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Abstract

The design and manufacture of tablets is a challenging process due to the complex interrelationships be-
tween raw material properties, the manufacturing setting and the tablet properties. An important factor
in formulation and process design is the fact that raw material and tablet properties drive the disintegra-
tion and dissolution performance of the final drug product. This study aimed to identify the mechanisms
which control tablet disintegration for 16 different immediate-release placebo formulations based on raw
material and tablet properties. Each formulation consisted of two fillers (47% each), one disintegrant and a
lubricant. Tablets were manufactured by direct compression using four different combinations of the fillers
microcrystalline cellulose (MCC), mannitol, lactose and dibasic calcium phosphate anhydrous (DCPA). The
disintegration mechanism was primarily driven by the filler combination, where MCC/lactose tablets were
identified as wettability controlled, MCC/mannitol tablets as dissolution controlled and DCPA-based tablets
(MCC/DCPA and lactose/DCPA) as swelling controlled. A change of 2% in porosity for the wettability con-
trolled tablets (MCC/lactose) caused a significant acceleration of the disintegration process (77% reduction
of disintegration time), whereas for swelling controlled tablets (MCC/DCPA) the same porosity change did
not considerably impact the disintegration process (3% change in disintegration time). By classifying these
formulations, critical formulation and manufacturing properties can be identified to allow tablet performance
to be optimised.

Keywords: disintegration mechanism, wettability, excipient swelling, dissolution, solid dosage form,
formulation development

1. Introduction

The disintegration and dissolution performance
of immediate-release (IR) tablets plays a central
role in the therapeutic efficacy of a product. Be-
fore the active pharmaceutical ingredient (API) can
have a therapeutic effect, it must first dissolve and
then be absorbed into the systemic circulation. For
most IR formulations, rapid disintegration is es-
sential for dissolution. As the tablet breaks into
smaller particles, the surface area available for dis-
solution increases, resulting in faster drug release.

∗Corresponding Author: daniel.markl@strath.ac.uk

For a tablet to disintegrate, the repulsive forces
within the tablet must exceed the inter-particle
bonding forces. The first stage in tablet disinte-
gration is liquid penetration. When in contact with
liquid, the disintegration medium will penetrate the
tablet through pores in the microstructure. Al-
though liquid penetration is not directly responsible
for disintegration, it is a prerequisite for all other
disintegration mechanisms (Nogami et al., 1967).
The most common cause of disintegration is the
expansion of particles within the tablet. As the
particles swell, the void space in the pores is soon
filled and a force is exerted on the surrounding ma-
trix. When this force exceeds the cohesive forces be-
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tween particles in the matrix, disintegration will oc-
cur (Caramella et al., 1990). Depending on the ma-
terial, particle expansion can be omni-directional or
uni-directional. The omni-directional expansion of
particles is a result of moisture uptake and is typ-
ically referred to as swelling. On the other hand,
some materials will only expand uni-directionally
as a result of its deformation during compaction.
For these materials, contact with liquid causes the
particles to regain their original shape prior to com-
paction, and therefore expansion occurs only axially
against the direction of compaction (Desai et al.,
2012; Quodbach et al., 2014b). In this paper, this
mechanism will be termed shape recovery, however
it is also known as strain recovery or deformation
recovery. Aside from swelling and shape recovery,
disintegration can also be a result of the dissolu-
tion of particles from the matrix. Each of these
mechanisms are influenced either by the raw ma-
terial properties, manufacturing conditions or both
(Markl and Zeitler, 2017).

For tablets manufactured by direct compression,
the pore structure of the tablet is formed during
compaction and this can impact the disintegration
performance. Higher compression forces result in
tablets with lower porosity. The tablet porosity
influences the rate of liquid penetration into the
tablet, and therefore the rate of disintegration (Pa-
tel and Hopponen, 1966; Marais et al., 2003). In
addition to compression force, the disintegration
performance of tablets manufactured by wet or dry
granulation may also be influenced by granule den-
sity or moisture content or the mode of disinte-
grant addition (i.e. intra- or extra-granular) (Gor-
don et al., 1993).

