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Abstract
Purpose Superdisintegrants are typically used at low concentrations in tablets. As a result, the spatial distribution of dis-
integrant particles within the tablet may be inhomogeneous, resulting in varied disintegration times. This study aimed to 
investigate the effect of disintegrant spatial distribution on tablet disintegratability.
Methods Tablets with various degrees of disintegrant spatial distribution were engineered using a novel experimental 
design. The effects of relative spatial distribution of disintegrant particles on tablet tensile strength, liquid penetration rate 
and disintegration time were investigated.
Results It was observed that increased clustering of disintegrant particles generally promoted faster tablet disintegration 
due to more localized swelling and strain recovery of sodium starch glycolate and crospovidone, respectively. However, for 
tablets with insoluble fillers and sodium starch glycolate, a high degree of disintegrant clustering prolonged disintegration 
due to the formation of gel plugs which impeded liquid penetration into the tablet and caused the tablet to break up into 
floccules instead. Tablets made with insoluble fillers were also found to be more sensitive to changes in disintegrant spatial 
distribution compared to those containing soluble fillers.
Conclusion Overall, the effects of disintegrant spatial distribution were dependent on the type of disintegrant and filler used.
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Introduction

The oral tablet is the most common and preferred dosage 
form for delivering medications to patients (Moreton 2008; 
Turkoglu et al. 2009). Upon ingestion and wetting, the tablet 
breaks up into multiple subunits or fragments by disintegrant 
action (Moreton 2008; Alderborn 2013). The conventional 
disintegrants are plant-derived polymeric materials, such 
as starches and microcrystalline cellulose (MCC). Subse-
quently, more efficient disintegrants, known as superdisin-
tegrants, were introduced. Examples include sodium starch 
glycolate (SSG) and crospovidone (XPVP) that were pro-
duced by chemically modifying starch and povidone, respec-
tively (Quodbach et al. 2016).

Various mechanisms of disintegrant action have been 
proposed for different disintegrants (Desai et al. 2014). 
The more commonly discussed mechanisms are swelling, 
strain recovery and wicking. Swelling refers to the omnidi-
rectional volumetric expansion of disintegrant particles in 
an aqueous medium and this is the most observable disin-
tegration mechanism (Faroongsarng et al. 1994; Quodbach 
et al. 2014). When the disintegrant particles swell beyond 
the diameter of tablet pores, often by the cumulative force 
of disintegrant clusters, the swelling force pushes the tablet 
matrix apart (Patel et al. 1966). Starch and its derivatives act 
mainly through this mechanism (Moreton 2008), particularly 
for SSG which has been shown to be capable of very strong 
moisture absorption and large volumetric increase (Young 
et al. 2005; Augsburger et al. 2007). However, some swell-
ing excipients could gelatinize after volume expansion and 
this could delay tablet disintegration. Strain recovery is the 
reversible viscoelastic process of deformation (Patel et al. 
2007). Compacted disintegrant particles are constrained in a 
high-energy metastable shape (Lendlein et al. 2002) which, 
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when wetted, release the stored energy, allowing the disinte-
grant particles to partially regain their original shape (More-
ton 2008). The expansion due to strain recovery is unidirec-
tional and in the opposite direction of the compaction force 
exerted (Quodbach et al. 2014), causing the tablet to break 
up. Strain recovery is the main mechanism of action reported 
for XPVP (Desai et al. 2012). Wicking refers to the process 
of liquid uptake into the tablet via capillary action (Kissa 
1996; Moreton 2008). Besides penetrating through tablet 
pores, liquid can also traverse through a continuous net-
work formed by hydrophilic particles (Shotton et al. 1972). 
Besides disintegrants, other hydrophilic components present 
in the tablet also confer hydrophilicity to the tablet matrix 
and promote liquid entry. Wicking causes weakening of the 
tablet structure by disrupting inter-particle bonds (Curlin 
1955; Patel et al. 1966). However, wicking alone may not 
result in tablet disintegration (Patel et al. 1966) but could 
provide water for other disintegrant mechanisms such as 
swelling and strain recovery (Nogami et al. 1967; Khan et al. 
1975). It must be noted that the swelling of disintegrants 
might also result in the closure of tablet pores and hinder 
the process of wicking (Soundaranathan et al. 2023). In most 
cases, the limiting factor affecting disintegrant performance 
is either liquid uptake or volumetric expansion, and many 
recent studies have attempted to identify the performance-
controlling mechanism for various tablet formulations and 
assess the impact on tablet disintegration (Maclean et al. 
2021; Markl et al. 2021; So et al. 2021).

