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1. Introduction 

1.1 NMR spectroscopy 

1.1.1 1H NMR spectroscopy 

NMR spectroscopy examines the behavior of atomic nuclei, which are exposed to a 

homogenous, static magnetic field and excited to resonate by means of electromagnetic 

radiation. The first experiments that could detect the resonance signals date back to the late 

1940s [1]. Since then, NMR spectroscopy has evolved significantly. This introduction aims to 

discuss the basic aspects and some special measurement techniques. However, the field of 

NMR spectroscopy offers many more possibilities and applications in the most diverse 

scientific fields. 

Atomic nuclei, which are accessible to NMR spectroscopy, must have an odd number of 

protons or neutrons [2]. This results in a spin around its own nuclear axis, creating a magnetic 

moment. The spin of the atomic nuclei is also called angular momentum [3]. The magnetic 

moment and the angular momentum are proportional to each other and can be related by 

means of a proportionality factor, the gyromagnetic ratio γ. The gyromagnetic ratio is a natural 

constant that is different for each isotope and has a strong influence on the sensitivity of the 

NMR experiment [1]. 

When a nucleus is placed in the magnetic field, the nuclear spins align along the magnetic field 

B0 [4]. The number of possible orientations N of the spins depends on the spin quantum 

number I and is equal to 2 I + 1. In the case of hydrogen with I = ½, this results in two different 

orientation possibilities and thus two energy levels characterized by the magnetic quantum 

number m. These energy levels are also referred to as the Zeeman levels. As can be seen in 

Figure 1, m1 = + ½ is parallel (α state) and m2 = - ½ is antiparallel (β state) to B0 [1]. 

 

Figure 1: The energy difference of the two Zeeman levels results in the energetically more favorable α 

state (m1; parallel to B0) being slightly more occupied than the β state (m2; antiparallel to B0). 
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These orientations result in the α state being more energetically favorable compared to the β 

state, resulting in a slight occupation difference. The difference between these energy levels 

depends on B0 and is responsible for the sensitivity of NMR measurements [5]. This, along 

with increasing signal resolution, is the reason for the drive towards more and more powerful 

magnets. 

In the classical conception, the nuclei precess in a circular path statistically distributed on a 

double precession cone around the magnetic field. The frequency of this precession motion is 

called Larmor frequency. The macroscopic magnetization M0 resulting from the occupation 

difference shows along B0, because more nuclei are in the lower energy level. If the Larmor 

frequency of the corresponding nucleus is irradiated, resonance occurs. In this case, the nuclei 

in the α state absorb the energy and change to the higher energy state. This results in a 

compensation of the occupation difference and transverse magnetization occurs due to phase 

coherence of some spins [1]. 

When the radio frequency is allowed to act on the nuclei for a certain time, the macroscopic 

magnetization flips into the x,y-plane. When the radio frequency is turned off, the nuclei begin 

to relax and the initial magnetization M0 in the direction of B0 is restored. The resulting decrease 

in transverse magnetization can be measured using a transmitter coil located in the x,y-plane, 

which also serves as receiver coil. The so-called free induction decay (FID) is obtained. To 

obtain the usual NMR spectrum, the signal must be converted from the time domain to the 

frequency domain using the Fourier transformation [5]. Since the resonance frequency of a 

nucleus is influenced by its chemical environment, it is dependent on the molecular structure. 

The extent of the influence of the chemical environment on the resonance frequency is 

measured by the chemical shift [6]. 

1.1.2 Diffusion ordered spectroscopy 

Diffusion ordered spectroscopy (DOSY) is a pseudo-2D experiment which combines the 

information of the self-diffusion coefficient of molecules based on the Brownian motion and 

their chemical shifts. This enables the analysis and separation of substance mixtures [7-11] by 

means of one measurement without carrying out a complex separation beforehand [11]. 

In contrast to the usual measurements where a static, homogenous magnetic field is desired, 

the pulsed field gradient (PFG) technique is used [12] with an inhomogeneous field [13]. For 

this purpose, linear field gradients are irradiated for a short time, which interfere with the static 

magnetic field and thus lead to different field strengths within the sample. This leads to a spatial 

resolution of the individual nuclei since their resonance frequency depends on their position in 

the magnetic field. 
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Figure 2 Influence of the time between two field gradients with opposite direction on the echo signal. In 
case a), no diffusion has taken place (Δt1 is very small) which leads to a complete refocusing of 
the spins and a normal echo signal. b) describes the case of diffusion, which leads to incomplete 
refocusing and thus an attenuated signal. 

A widespread technique is the pulse gradient spin echo (PGSE) experiment established by 

E.O. Stejskal and J.E. Tanner [14]. It is a slightly modified version of the spin echo experiment, 

in which the attenuation of the signals caused by self-diffusion is measured. A gradient pulse 

is generated along the z-axis after the 90° pulse, resulting in a different Larmor frequency of 

the spins within the sample. By applying a field gradient in the opposite direction within a very 

short time window it would be possible to refocus the spins and measure the echo signal after 

the 180° pulse. In order to be able to evaluate the diffusion coefficient the second gradient is 

applied after a predefined time, which gives the molecules time to diffuse. As a result, they are 

no longer in the same location as in the first gradient and can no longer be refocused. This 

leads to an attenuation of the echo signal (see Figure 2). This experiment is performed several 

times with varying gradient strengths and the diffusion coefficient is thus calculated from the 

attenuation of the signals [3]. For this, the well-known Stejskal and Tanner [15] equation can 

be used where IG and I0 represent the signal intensities with and without a gradient, 

respectively, γ the gyromagnetic ratio, δ the gradient duration, G the gradient intensity, Δt’ the 

corrected diffusion time and D the diffusion coefficient. 

𝐼𝐺 =  𝐼0 𝑒−𝐷∆𝑡′𝛾2𝛿2𝐺2
 

By plotting the chemical shift against the diffusion coefficient, the typical DOSY diagram is 

obtained. Here, all signals of a substance can be found on a line corresponding to the diffusion 

coefficient [7]. Since the diffusion coefficient depends not only on the temperature but also on 

the size and shape of the molecule, the molecules can be distinguished. This fact is described 

in the Stokes-Einstein relation with D as diffusion coefficient, κB as Boltzmann constant, T as 

absolute temperature, η as dynamic viscosity and r as radius of a spherical particle [16]. 
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𝐷 =
𝑘𝐵𝑇

6𝜋𝜂𝑟
 

Since each slice of the DOSY diagram corresponds to a measurement, the corresponding 1H 

spectra of the substances can also be obtained in this way. However, this method is limited in 

the case of strongly overlapping signals of very different intensities [17,15]. 

1.1.3 Quantitative NMR spectroscopy 

Mainly 1H NMR spectroscopy is used for structure elucidations in combination with 13C NMR 

and special 2D NMR measurements [1,3]. But another use, which nowadays is widely applied, 

is the ability of quantitative NMR spectroscopy (qNMR). The intensity of a signal, being the 

area under the curve, is directly proportional to the number of nuclei that generate it [18]. 

Therefore, not only the 1H nuclei can be used but also many others that are accessible to NMR 

spectroscopy, e.g., 31P, 19F, 35Cl or 79Br. Nevertheless, there are certain constraints that affect 

the measurements, such as the natural abundances of the nuclei [19]. 

In order to achieve accurate results, several points must be taken into account and the correct 

parameters for the acquisition and processing must be selected. A basic requirement is a pure 

signal [20]. Sometimes signals have a similar chemical shift and overlap, which does not allow 

proper integration and distorts the results. A major advantage of qNMR spectroscopy is that, 

unlike other methods such as high-performance liquid chromatography (HPLC), one molecule 

usually generates multiple signals and only one well-separated signal is needed for 

quantification. Even though there are ways to influence the chemical shift, such as solvents 

and their mixtures, pH value or auxiliary reagents, it is not possible to modify the separation of 

signals to the same extent as with HPLC [20]. 

One value that is highly influential to the measurement time is the longitudinal relaxation T1 

which determines the recycling delay. The aim is to give the nuclear spins time to relax almost 

completely so that a maximum signal can be obtained again. Since the T1 time is different for 

each signal in the spectrum and in each solvent, it should be determined beforehand using the 

inversion-recovery experiment. By default, the recycling delay for a 90° pulse is set to at least 

five times T1 of the slowest relaxing signal (corresponds to 99% recovery) [21,22]. 

Among other parameters that can be optimized, the signal-to-noise-ratio (S/N), the digital 

resolution of the signals and their integration ranges should be considered in any case. They 

all have a direct impact on subsequent integration. The S/N should have a ratio of S/N > 250:1 

for 1H nuclei [23], which is often difficult to achieve at low concentrations due to the inherently 

low sensitivity of NMR spectroscopy. This can lead to long measurement times, as the increase 

in S/N only improves with the square root of the number of scans [24]. With digital resolution, 

it should be ensured that the signals are described with at least five points above the half-height 
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to enable correct integration [22]. For this, the integration range should ideally be 64 times the 

half-width of the signal [21]. However, this is often not possible due to nearby signals, so that 

an intermediate solution and compromise must be found. 

