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Abstract 16 
There is a clear need for a robust process analytical technology tool that can be used for on-17 
line/in-line prediction of dissolution and disintegration characteristics of pharmaceutical tablets 18 
during manufacture. Tablet porosity is a reliable and fundamental critical quality attribute 19 
which controls key mass transport mechanisms that govern disintegration and dissolution 20 
behaviour. A measurement protocol was developed to measure the total porosity of a large 21 
number of tablets in transmission without the need for any sample preparation. By using this 22 
fast and non-destructive terahertz spectroscopy method it is possible to predict the 23 
disintegration and dissolution of drug from a tablet in less than a second per sample without 24 
the need of a chemometric model. The validity of the terahertz porosity method was established 25 
across a range of immediate release (IR) formulations of ibuprofen and indomethacin tablets 26 
of varying geometries as well as with and without debossing. Excellent correlation was 27 
observed between the measured terahertz porosity, dissolution characteristics (time to release 28 
50% drug content) and disintegration time for all samples. These promising results and 29 
considering the robustness of the terahertz method pave the way for a fully automated at-30 
line/on-line porosity sensor for real time release testing of IR tablets dissolution.  31 
 32 
Keywords: Terahertz spectroscopy, pharmaceutical tablet, porosity, disintegration, 33 
dissolution, real time release testing, process analytical technology   34 

1. Introduction 35 
In-vitro dissolution testing has long been used in the pharmaceutical industry as the benchmark 36 
for the evaluation of the quality of pharmaceutical tablets and even though in-vitro/in-vivo 37 
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correlations are not commonly expected dissolution testing is still widely considered as an 1 
important indicator of the release rate of drug. Traditional quality control methods (dissolution, 2 
disintegration, and hardness/tensile strength) are resource intensive, time consuming and 3 
destructive and only sample a relatively small proportion of drug product either through in-4 
process control tests or batch-testing of the end-product. The need to improve product quality 5 
whilst reducing the use of costly and destructive end-product testing methods was catalysed by 6 
the Quality-by-Design (QbD) and Process Analytical Technology (PAT) initiatives 1,2. Both 7 
QbD and PAT resulted in the development and implementation of innovative methods that can 8 
monitor process parameters during pharmaceutical development and manufacturing to ensure 9 
the quality of the end product. The idea of ensuring the quality of in-process and the final 10 
product based on process data is the definition of the so-called real-time release testing (RTRT) 11 
3,4. 12 

To support the development of RTRT of pharmaceutical tablets, research groups have made 13 
use of fast and non-destructive dissolution-prediction methods based on near infrared (NIR) 5–14 
8 and Raman 7 spectroscopic  techniques in combination with the use of process variables such 15 
as blender speed, feed frame speed, and compaction force followed by performing multivariate 16 
regressions (chemometric analyses) 5.  Other NIR methods have capitalised on the detection of 17 
strain 6 and chemical information of disintegrants 9 for predicting dissolution performance of 18 
tablets. Alternative methods that employ the use of magnetic resonance imaging techniques as 19 
well as different kinds of mathematical modelling methods to predict the dissolution of given 20 
drug substances from tablets and also to study the effect of process parameters on the 21 
dissolution profile of a drug from a tablet have been reported 10–15. However, the use of the 22 
above methods to reliably predict the dissolution profiles is still challenging. This is due to the 23 
inability of these methods to directly probe and quantify the bulk physical properties of tablets, 24 
e.g. porosity, that directly govern mass transport mechanisms in a tablet during its 25 
disintegration and subsequent drug release 16,17. 26 

In the case of immediate release (IR) tablets, the disintegration and the drug release processes 27 
are tightly linked and the International Conference on Harmonization (ICH) Tripartite 28 
Guideline Q6A 18 has extensively discussed cases where disintegration testing may be 29 
employed as a substitute for dissolution testing. Studies that seek to establish correlation 30 
between the dissolution of a drug from a tablet and the overall tablet disintegration have been 31 
reported in the literature 19–21. An extensive review on tablet’s disintegration mechanism and 32 
measurement techniques by Markl and Zeitler further provides more insight into how tablet 33 
disintegration is a necessary requirement for release and dissolution of the drug from IR tablets 34 
and hence the need for methods that can reliably quantify the disintegration rate of tablets 22. 35 
It has been established in the pharmaceutical sciences community that tablet disintegration is 36 
impacted by several factors, starting from the physical properties of the tablets (porosity, 37 
surface morphology and particle size), solvent penetration/wicking, swelling and strain 38 
recovery 22–25.  39 

Building on the influence of the physical properties of tablets, it is a known fact that porosity 40 
plays a major role in disintegration performance of IR tablets 26. In terms of the influence of 41 



