
u n i ve r s i t y  o f  co pe n h ag e n  

Non-destructive quantification of fragmentation within tablets after compression from
scattering analysis of terahertz transmission measurements

Skelbaek-Pedersen, Anne Linnet; Anuschek, Moritz; Vilhelmsen, Thomas Kvistgaard;
Rantanen, Jukka; Zeitler, J. Axel

Published in:
International Journal of Pharmaceutics

DOI:
10.1016/j.ijpharm.2020.119769

Publication date:
2020

Document version
Peer reviewed version

Document license:
CC BY-NC-ND

Citation for published version (APA):
Skelbaek-Pedersen, A. L., Anuschek, M., Vilhelmsen, T. K., Rantanen, J., & Zeitler, J. A. (2020). Non-
destructive quantification of fragmentation within tablets after compression from scattering analysis of terahertz
transmission measurements. International Journal of Pharmaceutics, 588, [119769].
https://doi.org/10.1016/j.ijpharm.2020.119769

Download date: 23. maj. 2023

https://doi.org/10.1016/j.ijpharm.2020.119769
https://curis.ku.dk/portal/da/persons/jukka-rantanen(67934613-0cde-4a03-866b-4ac2064f7250).html
https://curis.ku.dk/portal/da/publications/nondestructive-quantification-of-fragmentation-within-tablets-after-compression-from-scattering-analysis-of-terahertz-transmission-measurements(03d579ac-3b09-4412-9880-ab9a63876ede).html
https://curis.ku.dk/portal/da/publications/nondestructive-quantification-of-fragmentation-within-tablets-after-compression-from-scattering-analysis-of-terahertz-transmission-measurements(03d579ac-3b09-4412-9880-ab9a63876ede).html
https://curis.ku.dk/portal/da/publications/nondestructive-quantification-of-fragmentation-within-tablets-after-compression-from-scattering-analysis-of-terahertz-transmission-measurements(03d579ac-3b09-4412-9880-ab9a63876ede).html
https://doi.org/10.1016/j.ijpharm.2020.119769


 

1 of 21 

Non-Destructive Quantification of Fragmentation Within Tablets After 

Compression From Scattering Analysis of Terahertz Transmission 

Measurements   

Anne Linnet Skelbæk-Pedersena,b,1,*, Moritz Anuschekc,d,1, Thomas Kvistgaard Vilhelmsena, Jukka 

Rantanenb, J. Axel Zeitlerc 

a Novo Nordisk A/S, Oral Pilot and Process Development, Måløv, Denmark. 
b Department of Pharmacy, University of Copenhagen, Copenhagen, Denmark 
c Department of Chemical Engineering and Biotechnology, University of Cambridge, Cambridge, UK 
d Department of Pharmacy, Pharmaceutical Technology and Biopharmaceutics, Ludwig-Maximilians-University, Munich, 

Germany 
1Authors have contributed equally to the work. 

* Corresponding author 

 

ABSTRACT 

Material deformation behaviour has a critical impact on tablet formation. Fragmentation is one 

of the key mechanisms affecting the strength of a final compact, however, quantitative methods 

for estimating fragmentation are often complex, destructive and time-consuming. The purpose 

of this study was to investigate the applicability of terahertz time-domain spectroscopy (THz-

TDS) to quantify fragmentation upon tableting. Up to five size fractions of microcrystalline 

cellulose (MCC), dibasic calcium phosphate (DCP), and lactose monohydrate (lactose) in the 

range of <125 µm up to the range of 355-500 µm were compressed into tablets and analysed 

with THz-TDS. The effective refractive index and absorbance spectra of whole tablets were 

measured in transmission, and the optical properties were clearly affected by fragmentation 

upon compression. The scattering observed from the absorbance spectra was fitted into a power 

law equation (y = AνB). It was observed that up to pressures of 50 MPa the values of parameter 

A that were extracted from the power law fit decreased exponentially with increasing 

compression pressure. For higher compression pressures the value of A remained constant. This 

observation was more pronounced for DCP, followed by lactose and then MCC and the effect 

was more pronounced for larger compared to smaller initial particles. The non-destructive 

measurements correlated with previously obtained results based on particle size distribution 

measurements of the particles before compression and those obtained from destructive analysis 

of tablets. The terahertz method can resolve similar differences in fragmentation behaviour 

upon compression compared to the particle size analysis but requires no sample preparation.  

 

1. INTRODUCTION 

During tablet manufacturing, powders or granules are compressed to a porous solid. During 

compression, powders undergo packing, rearrangement, and deformation. Deformation has a 

critical impact on tablet formation, and it is therefore important to investigate.  

 

Materials are typically categorised by formulation scientists by their predominant deformation 

behaviour, which can be divided into elastic deformation, brittle fragmentation, and plastic 

deformation. Several methods have been proposed to characterise and quantify the predominant 

deformation behaviour (Heckel, 1961a,b; Hiestand and Smith, 1984; Kuentz and Leuenberger, 

1999). A new method for quantification of fragmentation after tableting was recently introduced 

(Skelbæk et al., 2019). Here, particle size distributions (PSDs) before and after tableting were 

measured using laser diffraction. Compressed particles were obtained from tablets through 

grinding which was made possible by addition of up to 10 % of magnesium stearate (MgSt), 
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and thereby lowering of tablet mechanical strength. This allowed for tablet grinding without 

introduction of further particle fracture (Skelbæk et al., 2019). A new parameter termed the 

particle size from inflection point (PSIP) was derived from the PSDs describing the change in 

particle size upon compression. PSIP as a function of compression pressure followed an 

exponential decay function, which was used to quantify fragmentation upon compression 

(Skelbæk et al., 2019). The same methodology was later used to investigate the effect of particle 

size on fragmentation for a range of materials that exhibit different deformation behaviour 

(Skelbæk et al., 2020). Here, larger initial particles were found to fragment more extensively 

than smaller initial particles upon compression. 

