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1 Introduction 

Illnesses or other health-related problems that people experience in the course of their 

lives are often treated with pharmaceuticals. During the treatment drugs can be 

administered to patients in different ways, whereby oral administration of solid dosage 

forms is the most common one [1–3]. A key aspect of the oral administration is the 

sufficient body intake of the active pharmaceutical ingredient (API) after the 

administration of the drug. This requires sufficient solubility of the drug in the 

gastrointestinal (GI) tract. Only then the molecules can permeate into the systemic 

circulation and be delivered onto the site of action [4]. The majority of newly developed 

drugs and drug candidates are poorly soluble in aqueous media, which limits their 

bioavailability and therefore their potential for the patient treatment [5,6]. Therefore, 

different strategies are being considered and tested to improve the solubility of poorly 

soluble pharmaceuticals. One such strategy is to transform drugs from their stable 

crystalline state into the amorphous state, which results in the improved solubility [7]. A 

novel approach for improvement of solubility involving amorphous drugs are 

smartFilms®. SmartFilms are prepared by applying a solution containing an API onto a 

conventional paper. After the solvent evaporates, the API remains in the paper matrix of 

the smartFilms in its amorphous state [8,9]. However, the expected solubility advantage 

due to the amorphousness of the loaded drug comes at a cost of the potential instability 

of such formulations due to the possible recrystallization of the amorphous drug. 

Therefore, analytical methods are needed to inspect and monitor the solid state of an 

API in a formulation, preferably in a non-destructive way. 

A wide variety of spectroscopic methods based on light-matter interaction exists and can 

be used to obtain different information about a sample under investigation. How 

electromagnetic waves interact with matter depends on the frequency and wavelength 

of the electromagnetic radiation. For example, liquid water is transparent in the visible 

part of the electromagnetic spectrum but strongly absorbing in the infrared region. 

Another example is human tissue, which is opaque for the visible light but transparent 

for x-rays. Terahertz (THz) refers to the part of electromagnetic spectrum ranging from 

0.1 to 10 THz [10]. THz waves are non-ionizing and can penetrate through many 

materials, which are opaque in the optical range and highly absorbing in the IR range 

such as fabric, wood, ceramics, plastics, paper, and many pharmaceuticals. Besides, the 

wavelength of the THz waves ranges from 30 µm to 3 mm, which means that objects 

exceeding several mm in size can be directly investigated in the far-field. This makes 

spectroscopy in the THz range an attractive tool for non-destructive testing and 

inspection of many different materials and products including poorly soluble 

pharmaceuticals. 

Many crystalline pharmaceuticals show distinct absorption spectra with pronounced 

absorption features in the THz range. The absorption spectra depend both on the 

molecular as well as the crystalline structure [11–14] This allows for straightforward 

discrimination and identification of different substances and polymorphs of the same 

substance [15–19]. Furthermore, since amorphous materials generally show featureless 

absorption spectra in the THz frequency range [20], THz spectroscopy has the potential 

for the detection and quantification of potential crystalline components in the amorphous 

pharmaceutical formulations. The focus of this work lies on exploiting and exploring the 
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potential of THz time-domain spectroscopy (TDS) for the inspection of the solid state of 

APIs loaded into smartFilms® and of tablets made from them. In the remaining part of 

this introduction the structure of this work with a brief overview of the individual chapters 

is provided. 

In chapter 2 the basics of THz spectroscopy are discussed. In the first section the 

principle of operation of THz TDS systems based on photoconductive antennas (PCAs) 

is presented. This includes signal acquisition and processing, and investigation of 

samples in transmission and reflection geometry. The evaluation of THz TDS 

transmission measurements is discussed in more detail since the results presented in 

this work were obtained in the transmission mode. In the second section of this chapter 

the pharmaceutical applications of THz TDS are presented. These are subdivided into 

the investigation of the solid state of the APIs, of tablet coatings, and of tablet porosity.  

Chapter 3 focuses on the solubility and bioavailability of pharmaceuticals. First the 

problem of poorly soluble pharmaceuticals for the pharmaceutical industry is elaborated. 

This is followed by the description of dissolution, solubility and absorption, and 

dissolution rate, which are important concepts affecting the bioavailability of the drugs. 

In the final section of this chapter an overview of solubility improvement strategies with 

the focus on solid-state engineering, solid dispersions, and smartFilms is provided.  

The first results involving THz TDS of smartFilms and tablets made from them are 

discussed in chapter 4. This proof of principle study focuses on the applicability of THz 

TDS for the inspection the solid state of APIs in smartFilms. SmartFilms containing 

different amounts of L-(+)-tartaric acid (LTA) were prepared and analyzed to evaluate 

the extent to which smartFilms can maintain LTA amorphous. The results of the 

preliminary investigation are presented in the first section of this chapter. In the second 

section the results of the main investigation are presented. 

To further explore the applicability of THz TDS for the investigation of poorly soluble 

pharmaceuticals, a set of samples including crystalline APIs and excipients were 

investigated. Their absorption coefficients are presented in chapter 5. The key aspect of 

this chapter is to identify pharmaceuticals with pronounced absorption features. 

Pronounced absorption features are crucial for the identification of crystalline 

pharmaceuticals. Furthermore, properties of the identified absorption peaks in terms of 

their amplitude, frequency position and width were extracted and compared in the final 

section of this chapter. The extraction of peak parameters is important for the 

quantification of crystallinity of APIs in the samples. 

Indomethacin (IM), a poorly soluble API, was selected as a model drug for the study 

focusing on the assessment of crystallinity and amorphousness of APIs in tablets made 

from smartFilms. In the first section of chapter 6 the analysis of two IM polymorphs and 

amorphous IM is presented. In the second section, a novel approach for quantification 

of crystallinity of IM based on the analysis of THz absorption spectra of tablets made 

from smartFilms and physical mixtures with different IM content is presented.  

Chapter 7 focuses on the investigation of nifedipine (NIF) dispersed in a cellulose matrix. 

NIF is also a poorly soluble API. In the first section of this chapter the preparation and 

investigation of NIF samples including crystalline and amorphous NIF as well as physical 
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mixtures of crystalline NIF and cellulose are presented. The investigation of conventional 

smartFilms containing NIF and modified smartFilms containing an additional carrier and 

NIF is discussed in the second section. Based on the THz TDS investigation of the 

samples the ability of the two sample types to maintain NIF amorphous is compared. In 

the final section of this chapter the investigation of samples prepared by loading NIF 

directly into the tablets made from cellulose is discussed. 

Chapter 8 contains a summary of the work and provides an outlook about the open 

questions, challenges, and possibilities of THz TDS of poorly soluble pharmaceuticals 

that remain to be addressed in the future. A German version of the summary is provided 

in chapter 9. 
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2 Terahertz spectroscopy 

The term THz spectroscopy refers to spectroscopic investigations in the so-called THz 

range of the electromagnetic spectrum. Similarly, terms such as THz radiation or THz 

waves refer to the electromagnetic radiation in the THz range, which lies between the 

microwave and infrared range and is loosely defined as the frequency range between 

0.1 and 10 THz [10]. This frequency range corresponds to the wavelength range of 3 mm 

to 30 µm and the wavenumber range between 3.33 and 333 cm-1. The corresponding 

photon energy of the THz radiation lies between 0.4 and 40 meV, which makes THz 

radiation non-ionizing. 

The existence of THz science and technology as a sort of a distinct scientific field and 

community has its historical reasons. Until the 1980s efficient way of generation and 

detection of the THz radiation did not exist, since the electronic as well as photonic 

devices face technical and physical limitations in this range, which led to the so called 

THz gap [21]. In the end of 1980s this gap was successfully filled by combining 

femtosecond-lasers and photoconductive switches at the Bell labs [22]. This enabled the 

development of THz TDS, which was first applied for spectroscopic investigation of water 

vapor [23]. Throughout the historical development, different names were also in use such 

as the far-infrared referring to the THz range as well as T-rays referring to the THz waves. 

There are several different ways to generate THz radiation. For example, depending on 

the temperature of a black body, a certain part of its radiation is emitted in the THz range. 

On the one hand, this can be used in some Fourier transform infrared spectroscopy (FT-

IR) systems to probe samples also in the THz range. On the other hand, depending on 

the type of detection scheme, potential thermal background radiation can also interfere 

with the measurement. Nevertheless, when discussing THz generation, ways different 

from black body radiation are typically considered. These can be divided into four groups: 

free electron vacuum devices (e.g., free electron lasers, gyrotrons), solid-state electron 

devices (e.g., Gunn diodes, frequency multipliers), lasers (e.g., quantum cascade 

lasers), and laser driven THz emitters (e.g., photoconductive switches or antennas) 

[21,24]. Free electron vacuum devices can generate high power (> kW) THz radiation, 

however, this comes at a price of a large size [25] and costs or operation typically limited 

to the lower THz range (< 1 THz) [26]. Modern solid-state electron devices are pure 

electronic sources, which can operate at a single frequency or cover a broader band of 

frequencies. Frequencies as high as 3 THz can be reached by frequency multipliers [27]. 

THz lasers cover a part of the THz spectrum only at discrete frequencies. First developed 

THz lasers were gas lasers typically pumped with a CO2 laser [28]. Recently the 

development of quantum cascade lasers gained a lot of attention with the focus on 

increasing their temperature of operation towards room temperature [24]. The principle 

of operation of laser driven THz emitters is the frequency down-conversion of the laser 

light to the THz range. This down-conversion can be achieved from femtosecond-laser 

pulses by optical rectification in non-linear crystals (e.g., LiNbO3) or by using 

photoconductive switches [29]. In both cases the femtosecond-laser pulses are 

converted into narrow THz pulses in the time domain corresponding to a broad THz 

emission spectrum ranging from 0.1 THz and exceeding 4 THz [30] or even 30 THz 

[31,32]. 
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THz spectroscopy can be further classified into two types: time-domain spectroscopy 

(TDS) and frequency-domain spectroscopy (FDS). In the former case, which is 

discussed in more detail in the following section, the signal is recorded in the time domain 

and can be subsequently transformed into the frequency domain by performing the 

discrete Fourier transformation. In the latter case, also known as continuous wave 

spectroscopy, PCAs are driven by two lasers both emitting continuously at a single, but 

different frequency. If the frequency difference lies in the THz range, a monochromatic 

THz radiation at this difference frequency is generated. This process is often referred to 

as photomixing and the antennas used as photomixers [33,34]. By tuning the frequency 

of one of the two lasers and using a second photomixer for the signal detection, the THz-

radiation can be coherently detected directly in the frequency domain. Modern 

photomixing setups work in a broad part of the THz spectrum typically ranging from 0.05 

to 3 THz with a high frequency resolution (<5MHz) [35]. Finally, both approaches, TDS 

and FDS can be realized using PCAs, which typically generate THz radiation with power 

ranging from few µW up to approximately 100 µW [36]. Such low power of the emitted 

THz radiation means that the heating of the sample or the environment during system 

operation is of no concern. Furthermore, modern systems based on PCAs can be fully 

fiber-coupled and achieve over 90 dB dynamic range [30]. The use of fully fiber-coupled 

systems simplifies compliance with laser-safety regulations. Furthermore, considering 

the non-ionizing nature of the THz radiation and the low power of the emitted radiation, 

THz spectroscopy is an attractive tool for safe and non-destructive applications. 

In this work, all THz measurements were performed using THz TDS systems employing 

femtosecond lasers and PCAs. In the following section the principle of operation of THz 

TDS as well as signal processing and evaluation of the acquired time-domain data is 

explained in more detail. This is followed by an overview of THz TDS applications in the 

pharmaceutical field. 

2.1 Terahertz time-domain spectroscopy 

At the beginning of this section the principle of operation of THz TDS systems based on 

using photoconductive antennas is presented. This is followed by a subsection focusing 

on signal acquisition, its processing and quality. In the subsequent subsections 

transmission and reflection measurements and their evaluation are discussed in more 

detail. 

A sketch of an emitter PCA consisting of a spherical lens attached to a photoconductive 

substrate with a metallized dipole antenna structure on its surface is shown in Figure 1. 

In the case of an emitter antenna, a bias voltage is applied to the antenna structure and 

a femtosecond laser beam is focused onto the antenna gap. Once a femtosecond optical 

pulse (pulse duration shorter than 1 ps) with sufficient photon energy is absorbed by the 

photoconductive material, the short-lived charge carriers (i.e., electrons and holes) are 

generated and accelerated by the applied bias field. At first, the moving charge carriers 

give a quick rise to the photocurrent. After a short while, the charge carriers recombine, 

due to their short lifetime in the sub-picosecond range [37], which causes a decrease in 

the photocurrent. This leads to an emission of a pulse-shaped electromagnetic radiation 

from the emitter antenna, which is proportional to the time derivative of the induced 

photocurrent [29]. The silicon lens facilitates outcoupling and collimation of the generated 
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THz radiation [38]. The polarization of the emitted THz radiation depends strongly on the 

antenna structure in use. In the case of commonly used strip-line or dipole antenna 

structures, which were also used for measurements presented later in this work, the 

emitted THz radiation is strongly linearly polarized [39]. 

 

Figure 1. Sketch of a photoconductive emitter antenna consisting of a photoconductive substrate, 

metallized antenna structure, and a truncated spherical lens typically made from high resistivity 

silicon. In the bottom part of the sketch the process of THz generation in the gap of the antenna 

structure is schematically depicted. The femtosecond laser pulse propagates into the 

photoconductor and gets absorbed which leads to generation of the broadband pulse-shaped 

THz radiation. Note that the depicted movement and distribution of the induced charge carriers 

between the electrodes is simplified in this figure. More information about the charge carrier 

dynamics can be found in [40–42]. 

For the detection of THz radiation, another PCA acting as a detector can be used in a 

combination with an emitter PCA, a femtosecond laser, and a delay line as shown in a 

schematic of a THz TDS system in Figure 2: The laser beam first passes a beam splitter 

where it is split into two parts of an equal intensity. One part is guided using mirrors to 

the emitter antenna where a lens is used to focus the beam onto the gap of the antenna. 

After the femtosecond laser pulse reaches the emitter antenna, the pulse-shaped THz 

radiation is emitted as described above and guided by a set of 4 off-axis parabolic mirrors 

(OAPMs) towards the detector. The first OAPM collimates the THz beam, then a pair of 

OAPMs is used to focus and again collimate the THz beam. The last OAPM focuses the 

THz beam onto the detector antenna. Alternatively, the THz beam can be guided in a 

similar manner using lenses as shown in the inset of Figure 2. 

The other part of the laser beam is guided to the detector antenna over a mechanical 

delay line and focused onto the gap of the detector antenna. Once the femtosecond 

pulse reaches the detector antenna the short-lived charge carriers are also induced and 
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the antenna becomes conductive for a short time (i.e., much shorter than the duration of 

the THz pulse). Instead of applying external voltage to the contacts of the detector 

antenna, a current flowing through the antenna is measured. If the THz beam is polarized 

across the gap of the detector antenna, a transient voltage proportional to the electric 

field of the THz pulse is induced across the antenna dipole. Now, if a part of the incident 

THz pulse reaches the receiver antenna when it is still conductive, an electric current 

proportional to the electric field of that part of the THz pulse is induced. By moving the 

optical delay line, the time when the femtosecond laser pulse reaches the detector (i.e., 

the time when the detector is conductive) with respect to the incident THz pulse can be 

changed. This way a time-dependent THz waveform can be obtained by measuring the 

electric current induced in the detector antenna with respect to the position of the delay 

line, which can be easily converted into the time delay. Such a coherent detection 

scheme leads to a high signal-to-noise ratio since the effects of THz radiation originating 

from different sources than the emitter antenna (e.g., black body radiation) are strongly 

reduced [43]. 

 

Figure 2. A sketch of a THz TDS free-space setup based on PCAs and a mechanical delay line. 

The four OAPMs are used to guide the beam from the emitter to the detector. The sample is 

typically inserted into the focal plane between the second and third OAPM. Alternatively, THz 

lenses can be used to form the THz beam path as shown in the inset. By omitting the second and 

third THz lens, a collimated setup without an intermediate focus can be obtained. Similar can be 

achieved by using only two OAPMs [44,45]. 
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Observing the sample shown in the THz beam path in Figure 2 an important concept of 

THz imaging by raster scanning a sample can be introduced. Raster imaging is 

performed by placing a sample in the focal plane and moving it within the focal plane. 

The THz signal is recorded for chosen positions of the sample. Since the THz beam is 

focused, it propagates only through a small part of the sample and the recorded signal 

contains information only about that small, illuminated area of the sample. The size of 

the probed area within a single measurement depends on the beam size in the focal 

plane, which inherently limits the imaging resolution. By extracting a value of interest 

(e.g., intensity of transmitted radiation at a certain frequency) from the recorded THz 

signals for all measured positions on the sample, a so-called false color image of a 

sample is achieved, which reveals spatially distributed information about the sample. In 

a similar manner, imaging can be performed in a reflection geometry. 

The principle of operation of THz TDS system was explained exemplarily for a so-called 

free-space setup (see Figure 2). Such a setup is typically built on an optical table in a lab 

environment while considering the laser safety requirements. The presented concept 

employing a mechanical delay line stayed mostly unchanged since the first 

demonstration [23] and is still in use. Nevertheless, since the first demonstration, great 

progress in the development of THz TDS has been made. For example, systems based 

on asynchronous optical sampling (ASOPS) [46] or on electronically controlled optical 

sampling (ECOPS) [47] have been developed. Such systems do not require a 

mechanical delay line, which enables higher acquisition rates. Another example, is the 

development and optimization of new photoconductive materials for PCA [37,48,49] in 

combination with fiber lasers used also in the telecommunication industry. This improved 

the performance of the systems as well as reduced their price and size. Furthermore, 

development of fiber-coupled PCA modules omitted the need for the laser light to 

propagate to the antennas through free space. This led to the development of 

commercially available, compact, and transportable fiber-coupled THz TDS systems 

[30,47], which can be easily used also outside of a laboratory environment. Despite many 

variations in technical construction of different THz TDS systems, they all have in 

common that the sampling of the signal is performed in the time domain. This also 

means, that the same data processing and the same algorithms to extract the sample 

properties can be applied to all of them. Furthermore, the system performance can be 

compared based on the recorded signal quality. 

In the next subsection typical parameters of signal acquisition, its transformation into the 

frequency domain and ways to quantify the system performance are discussed. This is 

followed by subsections describing principles of sample characterization in reflection and 

transmission geometry. 

2.1.1 Signal acquisition, processing, and quality 

Most used THz TDS systems employ a mechanical delay line. For such systems, a 

typical time-domain measurement is performed by moving the delay line continuously at 

a constant speed and the signal is recorded at equidistant points until the desired time 

window is scanned, which typically ranges from several 10 ps and up to a few 100 ps. 

The maximum time range is limited by the length (𝐿) of the mechanical delay line as 

𝑐/2𝐿, where c is speed of light. The time it takes to perform a single time-domain 

measurement is system dependent and increases with the length of the measured time 
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window. Typical acquisition times, therefore, vary based on the chosen settings. The 

chosen settings also influence the quality and usefulness of the recorded signal. When 

high signal quality in terms of signal-to-noise ratio (SNR) and dynamic range is preferred, 

typically longer acquisition times are required due to a more extensive averaging of the 

recorded signal. This reduces the effect of random noise on the recorded signal as it will 

be shown later in this subsection. Depending on the system and selected settings, the 

acquisition times range from below 100 ms to up to a few minutes per single recorded 

time-domain signal.  

The evaluation of the recorded signals is commonly performed in the frequency domain. 

This requires conversion of the recorded time-domain signal (𝐸(𝑡)) into the frequency 

domain by means of Fourier-Transformation, typically by using a fast Fourier transform 

(FFT) algorithm (�̃�(𝜈) = FFT(𝐸(𝑡))). The result of the transformation is the complex 

spectrum (�̃�(𝜈)), which can be separated into amplitude (|�̃�(𝜈)|) and phase (𝜑(𝜐)) parts 

according to the polar form of a complex number as: 

�̃�(𝜈) = |�̃�(𝜈)|𝑒𝑖𝜑(𝜐) , 2.1 

where 𝜐 is the frequency. The resulting frequency resolution (Δ𝜐) depends on the length 

of the time-domain signal (𝑇) as Δ𝜐 = 1 𝑇⁄  and the maximum resolvable frequency (𝜈𝑚𝑎𝑥, 

i.e., Nyquist frequency) depends on the time spacing (Δ𝑡𝑠𝑎𝑚) between the recorded 

signal values in the time domain as 𝜈𝑚𝑎𝑥 = 1 (2Δ𝑡𝑠𝑎𝑚)⁄ . By increasing the length of the 

recorded time-domain signal, the frequency resolution can be increased. Similarly, by 

increasing the sampling frequency (𝜈𝑠𝑎𝑚 = 1/Δ𝑡𝑠𝑎𝑚, i.e., by reducing the time spacing 

(Δ𝑡𝑠𝑎𝑚) between the recorded values), the maximum frequency, which can be resolved, 

is also increased. However, in reality the frequency resolution of the converted signals 

cannot be arbitrarily increased by simply increasing the length of the measured time-

domain signal. The reason for this is that the amplitude of the signal reduces after the 

main pulse and the value of the SNR approaches value of one [50,51]. Furthermore, the 

useful frequency range of a typical THz TDS system based on PCAs, in which the 

recorded signal exceeds the noise, is limited as presented later in this subsection (see 

Figure 4). This means that for higher frequencies no signal and only noise is detected, 

even though potential signal at these higher frequencies can be resolved according to 

the chosen sampling frequency of the time-domain measurement. Finally, the time-

domain data is often additionally processed in terms of correcting signal offset, 

windowing and zero-padding the signal before performing the FFT, which affects the 

result of the transformation into the frequency domain. An example of such processing 

of the time-domain data is shown in Figure 3. 
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Figure 3. Time-domain signal (i.e., measured amplitude as a function of the delay time) recorded 

without any post-measurement data processing (original). The signal offset correction was 

performed by subtracting the mean value of the first 3 ps of the original signal (offset corrected). 

Rectangular and Tukey (𝛼 = 0.25) windows are shown as two windowing function examples. Zero 

padding of the signal is shown as signal extension with zero values. The values of the two window 

functions were scaled to the maximum value of the signal for clearer representation. The original 

signal length is 200 ps. Here only the first 80 ps are shown for clarity. The measurement was 

performed under nitrogen atmosphere without a sample in the beam path. 

Correcting the offset of a THz time-domain signal can be described as vertically shifting 

the whole signal (see Figure 3), which means that the DC component of the signal is 

changed. Considering the way THz radiation is generated and detected using PCAs, no 

electric current should be detected (i.e., the signal should equal to zero) before the arrival 

of the THz pulse. Therefore, offset is often corrected by subtracting the mean value of 

the first part of the signal prior to the first THz pulse. This step is also necessary before 

performing zero padding or windowing to avoid inducing artefacts when transforming the 

signal into the frequency domain. 

Windowing of the time-domain data cannot be avoided due to the finite length of the 

acquired THz time-domain signals. This means that without applying any specific 

windowing function to the acquired time-domain signal is equivalent to applying a 

rectangular window. Applying a rectangular window basically means multiplying the time-

domain signal with a constant function of unity (i.e., with a vector of the same length as 

the signal with all values equal to one). An important consequence of transforming finite 

time-domain signals into the frequency domain is spectral leakage [52]. There are many 

different, well-defined and broadly used windowing functions in signal processing [52], 

which affect the spectral leakage and have a different effect on the transformation of the 

signal into the frequency domain. Furthermore, they can also affect the frequency 

position and amplitude of the observed spectral features [53]. 
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Zero padding of a THz time-domain signal can be understood as extending the signal by 

adding zero values at the beginning or the end of the original signal. This way the length 

of the signal is extended, which increases the apparent frequency resolution of the 

transformed data. However, this increase of the frequency resolution can be understood 

as mere interpolation of the signal in the frequency-domain. One further reason why to 

perform zero padding is, that some FFT algorithms are more time-efficient if the signal 

length (i.e., number of values the measured signal consists of) equals two to the power 

of a natural number (e.g., 32, 64, 1024). Zero padding might sometimes be useful, if 

problems are encountered when unwrapping the phase of the signal in the frequency 

domain. The phase unwrapping is discussed in the next subsection. 

In Figure 4 the amplitude spectrum corresponding to the offset corrected time-domain 

signal is shown in Figure 3 (no zero padding, rectangular window). The signal amplitude 

is highest in the low THz region (i.e., between 0.25 THz and 0.7 THz). Towards higher 

frequencies the amplitude gradually rolls off and reaches the noise floor at around 4 THz. 

For frequencies lower than 0.25 THz the amplitude also strongly decreases. Such 

spectral shape is characteristic for signals acquired using THz TDS based on PCAs. The 

useful spectral range or bandwidth of a system, which ranges in this case approximately 

from 0.2 THz and exceeds 4 THz, is an important characteristic of the system 

performance. Another important characteristic of a system is its dynamic range. It 

describes the maximum signal change, which can still be quantified [54]. It is defined as 

the ratio between the maximum signal amplitude and root-mean-square of the noise 

floor. Since the noise floor is frequency independent [55,56], the dynamic range can be 

evaluated directly from a single reference measurement (i.e., no sample in the beam 

path for transmission geometry). Since the amplitude is strongly frequency dependent, 

this also means that the dynamic range of the system is frequency dependent. 

Nevertheless, it is common practice in the THz community to report the dynamic range 

of a system as a single value in terms of the maximum dynamic range (i.e., peak dynamic 

range) [51]. For the system used to perform the measurement shown in Figure 4 the 

peak dynamic range of the measured amplitude exceeds two orders of magnitude. It is 

important to note that the dynamic range of a system is often reported in terms of spectral 

power and not amplitude. There is a simple relation between the two since the power of 

the electromagnetic radiation is proportional to the square of its amplitude and the same 

holds for the dynamic range. This means that dynamic range shown in Figure 4 would 

exceed 4 orders of magnitude considering the power spectrum. The dynamic range is 

also often reported in dB [30]. In the case of data presented in Figure 4, the dynamic 

range would exceed 20 dB and 40 dB in terms of amplitude and power, respectively. 

Another important characteristic of a THz TDS system is its SNR. SNR denotes the 

minimum signal change, which can still be detected by the system [54] and as such it 

limits the uncertainty of determined absorption of the investigated sample. The SNR is 

defined as the ration between the mean amplitude and standard deviation of the 

amplitude. Therefore, SNR cannot be determined from a single measurement as in the 

case of dynamic range. SNR calculated from ten measurement repetitions is shown in 

Figure 5. 
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Figure 4. Amplitude spectrum of a single recorded signal. The background measurement was 

recorded by blocking the THz beam path with a metal object. The noise floor was determined as 

the root-mean-square (rms) value of the amplitude at frequencies higher than 5 THz. The signals 

were offset-corrected before the FFT (see offset corrected signal in Figure 3). The measurements 

were performed under nitrogen atmosphere. 

 

Figure 5.The signal-to-noise ratio (SNR) calculated out of ten repeated single measurements as 

mean amplitude divided by the standard deviation of the amplitude. 

SNR is also frequency dependent and can vary substantially between neighboring 

frequencies. Like the dynamic range, SNR reduces with increasing frequency and 

reaches values close to one for frequencies for which the noise floor in the amplitude 
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spectrum (Figure 4) could be observed. This is expected since for these frequencies only 

noise is acquired. Despite the values and frequency dependency of SNR in the shown 

example seem similar to the dynamic range values and its frequency dependency, they 

can, in general, substantially vary and should therefore not be confused [54]. It is also 

important to note, that the SNR and dynamic range of the system depend on settings 

chosen in the time domain in terms of window length and averaging as shown in Figure 

6. 

 

Figure 6. The effect of signal length (left half) and signal averaging (right half) on the dynamic 

range (upper half) and SNR (lower half) of the recorded signals. Signal lengths of 80 ps, 140 ps, 

and 200 ps were considered to demonstrate the effect of window length. To demonstrate the 

effect of signal averaging, a single measurement, a ten-times averaged signal, and a 100-times 

averaged signal are shown. The SNR was calculated from ten measurement repetitions. The 

effect of signal length is shown for single measurements (number of averages was one). For the 

effect of signal averaging an 80 ps signal length was chosen. 

Increasing the number of times, the time-domain signal is recorded and averaged 

reduces the effect of random noise sampled in the signal, which can be observed as 

lowering the amplitude of the noise floor in the spectrum. Similarly, the SNR increases 

with averaging. Signal averaging is commonly employed when using relatively fast 

systems, which can acquire more than a single waveform per second. However, the 

measurement time is proportionally extended with the number of averages.  

The effect of window length is somewhat different. With increasing window length, the 

noise floor increases and thus the SNR decreases. Therefore, it is important to provide 
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all relevant sampling parameters when providing values of the dynamic range and SNR 

for correct comparison of the system performance. 

