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ABSTRACT 

Drug release performance of tablets is often highly dependent on disintegration, and water 

ingress is typically the rate-limiting step of the disintegration process. Water ingress into tablets 

is known to be highly influenced by the microstructure of the tablet, particularly tablet porosity. 

Initial particle size distribution of the formulation and the predominant powder deformation 

behaviour during compression are expected to impact such microstructure, making both factors 

important to investigate in relation to water ingress into tablets. Two size fractions (<125 and 

355-500 µm) of plastically deforming microcrystalline cellulose (MCC) and fragmenting di-

calcium phosphate (DCP) were compressed into tablets with porosities ranging from 5 to 30 % 

(with 5 % increments). The total porosity of the tablets was measured using terahertz time-

domain spectroscopy and liquid transport into these tablets was quantified using a flow cell 

coupled to terahertz pulsed imaging. It was found that tablets compressed from large MCC 

particles resulted in slower water ingress compared to tablets prepared from small MCC 

particles. In contrast, no difference in liquid transport kinetics was observed for tablets prepared 

across both size fractions of DCP particles. These results highlight the complex interplay 

between material characteristics, the process induced microstructure, and the liquid transport 

process that ultimately determines the drug release performance of the tablets. 

 

1. INTRODUCTION 

During tablet manufacturing the microstructure of the tablet is formed. Together with the 

physico-chemical properties of the drug particles and the excipients, the microstructure is 

known to play an important role in tablet performance during disintegration (Sun, 2017). Tablet 

disintegration refers to the process of tablet disaggregation into fragments, granules, or primary 

particles, and it has been shown that it can have direct impact on the therapeutic effect (Desai 

et al., 2016). Specific requirements for the maximum disintegration time are therefore defined 

in different pharmacopoeias depending on the required tablet performance. The standard 

disintegration test is relatively simple and requires little effort and is used in the industry for 

quality control purposes (Gousous and Langguth, 2015, Quodbach and Kleinebudde, 2016). 

However, beyond the maximum disintegration time no information is captured by the standard 

disintegration test and it is therefore not very helpful to aid the understanding of the 

disintegration process itself (Quodbach and Kleinebudde, 2016). Efforts should therefore be 

directed towards understanding the individual mechanisms behind disintegration, such as liquid 

penetration and swelling, by providing a quantitative analysis of each individual mechanism. 

 

Upon tablet ingestion the physiological fluid flows through the inter- and/or intraparticle pores 

of the tablet causing changes in the tablet’s microstructure (Zaheer and Langguth, 2018). Fluid 

ingress is a necessary requirement for the disintegration process to occur and is often the rate-

limiting step (Nogami et al., 1969). The factors impacting water ingress can be divided into 
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liquid, liquid/matrix, and matrix properties as described in the Lucas-Washburn equation 

(Washburn, 1921). The surface tension and viscosity are liquid properties, the contact angle is 

a liquid/matrix property, whereas the tablet microstructure is a matrix property (Markl and 

Zeitler, 2017; Yassin et al., 2015b). Tablet porosity, tortuosity, as well as pore size and shape 

are factors impacting the tablet microstructure (Markl et al., 2018c). The tortuosity, τ, is defined 

as the ratio between the average length of the water path and the tablet height and it has been 

found to be connected to porosity (Markl et al., 2018c).  

 

In 1986 Caramella et al. investigated water ingress into tablets of lactose, di-calcium phosphate 

(DCP), and acetylsalicylic acid to explore a range of proposed mechanisms involved in the 

disintegration process. Here, the disintegration process was found to be driven by either active 

or passive mechanisms, which was material dependent. More recent approaches of investigating 

the disintegration process include high-speed video imaging (Desai et al., 2012) and real-time 

magnetic resonance imaging to visualize the events occurring within the disintegrating tablet 

(Quodbach et al., 2014a). Quodbach and Kleinebudde also introduced a new apparatus for 

continuously measuring the particle size reduction upon tablet disintegration (2014b). 

Subsequently, terahertz pulsed imaging (TPI) coupled with a flow cell and tablet holder has 

been used to investigate the one-dimensional water ingress kinetics for a range of 

pharmaceutical tablets (Yassin et al., 2015a,b; Markl et al., 2018c). Given that most of the 

pharmaceutical materials are typically at least semi-transparent to terahertz radiation (Bawuah 

et al., 2020), the terahertz pulse can propagate through the entire tablet and get reflected at 

interfaces of two media with different refractive indices. This enables tracking of water ingress 

into tablets due to the difference between the refractive indices of the tablet and water (Markl 

and Zeitler, 2017).  