1.2 Infrared spectroscopy 

Infrared (IR) spectroscopy is a very versatile tool that also has its place in pharmaceutical 

analytics. The basic principle is based on the measurement of the absorbed or emitted 

frequency range of the irradiated infrared radiation. The infrared radiation used covers the 

spectral range from 13,000 to 10 cm-1 and can be further subdivided into the near infrared 

(NIR) 13,000 – 4,000 cm-1, the mid infrared (MIR) 4,000 – 400 cm-1, and the far infrared with 

400 – 10 cm-1 [25]. 

Due to the emitted electromagnetic radiation the chemical bonds are excited to vibrations. For 

a chemical bond to start oscillating, radiation must be emitted at the frequency at which it itself 

oscillates. However, only those bonds absorb light during whose oscillations the dipole 

moment changes. They are called IR active. All other vibrations, such as in symmetric 

molecules, are thus IR inactive. They are not accessible to IR spectroscopy and have to be 

investigated by other methods, e.g. Raman spectroscopy [26]. 

The vibrations in the molecules can generally be divided into two different modes. The 

stretching mode, which influence the bond length, and the bending mode, which lead to a 

change in the bond angle. Most stretching vibrations occur at larger wavenumbers above 

1,500 cm-1, since significantly more energy is required to excite them. Bending vibrations 

require less energy and are therefore mainly found at wave numbers below 1,500 cm-1. In 

addition, framework vibrations (1,600 – 1,000 cm-1), which are characteristic for the molecule, 

also occur in this region, which is why this region is also called the fingerprint region. It is 

therefore often used for identity testing [5]. 

The position of the signals (absorption bands) in the spectrum depends on the mass of the 

atoms and the strength of the bond. The smaller the mass and the stronger the bond, the 

higher the wavenumbers and the more energy is required to make them oscillate. The position 

of the signals is thus characteristic of the individual bonds and can be used to detect functional 

groups. Furthermore, the vibrating groups influence each other, which allows one to make a 

statement about their chemical environment. 

1.2.1 Fourier transform infrared spectroscopy 

Nowadays mainly Fourier transform infrared (FT-IR) spectroscopy is used because of its clear 

advantages [25,27]. Compared to conventional IR spectrometers, the entire infrared range is 

irradiated into the sample at once with the aid of an interferometer. This results in a complex 
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sum interferogram, in which the intensity is plotted against time. Only by a Fourier 

transformation one obtains the usual IR spectrum in the frequency domain. 

The best-known interferometer is the Michelson interferometer, as can be seen in Figure 3. 

Here, the IR radiation is split into two beams by means of a beam splitter. One beam is 

deflected by 90° and reflected by a fixed mirror. The second beam passes straight through the 

beam splitter and then hits a movable mirror. The two beams are reunited and interfere, adding 

or canceling each other. The resulting beam is directed onto the sample. Here, each λ 

corresponds to a certain time of the mirror movement. 

 

Figure 3 Schematic presentation of the Michelson interferometer 

The main advantages of this method are shorter measurement times, since the entire IR 

spectrum is recorded at once, and high precision of wavenumber detection due to calibration 

by means of a laser. 

1.2.2 NIR 

The NIR range extends from 13,000 – 4,000 cm-1 (760 – 2,600 nm). In this range, mainly the 

overtone vibrations of the X-H valence and combination vibrations can be seen [28]. 

Accordingly, there are no characteristic and intense absorption bands as in MIR spectroscopy, 

which makes chemometric evaluation necessary [29]. For this purpose, reference databases 

must be recorded and pre-processed to be able to guarantee a sufficiently precise 

determination of the target quantity later on, such as the identity or the content of a drug. 

The basic setup of a NIR spectrometer with light source, monochromator and detector is the 

same as that of a MIR instrument, but in addition to gratings, the monochromators also use 

interference filters. A special feature is the use of glass fiber probes, which enables in situ 
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analysis and the possibility to measure solid samples, solutions, liquids or suspensions. Three 

different measurement methods can be used for this purpose. The transmission, the diffuse 

reflection and the transflection [5]. Diffuse reflection is a combination of internal and external 

scattering and is mostly used for solids. Here, part of the radiation is reflected directly from the 

surface, while another part penetrates the sample and is partially absorbed. Since the radiation 

penetrates different substances to different depths, a reflection standard is necessary. The 

ratio of the reflected radiation from the sample (Is) to the reflection standard (Ir) is called the 

reflectance (R). Generally, the spectra for diffuse reflection are given in the pseudo-absorption 

AR. 

𝑅 =
𝐼𝑠

𝐼𝑟
 𝐴𝑅 = log

1

𝑅
 

In summary, the major advantages of NIR spectroscopy are the very short measurement times, 

very simple sample preparation, which can be completely omitted, the precision and the 

possibility of measurements through glass vessels and on/in/at line. A prerequisite for this, 

however, is a rather complex method development which requires high qualified personal and 

adequate data sets [30]. 

1.3 Multivariate Data Analysis 

Multivariate Data Analysis (MVA) or Chemometrics is the application of mathematical and 

statistical methods to chemical data [31] to optimize measurement procedures and 

experiments and to extract relevant chemical information [32,33]. In the field of spectroscopic 

analysis, it is used to reduce the data dimensionality of hundreds of data points and to display 

the relevant information contained by means of descriptive graphics. A method frequently used 

for this purpose is principal component analysis (PCA), which therefore will be discussed more 

detailed. Besides such methods that are used to recognize the relationships between the data 

and to classify them, there are also regression methods. They combine the spectra with a 

target variable and can be used to determine the content of active ingredients for example. 

One of the best known representatives of these methods is probably the partial least square 

regression [34]. 

1.3.1 Data pre-processing 

Pre-processing of spectral data is a crucial part of chemometric analysis. The aim is to extract 

the important spectral information by reducing the noise or to prepare it for further processing 

and analysis [35]. Depending on the spectral measurement method, several of different 

methods are applicable. Standard Normal Variate (SNV) or Multiplicative Scatter Correction 

(MSC) transformations are often applied to IR data to eliminate scatter and additive effects. 



Introduction 

8 

Here, SNV scales and centers each individual spectrum, while MSC refers to the mean 

spectrum [36]. Further commonly used transformations are baseline corrections, 

transformation from transmission or reflectance spectra to absorption spectra or derivatives. 

Forming the derivatives can remove baseline effects and increase resolution [34]. During 

derivation, smoothing is also frequently applied. However, caution and trained personnel is 

required. If the smoothing is too strong, important spectral information can be lost. 

For NMR data, the so-called bucketing plays an important role. First, it corrects small 

deviations in the chemical shift and second, it leads to a data reduction that enables further 

processing. For this purpose, the spectral range of the spectrum is divided into buckets of 

equal size, with the resulting value corresponding to the sum of intensities within the bucket 

(see Figure 4) [37]. 

Further pre-treatments that are applied before a multivariate method are centering and scaling. 

Commonly used mean-centering shifts the zero point to the middle of the center of the 

multivariate data, focusing the analysis on the portion of the data that varies and thus on the 

differences between the samples [35,38]. Scaling gives all variables the same influence. This 

is important to give a weighting to small signals in spectral data, otherwise information could 

be lost that might be relevant. Furthermore, it is used when different variables are used in the 

data set, such as by IR and NMR measurements and these are to be analyzed simultaneously 

[35,39]. 

Another valuable method is the variable selection to further improve the informative value of a 

method. With some prior knowledge of the sample, variables that only contain noise and not 

any information for the corresponding question can be excluded from further analysis. 
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Figure 4 Illustration of data reduction through bucketing on the basis of a 1H NMR spectrum (600 MHz) 
of rat urine (Reprinted (adapted) with permission from Cherney E et al. [40]. Copyright (2007) 

American Chemical Society.) 

1.3.2 Principal Component Analysis 

Principal Component Analysis (PCA) is one of the most commonly used multivariate methods 

for first exploratory data analysis. PCA helps to recognize correlations in the data, to identify 

outliers or the essential spectral range but most of all it helps to present the data in a clear and 

understandable way with suitable graphical plots [41]. 

The PCA calculates so called principal components (PC), which are a linear combination of 

the original variables [34]. In this way, the hundreds of variables that make up the spectra can 

be described with a few PCs, which also results in a significant data reduction. The PCs form 

a new coordinate system in multivariate space with the new center point at the center of the 

data. Here, the first PC points along the largest variance and the other PCs are each 

orthogonal to it. A simplified representation can be seen in Figure 5. 
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Figure 5 Schematic representation of data points of variables v1 and v2 and the corresponding coordinate 
system spanned by the first two principal components PC1 and PC2. Here PC1 points along the 
largest variance and the origin is in the middle of the data. 

Various methods can be used to calculate the PCs. Usually, these are calculated using the 

mean-centered covariance matrix of the data matrix. The singular value decomposition (SVD) 

is based on the fact that a matrix can be represented by the product of three specific matrices 

and always determines all PCs. The second algorithm is an iterative procedure that can be 

terminated after the relevant PCs, the nonlinear iterative partial least squares (NIPALS) 

algorithm. 

The PCA can be represented schematically with the equation presented in Figure 6. Here X 

corresponds to the mean-centered data matrix with n rows (samples) and M columns 

(variables). This is decomposed into the scores matrix T also with n rows and F principal 

components and the loadings matrix PT with F principal components and M columns. The 

loadings indicate the influence of a variable on the principal component and the scores 

correspond to the projection of the original data on the principal component axes. The residual 

matrix E is the error or unexplained amount of the original data after a given number of principal 

components F. If the number of variables and principal components were equal, it would yield 

zero. However, since one wants to obtain a data reduction, usually M ≫ F. 