To summarize this subsection, the system performance can be expressed in terms of 

acquisition time, maximum acquisition range (i.e., length of the time domain data), useful 

spectral range or bandwidth, dynamic range, and SNR. Furthermore, the dynamic range 

and SNR are commonly presented and reported in the frequency domain. This requires 

transformation of the recorded time-domain signal into the frequency domain by means 

of FFT. The time-domain signals can be further processed before the transformation 

(e.g., offset correction, windowing, and zero padding). Furthermore, averaging and even 

selection of signal length can affect the SNR and the dynamic range of the system. With 

all this in mind, the concept of measurements and sample properties evaluation in the 

transmission geometry is discussed in more detail. 

2.1.2 Transmission geometry 

Sample characterization using THz TDS is commonly performed in the transmission 

geometry. For successful characterization, proper preparation of samples before the 

measurement must be considered. One crucial parameter is the sample thickness 

through which the radiation propagates. If the sample is made too thick, it might 

completely attenuate the propagating radiation, which means that no signal (i.e., only 

noise) is detected, and the sample characterization cannot be performed. However, if 

the sample is made too thin, the effect of the sample on the recorded signal might be 

undetectable. Typically, sample thickness ranges from few 100 µm to few mm. It is also 

important to consider the shape of the sample. Usually, a biplanar sample is considered. 

Furthermore, when characterizing a sample, it is typically assumed that the illuminated 

part of the sample is homogenous. In the case of anisotropic samples, one must consider 

that sample properties depend on the sample orientation with respect to the polarization 

of the THz radiation. THz radiation incident under zero-degree angle (normal incidence) 

on a dielectric sample of biplanar shape is schematically presented in Figure 7. 

 

Figure 7. Schematic representation of THz radiation propagating from left to right through a 

biplanar single-layered sample. The reflected radiation (dashed arrows) is not detected. The inset 

shows a signal consisting of the main and two Fabry-Perot (FP) pulses corresponding to the 

schematic of the radiation propagation through the sample. 
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At the first interface (air-sample), part of the incident THz radiation is reflected towards 

the emitter and part of the radiation is transmitted into the sample. The proportions of the 

reflected and emitted radiation are described by the Fresnel coefficients. In the case of 

a moderately absorbing sample, the radiation transmitted into the sample is partially 

absorbed during the propagation through the sample. When it reaches the second 

interface (sample-air) a part of the radiation is again reflected and a part is transmitted 

towards the detector, where the corresponding signal is recorded. The reflected part 

propagates again through the sample until it reaches the first interface (sample-air), 

where it is again partially reflected and transmitted. The reflected part then propagates 

again through the sample towards the second interface (sample-air) where the 

transmitted part continues towards the detector and the reflected part propagates again 

through the sample. This continues until the radiation “bouncing back and forth” within 

the sample diminishes due to the transmission “losses” on every interface and absorption 

within the sample. This bouncing of the radiation within the sample results in additional 

pulses appearing after the main pulse in the time-domain signal of a sample 

measurement as schematically shown in the inset of Figure 7. These pulses are often 

referred to as Fabry-Perot (FP) pulses or peaks.  

In the following, the basic concept of THz TDS data evaluation will be discussed on an 

example of a silicon wafer with resistivity greater than 1000 Ωcm used as a sample. First 

the data analysis in the time domain is presented. This is followed by a more 

comprehensive description of the analysis in the frequency domain. 

Time-domain analysis 

The time-domain signal obtained from a silicon wafer measured in transmission 

geometry is shown in Figure 8. Silicon is often considered to be non-absorbing in the 

THz region with a relatively high refractive index of 3.42 [51,57]. Due to these properties, 

multiple pronounced FP pulses can be clearly observed in the time-domain data. 

Therefore, silicon is a material of choice to demonstrate the potential use and effect of 

FP pulses on the evaluation of the data acquired with THz TDS in the transmission 

geometry. 

In Figure 8 a reference measurement and a measurement of an approximately 530 µm 

thick silicon wafer are shown. The reference measurement was performed without the 

wafer in the beam path. This means that air was considered as a reference material, 

which is the most common practice for THz transmission measurements. It is typically 

considered that the refractive index of air equals unity and that it is non-absorbing (i.e., 

imaginary part of refractive index or extinction coefficient equals zero). Furthermore, the 

two measurements were performed under nitrogen atmosphere to suppress the 

absorption of water vapor present in ambient air [23], which can make spectroscopic 

investigation troublesome. The nitrogen atmosphere is achieved by placing the THz 

beam path inside a box into which nitrogen is pumped until the ambient air is replaced. 

Alternatively, the air can be dehumidified, or sometimes measurements are performed 

in vacuum. Furthermore, numerical approaches for post-measurement removal of the 

water vapor effects on the measured signals exist [58,59]. However, removal of water 

vapor from the air before performing the measurement is still preferred, especially in the 

lab environment.  



 

17 

  

Figure 8. Time-domain signal of the reference and sample (silicon wafer) measurement. Note that 

the main pulse of the sample measurement is delayed (∆𝑡) with respect to the main pulse of the 

reference measurement. Three additional FP pulses can be clearly resolved from the sample 

measurement. The first FP pulse is delayed (𝑡𝐹𝑃) with respect to the main pulse. All subsequent 

FP pulses are additionally delayed for the same time (𝑡𝐹𝑃) with respect to the previous. 

For both, sample and reference measurement, the main THz pulse can be easily 

identified. In the case of the reference measurement, it arrives earlier in time compared 

to the sample measurement since it takes longer for the radiation to propagate through 

the sample due to the lower propagation speed of light in the sample, which is associated 

with the refractive index of the sample. This means, that by knowing the sample 

thickness (𝑑), the dielectric properties of the reference material (i.e., air) and by 

determining the time difference between the time-of-arrival of the sample and reference 

main THz pulse (∆𝑡, see Figure 8), the refractive index (𝑛) of the sample can be 

calculated according to the following expression: 

𝑛 = 1 +
𝑐 ∆𝑡

𝑑
, 2.2 

Where 𝑐 is speed of light and the refractive index of reference material (i.e., air) is one. 

Accordingly, the calculation of the refractive index of the silicon wafer from the 

measurement shown in Figure 8 and the measurement of the thickness (𝑑) results in 

value of 3.42 which agrees with the value reported in the literature [51,57].  

The FP pulses observed in the measurement correspond to the multiple propagation 

through the sample as discussed earlier. The first FP pulse corresponds to the radiation 

travelling through the sample two additional times compared to the main pulse in the 

sample measurement. Consequently, the time-of-arrival of the first FP pulse with respect 

to the main pulse (𝑡𝐹𝑃), corresponds to the round-trip of the radiation in the sample and 

can be written as: 
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𝑡𝐹𝑃 =
2𝑛𝑑

𝑐
. 2.3 

Having two linear equations (2.2, 2.3) allows us to calculate the refractive index of the 

sample even if the thickness of the sample is unknown. Expressing 𝑑 from equation 2.3 

and inserting it into equation 2.2 leads to the following expression for the refractive index 

of the investigated samples: 

𝑛 =
𝑡𝐹𝑃

𝑡𝐹𝑃 − 2∆𝑡
. 2.4 

Calculating the refractive index according to Evaluating equation 2.4 results in a 

refractive index value of 3.43, which slightly exceeds the value of 3.42 reported in the 

literature [51,57]. The deviation from the literature values can be assigned to the limited 

resolution of the time-domain data. Furthermore, according to the two equations (2.2, 

2.3) also the thickness of the sample can be extracted as: 

𝑑 = (
𝑡𝐹𝑃

2
− ∆𝑡) 𝑐. 2.5 

According to the THz measurement, the thickness of the sample is 525 µm, which is 

2 µm less than the thickness measured with a micrometer screw gauge. 

The amount of transmitted radiation through the sample can be evaluated from the time-

domain data as well. This is done by comparing the amplitude of the main THz pulses of 

the reference measurement with the amplitude of the main THz pulse of the sample 

measurement. The amplitude of a pulse is typically calculated as the maximum value of 

the pulse or the difference between the maximum and minimum value of the pulse. The 

latter is often referred to as the peak-to-peak amplitude. In transmission geometry, this 

can be easily done by determining the maximum (and minimum) value of the whole time-

domain trace since the main pulse has the highest amplitude. For the silicon wafer 

(Figure 8), the quotient between the two amplitudes equals 0.673, which means that the 

amplitude of the transmitted radiation is approximately 67 % of the initial amplitude. 

Furthermore, by considering the intensity of transmitted radiation instead of amplitude 

the transmittance of the sample can be evaluated. Transmittance of a sample is defined 

as the quotient between the intensity of the radiation transmitted by the sample and the 

intensity of the incident (i.e., reference) radiation. Since intensity of electromagnetic 

radiation is proportional to the square of its amplitude, the transmittance is equal to the 

square of the calculated amplitude quotient and equals 45 % for the investigated silicon 

sample. 

As mentioned before, pure silicon is a non-absorbing material in the THz range. This 

means that no radiation is absorbed while passing through the sample and that the 

radiation, which is not transmitted is merely reflected. Having the refractive index of the 

sample calculated, one can estimate the transmittance through the sample by employing 

the Fresnel coefficients, which describe the transmission of the radiation at the two 

boundaries. Using the determined refractive index of 3.42, the transmittance through the 

two boundaries is 49 %, which approximately fits the transmittance value calculated from 

the peak-to-peak amplitudes. The discrepancy can be attributed to the measurement 

uncertainties and impurities in the sample [60].  
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The evaluation of the refractive index directly from the time-domain data reveals average 

information about the refractive index of the sample for the whole measured frequency 

range. Similar is true for the transmittance. This can be an issue for dispersive samples. 

Furthermore, analysis of the data in the frequency domain can reveal additional 

information about the sample and is essential for many applications of THz TDS in the 

pharmaceutical setting (see section 2.2). However, for certain applications such as 

monitoring transmission of highly absorbing samples, an evaluation in the time domain 

can be beneficial due to a typically high dynamic range at the peak of the THz pulse [54]. 

An analogous but more comprehensive analysis can be performed in the frequency 

domain. 

Frequency-domain analysis 

In the time-domain analysis, the focus mainly lies on the time-of-arrival of the main and 

FP THz pulses and their amplitudes. As demonstrated, the pronounced FP pulses reveal 

valuable information about a sample. Similar holds for the analysis in the frequency 

domain. However, analysis of measurements containing FP pulses requires their proper 

consideration to ensure correct interpretation of the extracted results in terms of 

extracted absorbance, refractive index, and absorption coefficient. To demonstrate the 

effect of FP pulses on the analysis in the frequency domain, the time-domain signal is 

processed in two different ways before performing the FFT: once with and once without 

FP pulses in the signal. The removal of the FP pulses from the original time-domain 

signal is done, by truncating the signal before the first FP pulse and zero-padding it to 

the original signal length. The frequency-domain analysis is demonstrated on the same 

data, which was used for the discussion of the time-domain analysis (i.e., measurement 

of the silicon wafer). In Figure 9 the spectra corresponding to the time-domain sample 

measurement with and without FP pulses are shown with the corresponding reference 

spectra. For clearer representation, only the frequency range between 0.3 and 2 THz is 

considered. 

For the sample spectrum corresponding to the longer time-domain signal containing FP 

pulses, an oscillating pattern can be observed in the frequency domain. In the case of 

the shorter signal without any FP pulses, the spectrum is smooth and does not exhibit 

an oscillating pattern. This oscillating pattern corresponds to the constructive and 

destructive interference of the radiation passing directly through the sample with the 

radiation passing through the sample multiple times (see Figure 7). Due to the biplanar 

sample geometry, the sample can be considered as an optical resonator or a Fabry-

Perot etalon. As such the frequency spacing between constructively interfering radiation 

(𝜐𝐹𝑃) corresponds to the frequency spacing of adjacent modes in a resonator and can be 

calculated as [61]: 

𝜐𝐹𝑃 =
𝑐

2𝑛𝑑
, 2.6 

where 𝑑 is the thickness and 𝑛 the refractive index of the sample. Considering the 

refractive index and thickness of the sample extracted from the time-domain data, the 

frequency spacing for the investigated silicon wafer is approximately 0.08 THz, which 

agrees with the observed oscillation in the spectrum (Figure 9). According to the equation 

2.6, the frequency spacing between 𝜐𝐹𝑃 is inversely proportional to the optical thickness 
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of the sample (i.e., 𝑛𝑑). Furthermore, comparing equations 2.3 and 2.6 reveals that 𝜐𝐹𝑃 

equals 1/𝑡𝐹𝑃, which is the difference in the time-of-arrival between subsequent FP pulses 

(see Figure 7). This means that for samples with greater optical thickness the FP pulses 

appear further apart in the time-domain, however, the period of the oscillation in the 

frequency domain (i.e., 𝜐𝐹𝑃) becomes smaller. On the contrary, for thinner samples the 

oscillation period becomes greater. 

 

Figure 9. The spectra of the reference and silicon wafer measurement. The results in a) 

correspond to the time-domain signal of 80 ps length including FP pulses (see Figure 8). The 

results in b) correspond to the time-domain signal truncated at 30 ps (i.e., before the first FP 

pulse) and zero padded until 80 ps. The corresponding time-domain data are shown in the insets. 

The original signals were only offset corrected. 

A simple way to analyze a sample is to calculate absorbance, which is typically done 

without considering any reflection of the radiation by the sample. The absorbance (𝐴(𝜐)) 

in this work is defined as: 

𝐴(𝜐) = −10 ⋅ log10(𝑇(𝜐)) = −10 ⋅ log10 (
𝐼𝑠𝑎𝑚(𝜐)

𝐼𝑟𝑒𝑓(𝜐)
) = −20 ⋅ log10 (

|�̃�𝑠𝑎𝑚(𝜐)|

|�̃�𝑟𝑒𝑓(𝜐)|
), 2.7 

where 𝑇(𝜐) is frequency dependent transmittance of the sample. 𝐼𝑠𝑎𝑚(𝜐) and 𝐼𝑟𝑒𝑓(𝜐) are 

frequency dependent intensity of the radiation transmitted through the sample and the 

reference material (i.e., air), respectively. �̃�𝑠𝑎𝑚(𝜐) and �̃�𝑟𝑒𝑓(𝜐) are frequency dependent 

complex electric field amplitudes, which are calculated by performing FFT of the 

recorded time-domain signals corresponding to the sample and reference measurement, 

respectively. Since the intensity of the detected radiation is proportional to its power, the 

shape of the absorbance spectrum corresponds to the difference between the reference 

and sample measurement shown in the logarithmic scale in Figure 9. The absorbance 

spectra of the silicon wafer corresponding to the time domain signal with and without FP 

pulses are shown in Figure 10. 
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Figure 10. Absorbance of the silicon wafer. The result in a) corresponds to the time-domain signal 

of 80 ps length including FP pulses (see Figure 8). The result in b) corresponds to the time-domain 

signal truncated at 30 ps (i.e., before the first FP pulse) and zero padded until 80 ps. The 

corresponding time-domain data are shown in the insets. The original signals were only offset 

corrected. 

As expected, a similar oscillation pattern can be observed in the absorbance spectrum 

when the time-domain signal with the FP pulses is considered. The absorbance 

oscillates with frequency approximately between 0 dB and 6 dB, which corresponds to 

the constructive and destructive interference, respectively. However, if the time-domain 

signal does not include the FP pulses a nearly constant absorbance of approximately 

3.5 dB is observed. This corresponds to approximately 55 % losses, meaning that 

approximately 45 % of the radiation energy was transmitted through the sample. The 

same result was observed in the time-domain analysis. Since the reflection losses are 

not considered when calculating the absorbance, the 3.5 dB losses can again be, at least 

partially, contributed to the reflection of the THz radiation at the air-sample interfaces. 

Furthermore, for absorbing materials, the total absorbance depends also on the sample 

thickness. Therefore, care must be taken when interpreting the absorbance spectra. 

Nevertheless, useful, and valuable results can be drawn from the absorbance spectra. 

A more comprehensive analysis is needed to extract the complex refractive index of a 

sample from THz TDS transmission measurements. The complex refractive index is a 

material property, which is independent from the sample geometry and thickness. 

Therefore, to extract it from the measured data, the interaction of the radiation with the 

sample must be carefully considered. Investigating a flat biplanar sample and 

considering the radiation interacting with the sample as plane waves, a so-called transfer 

function (�̃�(𝜐)) can be written as: 
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�̃�(𝜐) =
�̃�𝑠𝑎𝑚(𝜐)

�̃�𝑟𝑒𝑓(𝜐)
=

�̃�0(𝜐)𝜏1,2𝜏2,1𝑒𝑖𝑘�̃�(𝜐)𝑑

�̃�0(𝜐)𝑒𝑖𝑘𝑑
∑ (𝜌2,1𝜌1,2𝑒𝑖2𝑘�̃�(𝜐)𝑑)

𝑚
𝑁

𝑚=0

, 2.8 

where 𝑖 is the imaginary unit (i.e., 𝑖 = √−1), 𝑘 is the wave number, �̃�(𝜐) is the frequency 

dependent complex refractive index of the sample, �̃�0(𝜐) is the complex electric field 

amplitude of the incident radiation, 𝜏1,2 and 𝜏2,1 are Fresnel transmission coefficients at 

the first and second interface (see Figure 7), respectively, and 𝜌1,2 and 𝜌2,1 are Fresnel 

reflection coefficient at the same two interfaces, respectively. Furthermore, all Fresnel 

coefficients depend on the complex refractive index of the sample and as such are also 

frequency dependent. Finally, 𝑁 is the number of FP pulses within the measured time-

domain signal. Note that the term in the numerator multiplied with the summation term 

describes the radiation propagating through the sample and that the term in the 

denominator describes the propagation of the radiation through the reference medium of 

the same thickness (i.e., air with thickness 𝑑 and refractive index of one). Furthermore, 

�̃�𝑠𝑎𝑚(𝜐) and �̃�𝑟𝑒𝑓(𝜐) are the corresponding complex electric field amplitudes acquired 

from the THz TDS sample and reference measurements. 

The goal is to determine the real (𝑛) and imaginary part (𝜅) of the complex refractive 

index (�̃� = 𝑛 + 𝑖𝜅) by solving equation 2.8. The real part of the refractive index is often 

simply referred to as the refractive index and the imaginary part as the extinction 

coefficient. This terminology will be used from here on. The extraction of the refractive 

index and extinction coefficient from equation 2.8. can be done only numerically. 

However, the equation 2.8 can be further simplified and the refractive index and 

extinction coefficient can be expressed analytically, if two requirements are met. The first 

requirement is that there are no FP pulses present in the measured time-domain signal 

(𝑁 in equation 2.8 equals to zero), which requires sufficient sample thickness. This way 

the summation term in the equation 2.7 equals to one. Furthermore, by using the 

definitions of the wave number (𝑘 = 2𝜋/𝜆), complex refractive index (�̃� = 𝑛 + 𝑖𝜅), and 

Fresnel transmission coefficients for the normal incidence, the equation 2.8 can be 

rewritten as: 

�̃�(𝜐) =
4�̃�(𝜐)

(�̃�(𝜐) + 1)2
𝑒

𝑖
2𝜋
𝜆

(�̃�(𝜐)−1)𝑑
 2.9 

The second requirement to analytically retrieve the complex refractive index from the 

transfer function is that the real part of the complex refractive index is much greater than 

the imaginary part (𝑛 ≫ 𝜅). This way the equation 2.8 can be simplified to: 

|�̃�(𝜐)|𝑒𝑖Δ𝜑(𝜐) =
4𝑛(𝜐)

(𝑛(𝜐) + 1)2
𝑒𝑖

2𝜋𝜐
𝑐

(𝑛(𝜐)−1)𝑑𝑒− 
2𝜋𝜐

𝑐
𝜅(𝜈)𝑑 , 2.10 

where �̃�(𝜐) is rewritten in the polar notation of complex numbers and Δ𝜑(𝜐) is the 

frequency dependent phase difference of the electric field between the sample and 

reference measurement. In the last step the relation between the frequency, wavelength, 

and speed of light (i.e., 𝑐 = 𝜆𝜈) of electromagnetic radiation was also considered. The 

equation 2.10 can be rewritten into two equations by separately considering the real and 

imaginary part of the equation. Thus, the refractive index and extinction coefficient can 

be expressed as: 
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𝑛(𝜐) = 1 +
𝑐Δ𝜑(𝜐)

2𝜋𝜈𝑑
, 2.11 

𝜅(𝜈) = −
𝑐

2𝜋𝜈𝑑
ln (

(𝑛(𝜐) + 1)2

4𝑛(𝜐)
|�̃�(𝜐)|). 2.12 

Furthermore, the extinction coefficient and the absorption coefficient (𝛼(𝜈)) are related 

as: 

𝛼(𝜈) =
4𝜋𝜈

𝑐
𝜅(𝜈) = −

2

𝑑
ln (

(𝑛(𝜐) + 1)2

4𝑛(𝜐)
|�̃�(𝜐)|). 2.13 

By knowing the absorption coefficient of a material, the intensity of the electromagnetic 

radiation propagating through an absorbing material can be determined according to the 

Beer-Lambert law: 

𝐼(𝜈) = 𝐼0(𝜈)𝑒−𝛼(𝜈)𝑑, 2.14 

where 𝐼0 is the initial intensity of the radiation and 𝐼 is the intensity after radiation 

propagated through a material layer of thickness 𝑑.  

Since the refractive index is needed for the calculation of the extinction and absorption 

coefficients, the refractive index must be extracted first. To do so, the sample thickness 

and the phase difference are required. On the one hand, the thickness of a flat biplanar 

sample can be reliably measured using a vernier caliper or a micrometer screw gauge. 

On the other hand, the calculation of phase difference requires some additional 

consideration. First, the calculation of the phase angle should be done using four 

quadrant arctangent function, which returns the values in the whole [−𝜋, 𝜋] range [62]. 

However, this still means that whenever the absolute value of the phase exceeds 𝜋, it 

changes the polarity by 2𝜋, which causes discontinuity in the phase spectrum in terms 

of phase-jumping between −𝜋 and 𝜋 [51]. To overcome this issue, the so-called phase 

unwrapping needs to be performed, which is followed by the DC phase offset correction. 

The latter is done by fitting a linear function to the unwrapped phase in the spectral part 

with the highest SNR and extrapolating it to the zero frequency. Then the extrapolated 

value at the zero frequency is subtracted from the whole unwrapped phase [51]. A tutorial 

by P. Jepsen [62] provides more details about phase retrieval and common pitfalls in the 

process. In Figure 11 the real part of the refractive index of the silicon wafer extracted 

from the THz TDS measurement (see Figure 8) is shown. Again, once the whole time-

domain signal including FP pulses and once a windowed signal without FP pulses is 

considered. 
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Figure 11. Refractive index of the silicon wafer. The result in a) corresponds to the time-domain 

signal of 80 ps length including FP pulses (see Figure 8). The result in b) corresponds to the time-

domain signal truncated at 30 ps (i.e., before the first FP pulse) and zero padded until 80 ps. The 

corresponding time-domain data are shown in the insets. The original signals were only offset 

corrected. 

When FP pulses are included in the signal but not accounted for in the evaluation of the 

refractive index, an oscillating pattern can be observed again. By truncating the signal 

before the first FP pulse, the oscillating values of the refractive index are avoided. The 

extracted refractive index values approximately match the reported values for silicon 

[51,57,60]. The small deviation can be again attributed to the uncertainty due to the 

system instability and the uncertainty of sample thickness determination. Having the 

refractive index calculated, the absorption coefficient can be extracted as well. The 

absorption coefficient is shown in Figure 12, once for the calculation based on the whole 

signal length and once based on the signal truncated before the first FP pulse. 

The oscillating pattern can again be observed in the frequency dependent representation 

of the absorption coefficient when the FP pulses are included in the signal and not 

accounted for in the evaluation. In addition, also negative values of the absorption 

coefficient appear. This “unphysical” result would mean, that for certain frequencies the 

investigated material amplifies the incident radiation. However, in the case of the 

absorption coefficient evaluation based on the truncated time-domain signal without FP 

pulses, which agrees with the model assumption (equation 2.9), again a smooth, non-

oscillating frequency dependence can be observed. The average value of the absorption 

coefficient in the shown frequency range is approximately 1.4 cm-1. This means that 

according to the performed measurement, the investigated silicon wafer is slightly 

absorbing. This agrees with observations reported in the literature for silicon samples 

with lower resistivities, however, exceeds the expected values for the given sample 

resistivity [60]. Furthermore, it is important to consider that there is uncertainty about the 

extracted values due to different uncertainty sources (e.g., sample thickness, system 
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instability, sample positioning). A detailed description of the uncertainty analysis can be 

found in literature [63,64]. 

 

Figure 12. Absorption coefficient of the silicon wafer. The result in a) corresponds to the time-

domain signal of 80 ps length including FP pulses (see Figure 8). The result in b) corresponds to 

the time-domain signal truncated at 30 ps (i.e., before the first FP pulse) and zero padded until 

80 ps. The corresponding time-domain data are shown in the insets. The original signals were 

only offset corrected. 

Comparing the extracted absorbance (Figure 10) with the absorption coefficient (Figure 

12) reveals similar spectral shape and features. This indicates that absorbance provides 

useful information about the absorption of a material especially for materials with 

pronounced spectral absorption features. However, the presence of FP pulses in the 

measured time-domain signal can significantly alter the absorbance spectra as well as 

the values of the extracted absorption coefficient. This is also true for the extraction of 

the refractive index. A straightforward way to overcome such problems is to measure a 

sample with sufficient thickness. This way the FP pulses can be easily truncated from 

the time-domain signal and their effect on the frequency-domain analysis diminishes as 

shown on the example of the silicon wafer. This, however, can become challenging if the 

investigated material is strongly absorbing and the dynamic range of the spectrometer is 

exceeded [56]. Such problems can be encountered also during the investigation of 

pharmaceuticals, which can be strongly absorbing. A common way to overcome this 

issue when investigating pharmaceuticals is to dilute the investigated sample in a non-

absorbing material (e.g., mixing powder of a pharmaceutical with polyethylene powder) 

as discussed in more detail in section 2.2. Another option is to take the FP pulses 

properly into account and to numerically extract the refractive index and absorption 

coefficient [65]. Furthermore, similar oscillation patterns appear in the extracted 

parameters if the sample thickness is inaccurately determined, which can be also useful 

for simultaneous extraction of the sample thickness [66]. The results of such extraction 

for the investigated silicon wafer are shown in Figure 13 and Figure 14 for refractive 
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index and absorption coefficient, respectively. The extraction was performed with a 

commercially available software called TeraLyzer, which is based on algorithms 

presented in [55,67,68]. Furthermore, the sample thickness was also simultaneously 

evaluated based on the quasi space optimization [68] within the software and determined 

to be 522 µm. This thickness was also used for the parameter extraction from signals 

truncated before the first FP pulse when using the TeraLyzer software, which are shown 

in Figure 13 b) and Figure 14 b). The extracted values were additionally filtered within 

the confidence interval of the transfer function based on the evaluated measurement 

uncertainty using five iterations of the SVMAF filter [55]. 

 

Figure 13. Refractive index of the silicon wafer extracted with the TeraLyzer. The dotted curve 

corresponds to the extracted values before SVMAF filtering and the solid curve corresponds to 

the SVMAF filtered values. The result in a) corresponds to the time-domain signal of 80 ps length 

including FP pulses (see Figure 8). The result in b) corresponds to the time-domain signal 

truncated at 30 ps (i.e., before the first FP pulse) and zero padded until 80 ps. The corresponding 

time-domain data are shown in the insets. The original signals were only offset corrected. The 

shaded areas around the curves correspond to the uncertainty of the extracted values evaluated 

based on the signal variation between the repeated measurements. 

By correctly considering the FP pulses in the evaluation of the refractive index and 

absorption coefficient from the whole measured time-domain signal, the oscillation 

pattern becomes less pronounced and completely diminishes after applying the SVMAF 

filter. The latter is expected since the oscillations appear within the uncertainty interval 

of the extracted values. Furthermore, evaluation of the data truncated before the first FP 

pulse again results in smooth curves as previously observed (see Figure 11 and Figure 

12). On the one hand, the refractive index values extracted using the TeraLyzer are 

higher than the values extracted using equation 2.11 (Figure 11), which is due to the 

differently determined sample thickness. On the other hand, the difference in the 

extracted absorption coefficient between the evaluation with the TeraLyzer and 

according to the equation 2.12 is much smaller than the uncertainty of the extracted 
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values. The remaining oscillation pattern, which can be observed for the evaluation 

based on the time-domain signal containing FP pulses, indicates that the propagation of 

the radiation through the sample is not perfectly modeled (equation 2.8). Since the 

sample was measured in the focus of the THz beam, the assumption that THz waves 

interacting with the sample are plane waves is not completely met. By placing the sample 

in the focus of the beam, the object plane and the image of the sample at the detector 

are displaced, which can affect the extraction of refractive index and absorption 

coefficient, if not correctly considered [69]. Nevertheless, the extracted values are in 

close agreement with the reported values for silicon [69,70] especially when considering 

the uncertainty interval of the extracted values and the uncertainty of the sample 

thickness determination. 

