volume ratio by cryoporometry and relaxometry of silica
gels. Example data of porous biodegradable polymer microparticles after swelling for 1 day from Petrov et al. (2006) are illustrated in (b) and (c). The data shown here correspond to the
sample F in Petrov et al. (2006): (b) normalised intensity of non-frozen water in the porous particles as a function of temperature, and (c) pore size distribution in the microparticle after

swelling for 1 day.

environment. The evolution of the porosity of controlled drug-release
pellets was studied by Collins et al. (2007) using diffusometry and re-
laxometry (Fig. 12). The partially soluble pharmaceutical pellets (see
Table 3 for their composition) were immersed in water for different
lengths of time and the restricted diffusivity of water trapped within the
pellets was measured by NMR. This restricted diffusivity was used to
calculate the surface-to-volume ratio and tortuosity of the pore struc-
ture. Furthermore, the authors also measured the relaxation time of the
water trapped within the pellets, which was used to calculate the pore
size distribution as a function of immersion time. The pore structure
clearly changed as indicated by the decreasing surface-to-volume ratio
and the tortuosity as well as the increasing mean and modal pore sizes
with increasing immersion time. NMR relaxometry was also used by
Nebgen et al. (1995) to characterise the pore structure of MCC tablets.
The pores were filled with silicon oil to overcome the low signal in-
tensity from the solid material and to reveal the inner structure of the
tablet. This procedure enabled the analysis of the distribution of open
voids that were filled with silicone oil.

6. X-ray computed microtomography

There are four fundamental steps to capture porosity using XuCT
(Fig. 13). Firstly, data acquisition in the XuCT device, which uses
polychromatic X-rays to scan an object and obtain vertical projections
from different angles around the sample. The attenuation of the X-rays
through the object is linked to its absorption coefficient by the Beer-
Lambert law and hence its density, which is represented as a grey scale
image (Zeitler and Gladden, 2009). There are different possible con-
figurations for the XuCT, notably the cone-beam configuration with a
2D array detector (Fig. 14), which is most commonly used. Other set-
ups include the plane-parallel and the first generation single beam
configuration (Zeitler and Gladden, 2009).

The second step is data reconstruction: the acquired 2D XuCT ver-
tical images are computationally reconstructed to create 2D horizontal
slices using the Feldkamp algorithm, which are stacked to create a 3D
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volume. Higher XuCT resolution results in finer details, but requires
additional processing memory and storage space. A key benefit of XuCT
is its non-destructive nature and that it does not require much sample
preparation. Drawbacks include both lengthy measurements and image
processing. Likewise, a small sample size is needed to avoid beam
hardening, which occurs when the sample centre receives more ex-
posure from high energy X-ray beams. Low energy X-ray beams are
more easily absorbed and hence X-ray attenuation for the benchtop
polychromatic sources is not linear with density across the X-ray
spectrum (Ho and Hutmacher, 2006). As with any imaging technique,
pores smaller than the XuCT resolution are not detected. The third step
of XuCT for porosity is image analysis: the 3D images must be seg-
mented to differentiate pores from solid material, such that the pore
parameters can be calculated. Finally, in the fourth step the calculated
pore parameters need to be analysed, processed and usually presented
graphically (see Section 2). Depending on the raw data, the image
might need to be cropped into a smaller subvolume, to enable the
computer to process the data in a reasonable time frame. Since the
spatial resolution is typically inversely proportional to the field of view
(in particular for a cone-beam configuration), the acquired image size
may be restricted to a subvolume of the entire dosage form given the
high spatial resolution required to access pharmaceutically relevant
pore characteristics. Consequently, the measurement results will de-
pend on the spatial resolution as well as whether or not the selected
subvolume is representative of the overall dosage form (Rouquerolt
et al., 1994).

There are six main types of image segmentation techniques: histo-
gram shape based, entropy based, spatial, clustering, object attribute
and local methods (Sheikhveisi, 2015). Iassonov et al. (2009) lament
that despite recent advances in computed tomography technology,
image segmentation technology lags behind. They criticise that many
papers present binarised pore representations without explaining their
image processing method. The most common approach is global
thresholding: the image intensity histogram is split by a single cut-off
value. A substantial review of different publications and their pore
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image segmentation was undertaken to identify the best processing
method, with summarised findings in Table 4.