 3 

porosity on the release and dissolution of drug from a tablet, Hattori and Otsuka 27 have 1 
reiterated that the rate at which water penetrates a tablet significantly depends on the porosity. 2 
In related studies, Delalonde and Ruiz 28 have shown the interplay between dissolution kinetics 3 
of drug and porosity whereas Riippi et al., 29 have initially reported on a promising correlation 4 
between porosity and dissolution rate of erythromycin acistrate from tablet samples in the late 5 
1990s.  6 

Despite the clear observed dependence of the release and dissolution behaviour of drug on the 7 
total porosity of an IR tablet, from the regulatory point of view, the measurement of tablet 8 
porosity has not been a popular method for checking the quality of IR tablets in the industry. 9 
This may be due partly to the relatively time-consuming and destructive nature of existing 10 
conventional porosity measurement methods like mercury or helium porosimetry 16,29,30. The 11 
quest to develop fast and non-destructive methods to measure the porosity therefore triggered 12 
researchers like Shah et al. 7 to employ NIR and Raman spectroscopy to predict the porosity of 13 
tablets. Yet, these methods typically only probe surface properties and rely on the use of 14 
chemometric models. Given the surface measurement, the results may not necessarily represent 15 
the bulk tablet property. To overcome the above limitations, terahertz time-domain 16 
spectroscopy (THz-TDS) has been developed in transmission to directly measure the porosity 17 
of tablets 31–33 without chemometric analysis. The terahertz porosity method has the advantage 18 
that it is fast (under a second), non-destructive, non-invasive and requires no sample 19 
preparation. A recent tutorial by Bawuah et al. 34 has systematically outlined the steps involved 20 
in the terahertz porosity measurement method.  21 

By bearing in mind the direct influence of drug release rate of a tablet by its porosity as well 22 
as the ability to quickly and accurately measure porosity by THz-TDS, a previous work by 23 
Markl et al. 17 has established a strong correlation between the measured terahertz effective 24 
refractive index/porosity and the drug dissolution characteristics of  IR tablets. Based on the 25 
observed promising correlation, the researchers proposed the development of a robust at-line 26 
or in-line terahertz-based sensor to monitor disintegration and hence the drug dissolution 27 
performance of tablets during manufacture 17.  28 

This study demonstrates the use of terahertz technology to predict the drug dissolution 29 
outcomes from directly compressed IR tablets with different levels of complexity. The validity 30 
and robustness of the terahertz-based porosity measurement method was tested by probing a 31 
wide range of samples comprised of simple placebo biconvex round tablets, complex flat-faced 32 
and biconvex tablets containing active pharmaceutical ingredients (APIs), i.e., ibuprofen or 33 
indomethacin, with and without debossing.  34 

2. Materials and Methods 35 

2.1. Materials 36 
Two APIs, ibuprofen (BLD Pharmatech, Shanghai, China) and indomethacin (Sigma-Aldrich 37 
Company Ltd., Gillingham, UK), were each formulated as IR tablets with dose strengths of 1% 38 
w/w and 10% w/w for each respective API. The formulations for each API at both doses 39 
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composed of common excipients, microcrystalline cellulose (MCC) (Avicel PH-102, FMC 1 
Europe NV, Brussels, Belgium), lactose anhydrous (Supertab21AN, DFE pharma, Goch, 2 
Germany), croscarmellose sodium (CCS) (DuPont Nutrition, Wilmington DE, USA), and 3 
magnesium stearate (Fisher Scientific, Fair Lawn NJ, USA). Table 1 gives the %w/w of the 4 
components used at the two dose strengths, i.e., 1% w/w API formulations (F1) and 10% w/w 5 
API formulations (F2). The proportion of microcrystalline cellulose and lactose anhydrous, 6 
serving as diluents and binders, were kept constant in all formulations. Magnesium stearate 7 
and croscarmellose sodium were added to respectively serve as a lubricant and a disintegrant. 8 
In total, four formulations were prepared, i.e., F1-Ibup, F1-Indo, F2-Ibup and F2-Indo, where 9 
the abbreviations Ibup and Indo indicate the two APIs ibuprofen and indomethacin, 10 
respectively.  11 

Materials F1 F2 
%w/w Quantity (g) %w/w Quantity (g) 

Microcrystalline cellulose 43.2 86.4 39.1 78.2 
Lactose anhydrous 51.8 103.6 46.9 93.8 
Croscarmellose sodium 3.0 6.0 3.0 6.0 
Magnesium stearate 1.0 2.0 1.0 2.0 
API (Ibuprofen/Indomethacin) 1.0 2.0 10.0 20.0 
Total 100.0 200.0 100.0 200.0 