 

Exploiting elastic scattering of electromagnetic (EM) radiation to investigate the size of objects 

otherwise not accessible is the basis of many commonly used methods in the pharmaceutical 

analysis and beyond. These include dynamic and static light scattering (Holoubek, J., 2007), 

Raman spectroscopy (Bumbrah and Sharma, 2015), near-infrared (NIR) spectroscopy 

(Pasikatan et al., 2001) and small angle X-ray scattering (Pillon and Guarné, 2017). One of the 

differences between these methods is the size of the objects that can be investigated by the 

various scattering methods. Scattering of EM radiation occurs when the wavelength approaches 

similar dimensions compared to the phase changes in heterogeneous materials, i.e. the particle 

size in the case of powder compacts. Scattering of EM radiation is therefore strongly dependent 

on the size of the scattering object relative to the wavelength of the incident EM field. In the 

simplest case of Rayleigh scattering, this dependency is described by I/I0 ~ (d/2)6, where I and 

I0 are the intensities of the scattered light and the reference, respectively and d is the particle 

diameter (Bohren and Huffman, 2008). However, Rayleigh scattering only applies to objects 

which are significantly smaller than the wavelength. For objects exceeding this limitation the 

more general Mie theory needs to be considered (Bohren and Huffman, 2008). 

 

NIR spectroscopy has been used to measure physical properties of solid dosage forms, including 

tablet density and particle size (Pasikatan et al., 2001; Kirsch and Drennen, 1999; Pasquini, 

2018). The applicability of NIR spectroscopy to investigate compression related changes in 

particle size, as well as deformation behaviour has been recently assessed (Skelbæk et al., 

2020). Here, it was found that NIR spectroscopy can be used as a surrogate method to infer 

information regarding these physical characteristics of tablets. However, it should be noted that, 

given the relatively short wavelength at the low micrometre length-scale, NIR spectroscopy is 

more suitable to measure surface properties, which might not be representative of the inner bulk 

of the tablet matrix (Markl et al., 2018; Bawuah et al., 2020).  

 

Terahertz time-domain spectroscopy (THz-TDS) is a relatively new spectroscopic technique 

which has gained growing interest in the scientific community. The possibility of measuring 

the phase as well as the amplitude of a single cycle pulse of the electric field allows the 

calculation of a material's refractive index and its absorption parameter without relying on more 

complex mathematical methods to extract the optical properties such as the Kramers-Kronig 

relation, which would be required for intensity measurements (Bawuah et al., 2014a). This has 

attracted attention in the pharmaceutical community since many pharmaceutical excipients are 

at least semi-transparent to THz radiation (Zeitler et al., 2007). A major focus has been on the 
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correlation of the tablet's porosity with its effective refractive index (neff) (Bawuah et al., 2020). 

To describe this dependency a simple linear correlation termed zero porosity approximation 

(ZPA) as well as non-linear effective medium approximations (EMA) such as the Bruggeman 

model, have been utilized successfully (Ervasti et al., 2012, Bawuah et al., 2014a) to extract the 

tablet porosity from transmission terahertz measurements. Since then, several publications have 

demonstrated the applicability of neff for prediction and process control of tablet porosity 

(Bawuah et al., 2014b; Markl et al., 2017b; Chakraborty et al., 2017). 

 

Thus far, the scattering behaviour of pharmaceutical compacts has not been investigated as 

extensively. Due to the relatively long wavelength of terahertz radiation, scattering is negligible 

for most of its proposed applications (Zeitler et al., 2007). However, as for all EM radiation, 

scattering will occur for objects that approach similar dimensions as the wavelength. Shen et 

al. (2008) investigated scattering at terahertz frequencies of polyethylene particles of different 

sizes. It was found that scattering of the non-absorbing polyethylene was well described by a 

power law (αatt. = AνB). The authors showed that parameter B, which describes the frequency 

dependence of αatt., was independent of particle size, whereas a general increase in parameter A 

was observed with increasing particle size. This was attributed to increased scattering from 

larger particles (Shen et al., 2008). The work of Shen et al. focused on eliminating scattering 

effects in THz-TDS, while Markl et al. later applied the same methodology to investigate 

pharmaceutical tablets (2017a). In this study the power law was used to extract a domain size 

from the matrix of pharmaceutical tablets prepared from a wet granulated formulation, thought 

to represent density fluctuations in the tablet matrix, and parameter A was correlated to the 

dissolution time of the active pharmaceutical ingredient (Markl et al., 2017a).  

 

Given that pharmaceutical materials typically are at least semi-transparent to terahertz radiation 

(Zeitler et al., 2007), THz-TDS measurements are performed in transmission, making these 

measurements representative for the physical properties of the tablet matrix (Markl et al., 

2017b). The wavelength of terahertz radiation is 120 µm to 1.5 mm and hence covers a 

considerable range of particle sizes typically encountered for pharmaceutical materials. The 

aim of this study was therefore to investigate the applicability of THz-TDS measurements to 

quantify fragmentation upon tableting based on an analysis of the scattering response from 

measurements in transmission through intact tablets following compression. 