The effect of formulation on tablet disintegration
has been widely studied. In addition to the swelling
and shape recovery mechanisms of disintegrants,
other excipients in the formulation will also influ-
ence the disintegration process. Microcrystalline
cellulose (MCC) is a popular filler used in direct
compression, which swells when it comes in contact
with liquid (Markl et al., 2017). It has been shown
that the use of soluble fillers hinders disintegration
compared to insoluble fillers (Johnson et al., 1991;
Rubinstein and Birch, 1977; Berardi et al., 2018).
As the soluble filler will begin to dissolve as liq-
uid penetrates the tablet, the efficiency of swelling
and shape recovery materials is reduced. With sol-
uble of hygroscopic materials, there may be com-
petition for water with the disintegrants (Johnson
et al., 1991; Berardi et al., 2018). For insoluble ma-

trices, the expansion of the disintegrant results in
the disintegrating force being fully exerted on the
surrounding particles (Rubinstein and Birch, 1977).
Some studies have also suggested that dissolution of
the filler will increase the viscosity of the medium
and result in slower liquid penetration, however,
these effects are likely to be small relative to the
effect on disintegration time. Ekmekciyan et al.
(2018) demonstrated that solubility effects can be
explained by tablet components competing for the
available water. Soluble binders and fillers were
found to require more water molecules to dissolve,
compared to insoluble fillers which can be fully wet-
ted by a small amount of medium. As a result, the
use of insoluble fillers leaves more water available
for the disintegrants. These results supported pre-
vious studies which have shown that increased hy-
groscopicity of the tablet components could also re-
sult in decreased disintegration efficiency (Gordon
and Chowhan, 1987; López-Soĺıs and Villafuerte-
Robles, 2001; Johnson et al., 1991).

Disintegration testing is routinely performed
throughout drug product development. However,
the standard disintegration test gives very little
mechanistic information about the disintegration of
the tablet. As a result, several groups have ap-
plied novel approaches such as magnetic resonance
imaging (Quodbach et al., 2014a,b; Dvořák et al.,
2020), broadband acoustic resonance dissolution
spectroscopy (BARDS) (O’Mahoney et al., 2020),
image analysis (Berardi et al., 2018) and stress re-
laxation measurements (Tomas et al., 2018) which
can be used to study the underlying processes oc-
curring during disintegration and dissolution. Simi-
larly, terahertz pulsed imaging (TPI) has been used
to study liquid penetration in and swelling of pow-
der compacts (Yassin et al., 2015; Markl et al., 2017;
Al-Sharabi et al., 2020). The test conditions have
also been shown to influence the disintegration and
dissolution rates. Bisharat et al. (2019) investigated
the role of ethanol on disintegrant efficiency, whilst
Zhao and Augsburger (2005) explored the role of
pH of the disintegrating medium. The disintegra-
tion process is also affected by the choice of disso-
lution medium (e.g. biorelevant medium) (Anwar
et al., 2005) and its temperature (Basaleh et al.,
2020). Several recent reviews have evaluated the
current literature on the disintegration process, the
measurement techniques available, and the mecha-
nisms of action of tablet disintegrants (Quodbach
and Kleinebudde, 2016; Desai et al., 2016; Markl
and Zeitler, 2017).
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The objective of this study was to propose a
workflow which could allow identification of the
performance-controlling disintegration mechanism.
In this study, a performance-controlling mechanism
is referred to as a rate process that directly impacts
the overall disintegration time. In other words, a
minor alteration of one or multiple material and/or
product attributes strongly affects the rate of the
identified mechanism which in turn causes a change
in the disintegration performance. This workflow is
demonstrated for 16 different placebo formulations,
each composed of commonly used excipients. Both
raw material (e.g. moisture sorption, intrinsic dis-
solution rate) and tablet properties (e.g. porosity)
were considered within the workflow. This study
applies simple and routine analytical tests to gain
a greater understanding of the formulation proper-
ties which affect disintegration. By applying these
principles to understand the mechanism of a given
formulation, it is possible to optimise formulation
design in terms of the disintegration performance.

2. Materials and Methods

2.1. Materials

Microcrystalline cellulose (MCC) (Avicel R©PH-
102, FMC International), mannitol (Pearlitol R©200
SD, Roquette), lactose (FastFlo R©316, Foremost
Farms USA) and dibasic calcium phosphate an-
hydrous (DCPA) (Anhydrous Emcompress R©, JRS
Pharma) were used as fillers for the tablet formu-
lations. The disintegrants used were croscarmellose
sodium (CCS) (FMC International), crospovidone
(XPVP) (Kollidon R©CL, BASF), low-substituted
hydroxypropyl cellulose (L-HPC) (LH-21, Shin-
Etsu Chemical Co.) and sodium starch glycolate
(SSG) (Primojel R©, DFE Pharma). Magnesium
stearate (Mallinckrodt) was used as a lubricant.
All of the excipients used in this study were cho-
sen due to their widespread use in industry. The
fillers used in this study represent a broad range of
physicochemical properties. MCC is a hygroscopic,
insoluble filler which swells when in contact with
liquid. DCPA is an insoluble filler which is non-
hygroscopic. Lactose and mannitol are both soluble
fillers. The disintegrants CCS, L-HPC and SSG are
swelling disintegrants, whilst XPVP acts by shape
recovery.