Table 1: Material composition of the two dose strengths, F1 and F2 formulations, used in the 12 
direct compaction of all the tablets. 13 

2.2.  Methods 14 

2.2.1. Tablet Compaction  15 
The powder formulations were blended using a Turbula T2F Mixer (Willy A. Bachofen AG, 16 
Switzerland). During the blending step, all the materials except magnesium stearate were 17 
continuously mixed together for 10 mins followed by the addition of the magnesium stearate 18 
and further mixing for an extra 1 min. In all, the blending process lasted for 11 mins at a speed 19 
of 32 rpm.  20 

Five batches, i.e., based on 5 different porosity levels spanning the range of about 2 - 24%, of 21 
biconvex round tablets were directly compressed using a compaction simulator (HB50, Huxley 22 
Bertram Engineering Ltd, UK). The compaction simulator was configured to mimic an 23 
industrial scale tablet press (Fette 2090) with a maximum compression speed of 60 rpm. All 24 
the tablets were compressed at a targeted weight of 400 mg with varying thicknesses in order 25 
to achieve the required porosity levels. Fifteen tablets per batch were compressed and each 26 
tablet was collected and stored in a labelled plastic bag.  27 

To test the robustness of the terahertz method similar (with same compression parameters) 28 
batches of biconvex tablets with debossing “TPI” inscribed on one side were compressed from 29 
the same formulations (see Table S1 in the supplementary information). Only debossed tablets 30 
were used for both APIs’ F2 formulations.  31 
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The nominal porosity (fnominal) of the batches, as given by Eq. (1), was measured several days 1 
after the compaction, but just before the terahertz measurements were conducted, to allow for 2 
possible post-compaction mechanical relaxation of the tablets.   3 

𝑓!"#$!%& = 1 − '!"#$%!
'!&'%

,                                                                                                             (1) 4 

where the tablet density, ρtablet, was calculated from the weight (W) and physical dimensions, 5 
i.e., height (H) and diameter (d). The true density, ρtrue, of the four F1 and F2 formulations was 6 
measured using a helium pycnometer (Multipycnometer MVP-1; Quantachrome Corporation, 7 
New York, NY). The height and diameter of all the tablets were measured using a micrometre 8 
(Sealey Digital External Micrometer 0 – 25 mm; Rapid Electronics Limited, Colchester, UK) 9 
and their weights were measured with an analytical balance (Fisher Scientific, Illkirch-10 
Graffenstaden, France). Table 2 gives the batch-average of the measured physical parameters 11 
at the two dose strengths (F1 and F2) of both the ibuprofen and indomethacin biconvex tablets 12 
without debossing. 13 

2.2.2. Terahertz Time-Domain Spectroscopy 14 
Terahertz time-domain measurements of all the batches were acquired using a TeraPulse 4000 15 
(TeraView Ltd., Cambridge, UK). A fast-scanning method (SpectralSeries) with overall 16 
acquisition time of ≈1 s was used.  With an acquisition rate of 15 Hz, 20 waveforms were 17 
acquired and averaged. The sample compartment of the THz-TDS was continuously purged 18 
with nitrogen gas throughout the measurements to minimize the impact of water vapour on the 19 
measured THz signal. In this study using a given placebo biconvex tablets with a similar 20 
excipient composition as the current formulations, we have shown that it is possible to 21 
accurately measure the porosity of tablets by reducing the acquisition time to about one eighth 22 
of a second (0.12 s). Section 2 of the supplementary information gives detailed information 23 
about the formulation, physical dimensions, and results of the used placebo tablets.  24 

A typical routine undertaken during the terahertz transmission measurements is to acquire 25 
reference measurement, i.e., conducting the measurement with an empty (nitrogen gas) 26 
compartment, followed by the sample measurements (Fig.1). The effective refractive index, 27 
neff, of the tablets was measured using the frequency-domain (FD) material parameter 28 
extraction approach 34. The FD method requires the conversion of the acquired time domain 29 
(TD) signals into complex FD signals via a fast Fourier transform (FFT). The frequency 30 
dependent effective refractive index of the tablets was extracted from the phase information by 31 
firstly normalising the obtained sample spectrum with the reference spectrum and secondly, 32 
going through a standard phase retrieval routine as discussed in 35. Further detailed description 33 
on how to estimate the optical constants of materials using THz-TDS has been extensively 34 
reported in the literature 36–40. Once the phase difference (𝜃) has been accurately determined, 35 
the effective refractive index (neff) was estimated as 36 