 

2. MATERIALS AND METHODS 

2.1 Materials 

Dibasic calcium phosphate dihydrate (DCP) (Emcompress®, JRS Pharma, Rosenberg, 

Germany), α-lactose monohydrate (lactose) (Pharmatose 100 M, DFE Pharma, Goch, 

Germany), and microcrystalline cellulose (MCC) (Avicel® PH 200, FMC, Philadelphia, 

Pennsylvania, USA). DCP, MCC, and lactose are commonly used tablet fillers and are typical 

model compounds for investigating deformation. DCP is known to predominantly deform by 

fragmentation, MCC deforms predominantly by plastic deformation, whereas lactose undergoes 

a non-predominantly combination of fragmentation and plastic deformation upon compression 

(Roberts, 2011).  
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2.2 Fractionation 

All materials were manually fractionated using Retsch® sieves (Retsch®, Haan, Germany). 

MCC and DCP were fractionated to five size fractions of <125, 125-180, 180-250, 250-355, 

and 355-500 µm. Lactose was fractionated to the size fractions of <125, 125-180, and 180-250 

µm. The particle size distributions (n = 3) were determined by laser diffraction (Malvern 

Mastersizer 3000, Malvern Instruments, UK).  

 

2.3 Tableting  

The materials were compressed using 10 mm round flat-faced tooling on a Huxley Bertram 50 

compaction simulator (Huxley Bertram Engineering, Cambridge, UK) using a symmetrical 

compression profile. Tablet mass was 200, 540, and 380 mg for MCC, DCP, and lactose, 

respectively. The material for each tablet was individually weighed, manually filled into the die 

and compressed.  

 

2.4 Porosity determinations  

Pycnometric density, often termed as true density (ρtrue), measurements of raw powder (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 determined based on Equation 1: 

Porosity = 1 −
4𝑚

𝜋 𝐷2 𝐻 𝜌true
            (1) 

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

 

2.5 Terahertz time domain spectroscopy (THz-TDS) 

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

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

tablet was tested at each of the 10 compression pressures for each material and each size 

fraction. The refractive index (neff) and the absorbance (Abs) were obtained by taking the ratio 

of the Fourier transform of the time-domain data for each sample and reference pulse. A more 

detailed description of the extraction from the optical constants from the time domain can be 

found in Jepsen and Fischer (2005). The neff was obtained from the phase Φ(ν) and the 

absorbance from the amplitude A(ν) using Equations 2 and 3, respectively. 

𝑛eff(𝑣) =  
𝑐 𝛷(𝑣)

2𝜋𝑣𝐻
+ 1          (2)   

Abs(𝑣) =  −2 log
10

[𝐴(𝑣)
(𝑛eff(𝑣) + 1)2

4𝑛eff(𝑣)
]     (3) 

 

 

where c is the speed of light in vacuum, ν the frequency in Hz, and H the tablet height. neff was 

derived based on averaging from the frequency range 0.4-0.8, 0.2-0.45, 0.2-0.3 THz for MCC, 

DCP, and lactose, respectively. For the calculation of Abs(ν) the intensity loss due to reflection 

at the top and bottom surface of the tablet was accounted for using the Fresnel transmission 

coefficients (Peiponen et al., 2013). 

Transmission coefficients 
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2.6 Data processing 

The absorbance spectra were fitted to a power law (Equation 4) using MATLAB (Matlab v. 

R2019a, Mathworks, Natick, MA, USA).  

y = AνB (4) 

Parameter A from the power law was fitted as a function of compression pressure to a one phase 

decay function using GraphPad Prism version 8.0.2 with Equation 5: 

𝑦 = (𝑌0 − 𝑌P) ∙ 𝑒−𝑘𝑥 + 𝑌P (5) 

where Y0 is parameter A at the intersection with the y-axis, YP is the value of parameter A at the 

plateau at infinite pressure and k is a rate constant. Equation 6 was used to calculate the 

fragmentation degree (relative YΔ). 

                 Relative 𝑌∆ =
𝑌0−𝑌P

𝑌0
∙ 100 % (6) 

3. RESULTS AND DISCUSSION 

3.1 Tablet characterization 

The data for porosity as a function of compression pressure for the size fractions of MCC, DCP, 

and lactose are shown in Figure 1. Tablet porosity was found to decrease with increasing 

compression pressure and was found to approach a constant minimum, as would be expected. 

The tablets were compressed over a rather wide porosity range of 11-61, 19-45, and 17-36 % 

for MCC, DCP and lactose, respectively (Figure 1). The compression pressures were kept below 

160 MPa and most tablets were compressed at pressures below 50 MPa, as previously it was 

found that fragmentation primarily occurs below 50 MPa (Skelbæk et al., 2019). The smallest 

size fraction of lactose resulted in a slightly lower porosity when compressed at pressures below 

100 MPa compared to the two largest size fractions of lactose. Otherwise, no differences were 

observed between the different size fractions of each material (Figure 1).  

 
Figure 1. Porosity as a function of compression pressure for the investigated size fractions of DCP, MCC, 
and lactose tablets. 

3.2 Effective refractive index (neff) 

The change in effective refractive index (neff) as a function of porosity is plotted in Figure 2. 

