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Tablet swelling behaviour was investigated by following the movements of embedded glass microsphere
tracers, using X-ray microtomography (XlT) with intense illumination from a synchrotron. Specimens
were prepared using combinations of hydroxypropyl-methyl-cellulose (HPMC) and microcrystalline cel-
lulose (MCC) or pre-gelatinised starch (PGS), three materials commonly used as excipients for compacted
tablets. The results revealed significant differences in swelling behaviour due to excipient type and com-
paction conditions. In particular, a sudden change was observed from gel-forming behaviour of formula-
tions containing PGS or high HPMC content, to more rapid expansion and disintegration for formulations
above 70% MCC. Although some radial expansion was observable with the higher PGS formulations and
during later stages of swelling, axial expansion (i.e. the reverse of the compaction process) appeared to
dominate in most cases. This was most pronounced for the 10/90 HPMC/MCC specimens, which rapidly
increased in thickness, while the diameter remained almost unchanged. The expansion appeared to be
initiated by hydration and may be due to the relaxation of residual compaction stress. This occurred
within ‘expansion zones’, which initially appeared as thin bands close to the compacted (upper and
lower) faces, but gradually advanced towards the centre and spread around the sides of the tablets. These
zones exhibited lower X-ray absorbance, probably because they contained significant amounts of bub-
bles, which were formed by air released from the swelling excipients. Although, in most cases, these bub-
bles were too small to be resolved (<60 lm), larger bubbles (diameter up to 1 mm) were clearly evident
in the rapidly swelling 10/90 HPMC/MCC specimens. It is suggested that the presence of these bubbles
may affect subsequent water ingress, by increasing the tortuosity and occluding part of the gel, which
may affect the apparent diffusion kinetics (i.e. Fickian or Case II). These observations also suggested that
axial expansion, initiated by water ingress, may be an important mechanism during tablet swelling.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Gel-forming tablets provide a popular and convenient ‘sus-
tained-release’ dosage form for delivering drugs over an extended
time [1–6]. The drug is dispersed within a polymeric matrix, which
controls the release rate. In contrast to ‘burst-release’ tablets,
which disintegrate rapidly when swallowed and release their phar-
macologically active ingredients instantly, gel-forming tablets
swell gradually, allowing the drug to escape slowly from the poly-
mer matrix, by diffusion or erosion, over several hours. This can
provide several potential benefits: sustained-release can provide
a less variable drug concentration in the patient’s body, which
maintains efficacy while avoiding adverse side effects associated
with concentration spikes; also, ‘sustained-release’ tablets need
to be taken less frequently, which may improve compliance.
ll rights reserved.

aceutical Materials Science,
, University of Cambridge,
1223 767059; fax: +44 1223
Typically, gel-forming tablets are based on a small set of
pharmaceutically acceptable, water-soluble polymers, including
cellulose ethers, such as hydroxyethyl-, hydroxypropyl- and
hydroxypropyl-methyl-cellulose (HPMC), modified starches and a
few synthetic polymers, such as poly(ethylene-oxide) and poly(vi-
nyl-pyrrolidone). These may be used singly or in combination with
other excipients, to modify the compaction and swelling behaviour
of the formulations.

A considerable number of techniques have been developed to
study the swelling and drug-delivery characteristics of these sys-
tems [7], ranging from simple measurements of drug release into
the surrounding liquid [8–15] and various optical methods [15–
20], to sophisticated diffusometry- or relaxometry-based experi-
ments using magnetic resonance imaging (MRI) [21–37]. The re-
sults reveal a set of interrelated mechanisms that operate
following immersion of the tablet in water.

Firstly, within one minute, a small amount of water rapidly pen-
etrates a short distance into the tablet; this allows particles of the
dry excipient near the tablet surface to swell into a gel [18,19] that
blocks pores and controls the subsequent ingress of water. Further
water penetration occurs by diffusion, apparently following Fickian
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(i.e. progressing with the square-root of time) [17,28–32,36], Case
II (i.e. progressing linearly with time) [30–35], or anomalous diffu-
sion (i.e. intermediate between Fickian and Case II) [34] depending
on the tablet composition and swelling conditions, such as pH
[30,31]. This produces a ‘swelling’ or ‘hydration’ front between
the hydrated outer regions of the tablet and the dry excipient with-
in the tablet core. Simply measuring the movement of this front
may be misleading, however, since the advance due to diffusion
may be countered by an expansion of the core in the axial direction
[15,19,23,26,27,37], which is usually attributed to the relaxation of
residual compaction stress.

Where sufficient water has penetrated, the excipients form a gel
layer, consisting of swollen polymer and any other dissolved or
suspended materials from the tablet. The thickness and composi-
tion of this gel depend on the relative rates of adding more dry
material from the tablet core (at the hydration front), dilution by
water diffusing into the gel and erosion from the outer gel–liquid
interface (i.e. the erosion front). Hence, its properties can be af-
fected by the type of polymer [16,32,33], the presence of any other
tabletted materials (i.e. excipients or drugs [14,15,29,31]) and the
composition of the swelling medium. The gel becomes progres-
sively more dilute towards the bulk liquid, which results in longer
nuclear relaxation times and faster diffusion rates [21–24,27–
33,37]. Drug release is controlled by this gel layer and can occur
by two mechanisms [7], depending on the solubility of the drug.
At some point within the swollen gel (the dissolution front), read-
ily soluble drugs start to dissolve and diffuse out [16,29]; other-
wise, less soluble drugs are released at the erosion front.