 

Figure 14. Absorption coefficient of the silicon wafer extracted with the TeraLyzer. The dotted 

curve corresponds to the extracted values before SVMAF filtering and the solid curve corresponds 

to the SVMAF filtered values. The result in a) corresponds to the time-domain signal of 80 ps 

length including FP pulses (see Figure 8). The result in b) corresponds to the time-domain signal 

truncated at 30 ps (i.e., before the first FP pulse) and zero padded until 80 ps. The corresponding 

time-domain data are shown in the insets. The original signals were only offset corrected. The 

shaded areas around the curves correspond to the uncertainty of the extracted values evaluated 

based on the signal variation between the repeated measurements. 

In this subsection the evaluation of sample properties which is performed by comparing 

the signal of the sample measurement with the signal of the reference measurement in 

the transmission geometry was presented. The two signals can be compared in the time 

domain or in the frequency domain. In the former case, an average value of refractive 

index, absorbance, and absorption coefficient for the whole frequency range can be 

estimated, which can be rather inaccurate for samples with a strong frequency 

dependence of the refractive index and absorption coefficient. In the latter case, a 

frequency dependent evaluation of the material properties can be carried out. In both 

cases, a proper determination of the sample thickness is crucial for a successful 
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evaluation. Furthermore, FP pulses, which correspond to the multiple round-trip of the 

radiation within the biplanar sample, can be used for thickness estimation directly from 

the THz TDS measurement. However, if not correctly considered, the presence of the 

FP pulses in the data can lead to an oscillating pattern of the extracted frequency 

dependent material parameters, which can make the interpretation of the data 

troublesome. Nevertheless, with the proper experimental procedure and data evaluation, 

the refractive index and absorption coefficient of the investigated sample can be directly 

extracted from the THz TDS transmission measurement. In the following subsection an 

investigation of samples in a reflection geometry using THz TDS is presented. 

2.1.3 Reflection geometry 

THz TDS in reflection geometry is the method of choice for investigation of highly 

absorbing, thick samples and objects which cannot be investigated in transmission 

geometry due to their size or shape. The key idea of the investigation in the reflection 

geometry is to detect the reflected part of the incident radiation and extract the sample 

properties from it. Considering the normal incidence case, the reflected part of the beam 

propagates back in the direction of the incident beam. This means that the reflected 

beam must be spatially separated from the incident beam or the emitter and detector 

antenna should at least nearly coincide. The latter can be achieved by monolithic 

integration of emitter and detector antennas [71]. In the former case, a THz beam splitter 

can be used to split the reflected beam towards the detector, which is, however, 

connected with additional signal losses due to the beam splitting [57,72]. Another option 

is to forgo the normal incidence and to direct the incident beam to the sample surface at 

some different angle and detect the specular reflected radiation. This way the reflected 

beam does not coincide with the incident beam, which means that the position of the 

detector does not interfere with the position of the emitter [72]. However, the angle of 

incidence as well as the polarization of the incident radiation must be well-defined and 

properly accounted for when extracting the sample properties [73]. Nevertheless, for 

some applications the THz beam path is constructed in a way that the incident beam is 

nearly parallel to the surface normal (i.e., approximately normal incidence), however, the 

angle deviation is sufficient to separately guide the reflected beam to the detector without 

using a beam splitter [74,75]. This enables a compact construction of the THz beam path 

and an easy alignment of the sample. Furthermore, due to a small angular deviation from 

the normal incidence, the interaction of the THz radiation with the sample can be, in the 

first approximation, described by assuming normal incidence, which simplifies the 

analysis. 

Another type of reflection configuration is the attenuated total reflection (ATR) 

spectroscopy, which requires that the radiation propagates in a medium with a higher 

refractive index than that of the sample. Furthermore, the angle of incidence must exceed 

the critical angle. In the case of THz ATR spectroscopy, this is often achieved by using 

a silicon prism, which is placed into a THz beam path of a transmission setup and the 

sample is placed on top of the prism. This way the THz radiation is coupled into a silicon 

prism, reflected from the sample on top of the prism and then guided to the detector after 

exiting the prism [76–80]. A THz ATR setup with an emitter and detector antenna 

integrated directly on a prism has also been demonstrated [81]. 
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All these different THz reflection configurations require proper consideration and 

mathematical modeling when analyzing the sample and extracting its properties in the 

THz range. In addition, there are also different ways to perform a reference 

measurement, which must be considered during the data evaluation as well. 

Furthermore, in the case of ellipsometry a sample independent reference measurement 

is not needed [82]. Describing all these possibilities in detail is out of the scope of this 

work. Therefore, only normal incidence is considered in the following part of this 

subsection to provide a basic understanding of sample investigation in the reflection 

geometry. First investigation of samples consisting of a single layer is considered. This 

is followed by the conceptual description of THz tomography based on multilayered 

samples.  

One-layer samples 

Considering only normal incidence, different sample configurations in THz reflection 

spectroscopy are possible. Three common configurations are shown in Figure 15. The 

main difference arises from the way the reference measurement is acquired. The three 

sample configurations are compatible with different instrumentation used in the reflection 

geometry as discussed above (e.g., transceiver-based, beam-splitter-based). 

 

Figure 15. Schematic representation of THz radiation propagating downwards under normal 

incidence towards the sample for three different sample configurations. a) A biplanar low-

absorbing sample of sufficient thickness with recorded THz pulses originated from the first (air – 

sample) and second (sample – air) interface. b) A thick biplanar sample with a single recorded 

THz pulse originated from the first (air – sample) interface. c) A thick biplanar sample placed in 

contact with a reference window on top and THz pulses originating from the first (air – reference 

window) and second (reference window – sample) interface. The radiation transmitted through 

the sample (dashed arrows) is not detected. Only radiation reflected in the direction of the incident 

radiation is detected. Multiple reflections within the sample or the reference window are not 

considered. The signal consisting of the recorded reflected THz pulses corresponding to the 

schematic of the radiation propagation is shown in the insets above. 
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In the first configuration the dielectric properties of a biplanar sample can be extracted 

by separately considering the two THz pulses, one originating from the first interface and 

the other from the second interface of the sample surrounded with air (Figure 15 a). The 

difference in the time of arrival of the two pulses corresponds to twice the optical 

thickness of the sample. By measuring the thickness of the sample, an average refractive 

index of the sample can be extracted, similar as in transmission geometry (see 

subsection 2.1.2). Furthermore, the time-domain signal can be divided into two separate 

signals by separately windowing the time-domain signal in the proximity of the first and 

of the second pulse. The two signals can be then considered as two separate 

measurements. It is important to note that the sample must be on the one hand 

sufficiently thick and on the other hand low absorbing so that the two pulses can be 

separately processed. This, however, means that the reflection spectroscopy in this 

configuration, similar to transmission spectroscopy, is not appropriate for investigation of 

highly absorbing samples, since THz radiation propagating twice through the sample 

must be detected and analyzed. The transfer function (𝑇𝑎) for this configuration can be 

written as [57]:  

�̃�𝑎 =
�̃�(𝜐)2𝑛𝑑

�̃�(𝜐)1𝑠𝑡
=

�̃�0(𝜐)𝜏1,2𝜌2,1𝜏2,1𝑒𝑖2𝑘�̃�(𝜐)𝑑

�̃�0(𝜐)𝜌1,2

= −𝜏1,2𝜏2,1𝑒𝑖2𝑘�̃�(𝜐)𝑑 , 2.15 

where �̃�(𝜐)2𝑛𝑑 and �̃�(𝜐)1𝑠𝑡 are the complex electric field amplitudes of the radiation 

reflected from the second and first interface, respectively. Comparing this equation with 

the transfer function for transmission geometry without any FP pulses in the measured 

signal (i.e., 𝑚 = 0 in equation 2.8) reveals that the two transfer functions are almost 

identical. There is a difference between the two transfer functions in the exponential 

terms, which describe the propagation of the radiation. Therefore, if the same 

approximations are considered, the refractive index, extinction coefficient, and 

absorption coefficient can be expressed in a similar way as from equations 2.11-2.13, 

respectively. Note that proper phase processing in terms of phase unwrapping must be 

performed as well (see subsection 2.1.2 for more detail). 

In the second configuration shown in Figure 15 b the reflection only from the first interface 

(air – sample) is considered. This requires a sufficient thickness of the sample so that 

the THz pulses originating from the back side of the sample can be neglected in the 

analysis. To extract the sample properties, the measured signal must be compared with 

a signal originating from a known, reference sample (i.e., a reference measurement). 

Often polished metal mirrors are used as reference samples and their reflection 

coefficient is considered to equal 𝜌𝑟𝑒𝑓 = −1. The exact positioning of the reference mirror 

and sample in the same plane is crucial for accurate investigation of a sample in this 

configuration since already small misalignments can affect the extraction of refractive 

index and absorption coefficient of the sample [83]. The transfer function for this 

configuration (�̃�𝑏) can be written as: 

�̃�𝑏 =
�̃�(𝜐)𝑠𝑎𝑚

�̃�(𝜐)𝑟𝑒𝑓

=
𝜌1,2�̃�0(𝜐)

−�̃�0(𝜐)
= −𝜌1,2 2.16 

and the refractive index and absorption coefficient can be directly expressed in terms of 

two simple equations [56]. Furthermore, since there are no exponential terms describing 
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the propagation of the radiation in the transfer function describing this configuration, no 

phase unwrapping is needed before the extraction of the refractive index and absorption 

coefficient [62]. Highly absorbing samples can be investigated in this configuration since 

the radiation propagating through the sample is not considered in this evaluation. The 

largest detectable absorption coefficient can be determined by the scan-to-scan 

reproducibility of the results and not by the dynamic range of the spectrometer, which is 

the case in transmission geometry [56]. 

In the third configuration shown in Figure 15 c an additional reference window is placed 

in contact with the sample and THz pulses reflected from the firs (air – reference window) 

and the second (reference window – sample) interface are analyzed. Like in the first 

configuration (Figure 15 a), the time-domain signal can be divided into two separate 

signals by windowing the recorded signal in the proximity of the two THz pulse, for which 

the reference window should be sufficiently thick and preferably non-absorbing. The 

signal with the THz pulse originating from the first interface can be considered as a 

reference signal since the radiation originates from an interface between two known 

materials (i.e., air and reference window). The second signal corresponds to the THz 

radiation originating from the second interface between a known reference material and 

an investigated, unknown sample. Again, a sufficient thickness of the sample is required 

so that the THz pulses originating from the back side of the sample do not interfere with 

the analysis. The transfer function for this configuration can be written as: 

�̃�𝑐 =
�̃�(𝜐)2𝑛𝑑

�̃�(𝜐)1𝑠𝑡
=

�̃�0(𝜐)𝜏1,2𝜌2,3𝜏2,1𝑒𝑖2𝑘�̃�2(𝜐)𝑑2

�̃�0(𝜐)𝜌1,2

, 2.17 

where �̃�2(𝜐) and 𝑑2 are complex refractive index and thickness of the reference window. 

The indices 1, 2, and 3 correspond to air, reference window, and investigated sample, 

respectively. To ensure a sufficient amplitude of the recorded signal corresponding to 

the second THz pulse, a non-absorbing window is preferred. Employing a non-absorbing 

window also simplifies the extraction of the refractive index and absorption coefficient of 

the investigated sample, which can again be directly expressed in terms of two 

independent equations [57,72,84]. The advantage of this configuration is that the 

radiation does not have to propagate through the sample, which allows for investigation 

of strongly absorbing samples. Furthermore, the problems of slight mispositioning of a 

reference mirror are avoided, as an extra reference measurement is not needed. 

However, it is important to ensure a proper contact between the reference window and 

the sample, which typically requires smooth and flat surface of the window and of the 

investigated solid sample. 

So far investigation of samples consisting out of only a single layer was considered while 

focusing on the extraction of the refractive index and absorption coefficient of the 

investigated sample from a reflection measurement. Furthermore, the emission of THz 

radiation in form of short pulses enables independent observation of pulses originating 

from different sample interfaces. This pulsed nature of THz TDS offers a rather 

straightforward way for tomographic investigation of multilayered samples. The basic 

concept of THz tomography is discussed in the next part of this subsection. 
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Terahertz tomography of multilayered samples 

The concept of THz tomography in terms of internal structure imaging presented in here 

is based on the experiment reported by Mittleman et al. in 1997 and conducted on a 

floppy disk [85]. This technique is often referred to as terahertz pulsed imaging (TPI). It 

relies on identification of reflected THz pulses in the time domain and can be used for 

structural imaging of multilayered objects.  

When radiation propagates through such a multilayer sample, part of the radiation is 

reflected at each layer interface. Considering the pulsed nature of THz TDS, the reflected 

radiation at each interface results in a THz pulse recorded in the time-domain signal. 

Figure 16 shows a sample consisting of five different material layers and an exemplary 

time-domain signal with the five THz pulses corresponding to the reflections at the five 

interfaces. The key idea of THz tomography is to identify these THz pulses from the 

recorded time-domain signal, determine their time-of-flight and assign them to the 

corresponding interfaces. 

 

Figure 16. A sample consisting of five different material layers measured in reflection geometry. 

Part of the radiation is reflected at each interface resulting in THz pulses in the recorded time-

domain signal. An exemplary time-domain signal corresponding to the multilayer sample is shown 

in the inset. Note that the first interface commonly corresponds to the boundary between the 

surrounding medium (e.g., air) and the first material layer. 

Amplitude, shape, and time-of-flight of the THz pulses depends on the material 

properties and thicknesses of the individual layers. Considering non-absorbing and non-

dispersive media, the amplitude of the recorded THz pulses depends on the amplitude 

of the radiation incident on the interface and the refractive indices of the two materials 

forming the interface, as described by the Fresnel coefficients. Furthermore, the shape 

of the recorded THz pulse depends on which layer has a higher refractive index. If the 

radiation propagates into optically denser (i.e., higher refractive index) material, the 

recorded THz pulse will be flipped (i.e., mirrored with respect to the time-axis) compared 

to the case when the radiation enters a layer with a lower refractive index. This is due to 

the “phase jump” that radiation experiences when entering an optically denser medium. 
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In addition to the different amplitude and shape of the THz pulses, the time at which the 

THz pulse is detected (i.e., time-of-flight) is essential for tomographic reconstruction of a 

multilayered sample. The difference in time-of-flight between the two consecutive pulses 

(∆𝑡𝑖,𝑖+1) is proportional to the product of the refractive index (𝑛𝑖) and the thickness (𝑑𝑖) of 

the layer between the two interfaces (i.e., optical thickness) and can be written analogous 

to equation 2.3 as: 

∆𝑡𝑖,𝑖+1 =
2𝑛𝑖𝑑𝑖

𝑐
, 2.18 

where index 𝑖 corresponds to the interface and the layer number. By knowing the 

average refractive index of the different material layers in the THz range, the thickness 

of the individual layers can be determined. This way the internal structure of the sample 

can be resolved. The refractive index of materials forming the individual layers can be 

obtained separately by investigating samples made from individual materials in 

transmission (see subsection 2.1.2). In the case of thin individual layers, the pulses 

originating from the two interfaces of the layer can overlap and therefore make the 

estimation of ∆𝑡 troublesome. In such cases different deconvolution algorithms can be 

employed to resolve the time position of the individual pulses [86].  

The described time-of-flight analysis represents the fundamental of TPI or THz 

tomographic investigation performed in the time domain. TPI has found applications in 

different fields (e.g., conservation [87–89] and non-destructive inspection of arts [90,91] 

Furthermore, investigation of paint layer thickness in automotive industry based on 

sophisticated evaluation models of the THz TDS reflection measurements is currently 

one of the promising industrial applications of THz TDS [35,92,93]. Furthermore, 

evaluation of the coating thickness of pharmaceutical tablets has been successfully 

demonstrated based on the THz TDS tomographic investigation [94–96]. Inspection of 

tablet coatings is one of the applications of THz TDS related to the field of 

pharmaceuticals. In the following section applications of THz TDS in pharmaceutical 

setting are presented in more detail. 

2.2 Applications of THz TDS in the field of pharmaceutics 

The concepts of THz TDS presented in the previous section have been widely employed 

for the investigation of pharmaceuticals and pharmaceutic formulations. A great part of 

the investigation has been performed in the transmission geometry focusing on 

properties of APIs. The pure, solid APIs are commonly purchased in form of powders 

and are pressed into biplanar tablets for easier handling and THz investigation. The 

purchased powders are often additionally grinded with mortar and pastel before being 

pressed into tablets to minimize the effect of scattering on the investigation [97,98]. 

Furthermore, such powder samples can also be diluted by mixing them with an additional 

fine-granulated, low absorbing powder (e.g., polyethylene). This is done to ensure that 

the tablet stays firm and does not break or crack too easily. One further reason to do so, 

is to be able to make samples of greater thickness (e.g., exceeding 1 mm) even if the 

API is strongly absorbing in the THz range, which is often the case. Furthermore, having 

a sample of sufficient thickness simplifies the evaluation of the sample properties in a 

way that the FP pulses do not have to be considered during the evaluation as discussed 

in subsection 2.1.2. On the one hand, this is especially useful, if only absorption features 
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or changes in absorbance are of interest. On the other hand, the extraction of the 

refractive index and absorption coefficient of the API from a THz TDS measurement 

becomes more challenging this way since the sample is a mixture of the API, additional 

powder, and small air voids. Such samples can be described as an effective medium, 

whose dielectric properties depend on the dielectric properties of the constituting 

materials and their proportions in the sample. This means that the dielectric properties 

of the investigated API in such a diluted sample can be extracted, if proper proportions 

of all the substances in the mixtures and the dielectric properties of the remaining 

substances are known [99]. It is fair to mention that even if samples for THz investigation 

are prepared by pressing only the API powder (i.e., no dilutant powder used), inclusion 

of air voids in the sample is unavoidable. This again affects the measured refractive index 

and absorption coefficient of the API. The same is true for the scattering as the sample 

consists of many small particles, whose size can differ based on how the sample was 

prepared, which in turn affects the degree of scattering. This makes the comparison of 

reported values difficult, and care should be taken while doing so. However, the 

sensitivity of the THz spectroscopy to the inclusion of air makes it a potential tool to study 

porosity and density of pharmaceutical tablets [99], which is one of the applications of 

THz spectroscopy in the pharmaceutical setting. 

The focus of THz spectroscopy applications in the field of pharmaceutics lies on the 

inspection of solid oral dosage forms, in particular tablets. This is not surprising, since 

the marketed drugs are most commonly formulated as solid oral dosage forms 

(65 % - 70 %) [1,2], with tablets being the most popular [100]. In general, pharmaceutical 

applications of THz spectroscopy can be divided into the following categories: 

investigation of the solid state of the APIs, investigation of tablet coatings, and 

investigation of tablet porosity. In the following subsections an overview of the individual 

categories is briefly presented, starting with the solid state of the APIs. 

2.2.1 Solid state of the APIs 

Probing solid APIs with THz TDS is conceptually similar to the more familiar infrared 

spectroscopy. However, the origin of the absorption features, which can be observed in 

the THz and infrared absorption spectra, is different. The absorption features in the 

infrared region are related to the intramolecular vibrations specific to the functional 

groups, whereas the absorption features observed in the THz range are mainly related 

to the intermolecular motions and intermolecular interactions [11–14]. This is the case 

especially for the low frequency part of the THz range, which is easily assessable with 

typical THz TDS systems. This means that for molecular crystals the absorption 

spectrum strongly depends on the crystalline structure and not only on the structure of 

the individual molecules. On the one hand, this makes THz TDS an excellent tool for the 

observation of changes in the crystalline structure (e.g., differentiation between 

polymorphs of the same API). On the other hand, it makes the interpretation of the 

absorption features more difficult since the crystalline structure plays an important role. 

For a proper interpretation and an assignment of absorption features to specific 

molecular motions advanced computational methods like density functional theory (DFT) 

and ab initio molecular dynamics (AIMD) are required [101]. Furthermore, such spectral 

assignment can provide new insights into the thermodynamic properties of crystalline 

substances [102]. More details on such computational methods and interpretation of THz 

solid-state spectra can be found in [103,104].  
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Despite the need of advanced computational methods for a proper interpretation of the 

molecular motions underlying the THz absorption spectra, THz TDS can be directly used 

for many applications in the pharmaceutical field. Common examples are identification 

of APIs, their polymorphs [16–19] and cocrystals [105,106] as well as differentiation 

between crystalline and the amorphous state of a substance [12,16]. It can also be used 

to quantify the crystallinity of an API [107–110] and to monitor or observe dehydration 

[111,112], crystallization [108,113,114] and even amorphization [115] processes. All this 

can be done without the need to assign the absorption features to the underlying 

molecular motions. As an example, the absorption coefficient of IM in two crystalline 

forms and in its amorphous state are shown in Figure 17. 

 

Figure 17. Absorption spectra of α, γ, and amorphous IM. 

Comparing the absorption spectra of the different IM forms, one can first establish that 

the three forms can be distinguished from one another based on the THz absorption 

spectra shown in the above figure. The γ-form shows two pronounced absorption peaks, 

one at approximately 1.2 THz and the other at approximately 2 THz. A less pronounced 

peak can be observed at approximately 1.5 THz. In the case of α-form, the most 

pronounced peak is at 1.5 THz and less pronounced peaks can be observed at 

approximately 1.2 THz and a double peak at approximately 0.8 THz. Unlike the two 

crystal forms, the amorphous form shows continuous, featureless absorption, which 

increases with frequency in the shown spectral range. Such featureless, continuous 

absorption is universal for amorphous substances in this frequency range and it is related 

to the coupling of THz radiation into the vibrational density of states (VDOS) 

[20,101,115,116]. This characteristic of materials in the amorphous state enables a 

straightforward identification of crystal formation from the amorphous state given that the 

crystalline forms of the substance exhibit pronounced absorption peaks in the 



 

36 

investigated frequency range. The fact that many pharmaceuticals show pronounced 

absorption peaks in the THz frequency range makes THz TDS an attractive method to 

inspect, whether an API is in its amorphous or in one of the crystalline forms. This is also 

the essence of this work as it will be shown later. 

Not only is THz TDS capable of distinguishing between amorphous and crystalline state 

of an API, it can also be used to study the temperature dependent relaxation processes 

of the amorphous materials, which seem to be related to a universal change in the 

hydrogen bonding structure [116]. Furthermore, it has been shown that it is possible to 

determine and predict stability of the amorphous state in this way [117,118]. Talking 

about the stability of the amorphous state might first sound surprising as amorphous 

state is intrinsically unstable. Therefore, it should rather be considered in the frame of 

stability of amorphous drugs in sense of predicting the crystallization of the API from its 

amorphous state. Crystallization of an amorphous drug during the shelf life would affect 

the properties of the drug as well as its bioavailability, which could limit the effectiveness 

of the drug and cause unsatisfactory patient treatment. 

On the final note to this subsection, it is worth stating that the majority of measurements 

is performed in transmission when investigating the solid state of the APIs. In the 

following subsection the application of THz reflection measurements for investigation of 

tablet coatings is discussed. 

2.2.2 Tablet coatings 

The investigation of tablet coatings directly followed the initial focus on the solid state of 

the APIs as a potential application of THz TDS in a pharmaceutical setting. In 2005 

Fitzgerald et al. were first to demonstrate the applicability of THz TDS for non-destructive 

investigation of tablet coating thickness [94]. The principle relies on the pulsed nature of 

THz TDS which can be exploited for identification of individual layers within a 

multilayered sample (e.g., coated tablet) when measured in reflection geometry (see 

subsection 2.1.3) and is also referred to as TPI. Shortly after the first demonstration, a 

dedicated system for mapping the coating thickness across the whole surface of the solid 

oral dosage forms was developed [95]. The key component of this system was a robotic 

arm in combination with a laser gauge, which enabled scanning of the surface of 

differently shaped tablets while ensuring the correct angle of incidence and positioning 

of the sample surface into the focal plane of the probing THz beam. The mapping of the 

whole tablet could be performed in 20 – 50 min. Furthermore, an identification of buried 

structure and chemical mapping was demonstrated using this system [119]. The axial 

spatial (i.e., in-depth) resolution limit of the system was estimated as 30 µm, mainly 

limited by the pulse width, whereas the lateral resolution was estimated to be 150 µm at 

2.7 THz. These resolution limits can be considered common for conventional THz TDS 

systems, as similar resolution limits were reported in different publications [120]. 

In the following years much work has been done on the investigation of tablet coatings 

using TPI. Besides working on the determination of the coating thickness and its 

uniformity on a single tablet, focus was also on the inter-tablet coating uniformity and 

coating thickness variation [121,122], detection of defects in the coatings or in the tablet 

structure [123–125] as well as on the drug release performance related to the tablet 

coating [126–128]. Furthermore, there have been demonstrations of in-line investigation 
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of the tablet coatings using TPI [129–131]. It has been demonstrated that by combining 

TPI and optical coherence tomography (OCT), the coating thickness can be accurately 

determined over a greater thickness range, where the OCT performs better for thinner 

coatings (<50 µm) and THz TDS for thicker coatings [131,132]. A comparison of coating 

thickness evaluation between TDI and x-ray microtomography, revealed that TPI is a 

robust technique for direct measurement of coating thickness since refractive index of 

the coating material, which is needed for the thickness evaluation when using TPI, varies 

less than 3 % within the same tablet and less than 4 % among different tablets [133]. 

Since TPI can directly measure the coating thickness, it could be used as a reference 

and for calibration when employing other indirect techniques for coating thickness 

measurements (e.g., near infrared spectroscopy, Raman spectroscopy) [120]. 

The tablet coatings can be classified into three groups depending on their role [134]. 

Non-functional coatings mainly affect the appearance of the tablet, facilitate the intake of 

the drug and can protect the API from environmental influences. Functional coatings can 

be designed for example to affect the release of the API (e.g., prolonged release 

formulations) or to modify the taste or smell of the product. These two groups do not 

contain an API in contrast to the third group of active coatings containing an API. 

Especially in the case of functional and active coatings, the coating quality is of high 

importance. Defects as well as varying and non-uniform thickness can affect the 

performance of the drug. Therefore, different techniques including TPI are being 

considered to become part of the process analytical technology (PAT) for non-

destructive, in-line monitoring and control of the tablet coatings. More detailed reviews 

about the work done on coating investigation of pharmaceutical tablets using TPI can be 

found in the articles reviewing this topic in its early as well as its more recent stage 

[120,135,136]. 

TPI has been also used to observe the liquid transport and swelling during the tablet 

disintegration [137,138]. Tablet coatings can be used to modify the disintegration 

properties of a tablet. Porosity of a tablet is another important property which also affects 

the disintegration of the tablet as well as its dissolution performance. In the following 

subsection the measurement of tablet porosity using THz TDS in transmission geometry 

is presented in more detail. 

2.2.3 Tablet porosity 

Tablets are typically prepared by compressing and coating the API with excipients. As a 

result, small voids or pores of air are present in the tablets and the amount of air in a 

tablet is described by the porosity. Porosity is an important property of tablets as it plays 

an important role in the disintegration of tablets, which also affects the dissolution 

characteristics of the dosage form [139–142]. Furthermore, porosity also affects the THz 

radiation propagating through the tablet. In 2008 Juuti et al. observed that the ratio 

between the tablet thickness and the time delay of the THz radiation propagating through 

the tablet as a function of the compression force correlates with the porosity of the tablet 

as a function of the compression force [143]. Parrott et al. focused on the accurate 

evaluation of refractive index and absorption coefficient of compressed powders into 

tablets by using effective medium theory approach and realized that measuring the 

effective refractive index of a tablet can be used to estimate its porosity [99]. 
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The first requirement to correctly determine the porosity of a tablet using THz TDS is to 

accurately retrieve the effective refractive index of the tablet [101], which can be 

performed by analyzing the data in the time or in the frequency domain [144]. The 

analysis in frequency domain with appropriate effective medium model was found to 

deliver most robust and accurate results. However, additional factors might influence the 

refractive index measurement and introduce an error if not considered correctly. For 

example, lensing effect and Gouy phase shift can affect the measurement depending on 

the thickness and shape (e.g., curved faceted tablets) of the tablet, density distribution 

within the tablet, and properties of the THz beam [69,101]. Additionally, tablets consisting 

of highly absorbing APIs or excipients in connection with the tablet thickness can cause 

problems since the measurements are mainly performed in transmission geometry. In 

the last decade an extensive investigation of porosity of pharmaceutical tablets using 

THz TDS focusing on overcoming these potential problems took place [101]. THz TDS 

has been successfully used to study porosity of tablets of different shapes (e.g., flat-

faceted [145], biconvex [146]) as well as tablets consisting of different excipients and 

APIs [143,147–149]. Furthermore, different effective medium models have been 

considered and modified to improve the accuracy of porosity measurements and even 

predict the structural orientation of pores in a tablet [101,147,148].  

THz TDS offers several advantages compared to other techniques used for investigation 

of tablet porosity. For example, mercury or helium porosimetry are destructive, time 

consuming and can only probe the pores which are connected to the surface of the 

sample [142]. Near infrared (NIR) and Raman spectroscopy have been used to study 

porosity of tablets in a fast and non-destructive manner [150,151]. However, only the 

surface porosity can be investigated [101]. X-ray microtomography and different nuclear 

magnetic resonance based techniques can be used for non-destructive examination of 

porosity and even pore size distribution, however, longer measuring times compared to 

THz TDS are needed [142]. Since THz TDS has proven to be a fast, non-destructive, 

and robust measurement technique of bulk porosity, it could be used as a PAT-tool for 

on-line drug release testing of tablets  based on the determination of their porosity 

[152,153]. 