2.2. Characterisation of Raw Materials

2.2.1. Dynamic Vapor Sorption

Moisture sorption isotherms were collected by
dynamic vapor sorption (DVS) at 25◦C for each
excipient. Samples of approximately 10 mg were
analysed using the DVS Advantage (Surface Mea-
surement Systems, London, UK). Prior to analy-
sis, samples were conditioned at 0% relative hu-
midity (RH). After conditioning, the sample mass
was recorded as the reference mass. The humidity
was then increased in increments of 10% RH until
90% RH. At each stage, the change in mass was
recorded once the balance reading had stabilised to
less than 0.002% change in mass per minute.

2.2.2. Particle Size and Shape

The shape and size of particles of each excipient
was measured using a QICPIC instrument (Sympa-
tec GmbH, Clausthal-Zellerfeld, Germany).

For each sample, the primary container was thor-
oughly mixed by rolling and inverting by hand, as
well as using a spatula to stir. Sample sizes of ap-
proximately 2 g were gently agitated to evenly dis-
perse the particles and reduce loss of material in the
vials. Analysis was performed using the M7 lens.
Each sample was measured in triplicate.

2.2.3. True Density

The true density of each excipient was measured
using a gas pyncometer with nitrogen (MicroUltra-
pyc 1200e, Quantachrome instrument, Graz, Aus-
tria). Measurements were taken in triplicate for
each sample.

2.2.4. Single Particle Dissolution

The dissolution of individual particles of lactose
and mannitol was studied using a custom-built flow
cell, as described by Soundaranathan et al. (2020).
Briefly, particles are placed in a small spherical
sample holder in the centre of the flow cell. A peri-
staltic pump was used to pump deionised water at
20◦C through the flow cell at a rate of 1.73 mL/min.
This process is recorded using an optical microscope
(Leica DM6000, Leica Microsystems CMS GmbH,
Germany) at 10x magnification. For each material,
the dissolution of 12 particles was monitored.

2.2.5. Relative Swelling

The relative swelling for each formulation was
calculated using the average particle size (D50) and
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the maximum swelling capacity (∆rmax). The mea-
surement of ∆rmax is described by Soundaranathan
et al. (2020). The relative swelling was then calcu-
lated as the average increase in particle size after
wetting, based on the weight fraction of each excip-
ient (ci).

∆s =
N∑
i

(
∆rmax
D50/2

)
ci (1)

2.3. Tablet Manufacture

2.3.1. Investigating Formulation Effects

The formulations manufactured are listed in Ta-
ble 1. For each formulation, 300 g of blend was pre-
pared by mixing both fillers (47% w/w each) and
the disintegrant (5% w/w) for 20 min in a blender
(Pharmatech AB-015, Pharmatech, Warwickshire,
UK) with a blend speed of 20 rpm and an agitator
speed of 200 rpm. Magnesium stearate (1% w/w)
was then added and the mixture was blended for a
further 5 min.

Tablets were compacted with a 9 mm flat
round die using a single punch automated tablet
press (FlexiTab, Bosch Packaging Technology Ltd,
Merseyside, UK). For each formulation, the fill-
ing depth and compression force were adjusted
to obtain tablets with a target weight of approx-
imately 350 mg and target tensile strength of
>2.5 MPa. For MCC/mannitol, MCC/lactose and
MCC/DCPA, tablets were compressed at 10 kN.
For DCPA/lactose formulations, 16 kN was used.

2.3.2. Investigating Porosity and Disintegrant Con-
centration Effects

Additional tablets were manufactured for each
filler combination with CCS (see Table 2). These
tablets were manufactured with either higher poros-
ity or higher disintegrant concentration.

To investigate the effect of porosity, the com-
pression force was set to 8 kN for MCC/mannitol,
MCC/lactose and MCC/DCPA formulation. The
DCPA/lactose formulation was compressed 12 kN.
This decrease in compression force resulted in
tablets with higher porosity than the original
batches (see Section 2.3.1).