Specific challenges in image processing include the potentially large
errors that are the result of performing the analysis on individual cross-
sectional slices in 2D rather than 3D analysis, which creates directional
bias and ignores geometrical information from planes directly above or
below each 2D slice (Iassonov et al., 2009; Kaestner et al., 2008). An-
other image processing artefact is the partial volume effect, where
features smaller than one voxel become upscaled to one voxel (Pak
et al., 2016). An XuCT-specific image processing problem are real ring
artefacts, due to detector drift, and quasi-ring artefacts, due to incon-
sistent X-ray beam intensity (Antoine et al., 2002). Kaestner et al.
(2008), note the importance of removing these before further proces-
sing. Additionally, if pore sizes span several orders of magnitude,
images at different XuCT resolutions need to be combined to create
accurate, multi-scale pore network models (Pak et al., 2016).

The final stage is quantifying the image processing error — which is
infrequently done in the literature. Chityala et al. (2013) applied dif-
ferent segmentation algorithms to the same dataset and compared their
performances. Fusseis et al. (2012) used another approach, dilating and
shrinking the pore data set by = 1 voxels, their estimated error, and
then calculating error bounds of pore parameters. Schmitt et al. (2016)
calculated the same parameters with different subvolume sizes to
evaluate how representative each subvolume is of the whole sample.
Error from noise can be quantified by segmenting the image with and
without a denoising filter and calculating the number of voxels whose
classification (pore or solid) has changed (Iassonov et al., 2009).

XuCT is helpful in pharmaceutical applications to capture both the
open and closed porosity, for both finished tablets and intermediate
materials (e.g. granules). The first use of XuCT in this field dates back to
1999. Since then improvements in resolution have been achieved. A
large challenge is thresholding the acquired images, as contrast in the
form of density (greyscale) differences between tablet excipient and
pores is not always clear-cut. Impregnation of the porous samples with
labelling solutions, such as lead containing solutions, can help to in-
crease contrast. Furthermore, XuCT has also been used in situ to track
the development of voids in a tablet during dissolution (Karakosta et al.,
2006). One compromise that needs to be reached is achieving both high
resolution and a large field of view with the XuCT, as both are critical to
understand tablet microstructure (Takeda and Hamada, 2014). The
large benefit of XuCT as an imaging method for measuring porosity is
the ability to visualise pore networks and calculate pore specific para-
meters as detailed in Section 2. Markl et al. (2017b) took advantage of
this to create pore distribution plots according to the orientation angle 6
of each pore (relative to eigenvector v;). Furthermore, results from the
XuCT images can be related to other physical properties, once they are
measured with other techniques. Likewise, specific parts of the tablet
can be isolated and inspected further, as they might differ with respect
to pore properties and other parameters. For example, Takeda and
Hamada (2014) isolated the tablet coating of antihypertensive tablets,
with a high resolution nano3DX machine.

The microstructure as elucidated by XpCT can be linked to both
physical characteristics such as density, as well as computer models.
This was done by Ansari and Stepanek (2008) with mannitol-PEG and
sucrose-PVP granules. Moreno-Atanasio et al. (2010) performed a re-
view of computer simulations coupled to XuCT measurements. At a
basic level, XuCT can help to validate computer models. Features such
as pore surface area, coordination number and particle shape can be
used to relate both approaches. One area which presents a challenge is
the dynamic state relationship between XuCT and computer simulations
(Moreno-Atanasio et al., 2010). XuCT can also be used on its own,
without excessive image processing and hence more uncertainties. In
this application, XuCT attenuation is related to sample density to create
tablet density representations. As long as the reference density points
for linear interpolation of the XuCT greyscale are accurate, and an
appropriate noise smoothing filter is used, this method is insightful.