Segregation issues may arise when powder mixtures are 
transferred or agitated as particles in a mixture often differ in 
their size, shape, density and/or surface properties (Twitchell 
2013). Many investigators focused on the spatial distribu-
tion of drugs, but few investigate the effect of excipients, 
particularly the spatial distribution of disintegrants on tab-
let disintegration. Using imaging techniques such as near 
infrared and micro-focus X-ray, investigators demonstrated 
that low concentrations of drugs could exist as clusters in 
tablets (Lewis et al. 2001; Rigby et al. 2004). As superdis-
integrants are also typically incorporated in tablets at low 
concentrations, non-homogeneous spatial distribution of the 
superdisintegrant particles may arise. A recent study found 
that non-homogeneous distribution of the disintegrant, due 
to insufficient mixing, can result in poor tablet disintegra-
tion and delay dissolution (Kondo et al. 2023). Spontaneous 
segregation of components within the die after filling and 
prior to compaction is possible due to differences in physical 
attributes of components and the agitative forces contributed 
by punch movement. This could result in inter- or intra-batch 
variations in the spatial distribution of disintegrant parti-
cles in tablets, potentially affecting tablet disintegration. It 
is hence of interest to determine whether and how various 
degree of disintegrant spatial distribution would influence 

tablet disintegration time, especially for formulations where 
the concentration of disintegrant present is low.

Materials and methods

Materials

Sodium starch glycolate (SSG; Primojel, DFE Pharma, the 
Netherlands), crospovidone (XPVP; Kollidon CL-SF, BASF, 
Germany) or native maize starch (Maize Starch B, Roquette, 
France) was used as the disintegrant. Dicalcium phosphate 
dihydrate (DCP; Di-cafos D9, Budenheim, Germany), lac-
tose (GranuLac 200, Meggle, Germany) or microcrystal-
line cellulose (MCC; CEOLUS PH-101, Asahi Kasei, Japan) 
was used as the filler. Polyvinylpyrrolidone (PVP; Plasdone 
K-29/32, ISP Technologies, USA) was used as the binder 
with MCC. Magnesium stearate (MgSt; Magnesium stearate 
E, Faci Asia Pacific, Singapore) was the lubricant used for 
DCP- and lactose-based tablets. Iron oxide (Sicovit Red 30, 
BASF, Germany) was the red dye used.

Methods

The manufacturing process of slugs, granules and tablets in 
this study is presented in Fig. 1, providing an overview of 
the steps involved. The methods used in each of these steps 
are elaborated in greater detail in the subsequent sections.

Preparation of slugs

Table 1a shows the various slugged formulations with either 
only filler or filler and disintegrant (SSG or XPVP). DCP 
or lactose was selected as the filler with different solubility. 
For slugs with disintegrant, the components were weighed 
and blended for 5 min before aliquots of 1 g (DCP-based) 
or 800 mg (lactose-based) were compacted at 88 MPa in a 
single-station tablet press (NP-RD10A, Natoli Engineering, 
USA) fitted with 17 mm flat-faced punches and die (Natoli 
Engineering, USA). External lubrication was used to prevent 
sticking.

Preparation of granules

The slugs were broken down using a cone mill (Quadro 197 
Comil, Quadro Engineering, Canada) fitted with a grater 
screen of aperture size 813 μm and a teethed round impeller 
rotating at 1240 rpm. The granules produced were fraction-
ated using a sieve into large (> 180 μm) and small (< 180 
μm) size fractions. As each slug formulation (Table 1a) gave 
rise to two size fractions of granules, six types of granules 
were produced for each filler in this study.
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Design of experiment

The proportions of the different types of granules were var-
ied to manipulate the relative spatial distribution of disinte-
grant particles. A mixture design was employed to generate 
five tablet formulations for each combination of disinte-
grant and filler. The various combinations of disintegrant 
and filler in tablets are abbreviated as follows: SSG + DCP, 
XPVP + DCP, SSG + Lac and XPVP + Lac. Table 1b sum-
marizes the compositions of the tablets studied. The con-
centration of SSG and XPVP in Formulations S1 to S5 and 
X1 to X5, respectively, was 2%, w/w. This was achieved 
by maintaining a 1:1 weight ratio of disintegrant-containing 
granules to filler granules. The weight ratio of large to small 
granules was also kept at 1:1 to ensure that the granule size 
profiles of different formulations were comparable.

Figure 2 illustrates the spatial distribution of disinte-
grant particles in Formulations 1, 3, and 5 (i.e., X1, X3 
and X5, or S1, S3 and S5). In Formulation 1, disintegrant 
particles were only present in the small granules. Numeri-
cally, smaller granules are more abundant and therefore, 
the disintegrant particles would be expected to be better 
distributed across the tablet matrix. Thus, Formulation 1 
would theoretically demonstrate good homogeneity (i.e., 
the most uniformly distributed) in terms of disintegrant 
particles. As the formulation number increased (i.e., X1 
to X5 or S1 to S5), the proportion of large disintegrant-
containing granules increased and inversely, contained 
less small disintegrant-containing granules. Consequently, 
the disintegrant particles were more restricted to the large 
granules, causing them to appear as being relatively 
clustered.