The values were determined as the average in a specified frequency range (Section 2.5). The 

spectra of neff over the whole frequency range are presented in Figures S1 to S3. Averaging was 

performed to account for any small fluctuations in neff over the frequency. For MCC this 

frequency range was based on a previously suggested range for porosity measurements of MCC 
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(Bawuah et al., 2020). For DCP it was based on the analysis of the dynamic range (DR) of the 

spectrometer (Figure S2). In line with the crystalline nature of the material and the well-known 

phonon mode just below 0.5 THz a strong resonance absorption was observed for lactose 

(Damari et al., 2019; Brown et al., 2007). The spectral range showing the least dispersion was 

therefore used to extract neff of lactose for the subsequent analysis (Figure S6).  

 

Overall, a linear fit between neff and porosity was found to describe the data adequately, which 

is in agreement with previously reported results (Bawuah et al., 2014a). However, a deviation 

from the linear behaviour at porosities in excess of 30 % was observed for the larger size 

fractions of DCP.  

 
Figure 2. Effective refractive index as a function of porosity for size fractions of MCC, DCP, and lactose 
tablets. Please note the different ranges for the y- and x-axis limits. Lines correspond to linear fits of the 
respective data points. 

To further investigate the effect of initial particle size and the deformation behaviour of the 

materials on neff, the linear correlation (R2) of neff as a function of porosity was evaluated at 

different frequencies in Figure 3. The R2 of the linear correlation is here shown as a function of 

frequency for the different size fractions and materials. 

 
Figure 3. R2 of the linear fit of neff over porosity (Figure 3) as a function of frequency for size fractions of 
MCC, DCP, and lactose tablets. The * marks the loss of linearity. Please note the different ranges for the y- 
and x-axis limits. 

The linear correlation between neff and porosity was found to be strongest for the predominantly 

plastically deforming MCC, followed by the more brittle materials lactose and DCP (Figure 3). 

Additionally, a weaker correlation was observed with increasing initial particle size for DCP. 

This is well in line with the loss of linearity of neff as a function of porosity in Figure 2 observed 

for the larger size fractions of DCP at porosities in excess of 30 %, corresponding to samples 

prepared at compression pressures below 50 MPa (Figures 1 and 2). This agrees with the limit 

of 50 MPa found for these materials up to which fragmentation occurs (Skelbæk et al., 2020). 

Therefore, as no further fragmentation occurs above this limit, scattering stays constant 

resulting in a stronger linear correlation (Figures 2 and 3). Furthermore, the lesser extend of 

fragmentation of MCC compared to the more brittle materials DCP and lactose resulted in the 
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strongest correlation of neff and porosity (Figure 3) which further supports the argument that the 

change in scattering intensity introduced by fragmentation impairs the linear correlation. 

 

The increase in neff for the larger size fractions of DCP at higher porosities could be the result 

of an increase in the effective optical path length with increased and multiplicative scattering 

from larger particles. Multiple scattering in the sample causes single photons to leave their 

straight path through the sample resulting in an overall increase in the propagating path through 

the sample. However, neff calculations are based on the assumption of a straight transmission 

through the sample and therefore will overestimate neff in such a case (Ben-David, 1995; 

Peiponen et al., 2013).  

 

While there was no direct effect of particle size on R2 for MCC and lactose, a general trend in 

the dynamic range (DR) was observed. Above a certain cut-off frequency (νDR) all materials 

experienced a sudden loss in linearity, marked with an asterix in Figure 3. This is expected and 

is a consequence of a decrease in the signal-to-noise ratio at higher frequencies typical for all 

THz-TDS instruments (Fischer and Japsen, 2005). For DCP and lactose a clear trend between 

particle size and νDR was observed, as larger particles resulted in a decrease in νDR. This was 

also observed for MCC, but the effect was less pronounced (Figure 3). As larger particles 

increase scattering intensity, they decrease the signal-to-noise ratio due to a stronger overall 

extinction, which in turn results in a decreased νDR of the material (Figure S5) (Fischer and 

Japsen, 2005).  

 

Figure 3 demonstrates the importance of applying the right frequency range to investigate 

porosity based on THz-TDS measurements. Working above νDR will lead to a less predictive 

model and limit the amount of information that can be reliably extracted from the data as is 

apparent from the loss in linearity at frequencies above νDR. Since νDR is highly dependent on 

the material as well as on the size fraction it is important to investigate νDR before applying a 

correlation. It should also be noted that νDR depends on the overall attenuation of the sample 

and will therefore change with the sample mass. For crystalline materials exhibiting spectral 

features in the THz regime, such as lactose, it is furthermore important to choose a frequency 

region outside the range of a resonance peak. The reason is apparent from the decrease in R2 

between 0.4 to 0.7 THz for lactose, which is the frequency where lactose has a resonance peak 

in its absorbance spectrum (Figure S6). The drop is due to a steep gradient in neff at frequencies 

where lactose shows resonance absorption (Figure S3). This increased gradient and 

subsequently higher variation in neff causes a poorer correlation.  

 

In conclusion, it was shown that fragmentation upon compression affects the linearity between 

neff and porosity due to a change in scattering intensity resulting in (1) a decrease in the linearity 

for more fragmenting materials, (2) a decrease in the linearity for larger particles of brittle 

materials such as DCP and (3) a smaller νDR for larger and more fragmenting materials. The 

weakest linear correlation was thus found for the largest size fraction of fragmenting DCP, 

where a clear loss of linearity was observed. This limits the use of ZPA for porosity predictions. 

Although the Bruggeman model has not been applied in this study, similar results can be 
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expected. However, for brittle materials showing considerable fragmentation upon 

compression, arbitrary fitting models to predict the porosity can be used instead. 