We recently demonstrated a further addition to these methods,
using X-ray microtomography (XlT) to observe the movements of
tracer particles embedded within the gel-forming tablet [37]. This
provided a method for observations in three-dimensions, analo-
gous to the essentially two-dimensional method reported previ-
ously be Adler et al. [20]. Swelling and gel formation were
revealed by the movements of tracers that started close to the tab-
let surfaces. Moreover, in contrast to MRI, which requires a suffi-
cient water concentration within the material to lengthen the
relaxation times associated with the nuclear spin magnetisation
and provide an observable echo signal above any background noise
[21–23,37], the XlT method was also able to show any movements
within the relatively dry interior of the tablet. This revealed a
‘mechanical relaxation’ in the axial direction, within the tablet
interior, ahead of the advancing hydration fronts that marked the
(inward moving) limit of the MRI signal [37].

The present work employed the XlT method to study the swell-
ing behaviour of a range of gel-forming formulations based on
HPMC and mixtures with microcrystalline cellulose (MCC) or
pre-gelatinised starch (PGS). Using the intense X-ray illumination
from a synchrotron permitted relatively rapid acquisition of good
quality images, compared with the bench-top tomograph used in
our previous work [37]. Hence, the present study has mainly con-
centrated on the earlier stages of swelling.
Table 1
Composition and relative densities for specimens used in this work (uncertainty
estimate shown in first row).

Composition (w/w) Compaction pressure (MPa) Relative density

100% HPMC 64 0.849 ± 0.006
100% HPMC 127 0.896
100% HPMC 318 0.940
90% HPMC + 10% MCC 127 0.906
70% HPMC + 30% MCC 127 0.897
30% HPMC + 70% MCC 127 0.885
10% HPMC + 90% MCC 127 0.884
60% HPMC + 40% PGS 127 0.889
40% HPMC + 60% PGS 127 0.878
20% HPMC + 80% PGS 127 0.874
10% HPMC + 90% PGS 127 0.869
2. Materials and methods

HPMC (Methocel K4M premium EP, Colorcon Ltd., Kent, UK),
PGS (1500, Colorcon Ltd., Kent, UK) and MCC (Avicel PH101, FMC
Corp., USA) were stored under ambient conditions and used as re-
ceived. Specimens were produced from single powders or mix-
tures, as indicated in the text. In each case, the powder was
mixed with glass microspheres (Jencons, UK, sieved diameter
180–212 lm, approximately 1% by weight), by tumbling in a tur-
bula mixer (Willy A Bachofen AG, Switzerland) for at least 15 min.

The powder charge (0.40–0.41 g) was transferred to an unlubri-
cated stainless steel die (10 mm internal diameter, Specac Ltd.,
Smiths Industries, Kent, UK). Single-sided compaction was per-
formed, using a mechanical testing rig (Instron Ltd., High Wy-
combe, Buckinghamshire, UK), at a speed of 3 mm min�1 during
loading to the chosen maximum force and unloading. The speci-
men was ejected immediately after unloading, in the same direc-
tion as the compaction; its diameter (d0) and height (h0) were
measured using callipers with a vernier scale (to ±0.02 mm), with-
in 1 min of ejection; its weight was subsequently measured using a
top-pan balance (to ±0.0003 g), in order to estimate the bulk den-
sity. The compositions and relative densities of the specimens used
in this work are summarised in Table 1. The upper surface of each
specimen was numbered using a soft pencil, in order to identify
both the specimen and its compaction direction.

XlT experiments were performed on beamline ID19, of the
ESRF, Grenoble, using an effectively parallel beam of monochro-
matic X-rays of 30 keV and with a sample-to-detector distance of
30 mm. For each acquisition, 500 projection images with exposure
time of 50 ms were collected using a fast readout-low noise (FRe-
LoN) CCD camera [38,39]. The field of view (FoV) of 30 � 10.7 mm
was resolved into 980 � 350 pixels, giving a spatial resolution of
30.6 lm pixel�1 in both horizontal and vertical directions. Light-
field images (i.e. X-ray illumination on and the specimen out of
the beam-path) and dark-field images (i.e. X-ray illumination off)
were also collected during each acquisition procedure, in order to
correct for electronic noise and variations in the X-ray source
brightness. Including the time required for data-transfer, each
acquisition took 2.36 min.

Swelling experiments were performed inside a clear plastic
sample vial, which was mounted on the beamline sample stage.
Specimens were placed singly into the vial, on a plastic support
and immersed in distilled water. After performing the usual safety
checks, the experimental hutch was secured, before a series of pre-
programmed acquisitions was started; this resulted in a delay of
about 80 s from the start of swelling, so that the mid-point of the
first acquisition was at about 2.5 min. Most experiments were re-
stricted to the early stages of swelling (up to about 70 min),
although a few were allowed to continue up to 6 h.