 

Terahertz time-domain spectroscopy (THz-TDS) has furthermore been used to characterize the 

pore structure and quantify porosity of pharmaceutical tablets prior to disintegration testing 

(Bawuah et al., 2014). Here, a linear relation between effective refractive index (neff) and tablet 

porosity was observed (Bawuah et al., 2014). Later, additional studies were performed on more 

complex formulations showing similar results (Bawuah et al., 2016b). The great advantage of 

THz-TDS is that the method provides a response within seconds in a non-destructive and non-

invasive manner, allowing the use of the same tablets for both THz-TDS and TPI measurements 

or disintegration testing (Bawuah et al., 2020). Traditional porosimetry measurements and X-

ray microcomputed tomography (XµCT) have furthermore been used to describe the pore 

structure (Markl and Zeitler, 2017). However, apart from the fact that XµCT requires long 

acquisition time and complex data processing, the resolution of XµCT is limited to the pixel 

size of the image and is hence not high enough to completely measure the pore structure of 

pores smaller than approximately 1 μm.  

 

The tablet microstructure is formed during the tableting process as materials go through 

packing, rearrangement and deformation (Roberts, 2011, Nyström et al., 1993). A method to 

quantify fragmentation after tableting was recently introduced (Skelbæk et al., 2019). The 

method has shown that fragmentation takes place at relatively low compression pressures below 

50 MPa and depend on both the initial particle size and the predominant deformation behaviour 
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of the material (Skelbæk et al., 2019; Skelbæk et al., 2020). MCC was found to fracture to a 

limited extent upon compression; hence, the large initial particles of MCC were found to remain 

larger upon compression compared to the small initial particles. DCP was on the contrary found 

to fracture extensively, resulting in approximately the same particle size upon compression 

regardless of vast differences in the initial particle sizes (Skelbæk et al., 2020). 

 

Particle size impacts the microstructure of tablets (Sun, 2017), which hence impacts water 

ingress (Markl et al., 2018c). As fragmentation upon compression impacts particle size, the aim 

of this study was to investigate the effect of fragmentation during tableting on water ingress 

into tablets.  

 

2. MATERIALS AND METHODS 

2.1 Materials 

Two materials were used in the form of calcium hydrogen phosphate dihydrate, also known as 

di-calcium phosphate (DCP), (Emcompress®, JRS Pharma, Rosenberg, Germany) and 

microcrystalline cellulose (MCC), (Avicel® PH 200, FMC, Philadelphia, Pennsylvania, USA). 

DCP is known to undergo predominantly brittle deformation upon compression, whereas MCC 

deforms predominantly by plastic deformation (Roberts, 2011). 

 

2.2 Particle Size Fractionation 

Both materials were manually fractionated using sieves (Retsch®, Haan, Germany). MCC and 

DCP were separated into two size fractions of <125 and 355-500 µm. The particle size 

distribution (PSD) of each size fraction was determined by laser diffraction (n = 3) (Malvern 

Mastersizer 3000, Malvern Instruments, Malvern, UK).  

 

2.3 Tableting  

The materials were compressed using 10 mm round flat-faced tooling on a HB 50 compaction 

simulator (Huxley Bertram Engineering, Cambridge, UK) with symmetrical compression. The 

tablet porosity ranged from 5 to 30 % and 10 to 30 % for MCC and DCP, respectively, with 5 

% increments. Tablet mass was varied from 125-170 and 245-315 mg for MCC and DCP, 

respectively, in order to keep tablet height constant with changing porosity. The target height 

of MCC and DCP tablets was 1.5 and 1.9 mm, respectively. The material for each tablet was 

individually weighed, manually filled into the die and compressed. Tensile strength (n = 3) was 

determined post compression (Fell and Newton, 1970) using a crushing strength tester (Erweka 

TBH 425, Germany).  

 

2.4 Porosity Determination  

Pycnometric density, often termed as the true density (ρtrue), measurements of the unprocessed 

powders (n = 3) were obtained using the Accupyc 1300 Pycnometer (Micrometrics, USA). 