𝑛())(𝑣) =
*+

,-./
+ 1,                                                                                                                          (2) 37 
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where v is the frequency of the terahertz radiation, H is the tablet thickness, and c is the speed 1 
of light in vacuum. In cases where it is possible to measure the back reflection, or second echo 2 
of the terahertz pulse, the thickness of the tablets could be directly derived from the terahertz 3 
measurement itself. However, for the majority of the drug products this is unlikely to be the 4 
case given the relatively thick structures of typical tablets which would require relatively long 5 
(optical) time-delay lines in the spectrometer. In addition, even though the tablet matrix does 6 
not absorb terahertz radiation very strongly compared to other spectral ranges the absorption 7 
from the tablet may nevertheless be too high to reliably detect the second echo reflection signal 8 
after the terahertz pulse has propagated three times through the entire thickness of the tablet. It 9 
is not inconceivable that future improvements in instrumentation, for example by using very 10 
high intensity pulses of terahertz radiation, could make this possible. 11 

 12 
Fig. 1. Sample and reference terahertz pulse measurements. H indicate the thickness of the 13 
tablet.  14 

2.2.3. Zero-Porosity Refractive Index Measurements   15 
The zero-porosity refractive indices (also known as intrinsic refractive indices) of all the F1 16 
and F2 formulations, i.e., the refractive index of only the solid material of the tablets, were 17 
measured using 5 batches of flat-faced round non-debossed tablets compressed from each 18 
formulation, i.e., F1-Ibup, F1-Indo, F2-Ibup and F2-Indo. Table S5 of the supplementary 19 
information gives the detailed description of the measured parameters of the flat-faced round 20 
tablets used for the material characterisation experiments. Flat-faced tablets were used to 21 
ensure the accurate determination of the intrinsic refractive index of the formulations given the 22 
relatively simple and homogenous nature of flat-faced tablets compared to biconvex tablets. 23 
Once the accurate intrinsic refractive indices of the formulations are known, the porosity of 24 
batches of tablets with different geometries compressed from these formulations can be 25 
measured by the terahertz method.  26 

2.2.4. Disintegration Testing  27 
The disintegration testing was performed on 6 tablets per batch on the F1- and F2-based 28 
biconvex tablets without debossing (see Table 2). The performed disintegration testing 29 
complies with the requirements of the current United States Pharmacopeia (USP) chapter 701 30 
41, and the European Pharmacopeia (EP) standard 2.9.1 42, using a standard disintegration tester 31 
(DT50, SOTAX AG, Switzerland). The DT50, with a mechanical agitation rate of 30 ± 1 32 
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strokes per minute, allows the testing of 6 tablets per test and comes with a basket that 1 
accommodates 6 tubes and 6 disks. The disks, with their conducting elements, are used to 2 
automatically detect the endpoint of the disintegration process, which reduces the variability 3 
of the measurement. Water (≈1000 mL preheated to 37 ºC) was used as the immersion fluid 4 
during the experiment.  5 

2.2.5. Dissolution Testing 6 
Samples were run by USP II paddle method using an ALS ADT8 dissolution bath coupled with 7 
an ALS SP700 UV spectrometer (Automated Lab Systems, Wokingham, Berkshire, U.K.). The 8 
ibuprofen tablets were run in pH 7.2 phosphate buffer as required by the British Pharmacopoeia  9 
43 whereas the indomethacin tablets were run in pH 6.2 phosphate buffer to meet the standard 10 
requirements of United State of America Pharmacopoeia 44.  11 

Initially a calibration curve was produced for each drug in the relevant media. Due to the low 12 
aqueous solubility of both drugs, 1 mg/mL stock solutions were prepared in methanol before 13 
diluting with their respective buffers to produce standards of 50, 25, 10, 5 and 2.5 μg mL-1. 14 
Both drugs were initially spectrum tested using the UV spectrometer. Ibuprofen was observed 15 
to have an absorption maximum at 222 nm and indomethacin was found to exhibit an 16 
absorption maximum at 265 nm, based on a path length of 10 mm. Analysis was carried out 17 
using the ALS software UV Win. 18 
 19 
A dissolution method was developed and carried out using the ALS software IDIS. Samples 20 
were run in 900 mL of buffer each with a paddle speed of 50 rpm at 37ºC ± 0.5ºC. Utilising an 21 
autosampler, all samples were taken at intervals of 80 s until the dissolution profile was found 22 
to level off and remain constant. As the system is a closed loop there was no need for 23 
replacement media to be utilised. The dissolution testing was performed on the F1 and F2 24 
biconvex tablets without debossing (see Tables 2). Additional information regarding the 25 
dissolution experiments is given in section 4 of the supplementary information. We used 6 26 
tablets of each batch and the averaged results for the whole dissolution profile for each batch 27 
is shown in Fig. S5 of the supplementary information.  28 