Sets of projected images, corresponding to each time-point
within the swelling experiment, were reconstructed using pyHST
software written at the ESRF to perform a direct filtered back-pro-
jection algorithm. This produced ‘stacks’ of 980 � 980 � 350 cubic
voxels (i.e. the 3D equivalents of pixels, of size 30.6 lm in each
direction), which comprised a sequence of horizontal slice images.
Subsequent analyses and measurements were performed using Im-
age-J software [40]. For each swelling experiment, a region of inter-
est (RoI) was selected manually around the tablet diameter
(typically, 30 or 40 voxels thick, i.e. spanning 15 or 20 voxels either
side of the diameter, depending on the abundance of glass micro-
spheres), of sufficient width (480 voxels) and height (350 voxels),
so that the tracers remained within this region throughout swell-
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ing. Each ‘peri-diametral’ RoI was ‘re-sliced’ and ‘projected’ into a
single (vertical) image. It was found that different features could
be enhanced using ‘Image-Stacks-Z Project’ and selecting the pro-
jection options (i.e. average, maximum or minimum intensity),
which are built into the Image-J software. These options produced
an image containing pixels using the average, brightest or darkest
values from a corresponding row of voxels through the RoI; choos-
ing ‘minimum intensity’ revealed the tracers, while ‘maximum
intensity’ revealed regions of low density and bubbles. The images
were further enhanced by applying false colour (shown in the ‘on-
line’ version of this paper). Generally, the greyscale range was cho-
sen so that white indicated complete transmission, while black
indicated the strongest absorbance within the set of acquisitions
for that experiment (i.e. still less than total absorbance, which
would have compromised the tomographic reconstructions). In
some cases, however, this range was restricted further, to increase
contrast and reveal specific features.
3. Results

A typical sequence of images demonstrating the swelling of a
HPMC tablet specimen over 5.3 h is shown in Fig. 1. (Note: the fuz-
zy, vertical lines through the middle of these and other XlT images
are artefacts.) Due to the stronger X-ray absorbance of the glass
microspheres compared with water or HPMC, they appeared as
small dark circles, which could be revealed by ‘projecting’ voxels
of minimum intensity through the selected (30 voxel thick) ‘peri-
diametral’ RoI. The two dark shapes at the bottom of each image
are due to the plastic support beneath the specimen.

The specimen appeared to rise off the supports, as swelling pro-
gressed; this was caused by gel forming ahead of the outermost
tracers. Due to the relative hardness of the glass and the steel com-
paction die, compared with the pharmaceutical excipients used
here, the centre of each microsphere was expected to lie at least
one radius distance (approximately 100 lm) from the geometric
surface of the specimen. It is likely, therefore, that HPMC closer
to the surface could swell without the movement of nearby micro-
spheres. Hence, as noted previously [37], the movements of the
outermost tracers indicated the expansion as the tablet swelled,
but not the absolute limits of the polymer gel.

The region containing the glass microspheres gradually ex-
panded over the course of the swelling experiment. In order to
facilitate comparison, a rectangle has been superimposed onto
each frame, centred on the region containing the relatively static
tracers within the tablet core (hence, tracking the upward move-
ment during swelling) and roughly indicating the initial size of
the specimen prior to swelling. Hence, it can be seen that the
expansion did not take place equally in all directions; although a
small amount of radial expansion was evident during the later
stages (from 72 min onwards), vertical (i.e. axial) expansion
started sooner (from 14 min) and predominated throughout these
swelling experiments. This was consistent with observations by
other workers using optical methods [15,19], MRI [23,26,27] and
our own previous findings based on a combination of MRI and
XlT [37]. To put this expansion in context, during the preparation
of these specimens, elastic recovery of typically 0.25 ± 0.01 mm
was observed when the compaction force was removed (i.e. spring-
back during unloading); by contrast, axial expansion in excess of
0.5 mm was observed during the first 30 min of swelling, with no
indication of the process slowing down.

There also appeared to be slightly greater movement of the
tracers on the lower side of the tablet – particularly, from the outer
rim. (Note: each specimen was identified by lightly numbering the
upper face, using a soft pencil; however, examination of horizontal
slices from stacks of XlT data suggested that this had not affected
the swelling.) Since each specimen was prepared by single-sided
compaction, with a driven upper punch and static lower punch,
the lower rim was expected to be of lower relative density, corre-
sponding to a larger pore volume fraction [41–48]. Hence, these re-
sults suggested that variations in compaction pressure (and the
resulting porosity) may affect swelling behaviour. (Note: in princi-
ple, XlT may be used to observe such density variations within
tablets [49,50]; good quality analyses of this were not possible
with the present data, however, due to increased greyscale varia-
tions (i.e. electronic ‘noise’) within pixels, as a consequence of
the relatively short acquisition times used.)