Samples were weighed and placed into a 1 cm3 cup. The sample chamber was pressurised to 10 

bar with helium 30 times. The tablet porosity was then determined using Equation 1: 

Porosity = 1 −
4𝑚

π 𝐷2 𝐻 𝜌true
            (𝐸𝑞. 1) 

where m is the tablet mass, D is the tablet diameter and H is the tablet height.  



 

4 of 17 

 

2.5 Effective Refractive Index using Terahertz Time-Domain Spectroscopy  

Terahertz time-domain spectroscopy (THz-TDS) measurements were acquired in a 

transmission setup using a Terapulse 4000 spectrometer (Teraview Ltd., Cambridge, UK) 

(n = 3). The chamber was purged with dry nitrogen gas throughout the measurements and the 

signal-to-noise ratio was improved by co-averaging 20 measurements. The frequency-

dependent effective refractive index (neff) can be calculated from the THz-TDS measurements 

by converting the terahertz signals of the reference, i.e. air, and the sample acquired in the time-

domain to the frequency domain (FD) and using Equation 2: 

𝑛𝑒𝑓𝑓(𝜈) =  
𝑐 𝛷(𝜈)

2𝜋𝜈𝐻
+ 1          (𝐸𝑞. 2) 

where c is the speed of light in vacuum, Φ(ν) the phase difference between the signals of the 

reference and the sample, 𝜈 the frequency, and H the tablet height. The neff was calculated at a 

frequency of 𝑣=0.8 THz for both materials. For further details see Bawuah et al. (2020).  

 

2.6 Terahertz Pulsed Imaging  

Terahertz pulsed imaging (TPI) in combination with a flow cell was used for studying the water 

ingress into the different MCC and DCP tablets, as previously described in Markl et al. (2018c). 

The TPI measurements were conducted on the same tablets as used in the THz-TDS 

measurements (n = 3) using the same TeraPulse 4000 terahertz system (TeraViewLtd, 

Cambridge, UK) but in reflection setup. A reflection probe with an 18 mm focal length lens 

was used for the TPI measurements. These measurements were acquired at an acquisition rate 

of 15 Hz with every measurement covering an optical delay of 35 ps for both the MCC and 

DCP tablets. The tablet was placed and sealed in a sample holder and was exposed to water 

from the bottom face only. Water at 23 °C was pumped through the flow cell with a flow rate 

of 13 mL/min. The data acquisition was started right before the water came into contact with 

the bottom face of the tablet. The water front was automatically detected, in what was termed 

waterfall plots, by in-house developed codes in Matlab v. 2017b (Mathworks, Massachusetts, 

USA). For further details about the experimental setup and procedure see Markl et al. (2018c).  

 

2.7 Standard Disintegration Testing 

Disintegration testing was carried out using a DT50 automatic disintegration tester (n = 3) 

(Sotax, Aesch, Switzerland). Tablets were disintegrated using purified water at 37 °C and the 

time for tablets to disintegrate was determined. Disintegration tests were performed for up to 2 

hours. 

 

3. RESULTS AND DISCUSSIONS 

3.1 Particle and Tablet Characterization 

The pycnometric densities of MCC and DCP were found to be 1.53 and 2.29 g/cm3, 

respectively. The true density of MCC has been found often to be overestimated when derived 

from helium pycnometric measurements (Sun, 2005). This will ultimately lead to the calculated 

porosity (Eq. 1) being higher than the actual value. However, as this introduces a systematic 

error, it will not change the conclusions. PSDs of the fractionated materials can be found in the 

supporting information (Figure S1). The median particle size (D50) of the <125 and 355-500 
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µm size fractions of MCC was 80±0.0 and 419±3.5 µm and of DCP 99±0.4 and 346±3.0 µm, 

respectively. Hence, a clear distinction in particle size before compression was found between 

the two size fractions of both materials. The <125 and 355-500 µm size fractions will be referred 

to as the small and large initial particles, respectively, in this paper. 

 

The particle size upon compression has previously been reported for the same materials and 

size fractions and can be seen in Figure S2 (Skelbæk et al., 2020). DCP was found to fracture 

to approximately the same particle size upon compression regardless of the initial particle size, 

whereas MCC did not (Figure S2). Hence, the microstructure of DCP tablets is expected to be 

comparable regardless whether the tablets were prepared from the small or large initial particles, 

whereas the microstructure of the MCC tablets is expected to differ for the different initial 

particle sizes (Figure S2). Up to 10 % w/w of magnesium stearate (MgSt) was used in the 

previous study to enable the quantification of fragmentation upon compression (Skelbæk et al., 

2020). Since MgSt inhibits water ingress due to its hydrophobic nature (Rowe et al., 2009), 

MgSt was not included in this study. The fragmentation pattern is, however, expected to be 

comparable between the previously reported results and this study (Skelbæk et al., 2020). 