Fig. 1  Flow chart depicting 
the manufacturing process of 
slugs, granules and tablets in 
this study
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Preparation of tablets

Tablets of 800 mg (DCP-based) or 600 mg (lactose-based) 
with 1%, w/w of MgSt and superdisintegrant equivalent to 
2%, w/w were produced. For each formulation (Table 1b), 
the proportions of granules were accurately weighed and 
hand-blended for 5 min prior to adding MgSt, and the mix-
ture was further blended for another 1 min. The mixture 
was carefully weighed out and hand-filled into the tab-
let die. Tablets were produced at a compaction pressure 
of 130 MPa using a compaction simulator (STYL’One 
Evolution, MedelPharm, France) equipped with 14 mm 
flat-faced punches and die (Natoli Engineering Company, 
USA). The tablets were aged in a closed container for at 
least 24 h prior to characterization tests.

Characterization of tablets

The weight, thickness, diameter and breaking force of ten 
tablets from each formulation were characterized using a 
weighing balance (Quintix 35-1 S, Sartorius, Germany), 
thickness gauge (547-300 S, Mitutoyo Corporation, Japan) 
and hardness tester (TBF 1000, Copley Scientific, UK), 
respectively. The tablet tensile strength was calculated 
using Eq. 1.

where F, d and t are the measured breaking force, tablet 
diameter and tablet thickness respectively.

(1)Tensile strength =
2F

� × d × t

Table 1  Composition of a slugs and b tablets containing superdisintegrants

a All tablets consisted of either 2%, w/w SSG or 10%, w/w maize starch as the disintegrant

(a) 
Formulation
(slugs)

Proportion (%, w/w)

Filler SSG XPVP

Filler only 100 – –
Filler + SSG 96 4 –
Filler + XPVP 96 – 4

(b) 
Formulation
(tablets) a

Code Proportion (%, w/w) Percentage of disinte-
grant in large granules 
(%)Granules without disin-

tegrant
Granules
with SSG

Granules with maize 
starch

Large Small Large Small Large Small

DCP + SSG S1 50 0 0 50 – – 0
S2 37.5 12.5 12.5 37.5 – – 25
S3 25 25 25 25 – – 50
S4 12.5 37.5 37.5 12.5 – – 75
S5 0 50 50 0 – – 100

DCP + maize starch M1 50 0 – – 0 50 0
M2 37.5 12.5 – – 12.5 37.5 25
M3 25 25 – – 25 25 50
M4 12.5 37.5 – – 37.5 12.5 75
M5 0 50 – – 50 0 100

Fig. 2  Diagrams illustrating the 
spatial distribution of disinte-
grant particles in a Formula-
tion 1, b Formulation 3 and 
c Formulation 5, with the blue 
borders, grey borders and red 
dots representing large granules, 
small granules and disintegrant 
particles respectively
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The liquid penetration test was conducted for five tablets 
of each formulation, using an experimental method that was 
published previously (Zheng et al. 2022). The liquid penetra-
tion rate constant, determined from the plot of water uptake 
against time, was used to compare the liquid penetration 
rates of different tablets.

The USP disintegration apparatus (DT2, Sotax, Switzer-
land) was used to determine the disintegration time of tab-
lets. Ten tablets from each formulation were evaluated, using 
water at 37 ◦ C as the disintegration medium.

Comparison between SSG and maize starch 
on spatial distribution effect

Additional experiments were conducted to compare the 
effects between SSG and maize starch as both are known 
swelling disintegrants. SSG and maize starch were employed 
at working concentrations of 2 and 10%, w/w, respectively. 
The slug and tablet compositions are given in Table 2.

Further study on tablets with slower disintegration

The extent and significance of the disintegrant spatial distri-
bution effect were further investigated by producing slower 
disintegrating tablets with MCC as filler and PVP as binder. 
The same design of experiment was adopted with slight 

adjustments in the composition of the slugs by including 
MCC, 2.5%, w/w PVP and 0 or 4%, w/w SSG or XPVP.

Slugs weighing 5 g each were compacted at 20 MPa using 
a universal testing machine (Autograph AG-100kNE, Shi-
madzu Corporation, Japan) fitted with 25-mm punches and 
die set. The slugs were subsequently comminuted using a 
cone mill (Quadro 197 Comil, Quadro Engineering, Canada) 
fitted with a grater screen of aperture size 2007 μm and a 
teethed round impeller rotating at 1240 rpm. The granules 
produced were fractionated using a 180 μm aperture size 
sieve as described earlier.

The proportions of granules for each tablet formulation 
were accurately weighed and blended for 5 min before tab-
leting. MgSt was not added for the MCC-based formula-
tions. Aliquots of 750 mg were carefully weighed, manu-
ally filled into the tablet die and compacted at 180 MPa 
using the compaction simulator (STYL’One Evolution, 
Medelpharm, France) fitted with 14 mm flat-faced punches 
and die (Natoli Engineering Company, USA). The tablet 
formulations were abbreviated as SSG + PVP + MCC and 
XPVP + PVP + MCC. Characterization of tablets was car-
ried out as elaborated previously.