 

3.3 Absorbance spectra 

The absorbance spectra over the whole frequency range can be found in Figures S4 to S6. Due 

to the noise at high frequencies for all materials and a resonance peak in the full spectra of the 

lactose tablets as discussed above, the frequency range was cut shorter in Figures 4 to 6. The 

frequency range used is 0.4 to 1.0 THz (121 to 300 µm), 0.2 to 0.45 THz (62 to 135 µm) and 

0.8 to 1.1 THz (214 to 329 µm) for MCC, DCP, and lactose, respectively. For MCC and DCP 

the upper frequency limit was based on the DR of the sample (Figures S4 and S5). The lower 

frequency limit for MCC was due to fluctuations in the spectrum of MCC at frequencies below 

0.4 THz (Figure S4). The rather high frequency range chosen for lactose was due to the 

resonance peak in the spectrum of lactose between 0.4 to 0.7 THz (Figure S6). The analysis 

method outlined in this work is applicable to the entire frequency range that can be accessed 

before exceeding the dynamic range of the spectrometer, and excluding the frequencies where 

spectral peaks are observed, as the scattering contribution to the overall extinction from the 

sample always results in a monotonous increase in the baseline of the spectrum as described by 

the power law (Eq. 4) 

 

The overall measured absorbance represents the total extinction from the sample which depends 

on the absorption by the sample, the reflection losses of the terahertz beam at the interface as 

well as scattering losses. The extraction process of the material parameters accounts for the 

reflection losses at the surface (Eq. 3) as well as the total mass of excipient. Therefore, any 

contribution to extinction from absorption by the sample was kept constant in this study and 

any change in the absorbance can be attributed to a change in scattering intensity. It is worth 

noting that for this type of analysis the use of the absorbance is advantageous compared to the 

absorption coefficient (α), which is the conventional choice to describe the attenuation 

properties of a material (Shen et al., 2008; Kaushik et al., 2012; Garet et al., 2014). This is 

because α will change with porosity since the calculation accounts for the changes in tablet 

height. Similar to neff, α therefore describes the optical properties of the effective medium 

whereas the absorbance describes the absolute attenuation property independent of porosity. 

Due to the wide range of porosities used in this study (Figure 1), it was decided to base the 

analysis on the absorbance.  

 

A decrease in absolute absorbance was observed with increasing compression pressure at the 

high frequency end of the terahertz spectrum (Figures 4 to 6). This was the case for all materials 

and size fractions, except for the smallest size fraction of MCC. The most dominant change in 

absorbance with increasing compression pressure was observed for DCP and lactose. In 

addition, the change in absorbance was found to be more pronounced for the larger compared 

to smaller particle size fractions (before compression) for all materials (Figures 4 to 6). This is 

expected given the fragmentation of such particles upon compression and is in agreement with 

the previous observation that larger particles fragment more extensively than smaller particles 

(Skelbæk et al., 2020). Furthermore, given that lactose and DCP deform predominantly by 

fragmentation, this explains why a bigger change in the absorbance is encountered for these 
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materials compared to MCC, which is only fragmenting to a more limited extent upon 

compression. Finally, when comparing different compression pressures, the most dominant 

change in absorbance was observed at pressures below 50 MPa. This is the pressure range where 

fragmentation is known to occur (Skelbæk et al., 2020). The decrease in absorbance with 

increasing compression pressure in the upper frequency region is the result of the wavelength 

at these frequencies being short enough to account for the change in particle size by a change 

in scattering intensity. The decrease in absorbance can therefore be attributed to fragmentation 

upon compression, as smaller particles result in decreased scattering and consequently a 

decrease in absorbance (Figures 4 to 6).  

 

An isosbestic point in the absorbance spectra at different compression pressures was observed 

over the investigated frequency range for the largest size fractions of MCC and three smallest 

size fractions of DCP, marked with an arrow in Figures 4 and 5. These materials show an 

increase in absorbance with increasing compression pressure below the isosbestic point (lower 

frequency region), whereas the opposite was observed at the upper frequency region (Figures 4 

and 5). The absorbance of the smallest size fraction of MCC was consistently higher throughout 

the frequency range at high compression pressure, whereas it was lower for the two largest size 

fractions of DCP. No clear trend in terms of isosbestic point was observed for lactose (Figure 

6). The reason for this, can be explained by the resonance peak observed in the frequency range 

between 0.4-0.7 THz (Figure S6), which makes it impossible to determine a potential isosbestic 

point. 

 

The increase in absorbance with increasing compression pressure at frequencies below the 

isosbestic point suggested that higher compression pressure resulted in formation of structures 

or density fluctuations that scatter terahertz radiation. Two possible explanations can cause this: 

Firstly, a change in particle morphology due to plastic deformation could cause a change in 

scattering intensity. Secondly, particles forming inter-particulate bonds upon compression and 

thereby formation of clusters of particles larger than the initial particles. As DCP deforms 

plastically to a limited extent, cluster formation is expected to be the more pronounced 

mechanism for the increase in absorbance with increasing compression pressure at low 

frequencies. A change in scattering intensity by the formation of such clusters has been first 

reported by Markl et al. (2017) who referred to them as domains. These domains were 

considered a result of interparticle bond formation during compression resulting in tightly 

packed particles in direct contact. As these domains approach size scales in the wavelength 

regime of terahertz radiation they result in scattering. The formation of such domains or clusters 

is suggested to occur in this study as well. In general, objects that scatter at lower frequencies 

are expected to also scatter at higher frequencies. It is therefore suggested that cluster formation 

results in a general elevation of the absorbance spectrum at all frequencies. This is more 

apparent at low frequencies, as the decrease in scattering due to fragmentation is more 

pronounced at higher frequencies. Therefore, as fragmentation happens to such a low extent for 

the smallest size fraction of MCC and cluster formation is predominant, no isosbestic point is 

evident from the spectra for this size fraction of MCC.  
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The frequency at which the isosbestic point occurred was found to decrease systematically with 

increasing initial particle size, ranging from 0.92-0.32 THz and 0.33-0.22 THz for MCC and 