Cross-section images of pore structures within the tablets;
porosity distributions

Surface area/volume ratio, tortuosity and pore radius as
functions of immersion time; pore size distribution

Pore size distribution of the EC films (HPC was

evaporated prior to the NMR measurement)

Pore size distribution
Pore size distribution

Application

Probe liquid

Silicone oil
Cyclohexane

Water

Water
Octamethyl-cyclotetra-
siloxane and water

Calcium carbonate tablets (related to the functionalised calcium carbonate as a
Drug-loaded pellets containing chlorpheniramine maleate (API), lactose, MCC and
glycerol monostearate; placebo pellets consisting of the same formulation as above except
for the API

pharmaceutical excipient)
Porous biodegradable polymer microparticles

Coatings composed of HPC and EC

Pure MCC tablets

Materials

Principle
1995 Relaxometry
2004 Cryoporometry
2006 Cryoporometry
2007 Diffusometry and
relaxometry
2012 Cryoporometry

Date

(Nebgen et al.,
1995)
(Gane et al.,
2004)
(Petrov et al.,
2006)
(Collins et al.,
2007)
(Boissier et al.,
2012)

Author

A selection of applications of NMR in the pharmaceutical field. HPC: hydroxypropylcellulose; EC: ethylcellulose.

Table 3
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time measurements.
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Fig. 13. Workflow for XuCT porosity analysis. The first step is experimental, and the next
three are computational steps.

Both Busignies et al. (2006) and Sinka et al. (2004) used this approach
to understand tablet compaction behaviour.

7. Terahertz time-domain spectroscopy
7.1. Measurement of total porosity

Terahertz radiation generally refers to the electromagnetic radiation
in the frequency range of 0.1-4 THz. Advancements in femtosecond
lasers have enabled the coherent generation and detection of terahertz
radiation, which have made it possible to readily perform terahertz
spectroscopy in a laboratory setting. Although terahertz imaging and
spectroscopy can be performed in a reflection and a transmission set-
ting, the porosity is typically analysed from terahertz transmission
measurements.

202

Scintillation screen

Porous

X-ray sample

source

Rotation stage

Fig. 14. Measurement set-up of XuCT using a cone-beam configuration.

In contrast to conventional far-infrared spectroscopy, the terahertz
measurements involve the generation and detection of pulses of ter-
ahertz radiation that are transmitted through a tablet. Given that this is
a time-domain technique, both the amplitude and phase changes of the
transmitted pulse relative to the incident pulse are measured. The in-
cident pulse is henceforth referred to as the reference waveform, which
is acquired when no sample is present in the measurement chamber.
The phase information is of particular importance for determining the
porosity from terahertz measurements: the analysis of the porosity of
solid dosage forms is performed by measuring the time delay difference
At between the sample waveform and the reference waveform, i.e.
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Table 4 (continued)

Software

Processing method

Material

Measuring technique

Date

Author

Commercial (Avizo Fire)

Pore volumes, pore size distributions, and porosity of individual
mannitol particles and single PLGA particles were obtained

raw (2-hydroxypropyl)-beta-cyclodextrin, poly (lactic-co-

2014 Xradia NanoXCT-100

(Wong et al., 2014)

glycolic) acid microparticles, and spray-dried particles that
included smooth and nanomatrix bovine serum albumin,

lipid-based carriers, and mannitol

using watershed-based segmentation and thresholding limits to

differentiate between the material and pores

N/A

Commercial (Volume

Porous polydimethylsi-loxane block for drug delivery

2016 Nikon Metrology X-Tek HMXST225

(Robert et al., 2016)

Graphics Studio Max)

Bruker-MicroCT CT-Analyser

and ImageJ

Two methods: Bruker-MicroCT CT-Analyser porosity plugin for 5
farther z slices and ImageJ Huang threshold and binarisation,

with a ROI chosen to measure porous area fraction

Watershed algorithm

Different droplet sizes of Kollicoat IR coating on model tablet

2016 Bruker SkyScan 1172

(Dennison et al., 2016)

Commercial (Avizo Fire)
Commercial (Avizo Fire)

Functionalised calcium carbonate tablets

2017  Bruker SkyScan 1172
2017 Bruker SkyScan 1172

(MarKkl et al., 2017b)
(Markl et al., 2017¢)

Watershed algorithm

3D printed compartmental dosage forms made of polyvinyl

alcohol and polylactic acid filaments

Commercial (CTan and

Thresholding into binary images
CTvol)