A more comprehensive overview of porosity measurements of pharmaceutical tablets 

using THz TDS can be found in a recent review article by Lu et al. [154]. Further details 

about the measurement procedure can be found in a tutorial by Bawuah et al. [144]. To 

conclude, inspecting porosity of pharmaceutical tablets is important as it is directly 

related to the disintegration of and drug dissolution from the tablet. This in turn affects 

the bioavailability of APIs and, therefore, also the patient treatment. In the following 

chapter bioavailability of APIs and ways to improve it are discussed in more detail. 
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3 Solubility and bioavailability of pharmaceuticals 

For an API to have the desired pharmacological effect it must reach the site of action 

after it is administered. There are different ways to administer a drug with oral 

administration being the most common one [3]. Orally administered drugs are mainly 

designed to get absorbed in the GI tract with some exceptions (e.g., antidiarrheals for 

the treatment of the intestine). In the scope of this work the term oral administration of a 

drug is limited to the drugs designed to be absorbed in the GI tract, which can occur only 

if the API is dissolved [4]. This means that after the oral administration of a drug, the 

dissolution of the API in the GI tract is required before it can permeate into the systemic 

circulation through which it is then delivered to the site of action. The rate and the extent 

of an API being absorbed into the systemic circulation defines its bioavailability [155]. 

This in turn means that poor aqueous solubility of an API can substantially limit its 

bioavailability and therefore the efficiency of the treatment. The United States 

Pharmacopeia (USP) defines seven different degrees of solubility ranging from very 

soluble to practically insoluble. These are listed in Table 1 with the corresponding criteria. 

Table 1. Solubility definition according to USP. Adopted from [6] and [156]. 

Degree of solubility Parts of solvent required per 
part of solute  

Solubility range 
(mg/ml) 

Very soluble Less than 1 More than 1000 

Freely soluble From 1 to 10 100-1000 

Soluble From 10 to 30 33-100 

Sparingly soluble From 30 to 100 10-33 

Slightly soluble From 100 to 1000 1-10 

Very slightly soluble From 1000 to 10,000 0.1-1 

Practically insoluble More than 10,000 Less than 0.1 

 

A definite and API independent solubility value at which the solubility starts to limit the 

bioavailability of an API is difficult to determine since further factors (e.g., the dose and 

permeation of the membrane in the GI tract) affect the overall bioavailability of an API. 

In 1995 Amidon et al. proposed a theoretical basis for biopharmaceutics classification 

system (BCS), which divides APIs into four classes based on their aqueous solubility 

(i.e., high or low solubility) and intestinal permeability (i.e., high or low permeability) as 

shown in Figure 18 [4]. The definition of the solubility within the scope of the BCS takes 

the dosage of the drug into account. An API is considered highly soluble, if the highest 

therapeutic dose of the API can be completely dissolved in 250 ml or less of aqueous 

media [157]. Furthermore, this criterium should be met across a broad physiological pH 

range (i.e., 1.2–6.8) at a temperature of 37°C [158]. An API is considered highly 

permeable, if at least 85 % of the administered dose is recovered mostly unchanged in 

urine [158]. 
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Figure 18. The four classes according to the BCS. 

The fundamental idea of the BCS was to establish a framework for biowaivers based on 

the correlation between in vitro dissolution properties and in vivo bioavailability of a drug 

product. This way potentially unnecessary in vivo studies can be avoided, and the 

process of drug development and approval simplified. In 2000 the US Food and Drug 

Administration (FDA) introduced a guidance for industry on the BCS based biowaivers, 

which resulted in more than 160 applications being granted until 2017 and saving the 

pharmaceutical industry $100 million [157]. Similar guidance was adopted by other 

agencies such as the European Medicines Agency (EMA) and the World Health 

Organization (WHO) [157]. The initial guidance for BCS based biowaivers considered 

only class I drugs eligible. The guidance was modified over the years and recently also 

extended to the BCS class III drugs [158]. Furthermore, a division of BCS class II drugs 

into subcategories has been proposed with the possibility of expanding the BCS based 

biowaivers to some of them [159]. 

This work focuses on poorly soluble pharmaceuticals, which means that BCS class II 

and class IV drugs are mainly of interest. In Table 2 the distribution of marketed drugs 

and drugs under development (i.e., drug candidates) among the four classes of BCS are 

listed. 40 % of the marketed drugs are estimated to be poorly soluble, which means that 

improving their solubility could have positive effects on their bioavailability. This is 

especially relevant for the class II drugs, which show low solubility but high permeability 

(see Figure 18) and are estimated to present 30 % of the marketed drugs. The estimated 

percentage of newly developed drugs belonging to BCS class II is even higher exceeding 

60 %. Considering also the estimated percentage of drug candidates belonging to BCS 

class IV, in total more than 70 % of drugs being developed is expected to exhibit poor 

aqueous solubility. This can be accounted to the fact that the new APIs should be able 

to bind to cell receptors, which often involves hydrophobic interactions and therefore 

lipophilic candidates are more commonly considered for the development [5]. This 

means that poor solubility could substantially hinder bioavailability of new drugs and as 

such poses an obstacle for their development. 
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Table 2. Percentage distribution of marketed drugs and drug candidates (i.e., APIs under 

development) between the four BCS classes. Adopted from [5]. 

BCS class Marketed drugs (%)  Drug candidates (%) 

I 35 5-10 

II 30 60-70 

III 25 5-10 

IV 10 10-20 

 

It is worth pointing out that several estimations on the percentage distribution of drugs 

among the four BCS classes exist [156,160–162] These were made in different years 

after the BCS was designed and by considering different sets of drugs in the analysis. 

Therefore, some deviation in the reported percentage can be observed. However, it is 

common to all such reports that less than the half of the marketed drugs are classified 

as either class II or IV (i.e., poorly soluble). Furthermore, class II drugs present less than 

one third of all marketed drugs and the percentage of class II drugs exceeds that of class 

IV drugs. When it comes to drug candidates, it can be considered that the estimated 

percentage would deviate more and be less reliable. Nevertheless, it seems safe to state 

that most newly developed drugs and drug candidates are poorly soluble [6,163,164]. 

Since many APIs exhibit poor aqueous solubility, which can substantially limit their 

bioavailability, different approaches for improvement of solubility are being considered. 

Before presenting the most common strategies for solubility improvement, the basics of 

API dissolution, solubility and absorption, and dissolution rate in the GI tract are 

described in the following sections. 

3.1 Dissolution 

Dissolution of a solute in a solvent can be simplistically described as a three-step process 

as depicted in Figure 19 [165]. In the first step, a molecule of the solute needs to be 

extracted from the solid particle, which involves breaking solute-solute interaction. In the 

second step, a void in the solvent for the molecule of the solute must be induced, which 

requires breaking of the solvent-solvent interaction. In the third step the solute molecule 

fills the void in the solvent forming solute-solvent interaction. In the first and the second 

step energy is required to break the solute-solute and solvent-solvent bonds and in the 

third step the energy is released. Commonly the solvent-solvent bonds are much weaker 

compared to the solute-solute bonds. Therefore, the energy required in the second step 

can be neglected. This means that dissolution depends mainly on the energy difference 

between the solute-solute and solute-solvent interactions. 

From this simple description of the dissolution process two important aspects affecting 

solubility of a solute in a particular solvent can be deduced. First, for dissolution to take 

place, solute-solvent interaction must be energetically favorable, which is common for 

molecules with similar properties (e.g., polar solutes dissolve well in polar solvents). This 
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concept is often referred to as “like dissolves like”. The second aspect is the importance 

of the solute-solute interactions in the solid API for its solubility. The interactions depend 

on the solid state of the solute. For example, different arrangement of the molecules in 

the crystal lattice (e.g., polymorphism) or lack of long-range order (amorphous state) 

exhibit different intermolecular interactions. Therefore, certain solid states of an API 

exhibit higher solubility. How solubility affects the absorption of an API in the GI tract is 

described in the following section. 

 

Figure 19. Graphical representation of the dissolution as a three-step process. a) Solute 

molecules are extracted from the solid lattice. b) Solvent molecules are removed from the solvent 

network leaving a void for the incorporation of the solute molecules into the network. c) 

Incorporation of the solute molecules into the solvent network (i.e., solvation). Adopted from [165]. 

3.2 Solubility and absorption 

To better understand when solubility limits bioavailability, first the API dissolving in the 

GI tract should be considered. A mass flux (𝐽) of API molecules dissolved in the intestinal 

fluid across the absorptive membrane per surface area of the membrane in the GI tract 

can be written as [165]: 

𝐽 =
𝐷 𝐾 

ℎ
(𝐶𝑚 − 𝐶0), 3.1 

where 𝐶𝑚 is concertation of the API on the absorptive side of the membrane, 𝐶0 is the 

concentration of the API on the other, abluminal side of the membrane, ℎ is the width of 

the diffusion layer, 𝐷 is the diffusion coefficient of the drug in the membrane, and 𝐾 is 

the partition coefficient between the membrane itself and the API solution overlaying the 

membrane. By assuming that 𝐶𝑚 is much greater than 𝐶0 and that it equals the 

equilibrium solubility (𝐶𝑠), the above equation can be rewritten as: 

𝐽 = 𝑃𝐶𝑠, 3.2 

with 

𝑃 =
𝐷 𝐾 

ℎ
 3.3 

being the permeability coefficient of the membrane. Equation 3.2 reveals that the flux 

does not only depend on the solubility but also on the permeability of the membrane as 

already discussed at the beginning of this chapter. Furthermore, absorption rate (𝐴𝑅) at 
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any given time can be obtained by integrating the flux in equation 3.2 over the entire 

surface area (S) of the absorption membrane [4]: 

𝐴𝑅 =
𝑑𝑚

𝑑𝑡
= ∬ 𝑃𝐶𝑠 𝑑𝑆, 3.4 

where m is mass and t is time. Furthermore, the total mass (𝑀) of the absorbed API at 

time 𝑡𝑎 after the drug administration can be obtained by integrating the absorption rate: 

𝑀 = ∫ 𝐴𝑅 𝑑𝑡 = ∫ ∬ 𝑃𝐶𝑠 𝑑𝑆 𝑑𝑡,
𝑡𝑎

0

𝑡𝑎

0

 3.5 

If 𝐶𝑠 is assumed to be homogenous across the whole small intestine as well as time 

invariant, maximum absorbable dose (𝑀𝑚𝑎𝑥) in the small intestine can be estimated as: 

𝑀𝑚𝑎𝑥 = 𝐶𝑠 𝑘𝑎𝑏𝑠 𝑉0 𝑡𝑡𝑟𝑎𝑛𝑠𝑖𝑡 , 3.6 

where 𝑡𝑡𝑟𝑎𝑛𝑠𝑖𝑡 is the small intestine transit time, 𝑉0  is the small intestine water volume, 

and 𝑘𝑎𝑏𝑠 is the API specific absorption rate constant [166]. 𝑡𝑡𝑟𝑎𝑛𝑠𝑖𝑡, and 𝑉0  are typically 

assumed to be 270 min (i.e., 4.5 hours), and 250 ml, respectively, whereas 𝑘𝑎𝑏𝑠 is related 

to the permeability (𝑃) of the membrane [165]. This expression allows to estimate the 

minimum solubility of an API (𝐶𝑚𝑖𝑛), which is required to absorb the administered dose 

at a given absorption rate. Figure 20 shows minimum solubility for different dose and 

absorption rate values. 

 

Figure 20. Minimum API solubility required to absorb the desired dose of an API. The 𝑘𝑎𝑏𝑠 values 

of 0.001, 0.01, and 0.1 min-1 can be related to low, medium, and high permeability, respectively 

[165]. Adopted from [165]. 

From Figure 20 it becomes evident that the required minimum solubility increases with 

the increasing dose and the decreasing absorption rate. This means that for low potency 

drugs and drugs with lower permeability, higher solubility is required to achieve sufficient 

bioavailability of the drug. For given absorption rate and dose values in Figure 20, the 

required minimum solubility is around 1 mg/ml or lower. This reveals that also slightly 
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soluble, very slightly soluble, and practically insoluble drugs according to the USP (see 

Table 1) might still have sufficient solubility if the required dose is small enough and the 

absorption rate is high enough. Considering a required dose of 10 mg and medium 

absorption rate (i.e., 0.01 min-1), which can be considered realistic for a non-steroidal 

ant-inflammatory drug NIF [166], the required minimum solubility is around 10 µg/ml, 

which fits the reported experimentally determined solubility values [167]. This means that 

NIF, despite being BCS class II drug (i.e., poorly soluble), has sufficient bioavailability 

for the design dose, which is reasonable, since otherwise a drug would not be approved 

in the first place. 

The estimation of when solubility becomes a limiting factor based on equation 3.6 are 

strongly dependent on the correct assessment of absorption rate values of an API in the 

small intestine, which are challenging to determine and the error of values in the literature 

could be one order of magnitude [166]. Furthermore, this assessment assumes that the 

concentration of the drug dissolved in the small intestine is constant and equal to the 

equilibrium solubility. This assumption and therefore also the estimated minimum 

solubility can become questionable for drugs with low dissolution rates. The dissolution 

rate of an API is described in the following section. 

3.3 Dissolution rate 

Dissolution rate of a drug is a rate at which an API passes into a solution from the 

administered formulation. Its relevance is especially high in the case of oral 

administration due to the limited transit time through the intestine. To achieve optimal 

absorption, the dissolution rate must be significantly greater compared to the rate of 

transit through the intestine [165]. The underlying mechanism affecting the drug 

dissolution rate can be explained by considering a solid drug particle dissolving in a well 

stirred aqueous medium as shown in Figure 21. 

 

Figure 21. A sketch showing a drug particle dissolving in an aqueous medium surrounded with a 

layer of unstirred water of thickness ℎ. 𝐶𝑠 is the maximal concentration of the drug at the surface 

of the dissolving particle and 𝐶 is the drug concentration in a well stirred aqueous medium. 

Adopted from [165]. 
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In 1897 Noyes and Whitney proposed an equation describing the dissolution rate of a 

drug based on their experimental observations [168]. The equation, which bares their 

name (i.e., Noyes-Whitney equation), was subsequently modified by including the 

surface area of the exposed solid drug (𝑆𝑑) and the thickness of the unstirred water layer 

surrounding the surface of the solid drug: 

𝑑𝐶

𝑑𝑡
=

𝐷𝑆𝑑

ℎ
(𝐶𝑠 − 𝐶), 3.7 

where 𝐷 is the diffusion coefficient of the solute in the solution, 𝐶𝑠 is solubility of the 

dissolving solid drug, 𝐶 is the drug concentration, and the term on the left side of the 

equation is the dissolution rate. Considering drug concentration being much smaller than 

the drug solubility (e.g., sink conditions or directly after the drug administration) the 

dissolution rate becomes directly proportional to the solubility [169]. This means that by 

improving the solubility of an API the dissolution rate is also improved. Furthermore, the 

Noyes-Whitney equation reveals that the dissolution rate can be increased by increasing 

the surface area of the solid drug. Increasing the surface area of drug particles, which is 

commonly achieved by particle size reduction, is one of the strategies for improving 

solubility or solubility rate limited bioavailability of pharmaceuticals. In the following 

section the most common solubility improvement strategies are shortly presented. 

3.4 Solubility improvement strategies 

Since the majority of new drug candidates are expected to be poorly soluble, solubility 

studies take place already in the early development stage of a new drug candidate. 

Furthermore, different solubility improvement strategies are commonly considered and 

applied throughout the drug development process to ensure well characterized and 

sufficient solubility before performing in vivo studies on humans [6]. Choice of solubility 

improvement strategy depends also on the type of drug administration, which can vary 

throughout the development process and can be different for the final product. For 

example, in vivo tests on animals (e.g., rats, dogs) often require parenteral drug 

administration (e.g., intravenous) since oral administration can be troublesome. This 

means that also different solubility improvement strategies are considered at this stage 

compared to the solid drug formulations for oral administration, which might become the 

route of administration for the final product [165].  

In the early stage of the drug discovery the amount of the new drug is limited and the 

focus lies mainly on the assessment of the drug efficacy. Therefore, the use of simple 

solutions is preferred in the early development stage, also in the case of oral 

administration, to avoid different complexities (e.g., solid-state properties of the drug) 

affecting the dissolution and solubility of the drug. The commonly applied strategies 

include pH adjustment of the solution, usage of cosolvents, surfactants, complexation 

agents (e.g., cyclodextrins), lipid formulation, and particle size reduction as well as their 

combinations. These techniques are relevant also in later development stages as well 

as when designing the final formulation. More details on these strategies can be found 

in a comprehensive review paper by Williams et al. [165]. At the later development stages 

as well as for the design of the final drug formulation further techniques are considered. 

These include solid dispersions and engineering of the solid state of the drug (e.g., 
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polymorphs, cocrystals, amorphous drugs), which will be discussed in more detail in the 

following subsection, since they are particularly relevant for this work. 

3.4.1 Solid-state engineering 

The solid state of an API can importantly affect the solubility of an API, its dissolution 

rate, and consequently its bioavailability. The key idea is to modify the arrangement of 

the molecules in the solid in such a way that weaker interactions between the molecules 

are achieved. This enables easier breaking of the solute-solute interactions in the solid 

and facilitates the drug dissolution (see section 3.1). Such solid forms of a drug are often 

described as higher-energy forms or states of an API, where high energy refers to the 

thermodynamic instability [165]. Although this instability causes the improved solubility, 

it is also important to realize that it can cause problems in the design of the final dosage 

form. The main concern is the transformation of such high-energy forms, which are 

instable or metastable, into a more stable form during the shelf-life of the drug. Such 

unwanted transformation can cause insufficient patient treatment due to the modified 

solubility of the drug. Indeed, in the late 1990s such a problem occurred with a marketed 

product containing ritonavir, as crystallization into a more stable form with lower 

solubility, which was unknown beforehand, took place during the shelf-life. As a 

consequence the product had to be recalled and reformulated [170]. 

Modifications of the crystalline structure are one of the approaches of solid-state 

engineering, which include polymorphs, solvates and hydrates, and cocrystals. 

Polymorphs are crystal forms of the same chemical structure with different arrangement 

of the molecules in the crystal unit cell. Solvates include molecules of a solvent in their 

crystal lattice, which means that their chemical structure differs. Hydrates are a special 

type of solvates with water molecules in the crystalline structure. Cocrystals like solvates 

have a modified crystalline structure, which includes the target API and a coformer. The 

difference is that solvents are typically not considered to be coformers. Coformers can 

be pharmacologically neutral ingredients or APIs, which are different from the target API. 

As such, solvates and cocrystals in particular are additional possibilities to polymorphs, 

which rely on the modification of the crystalline structure. The aim is to obtain better 

solubility and bioavailability of a poorly soluble API with sufficient stability of the 

formulation at the same time [165]. 

In addition to the modification of the crystal lattice, solid-state engineering includes 

amorphization of the drug. In contrast to crystals, whose structure can be described as 

a simple translation of a unit cell, the amorphous substances lack this kind of a long-

range order. Amorphous substances are considered to generally exhibit better solubility 

compared to the crystalline forms [7,171]. However, again one major concern is the high 

instability of the amorphous state which can lead to recrystallization into a more stable 

crystalline form with lower solubility and lower bioavailability during the shelf-life [165]. 

Therefore, different approaches to ensure sufficient stability of amorphous drugs are 

considered. Co-amorphous systems are one of such approaches, which are made from 

two or more small molecules forming a single amorphous phase with increased stability 

of the formulation and solubility of the API [172]. Furthermore, in the case of 

carbamazepine, it has been shown that the amorphous drug resulted in a lower solubility 

compared to the crystalline form, which is considered stable at normal, storage 

conditions. The reason for this unexpected outcome, was the fact that at higher 
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temperatures (37 °C) and in aqueous medium even a more stable dihydrate form of 

carbamazepine with even lower solubility exists. Amorphous carbamazepine directly 

converted into this dihydrate form during the solubility experiments, which were 

conducted at 37°C in an aqueous medium mimicking the conditions in the GI tract. This 

in turn led to the reduced measured solubility of the amorphous carbamazepine 

compared to the commonly used crystalline form. 

One further concern when using high-energy forms (e.g., metastable polymorphs, 

amorphous drugs) is the precipitation and recrystallization of the drug from the solution 

into the more stable crystalline form after the drug administration. This reduces the 

concentration of the dissolved drug and therefore its absorption. It is expected that after 

a certain time the concentration of the drug will reduce when using such high-energy 

forms and eventually become equal to the solubility of the most stable crystalline form. 

However, the transient increase of the concentration in the GI tract leads to a transient 

increase of the API concentration in the blood and, therefore, a higher total absorption 

of the API [165,173]. Nevertheless, inhibiting precipitation and crystallization after the 

drug administration can further increase the absorption of a drug and is, therefore, of 

interest. Solid dispersions, which are discussed in more detail in the following subsection, 

can be used for combining the advantage of an amorphous API and the inhibition of 

crystallization during storage as well as after administration. 

3.4.2 Solid dispersions 

Solid dispersions are formulations which consist of an API dispersed in a carrier. 

Commonly used carrier materials are polymers such as polyvinylpyrrolidone (PVP), 

polyethylene glycol (PEG), hydroxypropyl methylcellulose (HPMC), and hydroxypropyl 

methylcellulose acetate succinate (HPMCAS). Solid dispersions are commonly 

produced by melting and mixing the carrier material with the drug (e.g., hot-melt 

extrusion) and by using solvent evaporation techniques. Solid dispersions can be 

classified into different types based on the solid state of the carrier (i.e., crystalline or 

amorphous) and based on the arrangement of drug molecules in the carrier. On the one 

hand, the drug molecules can form particles within the carrier which can be either 

crystalline or amorphous. On the other hand, the drug can be molecularly dispersed 

within the carrier (i.e., solid solution). In this case the drug is amorphous, however, its 

molecules do not form particles. For different types of solid dispersion different 

mechanisms of solubility enhancement can be expected. For crystalline particles within 

the matrix the main advantage is the particle size reduction which facilitates the 

dissolution rate due to the increased total surface area (see equation 3.7). In the case of 

amorphous particles or a molecularly dispersed drug, an increased solubility is expected 

due to the weaker interactions between the drug molecules (see section 3.1) in addition 

to the reduced particle size. For a molecularly dispersed drug the maximum area for 

hydration is obtained, which additionally increases the drug release rate [165]. 

For solid dispersions containing amorphous APIs the greatest bioavailability 

enhancement can be expected. However, as discussed, in the case of solid-state 

engineering (subsection 3.4.1), drugs in amorphous state are unstable and tend to 

convert into a more stable crystalline form. The crystallization of an amorphous drug 

during the shelf-life is the main concern when using amorphous formulations. In the case 

of solid dispersions, it is expected that the drug remains in its amorphous state over a 
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longer period, as the molecular mobility is reduced by the carrier. One further advantage 

of solid dispersions is that once the formulation is dissolved and the concentration of the 

drug exceeds the solubility of the stable crystalline form, the carrier can inhibit nucleation 

and crystal particle growth. This way the concentration of the dissolved drug can be 

maintained at an increased level (i.e., exceeding the solubility of the stable crystalline 

form) for longer time which results in a better absorption of the drug and therefore an 

increased bioavailability [165]. 

In addition to the described types of solid dispersions, formulations involving porous 

materials can be considered as one further, however, unconventional type of solid 

dispersions [165]. Such formulations are commonly prepared by impregnation of the 

solid porous carrier with the solution containing the drug [174]. After the solvent 

evaporates, the drug molecules adsorb to the surface of the carrier. This way the drug 

remains amorphous which leads to an increased solubility and bioavailability of the drug. 

Selection of materials containing networks of nano- and microsized pores and capillaries 

leads to high surface areas (>500 m²/g) of the material and consequently high drug 

loading in the amorphous form. An example of widely considered carrier material is 

mesoporous silica [175]. Again, the physical stability of the amorphous drug during shelf-

life as well as precipitation and crystallization after drug administration remain the 

challenging factors [165].  

Another example of a porous material is paper (e.g., coffee filter paper). Therefore, it can 

be considered as a porous carrier for production of amorphous solid dispersions. 

SmartFilms® encompass this idea. They are presented in the following subsection in 

more detail since the focus of this work lies within the applicability of THz TDS for the 

inspection of the solid state of drugs loaded into smartFilms. 

3.4.3 SmartFilms® 

SmartFilms® are a novel formulation for improving solubility of poorly soluble drugs, 

which relies on the solubility advantage of amorphous APIs. SmartFilms can be made 

from conventional paper films (e.g., tissue paper, coffee filter paper) with density 

between 0.1 and 2 g/cm³, crystallinity index between 1 and 200, capability to intake water 

between 10 and 2000 % (m/m), water content between 1 and 20 % (m/m) and pores with 

diameter between 1 and 200 µm [8,9]. Such paper films are soaked with a drug dissolved 

in a solvent. After the solvent evaporates, the drug remains loaded into the paper matrix 

in its amorphous state. Figure 22 schematically shows how smartFilms can be prepared 

on a laboratory scale. 

First the selected sheet of paper is cut into pieces of smaller size which are easier to 

handle and a stock solution with a specific concentration of the selected drug is prepared. 

Then the solution is applied onto the paper and the paper is left to dry. After the paper is 

dry, the solution can be applied to the paper again to increase the amount of the drug 

loaded in the smartFilm. These loading cycles can be repeated until the desired content 

of the drug in the smartFilm is achieved. 



 

49 

 

Figure 22. Manual production of smartFilms on a laboratory scale. Adopted from [176]. 

The amount of drug loaded into the paper matrix in a single cycle is determined by the 

concentration of the solution and the volume applied. The volume is typically selected in 

a way that the whole paper gets wet. The volume should be selected carefully to avoid 

solution dropping from the paper. This way the amount of the drug loaded per cycle 

equals the concentration of the solution multiplied by the applied volume. The actual 

mass loaded can be further controlled by weighing the paper before and after the loading 

once the solvent completely evaporated. 

The drying of the soaked paper can take place in a fume hood at room temperature. 

Alternatively, the drying process can be accelerated by elevating the temperature during 

drying. However, exposing smartFilms to higher temperatures during drying might 

influence the amorphousness of the loaded drug. The time it takes to dry also depends 

on the solvent used. Typically, organic solvents such as ethanol, methanol, and acetone 

are used. It is important that the drug is sufficiently soluble in the selected solvent and 

that the solvent completely and readily evaporates after being soaked by the paper. 

In addition to the straightforward production of smartFilms, another advantage of 

smartFilms is the possibility to easily convert them into tablets. This is done by first cutting 

the smartFilms into smaller pieces which more easily fit a tablet press and then pressing 

them into a tablet. The tablets obtained this way meet the requirements of the European 

Pharmacopoeia in terms of mass and content uniformity, resistance to crushing and 

friability [177]. Alternatively, smartFilms can be first milled to obtain a fine powder before 

pressing the tablets. In a proof-of-principle study [178] smartFilms were loaded with rutin, 

milled into a powder with median particle size of 86.5 µm and then pressed into tablets. 

X-ray diffractometry (XRD) as well as differential scanning colometry (DSC) confirmed 

that rutin remained amorphous after milling. Furthermore, tablets pressed from powder 

showed higher dissolution rate compared to the tablets pressed directly from smartFilms 

[178]. One further alternative to prepare an oral dosage form with smartFilms is to fill 

smaller pieces of smartFilms into capsules. Recently, a different approach of drug 

delivery involving smartFilms was investigated by Eckert et al. [179]. In this study 

smartFilms loaded with amorphous curcumin were used for improvement of dermal 

penetration efficacy of curcumin. Ex Vivo investigation on porcine skin revealed that 

curcumin loaded into smartFilms could efficiently permeate into the stratum corneum. 

Furthermore, an improved penetration into deeper layers of the skin could be observed 
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compared to other formulations (i.e., bulk suspension, diluted bulk suspension, 

nanocrystals, and diluted nanocrystals). 

Despite several demonstrations that smartFilms maintain the API amorphous, the exact 

mechanism how this is achieved is not completely understood yet and it is part of an 

ongoing research. Considering that paper consists of pores and fibers of cellulose, which 

increase the available surface for adsorption of the drug, smartFilms can be considered 

another special type of solid dispersions. As such, different factors can contribute to 

maintaining the drug amorphous. One could imagine that pores physically limit the 

formation of crystals due to the limited available space. However, this is unlikely due to 

the relatively big pore size. It is more likely that the interactions of the drug molecules 

with the paper matrix reduce the mobility of the drug molecules which inhibits 

crystallization. Furthermore, effectively dispersing the drug molecules throughout the 

whole paper matrix could prevent the drug molecules from interacting directly with one 

another. Therefore, the probability of forming even amorphous particles, which could 

convert into crystalline particles, is reduced. However, by increasing the amount of drug 

molecules in the paper matrix, the likelihood for direct interactions between the drug 

molecules increases. Therefore, it can be expected that smartFilms maintain the drug in 

its amorphous state only until a certain drug content. 