Although the same RoI was selected throughout the swelling
experiment, some of the original glass microsphere tracers seemed
to be absent during later stages. This was caused by the tablet ‘tilt-
ing’ slightly during swelling, ‘eliminating’ tracers close to the front
or rear limits of the RoI. These ‘missing’ tracers could be ‘found’
again by selecting a thicker RoI for the later images – but this also
introduced other ‘new’ microspheres that were not present in the
earlier images.

Closer examination of the XlT images revealed bands of light-
er contrast that encroached into the cross-section from above and
below. In order to examine this more clearly, Fig. 2 shows a set of
frames, corresponding to the images in Fig. 1, that have been re-
analysed using the ‘Z Projection – maximum intensity’ option to
reveal regions of lighter pixels. It can be seen that these light
bands formed parallel to the upper and lower faces, with roughly
uniform thickness and contrast, at the start of swelling. Then, as
swelling progressed, they thickened and expanded towards the
centre of the specimen, eventually developing slightly thicker
outer rims and meeting along the sides of the specimen. In some
frames, the band close to the bottom of the tablet appeared
slightly lighter; however, this was not significant given the
contrast variations observable in the surrounding liquid. At-
tempts at more quantitative measurements (e.g. by plotting the
pixel greyscale distributions) failed to reveal any systematic
differences.

It is significant that these regions showed lighter X-ray absor-
bance contrast than the HPMC of the tablet or the surrounding
water. A similar effect was also observed in our previous study
[37]. In principle, this could occur in two ways: lower atomic num-
ber elements with fewer electrons have intrinsically lower X-ray
absorbance and regions of lower mass density absorb X-rays less
strongly. Clearly, there is no conceivable mechanism for the for-
mer, given the present experimental procedures; hence, it appears
that the low absorbance contrast was due to regions of mass den-
sity lower than water. This suggested significant bubble formation
within the swelling gel layer around the tablet, as reported previ-
ously [51–53]. The inability to resolve individual bubbles, in the
present experiments, suggested relatively small sizes (i.e. ‘micro-
bubbles’ with diameters less than 60 lm).

Several possible explanations for bubble formation during
swelling can be proposed. Firstly, the water used to swell the spec-
imens was expected to contain some dissolved gas, which may
have come out of solution due to the gradual dissolution of HPMC.
This explanation seems unlikely, however, since the light regions
appeared to form within the region occupied by the swelling tablet
– not the surrounding water. Instead, it seems more likely that the
gas originated from air trapped within the specimen itself, in line
with previous conclusions [51–53]. This suggested two further
explanations. Trapped air that was compressed during compaction
may have expanded as the HPMC softened, with the pressure caus-
ing the expansion. This, too, sounds unlikely, however, since the
gas pressure would be exerted equally in all directions, causing
both radial and axial expansion. It is also inconsistent with previ-
ous observations that the bubbles could be avoided simply by
removing air from tablets under vacuum, prior to immersion in



Fig. 1. Sequence of reconstructed vertical slices from XlT data, showing movement of glass microspheres during swelling, for HPMC specimen compacted at 127 MPa
(rectangles indicate approximate initial size, vertical stripe through each image is an artefact). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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water [53]. Moreover, it is expected that pressurised gas would
find the easiest way out, leading to irregular ‘jets’ but little infla-
tion. A more likely explanation is that residual stress in the com-
pacted granules was able to relax as the HPMC became hydrated;
the resulting mechanical expansion caused a pressure-decrease
within the intergranular pores and bubble formation by the en-



Fig. 2. Sequence of reconstructed vertical slices from XlT data, showing evolution of low density zone, during swelling for HPMC specimen compacted at 127 MPa. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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trained air. Since the original compaction occurred axially, it
seems reasonable that the relaxation should also occur in this
direction.
Comparing the relative positions of the glass microspheres dur-
ing swelling showed that arrival of the region of light contrast
coincided with the start of axial expansion. This comparison is



Fig. 3. Demonstrating relative displacement of glass microsphere tracers during
swelling, for HPMC specimen compacted at 127 MPa (circles indicate features that
have remained in the same relative position, neglecting upward movement due to
swelling between tablet and support; relative movements are indicated by lines,
from starting positions shown as white dots). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 4. Decrease in ‘core’ thickness during swelling, for HPMC compacted at
127 MPa (data measured in triplicate): (a) plotted vs. time; (b) vs. square-root of
time.
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shown more clearly in Fig. 3. Selected microspheres that have re-
mained in the same relative positions (i.e. neglecting the net up-
ward movement due to swelling between tablet and support) are
marked by circles; microsphere movements are shown by white
lines linking the current locations to the starting positions, which
are shown as white dots. Hence, it can be seen that microspheres
within the ‘core’ (i.e. between the regions of lighter contrast) re-
mained in the same relative configurations – with only a uniform
upward movement, due to swelling between the tablet and sup-
port. Conversely, microspheres within or beyond the regions of
lighter contrast showed considerable movement, which occurred
predominantly in the axial direction – even when the tracer started
close to the sides of the tablet. This suggested that the regions of
lighter contrast were associated with ‘expansion zones’, within
which relaxation of residual compaction stress occurred.