Statistical analysis

The results obtained were analysed at 5% level of signifi-
cance using a statistical software (SPSS Statistics 26, IBM, 

Table 2  Composition of (a) slugs and (b) tablets containing SSG or starch

b All tablets consisted of either 2%, w/w SSG or 10%, w/w maize starch as the disintegrant

(a) 
Formulation
(slugs)

Proportion (%, w/w)

DCP SSG Starch

DCP only 100 – –
DCP + SSG 96 4 –
DCP + Starch 80 – 20

(b) 
Formulation
(tablets) a

Code Proportion (%, w/w) Percentage of disinte-
grant in large granules 
(%)Granules without disin-

tegrant
Granules
with SSG

Granules with maize 
starch

Large Small Large Small Large Small

DCP + SSG S1 50 0 0 50 – – 0
S2 37.5 12.5 12.5 37.5 – – 25
S3 25 25 25 25 – – 50
S4 12.5 37.5 37.5 12.5 – – 75
S5 0 50 50 0 – – 100

DCP + maize starch M1 50 0 – – 0 50 0
M2 37.5 12.5 – – 12.5 37.5 25
M3 25 25 – – 25 25 50
M4 12.5 37.5 – – 37.5 12.5 75
M5 0 50 – – 50 0 100
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USA). For comparisons between more than two independent 
samples (e.g., tablets with various disintegrant spatial distri-
butions), the Kruskal-Wallis test was applied to compare the 
tablet properties determined. For comparisons between two 
independent samples (e.g., tablets containing SSG compared 
to those containing XPVP), the Wilcoxon rank sum test was 
used. In addition, Minitab 17 (Minitab Inc., State College, 
USA) was used for the design of experiments and OriginPro 
2021b (OriginLab Corporation, Northampton, USA) to plot 
the experimental data.

Results and discussion

Validation of the variation in spatial distribution

A novel approach was conceptualized to introduce vari-
ability in the spatial distribution of disintegrant particles in 
tablets. This was achieved by altering the ratio of large to 
small disintegrant-containing granules to simulate various 
degrees of clustering of disintegrant particles. Feasibility 
of the method to alter the disintegrant spatial distribution 
was validated by using iron oxide as a red dye to mimic the 
presence of disintegrant particles in the tablets. Formula-
tions 1–5 were simulated where Formulation 1 had the least 
while Formulation 5 had the most clustered disintegrant 
particles. It could be clearly observed that Formulation 1 
produced tablets with minuscule but more abundant pink-
ish spots (Fig. 3a). From Formulation 1 to Formulation 5, it 
could be observed that there were progressively more large, 
scattered patches of red (Fig. 3b–e). This demonstrated that 
the method employed could produce tablets containing dis-
integrant particles with differences in their relative spatial 
distributions.

DCP or lactose tablets with superdisintegrants

Tensile strength

Figure 4a shows the plot of tensile strength against the per-
centage of disintegrant present in large granules. Overall, 
each tablet contained similar amount of disintegrant. An 
increase in the percentage of disintegrant present in large 
granules represents greater clustering of disintegrant par-
ticles. The factors known to affect tablet tensile strength, 
such as compaction pressure and particle size, were kept 
constant for all formulations. The DCP tablets (− 1.1 MPa) 
were clearly stronger than the lactose tablets (0.55–0.65 
MPa). For DCP tablets, the spatial distribution of SSG and 
XPVP did not affect tensile strength (p = 0.784 and 0.916 
respectively). All SSG + DCP tablets also had similar ten-
sile strength to the corresponding XPVP + DCP tablets 
(p = 0.336), indicating that the disintegrant incorporated at 
a low concentration of 2%, w/w in the tablets did not signifi-
cantly alter tablet tensile strength.

However, for lactose tablets, tensile strength of 
XPVP + Lac tablets was generally higher than that of 
SSG + Lac tablets (p < 0.001). Similar observations have 
been reported in other studies, and the difference in tensile 
strength was attributed to the difference in the deformation 
properties of SSG and XPVP (Hiew et al. 2016; Zhao et al. 
2017). XPVP has good binding ability due to its plastic 
deformability, whereas SSG is more elastic and potentially 
disrupt inter-particle bonds during post-compaction elastic 
recovery. Shape-wise, SSG is spherical and presents less 
inter-particle contact area for binding as opposed to the more 
fibrous XPVP (Rowe et al. 2009). Consequently, the inter-
particle bonds in XPVP + Lac tablets were stronger and the 
resultant tablets exhibited higher tensile strength. This dif-
ference in tensile strength was not observed for DCP-based 

Fig. 3  Images of Formulation 
1 to Formulation 5 tablets with 
red dye spots indicating the 
disintegrant spatial distribution
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tablets because DCP by itself formed strong tablets and were 
unaffected by the differences in binding abilities of the rela-
tively low concentration of the disintegrants used. It was also 
noted that, for lactose tablets, spatial distribution of SSG did 
not affect tablet tensile strength (p = 0.634) but increased 

clustering of XPVP caused a slight decrease in tablet tensile 
strength (p = 0.011). With increased clustering of XPVP, the 
binding effect of XPVP would be more localized, resulting 
in less uniform bonding and tablets of lower tensile strength 
resulted.