The stability of the formulation in sense of drug amorphousness over a long enough 

period remains the main concern. To address this concern, appropriate analytical 

methods are required, which preferably also enable testing of the final dosage form (e.g., 

tablets) in a non-destructive way. THz TDS is a non-destructive technique which can be 

used to differentiate crystalline forms from amorphous state for many substances and 

even quantify the degree of crystallinity (see subsection 2.2.1). Therefore, THz TDS is a 

good candidate for this task. The potential of THz TDS for the non-destructive inspection 

of the solid state of APIs loaded into smartFilms is presented in the following chapters.  
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4 Feasibility of THz TDS for the investigation of smartFilms®  

The goal of the first THz TDS investigations regarding smartFilms was to determine if 

such investigation is feasible at all. For this purpose, L-(+)-tartaric acid (LTA, Carl Roth 

GmbH + Co. KG, Germany) was chosen as a model substance for loading the paper 

films since it is a well-studied chemical in the THz range, which exhibits a strong 

absorption peak at around 1.1 THz when in its crystalline state (see Figure 23) [15,180–

182]. Coffee filter paper (Filtertüte 1x6/40 naturbraun, Melitta Europa GmbH & Co. KG, 

Germany) was used as a paper film basis for the preparation of smartFilms, as it 

delivered promising results in previous studies of smartFilms and tablets made from them 

[177,178]. 

 

Figure 23. Absorption coefficient of LTA extracted by using the software TeraLyzer. 80 mg of LTA 

powder were pressed into a tablet using a manual hydraulic press (Model No. GF-10B Cl. 1.0, 

Enerpac, Germany) and applying force of 30 kN for 90 s. The resulting tablet had a diameter of 

13 mm and thickness of approximately 0.35 mm and was investigated in transmission. The grey 

shaded area corresponds to the measurement uncertainty calculated based on repeated 

measurements. 

For the THz investigation within this part of the work, a THz TDS system like the one 

shown in Figure 2 was used, however, with a modified laser beam path as fiber-coupled 

antennas were employed. Furthermore, a femtosecond fiber-laser (M-Fiber, Menlo 

systems GmbH, Germany) emitting short laser pulses (<100 fs) with a central 

wavelength emission at approximately 1550 nm was used. The emitted laser light was 

split into two parts using a fiber beam-splitter. One part was directly guided to the fiber-

coupled emitter antenna. The other part of the laser beam was coupled out of the fiber 

and directed onto a retroreflector mounted on an optical delay line. The reflected beam 

was then coupled back into a fiber attached to the detector antenna. AC voltage was 

applied to the emitter and a Lock-in amplifier (SR830, Stanford Research Systems, USA) 

was used for the amplification of the detected signal. Polyethylene lenses were used to 

form the THz beam path for the transmission measurements. 

The investigation on the feasibility of THz TDS for the investigation of smartFilms 

involving LTA presented in this chapter can be divided into two parts. The first part 

involves the preliminary investigation, whereas the second part involves a more 

comprehensive THz TDS investigation of smartFilms loaded with LTA as well as tablets 

made from them. Furthermore, it also includes a comparison with XRD investigation of 

the prepared smartFilms. 
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4.1 Preliminary investigation 

In the first step, five circular pieces of paper with a diameter of approximately 93 mm 

were cut from the coffee filter paper basis. After the paper samples were weighted, they 

were individually mounted into the holder and then investigated in transmission geometry 

on six different areas of the sample as shown in Figure 24. Additionally, a reference 

measurement without the sample in the beam path was performed. This set of 

measurements was repeated ten times in an enclosed chamber with a constant inflow of 

nitrogen resulting in relative humidity not exceeding 4% at a temperature of 

approximately 20 °C. After the measurement of the unloaded paper sample (i.e., paper 

film without LTA) was done, the mounted sample was removed from the THz TDS setup. 

Then an LTA aqueous solution with a selected concentration was prepared and poured 

onto the paper, which was still mounted into the holder. The amount of the applied 

solution (i.e., 20 g) sufficed to completely soak the paper sample. The exceeding 

solution, which could not be absorbed by the paper, was drained off and the sample was 

inserted back into the beam path while still being wet. Then the measurements were 

performed on the same six areas of the sample with an extra reference measurement 

without the sample in the beam path. This measurement set was repeated 100 times, 

which exceeded ten hours. In this time the soaked water completely evaporated from the 

sample and the last ten repetitions, which were recorded several hours after the sample 

had dried, were used for further analysis. After the THz measurements were completed, 

the smartFilms were removed from the holder and weighted again. 

 

Figure 24. Filter papers were individually mounted into a metal holder and six different areas on 

the sample were repeatedly investigated with a collimated beam. 

In total four LTA aqueous solutions with different concentrations (i.e., approximately 5, 

10, 15, and 20 w%) were used in the experiment. The concentrations of the solutions 

and results of weighing the sample before and after the experiment with the 

corresponding loaded content of LTA are listed in Table 3. In addition to using LTA 

aqueous solutions to wet the filter papers, one paper sample was soaked with distilled 

water without any LTA dissolved in it (i.e., 0 w%, see Table 3). This control sample was 

used to estimate the time it takes for a sample to dry and to determine if wetting of the 

paper and subsequent evaporation of the water have an influence on the THz 

absorbance of the dried sample. The results of the investigation of the control sample 

are shown in Figure 25. 
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Table 3. Overview of the investigated samples. LTA aqueous solutions with four different 

concentrations of LTA as well as pure water were used to soak the paper samples. The mass of 

the samples before (m1) and after the loading (m2) were recorded (Libror EB-3300HW, Shimadzu 

Deutschland GmbH, Germany). The resulting mass difference (Δm) corresponds to the LTA 

loaded into the paper samples. The content of the LTA in the paper samples was calculated in 

terms of weight percentage (i.e., w%) and mg of LTA per unit area of the paper samples (i.e., 

mg/cm²). For the calculation of the latter, the area of the paper samples was determined to be 

67.9 cm². Note that for pure water (i.e., CLTA = 0 w%) the negative mass difference, which equals 

to the resolution of the scale used, confirms that no LTA was loaded into the sample and that the 

water completely evaporated during drying. 

N CLTA (w%) m1 (g) m2 (g) Δm (g) LTA content 
(w%) 

LTA content 
(mg/cm²) 

0 0 0.46 0.45 -0.01 / / 

1 5.0 0.45 0.53 0.08 15.1 1.2 

2 10.1 0.45 0.60 0.15 25.0 2.2 

3 14.9 0.45 0.67 0.22 32.8 3.2 

4 19.9 0.45 0.79 0.34 43.0 5.0 

 

The transmittance (see equation 2.7) of the control sample during drying of the control 

sample was the smallest (i.e., approx. 10 %) at the beginning of the experiment when 

the amount of water in the sample was the greatest. This was expected since water 

strongly absorbs THz radiation [181]. With increasing drying time, the transmittance also 

increased and reached a plateau of approximately 85 %. This plateau was reached 

approximately after one hour, indicating that the sample was dry. The same behavior 

could be observed for all six investigated areas on the sample as shown in Figure 25 a). 

Furthermore, a comparison of the frequency dependent absorbance of the fresh paper 

sample (i.e., before wetting) and of the paper after wetting reveals that applying water to 

the paper sample and letting it dry did not have any significant effect on the absorbance 

of the THz radiation (see Figure 25 b)). Therefore, any significant difference in the 

absorbance of the fresh and loaded samples can be contributed to the LTA loaded into 

the paper matrix. The results for paper samples loaded with LTA are shown in Figure 26. 

The transmittance of the samples during drying shown in Figure 26 a-d) increased in a 

similar way as in the case of the control sample (see Figure 25 a)). The time it took to 

reach the plateau differs among the samples. This could mean that the presence of LTA 

in the applied solution and its concentration might influence the drying dynamics of the 

paper. However, since the exact amount of water soaked by the paper and the time 

required between wetting the paper and starting the THz measurement were not 

systematically controlled, no reliable conclusions can be made about the dynamics of 

the drying process of the samples, which can be of interest for certain pharmaceutical 

applications [183]. Nevertheless, comparing the transmittance after the samples were 

dry reveals that the final transmittance is lower for samples soaked with more 

concentrated solutions. Such a result was expected since more LTA is deposited into 

the paper matrix when using more concentrated solutions, which additionally attenuates 

the THz radiation propagating through the sample. A similar conclusion can be made by 

observing the absorbance spectra shown in in Figure 26 e-h) and keeping in mind that 

lower transmittance means higher absorbance (see equation 2.7). For all samples an 
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increase in the absorbance across the investigated spectral range can be observed after 

the samples were loaded and dried. Furthermore, the samples loaded with a more 

concentrated solution revealed overall higher absorbance, which can be again attributed 

to a greater amount of LTA deposited into the paper matrix of the samples. By weighing 

the samples before and after the loading confirmed that the amount of LTA in the 

samples increased when using more concentrated solutions (see Table 3). 

 

Figure 25. Investigation of the control sample (i.e., 0 w%). a) Transmittance in the frequency 

range between 0.6 and 0.8 THz of the six different areas on the sample (see Figure 24) in the 

first 2.5 hours of the measurement after the wetting. b) Average absorbance of the paper sample 

before wetting (dashed curve) and after the sample was completely dry (solid curve). The shaded 

areas correspond to the measurement uncertainty assessed based on the ten measurement 

repetitions. 

The goal of this preliminary investigation was to determine based on the THz data 

whether the LTA loaded into the paper samples was in its crystalline or amorphous state. 

For this the absorbance spectra of the individual samples before and after loading, which 

are shown in Figure 26 e-h) were compared. On the one hand, for the highest loaded 

content of LTA (Figure 26 h)), a clear absorption peak at approximately 1.1 THz can be 

observed, which is characteristic for crystalline LTA. On the other hand, in the 

absorbance spectra for the lowest two LTA contents shown in Figure 26 e-f) no such 

absorption peak can be observed, which indicates that the LTA loaded into the paper 

matrix remained amorphous. In the case of the 15 w% solution (Figure 26 g)), a weak 

absorption peak at approximately 1.1 THz can be observed, which indicates that some 

part of LTA was crystalline. Observing the absorbance spectra of the individual 

investigated areas for this sample shown in the inset in Figure 26 g) reveals a clear 

absorption peak at 1.1 THz for two out of six investigated areas. This indicates that 

crystalline LTA was present only on parts of the sample, which could be due to paper 

inhomogeneity or inhomogeneous distribution of the loaded LTA across the sample. 

Since the same six areas on smartFilms were investigated before and after the loading, 

the absorbance of fresh paper samples (i.e., before loading) was subtracted from the 

absorbance of the loaded smartFilms independently for all six areas. This difference in 

absorbance can be attributed to the LTA loaded into the smartFilms. The calculated 

absorbance difference for all four loaded samples as well as the control sample is shown 

in Figure 27. 
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Figure 26. a-d) Transmittance in the frequency range between 0.6 and 0.8 THz of the individual 

areas of the samples during drying after applying the LTA solution with concentration of 5, 10, 15 

20 w%, respectively. e-h) Average frequency dependent absorbance of the whole paper samples 

before (dashed lines) and after loading and drying (solid lines) for the applied LTA solution with 

concentration of 5, 10, 15 20 w%, respectively. The shaded gray areas correspond to the 

assessed measurement uncertainty based on the ten repeated measurements. In the inset, the 

absorbance for the individual areas of the loaded sample is shown. 

For the control sample, the absorbance difference was approximately zero within the 

measurement uncertainty. This is expected since no LTA was loaded into the sample. In 

the case of all smartFilms (Figure 27 b-e)) a positive difference in absorbance can be 

observed, which is attributed to the amount of the loaded LTA. Furthermore, for the 

15 w% sample an absorption peak at 1.1 THz, which indicates the presence of crystalline 

LTA, can be observed for two out of six investigated areas on the sample. In the case of 

20 w% the 1.1 THz absorption peak can be observed for all six investigated areas. From 

the results presented in terms of absorbance difference (Figure 27) and in terms of 

absorbance before and after the loading (Figure 26) equivalent conclusions can be 

drawn. However, in the case of absorbance difference the curves corresponding to 

different areas on the sample vary less compared to the absorbance of loaded samples 

(see insets in Figure 26). This can be attributed to the different absorption of the fresh 

paper (i.e., before loading) on different areas due to paper inhomogeneity that is already 

considered in the case of absorbance difference. Therefore, the results for smartFilms 
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obtained in the main investigation are discussed in terms of absorbance difference. The 

results of the main investigation are presented in the next section.  

 

Figure 27. Absorbance difference for a) control sample (i.e., 0 w%) and for b-e) smartFilms loaded 

with LTA aqueous solution with concentration of approximately 5, 10, 15, and 20 w%, 

respectively. The gray lines correspond to the six investigated areas. The red shaded area 

corresponds to the measurement uncertainty estimated based on the measurement repetitions. 

The black dotted lines correspond to the average absorbance difference of the whole sample. 

In summary, the preliminary investigation revealed that THz TDS has the potential for 

non-destructive inspection of smartFilms in terms of the crystallinity state of the loaded 

chemical (i.e., LTA). The data suggest that the LTA loaded into the paper remains 

amorphous when the paper samples are soaked with aqueous solutions with LTA 

concentration not exceeding 10 w%. This corresponds to an LTA content in the 

smartFilms of approximately 25 w% and 2.2 mg/cm². When more concentrated solutions 

are used, the LTA content increases and the characteristic 1.1 THz absorption peak for 

the crystalline LTA can be observed. This indicates that smartFilms have a certain 

loading limit up to which they can maintain the substance amorphous. In the following 

section a more elaborated investigation of smartFilms loaded with LTA is presented. 

4.2 Main investigation 

For the second, main part of investigation focusing on the feasibility of THz TDS for 

investigation of smartFilms the procedure of loading the smartFilms was altered. In the 
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preliminary investigation, solutions with different concentrations were prepared to 

influence the content of the LTA loaded into a sample. For the preparation of smartFilms 

presented in this section of the thesis a single stock solution was used. To increase the 

content of LTA loaded into a sample, the loading cycle was repeated, i.e., the solution 

was applied to the already loaded and dried smartFilms as discussed in subsection 3.4.3. 

Furthermore, for each selected loading of the smartFilms five samples were prepared 

and investigated. As a positive control, physical mixtures with corresponding LTA content 

were prepared and investigated. SmartFilms were also pressed into tablets and 

investigated using THz TDS. Additionally, smartFilms were investigated using XRD and 

DSC. 

4.2.1 Sample preparation and investigation 

For the preparation of smartFilms, in total 25 smaller rectangular pieces (35 mm x 

40 mm) were first cut from the paper basis. Then a stock aqueous solution of LTA with 

a concentration of 56 mg/ml was prepared. In each loading cycle 250 µl of the solution 

were applied to the paper samples with a pipette. The selected volume resulted in wetting 

of the whole sample in a way that no excess solution dropped from the paper sample. 

The wet samples were dried in a fume hood at ambient temperature for approximately 

one hour. The applied volume and the selected concentration of the stock solution 

resulted in 14 mg of LTA loaded into the paper matrix per loading cycle, which 

corresponds to the LTA content of 1 mg/cm² per loading cycle. This was also the lowest 

selected amount of loaded LTA, as the preliminary investigation revealed that for 

approximately this content smartFilms can maintain LTA amorphous (see section 4.1). 

To increase the amount of the LTA in the smartFilms, the loading cycle was repeated. 

Each repetition resulted in additional 1 mg/cm² loaded into the smartFilms. In total 1, 2, 

3, 4, and 5 loading cycles were considered resulting in an LTA content of 1, 2, 3, 4, and 

5 mg/cm², respectively. For each LTA content five smartFilms were prepared, which 

were stored at room temperature until the subsequent investigation and processing. The 

overview of the prepared smartFilms is summarized in Table 4. 

Table 4. Overview of the prepared smartFilms. For each amount of loaded LTA (i.e., LTA content) 

five samples were prepared, resulting in 25 samples in total. 

Number of 
loading cycles 

mLTA (mg) 
LTA content 

(mg/cm²) 
LTA content 

(w%) 

1 14 1 13 

2 28 2 23 

3 42 3 31 

4 56 4 37 

5 70 5 43 

 

The prepared smartFilms were placed into slide frames for easier handling during THz 

TDS investigation (see Figure 28 a)). The cut paper samples were investigated using 

THz TDS prior to the loading of LTA and can be considered as a negative control. In 

addition to the smartFilms, physical mixtures with corresponding LTA content (i.e., 13, 

23, 31, 37, and 43 w%) were prepared as a positive control. For preparation of physical 

mixtures paper powder was first prepared by milling the coffee filter paper using a mixer 
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mill (MM 400, Resch GmbH, Germany). Then LTA bulk material was added in desired 

proportions with respect to the paper powder and mixed by using pestle and mortar. 

 

Figure 28. THz TDS investigation of smartFilms and paper tablets. a) SmartFilm inserted into a 

slide frame. The nine blue dots indicate the nine investigated areas on a smartFilm. The same 

nine areas were investigated before and after loading of each sample. b) Photo of a smartFilm 

sample in the THz beam path. c) Photos of paper tablets made from smartFilms (top) and physical 

mixture (bottom). d) A photo of a paper tablet in the beam path. e) Sketch of the THz beam path 

consisting of fiber-coupled emitter and detector modules and two pairs of lenses. More details 

about the setup can be found in [176]. 

For the THz investigation the prepared powder mixtures were pressed into tablets by 

filling the cavity of the tablet press (EK0, Korsch AG, Germany) and compressing them 

with a force not exceeding 30 kN [177]. The tablet press was operated manually. For 

each LTA content three tablets were prepared. In addition to the tablets made from 

physical mixtures, five individual smartFilms (i.e., one per LTA content) were also 

pressed into tablets. They were first cut into smaller pieces of approximately 10 mm by 

10 mm to fit the cavity of the tablet press. All obtained tablets were circularly shaped (see 

Figure 28 c)) with diameter of 10 mm, bi-planar facetted, and had a thickness of 

approximately 1 mm.  

For the XRD and DSC analysis the prepared powder mixtures were directly used without 

pressing them into tablets. The XRD and DSC analysis of smartFilms was performed 

after the THz measurements were completed. For the XRD analysis of smartFilms a 

single smartFilms sample per LTA content was analyzed after cutting it into smaller 

pieces which fit the sample stage. Additionally pure bulk LTA material and paper films 

without loaded LTA were investigated. The XRD analysis was performed with a X'Pert 

Pro PW3040/60 (Philips/Panalytical B.V., Netherlands) system. The voltage of the anode 

made from cobalt was set to 40 kV with a current of 35 mA. The measurements were 

performed for the 2θ ranging from 10 ° to 110 ° with a step size of 0.026 °. The DSC 

analysis was performed using a DSC 7 (Perkin-Elmer Inc., USA). 5-6 mg of 

corresponding samples were inserted into 40 µl aluminum pans. SmartFilms were cut 
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into smaller pieces which fit into the aluminum pans. The samples were heated from 

50 °C to 300 °C at a heating rate of 10 K/min. 

4.2.2 Results 

SmartFilms were investigated on nine colinearly selected spots (see Figure 28) using 

THz TDS before loading them with LTA. Several days after the 25 smartFilms were 

loaded the same nine areas on the samples were again investigated. Furthermore, first 

the smartFilms with higher LTA content were investigated followed by the smartFilms 

with lower LTA content. The THz TDS measurements of all 25 loaded smartFilms were 

performed within two weeks. The difference in absorbance before and after the loading 

of the smartFilms is shown in Figure 29.  

 

Figure 29. a-e) Absorbance difference for smartFilms with 1-5 mg/cm² LTA content, respectively. 

The gray lines correspond to the average absorbance difference for five different samples (i.e., 

individual investigated areas not shown). The red shaded area corresponds to the measurement 

uncertainty estimated based on the measurement repetitions. The black dotted lines correspond 

to the average absorbance difference of all five samples with the same LTA content. 

For the lowest two LTA contents (i.e., 1 and 2 mg/cm²) the 1.1 THz absorption peak is 

not observed, which indicates that the smartFilms maintained the LTA in its amorphous 

state. This was the case for all five samples per loading (grey lines in Figure 29) and for 

all investigated areas (data not shown). For higher loadings (i.e., 3-5 mg/cm²) a clear 

absorption peak at 1.1 THz can be observed, which indicates that the loading limit of the 

paper matrix was exceeded and LTA at least partially crystallized. This was again the 
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case for all five samples per LTA content and all investigated areas (data not shown). 

Furthermore, with increasing LTA content also the peak amplitude increased, which 

suggests that after the loading limit was reached, the majority of added LTA crystallized. 

After the THz measurements of smartFilms were done, single sample per LTA content 

was investigated with XRD and DSC. The results of the XRD investigation of smartFilms 

are shown in the left half of Figure 30. On the right side of the figure the diffractograms 

of the corresponding physical mixtures are shown. 

 

Figure 30. X-ray diffractograms for smartFilms (left part of the figure) and physical mixtures (right 

part of the figure). The panels a) and h) on top of the figure correspond to paper film and milled 

paper without any LTA, respectively. In panels g) and n) at the bottom the same diffractogram of 

bulk LTA is shown. In panels c-d) diffractograms corresponding to smartFilms with 1-5 mg/cm² 

LTA content are shown, respectively. Panels i-m) show diffractograms of the corresponding 

physical mixtures (i.e., LTA content of 1-5 mg/cm², respectively). 

In the most upper two panels in Figure 30 the diffractograms of a) paper film and h) milled 

paper both without any LTA are shown. In both diffractograms two broad diffraction 

features can be observed. First at approximately 17 ° and second at approximately 26 °. 
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In the panels g) and n) at the bottom of the Figure 30 the same diffractogram of the bulk 

LTA material is shown. LTA exhibits several diffraction peaks, which are all narrower 

compared to the two features exhibited by the paper. The most prominent features are 

located at 22, 24, 35, and 35 °, whereby the features at 22 ° and 24 ° both contain two 

diffraction peaks. Between the panels with diffractograms of the paper and the LTA 

sample, diffractograms of smartFilms (left part of Figure 30) and the corresponding 

physical mixtures are shown (right part of Figure 30).  

In the case of physical mixtures, peaks characteristic for LTA can be observed for all 

LTA contents. In the case of smartFilms, no peaks characteristic for LTA can be 

observed for the LTA content of 1 and 2 mg/cm², which again suggests that LTA was 

maintained amorphous by the smartFilms. For a greater LTA content, the characteristic 

LTA peaks can be observed, which means that crystalline LTA was present in the sample 

and that the loading limit of the smartFilms was exceeded. These observations are in 

complete agreement with the observations made based on the THz TDS measurements 

of smartFilms. Additional THz TDS measurements were performed on tablets pressed 

from smartFilms and physical mixtures. The results of the extracted absorption 

coefficient from these measurements are shown in Figure 31. 

In the panels a) and g) in the upper part of the Figure 31 absorption spectra of pressed 

paper films and pressed milled paper are shown, respectively. In both cases the 

absorption coefficient monotonically increases with frequency and no distinct absorption 

features can be observed. In the case of physical mixtures (right hand-side of Figure 31) 

the absorption peak at around 1.1 THz can be clearly observed. The strength of the peak 

increases with the increasing LTA content. In the case of smartFilms, no 1.1 THz 

absorption feature is observed for the loadings lower than 3 mg/cm², which again 

indicates that LTA was maintained amorphous by the smartFilms. Furthermore, this also 

means that the pressing of smartFilms into the tablets did not cause a crystallization of 

LTA. For greater LTA content the smartFilms could not maintain the LTA amorphous 

(see Figure 29), which remained this way also after transferring them into the tablet form. 

SmartFilms and physical mixtures as well as the bulk LTA were examined using DSC. 

However, except for the investigation of the bulk LTA, the measurements were 

irreproducible (data not shown). Furthermore, neither for smartFilms nor for the physical 

mixtures the endothermic feature due to the melting of the LTA could be observed. This 

endothermic feature was expected at least for physical mixtures since they contain 

crystalline LTA. Different potential reasons for such unexpected behavior were 

experimentally investigated. It was established that the observed problem is related to 

the hygroscopic nature of LTA and its good aqueous solubility and the fact that paper 

contains certain amount of water which is sufficient to dissolve the amount of LTA in the 

samples during heating of the sample. More information about the DSC investigation can 

be found in [176]. 
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Figure 31. a-f) Absorption coefficient for smartFilms pressed into tablets (left part of the figure) 

with LTA content of 0, 1, 2, 3, 4, and 5 mg/cm², respectively. g-l) Absorption coefficient for the 

corresponding physical mixtures (right part of the figure). Tablets made from physical mixtures 

were prepared in triplicate, whereas single smartFilms per LTA content were pressed into tablets. 

Note that for the tablet made from smartFilms with 5 mg/cm² content of LTA shown in f) the 

dynamic range of the spectrometer was exceeded around 1.1 THz (light-grey part of the curve). 

The tablets differed in thickness between approximately 0.8 and 1.2 mm. The 5 mg/cm² 

smartFilms tablet was the thickest. The absorption coefficient was extracted using software 

TeraLyzer (see subsection 2.1.2). The absorption coefficient of bulk LTA is shown in Figure 23. 

In summary, the investigation of smartFilms loaded with LTA confirmed the feasibility of 

THz TDS for non-destructive testing of smartFilms as well as tablets made from them. 

The presented results revealed that smartFilms maintain LTA amorphous up to the LTA 

content of approximately 2 mg/cm² which corresponds to 23 w% of LTA in the paper 

matrix. If more LTA is loaded into the smartFilms, the LTA at least partially crystallizes. 

In the case of physical mixtures with the corresponding LTA content the characteristic 

absorption peak for the crystalline LTA was observed for all samples. This suggests that 

THz TDS is sensitive enough to detect crystalline LTA for the selected LTA content. 

Furthermore, the results obtained from THz TDS were confirmed with an XRD analysis 
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of the samples, which delivered qualitatively equivalent results, however, in a destructive 

way. The presented results in this proof-of-principle study demonstrate the potential of 

THz TDS for the non-destructive investigation of the crystalline state of APIs in the 

smartFilms and tablets made from them. In the following chapter THz absorption 

properties of different pharmaceutically relevant materials are presented.  
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5 THz absorption coefficients of selected pharmaceuticals 

In this chapter the absorption coefficients of selected materials are presented. The key 

idea thereby is to determine which materials exhibit distinct absorption features in the 

investigated spectral range. Furthermore, the magnitude of these features is also of 

interest. In the case of APIs, pronounced absorption features are desired since this way 

THz TDS could be used for the inspection of their solid state in a similar manner as 

discussed in the previous chapter. Furthermore, absorption properties of 

pharmaceutically non-active ingredients (i.e., excipients) are also relevant as they could 

influence the success of such an investigation. Many of the selected materials have been 

investigated before and the results have been published in different scientific journals as 

well as in online THz databases [184,185]. However, the results are often reported in 

terms of the absorbance which limits the comparison between different materials 

especially if the information about the sample thickness is not provided. Furthermore, 

the way the samples were prepared and analyzed can also differ from one publication to 

the other, which limits the direct comparison of the magnitude of the absorption peaks. 

Therefore, the samples of the selected materials in this work were all prepared, 

investigated, and evaluated following the same procedure. 

The materials selected for this work can be divided into two groups. The first group 

consists of poorly soluble APIs. The second group is composed of selected excipients 

including the coffee filter paper in form of a powder and of a film, and microcrystalline 

cellulose (MCC) powder since the smartFilms technology relies on loading APIs into the 

paper matrix, which is mainly made of cellulose. All acquired samples were received in 

the form of powders except for the coffee filter paper, and PEG 4000. The latter formed 

bigger pieces of material. These pieces were, therefore, first grinded with mortar and 

pestle into a finer powder. Powders of all the selected materials were then individually 

pressed into tablets without adding any additional material. For this approximately 

120 mg of the powder were weighted (Libror EB-3300HW, Shimadzu Deutschland 

GmbH, Germany) and inserted into the hydraulic press (Model No. GF-10B Cl. 1.0, 

Enerpac, Germany) and pressed with a force of 30 kN for 90 s. In the case of the milled 

coffee filter paper the tablet was prepared in the same way as for the rest of the powders. 

A tablet was also pressed directly from the coffee filter paper. To fit the press the filter 

paper was first cut into smaller pieces of about 13 mm by 13 mm in size and then pressed 

into a tablet. All obtained tablets were of cylindrical shape with a diameter of 13 mm and 

the thickness ranging from 0.55 to 0.85 mm. The obtained tablets were then inserted into 

the focal plane of a THz TDS transmission system and measured five times. In addition, 

five reference measurements were recorded. The reference measurements were 

performed by removing the tablets from the beam path. All measurements were 

performed under nitrogen atmosphere. The absorption coefficient was extracted with the 

software TeraLyzer (see section 2.1.2), which allows for simultaneous evaluation of the 

dielectric properties and the thickness of the sample. The starting value of the sample 

thickness, which needs to be entered into the software, was determined with a 

micrometer screw gauge. The extracted absorption coefficients of selected APIs are 

presented in the next section. 
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5.1 APIs 

The APIs presented in this section were considered as potential model drugs for further 

investigation involving THz TDS and smartFilms technology. They can be further divided 

into two subgroups. The first one involves poorly soluble APIs which are used in 

marketed drugs, whereas the second subgroup includes poorly soluble naturally 

occurring substances, which can be mainly found in different food supplement products. 