DCP, respectively (Figures 4 and 5). The high frequency end (shorter wavelength) of the 

absorbance spectrum is mainly impacted by fragmentation, whereas at lower frequencies 

(longer wavelength) mostly account for cluster formation and as such an increase in the 

absorbance with increasing compression pressure. This will ultimately lead to a shift in the 

isosbestic point, depending on the initial particle size and predominant deformation behaviour 

of the material.  

 

The increase in frequency of the isosbestic point with decreasing particle size could thus be 

explained by formation of clusters being more pronounced for smaller particles due to relative 

larger surface area from where inter-particulate bonds, and thereby clusters, are formed. Cluster 

formation may therefore be more pronounced than fragmentation for smaller particles, resulting 

in an increase in frequency of the isosbestic point with decreasing particle size. This would also 

explain why the isosbestic point occurred at a higher frequency for MCC compared to DCP for 

the same size fractions (Figures 4 and 5), as MCC deforms predominantly by plastic 

deformation, which is known to form strong inter-particulate bonds (Rees and Rue, 1978). In 

contrast, larger particles that fracture more extensively will result in a decrease in the frequency 

where the isosbestic point occurs. The isosbestic point of the two largest size fractions DCP is 

therefore expected to be outside the tested frequency range below 0.2 THz (Figure 5).  

 
Figure 4. Absorbance spectra in the frequency range of 0.4 to 1.0 THz (121 to 300 µm) for five size fractions 
of MCC tablets. The arrow indicates the isosbestic point where the absorbance of the highest and lowest 
compression pressure intersects. Markers correspond to the data points of the measured spectra and the 

lines correspond to the fit using Eq. 4. 
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Figure 5. Absorbance spectra in the frequency range of 0.2 to 0.45 THz (62 to 135 µm) for five size fractions 
of DCP tablets. The arrow indicates the isosbestic point where the absorbance of the highest and lowest 
compression pressure intersects. Markers correspond to the data points of the measured spectra and the 
lines correspond to the fit using Eq. 4. 

 
Figure 6. Absorbance spectra in the frequency range of 0.8 to 1.1 THz (214 to 329 µm) for three size fractions 
of lactose tablets. Markers correspond to the data points of the measured spectra and the lines correspond 
to the fit using Eq. 4. 

3.4 Quantification of fragmentation using THz transmission measurements 

To further investigate the changes in scattering intensity with compression pressure the 

absorbance data was fitted to Eq. 4 as described by Shen et al. (2008). A best fit value for 

parameter B for all size fractions and compression pressures of each material was calculated 

based on least squares fitting. The fit was carried out in the frequency range depicted in Figures 

4 to 6. As shown in Figure 7, this resulted in a clear minimum in the sum of RMSE, with a best 

fit result for parameter B of 1.5, 2.4 and 3.2 for MCC, DCP, and lactose, respectively. 

Furthermore, the magnitude of the RMSE was generally lower for smaller particles (Figure 7). 

These values can be interpreted as the mixed frequency dependency of absorption and 

scattering. However, a detailed analysis of this is beyond the scope of this article.  
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Figure 7. RMSE as a function of parameter B from power law fit for size fractions of MCC, DCP, and lactose 

tablets including the sum of the RMSE of all size fractions. Please note the different y-axes. 

Parameter A from the power law fit is plotted as a function of compression pressure in Figure 

8. Parameter A was calculated using the value of parameter B constrained to the minimal total 

RMSE prior to fitting as shown in Figure 7. Larger initial particles were found to result in a 

larger value of A at low compression pressure for all materials. This is in agreement with a 

general increase in A with increasing particle size found previously and can be attributed to 

increased scattering by larger particles (Shen et al., 2008).  

 

Parameter A decreased with increasing pressure up to around 50 MPa from where it levelled 

off for all materials and size fractions except for the three smallest size fractions of MCC 

(Figure 8). This is again in agreement with the compression pressure range, where 

fragmentation was found to occur in Skelbæk et al. (2020). The decrease in A with increasing 

compression pressure can thus be correlated to fragmentation upon compression. This was the 

case for all materials and size fractions, except the three smallest size fractions of MCC (Figure 

8).  

 
Figure 8. Parameter A as a function on compression pressure for size fractions of MCC, DCP, and lactose 
tablets. Please note the different ranges for the y-axes between figures. The lines correspond to fits using 

Eq. 5 

To investigate the applicability of THz-TDS to quantify fragmentation after tableting, A as a 

function of compression pressure (Figure 8) was fitted to an exponential decay function 

(Section 2.6, Eq. 5), as previously described in Skelbæk et al. (2019). The values of A for all 

materials and size fractions followed this exponential decay function, except for the three 

smallest size fractions of MCC. Fragmentation has previously been investigated based on PSDs 

before and after compression (Skelbæk et al., 2020). Here, the decrease in particle size with 

increasing compression pressure followed an exponential decay function (Eq. 5), and the 

fragmentation degree (relative YΔ) was derived (Section 2.6, Eq. 6). Relative YΔ values derived 

from THz-TDS and PSD measurements adapted from Skelbæk et al. (2020) can be seen in 

Table 1. A general increase in relative YΔ was found for all materials with increasing initial 
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particle size based on both THZ-TDS and PSD measurements (Table 1), explained by larger 

particles fragmenting more than smaller particles (Skelbæk et al., 2020).  