Liquid penetration rate

The liquid penetration rate constant of tablets was plotted 
against the percentage of disintegrant present in large gran-
ules (Fig. 4b). No significant difference in liquid penetration 
rate was observed for XPVP + DCP tablets and SSG + Lac 
tablets with increased clustering of disintegrant (p = 0.057 
and 0.273 respectively). The disintegrant action was trig-
gered by water. When disintegrant particles were more dis-
persed, swelling or strain recovery of SSG or XPVP respec-
tively would form numerous small pores. In comparison, 
increased clustering of disintegrant would result in the for-
mation of larger but fewer pores. It has been reported that 
the swelling of disintegrants is primarily driven by liquid 
penetration, which is, in turn, strongly influenced by the 
change in tablet pore space due to disintegrant swelling and 
dissolution of the tablet matrix (Maclean et al. 2021; Sound-
aranathan et al. 2023). Despite increased clustering of disin-
tegrant in these tablets, it is likely that the overall resultant 
pore volume from volumetric expansion of the disintegrants 
remained similar hence the observed liquid penetration rate 
was relatively unchanged.

XPVP + Lac tablets showed a slight increase in liquid 
penetration rate as clustering of XPVP increased (p = 0.005). 
This could possibly be due to the lower tensile strength of 
XPVP + Lac tablets with increased clustering of XPVP 
(Fig. 4a). For SSG + DCP tablets, liquid penetration rate 
increased then decreased with increased clustering of SSG 
(p < 0.001). As the percentage of disintegrant present in 
large granules increased from 0 to 50%, the clusters of SSG 
formed resulted in greater localized swelling that promoted 
liquid penetration. However, the liquid penetration rate 
decreased as the percentage of disintegrant present in large 
granules increased above 50%. While both DCP and SSG 
are hydrophilic, SSG has better wicking properties than DCP 
(Desai et al. 2012). Therefore, as the percentage of disinte-
grant present in large granules increased from 50 to 100%, 
it is likely that the increased clustering of SSG impaired the 
formation of a continuous network of SSG particles, caus-
ing water to traverse slower through the network of DCP 
particles instead.

Interestingly, the liquid penetration rate of SSG + DCP 
tablets was higher than that of XPVP + DCP tablets, but the 
opposite trend was observed for lactose tablets. It was been 
reported that SSG + DCP tablets underwent greater volu-
metric expansion than XPVP + DCP tablets (Basaleh et al. 
2020). This was attributed to the omnidirectional swelling 

Fig. 4  Plot of tablet a  tensile strength, b  liquid penetration rate con-
stant and c disintegration time against the percentage of disintegrant 
present in large granules for DCP and lactose tablets. All trend lines 
drawn are best fit lines
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of SSG occurring over a larger range than the unidirectional 
strain recovery of XPVP. As a result, the larger increase in 
pore size would promote liquid penetration into the tablet. In 
contrast, for lactose tablets, the solubility of lactose impeded 
the effect of SSG swelling on pore size enlargement (Berardi 
et al. 2018). In addition, it has been reported that dissolution 
of lactose increased liquid viscosity (Johnson et al. 1991) 
while SSG interacted with water to form a gel-like mass 
(Rojas et al. 2012; Desai et al. 2014). The combined effects 
of SSG and lactose in water likely accounted for the slower 
liquid penetration observed for SSG + Lac tablets in com-
parison with SSG + DCP tablets.

Disintegration time

Figure 4c presents the plot of disintegration time against 
the percentage of disintegrant present in large granules. 
For lactose tablets, tablet disintegration time decreased 
with increased clustering of disintegrant for both SSG and 
XPVP (p < 0.001 for both disintegrants). Clustering of disin-
tegrant particles contributed to larger cumulative volumetric 
expansion during swelling or strain recovery, resulting in 
increased local breakup force that facilitated faster tablet 
disintegration. In contrast, the volumetric expansion of dis-
integrant particles that were more homogeneously dispersed 
throughout the tablet exerted less cumulative expansive pres-
sure onto the tablet matrix. As XPVP particles became more 
clustered in XPVP + Lac tablets, the lower tensile strength 
(Fig. 4a) and faster liquid penetration (Fig. 4b) also contrib-
uted to the faster disintegration observed.