2.2.6. Hardness Testing 29 
For the hardness testing, sets of biconvex tablets with the same process conditions as those of 30 
Table 2 were again produced from the same F1 and F2 formulations (see Table 3). These sets 31 
were without debossing and all the tablets were crushed using a Kraemer Elektronik Hardness 32 
Tester HC 6.2 (Kraemer Elektronik GmbH, Darmstadt, Germany). The obtained tablet 33 
hardness, i.e. the maximum diametral crushing force, F, of the batches as given in Table 3 was 34 
further converted to tensile strength, 𝜎0, according the expression developed by Pitt et al. for 35 
cylindrical convex-faced compacts 45,46 shown as 36 

𝜎0 =
123

45(6,.89)*:2.1,;
)
+<=.1>

+
*<2.21?

,                                                                                                                          (3) 37 
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where d, H and L are the diameter, thickness, and cylindrical length of the biconvex tablets 1 
respectively. 2 

3. Results and Discussion 3 
The batch-average of the measured physical parameters of both the ibuprofen and 4 
indomethacin biconvex tablets used for the disintegration and dissolution experiments are 5 
given Table 2. The averaged parameters for similar sets of tablets used for the hardness testing 6 
experiments are also given by Table 3.  All tablets in the Tables 2 & 3 were compressed from 7 
the same F1 and F2 formulations respectively.  8 

Formulation Batch H (mm) d (mm) W (mg) fnominal (%) 
F1-Ibup B1 4.572 10.055 399.6±4.0 2.85±0.13 

B2 4.712 10.056 400.6±4.0 6.35±0.54 
B3 4.932 10.074 394.5±3.0 13.28±0.56 
B4 5.204 10.090 398.5±3.0 18.41±0.61 
B5 5.418 10.098 402.3±4.0 21.77±0.62 

F1-Indo B1 4.582 10.044 403.7±2.0 1.60±0.13 
B2 4.733 10.047 402.6±2.0 5.95±0.29 
B3 4.959 10.055 403.7±2.0 11.30±0.33 
B4 5.229 10.066 405.1±1.0 16.93±0.12 
B5 5.459 10.073 404.4±1.0 21.53±0.24 

F2-Ibup B1 4.678 10.057 396.5±3.0 3.50±0.20 
B2 4.878 10.061 397.2±2.0 8.48±0.21 
B3 5.060 10.067 396.9±2.0 12.80±0.33 
B4 5.276 10.083 396.7±2.0 17.54±0.48 
B5 5.528 10.089 409.0±3.0 19.90±0.57 

F2-Indo B1 4.570 10.047 395.6±2.0 2.32±0.15 
B2 4.828 10.048 405.5±2.0 6.80±0.27 
B3 4.961 10.052 397.8±5.0 11.76±0.77 
B4 5.199 10.064 396.3±3.0 17.32±0.51 
B5 5.403 10.069 397.7±2.0 21.01±0.36 

Table 2: The measured averaged parameters of the five batches of biconvex tablets compressed 9 
from the F1 and F2 formulations. Each batch composed of 15 tablets without debossing. The 10 
measured true densities of the formulations were, 	ρtrue (F1-Ibup) = 1.485 g cm-3,	ρtrue (F1-Indo) 11 
= 1.479 g cm-3,	ρtrue (F2-Ibup) = 1.439 g cm-3, and ρtrue (F2-Indo) = 1.465 g cm-3. 12 

Formulation Batch H (mm) d (mm) W (mg) fnominal (%) Hardness (N) 
F1-Ibup B1 4.665 10.073 403.9±2.0 4.58±0.15 170.9±4.1 

B2 4.731 10.076 402.0±3.0 6.78±0.32 143.0±4.8 
B3 4.970 10.089 404.2±4.0 12.20±0.65 93.1±5.7 
B4 5.217 10.107 399.1±4.0 18.74±0.68 52.4±4.5 
B5 5.427 10.123 396.6±2.0 23.35±0.48 30.0±2.3 

F1-Indo B1 4.580 10.058 398.2±3.0 3.08±0.21 276.6±8.6 
B2 4.763 10.063 404.4±3.0 6.54±0.47 209.0±8.1 
B3 4.968 10.075 398.1±3.0 13.01±0.54 125.0±6.4 
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B4 5.235 10.086 400.1±2.0 18.33±0.45 77.6±3.9 
B5 5.476 10.094 401.9±3.0 22.58±0.47 52.2±3.0 