Introduction 

11 

 

Figure 6 Schematic illustration of the principal component analysis with the mean-centered data matrix 
X with all the samples and variables, which are represented by the scores matrix T, the loadings 
matrix PT and the residual matrix E. 

1.3.3 Linear Discriminant Analysis 

Linear discriminant analysis (LDA) is a supervised classification method in which the number 

of categories is determined in advance and each sample is assigned to one of these categories 

[42]. LDA uses this classification to divide the multivariate space into different regions. This is 

done using hyperplanes [41]. Thus, unlike PCA, the computed vector is not one that 

corresponds to the largest variance in the data, but one that can best discriminate between 

categories. Thus, the goal in setting the discriminant function is to minimize the differences 

within a class while maximizing them to the other classes. [43] 

However, with spectral data, one often runs into the problem of having more variables than 

samples, which makes it impossible to compute the LDA. To avoid this, a PCA can be 

performed beforehand and then the calculation can be continued with the scores [41]. 

1.4 Application of MIR, NIR and NMR spectroscopic 

methods in the pharmaceutical field 

Nowadays, spectroscopic methods are used in many different fields. In medicine for diagnostic 

purposes such as magnetic resonance imaging, in food control for identity or impurity analysis 

and in chemistry for structure elucidation or reaction monitoring, to name just a few examples. 

They have long been established in the pharmaceutical field, where they are classically used 

for drug quality control. The methods are well described in the European Pharmacopoeia but 

are found to varying degrees in the monographs. MIR and UV-Vis spectroscopy are very 

commonly used for identity and impurity testing, whereas NIR and NMR spectroscopy are not 

yet widely used. NIR is only mentioned in the determination of the water content of a few 

plasma proteins fractions, e.g., human coagulation factor VII. NMR methods are mostly used 

for identification purposes of drugs or excipients [19]. However, this does not mean that they 
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are of lesser importance. Outside of monographs, there are now a variety of applications and 

advancements that go beyond these common uses. For example, some papers deal with 

DOSY measurements as a screening method. Due to the separation of substances based on 

the diffusion coefficient, it is very well possible to describe and investigate mixtures. This allows 

the detection of impurities in drugs, the identification and investigation of drug falsifications, 

and the characterization of drug formulations [8,7,10,9]. The same applies to dietary 

supplements or herbal drugs [44]. In subchapters 3.4 through 3.5, a more detailed review of 

the capabilities of DOSY measurements in characterizing drug formulations is given. 

Other methods were briefly presented by Holzgrabe in 2019 [45]. Amongst them are two 

methods of analysis for stable isotopes such as the internal site specific 12C/13C ratio, which 

can be used as a fingerprinting method for manufacturer identification, API traceability or 

counterfeit detection [46-48]. In addition, there have been technical developments. Assemat 

et al. [49,50] were able to show that benchtop NMRs are also capable of analyzing drugs by 

means of 1H and DOSY measurements. This could give smaller companies and laboratories 

access to NMR measurements and can be beneficial to increasing the prevalence of such 

methods in compendial and routine analyses. MIR spectroscopy also has a variety of other 

applications and methods for pharmaceutical use, which are discussed in many research 

articles and reviews. Several different techniques are applied, including the FTIR attenuated 

total reflectance (FTIR-ATR) spectroscopy, FTIR photo acoustic spectroscopy (FTIR-PAS), 

nano-FTIR spectroscopy and FTIR imaging spectroscopy [27,25,51-53]. These techniques are 

then widely used to characterize crystalline and amorphous forms or polymers, identify 

counterfeits, study drug release and drug penetration in membranes, or analyze the distribution 

of active drugs and excipients. 

1.4.1 Spectroscopic methods in combination with chemometrics 

One tool that further improved some of these spectroscopic analysis techniques and even 

made others possible in the first place was chemometrics. Especially NIR spectroscopy 

benefited from this since the spectra obtained here are not as characteristic by mere 

examination as those obtained by MIR or NMR spectroscopy. On a broad scale, NIR 

spectroscopy did not become established in the pharmaceutical industry until the introduction 

of process analytical technology (PAT) in the early 2000s [54]. Nowadays it is an important 

part of process monitoring and quality control due to its variable use and the possibility to 

determine physical and chemical parameters [55]. Especially the nondestructive nature and 

possibility to measure directly in the samples due to fiber optics or the use as a handheld 

instrument that can measure samples through packaging makes NIR spectroscopy so valuable 

[56]. These features and the development of fast NIR instruments even allow 100% monitoring 

as well as continuous validation throughout the entire manufacturing process [57,58]. 
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Applications vary from tests for content uniformity and active ingredient content, to 

determinations of pharmaceutical parameters such as particle size or dissolution rate as well 

as moisture determination, which is of interest for lyophilization and granulation processes [59-

67]. Even though NIR spectroscopy plays a major role in PAT, other spectroscopic methods 

such as FTIR, Raman, and UV-Vis are also widely used, depending on the task at hand. 

Besides the use of chemometrics in process controlling, it can also be used to counteract one 

major problem in the pharmaceutical field - drug counterfeiting [68]. These have a major impact 

on public health, as well as economic and social consequences [69]. The World Health 

Organization defined three different classes: 1) so-called substandard medicines, which do not 

meet the required specifications, 2) unregistered/unlicensed medical products, which have not 

undergone evaluation and/or approval by the appropriate regulatory authority, and 3) falsified 

medical products [70]. The type of counterfeiting can be quite different, e.g. it may concern the 

composition (no or wrong active ingredient, wrong content) or the packaging. The challenge is 

to detect and trace such counterfeits. Traceability in particular is a major problem, as the supply 

chains in the pharmaceutical industry are very complex [68]. The APIs and excipients can be 

produced, processed, packaged, repackaged and sold in different countries. Therefore, the 

possibility of tracing back drugs to their manufacturer is of paramount interest for safe 

medicines and is more detailed in subchapter 3.1. 

However, it has been shown in several publications that spectroscopic methods, especially in 

combination with chemometrics, are very well suited for authenticity control [71-73]. A brief 

overview of the uses of NIR, MIR, and NMR methods and their purpose is given in Table 1. 

Table 1 Examples for the use of IR and NMR spectroscopic methods for authenticity control 

Spectroscopic method Application Reference 

Infrared   

 FTIR-ATR Discrimination of genuine from counterfeit 
samples of Viagra® and Cialis® 

[71] 

 IR-ATR/NIR Quality control of Chinese traditional 
medicine 

[74] 

 NIR Detection of counterfeit antimalarial tablets [75] 

 NIR Authentication of fluconazole capsules [76] 

NMR   

 DOSY Mixture analysis of genuine and fake 
sildenafil formulations 

[77] 

 Low field 1H-NMR Revealing the adulteration of dietary 
supplements by pharmaceutical compounds 

[78] 
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2. Aims of the thesis 

Spectroscopic methods have been used for a long time in a wide variety of fields for quite 

different tasks, including the pharmaceutical environment. In this thesis, new approaches of 

some spectroscopic methods have been investigated to show the enduring importance and 

possibilities in this field in the present time. This includes chemometric evaluation of spectral 

data, quantitative 1H NMR spectroscopy using a benchtop instrument, as well as DOSY 

measurements for purity analysis or generation of fingerprint spectra. The individual topics that 

are intended to support the merits of spectral analysis methods are described more detailed 

below. 

Chemometric evaluation of spectral data 

In the introduction, some possibilities of the chemometric evaluation of spectral data have 

already been described, as well as their increased importance, for example, in the production 

of pharmaceuticals. In this work, further innovative approaches are to be pursued in this 

respect. Using paracetamol tablets from various pharmaceutical companies as a reference 

group, it is to be investigated whether it is possible to determine the origin of the individual 

preparations, since many marketing authorization holders no longer manufacture their drugs 

themselves, but rather at a contract manufacturing organization (CMO) which makes it 

considerably more difficult to identify the origin beyond doubt. For this purpose, analytical 

measurement procedures coupled with chemometric evaluation methods will be applied. In 

order to achieve these goals, the following points are to be worked on: 

o Development of suitable sample preparations and measurement methods to obtain 

reproducible MIR, NIR and NMR spectra of the paracetamol tablets. 

o Comparison of unsupervised chemometric methods (principal component analysis 

(PCA) and hierarchical cluster analysis (HCA)), as well as supervised methods (linear 

discriminant analysis (LDA)) to identify the origin of the tablets. 

o Development of a NIR attachment to measure intact tablets. 

o Use of a DOSY filter to obtain fingerprint spectra for different formulations. 

Stability studies using DOSY 

Under certain conditions, DOSY measurements can be used to distinguish large molecules 

from small molecules on the basis of the diffusion coefficient. Because of this fact, the 

possibilities of DOSY measurement shall be investigated to use it as a screening method in 
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stability studies of drugs. This will be tested based on possible reactions between APIs and 

excipients.  