The ‘core’ thickness, hcore(t), was measured manually, as the dis-
tance between the lighter ‘expansion zones’ in the projected image
obtained from each XlT acquisition during the experiment. This
process gave quite accurate measurements (±1 pixel equivalent
to ±0.03 mm) during the early stages of swelling, where the light
bands were of consistent thickness and the demarcation (i.e. absor-
bance contrast) from the rest of the tablet was sharp. During later
stages of swelling, however, the thickness of the light bands be-
came more irregular, and the demarcation from the ‘core’ became
blurred; under these more difficult conditions, an uncertainty of
±6 pixels, corresponding to ±0.185 mm, was estimated for hcore(t)
close to the middle of the specimens (i.e. away from the corners,
which thickened more). Plotting hcore(t) against time revealed a
dependence of the form:

hcoreðtÞ ¼ h0 � kt1=2 ð1Þ

with k constant, as shown in Fig. 4a, where the error bars indicate
the increasing uncertainty that was expected as the experiments
progressed. Hence, plotting hcore(t) against the square-root of time
produced a straight line, as shown in Fig. 4b.

Although the expansion appeared to be initiated by water
entering the HPMC, the precise hydration level at which it occurred
was not determined, so the inner edge of the expansion zone may
not be synonymous with the hydration front observable by MRI.
(Indeed, it would be surprising if the water level required to initi-
ate the mechanical relaxation coincided precisely with the MRI
detection limit, which depends on water increasing the nuclear
spin relaxation times sufficiently to acquire an echo signal above
any background noise [21–23,37].) Nevertheless, based on the
assumption that it occurred at a roughly constant water level,
the observed inward advance of the expansion zone indicated
water ingress, while the t½-dependence suggested Fickian diffu-
sion. Moreover, MRI studies frequently show that the water con-
tent rises steeply behind the hydration front [28,30–32,34,37];
consequently, estimating the position of the hydration front by
XlT is less dependent on the precise water level at which the
expansion started.

Since the core appeared to be eroded by two-sided diffusion (i.e.
from above and below), an apparent diffusion constant could be
estimated from:
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Fig. 6. Effect of compaction pressure for HPMC specimens: (a) expansion during
swelling and (b) apparent diffusion coefficient for water penetration.
For the data shown in Fig. 4, the constant (k =21 � 10�6 m s�½) was
equivalent to a diffusion coefficient of D = (0.055 ± 0.010) � 10�9 m2

s�1. These results agreed well with previous measurements of (ra-
dial) water penetration rates into HPMC using MRI, by Tritt-Goc
and co-workers, which corresponded to Fickian diffusion with D
in the range (0.02–0.06)�10�9 m2 s�1, depending on the swelling
conditions and molecular weight of the HPMC [30,32]. Hence, this
provides support for the assumption inherent in the present esti-
mates of water penetration rates.

This interpretation of Fickian diffusion overlooks the effect of
bubble formation in the expansion zone, however, which may af-
fect the rate of water penetration by increasing tortuosity and
reducing the cross-sectional area of the gel available for diffusion.
Moreover, the occurrence of Fickian diffusion of water into HPMC
seems rather surprising, in view of the significant increase in D
with water content widely indicated by MRI diffusometry mea-
surements [24,28,29]. Instead, it seems likely that the t½-depen-
dence of the core thickness may have occurred because the
effects of bubble formation offset the increase in D expected with
greater swelling.

Although slightly faster penetration may be expected in the ra-
dial, compared with the axial direction [32], estimates of (appar-
ent) diffusion distances suggest that hydration of most material
behind the flat faces occurred predominantly by axial penetration.
This explains why the expansion zones remained essentially paral-
lel to those faces for a considerable time, with deviations appearing
first in the lower corners, where greater porosity was expected
[41–48] to allow faster water penetration.

Combining the results from (axial) movements of the outermost
tracers and the advancing expansion zones, close to the middle of
the specimens, revealed the behaviour demonstrated in Fig. 5. The
height increased, due to expansion of the gel layer, while the dry
core between the advancing light bands (indicating expansion trig-
gered by hydration) gradually became thinner. At the same time,
only relatively small changes were observed in the radial direction.
These results were qualitatively similar to previous observations of
gel-layer formation, using MRI [37].

The effect of compaction pressure on the swelling behaviour of
HPMC was investigated by comparing specimens prepared at 64
and 318 MPa. As shown in Table 1, the relative densities of the tab-
lets increased with compaction pressure, in line with expectations.
Since all the specimens were of roughly the same weight (0.40–
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0.41 g), the higher pressure samples were consequently thinner.
Although the behaviour was qualitatively similar to that discussed
previously for HPMC compacted at 127 MPa, the lower pressure
specimens exhibited greater expansion while the higher pressure
specimens expanded more slowly. This is demonstrated in
Fig. 6a, by comparing the overall thickness estimated from the out-
ermost tracer particles. These differences may be attributable to
faster water penetration into the lower compaction pressure spec-
imens, which were more porous. This hypothesis was supported by
the apparent diffusion coefficients, estimated from the advancing
light bands (expansion zones) for these specimens, as shown in
Fig. 6b. This also corroborated previous observations of faster
swelling from the lower (static punch) sides of specimens, which
were expected to be of lower relative density, due to the effects
of friction against the compaction die [41–48].