 

The tabletability profiles for both materials and size fractions are presented in Figure 1. MCC 

was found to form stronger tablets than DCP, as would be expected due to MCC deforming 

predominantly by plastic deformation which has been found to result in stronger tablets due to 

higher cohesive particle interaction compared to brittle deformation (Rees and Rue, 1978). No 

difference in tensile strength was observed between the tablets of the small and large initial 

particles of both materials. As smaller particles have a relatively larger surface area compared 

to larger particles, small MCC particles were expected to result in harder tablets due to the 

difference in particle size upon compression (Figure S2). However, the effect of particle size 

for another grade of MCC (Avicel PH101) has previously also been found to be negligible 

(McKenna and Mccafferty, 1982). Due to DCP deforming predominantly by fragmentation, the 

effect of surface area is reduced or eliminated. It was therefore expected not to see a difference 

in tensile strength for the tablets of large and small initial particles of DCP. Since tensile 

strength was the same for the small and large particles of both materials, this does not have an 

impact on neither water ingress time nor disintegration in this study. It was not possible to 

compress DCP tablets to a porosity below 10 % due to the upper force limit of the tableting 

machine. 

 
Figure 1. Tabletability profiles of two size fractions of MCC (left) and DCP (right) tablets. 
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The effective refractive index (neff) was derived from THz-TDS measurements in the FD and 

plotted as a function of porosity (Figure S3). Here, a linear relation was observed, which is in 

accordance with previously reported results (Bawuah et al., 2014). Thus, the neff decreased with 

increasing porosity. The neff ranged from 1.60 to 1.82 and 2.07 to 2.42 for MCC and DCP 

tablets, respectively, from high to low porosity. The neff of both materials was consistently 

found to be slightly higher for large compared to small initial particles (Figure S3).  

 

3.2 Real-Time Monitoring of Water Ingress 

Examples of waterfall plots of small and large initial particles of MCC and DCP tablets of 15 

% porosity obtained from the TPI measurements can be seen in Figure 2. The positive reflection 

peak observed in the left part of the waterfall plots (Figure 2) represented the reflection of the 

terahertz pulse at the interface between the top face of the tablet and air. The initial negative 

reflection peak observed in the bottom right side of the waterfall plots corresponded to the 

reflection at the interface between the bottom face of the tablet facing the water and air. The 

propagation of the terahertz pulse from a medium with a lower refractive index to a medium 

with a higher refractive index caused a positive peak of reflection (Markl et al., 2018c). Since 

the terahertz pulse first propagated from air (nair = 1) to the dry tablet (see Figure S3 for neff) 

and then to air again before the hydration process, the reflection peak was positive for the top 

face while it was negative for the bottom face of the tablet.  

 

The water front can be seen emerging from the bottom to the top face of the tablet for both 

materials (Figure 2). The amplitude of the water front reflection peak was determined by the 

relative difference between the refractive indices of the dry and wetted tablet (Markl et al., 

2018c). The refractive index of water is around 2.2 at 0.8 THz (Pickwell and Wallace, 2006) 

and therefore the refractive index of the wetted tablet was larger than that of the dry tablet. This 

resulted in a positive reflection peak of the water front upon the propagation of the terahertz 

pulse from the dry to the wetted material. The magnitude of the amplitude of the water front 

reflection decreased at lower tablet porosity due to the smaller relative difference between the 

refractive indices of the dry and wetted material.  

 

The positive reflection peak originating from the top face of the tablet shifted towards the left 

for the MCC tablets as water ingressed into the tablets (Figure 2). This can be explained by the 

swelling of MCC particles upon contact with water causing a volume expansion of the tablet 

matrix and thereby the top face of the tablet to relocate (Yassin et al., 2015b). DCP is practically 

insoluble and non-swelling (Caramella et al., 1986), which was also observed in the waterfall 

plots as no shift in the positive peak of the top face was observed (Figure 2).  
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Figure 2. Waterfall plots of MCC (top) and DCP (bottom) tablets containing <125 µm (left) and 355-500 µm 
(right) initial particle sizes. % is referring to tablet porosity. The water ingress time is indicated to the right 
of each waterfall plot. 