The first subgroup includes caffeine (CAF, Caesar & Loretz GmbH, Germany), ibuprofen 

(IBU, Caesar & Loretz GmbH, Germany), (S)-naproxen (NAP, Carbolution Chemicals 

GmbH, Germany), indomethacin (IM, Across Organics BV, Belgium), fenoprofen calcium 

dihydrate (FC, TCI Deutschland GmbH, Germany), carbamazepine (CBZ, TH Geyer 

GmbH & Co. KG, Germany), nifedipine (NIF, abcr GmbH, Germany), azithromycin (AZM, 

abcr GmbH, Germany), and norfloxacin (NOR, abcr GmbH, Germany). Caffeine was 

selected since it was used as a model drug for loading smartFilms and transferring them 

into tablets [177]. CAF is sparingly soluble in water and used for pain-relief treatment in 

combination with other pain relievers (e.g., Aspirin) to facilitate their impact [178]. IBU, 

NAP, IM, and FC are BCS class II drugs and belong to the group of non-steroidal anti-

inflammatory drugs [186–189]. CBZ and NIF are also BCS class II drugs. The former is 

used for treatment of epilepsy [190] and the latter is used for the treatment of high blood 

pressure as well as angina [191–193]. AZM and NOR are BCS class II and class IV 

antibiotics [194,195], respectively. The absorption spectra of the nine selected APIs are 

plotted in Figure 32. 

Panel a) in Figure 32 shows absorption spectra of CAF, IBU, and NAP. CAF exhibits two 

broad absorption peaks in the investigated frequency range. The weaker and stronger 

absorption peak can be observed at approximately 0.8 THz and 1.25 THz, respectively, 

which agrees well with the previous reports [196,197]. IBU shows the most prominent 

absorption peak at approximately 1.05 THz and two weaker absorption peaks at 

approximately 1.45 and 1.95 THz. This matches with the reported values for the most 

commonly used racemic (RS)-IBU [198]. In the case of NAP five absorption peaks at 

approximately 0.95, 1.2, 1.65, 2.0, 2.35 THz can be observed with the most prominent 

absorption peak at 1.65 THz. The observed absorption features agree with the reported 

absorption properties of NAP [199]. Strachan et al. investigated different forms of IM, FC, 

CBZ, which was one of the first demonstrations of the capability of THz TDS for the 

differentiation and quantification of polymorphism and crystallinity [16,107]. The 

absorption spectra of these APIs plotted in the panel b) in Figure 32 agree with the 

reported ones. IM shows three peaks at approximately 1.25, 1.45, and 2.0 THz, with the 

one at 1.25 THz being the most prominent one. FC shows four broad absorption peaks 

at approximately 0.5, 0.8, 1.5, and 2.1 THz, whereas CBZ shows five absorption peaks 

at approximately 0.85, 1.25, 1.8, 2.0, and 2.4 THz with the peaks at 1.25 and 1.8 THz 

being the most prominent ones. The observed features agree well with the reported 

absorption spectrum for CBZ form III [16]. Panel c) in Figure 32 displays absorption 

spectra for NIF, AZM, and NOR. NIF exhibits a pronounced absorption feature centered 

at approximately 1.2 THz composed out of three individual absorption peaks and a broad 

absorption feature at approximately 2.3 THz. The observed spectrum agrees with the 

previous reports [110,197]. For AZM several weak absorption features can be observed 

with the most prominent one at approximately 1.5 THz. NOR exhibits four pronounced 
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absorption features at approximately 0.8, 1.2, 2.0, and 2.3 THz. The absorption peaks at 

approximately 0.8 and 1.2 THz have been previously reported [200]. 

 

Figure 32. Absorption coefficient for selected APIs in the frequency range between 0.3 and 

2.5 THz. 

The second subgroup of APIs includes rutin (Denk Ingredients GmbH, Germany), 

curcumin (CUR, Carl Roth GmbH + Co. KG, Germany), apigenin (APG, Exquim S.A., 

Spain), hesperetin (HST, Exquim S.A., Spain), hesperidin (HSD, Exquim S.A., Spain), 

and quercetin (QRT, Denk Ingredients GmbH, Germany). It is common for the 

substances forming this subgroup that they can be extracted from plants and fruits. Thus, 

they are often part of a daily diet. Furthermore, their therapeutic potential has been 

considered in the past and is part of an ongoing investigation. For now, however, these 

compounds appear on the market mainly as part of food supplement products. Rutin has 

been considered for many of its properties such as its anti-inflammatory, antioxidant, 

antibacterial effects as well as most recently for treatment of SARS-CoV-2 infections in 

combination with other compounds [201]. Furthermore, it was also used as a model, 

poorly soluble drug in the work of F. Stumpf on smartFilms and tablets made from them 

[178]. APG, HST, HSD and QRT are also poorly soluble in water [202–205] and belong 

to the group of flavonoids. They are considered for their anti-inflammatory, antioxidant, 

and cytoprotective properties [206–208]. Curcumin is a poorly soluble polyphenol known 

for its antioxidant, anti-inflammatory, and antibacterial properties [179,209]. The 
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absorption spectra of the six compounds composing this second subgroup are plotted in 

Figure 33. 

In panel a) in Figure 33 absorption spectra of Rutin, CUR, and APG are shown. Rutin 

exhibits strong background absorption and three weak absorption peaks at 

approximately 0.9, 1.2, and 1.8 THz. In the case of CUR three absorption features at 

approximately 0.7, 1.0, and 1.9 THz can be observed with the absorption peak at 

approximately 0.7 THz being the most pronounced one. In the case of APG the most 

pronounced absorption peak can be observed at 1.5 THz. In panel b) in Figure 33 

absorption spectra of HST, HSD and QRT are presented. For HST three clear absorption 

peaks can be observed at approximately 0.7, 1.2, and 1.5 THz. HSD exhibits absorption 

peaks at approximately 0.8, 1.2, 1.6, and 1.9 THz. QRT shows several absorption 

features at 0.7 1.2, 1.65, 2.1, 2.2 THz. The latter two peaks partially overlap and form 

kind of a double peak, which is the most pronounced feature in the THz absorption 

spectrum of QRT. 

 

Figure 33. Absorption spectra of selected naturally occurring substances in the frequency range 

between 0.3 and 2.5 THz. 

In this and the previous section in total 15 poorly soluble APIs were introduced and their 

THz absorption spectra were presented. They all show distinct absorption peaks when 

in crystalline state, some of them more pronounced than others. This means that they 

can all be considered for a similar study to the one presented in chapter 4 involving LTA. 

However, especially those with intense and pronounced absorption features can be 

considered promising for such an investigation. In the following section the absorption 

coefficients of the filter paper used for the preparation of smartFilms and further 

excipients are presented. 
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5.2 Excipients 

Excipients are materials other than the API that compose the final drug formulation. In 

general, this means that the excipients can be considered inactive. Despite being 

inactive, they play an important role in the production and in the optimization of the 

performance of a medicine. For example, excipients are used for solubility improvement 

of poorly soluble drugs, for increasing dissolution and drug release rate, and to decrease 

unwanted side effects [210]. Furthermore, some excipients such as microcrystalline 

cellulose (MCC) are used in the direct compression tableting process to ensure sufficient 

binding [211]. The absorption spectra of MCC (Carl Roth GmbH + Co. KG, Germany) as 

well as pressed pieces of coffee filter paper (Filtertüte 1x6/40 naturbraun, Melitta Europa 

GmbH & Co. KG, Germany) and pressed milled coffee filter paper, which is mainly 

composed from cellulose, are shown in Figure 34. 

 

Figure 34. Absorption spectra of coffee filter paper (film), milled coffee filter paper, and MCC 

powder all individually pressed into tablets. Note that the filter paper consists mainly of cellulose, 

which is also a common excipient. 

For tablets made from MCC and coffee filter paper an absorption peak at around 2.2 THz 

can be observed, which is in accordance to previous reports on MCC [109]. In the case 

of a tablet made from milled coffee filter paper, the absorption coefficient appears greater 

compared to the tablets made from MCC and from non-milled coffee filter paper. 

Furthermore, the absorption peak at approximately 2.2 THz cannot be observed for the 

milled paper. This indicates that cellulose became amorphous during the milling process, 

which has been observed before by employing THz TDS [109]. 

Polyvinylpyrrolidone K30 (PVP, Carl Roth GmbH + Co. KG, Germany), PEG 4000 

(Sigma-Aldrich Chemie GmbH, Germany), magnesium stearate (MGS, Euro OTC 

Pharma GmbH, Germany), D-(+)-sucrose (SUC, Carl Roth GmbH + Co. KG, Germany), 

α-lactose monohydrate (α-LAC, Sigma-Aldrich Chemie GmbH, Germany), and D-(+)-

glucose also known as dextrose (DEX, Sigma-Aldrich Chemie GmbH, Germany) were 

selected as example excipient materials. PVP and PEG 4000 are often used for 

formation of solid dispersions to enhance the solubility of poorly soluble APIs 

[110,165,212]. MGS is used as lubricant in the tableting process [213]. SUC, α-LAC, and 

DEX are sugars, which can be used as sweeteners and can help masking the bitter taste 

of other ingredients [213–215]. However, these sugars often exhibit poor compressibility 

or binding properties. Therefore, they are often combined with further chemicals to obtain 

better compressibility [213,216]. Furthermore, DEX is also used as a soluble carrier for 
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the APIs as well as a bulking agent [214], whereas α-LAC is one of the most common 

fillers in tablets [216]. The absorption spectra of these six excipients are displayed in 

Figure 35. 

 

Figure 35. Absorption spectra of the selected excipients. 

PVP shows a featureless absorption coefficient continuously increasing with frequency 

in the investigated frequency range. The absorption coefficient of PVP exceeds 140 cm-1 

at 1.9 THz. As a result, the dynamic range of the spectrometer is exceeded for higher 

frequencies at the given sample thickness and the absorption coefficient cannot be 

evaluated anymore (see subsection 2.1.2). PEG 4000 is less absorbing than PVP and 

exhibits two broad absorption peaks at approximately 1.5 and 2.2 THz. MGS is even less 

absorbing and shows no clear, pronounced absorption features in this frequency range. 

The absorption spectra of sugars shown in the panel b) of Figure 35 reveal that SUC, α-

LAC, and DEX are relatively low absorbing for frequencies lower than 1.2 THz except for 

α-LAC which exhibits a narrow but strong absorption peaks at 0.55 THz. α-LAC shows 

the most prominent absorption peak at around 1.35 THz and two further, however, 

weaker absorption peaks at approximately 1.2, and 1.8 THz. For SUC distinct absorption 

peaks at approximately 1.4, 1.6, 1.8 and 2.3 THz can be identified. In the proximity of 

the absorption peak at 1.8 THz two comparably weaker absorption peaks can be 

observed at approximately 1.85 and 1.95 THz. In the case of DEX, the most prominent 

absorption peak appears at approximately 1.45 THz. Two further, weaker peaks emerge 

at approximately 1.3 and 2.1 THz. The identified absorption features of the three sugars 

are in agreement with previous reports [12,15]. 

In the following section the absorption spectra of pharmaceutical substances presented 

so far are analyzed in more detail. The goal of the analysis is to provide an overview of 

individual absorption peaks observed for different substance in terms of their width, 

magnitude, and frequency position.  
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5.3 Overview 

One of the main objectives of this work is to exploit the potential of THz TDS for the 

inspection of the solid state of pharmaceuticals loaded into smartFilms. The key idea, as 

demonstrated in chapter 4, relies on the identification of distinct absorption features in 

the absorption spectrum, which are related to the crystalline form of the pharmaceuticals. 

In this section the absorption spectra of the selected pharmaceuticals are analyzed in 

more detail to obtain amplitude, width, and frequency position of the individual absorption 

peaks. This is the basis for the quantitative analysis presented in the following chapter. 

To obtain the parameters of the individual absorption peaks we model them as Gaussian 

functions and at the same time describe the continuously rising, featureless part of the 

absorption spectra as a second order polynomial. In other words, we describe the 

frequency dependent absorption coefficient of individual substance (𝑎𝑠𝑢𝑏(𝜈)) as the sum 

of second order polynomial and 𝑁 Gaussian functions: 

𝑎𝑠𝑢𝑏(𝜈) = ∑ 𝐺𝑖𝑒
− 

(𝜈−𝜈0,𝑖)
2

2𝛥𝜈𝑖
2

𝑁

𝑖=1

+ 𝑂(2), 5.1 

where 𝑂(2) is the second order polynomial, 𝑁 is the number of identified absorption 

peaks, and 𝐺𝑖, 𝜈0,𝑖, and 𝛥𝜈𝑖 are amplitude, frequency position, and width of the i-th 

identified absorption peak, respectively. The parameters of the identified peaks are 

extracted by fitting this function to the individual absorption spectra. Figure 36 presents 

the measured and fitted absorption spectrum of LTA between 0.3 and 2.2 THz. 

 

Figure 36. Measured (solid line) and fitted (dotted line) absorption spectrum of LTA. The spectrum 

is described as a sum of a second order polynomial and two Gaussian absorption peaks. The 

polynomial describes the background absorption (dashed line). The two shaded areas in light 

gray correspond to the two modeled absorption peaks. The shaded area in dark gray corresponds 

to the measurement uncertainty estimated based on the measurement repetition. 

Since LTA exhibits only two distinct absorption peaks in the investigated frequency 

range, only two Gaussians functions and the second order polynomial were needed to 

describe the spectrum. Therefore, the value of 𝑁 was set to two when fitting the function 

5.1 to the measured absorption spectrum. The fitted spectrum matches well the 

experimentally obtained values in the investigated spectral range. The peak parameters 

obtained by fitting the function 5.1 to the absorption spectrum of LTA are listed in Table 

5. 
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Table 5. The amplitude, width, and position of the two absorption peaks exhibited by LTA in the 

frequency range between 0.3 and 2.2 THz. 

𝒊 𝑮 (cm-1) 𝝂𝟎 (THz) 𝚫𝝂 (THz) 

1 123.4 1.10 0.09 

2 16.6 1.86 0.04 

 

As expected, the extracted amplitude of the peak at 1.1 THz is much greater compared 

to the other absorption peak at 1.86 THz. Furthermore, the absorption peak at 1.1 THz 

is also more than two times wider than the weaker absorption peak at 1.86 THz. Note 

that the width of the peak based on the definition in equation 5.1 means that at 𝜈0 ± Δ𝜈 

the peak amplitude drops to approximately 60 % of its maximum value. The same 

analysis of the absorption spectra was performed for all pharmaceutical substances 

investigated in this work. Depending on the number of identified absorption peaks, the 

number of peaks to be fitted was adjusted accordingly. Figure 37 summarizes the 

extracted properties of the identified absorption peaks for all investigated substances in 

the frequency range between 0.3 and 2.0 THz. 

The intensity of the absorption peaks in Figure 37 is color coded and plotted with respect 

to the frequency and individual pharmaceutical substance on the horizontal and vertical 

axis, respectively. The horizontal bands related to the individual substances are 

equidistant and, in a way, correspond to the absorption spectra of individual substances 

in terms of the individual absorption peaks in the investigated frequency range. The 

horizontal band at the bottom corresponds to LTA and the six bands on the top 

correspond to the investigated excipients. In between the APIs are located. Note that 

MCC, MGS, and PVP are not shown in this representation, since they do not show any 

distinct absorption peaks in this frequency range, which would result in zero values (i.e., 

blue color) across the whole band. 

Due to the great difference between the weakest and strongest absorption peak among 

all the investigated substances, the color scale had to be additionally adjusted for clearer 

representation. All values of absorption coefficient exceeding 35 cm-1 were set to this 

limit value. This can be clearly observed on the example of LTA, whose absorption peak 

at 1.1 THz exceeds 120 cm-1 (see Table 5), however, in this representation the value is 

artificially limited to 35 cm-1. Note that because of this color scale adjustment this peak 

appears also much wider compared to the original measurement and the extracted peak 

parameter shown in Figure 36 and Table 5, respectively. Nevertheless, Figure 37 offers 

an easy way to compare the position of individual absorption features and to certain 

extent also their intensities and widths. This way combinations of substances for which 

absorption features overlap can be easily identified. Such overlapping of spectral 

features could additionally complicate the analysis of a pharmaceutical formulation 

consisting of several different substances when investigating the crystallinity and 

amorphousness of an API in a formulation using THz TDS. 
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Figure 37. Absorption coefficients of the identified absorption peaks for selected pharmaceuticals 

in the frequency range between 0.3 and 2.0 THz. The absorption coefficient is color coded. The 

individual equidistant horizontal bands correspond to the identified and extracted absorption 

features of the individual pharmaceuticals indicated on the vertical axis. Note that the values of 

the absorption coefficient, which exceed 35 cm-1 were artificially limited to 35 cm-1. 

In this chapter absorption spectra of selected pharmaceuticals were presented. Many 

show distinct absorption peaks when in crystalline state. On the contrary, in the 

investigated frequency range amorphous substances generally show featureless 

absorption which continuously increases with the increasing frequency for the 

investigated frequency range [20]. By describing the absorption spectra as a sum of a 

second order polynomial and a number of Gaussian functions corresponding to the 

number of identified absorption peaks, the individual absorption peaks could be 

characterized. This characterization presents the basis for the quantitative analysis of 

crystalline and amorphous IM in tablets made from smartFilms which is presented in the 

following chapter.  
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6 Crystallinity quantification of indomethacin in paper tablets 

IM is a poorly soluble non-steroidal anti-inflammatory drug used for treatment of 

rheumatic arthritis [217,218]. Due to its high permeability and low solubility it is a BCS 

class II drug [219]. This means that poor solubility can be considered as the main factor 

limiting its bioavailability (see chapter 3). The solubility of IM can be improved by 

converting the most used γ-form into the α-form. The solubility of IM can be improved 

even further by transferring it into its amorphous state [7]. IM is also a well-studied 

substance in the THz range [16,102,107]. The two most commonly studied polymorphs, 

α and γ, both show distinct absorption features, which can be used for their 

discrimination, whereas the amorphous IM shows a featureless absorption spectrum 

(see Figure 17) [16,102,107]. Furthermore, IM can be easily converted into its 

amorphous state by melting and subsequently colling it [220,221]. Therefore, IM was 

selected as a model drug for studying crystallinity of an API loaded in tablets made from 

paper. 

This study is divided into two parts which are presented in the following two sections of 

this chapter. The first part involves investigation of the two polymorphs of IM as well as 

the amorphous IM. This includes the characterization of the identified absorption peaks 

in the case of the two crystalline forms as discussed in the previous chapter. In the 

second part the preparation of tablets made from smartFilms and the corresponding 

physical mixtures, and their investigation using THz TDS are presented. Furthermore, 

the second part includes the quantitative assessment of the amount of crystalline and 

amorphous IM in tablets made from smartFilms. 

6.1 Characterization of absorption features of γ- and α-IM 

γ-IM with purity of 97.5 % was acquired from Across Organics BV, Belgium in a powder 

form and was used without further purification. According to the method reported by 

Kaneniwa et al. [222], α-IM was recrystallized from the γ-form in a two-step process. In 

the first step 1.5 g of γ-IM were dissolved in 60 ml of ethanol and the obtained solution 

was heated up to 75°C. Then the warm solution was filtered using a circular filter paper 

(LLG-Labware, diameter: 125 mm, pore size 5-13 µm) and a funnel. In the second step, 

cold distilled water was added to the solution resulting in precipitation of α-IM, which was 

removed by filtration. The obtained recrystallized-IM was left to dry overnight in a vacuum 

desiccator containing P2O5 as a dehydrating agent.  

Both γ-IM and the recrystallized IM were investigated using DSC and THz TDS. For the 

DSC investigation 1-4 mg of the sample powder were placed into an aluminum pan and 

heated up with a heating rate of 10 K/min from 293 K to 473 K using the DSC 3 (Mettler 

Toledo, USA). The obtained thermograms of the two samples are shown in Figure 38. 
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Figure 38. Thermograms of a) γ-IM and b) recrystallized-IM sample. Note the blue and red shaded 

areas indicating the area under the two peaks in the thermogram in panel b).  

For the γ-IM sample a single exothermic peak at 434.3 K can be observed. In the case 

of the recrystallized-IM samples shown in panel b) in Figure 38 one main peak at 427.0 K 

and a smaller peak at approximately 434 K can be observed. The former peak 

corresponds to the α-form and the latter to the γ-form. The presence of the exothermic 

peak at approximately 434 K indicates that a small amount of γ-IM was still present in 

the recrystallized sample. By comparing the areas below the two peaks it was possible 

to determine that the recrystallized-IM sample contained approximately 6 % of γ-IM and 

94 % of α-IM. 

For the THz investigation two powder samples were pressed into tablets with a diameter 

of 13 mm by applying a force of 30 kN for 90 s by using a manual hydraulic press (Model 

No. GF-10B Cl. 1.0, Enerpac, Germany). For the THz TDS measurements a fully fiber-

coupled system was employed. More details about the system can be found in reference 

[30]. Four OAPMs were used to form the THz beam path and the samples were inserted 

into the focal plane between the second and third OAPM (see Figure 2) with the beam 

being focused approximately onto the middle of the individual tablets. The THz beam 

path was enclosed and purged with nitrogen. Reference measurements were performed 

by recording the THz waveforms without a sample in the beam path. The reference and 

sample measurements were repeated five times. The absorption coefficient of the 

samples was extracted with the TeraLyzer software (see section 2.1.2 for more details). 

Since the DSC analysis revealed that the recrystallized-IM sample still contained 6 % of 

γ-IM, the absorption coefficient for a pure α-IM (𝛼α-IM(𝜈)) was calculated as: 

𝛼α-IM(𝜈) =  
𝛼𝑟𝑒𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑧𝑒𝑑-𝐼𝑀(𝜈) − 0.06 𝛼𝛾-𝐼𝑀(𝜈)

0.94
, 6.1 

where 𝛼𝑟𝑒𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑧𝑒𝑑-𝐼𝑀(𝜈) and  𝛼𝛾-𝐼𝑀(𝜈) are frequency dependent absorption coefficients 

for the recrystallized-IM and γ-IM, respectively. The THz absorption spectra of γ-IM and 

α-IM were further analyzed by describing them as the sum of a second order polynomial 

and Gaussian functions according to the equation 5.1. The second order polynomial is 

used to describe the featureless background absorption related mainly to the scattering 

whereas the Gaussian functions are used to describe the number of identified absorption 

peaks in the spectrum. For more details see section 5.3. The absorption coefficient of γ-

IM and α-IM is plotted in Figure 39. 
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Figure 39. a) Extracted absorption coefficient of γ-IM (red solid line) with the fitted spectrum 

(dashed red line), featureless background absorption (black dashed line), and the two 

characteristic absorption peaks (red shaded areas). b) Extracted absorption coefficient of the 

recrystallized-IM sample (blue solid line) and of the estimated α-IM (blue dotted line) with the fitted 

spectrum (blue dashed line) consisting of featureless background absorption (black dashed line) 

and four characteristic absorption peaks (blue shaded areas). 

γ-IM shows two pronounced absorption peaks in the shown frequency range. The first, 

stronger peak is located at 1.25 THz and the second, weaker one at approximately 

1.5 THz. In the case of α-IM the two most pronounced absorption peaks can be observed 

at approximately the same frequencies as the two absorption peaks exhibited by γ-IM. 

However, the amplitudes of the two peaks are inverted, meaning that the peak at 

approximately 1.5 THz is stronger than the one at approximately 1.25 THz. Furthermore, 

in the case of α-IM two additional less pronounced peaks at approximately 0.75 and 

0.85 THz are visible. The identified absorption features of the two IM polymorphs are in 

accordance with the previous THz investigations of IM polymorphs [16,107]. The 

observed absorption features were further characterized by fitting the function given by 

equation 5.1 to the absorption spectra of the two IM forms. This way the amplitude, 

frequency position and width of the individual pulses were obtained. These parameters 

of the absorption peaks are listed in Table 6.  

Table 6. The extracted Gaussian peak properties: amplitude (𝐺), peak frequency position (𝜈0), 

and width (Δ𝜈) for the individual absorption peaks. In the upper and bottom table part, peaks 

corresponding to the γ-IM and α-IM are listed, respectively. 

Peak 𝑮 (cm-1) 𝝂𝟎 (THz) 𝚫𝝂 (THz) 

𝜸𝟏 12.5 1.24 0.07 

𝜸𝟐 1.7 1.48 0.07 

𝜶𝟏 2.0 0.76 0.05 

𝜶𝟐 2.0 0.86 0.05 

𝜶𝟑 5.0 1.24 0.08 

𝜶𝟒 10.2 1.49 0.08 
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In addition to the two crystalline forms, an amorphous IM sample was also prepared and 

investigated. Amorphous IM was prepared by melting γ-IM and subsequently quench 

cooling the melt. For this the γ-IM powder was placed into a cylindrical holder made from 

metal which was then placed onto a hot plate and heated up to 165 °C. After the powder 

melted, the holder with the melt was placed into a container with liquid nitrogen. The 

obtained amorphous IM sample retained the disk-like shape of the holder after removing 

it from the holder. Therefore, no pressing of the amorphous IM sample was needed prior 

to the THz TDS investigation. The obtained absorption coefficient (see Figure 17) of the 

amorphous IM was continuously increasing with increasing frequency and no absorption 

features could be observed as expected according to the previous investigations of 

amorphous IM [16,107]. 

The fact that amorphous IM does not show any absorption features in the investigated 

frequency range and that the two crystalline forms show distinct absorption features can 

be used to identify crystalline IM in the tablets made from smartFilms. Furthermore, 

having the parameters of the individual absorption peaks of the two crystalline forms 

extracted allows for quantitative assessment of the amount of crystalline and amorphous 

IM in the paper tablets. The preparation of smartFilms tablets, their corresponding 

physical mixtures, and the crystallinity assessment of IM in the prepared samples is 

presented in the following section. 

6.2 Crystallinity assessment of IM in paper tablets 

SmartFilms were prepared by loading IM into a coffee filter paper (Filtertüte 1x6/40 

naturbraun, Melitta Europa GmbH & Co. KG, Germany), which was also used for the 

investigation discussed in chapter 4. The general concept of smartFilms and their 

preparation was discussed in more detail in subsection 3.4.3. In short, the coffee filter 

paper was first cut into smaller pieces of circular shape with a diameter of 60 mm. γ-IM 

was dissolved in a mixture of ethanol (75 mol%) and acetone (25 mol%) since the 

solubility of IM is increased when the two solvents are mixed compared to the usage of 

pure individual solvents [223]. 500 µl of the prepared stock solution (28.27 mg/ml) were 

then applied into the middle of each circular filter paper. This resulted in 14.14 mg of IM 

being loaded into the smartFilms, which corresponds to 0.5 mg/cm² per loading cycle. 

After the smartFilms were dry, the loading cycle was repeated from two to ten times in 

total resulting in smartFilms with loadings of 1, 2, 3, 4, and 5 mg/cm², respectively. For 

each loading three smartFilms were prepared resulting in 15 samples in total. The 

overview of the prepared samples is listed in Table 7. 

Table 7. Overview of the prepared smartFilms. All samples were prepared in triplicate. The area 

of individual smartFilms was approximately 28 cm2. 

Number of 
loading cycles 

mIM (mg) 
IM content 
(mg/cm²) 

IM content 
(w%) 

2 28.27 1 13 

4 56.54 2 23 

6 84.81 3 31 

8 113.08 4 37 

10 141.35 5 43 
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The prepared smartFilms were then individually transferred into tablets for the 

subsequent THz investigation. For this, they first needed to be cut into smaller pieces of 

approximately 16 mm by 16 mm in size to fit the press (Model No. GF-10B Cl. 1.0, 

Enerpac, Germany). Then they were pressed into tablets by applying a force of 60 kN 

for 90 s. Additionally, physical mixtures were prepared as a positive control by mixing 

milled coffee filter paper with γ-IM in the mass proportions corresponding to those in the 

smartFilms. The prepared mixtures were also pressed into tablets. Furthermore, two 

additional types of paper tablets without any IM were prepared. The first type was 

prepared by pressing small cut pieces of coffee paper corresponding to smartFilms with 

0 w% IM content. The second type was prepared by compressing the milled coffee filter 

paper and as such corresponds to the physical mixture with 0 w% IM content. Therefore, 

these two sample types can be considered as a negative control. All the obtained tablets 

had a diameter of approximately 13 mm and had a thickness ranging from 0.6 to 2 mm. 

The THz investigation of the tablets followed within several days after the samples were 

prepared and was conducted with the same THz TDS system and in the same way as 

for the pure IM samples as discussed in section 6.1. The obtained absorption spectra 

are shown in Figure 40. 

On the left-hand side of the figure the absorption spectra of physical mixtures are shown. 