Incorporating MCC produced a small reduction in the relative
densities of the tablets, suggesting that these formulations were
less easily compacted than pure HPMC. Also, since MCC
(1577 kg m�3 [44]) is more dense than HPMC (1335 kg m�3 [47]),
using roughly the same weights of materials resulted in thinner
specimens as the MCC content increased. Nevertheless, admixing
up to 70% MCC appeared to have little effect on the expansion
behaviour. Within the accuracy of the present experiments, the
movements of tracer particles for the 10% MCC and 70% MCC spec-
imens, shown in Fig. 7, appeared similar to the behaviour of 100%
HPMC specimens.

By contrast, specimens made from 10% HPMC + 90% MCC ex-
panded much more quickly, as shown in Fig. 8. Indeed, the rapid
movement of tracer particles at the start of swelling prevented
accurate reconstruction of the XlT data and produced the blurring
in the first frame of Fig. 8; only those particles near the bottom of



Fig. 7. Sequence of reconstructed vertical slices from XlT data, comparing the effect of composition, for HPMC–MCC mixture specimens (rectangles indicate approximate
initial size, the light region below the 90% HPMC + 10% MCC specimen at the start of swelling was due to a trapped bubble). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Sequence of reconstructed vertical slices from XlT data, showing swelling
behaviour of 10% HPMC + 90% MCC specimen, compacted at 127 MPa (rectangles
indicate approximate initial size). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Effect of composition on expansion behaviour, for HPMC + MCC mixtures.

Fig. 10. High-contrast images from XlT data for 10% HPMC + 90% MCC specimen
after 31-min swelling: (a) vertical slice in xz-plane through middle of swollen
specimen and (b) horizontal slice in xy-plane, through lower interface between gel
and unswollen core; the dashed lines (a–a0) and (b–b0) indicate where the images
intersect each other. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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the specimen were sufficiently slow moving to be observed clearly.
It was also very striking that the rapid expansion took place pre-
dominantly in the axial direction, with almost no increase in the
diameter. Again, the most probable explanation would seem to
be linked to mechanical relaxation of compaction stresses, while
any inflation due to the pressure of trapped gas and simple gel for-
mation by hydration of polymer chains would both be expected to
occur more isometrically.

Higher MCC formulations were not investigated. It was noted,
however, that tablets made of 100% MCC swelled rapidly and dis-
integrated completely within 1 min, which was too quick to study
in the present experiments.

The formation of bubbles in the expansion zone was clearly ob-
servable for the 10% HPMC + 90% MCC formulation. In this case, it
appeared that most of the trapped air coalesced into a few bubbles
that were large enough to be resolved in the XlT images, with the
largest approaching 1 mm diameter. Thin bands of unresolved,
lighter contrast, suggestive of ‘micro-bubbles’ were also observable
around the unswollen core, in the later frames of Fig. 8.

As shown in Fig. 9, the rapid expansion phase caused an approx-
imate doubling of the specimen thickness (indicated by the outer-
most tracers) within the first 10 min of swelling. After 10 min,
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however, the expansion slowed significantly, even though approx-
imately half of the original tablet appeared to persist as a com-
pacted core at the centre of the swollen specimen. Indeed, the
subsequent expansion of the 10% HPMC + 90% MCC specimens ap-
peared to be slower than that of the other formulations – although
the overall thickness was still much larger.

A clear explanation for the decrease in expansion rate during
the later stages of swelling is not currently known. One possibility
may be that the gel layer had become sufficiently thick by this
stage to control further water ingress and expansion. It seems un-
likely, however, that a highly swollen, homogeneous gel containing
MCC and HPMC in the same proportions as in the tablet would re-
strict further water ingress so effectively. Closer examination re-
vealed that the gel was not homogeneous; images extracted from
narrow regions (3 voxels thick) of the XlT data for a specimen after
31 min swelling (using ‘Z Projection – average intensity’, smooth-
ing and high contrast) revealed distinct variations in the gel com-
position, as demonstrated in Fig. 10. Stratified layers of higher
Fig. 11. Sequence of reconstructed vertical slices from XlT data, showing swelling behav
approximate initial size). (For interpretation of the references to colour in this figure leg
optical density were evident, along with the larger bubbles, in
the gel layers above and below the tablet core. It seems likely that
these denser regions may have been aggregates of MCC, which is
not water-soluble, separating out from the aqueous HPMC gel. As
noted previously, the limits of the unswollen tablet core appeared
to be marked by a thin, light band, which suggested micro-bubble
formation; this was also surrounded by a region of higher optical
density approaching that of the tablet core, which suggested a high
polymer concentration. Thus, the surface of the unswollen core
may have become ‘blinded’ by a layer of MCC, in the same way that
a filter can become blocked.