To investigate the effect of disintegrant concen-
tration, additional tablets of these formulations
were also prepared with 8% w/w of CCS at 10 kN
(MCC/mannitol, MCC/lactose and MCC/DCPA)
and 16 kN (DCPA/lactose). For tablets contain-
ing 8% w/w CCS, the concentration of magnesium

Table 1: Direct compression tablet formulations

Filler 1 Filler 2 Disintegrant

MCC Mannitol CCS
MCC Mannitol XPVP
MCC Mannitol L-HPC
MCC Mannitol SSG
MCC Lactose CCS
MCC Lactose XPVP
MCC Lactose L-HPC
MCC Lactose SSG
MCC DCPA CCS
MCC DCPA XPVP
MCC DCPA L-HPC
MCC DCPA SSG
DCPA Lactose CCS
DCPA Lactose XPVP
DCPA Lactose L-HPC
DCPA Lactose SSG

stearate was kept at 1% w/w and the quantity of
each filler was adjusted to 45.5% w/w for each for-
mulation.

2.4. Characterisation of Tablets

2.4.1. Weight, Dimensions and Tensile Strength

The weight of each tablet was measured to the
nearest 0.1 mg using an analytical balance. The di-
ameter and thickness of each tablet were measured
using a set of digital callipers and reported to the
nearest 0.01 mm.

The hardness of each tablet was measured using
a hardness tester (Copley TBF 1000, Copley Scien-
tific Ltd, Nottingham, UK). The tensile strength,
σt, of tablets was calculated using the tablet hard-
ness, F , diameter, d, and thickness, t (Fell and New-
ton, 1970):

σt =
2 · F
π · d · t

. (2)

The weight, dimensions and tensile strength are
reported as the mean of 10 tablets for each formu-
lation.

2.4.2. Porosity

The porosity, ε, of tablets was calculated using
the measured weight, m, dimensions and the true
density, %t,mix, of the formulation. %t,mix was cal-
culated as the weighted harmonic mean considering
the true density, %t,i, and the weight fraction, ci, of
each excipient (Sun et al., 2018):
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Table 2: Formulations used to manufacture additional tablets with higher porosity and higher disintegrant concentration

Filler 1 Filler 2 Disintegrant Compression
Forces (kN)

Disintegrant Concen-
trations (% w/w)

MCC Mannitol CCS 8, 10 5, 8
MCC Lactose CCS 8, 10 5, 8
MCC DCPA CCS 8, 10 5, 8
DCPA Lactose CCS 12, 16 5, 8

%t,mix =

(
N∑
i

ci
%t,i

)−1

(3)

with N = 4 as the number of different excipi-
ents in the formulation. The porosity can then be
calculated using

ε = 1 −
m

π·(d/2)2·t

%t,mix
(4)

The porosity was reported as the mean of 10
tablets for each formulation.

2.4.3. Disintegration time

The disintegration time of tablets was measured
using a Copley DTG 2000 Disintegration Tester
(Copley Scientific Ltd, Nottingham, UK). Tablets
were disintegrated in 800 mL of distilled water at
37◦C. Disintegration time was measured in seconds
for 6 tablets per formulation. The mean and stan-
dard deviation of these 6 tablets is reported.

2.4.4. Dynamic Contact Angle

Dynamic contact angle measurements were taken
using a drop shape analyser (Krüss DSA30, Krüss
GmbH, Hamburg, Germany). Video recordings
were taken at a rate of 30 frames per second as a
single droplet of MilliQ R© Ultra-pure water was dis-
pensed on to the surface of the tablet. The video
files were analysed using MATLAB (R2019a, Math-
Works, Massachusetts, USA) to determine the con-
tact angle between the droplet and the tablet sur-
face at each frame in the recording (see Fig S2 in
the Supporting Information).

Two tablets were tested for each formulation. Us-
ing the data collected within the first second of con-
tact with the liquid droplet for each pair of repli-
cates, a two-phase exponential decay model (Eq. 5)
was fitted to the data using GraphPad Prism 8 (ver-
sion 8.3.1, GraphPad Software LLC, San Diego).

θc (t) = θc,p + sfe
−kf ·t + sse

−ks·t (5)

sf = θc,0 · xfs
ss = θc,0 (1 − xfs)

θc,0 and θc,p are the contact angles at initial and
infinite time, respectively. kf and ks are the rate
constants for the fast and slow phases, respectively.
The fraction of time dominated by the fast phase
of the reaction is described as xfs.