F2-Ibup B1 4.685 10.065 396.0±3.0 3.92±0.20 185.7±6.6 
B2 4.869 10.069 403.1±4.0 7.00±0.45 139.8±6.7 
B3 5.034 10.079 399.2±3.0 11.88±0.58 90.9±6.0 
B4 5.309 10.104 395.6±4.0 18.66±0.68 45.1±3.8 
B5 5.520 10.112 396.6±6.0 22.45±1.06 31.3±3.7 

F2-Indo B1 4.639 10.059 403.7±2.0 2.43±0.18 247.9±8.5 
B2 4.797 10.068 399.9±2.0 7.59±0.25 143.3±4.0 
B3 5.009 10.076 399.4±3.0 12.80±0.54 89.7±5.0 
B4 5.275 10.091 403.1±4.0 17.77±0.71 53.6±5.1 
B5 5.517 10.110 394.9±4.0 24.05±0.76 24.8±2.8 

Table 3: The measured averaged parameters of the five batches of biconvex tablets compressed 1 
from the F1 and F2 formulations and used for the hardness experiments. 10 non-debossed 2 
biconvex tablets were compressed per batch. 3 

3.1.  Zero-Porosity Refractive Index Measurements 4 
In this study, prior to the measurement of the zero-porosity refractive index of the formulation, 5 
the effective refractive index spectra of the flat-faced tablets were extracted via the FD data 6 
analysis (Fig. 2). A single-valued effective refractive index was obtained for each tablet by 7 
selecting and averaging the refractive indices within a range of frequency (see the shaded 8 
portion in Figs. 2 (a) and (c)). The selected effective refractive indices (Figs. 2 (b) and (d)) 9 
were then used for measuring the zero-porosity refractive index of the formulation via the 10 
anisotropic Bruggeman model 31. The values of the measured zero-porosity refractive index, 11 
nsolid, for the four different formulations are listed in Table 4. 12 

The criteria for choosing the frequency(ies) from which the effective refractive indices were 13 
selected strongly depended on the instrument characteristics as well as the dispersion properties 14 
of the materials involved as we have discussed previously 34.  15 
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 1 
Fig. 2. Effective refractive index of the F1-Ibup (a, b) and F2-Ibup (c, d) flat-faced round 2 
tablets. The frequency range, where the refractive index was selected, is indicated by the shaded 3 
portions in (a) and (c). (b) and (c) show an excellent linear correlation between the effective 4 
refractive index and the nominal porosity with a coefficient of correlation of R2 = 0.999, root 5 
mean square error of RMSE = 0.0024 and R2 = 0.999, RMSE = 0.0017 for the F1-Ibup and F2-6 
Ibup, respectively. Similar results obtained for the F1-Indo and F2-Indo flat-faced round tablets 7 
are shown in Fig. S3 in the supplementary information.  8 

The effective refractive index values used for the measurement of the zero-porosity refractive 9 
index of the formulation as well as terahertz porosity measurements for all the batches were 10 
selected and averaged using the frequency range of 0.4 – 0.8 THz. This range, as shown by the 11 
rectangular shaded portion in Fig. 2, possessed negligible dispersion for all the batches. 12 
Additionally, the selected frequency range lies within the range of 0.3 - 0.9 THz, where the 13 
current THz instrument exhibits its maximum signal-to-noise ratio.  14 

Formulation nsolid 
F1-Ibup 1.839 
F1-Indo 1.846 
F2-Ibup 1.810 
F2-Indo 1.824 

Table 4: The measured zero-porosity refractive indices, nsolid, of the four formulations. 15 
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3.2.  Terahertz Porosity Measurements 1 
The terahertz porosity, fTHz, of the biconvex tablets was determined using the AB-EMA 31 with 2 
the extracted effective refractive indices (see Fig. S1 in the supplementary information) and 3 
the zero-porosity refractive indices of the formulations obtained from the flat-faced tablets 4 
(Table 4). Despite the use of relatively high terahertz absorbing APIs, Fig. 3 shows excellent 5 
linear correlations between the measured terahertz porosity, fTHz, and the nominal porosity, 6 
fnominal. The promising results obtained for the debossed tablets (Fig. 3 (e) & (f)) in comparison 7 
with non-debossed counterparts (Fig.3 (c) & (d)) demonstrates the robustness of the terahertz 8 
porosity measurement method. In other words, the presence of debossing, as typically found 9 
on most commercial tablets, has negligible impact on the measured terahertz porosity. 10 