This effect may have been assisted by a pressure-decrease with-
in the intergranular pores, caused by the expansion of the hydrated
excipient particles, forcing the insoluble MCC into the interface.
(This may be akin to the sucking effect of a syringe as the plunger
is withdrawn.) Support for this hypothesis can be obtained from
the fate of the bubble caught beneath the 90% HPMC + 10% MCC
specimen, in Fig. 7. Close examination of successive XlT stacks
iour of 10% HPMC + 90% PGS specimen, compacted at 127 MPa (rectangles indicate
end, the reader is referred to the web version of this article.)
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from the early part of this swelling experiment showed that the
bubble remained beneath the tablet for at least 10 min. There
was no indication that it was released by the sample-stage move-
ments during the XlT acquisition, probably because it was trapped
within gel; instead, the bubble became progressively smaller, sug-
gesting that it had been gradually sucked into the underside of the
expanding tablet. This observation raises a further question con-
cerning the role of expansion during swelling – does it assist
hydration by sucking water into the tablet?

The effect of substituting PGS for MCC was explored briefly.
Fig. 11 shows the expansion behaviour of a 10% HPMC + 90% PGS
specimen. Since PGS is also a gel-forming excipient, this formula-
tion behaved roughly similar to HPMC or HPMC-rich mixtures.
Movements of tracers suggested that axial expansion was less
dominant during swelling, however, compared with HPMC or
MCC, with radial expansion also evident within 14 min. Moreover,
the light bands appeared rather less distinct above and below the
core but extended around the sides of the tablet sooner, which also
suggested that axial expansion was less dominant for the high PGS
specimens compared with the other formulations investigated.

The most significant difference, however, was the formation of
internal cracks within the 90% PGS specimen, after swelling for
about 1 h, as shown in Fig. 12. These cracks exhibited light contrast
(i.e. lower density than the water), suggesting that they were air-
filled and, therefore, probably associated with expansion rather
than water permeation. Since the three excipients used appeared
Fig. 12. Reconstructed vertical (a) and horizontal (b) slices, showing crack formed
during swelling (after 60 min, for 10% HPMC + 90% PGS specimen, compacted at
127 MPa). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 13. Effect of composition on the apparent diffusion coefficient for water
penetration, plotted against: (a) % HPMC in the formulation and (b) relative density
of the compacted specimens.
to be similarly viscoelastic [47], it seemed unlikely that the cracks
were due to more brittle behaviour of PGS compared with HPMC.
Also, the cracking followed a roughly circular path, which would
be consistent with radial swelling causing significant tension with-
in the tablet. No comparable effects were observable for lower PGS
formulations, however.

Changes in composition also appeared to produce small but sys-
tematic differences in the rates at which the expansion zones ad-
vanced into the specimens. Estimates of the apparent diffusion
coefficient, shown in Fig. 13a, became smaller with increasing
HPMC content, for mixtures with MCC or PGS. Although this may
also reflect differences in the hydration behaviour of the materials,
the main reason appeared to be related to changes in the relative
densities (i.e. porosities) of the different formulations, as shown
in Fig. 13b. This agreed with the expectation that the fastest water
ingress would occur through the intergranular pores, rather than
by diffusion through the excipient granules themselves, although
the hydrophilicity of granule surfaces may play an important role.
4. Discussion

This work demonstrated a relatively new application of XlT to
investigate tablet swelling behaviour, which followed on from our
own ‘pilot study’ using a bench-top tomograph [37]. In the present
work, the use of intense X-ray illumination from a synchrotron al-
lowed good quality data to be collected relatively quickly, in order
to investigate the early stages of swelling. Clearly, a method requir-
ing synchrotron radiation cannot be easily used for routine appli-
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cations. Nevertheless, the results from this work revealed interest-
ing differences in tablet swelling behaviour, which were related to
the compositions and compaction pressures used. Moreover, given
the rapid advances in XlT systems over recent years [54], there is
likely to be potential for wider application using bench-top instru-
mentation in the future.

Using XlT to follow the movements of tracer particles embed-
ded within the tablets provided a clear demonstration of the
dimensional changes that can occur within tablets during swelling.
The most dramatic example was provided by the 10% HPMC + 90%
MCC specimens, which doubled in thickness within a few minutes,
while the diameters remained essentially unchanged; however,
qualitatively similar behaviour was also evident with the other,
more slowly swelling formulations. The dominance of axial expan-
sion (i.e. the reverse of compaction) concurred with several previ-
ous reports [15,19,23,26,27,37] and has been attributed to
‘mechanical relaxation’ of residual compaction stress within the
tablet.

Compaction experiments with viscoelastic materials such as
HPMC, MCC and PGS generally reveal plastic deformation occur-
ring under the effects of the applied force (i.e. creep) and elastic
recovery (springback) during unloading [47,48,55–58]. Typically,
the creep and springback correspond to a small part of the overall
strain experienced by the powder bed during compaction. More-
over, despite these relaxation processes, compaction appears to
produce an overall increase in internal energy [55–59], which
may be able to drive further relaxation processes, given suitable
conditions. Hence, further axial expansion appeared to be initiated
by water ingress during swelling; this may occur concurrently, but
it is distinct from swelling associated with the increase in polymer
coil diameter caused by hydration. The latter process may be ex-
pected to produce more uniform, isotropic swelling so may have
been responsible for the small amounts of radial expansion ob-
served; it may also have been associated with the slower axial
swelling of the 10% HPMC + 90% MCC specimens, after the rapid
initial phase.