2.4.5. Statistical Analysis

To compare the effects of porosity and increased
CCS concentration, individual t-tests were per-
formed using GraphPad Prism 8 (version 8.3.1,
GraphPad Software LLC, San Diego). Differ-
ences were considered statistically significant for
p < 0.05.

3. Results

3.1. Characterisation of Raw Materials

Moisture sorption isotherms of the fillers (Fig 1A)
show that lactose, mannitol and DCPA are non-
hygroscopic and do not absorb moisture, even at
high relative humidity conditions. MCC is hygro-
scopic and absorbs a substantial amount of mois-
ture.

For the disintegrants (Fig 1B), the moisture sorp-
tion isotherms show high hygroscopicity. For L-
HPC, the moisture sorption at 80 and 90% RH
is lower than for the other excipients. For CCS,
XPVP and SSG, each disintegrant absorbs approx-
imately 42% moisture at 90% RH.

The results of particle size, sphericity and true
density measurements for each excipient are given
in Table 3. For all excipients the sphericity of the
particles was >0.6. The smallest particle sizes were
observed for SSG and CCS, whilst DCPA had the
largest particle size.
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Figure 1: Moisture sorption isotherms for (A) fillers and (B)
disintegrants.

Table 3: True density, particle size and sphericity of each
excipient

Excipient %t(g/cm
3) D50(µm) S50

MCC 1.56 111.14 0.75
Mannitol 1.49 177.30 0.85
Lactose 1.55 130.76 0.85
DCPA 2.98 190.52 0.79
CCS 1.60 54.32 0.66

XPVP 1.25 105.07 0.80
L-HPC 1.48 79.03 0.63

SSG 1.55 53.59 0.87

The measurement of single particle dissolution
showed that mannitol particles dissolve in 12.5 ±
7.2 s, and lactose particles dissolve in 42.7 ± 13.6
s. Example images from the analysis are shown in
Fig S1 in the Supporting Information.
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Figure 2: The disintegration time of each formulation (n = 6,
mean ± standard deviation)

3.2. Characterisation of Tablets

3.2.1. Tensile Strength and Porosity

The tensile strength of all formulations was be-
tween 2.5 and 4.1 MPa (see Fig S3 in the Support-
ing Information). The porosity of tablets contain-
ing MCC/mannitol and MCC/lactose was approx-
imately 13%, whilst the porosity of MCC/DCPA
and DCPA/lactose tablets were around 23% and
19%, respectively (See Fig S4 in the Supporting In-
formation).

3.2.2. Disintegration Time

The disintegration times of each formulation is
shown in Fig 2. Disintegration times were lowest
for MCC/DCPA formulations. For MCC/mannitol,
MCC/DCPA and DCPA/lactose, disintegration
times were under 2 minutes for all disintegrants,
whereas disintegration took significantly longer and
large differences between the different disintegrants
could be observed for MCC/lactose.

For MCC/lactose, MCC/mannitol and
MCC/DCPA, the batches containing XPVP
resulted in the fastest disintegration. For
DCPA/lactose, the batch containing CCS dis-
integrated slightly faster.

3.2.3. Dynamic Contact Angle

The initial contact angle θc,0 was extracted
from the dynamic contact angle measurements
of the tablets (Fig 3). The difference be-
tween tablets with each disintegrant are small
for MCC/DCPA, whereas they are more distinct
for MCC/lactose and MCC/mannitol formulations.
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2)

For DCPA/lactose, the contact angle is similar for
CCS, XPVP and L-HPC, however θc,0 is much
lower for tablets containing SSG. The full contact
angle profiles are shown in Fig S5 in the Supporting
Information.

3.3. Investigating the Performance-Controlling
Properties

3.3.1. Changing Tablet Porosity

Additional tablets were manufactured for each
filler-combination with CCS to investigate the ef-
fect of changing the tablet porosity. The poros-
ity and disintegration time of the new tablets are
shown against the original tablets in Fig 4. When
the porosity was increased, the disintegration time
of MCC/lactose decreased significantly. This sug-
gests that the disintegration time was limited by
liquid penetration. On the other hand, the dis-
integration of tablets containing MCC/mannitol
was much slower when the porosity was increased.
For MCC/DCPA and DCPA/lactose, increasing the
porosity did not significantly change the disintegra-
tion times.