To further buttress the robustness of the terahertz porosity measurement method, excellent 11 
correlations between fTHz and fnominal were obtained for the flat-faced tablets (see Fig. S4 in the 12 
supplementary information), the placebo tablets (Fig. S2 in the supplementary information) 13 
and the non-debossed biconvex tablets (Table 3 and in Fig. S6 in the supplementary 14 
information). Based on the excellent results of both flat-faced and biconvex tablets in 15 
conjunction with the relatively long Rayleigh range of the used terahertz beam as we have 16 
extensively discussed in 34, we can infer that curvature, lensing effect and thickness of the 17 
tablets have negligible impact on the measured porosity.  18 

Adding to the above merits, the results obtained from the placebo tablets (Fig. S2 in the 19 
supplementary information) have proven the possibility of even scaling the acquisition time 20 
down to one eighth of a second. An acquisition time of 0.12 s means we can realise an at-21 
line/on-line terahertz sensor that can measure up to 30,000 tablets per hour.  22 
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 1 
Fig. 3. The excellent linear correlation between the measured terahertz porosity, fTHz, and the 2 
nominal porosity, fnominal. (a) & (b) represent non-debossed biconvex tablets containing 1% 3 
ibuprofen (F1-Ibup) and 1% indomethacin (F1-Indo) respectively. (c) & (d) are the respective 4 
data for the 10% ibuprofen (F2-Ibup) and 10% indomethacin (F2-Indo) tablets without 5 
debossing, whereas (e) & (f) are the results for the debossed tablets compressed from F2-Ibup 6 
and F2-Indo formulations respectively. The obtained averaged fitting parameters for all batches 7 
are: slope ≈ 1, R2 ≈ 1 and RMSE ≈ 0.03%.  8 

3.3.  Correlation between Terahertz Porosity and Disintegration 9 
Disintegration testing was performed on biconvex tablets compressed from F1 and F2 API 10 
formulations without debossing (Table 2). A polynomial curve fitting model was used to 11 
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correlate the disintegration time with the measured terahertz porosity (Fig. 4). The excellent 1 
correlations between disintegration time and terahertz porosity manifest the direct influence of 2 
porosity on tablet disintegration.   3 

 4 
Fig. 4. The correlation between the disintegration time and the measured terahertz porosity, 5 
fTHz. (a) & (b) represent non-debossed biconvex tablets containing 1% ibuprofen (F1-Ibup) and 6 
1% indomethacin (F1-Indo) respectively. (c) & (d) are the respective data for the 10% 7 
ibuprofen (F2-Ibup) and 10% indomethacin (F2-Indo) tablets without debossing. Second order 8 
polynomial data fitting was performed and the averaged fitting parameters that were obtained 9 
for all sets tablet were R2 ≈ 0.99 and RMSE ≈ 0.2 min.  10 

3.4. Correlation between Terahertz Porosity and Dissolution 11 
The dissolution testing was performed on 6 tablets per batch from the same sets used for 12 
disintegration testing (Table 2). The mean dissolution time at 50% of the drug release of the 13 
tablets was extracted from the complete dissolution profiles (see Fig. S5 in the supplementary 14 
information) and plotted against the terahertz porosity (Fig. 5). Aside from the seemingly 15 
scattering in the data of the indomethacin tablets (Fig. 5 (b) & (c)), a generally good correlation 16 
can be observed between dissolution time and the measured terahertz porosity. Although 17 
ibuprofen appears to dissolve faster from the tablets than indomethacin, porosity is again and 18 
unsurprisingly seen to play a major role in the tablet dissolution kinetics.  19 
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 1 
Fig. 5. Correlation between the dissolution time at 50% release of the drug and the terahertz 2 
porosity, fTHz. (a) & (b) represent biconvex tablets containing 1% ibuprofen and 1% 3 
indomethacin respectively whereas (c) & (d) are the respective data for the 10% ibuprofen and 4 
10% indomethacin tablets without debossing. Second order polynomial data fitting was 5 
performed and the averaged fitting parameters that were obtained for ibuprofen tablets were R2 6 
≈ 0.95 and RMSE ≈ 0.7 min, whereas R2 ≈ 0.90 and RMSE ≈ 1.5 min were obtained for the 7 
indomethacin tablets. 8 