For DCP tablets, disintegration was also faster with 
increased clustering of XPVP  (p < 0.001). As the ten-
sile strength and liquid penetration rate remained similar 
(Fig. 4a, b), the faster disintegration observed could be pri-
marily attributed to the greater stress exerted on the tablet 
matrix by the more localized and cumulative strain recovery 
by clusters of XPVP particles. In contrast, disintegration 
was prolonged with a higher degree of clustering of SSG 
(p < 0.001). As SSG interacts with water to form a gel (Rojas 
et al. 2012; Desai et al. 2014), greater clustering of SSG 
resulted in the formation of viscous gel plugs which impeded 
liquid penetration and caused tablets to break up slower. 
Disintegrated fragments were large floccules instead of fine 
disintegrated particles. Similar observations were reported 
with the use of high concentrations of SSG (Haware et al. 
2008). Furthermore, as percentage of disintegrant present in 
large granules increased from 50 to 100%, w/w, slower liq-
uid penetration resulted in slower activation of disintegrant 
particles, contributing to slower disintegration (Ekmekciyan 
et al. 2018). This was not observed for SSG + Lac tablets 
as lactose can dissolve and mitigate the swelling effects of 
SSG by accommodation, hampering the formation of the 
pressure-precipitated gel plugs.

DCP tablets were significantly more sensitive to changes 
in disintegrant spatial distribution compared to lactose tab-
lets. The difference in disintegration time was up to 17% for 
lactose tablets and 150% for DCP tablets due mainly to the 
high aqueous solubility of lactose which can negate conse-
quences of volumetric expansion by a swelling disintegrant. 
Therefore, it can be inferred that tablets containing insoluble 
fillers such as DCP would be more sensitive to changes in 
disintegrant spatial distribution. Consequently, it could be 
concluded that the disintegrant spatial distribution effect on 
tablet disintegration is more pronounced for tablets contain-
ing insoluble fillers.

Among the lactose tablets, the differences in disintegra-
tion time between the best dispersed and most clustered for-
mulations were 2.35 and 4.31 s for SSG and XPVP respec-
tively. For DCP tablets, the differences were 12.68 and 13.51 
s for SSG and XPVP respectively. The significance of these 
differences in well-designed marketed conventional imme-
diate release tablet would not be high but can be adverse 
for poorly designed or slow-disintegrating tablets. Also, for 
orally disintegrating tablets, expected to disintegrate within 
1 min, differences in the spatial distribution of disintegrant 
particles could impact significantly. It should be noted that 
typical formulations would use XPVP at a higher concentra-
tion but for this study, the use percentage was maintained 
at the level for SSG. The lower concentration of XPVP 
employed resulted in correspondingly longer disintegration 
times for XPVP-based tablets, which may have muted the 
effects of local factors on tablet disintegration such as liq-
uid penetration and post-compaction disintegrant swelling. 
Nevertheless, the spatial distribution of disintegrants have 
demonstrated their influences on tablet properties.

DCP tablets with SSG or native maize starch

In order to compare SSG and starch as disintegrants, DCP 
tablets were produced with either 2%, w/w SSG or 10%, w/w 
maize starch and evaluated. Tablets with maize starch had 
significantly lower tensile strength than the corresponding 
tablets containing SSG (Fig. 5a). Among the tablets con-
taining maize starch, Formulations M4 and M5 had sig-
nificantly lower tensile strength than Formulations M1 to 
M3 (p < 0.001). As starch is known to be elastic and poorly 
compressible (Shotton et al. 1972; Edge et al. 2002), greater 
clustering of maize starch particles in Formulations M4 
and M5 likely created weakened localities within the tab-
let matrix and reduced the tablet tensile strength. Although 
SSG is also elastic in nature, this trend was not observed for 
tablets with SSG as it was present at only 2%, w/w and did 
not affect tablet tensile strength as markedly. In contrast, 
the presence of 10%, w/w maize starch was proportionally 
higher and therefore, had considerable impact on tablet 
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tensile strength. Thus, tablets containing maize starch had 
lower tensile strength than tablets with SSG.

Tablets with maize starch showed significantly slower liq-
uid penetration rates compared to tablets with SSG (Fig. 5b). 
Although both SSG and starch have disintegration action 

based on swelling, SSG swells by a greater extent (Rudnic 
et al. 1982). Despite being present at a lower concentration, 
the larger volumetric expansion of SSG particles enlarged 
tablet pores to a greater extent and resulted in faster liquid 
penetration. Although increased clustering of SSG resulted 
in slower liquid penetration, the spatial distribution of 
maize starch particles did not influence liquid penetration 
(p = 0.791). It was previously reported that liquid penetra-
tion rates were similar for maize starch compacts and par-
tially pregelatinized starch compacts (Gissinger et al. 1980), 
as well as for partially pregelatinized starch compacts and 
DCP compacts (Desai et al. 2012). This implies that DCP 
and starch likely have similar wicking abilities. As a result, 
although greater clustering disrupted the continuous network 
of maize starch particles, water would traverse DCP particles 
at a similar rate.