3.3.2. Changing Disintegrant Concentration

The disintegration times of batches with 5%
and 8% w/w CCS are shown in Fig 5. When
the disintegrant concentration was increased, the
disintegration times of all tablets changed. For
MCC/lactose, an increase in CCS concentration re-
sulted in a faster tablet disintegration. There was
a slight increase in disintegration time observed for
MCC/mannitol and DCPA-based formulations.
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Figure 4: The (A) porosity and (B) disintegration time
of tablets compressed at 8 and 10 kN (MCC/lactose,
MCC/mannitol and MCC/DCPA) or 12 and 16 kN
(DCPA/lactose). n = (A) 10 or (B) 6; mean ± standard
deviation; *p < 0.05; ns: not significant.

The initial contact angle of tablets containing
5% and 8% w/w CCS are shown in Fig 6. For
tablets containing MCC/lactose, MCC/mannitol
and MCC/DCPA, there was a decrease in initial
contact angle for tablets containing 8% w/w CCS.
For tablets containing DCPA/lactose, the initial
contact angle increased with higher disintegrant
concentration.

4. Discussion

4.1. The Influence of Formulation on Disintegra-
tion

The performance of IR tablets is controlled by
different disintegration mechanisms. These mecha-
nisms can be impacted by both raw material prop-
erties and the manufacturing conditions. The key
differences between the raw material and tablet
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CCS, respectively.

properties of tablets containing different filler com-
binations with 5% w/w CCS are shown in Fig 7 and
the workflow used to classify these formulations is
shown in Fig 8.

For all tablets, liquid penetration is the neces-
sary pre-requisite for disintegration and dissolution.
As such, ensuring rapid liquid penetration will al-

Tensile strength
(MPa)
[0 - 4]

Disintegration time (s)
[0 - 200]

Relative swelling (%)
[0 - 20]

Composite
moisture uptake (%)
[0 - 10]

True density (g/cm3)
[0 - 2]

 MCC/Lactose
 MCC/Mannitol
 MCC/DCPA
 DCPA/Lactose

Porosity (%)
[0 - 25]

Figure 7: Summary of raw material and tablet properties
for each filler combination with 5% w/w CCS. Raw material
properties (%t,mix, relative swelling and moisture uptake)
expressed as the weighted arithmetic mean of each excipient.

ways be a key consideration during the develop-
ment of directly compressed tablets. In this study,
each batch has been further classified based on the
disintegration-controlling mechanisms. This allows
the formulator to identify the properties which can
be adjusted slightly in order to optimise the dis-
integration performance. For example, the DCPA-
based tablets tested in Section 3.3.1 show that in-
creasing the porosity of these tablets (as a result,
increasing the rate of liquid penetration) did not
result in faster disintegration (Fig 4). However,
changing the disintegrant concentration had a sig-
nificant effect on disintegration time (Fig 5). This
indicates that for the swelling-controlled DCPA-
batches, disintegration can be optimised by careful
selection of the disintegrant and concentration.

The first stage in the workflow is to assess the
solubility of the major tablet components. Several
studies in the literature have demonstrated that dis-
integration is faster for tablets composed of insolu-
ble excipients compared to those with soluble excip-
ients (Rubinstein and Birch, 1977; Johnson et al.,
1991). The disintegration times of these batches
(shown in Fig 2) support these findings, as tablets
containing MCC and DCPA disintegrate faster than
those containing mannitol or lactose. If the tablet
matrix is mostly composed of a soluble material,
then liquid penetration will lead to the dissolution
of filler particles. For tablets composed of an insol-
uble filler, only a small amount of water will be used
to wet the filler particles, thus leaving more water
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Decisions
D1: Are the major tablet components soluble?
D2: Do the major tablet components dissolve rapidly?
D3: Is the wettability high (low contact angle & high porosity)?

Dissolution 
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KEY

Figure 8: Workflow for the classification of IR tablets based on the disintegration mechanism.

available for the disintegrant (Ekmekciyan et al.,
2018). The solubility of most pharmaceutical ma-
terials is well-defined in the literature.