Generally, high tablet porosities allow fast liquid penetration/wicking rate, which then quickly 9 
exposes the disintegrant to the penetrating solvent and thus culminating in an increased 10 
swelling rate and the final breakdown of the tablet 22. However, this is not always the case for 11 
certain types of disintegrants at very high tablet porosity levels (e.g., for rapidly disintegrating 12 
or dissolving tablets). The swelling of disintegrant like CCS has been reported to be 13 
accompanied by gel formation that can significantly prolong the disintegration time 26. The 14 
presence of gel can occlude the pores and hence delay the liquid uptake rate. A similar 15 
phenomenon is observed in this study (see Fig. 5(d)), which explains our choice to use a 16 
polynomial regression method. The polynomial equation is used strictly as a regression method 17 
and is not thought to afford further physical insight, but it can capture a minimum in dissolution 18 
time over the experimental porosity range, to determine the relation between 19 
dissolution/disintegration and porosity (see Figs. 4 and 5). In as much as the current analyses 20 
place much emphases on the influence of porosity, we are very much aware of the significant 21 
role played by other factors such as hydrophilicity (contact angle), wetting time and water 22 
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absorption ratio on the dissolution/disintegration time of especially orodispersible tablets (ODTs) 1 
26,47,48. 2 
It should be clarified at this point that, although the dissolution behaviour of a given drug 3 
substance significantly depends on its solubility properties, the rate at which the tablet 4 
disintegrates also plays a significant role by exposing the drug particles to the dissolution 5 
medium. The relative short disintegration times of the ibuprofen tablets compared to that of the 6 
indomethacin tablets (see Fig. 4) partly explains the trend in dissolution rates of ibuprofen and 7 
indomethacin observed in Fig. 5. Other contributing factors to the observed dissolution 8 
behaviours of the two APIs may include material attribute like particle size distribution and the 9 
different PH values of the dissolution media.   10 

3.5.  Correlation between Terahertz Porosity and Tensile Strength 11 
Despite our previous study that has revealed that hardness does not always correlate with the 12 
porosity (especially for granulated samples) 17, the current samples have shown excellent 13 
correlation between the tensile strength and terahertz-based porosity values (Fig. 6). The 14 
samples used in this study were directly compressed without any upstream processing of the 15 
powder blends (e.g. granulation).  16 

 17 
Fig. 6. The correlation between the tensile strength, 𝜎0, and the measured terahertz porosity, 18 
fTHz. (a) & (b) represent non-debossed biconvex tablets containing 1% ibuprofen (F1-Ibup) and 19 
1% indomethacin (F1-Indo) respectively. (c) & (d) are the respective data for the 10% 20 
ibuprofen (F2-Ibup) and 10% indomethacin (F2-Indo) tablets without debossing. The averaged 21 
fitting parameters that were obtained using the Ryshkewitch-Duckworth Equation 49–51 of all 22 
sets of tablet were R2 ≈ 0.99 and RMSE ≈ 0.014 MPa. 23 
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To summarise the above results, it is observed that the ibuprofen-based tablets tend to 1 
disintegrate and dissolve faster than the indomethacin tablets, which is unsurprisingly 2 
consistent with their respective tensile strength data. The seemingly scattering observed in 3 
some of the results may have been emanated from experimental inconsistencies. For example, 4 
during the disintegration testing, there were occasions when a disk got stuck on a tablet 5 
restricting the movement of the tablet during the up and down strokes. Such situations cause a 6 
delay in the overall disintegration time of that particular tablet due to limited exposure of the 7 
concerned tablet to the immersion liquid. Finally, the use of a simple polynomial curve fitting 8 
described the relationship between the porosity and the disintegration time as well as 9 
dissolution data well for all the tested batches tablets.  10 

4. Conclusions 11 
This study demonstrated the robustness of a fast and non-destructive terahertz porosity 12 
measurement method that can predict drug release properties (disintegration time and 13 
dissolution) of pharmaceutical tablets. By using THz-TDS, the porosity of different kinds of 14 
tablets was directly measured in a fast manner (≤ 1 s). The various kinds of tablets used were 15 
composed of either ibuprofen or indomethacin under two dose strengths, 1% and 10%. All the 16 
tablets were formulated with commonly used excipients (microcrystalline cellulose, lactose 17 
anhydrous, croscarmellose sodium, and magnesium stearate). 18 

The excellent linear correlation observed between the terahertz porosity and the nominal 19 
porosity has manifested the robustness of the terahertz approach for tablet porosity 20 
measurement even for tablets containing high absorbing APIs, embossing and of different 21 
geometries. Moreover, the observed promising correlations of the terahertz porosity with 22 
dissolution, disintegration and hardness/tensile strength demonstrate the ability of using the 23 
terahertz porosity method for RTRT of tablet dissolution.  24 

Despite the non-destructive nature of the THz method, it still faces some challenges given the 25 
use of porosity as the only parameter to predict the release and dissolution properties of a drug 26 
from tablets. Hence this method is suitable for rapidly disintegration tablets containing highly 27 
soluble APIs. Future studies with the aim of developing a universal method should consider 28 
other properties like swelling and liquid ingress mechanisms 48, the pore shape and structure 16 29 
as well as the solubility and dissolution properties of the API. A detailed discussion on the 30 
terahertz porosity method has been highlighted in recent review by Lu et al 52.  31 
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