Phase separation behaviour of solid dispersions with

felodipine

2017  Bruker SkyScan 1172

(Alhijjaj et al., 2017)
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At = Ty—Tg (Fig. 15). In general, At of a terahertz pulse propagating
through a sample depends on the effective refractive index, ng, as well
as the sample thickness, L. The value of ny can be readily calculated
from the pulse delay time by n.s = At-c/L + 1, where ¢ is the speed of
light in vacuum. This straight-forward analysis is based on the time-
domain data and results in a single effective refractive index value per
tablet sample. Since the phase and amplitude of the transmitted ter-
ahertz pulse are measured directly, it is furthermore possible to calcu-
late the frequency-dependent refractive index and absorption coeffi-
cient of a sample. The frequency-domain analysis of the refractive index
may provide additional information about the sample, such as specific
phonon vibrations due to a crystalline constituent (e.g. the drug) in the
sample (Zeitler, 2016). Such spectral features cause relatively strong
dispersion and the refractive index thus undergoes substantial changes
at the frequencies of these features. It is of great importance for the
accuracy of the porosity calculations that the refractive index is eval-
uated at the same frequency for measurements of different samples as
well as that it is chosen at a frequency which is not affected by the
spectral features, i.e. spectral regions where the refractive index re-
mains constant with frequency. Fig. 16 depicts examples of effective
refractive index values measured for both simple and complex for-
mulations over a range of excipients. The data clearly indicates that the
effective refractive indices are linearly dependent on the porosity (for
the range of porosities studied).

When the formulation of a tablet is kept constant, any variations in
nes are exclusively due to changes in the porosity or density of the
sample. This refractive index-porosity relationship can thus be
exploited to calculate the porosity of a solid dosage form from terahertz
transmission measurements, either by establishing a simple linear
model, namely the zero porosity approximation (ZPA), or by applying
effective medium theory (EMT) to relate the measured effective re-
fractive index to the porosity of the sample.

7.2. Using terahertz scattering to determine domain size

The ZPA and EMT models are defined on the basis of the assumption
that scattering of terahertz radiation from a tablet is negligible. This is a
sensible assumption for a large number of cases given the relatively
long wavelength of terahertz radiation (75 um to 3 mm with maximum
intensity at a wavelength of 300 um). If scattering is present, the fre-
quency-dependent effective refractive index of the tablet can be used to
study the terahertz response with the aid of Kramers-Kronig relations
(Silfsten et al., 2011; Tuononen et al., 2010b). One could, therefore,
calculate the porosity based on the effective refractive index of a tablet,
and in a separate analysis use the frequency-dependent optical con-
stants together with Kramers-Kronig analysis to check the presence of
scattering, and hence the accuracy of the porosity estimate. Moreover,
the scattering effect has proven useful to measure additional properties
of the sample, such as the ’domain size’ of agglomerated granules in a
powder compact. Markl et al. (2017a) proposed that this ‘domain size’
is related to the size of the disintegrated particles. It is thus a descriptor
for the performance of the dissolution process as it reflects changes in
the effective surface area of the disintegrated particles. The authors
demonstrated this concept for a complex immediate-release formula-
tion (M04 in Fig. 16), where they showed that a ‘domain size’-related
parameter is strongly correlated to the amount of API dissolved after
20 min (R? = 0.96). In the specific example, the tablets were all fully
disintegrated at 15 min and the early phase dissolution performance
following disintegration is driven by the size of the resulting particles
(i.e. by the effective surface area of the disintegrated particles). The
authors also showed that the disintegration performance (disintegration
time and API dissolved after 15 min) is linearly correlated with ng. This
is perfectly in line with the fact that the disintegration behaviour of
immediate-release tablets is controlled by their porosity/density, which
can be directly related to n.s using the ZPA or EMT models.
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Fig. 15. Schematic of the measurement principle of THz-

TDS. The time delay of the terahertz pulse is Ts and Tz for
Single the sample and the reference waveform, respectively.
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Fig. 16. Effective refractive index, neff, as a function of the porosity, fyy,, from THz-TDS
measurements. The different samples are composed of porous FCC (MO01), potato starch
acetate (SA, M02), MCC with 10% indomethacin (IM), MCC compacts prepared by
varying the IM concentration, tablet thickness and porosity simultaneously (M03). The
complex formulation M04 consisted of a BCS class II drug and four excipients. More
details about the samples are provided in the supporting information.