In addition to the solubility of the tablet compo-
nents, it is also important to consider the intrinsic
dissolution rate of the excipients in order to dis-
tinguish between components which will dissolve
rapidly when in contact with liquid and those which
will dissolve more slowly. For example, lactose and
mannitol have very similar absolute solubility val-
ues (1 g in 5.24 mL and 1 g in 5.5 mL, respectively,
for water at 20◦C (Rowe et al., 2009)), however, the
rates at which these excipients dissolve are differ-
ent. This was previously shown through determin-
ing the intrinsic dissolution rates by Wewers et al.
(2020), and further supported by the single parti-
cle dissolution analysis performed for lactose and
mannitol (Section 3.1). The difference in filler dis-
solution rate is evident when comparing the disin-
tegration time of tablets containing MCC/mannitol
and MCC/lactose (Fig 2). When mannitol is used
as a filler, these particles will dissolve rapidly from
the matrix, resulting in an increase in the apparent
pore space and improved liquid penetration. On
the other hand, lactose particles will take longer
to dissolve, meaning that the porosity remains low
during the initial stages of disintegration. If both
the solubility and intrinsic dissolution rate are high
for the major tablet components, then disintegra-
tion is driven by the dissolution of particles from
the matrix which consequently leads to improved
liquid penetration. The disintegration mechanism

of MCC/mannitol is thus dissolution controlled.

The third stage in the workflow is to assess the
wettability and porosity of the tablets. The poros-
ity of the tablets strongly influences the perfor-
mance as it relates directly to the rate of liquid pen-
etration. The total porosity of the tablet includes
both intra- and inter-particle porosity. DCPA has
a high intra-particle porosity, meaning that tablets
composed of MCC/DCPA and DCPA/lactose have
much higher total porosity than those containing
MCC/lactose and MCC/mannitol (see Fig S4 in
the Supporting Information). This high porosity
promotes liquid penetration through the pores in
the tablets, which then allows other processes such
as swelling or dissolution to begin. Due to the
rapid liquid penetration and wetting, disintegration
is limited by the rate of swelling of the disintegrant
particles. On the other hand, tablets containing
MCC/lactose have much lower porosity (Fig S4 in
the Supporting Information) than those contain-
ing DCPA. Unlike the tablets containing mannitol
(in which mannitol particles dissolve rapidly upon
contact with liquid), the single particle dissolution
analysis has shown that the wetting and dissolution
of lactose particles is much slower. As a result, the
porosity of this batch will remain low during the
beginning of disintegration, leading to slow liquid
penetration and delayed swelling compared to the
DCPA-based batches. We have therefore classified
the MCC/lactose batch as wettability-controlled.

The swelling ability of a formulation is deter-
mined by the swelling capacity of the raw materials
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(MCC, CCS, L-HPC, SSG) as well as shape recov-
ery effects (XPVP). For the MCC-based formula-
tions, both the disintegrant and MCC contribute
to the swelling (both omni- and uni-directional, for
swelling and shape recovery excipients respectively)
within a tablet. The swelling of the DCPA/lactose
formulation is only driven by the disintegrant used.
MCC/DCPA and DCPA/lactose are both swelling-
controlled, whereas the MCC/DCPA formulations
disintegrate faster due to its higher swelling ability
as exemplified by the relative swelling, ∆s, in Fig
7.

Each filler combination was manufactured with
four different disintegrants: CCS, XPVP, L-HPC
and SSG. The difference in disintegration times be-
tween the disintegrants were relatively small for
tablets composed of MCC/mannitol, MCC/DCPA
and DCPA/lactose. On the other hand, disin-
tegrant choice played a crucial role in determin-
ing the rate of disintegration of tablets containing
MCC/lactose. For these batches, XPVP resulted
in the fastest disintegration, followed by CCS, SSG
and L-HPC. These findings are in agreement with
previous studies which have ranked the effective-
ness of different disintegrants. Specifically, Quod-
bach et al. (2014a) studied the development of
fractal dimensions for dibasic calcium phosphate
(DCP) based tablets containing different disinte-
grants. The results of this study showed that XPVP
was the most effective disintegrant, followed by
CCS and SSG (Quodbach et al., 2014a).

The workflow shown in Fig 8 describes a clas-
sification system to determine the performance-
controlling disintegration mechanism of a tablet.
This workflow was developed based on the formula-
tions used in this study. In order to fully explore the
design space and establish criteria for the decision
points in this workflow, further research is required
to assess the influence of changing the composition
or excipients, as well as the effects of API.

4.2. The Influence of Porosity on Disintegration

Additional batches were manufactured for each
filler combination with CCS in order to investi-
gate the effect of porosity on the disintegration
mechanisms. Tablets containing MCC/DCPA and
DCPA/lactose showed no significant difference in
disintegration time when manufactured at low and
high porosity (as shown in Fig 4). This supports
the conclusion that swelling, rather than liquid pen-
etration, is the limiting step in the disintegration of
these tablets.