In the absorption spectrum of a tablet made only from the milled paper without any 

addition of IM, shown in the most bottom panel on the left, no distinct absorption features 

can be observed in the investigated frequency range. However, when the γ-IM content 

is increased, the 1.24 THz absorption peak can be observed and it becomes more 

pronounced with the increasing γ-IM content. γ-IM exhibits an additional absorption peak 

at approximately 1.5 THz. This peak, however, cannot be clearly observed in the physical 

mixtures, also in the case of the highest γ-IM content. This is not unexpected, since this 

absorption peak is much weaker compared to the absorption peak at 1.24 THz (see 

Table 6). Furthermore, with an increasing γ-IM content, an overall decrease in the 

absorption coefficient values can be observed. This can be attributed to the fact that the 

overall absorption of IM in this frequency range is lower than the absorption of the paper 

(see Figure 32 b) and Figure 34). Additionally, by mixing the two powders, the scattering 

processes might be affected which could influence the extracted values of the absorption 

coefficient. 

On the right hand-side of Figure 40 the absorption spectra for tablets made from 

smartFilms are shown. For the tablets made from coffee filter paper (see the most bottom 

panel) containing no IM, again no distinct absorption features can be observed in the 

investigated frequency range. The same is true for the tablets made from smartFilms 

containing 13 w% of IM. This indicates that IM remained amorphous, which is desired in 

terms of improved solubility. For higher IM content, absorption peaks can be observed. 

However, in the case of tablets made from smartFilms the absorption peak at 

approximately 1.5 THz is more pronounced than the peak at 1.24 THz, which 

corresponds to the α-IM (see Table 6). Furthermore, two additional peaks at 0.76 and 

0.86 THz can be observed compared to the physical mixtures. These two peaks are 

exhibited by α-IM but not the γ-form (see Figure 39). This means that the smartFilms 

converted into tablets were able to maintain IM amorphous for the lowest IM content and 

that for higher contents IM at least partially crystallized, however, as α-IM, which still 

offers improved solubility compared to the initially and more commonly used γ-form. 
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Figure 40. Absorption spectra for tablets made from physical mixtures (left) and smartFilms (right) 

with increasing IM content from bottom to top. The grey shaded areas with white vertical dashed 

lines indicate the position of the absorption peaks exhibited by crystalline IM. Note that the two 

peaks at 0.76 and 0.86 THz corresponding to the α-IM appear only for tablets made from 

smartFilms. The IM content is indicated in the individual panels. For clarity, the results only for a 

single sample per each IM content are shown. 

By comparing the absorption coefficient of the two 0 w% samples, one can notice that 

the absorption coefficient of the sample corresponding to the physical mixtures is greater 

than that of the sample corresponding to the smartFilms. The reason for this difference 

is that the sample, which is part of the physical mixtures, is prepared by pressing milled 

coffee filter paper into a tablet whereas the other 0 w% sample was prepared by pressing 

smaller pieces of coffee filter paper. Consequently, this can lead to different scattering 
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of the THz radiation passing through the sample, which leads to the difference in the 

determined absorption coefficient. Furthermore, milling of the filter paper led to its 

amorphization which also leads to different absorption properties (see Figure 34). 

The absorption spectra of the tablets made from physical mixtures and smartFilms 

shown in Figure 40 were analyzed further with the goal to estimate the amount of 

crystalline and amorphous IM. This was done by describing the absorption spectra as a 

sum of the background absorption and a linear combination of α- and γ-IM absorption 

peaks. The following function was, therefore, fitted to the individual absorption spectra: 

𝑓(𝜈) = 𝐴 ∑ 𝐺𝛾𝑖
𝑒

− 
(𝜈−𝜈0,𝛾𝑖

)
2

2𝛥𝜈𝛾𝑖
2

2

𝑖=1

+ 𝐵 ∑ 𝐺𝛼𝑖
𝑒

− 
(𝜈−𝜈0,𝛼𝑖

)
2

2𝛥𝜈𝛼𝑖
2

4

𝑖=1

+ 𝑂(2), 6.2 

where 𝑂(2) is the second order polynomial used for describing the background 

absorption, 𝐺𝛼𝑖
, 𝜈0,𝛼𝑖

, 𝛥𝜈𝛼𝑖
 are amplitude, frequency position and width of the i-th α-IM 

absorption peak, respectively, and 𝐺𝛾𝑖
, 𝜈0,𝛾𝑖

, 𝛥𝜈𝛾𝑖
 are amplitude, frequency position and 

width of the i-th γ-IM peak, respectively. These peak parameters were extracted from the 

analysis of the α- and γ-IM absorption spectra (see section 6.1) and were kept fixed when 

fitting the spectra. This means that only the values of the second order polynomial and 

coefficients 𝐴 and 𝐵 were evaluated when fitting the function 𝑓(𝜈) to the absorption 

spectra. Fit coefficients 𝐴 and 𝐵 are related to the amount of γ- and α-IM in the samples. 

The obtained values of the two fit coefficients for the tablets made from physical mixtures 

and smartFilms are shown in Figure 41. 

 

Figure 41. Fit coefficients 𝐴 (red squares) and 𝐵 (blues circles) for tablets made from a) physical 

mixtures and b) smartFilms. The dashed red line represents a linear fit whereas the dotted lines 

are only a guide-to-the-eye. The error bars correspond to the standard deviation of the repeated 

estimation of the fit coefficients. 

In the case of tablets made from physical mixtures the fit coefficient 𝐴 increases linearly 

with the amount of loaded IM content, whereas the fit coefficient 𝐵 is approximately zero 

regardless of the IM content. This outcome is expected considering that the physical 

mixtures were prepared by mixing milled coffee filter paper and γ-IM powder and that the 

fit coefficient 𝐴 corresponds to the γ-form, whereas the fit coefficient 𝐵 corresponds to 

the α-IM, which was not used in the physical mixtures. This also agrees with the 
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observations made above based on the absorption features of the physical mixtures in 

Figure 40. 

In the case of tablets made from smartFilms the obtained values of the two fit coefficients 

show a substantially different trend compared to the case of physical mixtures. The 

values of fit coefficient 𝐴 remain approximately zero regardless of the IM content loaded 

into the smartFilms. Furthermore, the fit coefficient 𝐵 remains zero for the lowest IM 

content and then increases non-linearly for higher IM content. This again agrees with the 

observations made based on the absorption spectra shown in Figure 40 and confirms 

that the smartFilms maintained IM amorphous for the lowest content. Furthermore, for 

higher IM content, smartFilms were not able to maintain all the IM amorphous. 

Nevertheless, the crystalline IM was of α-form, which is still better soluble in aqueous 

media compared to the initially used γ-form. 

Since the amount and the form of the IM in the tablets made from physical mixtures is 

known, this information can be used to relate the values of the fit coefficients with the 

amount of the loaded IM in the samples in terms of a conversion factor. The conversion 

factor was determined as the slope of the fitted line (i.e., linear function) to the values of 

the fit coefficient 𝐴 in Figure 41 a). The value of the slope was determined as 0.0109 

(w%)-1. By dividing the values of the extracted fit coefficients with the conversion factor, 

the amount of crystalline IM in terms of γ- and α- form could be estimated. Furthermore, 

since the total amount of IM in the samples was known, the amount of the amorphous 

IM could be determined as the difference between the loaded content of IM and the 

content of the two crystalline forms. The results of the IM content assessment in the 

samples based on the THz TDS investigation is shown in Figure 42 

 

Figure 42. Estimated IM content in tablets made from a) physical mixtures and b) smartFilms. The 

red squares, blue circles, and green triangles indicate values of γ-, α-, and amorphous IM, 

respectively. The dashed red line represents the linear fit. The dotted lines are a guide-to-the-

eye. Note that to achieve a clearer representation in panel b) the green and blue value markers 

were shifted by +1 % and -1 % in the horizontal direction, respectively. The error bars correspond 

to the standard deviation of the repeated estimation of the IM content. 

For the physical mixtures the conversion of the values of the two fit coefficients reveals 

that the IM in the physical mixtures was of the γ-form. Furthermore, the estimated amount 

of the α-form and amorphous IM remains zero within the measurement repeatability, 

which is indicated by the error bars in the Figure 42. This is again expected since γ-form 
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was used for preparation of the physical mixtures. In the case of tablets made from 

smartFilms, the estimation of the crystalline and amorphous forms of IM reveals that for 

the lowest content of IM, smartFilms maintained IM amorphous. Furthermore, when the 

amount of IM is increased, the amount of the amorphous IM does not proportionally 

increase. This indicates that there is a certain loading limit up to which smartFilms can 

maintain IM amorphous. The data suggests that this limit is at approximately 15 w% for 

IM loaded into the selected coffee filter paper. For higher content of loaded IM, part of 

the IM remains amorphous and part of it recrystallizes as the α-form. If the content of the 

loaded IM is increased even further, the amount of the amorphous IM decreases and the 

majority of IM recrystallizes as α-IM. The data reveals that increasing the content of the 

loaded IM can cause initially amorphous IM to recrystallize. Since smartFilms can be 

considered as a special type of solid dispersions, as discussed in section 3.4, the 

recrystallization of initially amorphous IM is not unexpected when the amount of IM is 

additionally increased. The increase of loaded IM content increases the possibility that 

initially molecularly dispersed IM can interact with the additionally added IM and forms 

crystalline clusters. Nevertheless, IM loaded into the smartFilms recrystallizes as the α-

form, which is better soluble compared to the initially used γ-form. Furthermore, 

recrystallization of IM after being dissolved in different solvents as well as different 

sample treatment can result in the formation of different polymorphic forms [223–225]. 

Therefore, the formation of α-IM can be considered unrelated to the paper matrix of the 

smartFilms [226]. 

The tablets made from smartFilms were investigated also one year after they had been 

prepared. Since for each IM content a tablet was destroyed during an XRD investigation 

[227], two tablets per loaded IM content remained for the THz TDS investigation one 

year after the sample preparation. Figure 43 shows the estimated IM content for the 

samples being stored in a refrigerator at a temperature of approximately 5°C for one 

year. Additionally, the estimated IM content of the same set of samples few days after 

preparation is shown for an easier comparison. 

 

Figure 43. Estimated IM content in tablets made from smartFilms investigated a) few days after 

being prepared and b) one year after being prepared. The red squares, blue circles, and green 

triangles indicate values of γ-, α-, and amorphous IM, respectively. The dotted lines are a guide-

to-the-eye. Note that only two samples per loaded IM content were considered in the analysis and 

that the error bars correspond to the estimated IM content difference between the two samples. 



 

84 

To achieve a clearer representation, the green and blue value markers were shifted by +1 % and 

-1 % in the horizontal direction, respectively. 

The estimated IM content in the samples being stored for a year reveals a similar 

outcome in terms of crystalline and amorphous IM content compared to the investigation 

a few days after the sample preparation. Especially, for the two lowest loaded IM content 

(i.e., 13, and 23 w%) the amount of the two crystalline polymorphs as well as amorphous 

IM seems to remain unchanged during the storage. However, for higher loadings, the 

data suggests that the amount of crystalline IM increased and consequently the amount 

of the amorphous IM in the samples decreased. Furthermore, for the loaded IM content 

exceeding 23 w%, a slight increase in the amount of γ-IM content can be observed. This 

indicates that with time either α-IM or the remaining amorphous IM tend to recrystallize 

into the γ-form in the case of higher loaded IM content. However, for the lower loaded IM 

content, smartFilms seem to efficiently inhibit crystallization of the amorphous IM and 

transformation of α-IM into γ-IM during the first 12 months after being prepared and 

stored in a refrigerator. 

In summary, THz TDS investigation of IM in tablets made from smartFilms revealed that 

IM in such formulations remains amorphous up to a content of approximately 15 w%. For 

higher content of IM, the smartFilms fail to maintain IM completely amorphous, which 

can be expected since the increased IM content increases the possibility for IM 

molecules to interact with one another and form crystalline clusters. Nevertheless, the 

crystallization of IM resulted in the formation of the α-form, which still offers superior 

solubility compared to the initial γ-form, however, inferior to the amorphous IM [7]. 

Furthermore, the investigation of the same samples one year after being prepared 

revealed that for higher IM content the amount of amorphous IM decreased even further. 

Furthermore, it seems that a small part of the loaded IM transformed into its γ-form. 

However, for the lower loaded IM content of up to 23 w% the data suggests that the 

samples did not change in terms of IM crystallinity, which underlines the capability of 

smartFilms to efficiently inhibit crystallization of amorphous IM up to a certain loading. 

Finally, the results presented in this chapter reveal that THz TDS is a powerful tool for 

non-destructive, qualitative and quantitative investigation of the solid state of 

pharmaceuticals loaded into a paper matrix.  

The approach for the crystallinity assessment of IM in the paper matrix introduced in this 

chapter can be transferred to further APIs which exhibit distinct absorption features. In 

the following chapter the crystallinity assessment of NIF dispersed into a cellulose matrix 

is presented. 
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7 Nifedipine dispersed in a cellulose matrix 

NIF is a calcium channel blocker used for treatment of high blood pressure as well as 

angina [191–193]. Due to its poor aqueous solubility it belongs to the BCS class II. This 

means that by increasing its solubility, improvement of its bioavailability can be expected. 

As such, NIF has been widely employed as a model API when considering the solubility 

advantage of amorphous drugs in pharmaceutical formulations as well as when studying 

recrystallization of amorphous drugs [193,228–233]. Furthermore, THz TDS has been 

employed to monitor recrystallization of amorphous NIF dispersed in PVP [110]. 

Additionally, THz TDS investigation of NIF-isonicotinamide cocrystal formulations [234] 

and estimation of NIF crystallinity in aqueous suspensions has been demonstrated [235]. 

NIF exhibits a strong absorption feature centered at 1.2 THz and a weaker absorption 

peak at approximately 2.2 THz when in crystalline state (see Figure 32) [110,197,235]. 

Furthermore, when amorphous, it shows a featureless, continuously increasing 

absorption in the frequency range between 0.3 and 2.5 THz [110,197]. 

In this chapter the focus lies on the inspection of the solid state of NIF dispersed in a 

cellulose matrix using THz TDS. The goal is again to maintain the API in its amorphous 

state, which provides improved aqueous solubility. For this the same smartFilms 

approach as in the case of IM and LTA (see chapters 4 and 6) is considered. 

Furthermore, an extended approach combining the idea of loading an API into the paper 

matrix and dispersing the API in an additional carrier is employed to improve the 

performance in terms of the amount of the amorphous API in the formulation as well as 

improved inhibition of recrystallization. Additionally, loading NIF directly into pressed 

MCC powder instead of using sheets of paper was considered. All these different 

formulations of dispersed NIF were pressed into tablets and investigated using a THz 

TDS system in the transmission configuration. For the crystallinity assessment of the 

different NIF formulations, first the absorption features of NIF were characterized and 

then physical mixtures with different proportions of NIF and MCC were prepared and 

analyzed to obtain the conversion factor for the crystallinity assessment. This part is 

presented in the next section of this chapter. 

7.1 THz TDS of NIF and physical mixtures 

NIF (abcr GmbH, Germany) powder was used as received to first prepare three tablets 

for the THz TDS investigation. For each tablet approximately 120 mg were pressed using 

a manual hydraulic press (Model No. GF-10B Cl. 1.0, Enerpac, Germany) with a force of 

30 Kn for 90 s. The obtained biplanar tablets had a diameter of 13 mm and were 

approximately 700 µm thick. THz measurements were performed under nitrogen 

atmosphere with a fiber-coupled THz TDS system [30] using a pair of PCAs and four 

OAPMs. The samples were positioned in the focal plane and measured in the middle of 

the sample five consecutive times. Prior to the sample measurements, five reference 

measurements were performed without a sample in the beam path. Additionally, 

amorphous NIF was prepared by quench-cooling melted NIF. Crystalline NIF was first 

placed in a metal holder. The holder with NIF was then placed on a hot plate which was 

set to 183 °C until NIF completely melted. Then the melt was left to cool down in the 

holder at room temperature. The obtained amorphous NIF sample kept its shape of a 

biplanar tablet after being extracted from the holder. This way no further processing was 
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required prior to the THz investigation. The absorption coefficient of all the samples was 

evaluated using the TeraLyzer software (see subsection 2.1.2). The extracted absorption 

coefficients for a single crystalline and amorphous NIF samples for the frequency range 

of 0.6 to 1.7 THz are shown in Figure 44.  

 

Figure 44. Absorption coefficient of amorphous (dashed-dotted line) and crystalline (solid line) 

NIF. The absorption spectrum of the crystalline NIF was modeled (dotted line) as the sum of 

second order polynomial for the background absorption (dashed line) and of three Gaussian 

peaks (shaded areas). 

On the one hand, the amorphous NIF shows a featureless absorption spectrum in the 

shown frequency range. On the other hand, crystalline NIF shows a broad absorption 

feature centered approximately at 1.2 THz. This absorption feature can be described by 

three individual Gaussian peaks and the whole absorption spectrum as a sum of the 

three Gaussian peaks and second order polynomial The latter is used to describe the 

continuous background absorption (see section 5.3). Therefore, function described in 

the equation 5.1 with 𝑁 = 3 was fitted to the absorption spectrum to obtain the absorption 

peak properties. These are listed in Table 8. 

Table 8. The extracted Gaussian peak properties: amplitude (𝐺), peak frequency position (𝜈0), 

and width (Δ𝜈) for the individual absorption peaks. The provided deviation of the peak parameters 

corresponds to the standard deviation calculated from the evaluation of the three crystalline NIF 

samples. 

Peak 𝑮 (cm-1) 𝝂𝟎 (THz) 𝚫𝝂 (THz) 

1 23 ± 4 1.11 ± 0.02 0.08 ± 0.01 

2 43 ± 7 1.205 ± 0.003 0.056 ± 0.002 

3 20.7 ± 0.3 1.360 ± 0.001 0.069 ± 0.002 

 

Following the characterization of pure NIF samples, physical mixtures of crystalline NIF 

and MCC (Carl Roth GmbH + Co. KG, Germany) were prepared in different weight 

proportions. For each weight proportion three tablets were prepared by pressing the 

powder mixture for 90 s with a force of 30 kN before the THz TDS investigation. The 

obtained absorption spectra were then individually described as the sum of a second 
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order polynomial and the sum of the three absorption peaks with the fixed peak 

properties (see Table 8) multiplied by a coefficient 𝐴. The coefficient 𝐴 was then obtained 

by fitting the following function to the absorption spectra of the individual tablets made 

from physical mixtures: 

𝑓(𝜈) = 𝐴 ∑ 𝐺𝑖𝑒
− 

(𝜈−𝜈0,𝑖)
2

2𝛥𝜈𝑖
2

3

𝑖=1

+ 𝑂(2), 7.1 

where 𝑂(2) is the second order polynomial used for describing the background 

absorption, 𝐺𝑖, 𝜈0,𝑖, 𝛥𝜈𝑖 are amplitude, frequency position, and width of the i-th absorption 

peak of the crystalline NIF. The extracted fit coefficient 𝐴 with respect to the content of 

crystalline NIF in the physical mixtures is shown in Figure 45. 

 

Figure 45. Fit coefficient 𝐴 as a function of the NIF content in the physical mixtures. The dashed 

line with slope of 0.0089 (w%)-1 corresponds to the linear fit. The error bars correspond to the 

standard deviation of the fit coefficient extracted individually for the three samples per NIF content. 

The extracted values of the fit coefficient 𝐴 increase linearly with the increasing NIF 

content. By fitting a linear function to the values shown in Figure 45 a conversion factor 

between the crystalline NIF content and the fit coefficient 𝐴 can be determined as the 

slope of the fitted line. The fit was obtained while considering a fixed intercept at values 

of fit coefficient and NIF content both being zero. The value of the slope was determined 

as 0.0089 (w%)-1. The obtained conversion factor can be used to estimate the amount 

of crystalline NIF when dispersed in a cellulose matrix. Since paper mainly consists of 

cellulose and, therefore, also shows similar absorption properties as cellulose in the 

investigated frequency range (see Figure 34), the same conversion factor is used for the 

assessment of the amount of the crystalline NIF in the tablets made from smartFilms. 

The assessment of crystalline NIF content in the tablets made form smartFilms with and 

without PVP is presented in the following section. 

7.2 NIF in smartFilms with and without PVP 

To disperse NIF in a paper matrix and thereby keeping it amorphous two different 

approaches using coffee filter paper (Filtertüte 1x6/40 naturbraun, Melitta Europa GmbH 

& Co. KG, Germany) were employed. The first approach follows the common way of 

preparing smartFilms. First the coffee filter paper was cut into smaller circular pieces with 

a diameter of 40 mm. Then NIF was dissolved in a 1:1 volume mixture of acetone and 
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ethanol to obtain a NIF stock solution with concentration of 15 mg/ml. Then three 

smartFilms with a NIF content of 5 w% were prepared by applying 295 µl of the stock 

solution per individual sample. To prepare smartFilms with 10 w% and 15 w% NIF 

content, two and three loading cycles were performed, respectively. In each loading cycle 

310 µl of the stock solutions were applied to obtain 10 w% NIF content and 330 µl to 

obtain 15 w% NIF content. The individual smartFilms were then cut into smaller pieces 

and pressed into tablets with a hydraulic press (Model No. GF-10B Cl. 1.0, Enerpac, 

Germany) by applying force of 30 kN for 90 s. The resulting tablets had a diameter of 

13 mm and thickness ranging from 480 to 650 µm. 

The second approach of dispersing NIF in a paper matrix differed from the conventional 

way of preparing smartFilms in a way that PVP was used as an additional carrier to 

improve the performance of the formulation. Stock solution was prepared by dissolving 

NIF and PVP in the 1:1 acetone-ethanol mixture. The mass ratio of NIF to PVP was 4:1 

and the corresponding concentration was 16 and 4 mg/ml, respectively. The 4:1 ration 

of NIF with respect to PVP was chosen based on previous investigation of dispersing 

NIF solely in PVP [110]. Again, circular pieces with a diameter of 40 mm were cut from 

the same coffee filter paper basis. Samples with three different NIF content (5, 10, and 

15 w%) were prepared by repeating the loading cycle up to three times by applying an 

appropriate volume of the stock solution. For each selected NIF content three individual 

samples were prepared. The NIF content was defined with respect to the total mass of 

the sample. Therefore, the mass of NIF in these samples is somewhat greater compared 

to the conventional smartFilms with the same relative NIF content since PVP adds to the 

total mass of the samples (see Table 9). The loaded paper samples were again cut into 

smaller pieces and pressed into tablets. 

Table 9. Volume of the applied solution (V), mass of loaded NIF (mNIF), and loaded NIF content 

(cNIF) per loading cycle (N) for samples with and without PVP in the right and left part of the table, 

respectively. Note that the applied volume could be set in steps of 5 µl according to the resolution 

of the used pipet. 

 
Without PVP With PVP 

N V (µl) mNIF (mg) cNIF (w%) V (µl) mNIF (mg) cNIF (w%) 

1 295 4.4 5.0 280 4.5 5.0 

2 310 9.3 10.0 300 9.6 10.1 

3 330 14.9 15.1 325 15.6 15.2 

 

All tablets were investigated using a THz TDS transmission setup under nitrogen 

atmosphere the same way as the pure NIF and physical mixture samples in section 7.1. 

The absorption coefficients of the samples were evaluated using the TeraLyzer software. 

The same way as for physical mixtures the obtained absorption spectra were described 

as the sum of a second order polynomial and of the three characteristic absorption peaks 

for the crystalline NIF. The second order polynomial was again used to describe the 

continuous background absorption. Since PVP also shows a continuous featureless 

absorption (see Figure 35), the contribution of the PVP to the absorption of the samples 

was also included in the second order polynomial. The amplitude of the three absorption 

peaks was scaled by a coefficient 𝐴, which was extracted by fitting the function 𝑓(𝑣) (see 

equation 7.1) to the individual absorption spectra. The obtained fit coefficient was divided 
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by the conversion factor obtained from the analysis of the physical mixtures (see Figure 

45). This way the amount of crystalline NIF in the samples was determined. The amount 

of crystalline NIF in the samples few days after being prepared is shown in Figure 46. 

 

Figure 46. Crystalline NIF content with respect to the loaded NIF content for samples with (empty 

circles) and samples without (filled circles) PVP. The error bars correspond to the standard 

deviation calculated based on the crystallinity evaluation of three samples per loaded NIF content. 

Note that for clearer representation the value markers for samples with and without PVP are 

artificially shifted for +1 w% and -1 w% in the horizontal direction, respectively. The dotted curves 

are only guide-to-the-eye. The straight dotted line indicates the expected values if all loaded NIF 

was crystalline. 

The assessment of NIF crystallinity based on the THz TDS investigation reveals that no 

crystalline NIF was present in the samples without PVP for the lowest loading of 5 w%. 

This means that the whole loaded NIF remained amorphous in the samples with 5 w% 

NIF content. For higher loadings part of the NIF recrystallized. When PVP was 

additionally used in the solution during the loading process, NIF remained amorphous 

up to the NIF content of 10 w%. For the highest loading it again partially recrystallized. 

However, the content of crystalline NIF was smaller compared to the samples without 

PVP. This indicates that addition of PVP into the formulation improved the capability of 

paper to maintain NIF amorphous. These results reveal that using an additional carrier 

when loading APIs into the paper matrix can improve the capability of the formulation to 

maintain the API amorphous without making the loading process more complicated and 

time consuming. After the initial THz TDS investigation of the prepared samples was 

completed, the samples were stored in a refrigerator at approximately 5 °C. The samples 

were then investigated again three and six months after they had been prepared. The 

evaluation of the crystalline NIF content in the samples after three and six months after 

the samples had been prepared is shown in Figure 47. 
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Figure 47. Crystalline NIF content for samples evaluated a) three months and b) six months after 

they had been prepared for samples with (empty circles) and without (filled circles) PVP. The 

error bars correspond to the standard deviation calculated based on the crystallinity evaluation of 

three samples per loaded NIF content. Note that for clearer representation the value markers for 

samples with and without PVP are artificially shifted for +1 w% and -1 w% in the horizontal 

direction, respectively. The dotted curves are only guide-to-the-eye. The straight dotted lines 

indicate the expected values if all loaded NIF was crystalline. 

The investigation three months after preparation of the samples revealed that for 

samples without PVP, crystalline NIF was present also in the samples with the lowest 

content of loaded NIF (i.e., 5 w%). This means that NIF, which was initially maintained 

completely amorphous, partially recrystallized during the storage of the samples. For 

samples with higher loadings the estimated amount of crystalline NIF also increased 

compared to the freshly prepared samples. For samples with added PVP the data shows 

that no crystalline NIF was present in the samples with 5 and 10 w% of loaded NIF 

content. This indicates that the addition of PVP into the formulations improved their 

capability to inhibit the recrystallization of NIF. However, for samples with the highest 

loaded NIF content, which already initially contained some crystalline NIF (see Figure 

46), the average amount of crystalline NIF also increased. For samples containing 

crystalline NIF, the evaluation of crystalline content also yielded a greater variation 

between the individual samples with the same loading resulting in greater error bars 

compared to the evaluation of fresh samples. This was the case for both sample types 

(i.e., with and without PVP). The investigation after six months revealed a similar 

outcome compared to the investigation after three months. In all samples without PVP 

crystalline NIF was present. For the samples with PVP, this was again the case only for 

the highest loading of 15 w%, whereas for 5 and 10 w% NIF remained amorphous. 
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The main message based on the results presented in this section is that the addition of 

an extra carrier (e.g., PVP) when dispersing an API (e.g., NIF) into a paper matrix can 

improve the capability of the formulation to maintain the API amorphous. Furthermore, 

the capability of the formulation to inhibit recrystallization of the amorphous API over a 

longer time period can be increased this way as well. The presented approach can be 

simply extended to other APIs and carriers. The main requirement is that the carrier and 

the API can be sufficiently dissolved in the same solvent, which subsequently evaporates 

from the paper matrix. Furthermore, the whole process of preparing the formulation with 

an additional carrier remains relatively straightforward the same way as the preparation 

of smartFilms. Using an extra carrier, which unlike cellulose readily dissolves after 

administration, could also provide an additional advantage compared to the conventional 

smartFilms in terms of inhibiting nucleation and crystal particle growth after the drug 

dissolution as discussed in subsection 3.4.2. Finally, the non-destructive nature of THz 

TDS in combination with the presented estimation of crystalline content enables stability 

testing of the formulations using the same set of samples. 

So far in this work coffee filter paper, which mainly consists of cellulose, was used for 

preparation of samples containing amorphous APIs. In the following section the 

investigation of MCC pressed into tablets as a potential carrier for amorphous NIF is 

presented. 

7.3 NIF in tablets made from MCC 

As discussed in subsection 3.4.2 smartFilms can be considered a special type of a solid 

dispersion involving porous materials as the carrier. Porous materials offer high surface 

area per mass ratio, which enables better adsorption of the API molecules to the surface 

and consequently high drug loading in the amorphous form. This in turn leads to better 

solubility of the drug and consequently improved bioavailability. For the production of 

smartFilms conventional paper is used as the carrier, which mainly consists of cellulose. 