7.3. Pore shape analysis

EMT is a general approach to describe macroscopic properties of
composite materials which enables the definition of averages that are
representative of the medium in question (Choy, 2016). One of the most
common EMTs are the Maxwell-Garnett and the Bruggeman formula
(Choy, 2016). Since the Maxwell-Garnett approximation is only valid
for samples with a small void space and the Bruggeman theory can be
applied to study media with a wide range of void fractions, the latter
formalism is mostly used for characterising pharmaceutical samples
(Bawuabh et al., 2014; Markl et al., 2017b). The basic assumption behind
the Bruggeman model is that air voids are embedded in a medium. It is,
therefore, possible to consider pores that are embedded in a solid ma-
trix, which consists of a mixture of different excipient and API particles.
Such a construct resembles a two-phase system and the concepts de-
veloped for a simple formulation (i.e. only one constituent) can be
readily applied to multi-component systems (Bawuah et al., 2016c;
Markl et al., 2017a, 2018a). The refractive index of the matrix (de-
pendent on the API and the excipients) can be estimated from terahertz
measurements of tablets compacted to different porosities. In general,
the refractive indices of the API and the excipients can be determined
separately by compressing these into compacts and performing ter-
ahertz transmission measurements.

The traditional Bruggeman formalism assumes a spherical shape of
the air inclusions in a porous sample and it leads to a systematic error if
the actual shape of the pores strongly deviates from a sphere. The

Tg

Ig

Time
delay

interparticle pore space is formed during the compaction and the shape
of the pores may depend on the compression force. This was demon-
strated for different sets of pure FCC tablets with porosities ranging
from 45% to 65% (Markl et al., 2017b). The authors showed that the
interparticle pores of the FCC compacts are anisotropic in shape and
highly aligned. Using an anisotropic Bruggeman model, it was possible
to establish that the pores are needle-like in shape and oriented per-
pendicular to the compaction direction. The porosity determined by
applying the anisotropic Bruggeman model yielded a very high corre-
lation coefficient (R? = 0.995) with the porosity calculated from the
measured true density (using helium pycnometry) and the bulk density
of the tablets (Fig. 17).

7.4. Anisotropy of pore structure

Building on the well-established mathematical formulae of EMTs
and optical-mechanical models (Table 4), the Wiener bounds provide
an estimate of the upper and lower limits of the effective refractive
index if there is no information about the shape of the pores and solid
particles. For the special case of spherical pores and solid particles,
more stringent limits can be found with the aid of Hashin-Shtrikman
bounds, which are, however, only valid for two-phase systems. Both
bounds are based on a priori knowledge of the refractive index of the
constituents. These can be estimated using the concept of ZPA, which
involves the use of a linear extrapolation approach on the obtained
effective refractive index from the terahertz measurements.

0.7 — : . . :
<X
~~ Linear fit (R? = 0.99, RMSE = 0.006) T
|+ MO1-BO1 L |
065 & Mo1-Bo2 g
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Fig. 17. Correlation between the porosity calculated from THz-TDS (fy;,) measurements
and from helium pycnometry (fy,—Pyc) for FCC tablets (set MO1). fr, was calculated
using the anisotropic Bruggeman model and an intrinsic refractive index of 2.97. Helium
pycnometry was used to determine the true density (gyercc = 2958 gem ™) of FCC.

More details about the samples are provided in the supporting information.
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Based on the Wiener bounds it is possible to quantify the overall
degree of anisotropy of a porous structure. Bawuah et al. (2016a) in-
troduced the concept of a structural parameter to describe the align-
ment of pores relative to the solid material in a tablet. This S parameter
is capable to reflect differences in the pore structure for samples of the
same overall porosity. This concept was developed further in order to
characterise structural changes of samples of varying porosities (Markl
et al., 2018a). This S, parameter revealed that material attributes, such
as particle size or granule density, strongly impact the anisotropy of the
pore structure. The degree of anisotropy particularly influences the
tortuosity and constrictivity of the structure and eventually the disin-
tegration performance of the tablet (Markl et al., 2018b).

7.5. Link to mechanical properties

The optical compressibility, which can be obtained with the aid of
the effective refractive index, is an example how terahertz measure-
ments can yield characteristic parameters that are related to mechanical
properties of the porous tablet. The name “optical compressibility” is
adopted to reflect the use of the effective refractive index in the cal-
culation of the compressibility. This is in reference to the use of the
relative volume change in response to the applied pressure when cal-
culating the mechanical compressibility (Chakraborty et al., 2017).