 

The values of relative YΔ that were determined through THz-TDS and PSD measurements of 

DCP were found to be in good agreement with each other (Table 1) and ranged from 60 to 93 % 

compared to 59 to 95 % based on THz-TDS and PSD measurements, respectively. Furthermore, 

DCP was found to reach approximately the same plateau (YP) regardless of the initial particle 

size (Figure 8), which is in agreement with previously reported results (Skelbæk et al., 2020). 

This indicated that DCP particles fracture to approximately the same particle size regardless of 

initial particle size upon compression. The strong correlation between the results from the two 

techniques can be explained by DCP fragmenting extensively during compression and only 

undergoing limited, if any, plastic deformation. The THz-TDS measurements are therefore 

expected to not be affected by particles deforming plastically, which could impact the scattering 

intensity, as discussed in Section 3.3. 

 

The values of relative YΔ of the two largest size fractions of MCC were 30 % and 27 to 32 % 

based on THz-TDS and PSD measurements, respectively (Table 1). Parameter A increased for 

the two smallest size fractions of MCC and remained constant for the mid-size fraction with 

increasing compression pressure (Figure 8). These size fractions did therefore not follow an 

exponential decay function and are not included in Table 1. Small size fractions of MCC 

fracture to a very limited extent upon compression (Skelbæk et al., 2020). The increase or 

constant parameter A with increasing compression pressure is therefore expected to be caused 

by either plastic deformation and/or formation of clusters of particles of MCC. Plastic 

deformation and/or cluster formation are therefore expected to be more pronounced than 

fragmentation for the smaller size fractions of MCC. This explains the increase in parameter A 

with increasing compression pressure (Figure 8). X-ray microcomputed tomography (XµCT) 

is often used to describe the microstructure of pharmaceutical tablets (Markl and Zeitler, 2017). 

It would thus be relevant to perform XµCT on these tablets, to investigate whether cluster 

formation and/or plastic deformation of particles were visibly detectable. 

 

The values of relative YΔ of lactose ranged from 27 to 71 % and 63 to 81 % based on THz-TDS 

and PSD measurements, respectively (Table 1). Lactose deforms by a non-predominant 

combination of fragmentation and plastic deformation (Roberts, 2011), which could explain the 

lower values of relative YΔ derived from THz-TDS measurements. This was further supported 

by the increase in plateau (Yp) with increasing initial particle size, which is in accordance with 

previously reported data (Skelbæk et al., 2020). 

 

The different setup of the two studies and the different measurement techniques might lead to 

a difference in the values of relative YΔ (Table 1). Firstly, the THz-TDS measurements in this 

study were non-destructively conducted on whole tablets, whereas the previous study analysed 

the particle size differences of compressed particles obtained through grinding of tablets 

(Skelbæk et al., 2020). Separation of particles by grinding, without introduction of further 

fragmentation, was enabled by addition of high amounts of MgSt. 10, 5, and 5 % MgSt were 

blended with MCC, DCP, and lactose, respectively, prior to tableting. Contrary to this previous 
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study, no MgSt was used here for the THz-TDS measurements. MgSt limits the formation of 

strong inter-particulate bonds, and thereby formation of clusters. Cluster formation is on the 

contrary likely to occur in this study, which will impact scattering intensity and ultimately the 

values of relative YΔ. In order to further investigate cluster formation, it would thus be relevant 

to compare absorbance spectra of tablets with and without MgSt. 
Table 1. Fragmentation degrees (Relative YΔ) of the different particle size fractions of MCC, DCP, and 
lactose based on THz-TDS and PSDs measurements1. 

Material, size fraction 

Fragmentation degrees based on 

THz-TDS  

Relative YΔ 

(%) 

Fragmentation degrees based on 

PSD measurements1 

Relative YΔ
 

(%) 

MCC, <125 µm - - 

MCC, 125-180 µm - 14.6  

MCC, 180-250 µm - 25.8 

MCC, 250-355 µm 30.4 27.1  

MCC, 355-500 µm 30.0 31.9  

DCP, <125 µm 60.2 58.8  

DCP, 125-180 µm 88.9 80.5  

DCP, 180-250 µm 92.6 90.4  

DCP, 250-355 µm 91.7 92.6  

DCP, 355-500 µm 92.6 94.7  

Lactose, <125 µm 27.2 62.6  

Lactose, 125-180 µm 65.6 80.7  

Lactose, 180-250 µm 75.1 80.0  

1. Adapted from Skelbæk et al., 2020. 

PSDs used to analyse fragmentation in the previous study were based on laser diffraction 

whereas THz-TDS is based on scattering of the terahertz wave. Both are dependent on particle 

size, however, the particle morphology, clustering of particles and pores might affect the two 

methodologies differently. Furthermore, an assumption of spherical particles is applied when 

using laser diffraction, whereas the change in absorbance is used as a measure of particle size 

changes using THz-TDS measurements. These differences might ultimately result in 

differences in the relative YΔ values obtained by the two methods. A 1:1 correlation was 

therefore not expected. Still, the relative YΔ values obtained through the different methods were 

comparable (Table 1). Laser diffraction is often used as a reference method to NIR spectroscopy 

to investigate particle size changes (Pasikatan et al., 2001). Based on these results, it can be 

concluded that this setup also can be applied in connection with THz-TDS measurements.  