The number of waveforms covering the ingress of the water front from the bottom to the top of 

the tablet was measured and the water ingress time was calculated based on the number of 

waveforms and the acquisition rate (15 waveforms/s) (Figure 2). The water ingress time is 

plotted as a function of porosity and compression pressure in Figures 3 and 4 for MCC and 

DCP, respectively.  

 

Higher compression pressure and thereby lower porosity was found to result in an increase in 

water ingress time for both materials, as would be expected (Bi et al., 1999; Yassin et al., 2015b; 

Markl et al., 2018c). However, tablets compressed using the large initial MCC particle size 

fraction exhibited longer water ingress time compared to those made from small initial particles. 

This was especially pronounced for tablet porosities below 20 % (Figure 3). The difference in 

water ingress time is most likely to be caused by the fact that fragmentation of MCC only takes 

place to a limited extent during compression (Figure S2, Skelbæk et al., 2020). The particle size 

difference upon compression of the small and large initial particles therefore results in a 

difference in tablet microstructure, which impacts the water ingress time. It can thus be 

speculated that tablets of large initial MCC particles result in larger tortuosity compared to 

tablets of small initial particles. This was also observed at tablet porosity of 20 % and above 

but not as evident, most likely due to the large voids at high tablet porosity.  

 

In contrast, no difference in water ingress time was observed for the tablets that were prepared 

from either size fraction of DCP particles (Figure 4). This can be explained by the fact that DCP 

is fragmenting upon compression to approximately the same particle size distribution as shown 

previously (Figure S2). Thereby a similar tablet microstructure is formed regardless of the 

initial particle size. The tortuosity of the tablets of different sized DCP particles is thus expected 

to be similar. 
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Figure 3. Water ingress time based on TPI measurements as a function of porosity (left) and compression 

pressure (right) for two size fractions of MCC. 

 
Figure 4. Water ingress time based on TPI measurements as a function of porosity (left) and compression 

pressure (right) for two size fractions of DCP. 

3.4 Water Ingress Kinetics 

The positive reflection peak of the water front that can be identified in the waterfall plot was 

tracked in each time-domain waveform using customised Matlab codes to determine the water 

ingress kinetics, as described in Markl et al. (2018c, Figure S4). The penetration length was 

plotted as a function of time for MCC and DCP tablets in Figures 5 and 6, respectively. A 

systematic effect of liquid transport kinetics and porosity was observed as higher porosity led 

to faster water ingress (Figures 5 and 6), in line with the observations reported in Figures 3 and 

4. As water ingress was so fast for DCP 30 % porosity tablets (< 1 s) (Figure 4), it was not 

possible to track the water peak reproducibly. These tablets were therefore not included in 

Figure 6. 

 

The water transport process into MCC tablets from 5 to 15 % porosity was previously 

investigated (Yassin et al., 2015b), and the results of the previous work are comparable to those 

obtained for the tablets of small initial MCC particles in this study. Another grade of MCC 

(Avicel PH102) was used by Yassin et al. (2015b). However, the particle size of Avicel PH102 

corresponds to the particle size of the small initial MCC particles used in this study (FMC, 

product overview). 
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Figure 5. Penetration length (distance travelled by the water front) as a function of time of MCC tablets 
containing <125 µm (left) and 355-500 µm (right) particles. The coloured bands are error bars indicating 
the SD and % refer to tablet porosity. 

 
Figure 6. Penetration length (distance travelled by the water front) as a function of time of DCP tablets 
containing <125 µm (left) and 355-500 µm (right) particles. The coloured bands are error bars indicating 
the SD and % refer to tablet porosity. 

The data in Figures 5 and 6 were fitted with a power law (y=ktm) as in Yassin et al. (2015b), 

where k is a rate constant and m is related to the mass transport mechanism (Markl and Zeitler, 

2017). Parameters k and m were kept as free variables in the least squares fit and their values 

were plotted as a function of porosity (Figures 7 and S5, respectively) for both materials. 

 

As expected from the water ingress time, the transport rate (k) was found to increase with 

increasing tablet porosity for both size fractions and both materials (Figure 7). The liquid 

transport rate was furthermore consistently higher in tablets prepared from small initial particles 

of MCC compared to those made from large MCC particles. No differences were observed 

between the two size fractions of DCP (Figure 7), as would be expected based on Figure 6.  