Besides the compressibility, it is also of high interest for the phar-
maceutical industry to non-destructively characterise other mechanical
properties of a tablet, e.g. the accurate estimation of the effective values
of the strain and hence, the Young’s modulus. Several methodologies
including ultrasonic techniques have been used to obtain the effective
elastic moduli of pharmaceutical tablets (Akseli and Cetinkaya, 2008;
Akseli et al., 2010; Bassam et al., 1990; Hancock, 2000; Ketolainen
et al., 1995; Liu and Cetinkaya, 2010; Liu et al., 2011; Porion et al.,
2010; Roberts et al., 1991). Since the Young’s modulus has an explicit
dependence on the porosity, Mazel et al. (2012) and Paloméki et al.
(2015) have devised an experimental technique to measure the porosity
dependent Young’s modulus of pharmaceutical compacts. In a related
study, Peiponen et al. (2015) have estimated the porosity dependent
Young’s modulus according to Spriggs’ and Mooney’s relations using the
measured terahertz time-domain pulse transmitted through starch
acetate tablets. Application of Spriggs law, however, yielded a non-zero
Young’s modulus at 100% porosity, which is physically impossible. This
inconsistency was addressed by invoking the Mooney’s relation. Table 5
presents these “hybrid” optical/mechanical models, i.e. both optical
and mechanical parameters are present, where the constants b and B
refer to conventional mechanical properties and the porosity f is ob-
tained with the aid of the effective refractive index of the tablet. Now,
based on the definition of the optical compressibility, in this review

article, we propose a pure optical version of Spriggs’ law that can be put
o PrHz(0)
into an interesting form as follows: E(f) = Ege (1 ﬁTHz(f)), where the

exponent consists of a ratio of optical compressibility at zero-porosity,
Bruz(0), and at porosity f, By, (f), of the tablet. A similar expression
can be derived for an optical Mooney’s relation. Moreover, the terahertz
measurements can also be used to non-destructively and non-invasively
predict the conventional strain of pharmaceutical tablets (Bawuah
et al., 2016¢). This optical strain concept is capable of providing fast
predictions of the mechanical integrity of tablets.

The properties and models in Table 5 were developed for and ap-
plied to terahertz transmission measurements. However, for industrial
implementations and imaging applications it could be preferable to
perform terahertz measurements in a reflection setting (Zeitler et al.,
2007). Besides this spatially-resolved information, the terahertz re-
flection signal can also be utilised to extract the effective refractive
index (Jepsen et al., 2007), which can in turn be used to predict pore
structural and mechanical properties (Table 5) in the same manner as
for terahertz transmission measurements. The determination of the
refractive index from reflection data is, however, much more prone to
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errors, which limits the accuracy of these measurements (Chen et al.,
2017). However, reflection measurements can provide additional in-
formation about the surface roughness of a pharmaceutical solid dosage
form. The amplitude of the reflected terahertz pulse of a solid sample is
correlated to the surface roughness (Dikmelik et al., 2006; Jagannathan
et al., 2009; Mou et al., 2017), which has been demonstrated for dif-
ferent pharmaceutical materials (Chakraborty et al., 2016; Markl et al.,
2017b).

8. Discussion

The five methods presented in this review vary considerably in
terms of speed, accessible information as well as sample preparation.
An overview of the key characteristics of the five methods is provided in
Table 6.

Mercury porosimetry and helium pycnometry are well-established
methods to determine bulk properties of a porous sample. The advances
in terahertz and X-ray technologies over the last decades provide sci-
entists with new tools to characterise the microstructure of pharma-
ceutical solid dosage forms. In comparison with the other techniques,
one of the main advantages of THz-TDS and XuCT are that they are non-
destructive and contactless measurements. This is particularly im-
portant when wishing to use different techniques on the same sample or
to perform measurements before and after a treatment of a sample. The
high acquisition rate of THz-TDS is additionally beneficial for quality
control as it facilitates the investigation of several samples within a few
seconds. It has, therefore, potential to be applied at-line, on-line or even
in-line in a production environment to control dosage form porosity in
real-time. This would particularly impact the realisation of real-time
release testing for immediate-release formulations, where the porosity
is one of the most important contributors to the performance of a tablet.