Quantitative 1H NMR spectroscopy 

NMR spectroscopy has developed continuously, not only in terms of measurement methods, 

but also in terms of the devices themselves. In the meantime, devices are available that merely 

occupy small spaces upon the analysis bench. The aim of this project is to investigate whether 

these benchtop instruments are capable of producing quantitative results comparable to those 

obtained with a high-field spectrometer. 
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Abstract 

Most drugs are no longer produced in their own countries by the pharmaceutical companies, 

but by contract manufacturers or at manufacturing sites in countries that can produce more 

cheaply. This not only makes it difficult to trace them back but also leaves room for criminal 

organizations to fake them unnoticed. For these reasons, it is becoming increasingly difficult 

to determine the exact origin of drugs. The goal of this work was to investigate how exactly this 

is possible by using different spectroscopic methods like nuclear magnetic resonance and 

near- and mid-infrared spectroscopy in combination with multivariate data analysis. As an 

example, 56 out of 64 different paracetamol preparations, collected from 19 countries around 

the world, were chosen to investigate whether it is possible to determine the pharmaceutical 

company, manufacturing site, or country of origin. By means of suitable pre-processing of the 

spectra and the different information contained in each method, principal component analysis 

was able to evaluate manufacturing relationships between individual companies and to 

differentiate between production sites or formulations. Linear discriminant analysis showed 

different results depending on the spectral method and purpose. For all spectroscopic 

methods, it was found that the classification of the preparations to their manufacturer achieves 

better results than the classification to their pharmaceutical company. The best results were 

obtained with nuclear magnetic resonance and near-infrared data, with 94.6%/99.6% and 

98.7/100% of the spectra of the preparations correctly assigned to their pharmaceutical 

company or manufacturer. 
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Graphical Abstract 

 

1. Introduction 

Nowadays, it is very difficult to determine the origin of a drug based on the declaration on 

primary or secondary packaging. One reason for this is the fact that a large number of 

counterfeit drugs are in circulation, not only in developing countries but also worldwide [1]. In 

addition to the actual medication, the packaging can be copied down to the last detail. Even 

the holograms can be counterfeited so perfect that these packages look more trustworthy than 

the original [2]. Another reason is that often many different companies are involved in the 

manufacturing process and most of them are not named in publicly available documents. In 

most cases, rather than the specific manufacturer, the marketing authorization holder is 

mentioned on the primary and secondary packaging, respectively. Research to figure out the 

manufacturer often leads to debatable websites. Even in developed countries, the 

manufacturer is not always clearly defined. For instance, in Germany, the pharmaceutical 

companies have to name the manufacturer in the package insert. However, these 

manufacturers just have to execute the last step in the production chain, which is the 

certification of the final product release. The excipients, the active pharmaceutical ingredient, 

or even the finished product can come from different manufacturing plants and suppliers from 

all over the world without the need of declaration. This makes it extremely difficult to determine 

the origin of a drug, although the identification of the manufacturer has a safety aspect for the 

patient, and also a commercial aspect for the pharmaceutical companies in terms of 

counterfeiting. 

Chemometric methods are a common way to analyze large, complex spectral data and have 

found their way into various fields [3-12]. The combination of chemometric methods with 

near-infrared (NIR), mid-infrared (MIR), nuclear magnetic resonance (NMR), and Raman 

spectroscopy has solved many analytical challenges. It can be used to differentiate between 
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organically and conventionally grown tomatoes in food chemistry, to evaluate complex 

samples in metabolomics studies, or to date documents in the forensic science [3-7], to name 

only a few applications. In the pharmaceutical sector, chemometric methods have also gained 

importance, for example, as a tool in process analytical technology [8, 9], counterfeit detection, 

and characterization of drug products or herbal medicines [10-12]. 

The aim of this study was to identify the origin of drugs and the country of their manufacturing 

plant, respectively, solely based on measured spectra and the use of principal component 

analysis (PCA) and linear discriminant analysis (LDA). Since paracetamol formulations are 

widespread and easy to acquire, they have been used as a model product. Sixty-four 

paracetamol drug samples were purchased from 52 pharmaceutical companies from all parts 

of the world. Of these, 56 preparations formulated as tablets were used to generate three data 

sets using NIR, MIR, and NMR spectroscopy. With the help of PCA, an unsupervised method, 

the data was screened for patterns, which allows a tracing of the tablets back to their origin. In 

a second step and with the information gathered from PCA, the spectroscopic data were 

examined by LDA. Each of the spectral data sets was analyzed individually. 

2. Materials and Methods 

2.1 Materials 

Dimethylsulfoxide (D6, 99.8%) containing 0.03% (v/v) tetramethylsilane (TMS) and the 

507-HP-7 5 mm routine NMR tubes were purchased from Euriso-top (Saarbrücken, Germany). 

2.2 Drug samples 

All samples (see Table 1) were purchased in local pharmacies or in hospitals. Depending on 

the country, they were dispensed either in their original packaging or as single blister packs. 

Each tablet contained 500 mg of paracetamol and had different sizes, colors, or shapes. 

According to the labelling of some preparations, the types of excipients differed only slightly. 

The number of tablets contained in the marketed products varied between 4 and 30. 
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Table 1 Listing of all investigated paracetamol tablets. Samples marked with * were used for the LDA 
models to predict the manufacturer and land of production. Sample no. 2, 3, 45, 49, 54, 62 and 
63 were deleted from the sample collection because of the large differences in the formulation 
(see “Spectral experiments”). (AUS: Australia; DEU: Germany; ITA: Italy; AUT: Austria; THA: 
Thailand; IDN: Indonesia; BGD: Bangladesh; TZA: Tanzania; CZE: Czech Republic; POL: 
Poland; GBR: Great Britain; ESP: Spain; RUS: Russia; MNG: Mongolia; CHN: China; HKG: Hong 
Kong; COL: Colombia; USA: United States of America; PRT: Portugal) 

Sample No. Name Pharmaceutical Companie Origin Quantity 

1* Panadol GlaxoSmithKline plc. AUS 12 

4* Paracetamol Tablets Chemists' Own AUS 24 

5* Paracetamol AFT Pharmaceuticals Ltd. AUS 20 

6* Paracetamol Priceline  AUS 20 

7* Paracetamol 500 1A Pharma GmbH DEU 20 

8* Paracetamol ratiopharm Ratiopharm GmbH DEU 20 

9* Tachiprina Angelini ACRAF SpA ITA 30 

10* Paracetamolo Farmakopea Farmakopea SpA ITA 20 

11* Acetamol Adulti Abiogen Pharma SpA ITA 20 

12* Paracetamolo Sella 

Laboratorio Chimico 

Farmaceutico “A. SELLA” 

S.r.l. 

ITA 30 

13* Mexalen Ratiopharm GmbH AUT 10 

14* Paracetamol Genericon Genericon Pharma GmbH AUT 10 

16 McXY Para Millimed Co., Ltd. THA 10 

17* Paracetamol 500 Kamol THA 10 

18* Sanmol P.t. Sanbe Farma IDN 4 

19 Paracetamol P.t. Bernofarm IDN 10 

20 Paracetmaol P.t. Phyto Kemo Agung Farma IDN 10 

21 Pamol P.t. Interbat IDN 4 

22* Panadol GlaxoSmithKline plc. IDN 10 

23* Dumin P.t. Actavis Indonesia IDN 10 

24 Ace Square Pharmaceuticals Ltd. BGD 10 

25 Napa Beximco Pharmaceutials Ltd. BGD 10 

26 Paracetamol Crescent Pharma Ltd. BGD 10 

27* Vetocin Nestor Pharmaceuticals Ltd. TZA 10 

28 Paracetamol 
North China Pharmaceutical 

Co., Ltd. 
TZA 10 

29 Cetamol Regal Pharmaceuticals Ltd. TZA 10 

30 Panadol Advance GlaxoSmithKline plc. TZA 10 

31* Asmol Astra Lifecare (India) Pvt. Ltd. TZA 10 

32* Dolomol Lincoln Pharmaceuticals Ltd. TZA 10 

33* Para-Denk 500 
DENK PHARMA GmbH & 

Co. KG 
TZA 10 

34 Elymol Elys Chemical Industries Ltd. TZA 10 

35* Agomol Agog Pharma Ltd. TZA 10 

36 Diodol 
Keko Pharmaceutical 

Industries Ltd. 
TZA 10 

37* Parakant S Kant Healthcare Ltd. TZA 10 

38* Paracetamol Dr.Max Dr. Max Pharma Ltd. CZE 30 

39* Paralen Zentiva Group, a.s. CZE 24 

40* Paracetamol Actavis Actavis POL 24 

41 Paracetamol Polfa Lodz 

Bio-Profil Polska Sp.z o.o / 

Laboratoria Polfa Łódź Sp. z 

o.o. 

POL 10 

42 Paracetamol BIOFARM Sp. z o.o. POL 20 

43* Paracetamol STADA Arzneimittel AG DEU 20 

44* Paracetamol AL 500 Aliud Pharma GmbH DEU 20 
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46* Paracetamol 500mg elac 
Inter Pharm Arzneimittel 

GmbH 
DEU 20 

47* ben-u-ron bene-Arzneimittel GmbH DEU 20 

48* Paracetamol Hexal Hexal AG DEU 20 

50* Paracetamol Aspar pharmaceuticals Ltd. GBR 16 

51* Panadol Advance GlaxoSmithKline plc. GBR 16 

52* Paracetamol Winthrop sanofi-aventis, S.A. ESP 20 

53* Antidol Laboratorios Cinfa S.A. ESP 20 

55* Paracetamol Renewal JSC RUS 20 

56* Paracetamol pharmstandard JSC RUS 20 

57* Paracetamol Nakhia Impex LLC MNG 20 

58 Panadol tskf Co., Ltd. CHN 10 

59* Panadol ActiFast GlaxoSmithKline plc. HKG 16 

60 Acetaminofen Laproff S.A. COL 10 

61 Tylenol 
Johnson & Johnson Services, 

Inc. 
USA 10 

64* Paracetamol Farmoz 
Farmoz - Sociedade Técnico 

Medicinal, S.A. 
PRT 20 

 

2.3 Sample preparation 

For NIR and MIR measurements, the tablets were mortared and measured directly. For NMR 

experiments, an additional tablet per sample was mortared and placed in a falcon tube. Then, 

6 mL of DMSO-d6 containing 0.03% TMS (v/v) as reference standard was added. The samples 

were vortexed (1 min), sonicated (1 h), and centrifuged (20 min/6k U/min). Six aliquots of the 

supernatant were analyzed by NMR spectroscopy (600 μL each). 