 
Figure 7. Parameter k from power law fit as a function of porosity for two size fractions of MCC (left) and 
DCP (right). 
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Depending on the value of m, the mass transport mechanism can be interpreted to be dominated 

by either a pressure gradient, the so-called Darcy flow (m = 0.5), an activity gradient termed as 

case II transport (m = 1.0) or a combination of both referred to as anomalous flow 

(0.5 < m < 1.0) (Yassin et al., 2015b; Markl and Zeitler, 2017). For the transport data acquired 

in this study the values of m of MCC and DCP was found to be in the range of 0.47-0.90 and 

0.38-0.92, respectively (Figure S5). Thus, the transport mechanism can be described to be 

dominated by Darcy or anomalous flow. No clear trend was observed for parameter m over the 

porosity range or for the different size fractions of both materials (Figure S5). 

 

Swelling was tracked (Figure S4) for MCC tablets and can be seen in Figure S6. The rate of 

swelling was found to increase systematically with increasing porosity, as would be expected 

(Yassin et al., 2015b). Furthermore, tablets of small initial MCC particles were found to swell 

faster compared to the overall swelling of the tablets prepared from large initial particles. 

However, faster water ingress into tablets of small initial MCC particles (Figures 3 and 5) could 

explain these results rather than an actual difference in swelling rate of the different sized MCC 

particles. As DCP did not swell (Figure 2), DCP was not included in Figure S6. 

 

3.5 Factors Impacting the Liquid Ingress Rate 

Both the inter- and intraparticle pores of the tablet impact liquid ingress into porous systems. 

Since the different initial size fractions of each material originated from the same powder, the 

intraparticle pore structure is expected to be very similar (Markl et al., 2017). The differences 

in water ingress rate between the tablets of different sized MCC particles are thus expected to 

be dominated by differences in the interparticle pore structure.  

 

Flow controlled by a gradient in capillary pressure is a major transport mechanism for liquid 

ingress into porous systems (Yassin et al., 2015b). As mentioned above this mechanism is 

typically referred to as Darcy flow, which is often described by the Lucas-Washburn equation 

(1921), where the factors impacting the penetration length, y, as a function of time, t, are 

described by: 

𝑦(𝑡) = √
𝑅h,eq 𝛾 cos(𝜃) 𝑡

2 𝜂
                 (𝐸𝑞. 3) 

where 𝛾 is the surface tension of the liquid, θ is the contact angle between the liquid and the 

tablet, 𝜂 is the dynamic viscosity of the liquid, and 𝑅h,eq is the hydraulic radius of the pores in 

the tablet (Markl et al., 2018c). The factors affecting the liquid ingress rate can thus be divided 

into liquid, liquid/tablet, and tablet properties. Since higher porosity often leads to larger pores 

and thus larger 𝑅h,eq, water ingress is expected to happen faster at higher porosity, which is in 

agreement with the results obtained (Figures 3-7). However, as smaller particles result in tablets 

of smaller pores (Yassin et al., 2015b), it would be expected that water ingress would happen 

slower into tablets of small initial particles of MCC, which was the opposite of the results 

obtained (Figures 3 and 5). Other factors therefore need to be considered in order to explain the 

difference in water ingress time between the tablets of different sized MCC particles.  
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The effective length of the liquid transport path through the tablet, termed as tortuosity, τ, is an 

important factor to consider in relation to water ingress (Markl et al, 2018c). Markl et al. 

proposed to account for the tortuosity, by including it in the definition of the hydraulic radius 

(𝑅h,eq =  𝑅ℎ 𝜏−1) (2018c). It is conceivable that the longer water ingress time into tablets of 

large initial MCC particles may be a result of larger tortuosity of these tablets compared to 

tablets prepared from small initial MCC particles. In contrast, it is sensible to assume that the 

tortuosity of the DCP tablets is comparable for the tablets prepared from small and large initial 

particles alike due to extensive fragmentation upon compression (Figure S2). In order to fully 

understand the factor(s) causing the difference between the tablets of the small and large initial 

MCC particles further investigations are needed. Factors such as the pore size distribution, 

contact angle, and tortuosity would be relevant to investigate. 