Tablets with maize starch showed significantly slower 
disintegration compared to tablets with SSG (Fig. 5c). This 
can be attributed to the slower water uptake and smaller 
magnitude of swelling of starch (Rudnic et al. 1982). Among 
the maize starch formulations, Formulations M4 and M5 
showed faster disintegration than Formulations M1 to M3 
(p < 0.001). As Formulations M4 and M5 were observed to 
have lower tensile strengths (Fig. 5a), the tablet matrix was 
likely to be broken up more easily. In addition, the more 
localized swelling due to clusters of maize starch particles 
contributed to the faster disintegration observed. Despite 
having a similar mechanism of action, different trends were 
observed when the spatial distribution of SSG and maize 
starch were varied. It can be inferred that the concentration 
of the disintegrant played an important role. At a concentra-
tion of 10%, w/w, clustering of maize starch particles sig-
nificantly reduced tablet tensile strength and disintegration 
time. In contrast, SSG at a lower concentration of 2%, w/w 
had minimal effect on tensile strength but clustering of SSG 
increased disintegration time via the formation of SSG gel 
plugs.

Interestingly, the variability in disintegration time 
decreased from Formulations M3 to M5 (Fig. 5c). This was 
likely due to the clusters of maize starch particles contribut-
ing to more effective and consistent local disintegrant action. 
This indicates that clustering of disintegrant particles could 
aid in the formulation of tablets with more predictable and 
consistent disintegration times. This effect was likely not 
as easily observed with superdisintegrants due to the short 
disintegration times of the test tablets formulated.

MCC tablets with superdisintegrants

In order to investigate the extent and significance of the 
spatial distribution effect, tablets with slower disintegra-
tion were also produced. MCC was used as the filler and 
PVP was included as a binder to produce stronger but 

Fig. 5  Plot of tablet a  tensile strength, b  liquid penetration rate con-
stant and c disintegration time against the percentage of disintegrant 
present in large granules for DCP tablets containing SSG or starch. 
All trend lines drawn are best fit lines
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slower disintegrating tablets. Figure 6a shows the plot of 
tablet tensile strength against the percentage of disinte-
grant present in large granules. Similar to previous find-
ings (Fig. 4a), the spatial distribution of SSG and XPVP 
did not affect tablet tensile strength markedly (p = 0.215 

and 0.230 respectively). Tablets with XPVP had signifi-
cantly higher tensile strength compared to those with SSG 
(p < 0.001), and this finding concurred with the results for 
lactose tablets as previously discussed, due to the better 
binding ability of XPVP.

Compared with the DCP and lactose tablets with SSG or 
XPVP (Fig. 4b), liquid penetration was generally lower for 
all the MCC tablet formulations (Fig. 6b). Previous studies 
have shown that water uptake in MCC-based tablets largely 
takes place via the inter-particle pore space (Nogami et al. 
1969; Al-Sharabi et al. 2020; Skelbæk-Pedersen et al. 2020) 
and MCC undergoes plastic deformation during compaction 
to produce tablets with low porosity which hindered liquid 
uptake (Bolhuis et al. 2006; Thoorens et al. 2014). Tablets 
with SSG exhibited significantly faster liquid penetration 
when compared to those with XPVP (Fig. 6b, p < 0.001). 
As discussed previously, this was attributed to stronger cap-
illary action and swelling effects of SSG when compared 
with XPVP (Zhao et al. 2005; Desai et al. 2012; Rojas et al. 
2012). A similar trend was also obtained with DCP tablets, 
indicating that the disintegrants promoted liquid penetration 
in a similar manner for tablets made with insoluble fillers.

For the MCC tablets with XPVP, the liquid penetration 
rate increased slightly with increased clustering of XPVP 
(p = 0.013). With XPVP + Lac tablets, the increased liquid 
penetration rate observed with increased clustering of XPVP 
particles which was associated with decreased tablet tensile 
strength (Fig. 4a, b). As the tensile strength of the MCC tab-
lets with different extents of XPVP clustering was relatively 
constant, it could be inferred that the clusters of XPVP par-
ticles promoted stronger wicking compared to when XPVP 
was more dispersed throughout the tablet, resulting in faster 
liquid penetration.