Due to the small number of available tablets of some samples, therefore usually only the 

availability of one batch and the need for a whole tablet to obtain reproducible NMR spectra, 

only one tablet per company could be measured. For these reasons, an additional batch of the 

German preparations was acquired, measured, and compared with the first batch. It could be 

seen that the difference between the batches is very small for most companies, and therefore, 

the choice of sample preparation is acceptable, even if the validation is thus only valid for 

repeat measurements. 

2.4 Spectral experiments and analysis 

The acquisition parameters for NMR, NIR, and MIR spectroscopy measurements were already 

reported in Belugina R. B. et al. [13]. 

2.4.1 NMR spectroscopy 

All samples were analyzed with a Bruker Avance III 400 MHz spectrometer operating at 

400.13 MHz with an inverse probehead. The 1H NMR experiments were measured at 

300.11 ± 0.03 K with a 90° flip angle, 64 scans, no rotation, and an acquisition time of 5.45 s 

followed by a relaxation delay of 12 s. The receiver gain was set to 14.04 and a line broadening 

factor of 0.3 Hz was applied. The resulting digital resolution was 0.183 Hz over a spectral width 
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of 30.04 ppm (time domain size 128k). Phasing and baseline correction were performed 

manually with TopSpin versions 3.5 and 4.0 (Bruker BioSpin GmbH, Rheinstetten, Germany). 

All signals were referred to the TMS signal. Each sample was measured six times. 

2.4.2 NIR spectroscopy 

Reflectance spectra were performed on a MicroNIR™ 1700 ES spectrometer with a windowed 

collar (VIAVI Solutions Deutschland GmbH, Eningen unter Achalm, Germany) covering a 

spectral range of 950–1650 nm. It works with two tungsten lamps and detection was performed 

with a photodiode array detector. The drug samples were measured by placing the glass vials 

on the windowed collar and rotating them after every measurement. Twelve spectra were 

recorded per sample with an average of 12 scans and an integration time of 12.2 s. 

2.4.3 MIR spectroscopy 

An FT/IR-6100 spectrometer (JASCO Deutschland GmbH, Pfungstadt, Germany) equipped 

with an attenuated total reflectance unit was used to acquire the MIR spectra. Twelve spectra 

of every drug sample were measured in a spectral range of 4000–550 cm−1 with 256 scans per 

spectrum and a resolution of 4 cm−1. 

2.5 Pre-processing and multivariate data analysis 

For multivariate analysis, NMR spectra were reduced by bundling spectral regions of equal 

width of 0.04 ppm using Amix 3.9.15 (Bruker BioSpin GmbH, Rheinstetten, Germany). The 

spectral range from 0 to 11 ppm was used for further examination with PCA. The spectral 

regions of the residual water signal from 3.42 to 3.50 ppm, the residual dimethylsulfoxide signal 

from 2.34 to 2.70 ppm, and the TMS signal from −0.06 to 0.06 ppm were excluded. The final 

range used for PCA was 6.42–3.54 ppm, 3.38–2.74 ppm, 2.30–2.18 ppm, and 1.78–0.50 ppm. 

Before further processing, the MIR-transmission spectra were transformed into absorption 

spectra and a baseline correction was applied. To remove scatter effects or compensate for 

additive effects from MIR and NIR data, an extended multiplicative scatter correction (EMSC) 

and a standard normal variate transformation (SNV) were applied, respectively. The first 

derivative was performed for both spectral data sets. 

The final spectral range of interest was limited to 1175.401 to 861.0605 cm−1 for MIR and 

1100.125–1242.595 nm and 1347.899–1570.896 nm for NIR spectra. All pre-processing 

methods and the individual analysis of the three spectral methods with PCA and LDA were 

performed with the Unscrambler X 10.4 (CAMO Software AS., Oslo, Norway). The permutation 

tests and data fusion analysis were performed with MATLAB 2016a (The MathWorks, Natick, 

MA). For the LDA, the prior probabilities were assumed to be equal and it was performed with 

the PCA scores due to the high number of variables [14]. The optimal number of scores was 

evaluated individually by comparing the results and accuracy of several LDA models, where 
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the scores were successively reduced. For the LDA models of the NIR and MIR data, six or 

seven components must be used to obtain sufficient accuracy. Depending on the goal to 

determine the manufacturer or the pharmaceutical company, four or three components were 

sufficient to create the model with the NMR data. For the examination with PCA and LDA, not 

all variables were used, but only those of the final ranges defined above. The prediction 

performance of the LDA models was tested with a custom cross-validation for repeated 

measurements. 

3. Results and discussion 

3.1 Sample information 

For most of the drugs, the information like their manufacturer or composition was noted on the 

primary or secondary packaging or in the package insert. For the remaining drugs, the websites 

of the authorization holders or the relevant national authorities were screened for further 

information about the manufacturer and the samples itself. As far as possible, information was 

also collected on the legal and business relations between the companies. 

3.2 Spectral experiments 

Since paracetamol was the active pharmaceutical ingredient in each drug sample, the 

formulations differ mainly with regard to excipients and their amount. Because mainly tablets 

were available and the other formulations differed too much from them, only tablets with the 

same paracetamol content were considered (56 out of 64 samples). The other samples were 

discarded from the sample collection. However, the mass fraction of the API in the tablets 

ranged between 74 and 95% (w/w), which resulted in the paracetamol signals being the 

dominant part in the spectra. Exceptions were Paracetamol Polfa Lodz® (62%) and Panadol 

Acti Fast® (38%). The focus of the first steps was to identify the spectral fingerprints of each 

sample in every method. 

For multivariate data analysis, it is mandatory to have a sample preparation that generates 

reproducible spectra. Due to the variety of excipients in the tablets, e.g., large organic 

molecules alongside small inorganic molecules, it was difficult to find an appropriate solvent 

for NMR spectroscopy. DMSO was chosen because it was able to dissolve most of the 

excipients. Nevertheless, a residue often remained, which was centrifuged off. The sample 

preparation was identical for every tablet. Due to reproducibility issues caused by the 

one-sided ratio between paracetamol and excipients, it was necessary to measure the whole 

tablet and not just an aliquot. With the help of reference spectra, it was possible to identify the 

signals of paracetamol and of the excipients. The tablets mainly contained on average small 

amounts of cellulose derivatives, a type of starch (mostly maize starch), silica, stearic acid, 
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povidone, and talcum. The spectral range in which the signals of the excipients appear was 

similar for all drug samples (0.5-6 ppm) and was therefore used for further PCA and LDA 

(reduced NMR spectra of tablets, see Figure 1). 

 

Figure 1 Reduced 1H NMR spectra of all paracetamol tablets with enlarged spectral range of the 
excipients (without residue signals of water, dimethylsulfoxide, and tetramethylsilane). The 
corresponding paracetamol signals are additionally marked. The spectra are color-coded 
according to the pharmaceutical companies. 

MIR and NIR spectra (see Figure 2 and 3) of the samples were very similar due to the high 

percentage of paracetamol. As expected, the only exceptions were Paracetamol Polfa Lodz 

(62% w/w) and Panadol ActiFast (38% w/w). This can be explained with their different 

formulations: they contain an additional amount of 170 mg sorbitol and 630 mg sodium 

hydroxycarbonate, respectively, which leads to the significant different spectra. 

Because a specific device for the NIR instrument to directly measure the tablets was not 

available, the tablets had to be mortared. Physical information such as particle size or 

compression force can disappear as a result of this preparation step. Similar limitations hold 

true for the MIR spectra. However, after suitable pre-processing, a spectral range was found 

for both methods in which the spectra of the tablets differ. 
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Figure 2 MIR spectra after transformation into absorbance spectra, baseline, and EMSC correction. 
Grouped by color according to the pharmaceutical companies. The marked spectrum is Panadol 
ActiFast (sample no. 59), which differs from the other spectra due to the additional high excipient 
content of sodium hydroxycarbonate. 

 

Figure 3 SNV-corrected NIR spectra (1st derivative). Grouped by color according to the pharmaceutical 
companies. The marked spectrum is Paracetamol Polfa Lodz (sample no. 41), which differs from 

the other spectra due to the additional high excipient content of sorbitol. 
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3.3 Principal component analysis 

The main intention of multivariate data analysis is the extraction of useful information from the 

experimental data and revealing hidden relations as well as the reduction of the dimensionality 

of the spectral data to so-called principal components or latent variables [15]. One commonly 

used multivariate analysis technique is the principal component analysis (PCA). It is a 

projection method, which narrows the data dimensionality of several hundred or even thousand 

spectral values down to a few principal components and grants a better visualization of the 

data with appropriate plots. This allows for a better identification of the crucial spectral range, 

outliers, and clusters [16]. By means of the scores plot, in which the principal components are 

plotted against each other, the data sets were examined for clusters. 