 

NIR spectroscopy has been found to be sensitive to particle size differences due to changes in 

diffuse reflectance (Pasikatan et al., 2001). Some of the limitations of NIR spectroscopy is that 

multivariate analysis (MVA) is required for data analysis and it only measures the surface 

related information, which is not representative for the whole tablet (Cogdill et al., 2007, Markl 

et al., 2018). NIR spectroscopy is therefore not the first choice when aiming for accurate particle 
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size measurements (Reich, 2016). Pharmaceutical materials are typically at least semi-

transparent to THz radiation, which allows for measurements throughout the tablet. 

Additionally, THz-TDS uses wavelengths in the range of 120 to 1500 µm (~ 0.2 to 1.5 THz) 

and is therefore at a similar scale as the size of pharmaceutical particles and granules typically 

used for tableting, making it more suitable for investigating the particle size within powder 

compacts. Furthermore, since the refractive index is measured using THz-TDS, reflection at the 

sample surface can be accounted for (Eq. 3), which allows for precise scattering measurements 

despite a change in the refractive index as introduced by different porosities.  

 

The use of NIR spectroscopy to investigate fragmentation has previously been performed on 

the same materials and size fractions as used in this study (Skelbæk et al., 2020). MVA in terms 

of principal component analysis (PCA) was used to explain the spectral variations upon 

compression. Here, it was found that PC1 describing the spectral baseline increased up to 50 

MPa, which was explained by fragmentation. However, it was not possible to distinguish 

between the different initial particle sizes using NIR spectroscopy (Skelbæk et al., 2020). THz-

TDS measurements are therefore superior compared to NIR spectroscopy for the ability to 

distinguish different particle sizes and furthermore ability to quantify fragmentation upon 

compression. This can be explained by the different wavelengths of THz and NIR radiation and 

that this study was performed in a transmission setup thereby accounting for the whole tablet 

compared to a reflection setup in the previous study (Skelbæk et al., 2020). Finally, the use of 

MgSt in the previous study, could possibly also affect the results. 

 

The advantage of THz-TDS is that the method provides a response within seconds in a non-

destructive and non-invasive manner (Bawuah et al., 2020). The use of THz-TDS for in-line 

testing of tablet porosity after tableting has been proposed (Bawuah et al., 2020). Knowing the 

particle size changes upon compression based on THz-TDS, is a valuable extension to porosity 

measurements, as particle size might impact tablet dissolution rate by changing the total surface 

area of the compressed particles inside the tablet. This could be especially important for poorly 

soluble drugs. In addition, THz-TDS allows for testing of whole tablets rather than compressed 

particles as in laser diffraction, which eliminates the risk of changes due to addition of MgSt 

and grinding of tablets.  

 

Scattering at terahertz frequencies has generally been accepted to be none/negligible for many 

applications including the use on pharmaceutical tablets. However, based on these results, 

caution should be taken regarding these assumptions, as scattering was shown to affect both 

phase (neff) and amplitude (absorbance) related parameters.  

 

4. CONCLUSIONS 

The effects of particle size and deformation behaviour on the scattering intensity of 

pharmaceutical tablets were investigated using terahertz time-domain spectroscopy. 

Fragmentation upon compression affected both the refractive index as well as attenuation by 

the sample, which could be attributed to scattering loss. The previously proposed correlation of 

neff and porosity of pharmaceutical tablets was impaired by the change in scattering caused by 

fragmentation. The absorbance was generally found to decrease with increasing compression 
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pressure in the high frequency end of the absorbance spectra. This was attributed to 

fragmentation upon compression resulting in smaller particles and thereby less scattering. The 

absorbance spectra were fitted to a power law, which allowed for quantification of 

fragmentation. Finally, increase in absorbance with increasing compression pressure at the low 

frequency end of the spectra, indicated cluster formation upon compression. 
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ABBREVIATIONS 

DR   Dynamic range 

DCP    Calcium hydrogen phosphate dihydrate  

EMA   Effective medium approximations  

EM   Electromagnetic  

MCC   Microcrystalline cellulose 

MVA   Multivariate analysis 

neff   Effective refractive index   

NIR   Near-infrared 

PCA   Principal component analysis 

PSD    Particle size distribution 

THz   Terahertz 

THz-TDS  Terahertz Time Domain spectroscopy 

νDR The frequency at which the linear correlation drops  

XµCT   X-ray microcomputed tomography 

YΔ   Fragmentation degree 

ZPA   Zero porosity approximation  
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5.1 SUPPORTING INFORMATION 

 
Figure S1. Effective refractive index (neff) over frequency of five size fractions of MCC tablets. 

 
Figure S2. Effective refractive index (neff) over frequency of five size fractions of DCP tablets. 

 
Figure S3. Effective refractive index (neff) over frequency of three size fractions of lactose tablets. 
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Figure S4. Full absorbance spectra of five size fractions of MCC tablets. 

 

Figure S5. Full absorbance spectra of five size fractions of DCP tablets. 

 

Figure S6. Full absorbance spectra of three size fractions of lactose tablets. 
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