THz-TDS, however, does not yield a pore size distribution and it
may be limited by the sample thickness due to strongly absorbing
materials. Even though the determination of the porosity by THz-TDS
has been demonstrated for biconvex tablets with a thickness of up to
5.3mm (MO04 in Fig. 16), the penetration depth may be shorter for
tablets containing materials that exhibit a stronger absorption of ter-
ahertz radiation. THz-TDS only provides information on bulk properties
and cannot resolve local structural changes, but this is possible with
XuCT. Although X-rays can penetrate typical pharmaceutical materials
easily, the contrast between voids and solid material can be very low.
This can cause issues when processing the images to extract quantita-
tive information as the voids cannot be unambiguously separated from
the solid phase, which can result in erroneous structural parameters.
Furthermore, the spatial resolution of XpCT limits the size of detectable
pores and voids smaller than the resolution limit will be considered as
solid material. For a highly-porous sample, a cluster of fine pores («
resolution limit) may be misclassified as one single large pore. This can
result in an overestimation of larger pores by XuCT, which helps ex-
plaining discrepancies with results obtained from mercury porosimetry
where every single pore size is registered separately (Markl et al.,
2017b). However, the pore shielding effect in mercury porosimetry may
result in an overestimation of fine pores. The nonwetting mercury is
forced through fine pores connecting larger pores (see Fig. 9), which
results in an overestimation of the small pores and at the same time an
underestimation of the intrusion volume of the large pores (Gane et al.,
2004). This effect impacts the pore size distribution (Farber et al.,
2003), but it does not affect the measurement of the overall porosity of
the measured sample. However, a small systematic error in the overall
porosity can be due to a slight compression of the compact before actual
intrusion occurs.

Bulk properties from THz-TDS and XuCT may also deviate from
those obtained using helium pycnometry and mercury porosimetry,
since these techniques can only access open pores. In the majority of
cases pharmaceutical tablets consist of a highly connected pore struc-
tures resulting in a small number of closed pores and therefore, porosity
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Table 5
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Summary of various properties of porous pharmaceutical tablets calculated from THz-TDS measurements. More details about most of the materials can be found in the supporting
information according to the code in the brackets in the column marked Materials. IM: indomethacin; SA: potato starch acetate; FF: flat-faced tablet; BC: biconvex tablet; n;: intrinsic
refractive index of component i; x;: mass fraction of component i (the mass fraction is x; = 1—f in case of the two component models); émech: mechanical strain; 1: depolarisation factor.

Property Model Comp- Equation Materials Shape Reference
onents
Porosity Zero porosity 2 f= Neff — M MCC FF (Ervasti et al.,
approximation 1-m 2012)
SA (M02) FF (Peiponen et al.,
2015)
MCC BC (Bawuabh et al.,
2016b)
MCC FF (Ridgway et al.,
2017)
MCC + IM FF (Bawuah et al.,
(MO03) 2016¢)
FCC (M01) FF (Markl et al.,
2017b)
3 f= n1 — (n1 = n2)x2 — neff MCC + IM FF (Bawuabh et al.,
- -1 (M03) 2016¢)
MCC + IM FF (Chakraborty
(MO03) et al., 2017)
Porosity Bruggeman model 2 nf—nZy a —nZ P MCC FF (Bawuah et al.,
nZy+2nf —nZp) D nZpr20-nZpy 2014)
_ 1 FCC (MO01) FF (Markl et al.,
I=1a- 1)/ L+ 203X + 208 | (nf = ngp)) 2017b)
Anisotropic 2 ng—nZe —ndy FCC (M01) FF (Markl et al.,
Bruggeman model ,,erf +A(nE - "esz) =N+ "fo +A(1— ”ez£f>J =0 2017b)
f= 1 Complex BC
1= (= ngp) / L+ 2nZp)(nf + ) | (nf = ngfp)) formulation
(M04)
Structural parameter S parameter J o ngng MCC FF (Bawuabh et al.,
= ng,Mg[ 02 ‘"L] 2016a)
with ny and ny, as the upper and lower Wiener bound. MccC + M FF (Bawuah et al,,
(M03) 2016a)
MCC + IM FF (Chakraborty
(M03) et al., 2017)
FCC (MO01) FF (Markl et al.,
2017b)
Alternative S J (02~ 120) MCC + IM FF (MarKkl et al.,
parameter 05(1—%) (MO03) 2018a).
Sy = eff “ideal “7L FCC (MO1) FE
o. 5(1_ ”csz - "i%leal Complex BC
= eal formulation
with ny and n; as the upper and lower Wiener bound. nigey is (MO04)
calculated using either ZPA or an EMT model with a known
porosity.
Bounds Wiener bounds J ny = m MCC + IM FF (Baw.uah et al.,
(M03) 2016a)
n = ﬁ SA (M02) FF (Tuononen et al.,
\““f‘* Zj:l ",2 2010a)
Hashin-Shtrikman 2 [~ 7 MCC FF (Bawuah and
= |pf + —————— .
| 1o 1-f Peiponen, 2016)
Ve SA (M02) FF  (Bawuah and
np = “‘ﬁ Peiponen, 2016)
L
V "12 -1 3
Optical strain J 1-f At Neff — 1 MCC + IM FF (Bawuah et al.,
ETHz = ln(q) + €mech€THz = ln(?to) = ln("eff,o* 1) + €mech (M03) 2016¢)