In a first review of the scores plots, two drug products were very noticeable. Depending on the 

spectroscopic method used, at least one of them was always clearly different from the other 

samples. These samples were Paracetamol Polfa Lodz and Panadol ActiFast. This was due 

to the high proportion of additional excipients, as already mentioned. For this reason, these 

samples had to be removed from the MIR data set to allow for a better evaluation of the other 

tablets, as they distorted the PCA too much. 

 

Figure 4 PCA of NIR spectra: 2D scatterplot with different colored symbols for each pharmaceutical 
company with the corresponding clusters as mentioned in “Principal component analysis” The 
colored numbers correspond to the sample numbers from Table 1. 
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Figure 5 PCA of MIR spectra: 2D scatterplot with different colored symbols for each pharmaceutical 
company with the corresponding clusters as mentioned in “Principal component analysis” The 

colored numbers correspond to the sample numbers from Table 1. 

 

Figure 6 PCA of 1H NMR spectra: 2D scatterplot with different colored symbols for each pharmaceutical 
company with the corresponding clusters as mentioned in “Principal component analysis” The 
colored numbers correspond to the sample numbers from Table 1. 
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Figure 7 PCA of 1H NMR spectra: detail of the 2D scatterplot of Figure 6 with the corresponding clusters 
as mentioned in “Principal component analysis” Each colored symbol represents a 
pharmaceutical company and the colored numbers indicate the corresponding sample number 
(see Table 1). 

For the remaining samples, cluster formation was observed for all three spectral methods 

(Figure 4, 5, 6 and 7). The clusters were defined by the same manufacturer or country of origin 

and production, respectively. The analysis of the scores plots showed that some clusters were 

more differentiated from the other samples depending on the spectroscopic method. This was 

especially true for the MIR and NIR data. However, most of the clusters found in these plots 

were clearly separated from all other samples. Yet there was an accumulation of several 

samples, which could not be completely parted even in the higher PCs and therefore could not 

be assigned to specific clusters. Nevertheless, almost all of the determined clusters were found 

in all three scores plots, with the exception of two (clusters C and D, see below). These could 

only be seen using the NIR data (see Figure 4). The identified clusters are listed below with 

the corresponding sample numbers in parentheses: 

• Clusters of samples produced by the same manufacturer (Figure 4, 5, 6 and 7): cluster 

A1: Hexal AG (48) and 1A Pharma GmbH (7)/cluster A2: STADA Arzneimittel AG (43) 

and Aliud Pharma GmbH (44)/cluster A3: bene-Arzneimittel GmbH (47) and Denk 

Pharma GmbH & Co. KG (33)/cluster A4: two drugs of Ratiopharm GmbH (from 

Germany (8) and Austria (13)) 

• Cluster B (bought in Tanzania but manufactured in India): Nestor Pharm. Lim. (27), 

Agog Pharma Ltd. (35), Lincoln Pharma (32), and S Kant Healthcare (37) (MIR; 

Figure 5); Nestor Pharm. Lim., Agog Pharma Ltd., Astra Lifecare (India) Pvt. Ltd. (31) 
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(NIR and NMR; Figure 4 and 7). In addition, the NMR spectra cluster included a 

Priceline preparation (6), which originates from Australia, and also was manufactured 

in India. 

• Cluster C (bought in Tanzania but manufactured in Kenya): Elys Chemical Industries 

Ltd. (34) and Regal Pharm. Ltd. (29) (NIR; Figure 4) 

• Cluster D (bought in Tanzania): Nestor Pharm. Lim., S Kant Healthcare, Agog Pharma 

Ltd., Lincoln Pharma, and Keko Pharm. Industries Ltd. (36). The samples from Elys 

Chemical Industries Ltd. and North China Pharm. (28) were a little further away, but 

still in the vicinity (MIR; Figure 5) 

• Cluster E (bought and manufactured in Italy): Angelini ACRAF SpA (9) and 

Farmakopea SpA (10) (MIR; Figure 5). In the evaluation of the NIR and NMR spectra, 

PT. Actavis Indonesia (23) was additionally present (Figure 4 and 7). Further 

investigations have shown that Farmakopea SpA belongs to the Unifarm group 

(subsidiary E-Pharma), based in Italy [17]. This group in turn produces pharmaceutical 

products for many companies, including Actavis and Angelini [18]. 

• Cluster F (bought and manufactured in Indonesia): PT. Actavis Indonesia and P.t. 

Phyto Kemo Agung Farma (20) (MIR; Figure 5); PT. Interbat Pharmaceutical Industry 

(21), P.t. Phyto Kemo Agung Farma and Bernofarm (19) or PT. Interbat Pharmaceutical 

Industry and P.t. Sanbe Farma or PT. Actavis Indonesia and Bernofarm (NMR; 

depending on the PCs); PT. Interbat Pharmaceutical Industry and Bernofarm or PT. 

Interbat Pharmaceutical Industry and P.t. Sanbe Farma (PT. Actavis Indonesia and 

Bernofarm only in the vicinity) (NIR; higher PCs) 

• Clusters of Panadol® preparations from GlaxoSmithKline (GSK): The sample set 

contained six different tablets of this brand, five from GSK and one from tskf. The latter 

is a joint venture between GSK and other pharmaceutical companies [19]. The 

preparations most likely came from four different manufacturers from Ireland (30, 51, 

59), Australia (1), China (58), and Indonesia (22) and correspond to three different 

formulations: Panadol® (cluster G1; 22, 58), Panadol® Advance/Optizorb (cluster G2; 

1, 30, 51), and Panadol® ActiFast (cluster G3; 59). These samples formed three 

clusters in the scores plot of the MIR and NIR spectra according to their formulation 

(Figure 3 and 7). The PCA of the NMR spectra mainly differentiated between the 

standard formulation and those with a modified drug formulation (Figure 7). 

Furthermore, it was also possible to distinguish between the manufacturing sites of the 

two standard preparations. A complete differentiation of all GSK samples according to 

their manufacturing site could be achieved by an individual PCA of the NIR and NMR 

spectra (for the corresponding scores plots, see Figures S1–S4 in the Supplementary 
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Information (ESM)). The information about the different tablet formulations was 

contained in the first principal components, whereas the information about the plant of 

manufacture was in the higher ones. 

All in all, the three methods have produced valuable results, and in some cases, they have 

complemented each other. However, the main difference between them was the effort required 

for sample preparation. For the infrared spectra, the tablets had only to be mortared, whereas 

for the NMR spectra, first a suitable sample preparation and measurement method had to be 

established. 

However, in the PCA of NMR spectra, it was possible to quickly and easily identify which 

excipients correlate significantly with the main components by means of the loadings (see 

Figure S5 in the ESM for the loadings plots). From this, it can be seen which excipients are 

characteristic for the individual preparations. Due to the high proportion of sorbitol in 

Paracetamol Polfa Lodz® compared to the other excipients in the remaining preparations, the 

loadings of PC1 correspond to the signals of sorbitol. This also explains why PC1 mainly 

describes Polfa Lodz®. The second PC is determined by magnesium stearate, which appears 

to be present in large quantities at Dr. Max Pharma Ltd. (38), bene-Arzneimittel GmbH (47), 

and DENK PHARMA GmbH & Co. KG (33). PC3 correlates mainly with the starch derivatives, 

but to a certain extent it has additionally a positive correlation with lactose and a negative one 

with sorbitol and hydroxypropyl cellulose or hydroxypropyl(methyl)cellulose. PC4, on the other 

hand, has a strong positive correlation with the cellulose derivatives mentioned, which are 

contained in higher amounts in the preparations P.t. Sanbe Farma (18), PT. Interbat 

Pharmaceutical Industry (21), and Actavis (40). In the last PC, povidone has the highest 

weight, whereas this excipient is contained in almost all preparations and therefore contributes 

less to the differentiation of the drug samples. 

3.4 Linear discriminant analysis 

In contrast to PCA, linear discriminant analysis (LDA) is a supervised method. The samples 

are first assigned to individual groups [20] before the parameters of the discriminant function 

are chosen in such a way that the differences within a group become minimal and maximal to 

the others [21]. The resulting model can then be used to make predictions about unknown 

samples and assign them to one of the previously defined groups. 

First, different LDA models were created and compared to each other to test which categories 

are well predictable. Attempts were made to predict the pharmaceutical company, the 

manufacturer, or the country of production or origin, respectively. For the categories 

manufacturer and country of production, only those samples were used, for which this 

information could be verified by means of the blister or the package leaflet or via the website 

of the pharmaceutical company (s. Table 1). In addition, as in the PCA, the sample Panadol 
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ActiFast was removed from the MIR data set for the determination of the pharmaceutical 

companies because its formulation is very different in comparison to the other tablets. This led 

to a much better classification for the remaining companies. 