For MCC tablets with SSG, the liquid penetration rates 
were rather similar when SSG was better distributed but 
decreased with increased clustering of SSG (p < 0.001). 
This observation is different from that for DCP tablets where 
faster liquid penetration was observed when the percentage 
of disintegrant present in large granules increased from 0 
to 50% (Fig. 4b). As the MCC tablets produced had low 
porosity, the localized swelling loci of better distributed SSG 
particles were likely unable to enlarge the tablet pores to 
effectively percolate through the matrix and promote liq-
uid penetration, hence the liquid penetration rate remained 
similar when the percentage of SSG present in large granules 
increased from 0 to 50%. As discussed previously, SSG can 
form a viscous gel with water (Rojas et al. 2012; Desai et al. 
2014), and the formation of pressure-precipitated gel plugs 
would be more marked in MCC tablets with low porosity. 
As a result, as the percentage of large disintegrant granules 
increased from 50 to 100%, the increased clustering of SSG 
promoted the formation of viscous gel plugs which impeded 
liquid penetration.

Fig. 6  Plots of tablet a tensile strength, b liquid penetration rate con-
stant and c disintegration time against the percentage of disintegrant 
present in large granules for MCC tablets. All trend lines drawn are 
best fit lines
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Figure 6c presents the plot of tablet disintegration time 
against the percentage of disintegrant present in large gran-
ules. The disintegration time of the MCC tablets decreased 
with increased clustering of XPVP (p = 0.003) but increased 
exponentially when SSG particles became increasingly 
clustered (p < 0.001). Similar trends were observed with 
the DCP tablets (Fig. 4c). As discussed previously, when 
XPVP was used as the disintegrant, increased clustering of 
XPVP exerted greater localized stress on the tablet matrix, 
hastening tablet disintegration. However, with SSG as the 
disintegrant, greater clustering of SSG formed viscous gel 
plugs which impeded liquid penetration and caused tablets 
to break into large floccules instead of disintegrating com-
pletely. Furthermore, as the percentage of SSG present in 
large granules increased from 50 to 100%, w/w, slower liquid 
penetration was observed, resulting in slower activation of 
disintegrant which contributed to slower disintegration.

Comparing SSG and XPVP, tablets with SSG exhibited 
significantly faster disintegration than those with XPVP. 
As previously discussed, the liquid penetration rate of tab-
lets with SSG was significantly higher and it enabled faster 
activation of disintegrant action. In addition, the inherently 
smaller volumetric expansion of XPVP compared to SSG 
translates to XPVP being less effective than SSG in break-
ing up the tablet matrix (Rojas et al. 2012; Sacchetti et al. 
2017; Bauhuber et al. 2021). In contrast, the strong swelling 
of SSG coupled with fast liquid penetration allowed faster 
disintegration of tablets with SSG.

Among the MCC tablets, the differences in disintegra-
tion time for the least and most clustered formulations were 
2.07 min and 1.19 min for SSG and XPVP respectively. 
The percentage difference in disintegration time was 5% for 
XPVP and 16% for SSG, which was less than that for DCP 
tablets where up to 150% difference was observed. It can be 
inferred that the effect of disintegrant spatial distribution on 
tablet disintegration was less pronounced for stronger tab-
lets. The disintegration time of the MCC tablets with SSG 
ranged from 12 min to more than 15 min, suggesting that 
a difference in spatial distribution of SSG in MCC tablets 
could impact whether the tablets pass or fail the pharmaco-
peial requirements for tablet disintegration test. The spatial 
distribution of disintegrant particles could be part of the 
reason for variations in tablet disintegration time, especially 
for formulations with high tendency to segregate within the 
die prior to compaction.

Conclusion

This study examined the effect of disintegrant spatial dis-
tribution in tablets on their disintegratability by the use 
of a novel experimental design to simulate varied spatial 
distribution of disintegrant particles within tablets. This 

involved distributing the same amount of disintegrant par-
ticles in granules of different sizes. It was observed that the 
spatial distribution of the disintegrants at low concentra-
tions generally had no significant effect on tensile strength. 
Increased clustering of disintegrant particles promoted tablet 
disintegration through more localized swelling and strain 
recovery of SSG and XPVP, respectively. Exceptions were 
observed for tablets with insoluble fillers and SSG as the dis-
integrant, with increased clustering of SSG prolonging tablet 
disintegration. This was due to the formation of SSG gel 
plugs which restricted liquid penetration and prolonged tab-
let disintegration. Tablets containing insoluble fillers were 
also found to be more sensitive to changes in disintegrant 
spatial distribution compared to those containing soluble 
fillers. Overall, the effects of disintegrant spatial distribu-
tion varied with the type of disintegrant and filler used. The 
spatial distribution of disintegrant particles has the potential 
to affect tablet disintegratability to a large extent, especially 
for tablets with insoluble fillers, and improved understanding 
of this effect would enable judicious choice of materials in 
tablet formulation. Formulators would need to exercise extra 
caution when using SSG as the disintegrant in an insoluble 
tablet matrix. As disintegrant clusters facilitated disintegra-
tion through more local cumulative disintegrant action, this 
could potentially be harnessed to promote disintegration. 
Further investigations can explore the application of spe-
cifically designed granules as clustered disintegrant loci to 
improve tablet disintegratability.
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