 

3.7 Disintegration Time 

The disintegration time was found to increase with decreasing porosity for both materials and 

both size fractions (Figure 8), as would be expected. This can be explained by both the faster 

ingress of water into the tablets of higher porosity as discussed above as well as the weaker 

interparticle bonds that are expected for tablets of higher porosity (Sun, 2017, Figure 1). No 

difference in disintegration time was observed between the tablets prepared from small or large 

initial particles of both materials (Figure 8). Since water ingress determined by the TPI 

measurements happened faster into tablets of small compared to large initial MCC particles 

(Figures 3 and 5), the results from the standard disintegration test suggested that disintegration 

of MCC tablets is affected by other factors than only the water ingress rate.  

 

Water ingress happened much faster than disintegration for the DCP tablets (Figures 4 and 8). 

The slow disintegration of DCP in the absence of any disintegrant excipients can be explained 

by DCP not exhibiting swelling, strain recovery, dissolution or a combination hereof, which are 

the typical disintegration mechanisms initiated upon water ingress (Markl and Zeitler, 2017, 

Caramella et al., 1986). In tablets made from an excipient such as DCP alone the proposed 

disintegration mechanism is simply through interparticle bond breakage in the presence of 

water and subsequent repulsion between particles (Ferrari et al., 1996). In this study the 

disintegration time of DCP tablets increased in a non-linear fashion below a tablet porosity of 

20 % and the tablets compressed to a porosity of 10 % did not disintegrate within 2 hours 

(Figure 8). 

 

The absolute difference in the disintegration and water ingress times reported from the different 

methods (Figures 3, 4, and 8) is due to the different geometries and mechanical conditions 

during the measurements. During the TPI water ingress experiments the tablet is fixed in a 

stationary position and only comes into contact with water from the bottom face of the tablet 

and the one-dimensional transport of water into the tablet is measured (Yassin et al., 2015b). In 

contrast, during pharmacopeial disintegration testing, the water enters the tablet from all sides, 

and the tablet is subjected to mechanical shear, which accelerates the breakage of the 

interparticle bonds. Finally, the temperature of the water used for the experiments was 23 and 

37 °C for the TPI measurements and disintegration testing, respectively, which may influence 

the results. 
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Figure 8. Disintegration time as a function of porosity of two size fractions of MCC (left) and DCP tablets 
(right).  

4. CONCLUSIONS 

This work demonstrates that both the initial particle size distribution and the predominant 

deformation behaviour of the material have an impact on the water ingress kinetics into tablets. 

Tablets prepared from large initial particles of plastically deforming MCC resulted in longer 

water ingress time compared to tablets of small initial MCC particles. In contrast, no differences 

were observed between the tablets prepared from different size fractions of highly fragmenting 

DCP. Fitting a power law to the TPI water ingress data provided useful information on the water 

ingress kinetics. The k parameter was used to quantify the transport rate, which was found to 

differ between the tablets prepared from different sized MCC particles but not for DCP. The 

results of this study highlight that initial particle size and the mechanical properties of 

pharmaceutical materials strongly impact the disintegration performance of tablets through 

differences in the tablet microstructure. 
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ABBREVIATIONS 

D50    Median particle size 

DCP    Dibasic calcium phosphate 

FD   Frequency domain  

MCC   Microcrystalline cellulose 

MgSt   Magnesium stearate 

NIR   Near-infrared 

PSD    Particle size distribution 

THz-TDS  Terahertz Time-domain spectroscopy 

TPI   Terahertz Pulsed Imaging 

XµCT   X-ray Microcomputed Tomography 
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5. SUPPORTING INFORMATION 

 

Figure S1. Particle size distributions of fractionated MCC (left) and DCP (right) particles. 

 

Figure S2. Particle size distributions of two size fractions of 10 % MgSt/MCC (left) and 5 % MgSt/DCP 
(right) blends before and after compression modified from Skelbæk et al., 2020. 

 
Figure S3. Effective refractive index as a function of porosity of two size fractions of MCC and DCP 
tablets. 
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Figure S4. Examples of water front (red) and swelling (blue) peak tracking plots of MCC (left) and DCP 
(right) tablets. 

 

Figure S5. Parameter m from power law fit as a function of porosity for two size fractions of MCC and 
DCP. 

 

Figure S6. Swelling as a function of time for tablets of small (<125 µm) and large (355-500 µm) MCC 
particles at different tablet porosities. % is referring to tablet porosity. 
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