To ensure that the models are suitable for their intended purpose, a custom cross-validation 

was carried out to get an impression of the performance of the model. Therefore, the data sets 

were divided into six different test sets and model-building sets. For MIR and NIR data, eight 

spectra were used for the model-building set and two for the validation set. To get six different 

sets, the two spectra for validation testing were switched with two other spectra from the 

model-building set. The selection was limited to 10 spectra, since PCA could identify one or 

two outliers in some samples. This concerned the following sample numbers: NIR: 16, 31, 39, 

52; MIR: 11, 38, 41, 55 (52, 55 with two outliers, the rest with one). For NMR data, five spectra 

were used to build the model and one for the prediction, always using a different spectrum for 

the prediction. The average percentage of correctly assigned spectra for every model is listed 

in Table 2. 

Table 2 LDA results (average number of correctly assigned spectra in percent after six LDAs) of different 
spectroscopic methods in relation to two different categories: manufacturers (35 different; 40 
samples) and pharmaceutical companies (50 different; 56 samples). For MIR Pharmaceutical 
companies only 55 samples were used, as described in “Linear discriminant analysis” 

 MIR NIR 1H NMR 

Manufacturers (n = 40) 91 (LDA1) 100 (LDA3) 99 (LDA5) 

Pharmaceutical Companies (n = 56) 89 (LDA2) 99 (LDA4) 99 (LDA6) 

It was soon apparent that it is hardly possible to determine the country in which the 

preparations were acquired or in which they were produced. In some cases, far less than 60% 

correct assignments for MIR and NMR models were achieved. Only the NIR model was able 

to make between 60 and 70% correct classifications. This is not surprising, however, since the 

drugs are manufactured according to the companies’ specifications and not those of the 

countries. The fact that in PCA within some countries some preparations of different 

manufacturers are nevertheless very similar could be due to the local suppliers of excipients 

and the low variability in the compositions. For this reason, we have focused more on the other 

two categories being pharmaceutical company and manufacturer. 

For the manufacturer and the pharmaceutical company, very good results were achieved (see 

Table 2), and therefore, an additional permutation test was performed [22]. This is a 

randomization test to check whether the chosen descriptors, like wavenumbers, are truly 

correlated to the response variable and does not lead to a correct selection just by chance 

[23]. For this purpose, the assignment of manufacturers or pharmaceutical companies to the 

spectra was scrambled and the percentage of the correct classification was compared to the 

original assignment. As can be seen in Table 3, the original correct classification rate is 

significantly higher for all three data sets than the one after scrambling. 
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Table 3 Results of permutation tests for three data sets regarding manufacturers and pharmaceutical 
companies. The percentage of correct classification is shown. 

 MIR NIR 1H NMR 

Manufacturers 59 69 74 

Pharmaceutical Companies 71 85 93 

As can be seen in Table 2, the NMR and NIR methods were most capable of providing a 

correct classification. The LDA models based on the NIR data were able to correctly assign 

the spectra to both the manufacturer (LDA3) and the pharmaceutical companies (LDA4). 

Among the pharmaceutical companies, only Biofarm (42) had three wrong assignments for the 

6 LDAs, as two wrong assignments for Hexal AG (48) and GlaxoSmithKline (1). The NMR 

models achieved very similarly results. Only the model for the determination of the 

pharmaceutical companies could not correctly determine three samples with any of the 

models. These were two samples from GlaxoSmithKline (22, 51) and one from Actavis (23). 

The MIR models (LDA1; LDA2) gave with around 90% correct classified spectra for both 

categories a little worse result for the classification. The biggest problems in the assignment 

of the pharmaceutical manufacturer (LDA2) were found in the spectra of GlaxoSmithKline (22), 

Farmoz (64), and Johnson&Johnson (61). Furthermore, the method was not able to distinguish 

between Aliud Pharma (44) and STADA (43), as well as Angelini (9) and Farmakopea (10). 

The latter also caused problems with the model for determining the manufacturer (LDA1), as 

did another sample from GlaxoSmithKline (51) and Farmoz (64). 

A closer look revealed the reason of these incorrect assignments. The tablets of Aliud Pharma 

and STADA are both produced by STADA, which is why mix-ups occurred when determining 

the pharmaceutical company. Farmakopea and Angelini also seem to be connected via the 

Unifarm Group, as clarified in “Principal component analysis” – Cluster E. The problems of the 

GSK samples are due to the different formulations, which is why the models have problems 

assigning them to the same manufacturer. However, by further subdividing the pharmaceutical 

companies into manufacturers, the results can be improved and the models are better able to 

make classifications as seen for all spectral data sets. Overall LDA3 showed the best results. 

It was able to differentiate between all production sites of GSK, despite different formulations, 

and due to the clarification of the manufacturers, no more mix-ups occurred. 

4. Conclusion 

It has been shown that chemometric evaluation of mid-infrared (MIR), near-infrared (NIR), and 

nuclear magnetic resonance (NMR) spectra using principal component analysis (PCA) and 

linear discriminant analysis (LDA) can be very useful in characterizing drugs and determining 

their origin. It was possible to identify relationships between companies and suppliers and to 

detect major differences or similarities in formulations. In addition, most of the samples could 
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be assigned to their manufacturer or pharmaceutical company. Nevertheless, some points 

must be taken into account. This includes cooperations or mergers of companies, different 

production sites, or different formulations of the pharmaceutical companies. However, as is 

often the case with the manufacturer itself, this information is not listed or is difficult to retrieve 

and can lead to falsified correct or incorrect classifications. 

The country of manufacture or country of origin could not be determined exactly by means of 

LDA, as this depends on too many factors, above all the fact that the drugs are of course not 

produced according to the specifications of the countries but of the respective companies. 

Added to this is the low variability in the formulations as well as the worldwide marketing of 

excipients that are rarely purchased locally or only by one company. However, the PCA shows 

that there may be some similarities between products from the same country. If an unknown 

sample is projected onto the PCA and it is inside the borders of a particular cluster (at a given 

probability), it can be assumed a new sample may also originate from that country. 

When comparing the spectroscopic methods, NIR and NMR are preferred. With NIR, the 

sample preparation is very easy, the acquisition of the spectra is very fast, and the results are 

valid. With NMR, on the other hand, the sample preparation is more difficult but the 

classifications led to almost the same results, especially for the manufacturers. Furthermore, 

it is possible to obtain information about the composition of the different samples, allowing 

them to be characterized and then compared with other or unknown samples. However, it was 

shown that the information of all three methods can complement each other and that there is 

a benefit in using and analyzing with different spectral methods. Therefore, a further analysis 

using data fusion, where the spectral information of all methods is combined and analyzed 

simultaneously, would be beneficial. Our preliminary studies have shown that data fusion 

approach, namely, common components and specific weights analysis (CCSWA) [24, 25], can 

be used to differentiate paracetamol producer and marketing authorization holder (MAH). In 

this case, the percentage of correct classification varied between 93 and 96%. Similarly to the 

findings described in this study, NMR was proven to be the best method to detect paracetamol 

origin; the other data sets tend to worsen the model. 

Since there is no complete disclosure of the pharmaceutical companies about the origin of the 

tablets or excipients, only assumptions can be made about some relations. If there were a 

better traceability, it should be possible to make even more precise statements about the origin 

with this method. 
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Supplementary Material 

 

Figure S1 Scores plot of all GlaxoSmithKline samples clustered according to the country of their 
manufacturing site based on the NIR data. The colored numbers correspond to the sample 
numbers from Tab. 1 and in color to the manufacturing site in the legend (AUS: Australia; CHN: 
China; IDN: Indonesia; IRL: Ireland). 

 

Figure S2 Scores plot of all GlaxoSmithKline samples clustered according to their formulation (Panadol®: 
22, 58; Panadol® ActiFast: 59; Panadol® Advanced/Optizorb: 1, 30, 51) based on the NIR data. 
The colored numbers correspond to the sample numbers from Tab. 1 and in color to the 
manufacturing site in the legend (AUS: Australia; CHN: China; IDN: Indonesia; IRL: Ireland). 
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Figure S3 Scores plot of all GlaxoSmithKline samples clustered according to the country of their 
manufacturing site based on the NMR data. The colored numbers correspond to the sample 
numbers from Tab. 1 and in color to the manufacturing site in the legend (AUS: Australia; CHN: 
China; IDN: Indonesia; IRL: Ireland). 

 

Figure S4 Scores plot of all GlaxoSmithKline samples clustered according to their formulation (Panadol®: 
22, 58; Panadol® ActiFast: 59; Panadol® Advanced/Optizorb: 1, 30, 51) based on the NMR data. 
The colored numbers correspond to the sample numbers from Tab. 1 and in color to the 
manufacturing site in the legend (AUS: Australia; CHN: China; IDN: Indonesia; IRL: Ireland). 
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Figure S5 Loadings Plots of the first four principal components of the PCA of NMR data with the help of 
which the excipients could be identified, which correlate mainly with the respective principal 
component.  
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Table S1 Exemplary confusion matrix of one of the LDAs of the MIR spectra with the correct (blue) and 
wrong (red) predicted spectra in percent per pharmaceutical company. 
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Table S2 Exemplary confusion matrix of one of the LDAs of the MIR spectra (manufacturer) with the correct 
(blue) and wrong (red) predicted spectra in percent per manufacturer. 