Optical 3 By = 1 B, = 1 MCC + IM FF (Chakraborty
compressibility neff — 1 (m =1 —f) = (n1 =~ n2)xa (MO03) et al., 2017)
Young’s modulus Spriggs’ law J _ (1_ ﬁTHZ(o)) SA (M02( FF (Peiponen et al.,

Eriz = Eoe™ Ery, = Ege Braz() 2015)
Mooney’s relation J . SA (M02) FF (Peiponen et al.,
Ernz = Eoe 1/ 2015)

values from the different techniques are typically in good agreement
(Fig. 17 and Fig. 18). A particularly good correlation can be observed
between the porosities calculated from THz-TDS and helium pycno-
metry as shown in Fig. 17 (R? = 0.995) and in Fig. 18b (R? = 1) for FCC
and MCC/indomethacin tablets, respectively. However, helium

pycnometry may overestimate true density values due to the presence
of water molecules in the pore space. The calculation of the skeletal
volume is then affected by the release of water during the measurement
as it assumes a constant number of gas molecules (Sun, 2004). As an
example, this phenomenon has to be considered when determining the
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Fig. 18. Porosity calculated from mercury porosimetry (fy;p), helium pycnometry (fi;.—Pyc), and THz-TDS measurements (fry;,) of MCC/indomethacin tablets. More details about the

samples are provided in the supporting information.

true density of MCC, as discussed by Sun (2005). It has been demon-
strated that the walls of the measurement chamber and the surface of
the sample may adsorb and absorb small amounts of helium, which
causes an overestimation of the true density of the porous material
(Keller and Staudt, 2006).

Strange et al. (2003) demonstrated that the pore size distributions
from NMR cryoporometry of different silica samples are in very good
agreement with those from gas adsorption and DSC thermoporometry.
Gane et al. (2004) investigated how mercury intrusion porosimetry,
NMR-based cryoporometry, and DSC-based thermoporometry com-
pared in revealing the porous characteristics of ground calcium car-
bonate structures compacted over a range of pressures. These methods
place the samples in nearly the same mutual order with either very
similar cumulative pore volume curves (mercury porosimetry and DSC
thermoporometry) or similar pore size distribution curves, as de-
termined by the change of pore volume with respect to the change of
pore radius by dV/dR, (mercury porosimetry and NMR). The pore size
distribution from NMR cryoporometry may be shifted toward smaller
pores in cases where air bubbles are entrapped in larger pores. These air
bubbles restrict the liquid from flowing into the larger pores during the
imbibition process and NMR cryoporometry then overestimates smaller
pore sizes.

Many studies in the literature present data from different techniques
that are in excellent agreement. However, this might only be valid for a
specific material and range of pore sizes. As an example, thermo- and
cryoporometric methods may mask some artefacts for smaller pores as
they exhibit larger changes in melting points (Gane et al., 2004).
Moreover, samples may differ in terms of interconnectivity and pore
wall curvature, which particularly influence the results from methods
that are based on the imbibition of a liquid. It is therefore of great
importance to know the limitations of each technique when inter-
preting the results, especially for materials that deviate from idealised
model systems.

9. Conclusion

Developing a better understanding of the relationship between the
raw materials, process settings, properties of intermediate products and
the performance of the finished product requires highly sophisticated
techniques to determine key properties of the material at each stage.
This cannot be solved by one single technique, but it requires the use of
the most appropriate method to determine critical material and quality
attributes. We hope that this review has provided an insight into the
basic working principles, the capabilities as well as the limitations and
pitfalls of each technique.
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