The disintegration of MCC/mannitol tablets was
slower for the batch of tablets with high poros-
ity. For tablet disintegration to occur, disintegrants
must exert a sufficient swelling force against the
surrounding matrix. Liquid penetration of these
tablets results in the rapid dissolution of mannitol.
As mannitol dissolves, the apparent pore space in
the tablet increases. If the empty pore space be-
tween the disintegrant and MCC particles is too
large, then particles will swell into this space in-
stead of exerting a force against the surrounding
particles. This could cause an increase in disin-
tegration time, as the swelling mechanism of the
disintegrant and MCC is less efficient.

The disintegration time of MCC/lactose tablets
was significantly faster for tablets manufactured
at the lower compression force (i.e. higher poros-
ity tablets). This confirms the conclusion that
these tablets are wettability-controlled, as increased
porosity accelerated the liquid uptake and, conse-
quently, reduced the disintegration time.

4.3. The Influence of Disintegrant Concentration
on Disintegration

The effect of disintegrant concentration was also
investigated for each filler combination. Tablets
were manufactured with 8% w/w CCS to allow
comparison with the original batches containing 5%
CCS.

When the disintegrant concentration was in-
creased, the disintegration time of MCC/DCPA
and DCPA/lactose tablets increased (Fig 5). Simi-
lar results were also found by Berardi et al. (2018),
with DCPA-based tablets showing slower disinte-
gration with higher concentrations of CCS or SSG.
The authors attributed these results to the for-
mation of a hydrated gel matrix, which held the
tablet together despite increased liquid uptake and
swelling. It is possible that at 8% CCS a gel is
formed that results in a barrier preventing further
liquid penetration.

Tablets containing MCC/mannitol also showed
a slight increase in disintegration time when the
concentration of CCS was increased. Despite the
higher wettability (as shown by a lower initial con-
tact angle in Fig 6), these tablets also showed lower
porosity and higher tensile strength compared to
those containing 5% w/w CCS. If disintegration of
these tablets is controlled by dissolution of manni-
tol particles, then the lower porosity could impede
liquid penetration and result in delayed dissolution
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of the mannitol. On the other hand, tablets com-
posed of MCC/lactose show faster disintegration
when 8% w/w CCS is used instead of 5% w/w. As
shown in Fig 6, a decrease in initial contact angle
for this batch suggests increased wettability. Un-
like tablets containing MCC/mannitol, there is no
effect on porosity (Fig S6 in the Supporting Infor-
mation). As a result, the increase in wettability
accelerates liquid uptake and hence decreases the
disintegration time.

5. Conclusions

The performance of tablets containing differ-
ent formulations, porosities and compositions were
investigated. This work provides a comprehen-
sive explanation of the mechanisms which control
disintegration time for tablets with different raw
material and compact properties. The processes
which may control disintegration are wettability
(i.e. liquid penetration), swelling or dissolution.
The mechanism of disintegration for a formula-
tion may be determined by considering the prop-
erties of the raw materials. For fillers which con-
tain a high proportion of rapidly-dissolving mate-
rial, disintegration will likely be dissolution con-
trolled. If the excipient wettability is low and the
tablets have low porosity, disintegration will be
controlled by the liquid penetration. For tablets
which are insoluble or partially insoluble, swelling
may be the controlling factor. These mecha-
nisms were further supported by investigating the
effect of increasing the tablet porosity. A 2%
change in porosity for the wettability-controlled
tablets (MCC/lactose) caused a 77% reduction in
the disintegration time, whereas for swelling con-
trolled tablets (MCC/DCPA and DCPA/lactose) a
change in porosity of 2% (MCC/DCPA) and 7%
(DCPA/lactose) did not significantly change the
disintegration process (3% and 5% change in dis-
integration time, respectively). The use of the sim-
ple workflow presented in this study could allow
formulators to identify the key formulation or man-
ufacturing parameters which could be adjusted to
optimise disintegration.

In this study, placebo tablets were used to inves-
tigate the effects of different excipients, but the ef-
fect of API must also be assessed when considering
the performance-controlling mechanism of a formu-
lation. Moreover, the composition of the tablets is
likely to have a strong influence on the disintegra-
tion controlling mechanism, and so changes to the

ratio of fillers or disintegrant must be taken into ac-
count. In addition to the formulation, the choice of
dissolution medium (e.g. biorelevant medium) and
its temperature can affect the disintegration and
dissolution. Generating a full picture of the rela-
tionship between given raw materials, manufactur-
ing conditions and controlling disintegration mech-
anism will require the consideration of biorelevant
dissolution media.
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