The idea of the investigation presented in this section is to test, if the tablets made directly 

from cellulose powder can also maintain NIF amorphous. To do so, MCC (Carl Roth 

GmbH + Co. KG, Germany) was first pressed into tablets, which were subsequently 

loaded with NIF by applying a NIF solution on the tablets and letting the solvent 

evaporate. The sample preparation procedure is schematically presented in Figure 48. 

In total four tablets loaded with NIF were prepared. For each tablet approximately 120 mg 

of MCC were inserted into a hydraulic tablet press. Then a force of 10 kN was applied 

for 90 s. The resulting tablets were approximately 0.8 mm thick and had a diameter of 

13 mm. Then the tablets were investigated the same way and by using the same THz 

TDS transmission setup as discussed in the previous section. The absorption coefficient 

as well as the tablet thickness were evaluated using the TeraLyzer software (see 

subsection 2.1.2). After the initial THz investigation, the cellulose tablets were loaded 

with NIF by applying 40 µl of the stock solution on the flat surface of the tablets. A volume 

of 40 µl was selected as it was sufficient to wet the whole tablet and at the same time 

the tablets were capable to entirely soak this volume of pure solvent. The stock solution 

was prepared by dissolving NIF in acetone to a concentration of 0.13 g/ml. Applying 40 µl 

of the stock solution, therefore, resulted in approximately 5.2 mg of NIF loaded into the 

tablet per loading cycle. It is worth noting that also the stock solution wetted the whole 



 

92 

tablets as the whole surface including the opposite flat part of the tablet became wet. 

Furthermore, the surface of initially white tablets became yellow, which is the color of 

NIF. 

 

Figure 48. Sample preparation procedure. Before and after each loading cycle samples were 

investigated using THz TDS. 

After applying the solution individually on all four tablets, the tablets were left to dry at 

room temperature. After being dry, the loaded tablets were again investigated using the 

THz TDS setup. Then the loading cycle was repeated by again applying 40 µl of the 

stock solution onto the flat side of the tablets. However, this time the solution was applied 

onto the opposite flat side of the tablets. After being dry, the THz TDS investigation of 

the tablets was repeated. The whole loading cycle was repeated in total four times. Note 

that for every loading cycle the solution was applied to the opposite flat tablet surface 

compared to the previous loading cycle. Furthermore, the tablets were weighted (Kern 

ARS 220-4, Kern & Sohn GmbH, Germany) before and after each loading cycle to control 

the mass of the loaded NIF.  

From the obtained absorption spectra, the amount of crystalline NIF was assessed. This 

was done in the same way as for tablets made from smartFilms as discussed in section 

7.2. Figure 49 shows the results of the THz investigation in terms of the amount of 

crystalline NIF in the cellulose tablets and the increase of tablet thickness determined 

based on the TeraLyzer thickness evaluation. 
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Figure 49. a) Sample thickness difference after each loading cycle. b) Estimated crystalline NIF 

content for cellulose tablets loaded with NIF. The dotted lines are a guide-to-the-eye. The straight 

dotted line in b) indicates the expected values if all loaded NIF was crystalline. Note that the 

difference between the loaded and crystalline NIF content corresponds to the content of the 

amorphous NIF. 

For the lowest NIF content of approximately 4 w% no crystalline NIF was present in the 

samples. This means that the cellulose tablets were able to maintain NIF amorphous. 

For higher loadings NIF partially recrystallized and part of it remained amorphous. This 

outcome is quite similar to the results observed for tablets made from smartFilms loaded 

only with NIF without using PVP as an additional carrier (see Figure 46). Furthermore, 

the extracted sample thickness from the analysis of the THz data revealed that the 

thickness of the cellulose tablets increased with the amount of loaded NIF (Figure 49 a)). 

Since the amount of NIF in the tablets was increased gradually by repeating the loading 

cycle on the same set of tablets, the resulting increase in tablet thickness is directly 

related to the loading procedure. The thickness increase is in general not unexpected, 

since additional material is being loaded into the samples with every loading cycle unless 

one would expect that the material fills potential air gaps within the sample. On the one 

hand, the increase in tablet thickness could also mean that an additional layer of NIF 

was formed on the surface of the tablets. On the other hand, the thickness increase could 

be a consequence of tablet swelling due to the wetting. To test the latter hypothesis, a 

set of fresh cellulose tablets was prepared in the same way as schematically depicted in 

Figure 48. However, instead of applying a NIF solution, 40 µl of pure acetone were used 

to only wet the tablets. Again, the four cycles were repeated with THz TDS investigation 

being performed before and after each cycle. The results of thickness investigation as 

well as NIF crystalline content for these control samples are shown in Figure 50. 
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Figure 50. a) Sample thickness difference after each loading cycle. Filled and empty circles 

correspond to the loaded and control samples, respectively. The dotted curves are a guide-to-

the-eye. b) Estimated crystalline NIF content for cellulose tablets loaded with NIF (filled circles) 

and control samples (empty circles) with respect to the loading cycle. Filled squares correspond 

to the total content of loaded NIF determined from mass difference before and after the loading. 

Note that the difference between the total loaded NIF and the crystalline NIF content corresponds 

to the content of the amorphous NIF. Control samples were only wetted with acetone which 

means that no NIF was loaded. Value markers for control samples in panel b) are artificially shifted 

to the right to avoid overlapping. 

For the control samples, the evaluation of the crystalline NIF content resulted in 0 w% of 

crystalline NIF in the samples regardless of the loading cycle. This is expected since only 

pure acetone was applied onto the control samples, which means that no NIF was 

present in the samples after the loading. A more interesting outcome can be observed 

in terms of the thickness difference for the control samples. The analysis of the THz TDS 

investigation revealed that the thickness of the control samples increased with every 

loading cycle. However, the increase in thickness is smaller compared to the cellulose 

tablets loaded with NIF. Furthermore, the trend of the increasing thickness is also 

different. In the case of control tablets, the trend is non-linear and seems to be reaching 

a plateau, whereas for the cellulose tablets the thickness seems to be linearly increasing 

with the number of loading cycles. This difference between the control samples and 

cellulose tablets loaded with NIF suggests that the thickness increase for the cellulose 

tablets loaded with NIF is not only due to the swelling of the tablets, but it could also be 

a consequence of NIF forming an extra layer on the surface of the tablets. To check, 

whether an extra NIF layer was formed, the tablets were cut using a scalpel and the 

cross-section was visually investigated using a microscope (Leica M50, Leica 

Microsystems GmbH, Germany) with an installed digital camera (Moticam X Wi-Fi, 

MoticEurope, S.L.U., Spain). In Figure 51 photos of one of the tablets and its cross-

section as well as microscope images of the cross-section are shown. 



 

95 

 

 

Figure 51. Photos of the a) two flat surfaces of the tablet loaded with NIF and b) its cross-section. 

c-d) Microscope images of the cross-section. Note that MCC is white and NIF is yellow. 

The visual investigation of the cross-section of the samples revealed that the edges of 

the samples, which correspond to the surface of the tablets, were of yellow color, which 

is the color of NIF. In the middle part of the tablets the prevailing color was white, which 

is the color of MCC. However, light yellow regions and lines could be observed in the 

middle part of the cross-section, indicating that NIF most likely entered the inner parts of 

the tablets. Nevertheless, a clear difference in colors can be observed between the tablet 

surface and the inner part of the tablets indicating that NIF mainly stuck to the surface 

and formed an extra layer. Formation of such layers on the surface and the limited ability 

to penetrate the interior of the tablets could be a limiting factor for the performance of the 

cellulose tablets to maintain NIF amorphous. Formation of a drug layer on the surface of 

smartFilms might also be expected due to the similar loading procedure, which might 

also limit the capability of smartFilms to maintain the drug amorphous. 

In this chapter, the successful application of THz TDS to investigate crystallinity of NIF 

dispersed in a cellulose matrix was presented. In the next chapter the whole presented 

work focusing on THz TDS of poorly soluble pharmaceuticals is summarized. 
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8 Summary and outlook 

Most newly developed drugs are poorly soluble, which can lead to poor bioavailability of 

the drug and, therefore, to a limited success of patient treatment. The solubility of an API 

can be improved by transforming the API from its stable crystalline state into its 

amorphous state. However, amorphous APIs are instable and tend to recrystallize, which 

can lead to unpredictable patient treatment, if the recrystallization takes place during the 

shelf-life time of the product. Therefore, approaches inhibiting the recrystallization of the 

amorphous drugs as well as techniques to inspect the solid state of the drug in a 

formulation, preferably in a non-destructive way, are needed. SmartFilms represent a 

novel approach, which employs ordinary paper to maintain APIs amorphous with the goal 

of improving its solubility. The objective of this work is to exploit and explore the potential 

of THz TDS for the inspection of the solid state of pharmaceuticals loaded into 

smartFilms and tablets made from them. 

To first test the potential of THz TDS to inspect the solid state of pharmaceuticals loaded 

into smartFilms LTA was chosen as the model drug. LTA is a pharmaceutically non-

active ingredient, which is also well soluble in water. However, it is a well-studied 

chemical in the THz range, which exhibits a strong absorption peak at 1.1 THz when in 

crystalline state. This makes identification of crystalline LTA straightforward considering 

that the amorphous materials in this frequency range exhibit featureless absorption. THz 

TDS investigation of smartFilms and physical mixtures containing LTA revealed that 

smartFilms can maintain LTA amorphous up to 23 w% of LTA content. The same results 

were obtained with an XRD analysis of the prepared samples. Furthermore, converting 

smartFilms into the tablets did not trigger the recrystallization of LTA. These results (see 

chapter 4) confirm the potential of THz TDS for non-destructive inspection of the solid 

state of APIs in smartFilms and tablets made from them. 

The key aspect of the study involving smartFilms loaded with LTA was the identification 

of the absorption peak which is indicative of the crystalline state. This approach can be 

generally extended to APIs which exhibit distinct absorption features in the THz range. 

Therefore, different poorly soluble drugs were chosen and their absorption properties 

were investigated in the THz range. They all show absorption features, some more 

pronounced than others (see section 5.1). Furthermore, a set of excipients, i.e., 

pharmaceutically non-active ingredients, was also investigated. Some of the selected 

excipients also show pronounced absorption features in the THz range (see section 5.2). 

Therefore, the presence of such excipients in the final formulation can make investigation 

of the solid state of the API more complicated. The absorption peaks identified in the 

absorption spectra of the selected pharmaceuticals were further characterized by fitting 

a function consisting of a sum of second order polynomial and a set of Gaussian 

functions to the individual absorption spectra. The second order polynomial was used to 

describe the continuous background absorption, whereas the Gaussian functions were 

used to describe the identified absorption peaks and obtain the properties of the 

absorption peaks in terms of amplitude, frequency position and width (see section 5.3). 

To exploit the potential of THz TDS to inspect the solid state of APIs as well as to assess 

its crystallinity in tablets made from smartFilms, IM was chosen as a model drug (chapter 

6). IM is a BCS class II drug, which has been previously studied in the THz range in its 

crystalline as well as amorphous state. THz absorption spectra of two polymorphs, the 



 

98 

commonly used γ-IM and metastable α-IM, have been reported. They both show distinct 

absorption features (see Figure 39), which were further characterized in terms of peak 

amplitude, frequency position and width (see Table 6). The results of the THz TDS 

investigation revealed that smartFilms can maintain IM amorphous up to an IM content 

of approximately 15 w% (see Figure 42). For a higher IM content smartFilms were not 

able to maintain the entire loaded IM amorphous. Part of the loaded IM recrystallized as 

α-IM, which is still better soluble than the initially used γ-form. Furthermore, with the 

increasing amount of loaded IM, the amount of amorphous IM decreased. This indicates 

that when an additional amount of an API is loaded into smartFilms the initially 

amorphous API also partially recrystallizes. Finally, the THz TDS investigation of tablets 

made from smartFilms was repeated one year after the samples had been prepared. The 

results revealed that IM remained amorphous up to the amount of approximately 15 w%. 

However, for higher content of the loaded IM, the amount of amorphous IM decreased 

compared to the freshly prepared samples (see Figure 43). Furthermore, the data 

suggests that a small amount of γ-IM was present in the samples after one year which 

indicates that either initially amorphous IM or α-IM partially transformed into the γ-form 

during storage. 

The investigation of tablets made from smartFilms loaded with IM revealed the potential 

of THz TDS to quantify the crystalline and amorphous fractions of APIs in such 

formulations. This approach was applied to NIF, which is also a BCS class II drug with 

pronounced absorption features in the THz range (see section 7.1). In addition to the 

conventional smartFilms containing NIF, modified smartFilms containing an additional 

carrier (i.e., PVP) were prepared and their ability to maintain NIF amorphous was 

compared (see section 7.2). A THz TDS investigation of the two sample types revealed 

that PVP improves the capability of smartFilms to maintain NIF amorphous (see Figure 

46). An investigation of the samples three and six months after preparing them revealed 

that the addition of PVP also improves the capability of smartFilms to maintain NIF 

amorphous during storage (see Figure 47). THz TDS was also employed to investigate 

the solid state of NIF after directly loading it into tablets made from MCC (see section 

7.3). The results revealed a similar capability of cellulose tablets to maintain NIF 

amorphous as the conventional smartFilms. Furthermore, the evaluation of the thickness 

of the cellulose tablets before and after each loading cycle revealed a gradual increase 

in sample thickness after each loading cycle. By preparing and investigating additional 

control samples (see Figure 50) as well as by cutting the tablets loaded with NIF and 

inspecting their cross-section under a microscope (see Figure 51), the increasing 

thickness could be attributed to the swelling of the tablets as well as to the formation of 

an additional NIF layer on the surface of the tablets. Formation of such a surface layer 

and the limited ability of NIF to penetrate the interior of the tablets could potentially limit 

the capability of such formulations to maintain NIF amorphous. 

The results presented in this work demonstrate the ability of THz TDS for the 

investigation of the solid state of APIs in smartFilms and tablets made from them. Based 

on these results THz TDS can be applied to studies of different types of pharmaceutical 

solid dosage forms in the future. For example, solid dispersions employing different 

carrier materials or being prepared with different techniques could be inspected using 

THz TDS. Their ability to maintain APIs amorphous could then be directly compared. 

Different paper types for preparation of smartFilms as well as additional processing steps 
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such as paper granulation, which would be needed in a large-scale production process, 

should be also considered in the future. Furthermore, stability of amorphous APIs in 

different formulations could be investigated by continuously monitoring a set of samples 

during accelerated aging at elevated temperatures. Also, inspection of more complex 

and realistic formulations consisting of an API and several excipients including tablet 

coating should be considered in the future. In addition to the inspection of the solid state 

of the API in tablets, the simultaneous assessment of tablet porosity based on the 

performed THz TDS transmission measurements can be considered. Porosity plays an 

important role in the disintegration of tablets as well as the drug release. Furthermore, 

the dissolution and solubility advantage of formulations containing amorphous APIs 

should be studied and compared to the formulations with crystalline drugs. Finally, the 

approach presented here for the investigation of the solid state of the APIs relies on the 

identification and quantification of pronounced absorption features which are related to 

the crystallinity of the API. So far only information about the absorption coefficient of the 

samples has been exploited for this task. Since THz TDS investigation of samples allows 

simultaneous extraction of absorption coefficient and refractive index, refractive index 

values could be considered in the evaluation. Furthermore, the approach presented in 

this work is limited to APIs with pronounced absorption features in the detectable THz 

range. To potentially overcome this problem, combining such APIs with other active or 

inactive pharmaceuticals, which show pronounced absorption features, could be 

considered. By forming co-amorphous complexes and potentially even combining them 

with the concept of smartFilms, improved solubility could be achieved. Furthermore, the 

additional pharmaceutical with pronounced absorption features in the THz range could 

be used as an indicator for potential recrystallization of the co-amorphous complex. 
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9 Zusammenfassung und Ausblick 

Die meisten neu entwickelten Arzneimittel sind nur schwer löslich, was zu einer 

schlechten Bioverfügbarkeit des Arzneimittels und damit zu einem begrenzten Erfolg der 

Patientenbehandlung führen kann. Die Löslichkeit eines Wirkstoffs kann verbessert 

werden, indem der Wirkstoff von seinem stabilen kristallinen Zustand in seinen 

amorphen Zustand überführt wird. Amorphe Wirkstoffe sind jedoch instabil und neigen 

zur Rekristallisation, was zu einer unvorhersehbaren Patientenbehandlung führen kann, 

wenn die Rekristallisation während der Haltbarkeitsdauer des Produkts stattfindet. Daher 

werden Ansätze benötigt, die die Rekristallisation amorpher Arzneimittel verhindern, 

sowie Techniken zur Überprüfung der molekularen Ordnung des Arzneimittels (engl.: 

solid state of the drug) in einer Formulierung, vorzugsweise auf zerstörungsfreie Weise. 

SmartFilms sind ein neuartiger Ansatz, bei dem gewöhnliches Papier verwendet wird, 

um Wirkstoffe amorph zu halten, mit dem Ziel, ihre Löslichkeit zu verbessern. Ziel dieser 

Arbeit ist die Nutzung und Erforschung des Potenzials von Terahertz-(THz)-

Zeitbereichsspektroskopie (TDS) für die Prüfung der molekularen Ordnung von 

Arzneimitteln, die in smartFilms und daraus hergestellten Tabletten enthalten sind. 

Um zunächst das Potenzial von THz-TDS für die Untersuchung der molekularen 

Ordnung von in smartFilms geladenen Arzneimitteln zu testen, wurde LTA als 

Modellarzneimittel ausgewählt. Dieses ist kein Wirkstoff und löst sich leicht in Wasser 

auf. Es handelt sich jedoch um eine gut untersuchte Chemikalie im THz-Bereich, die im 

kristallinen Zustand einen starken Absorptionspeak bei 1,1 THz aufweist, was die 

Identifizierung von kristallinem LTA vereinfacht, da amorphe Materialien in diesem 

Frequenzbereich eine unauffällige Absorption aufweisen. Die THz-TDS-Untersuchung 

von smartFilms und physikalischen Mischungen, die LTA enthalten, ergab, dass 

smartFilms LTA bis zu einem LTA-Gehalt von 23 Gew.-% amorph halten können. Die 

gleichen Ergebnisse wurden mit einer XRD-Analyse der hergestellten Proben erzielt. 

Darüber hinaus führte die Umwandlung von smartFilms in Tabletten nicht zur 

Rekristallisation von LTA. Diese Ergebnisse (siehe Kapitel 4) bestätigen das Potenzial 

der THz-TDS für die zerstörungsfreie Prüfung der molekularen Ordnung von Wirkstoffen 

in smartFilms und daraus hergestellten Tabletten. 

Der Schlüsselaspekt der Studie über mit LTA beladenen smartFilms war die 

Identifizierung des Absorptionspeaks, der auf den kristallinen Zustand hinweist. Dieser 

Ansatz kann allgemein auf Wirkstoffe ausgedehnt werden, die deutliche 

Absorptionsmerkmale im THz-Bereich aufweisen. Daher wurden verschiedene 

schwerlösliche Arzneimittel ausgewählt und ihre Absorptionseigenschaften im THz-

Bereich untersucht. Sie alle zeigen Absorptionsmerkmale, einige davon ausgeprägter 

als andere (siehe Abschnitt 5.1). Darüber hinaus wurde auch eine Reihe von Hilfsstoffen 

untersucht. Einige der ausgewählten Hilfsstoffe zeigen ebenfalls ausgeprägte 

Absorptionsmerkmale im THz-Bereich (siehe Abschnitt 5.2). Daher kann das 

Vorhandensein solcher Hilfsstoffe in der endgültigen Formulierung die Untersuchung der 

molekularen Ordnung des Wirkstoffs erschweren. Die in den Absorptionsspektren der 

ausgewählten Arzneimittel identifizierten Absorptionspeaks wurden weiter 

charakterisiert, indem eine Funktion, bestehend aus einer Summe von einem Polynom 

zweiter Ordnung und eines Satzes von Gauß-Funktionen, an die einzelnen 

Absorptionsspektren angepasst wurde. Das Polynom zweiter Ordnung diente zur 
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Beschreibung der kontinuierlichen Hintergrundabsorption, während die Gauß-

Funktionen zur Beschreibung der identifizierten Absorptionspeaks verwendet wurden. 

Anhand der Anpassung wurden die Eigenschaften der Absorptionspeaks in Bezug auf 

Amplitude, Frequenzposition und -breite bestimmt (siehe Abschnitt 5.3).  

Um das Potenzial der THz-TDS zur Untersuchung der molekularen Ordnung von 

Wirkstoffen sowie zur Bewertung ihrer Kristallinität in aus smartFilms hergestellten 

Tabletten zu nutzen, wurde IM als Modellarzneimittel ausgewählt (Kapitel 6). IM ist ein 

Arzneimittel der BCS-Klasse II, das zuvor im THz-Bereich sowohl im kristallinen als auch 

im amorphen Zustand untersucht wurde. Es wurden THz-Absorptionsspektren von zwei 

Polymorphen, dem allgemein verwendeten γ-IM und dem metastabilen α-IM, berichtet. 

Beide zeigen deutliche Absorptionsmerkmale (siehe Abbildung 39), die in Bezug auf 

Peakamplitude, Frequenzposition und -breite weiter charakterisiert wurden (siehe 

Tabelle 6). Die Ergebnisse der THz-TDS-Untersuchung zeigten, dass smartFilms IM bis 

zu einem IM-Gehalt von etwa 15 Gew.-% amorph halten können (siehe Abbildung 42). 

Bei einem höheren IM-Gehalt waren die smartFilms nicht in der Lage, das gesamte 

beladene IM amorph zu halten. Ein Teil des geladenen IMs rekristallisierte als α-IM, das 

immer noch besser löslich ist als die ursprünglich verwendete γ-Form. Darüber hinaus 

nahm mit zunehmender Menge an geladenem IM die Menge an amorphem IM ab. Dies 

deutet darauf hin, dass der ursprünglich amorphe Wirkstoff auch teilweise rekristallisiert, 

wenn die smartFilms mit einer höheren Menge Wirkstoff beladen werden. Schließlich 

wurde die THz-TDS-Untersuchung der aus smartFilms hergestellten Tabletten ein Jahr 

nach der Herstellung der Proben wiederholt. Die Ergebnisse zeigten, dass IM bis zu 

einem Anteil von etwa 15 Gew.-% amorph blieb. Bei höheren Gehalten an geladenem 

IM nahm die Menge an amorphem IM im Vergleich zu den frisch hergestellten Proben 

jedoch ab (siehe Abbildung 43). Darüber hinaus deuten die Daten darauf hin, dass in 

den Proben nach einem Jahr eine geringe Menge an γ-IM vorhanden war, was darauf 

hindeutet, dass sich entweder das ursprünglich amorphe IM oder das α-IM während der 

Lagerung teilweise in die γ-Form umgewandelt hat. 

Die Untersuchung von Tabletten, die aus mit IM beladenen smartFilms hergestellt 

wurden, zeigte das Potenzial der THz-TDS für die zerstörungsfreie Inspektion und 

Quantifizierung der Kristallinität und Amorphie von Wirkstoffen in solchen 

Formulierungen. Dieser Ansatz wurde auf NIF angewandt, das ebenfalls ein Arzneimittel 

der BCS-Klasse II mit ausgeprägten Absorptionsmerkmalen im THz-Bereich ist (siehe 

Abschnitt 7.1). Zusätzlich zu den konventionellen smartFilms, die NIF enthalten, wurden 

modifizierte smartFilms mit PVP als einem zusätzlichen Träger hergestellt und ihre 

Fähigkeit, NIF amorph zu halten, verglichen (siehe Abschnitt 7.2). Die THz-TDS-

Untersuchung der beiden Probentypen ergab, dass PVP die Fähigkeit der smartFilms 

verbessert, NIF amorph zu halten (siehe Abbildung 46). Die Untersuchung der Proben 

drei und sechs Monate nach ihrer Herstellung ergab, dass der Zusatz von PVP auch die 

Fähigkeit der smartFilms verbessert, die NIF während der Lagerung amorph zu halten 

(siehe Abbildung 47). THz-TDS wurde auch eingesetzt, um die molekulare Ordnung von 

NIF zu untersuchen, nachdem es direkt in Tabletten aus MCC geladen wurde (siehe 

Abschnitt 7.3). Die Ergebnisse zeigten, dass die Zellulosetabletten ähnlich gut in der 

Lage sind, NIF amorph zu halten wie die herkömmlichen smartFilms. Darüber hinaus 

ergab die Auswertung der Dicke der Zellulosetabletten vor und nach jedem Ladezyklus 

eine allmähliche Zunahme der Probendicke nach jedem Ladezyklus. Durch die 
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Herstellung und Untersuchung zusätzlicher Kontrollproben (siehe Abbildung 50) sowie 

durch das Aufschneiden der mit NIF beladenen Tabletten und die Untersuchung ihres 

Querschnitts unter dem Mikroskop (siehe Abbildung 51) konnte die zunehmende Dicke 

auf die Quellung der Tabletten sowie die Bildung einer zusätzlichen NIF-Schicht auf der 

Oberfläche der Tabletten zurückgeführt werden. Die Bildung einer solchen 

Oberflächenschicht und die begrenzte Fähigkeit von NIF, in das Innere der Tabletten 

einzudringen, könnten die Fähigkeit solcher Formulierungen, NIF amorph zu halten, 

möglicherweise einschränken. 

Die in dieser Arbeit vorgestellten Ergebnisse bestätigen das Potenzial der THz-TDS für 

die Untersuchung der molekularen Ordnung von Wirkstoffen in smartFilms und daraus 

hergestellter Tabletten. Auf der Grundlage dieser Ergebnisse kann THz-TDS in Zukunft 

für Untersuchungen verschiedener Arten von festen pharmazeutischen 

Darreichungsformen eingesetzt werden. Zum Beispiel könnten feste Dispersionen 

(engl.: solid dispersions), die verschiedene Trägermaterialien verwenden oder mit 

verschiedenen Techniken hergestellt werden, mit THz-TDS untersucht werden, und ihre 

Fähigkeit, Wirkstoffe amorph zu halten, könnte direkt verglichen werden. Verschiedene 

Papiersorten für die Herstellung von smartFilms sowie zusätzliche Verarbeitungsschritte 

wie die Papiergranulierung, die in einem Produktionsprozess im großen Maßstab 

erforderlich wären, sollten in Zukunft ebenfalls in Betracht gezogen werden. Außerdem 

könnte die Stabilität solcher Formulierungen durch kontinuierliche Überwachung einer 

Reihe von Proben während der beschleunigten Alterung bei erhöhten Temperaturen 

untersucht werden. Auch die Prüfung komplexerer und realistischerer Formulierungen, 

die aus einem Wirkstoff und mehreren Hilfsstoffen einschließlich Tablettenüberzug 

bestehen, sollte in Betracht gezogen werden. Zusätzlich zur Prüfung der molekularen 

Ordnung des Wirkstoffs in Tabletten kann eine gleichzeitige Bewertung der 

Tablettenporosität auf der Grundlage der durchgeführten THz-TDS-

Transmissionsmessungen in Betracht gezogen werden. Die Porosität spielt eine 

wichtige Rolle beim Zerfall der Tabletten sowie bei der Freisetzung des Wirkstoffs. 

Darüber hinaus sollten die Auflösungs- und Löslichkeitsvorteile von Formulierungen mit 

amorphen Wirkstoffen untersucht und mit denen von Formulierungen mit kristallinen 

Wirkstoffen verglichen werden. Schließlich beruht der hier vorgestellte Ansatz zur 

Untersuchung der molekularen Ordnung der Wirkstoffe auf der Identifizierung und 

Quantifizierung ausgeprägter Absorptionsmerkmale, die mit der Kristallinität des 

Wirkstoffs in Zusammenhang stehen. Bislang wurden für diese Aufgabe nur 

Informationen über den Absorptionskoeffizienten der Proben genutzt. Da die THz-TDS-

Untersuchung von Proben die gleichzeitige Extraktion des Absorptionskoeffizienten und 

des Brechungsindexes ermöglicht, könnten die Werte des Brechungsindexes bei der 

Auswertung berücksichtigt werden. Außerdem ist der in dieser Arbeit vorgestellte Ansatz 

auf Wirkstoffe beschränkt, die ausgeprägte Absorptionsmerkmale im unteren THz-

Bereich aufweisen. Um dieses Problem möglicherweise zu überwinden, könnten 

Wirkstoffe, denen ausgeprägte Absorptionslinien fehlen, mit anderen aktiven oder 

inaktiven Arzneimitteln, die ausgeprägte Absorptionsmerkmale aufweisen, in Betracht 

gezogen werden. Durch die Bildung koamorpher Komplexe und möglicherweise sogar 

durch die Kombination mit dem Konzept der smartFilms könnte eine verbesserte 

Löslichkeit erreicht werden. Darüber hinaus könnte das zusätzliche Arzneimittel mit 

ausgeprägten Absorptionsmerkmalen im THz-Bereich als Indikator für eine mögliche 

Rekristallisation des gesamten koamorphen Komplexes verwendet werden. 
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