Further work is required to fully explain the mechanisms in-
volved in the axial expansion. The need for water ingress seems
quite clear; expansion proceeded quite rapidly after the tablets
were immersed, although no significant dimensional changes had
occurred between compacting powders to prepare the specimens
and starting the experiments (a period of approximately 2 weeks).
It is not clear, however, whether the role of water was to plasticise
the excipient within the compacted granules, to reduce intergran-
ular attraction by hydrating surfaces within or between granules,
to ‘re-inflate’ pores that had been collapsed during tabletting, or
some other process.

Ideally, a method for observing the swelling effects caused by
chain solvation and mechanical relaxation separately would be
useful. In this respect, it may be very informative to compare
observations of swelling using XlT with spatially resolved mea-
surements of water concentrations from other methods such as
MRI, along the lines reported previously [37]. This would consti-
tute an important subject for further experimentation but is be-
yond the scope of the present work.

Clearly, the choice of excipients can have a considerable effect
on the swelling and disintegration behaviour of tablets. The work
reported here demonstrates how more subtle control of the swell-
ing behaviour can be achieved by using combinations of excipients.
Hence, as an example, the swelling behaviour was faster in tablets
with more MCC, although this change was clearly not linear – the
behaviour remained fairly constant up to 70% MCC but then in-
creased rapidly for higher MCC formulations. It seems likely that
this change in behaviour resulted from the balance between the
gel-forming HPMC and the rapidly disintegrating MCC. Several
authors have applied percolation theory to account for changes
in tablet properties with composition [60–63]. Since the percola-
tion threshold for three-dimensional systems of similarly sized
granules is expected to be in the range 0.15–0.25 [63], this may of-
fer an explanation for the much faster swelling rates observed for
the 90% MCC specimens, where the HPMC particles formed isolated
clusters. Also, this formulation may have contained insufficient
HPMC to rapidly form a surface gel that could control subsequent
water ingress, along the lines suggested elsewhere [18,19].

It also appeared that the swelling behaviour could be affected
by pressing conditions. This was consistent with expectations,
since increased compaction force produces tablets with higher
density (i.e. lower pore volume), which may reduce the rate of
water ingress, to initiate the swelling process. As a consequence
of density variations within tablets, which occur due to the effects
of wall friction during compaction [41–48], it also appears that
there may be local differences in swelling rates within a single
tablet.

The most important observation, however, concerns the forma-
tion of bubbles within the expansion zones. This phenomenon has
been reported previously by several workers [51–53]. Indeed, Kors-
meyer et al. [51] suggested that this would affect the drug-delivery
characteristics, in vivo, by making tablets more buoyant. Also, Fyfe
and Blazek [53] attributed an overestimate of HPMC content in
their MRI experiments to bubbles occupying part of the gel layer
around a swelling tablet (i.e. increasing the volume of gel, while
being unobserved in the MRI). Nevertheless, the presence of bub-
bles appears to have been overlooked in previous attempts to mea-
sure diffusion rates. Clearly, bubbles are expected to occlude part
of the gel and increase the tortuosity of diffusion paths, which
would reduce the rate of water penetration into tablets. Since these
effects may offset the expected increase in D with hydration in gel-
forming excipients, this may cause apparently Fickian diffusion in
what is really a Case II system. A more detailed treatment is be-
yond the scope of the present report but should be addressed in fu-
ture work.

Other than our own ‘pilot study’ using a bench-top tomograph
[37], the work reported here is the first application of XlT to inves-
tigate swelling behaviour of different tablet formulations. Conse-
quently, while this technique shows considerable promise, it is
not surprising that several ‘loose ends’ and unresolved questions
remain. For example, it would be interesting to explore the change
in behaviour from ‘gradual’ to ‘rapid’ swelling that occurred some-
where between 70% and 90% MCC in HPMC, in order to test the
percolation theory explanation more thoroughly. It would also be
interesting to extend the range of concentrations examined to in-
clude ternary mixtures of HPMC, MCC and PGS, as well as other
common excipients. These issues should be considered in further
work.
5. Conclusions

The potential of XlT for studying tablet swelling was demon-
strated. Using intense X-ray illumination from a synchrotron
source permitted rapid data acquisition, so that the early stages
of swelling behaviour could be followed in ‘real time’. This revealed
several differences due to excipient type and compaction
conditions.

In all cases, significant axial expansion was observed, which
may be due to mechanical relaxation of residual compaction stress.
This expansion appeared to be accompanied by extensive bubble
formation, which may have significantly affected water penetra-
tion rates into the tablets. More detailed analyses of these phe-
nomena, including the role played by water in initiating these
processes, are beyond the scope of the present report but merit fur-
ther investigation.
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