    
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

 A
ct

u
al

P
re

d
ic

te
d

Sa
luta

s P
har

m
a

Abioge
n Phar

m
a

PT A
ct

av
is 

Indonesie
n Balk

an
phar

m
a

AFT
 Phar

m
ac

eutic
als

Ago
g P

har
m

a l
td

.
ST

ADA

Ange
lin

i

Asp
ar

 phar
m

. L
td

.
Astr

a L
ife

ca
re

bene-
Arz

neim
itt

el 

Gm
bH

Bio
fa

rm

Sa
lu

ta
s 

P
h

ar
m

a
1

0
0

%
0

0
0

0
0

0
0

0
0

0
0

A
b

io
ge

n
 P

h
ar

m
a

0
1

0
0

%
0

0
0

0
0

0
0

0
0

0

P
T 

A
ct

av
is

 In
d

o
n

es
ie

n
0

0
1

0
0

%
0

0
0

0
0

0
0

0
0

B
al

ka
n

p
h

ar
m

a
0

0
0

1
0

0
%

0
0

0
0

0
0

0
0

A
FT

 P
h

ar
m

ac
eu

ti
ca

ls
0

0
0

0
1

0
0

%
0

0
0

0
0

0
0

A
go

g 
P

h
ar

m
a 

lt
d

.
0

0
0

0
0

1
0

0
%

0
0

0
0

0
0

ST
A

D
A

0
0

0
0

0
0

1
0

0
%

0
0

0
0

0

A
n

ge
lin

i
0

0
0

0
0

0
0

8
7

.5
%

0
0

0
0

A
sp

ar
 p

h
ar

m
. L

td
.

0
0

0
0

0
0

0
0

1
0

0
%

0
0

0

A
st

ra
 L

if
ec

ar
e

0
0

0
0

0
0

0
0

0
1

0
0

%
0

0

b
en

e-
A

rz
n

ei
m

it
te

l G
m

b
H

0
0

0
0

0
0

0
0

0
0

1
0

0
%

0

B
io

fa
rm

0
0

0
0

0
0

0
0

0
0

0
1

0
0

%

C
h

em
is

ts
O

w
n

0
0

0
0

0
0

0
0

0
0

0
0

G
en

m
ed

 (
H

o
lla

n
d

)/
M

ed
is

 In
te

rn
at

io
n

al
 (

C
Z)

0
0

0
0

0
0

0
0

0
0

0
0

Fr
an

ci
a 

Fa
rm

ac
eu

ti
ci

 /
 N

o
va

 A
rg

en
ti

a
0

0
0

0
0

0
0

1
2

.5
%

0
0

0
0

G
en

er
ic

o
n

 P
h

ar
m

a
0

0
0

0
0

0
0

0
0

0
0

0

gs
k 

A
U

S
0

0
0

0
0

0
0

0
0

0
0

0

gs
k 

IR
L

0
0

0
0

0
0

0
0

0
0

0
0

gs
k 

ID
N

0
0

0
0

0
0

0
0

0
0

0
0

In
te

r 
P

h
ar

m
 A

rz
n

ei
m

it
te

l G
m

b
h

0
0

0
0

0
0

0
0

0
0

0
0

H
K

 P
h

ar
m

ac
eu

ti
ca

l
0

0
0

0
0

0
0

0
0

0
0

0

La
b

o
ra

to
ri

o
s 

C
in

fa
0

0
0

0
0

0
0

0
0

0
0

0

Li
n

co
ln

 P
h

ar
m

. L
td

.
0

0
0

0
0

0
0

0
0

0
0

0

n
ak

h
ia

 (
н

ах
и

а)
0

0
0

0
0

0
0

0
0

0
0

0

N
es

to
r 

P
h

ar
m

. L
im

.
0

0
0

0
0

0
0

0
0

0
0

0

P
T 

C
ap

ri
fa

rm
in

d
o

 L
ab

s.
0

0
0

0
0

0
0

0
0

0
0

0

p
h

s-
Le

ks
re

d
st

va
 J

SC
0

0
0

0
0

0
0

0
0

0
0

0

P
ri

ce
lin

e
0

0
0

0
0

0
0

0
0

0
0

0

M
er

ck
le

0
0

0
0

0
0

0
0

0
0

0
0

R
en

ew
al

0
0

0
0

0
0

0
0

0
0

0
0

S 
K

an
t 

H
ea

lt
h

ca
re

 lt
d

.
0

0
0

0
0

0
0

0
0

0
0

0

sa
n

o
vi

-a
ve

n
ti

s
0

0
0

0
0

0
0

0
0

0
0

0

Se
lla

0
0

0
0

0
0

0
0

0
0

0
0

Ze
n

ti
va

 (
Sa

n
o

fi
)

0
0

0
0

0
0

0
0

0
0

0
0

Fa
rm

al
ab

o
r

0
0

0
0

0
0

0
0

0
0

0
0

N
u

m
b

er
 o

f 
sp

ec
tr

a 
p

er
 m

an
u

fa
ct

u
re

r
1

6
8

8
8

8
8

1
6

8
8

8
1

6
8



Results – 3.1 Tracing the origin of paracetamol tablets 

50 

 

bene-
Arz

neim
itt

el 

Gm
bH

Bio
fa

rm

Chem
ist

sO
wn

Genm
ed (H

olla
nd)/M

ed
is 

In
te

rn
at

io
nal 

(C
Z)

Fr
an

cia
 Fa

rm
ac

eu
tic

i /
 

Nova
 A

rg
entia Gener

ico
n Phar

m
a

gs
k A

US

gs
k I

RL

gs
k I

DN

In
te

r P
har

m
 

Arzn
eim

itt
el 

Gm
bh

HK Phar
m

ac
eutic

al
La

bora
to

rio
s C

infa
Lin

co
ln

 Phar
m

. L
td

. nakh
ia (н

ахи
а)

Nes
to

r P
har

m
. L

im
.

PT C
ap

rif
ar

m
indo La

bs. phs-L
ek

sre
dstv

a J
SC

Pric
eli

ne

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

1
2

.5
%

0
0

0
0

0
0

0
0

0
0

0
0

0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

1
0

0
%

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0

0
1

0
0

%
0

0
0

0
0

0
0

0
0

0
0

0
0

0

0
0

7
5

%
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

1
2

.5
%

1
0

0
%

0
0

0
0

0
0

0
0

0
0

0
2

5
%

0
0

0
0

1
0

0
%

4
3

.7
5

%
0

0
0

0
0

0
0

0
0

0

0
0

0
0

0
5

6
.2

5
%

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

8
7

.5
%

0
0

0
0

0
0

0
0

0

0
0

0
0

0
0

0
1

0
0

%
0

0
0

0
0

0
0

0

0
0

0
0

0
0

0
0

1
0

0
%

0
0

0
0

0
0

0

0
0

0
0

0
0

0
0

0
1

0
0

%
0

0
0

0
0

0

0
0

0
0

0
0

0
0

0
0

1
0

0
%

0
0

0
0

0

0
0

0
0

0
0

0
0

0
0

0
1

0
0

%
0

0
0

0

0
0

0
0

0
0

0
0

0
0

0
0

1
0

0
%

0
0

0

0
0

0
0

0
0

0
0

0
0

0
0

0
1

0
0

%
0

0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

1
0

0
%

0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
7

5
%

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

1
2

.5
%

0
0

0
0

0
0

0
0

0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

8
8

8
8

8
1

6
8

8
8

8
8

8
8

8
8

8



Results – 3.1 Tracing the origin of paracetamol tablets 

51 

 

  

phs-L
ek

sre
dstv

a J
SC

Pric
eli

ne

M
er

ck
le

Ren
ewal

S K
an

t H
ealt

hca
re

 lt
d. sa

novi-
av

entis

Se
lla

Ze
ntiv

a (
Sa

nofi)

Fa
rm

ala
bor

0
0

0
0

0
0

0

0
0

0
0

0
0

0

0
0

0
0

0
0

0

0
0

0
0

0
0

0

0
0

0
0

0
0

0

0
0

0
0

0
0

0

0
0

0
0

0
0

0

0
0

0
0

0
0

0

0
0

0
0

0
0

0

0
0

0
0

0
0

0

0
0

0
0

0
0

0

0
0

0
0

0
0

2
5

%

0
0

0
0

0
0

0

0
0

0
0

0
0

0

0
0

0
0

0
0

0

0
0

0
0

0
0

0

0
0

0
0

0
0

0

0
0

0
0

0
0

0

0
0

0
1

2
.5

%
0

0
0

0
0

0
0

0
0

0

0
0

0
0

0
0

2
5

%

0
0

0
0

0
0

0

0
0

0
0

0
0

0

0
0

0
0

0
0

0

0
0

0
0

0
0

0

0
0

0
0

0
0

0

0
0

0
0

0
0

0

0
0

0
0

0
0

0

1
0

0
%

0
0

0
0

0
0

0
1

0
0

%
0

0
0

0
0

0
0

1
0

0
%

0
0

0
0

0
0

0
8

7
.5

%
0

0
0

0
0

0
0

1
0

0
%

0
0

0
0

0
0

0
1

0
0

%
0

0
0

0
0

0
0

5
0

%

1
6

8
8

8
8

8
8



Results – 3.1 Tracing the origin of paracetamol tablets 

52 

Table S3 Exemplary confusion matrix of one of the LDAs of the NIR spectra with the correct (blue) and 
wrong (red) predicted spectra in percent per pharmaceutical company. 
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Table S4 Exemplary confusion matrix of one of the LDAs of the NIR spectra with the correct (blue) and 
wrong (red) predicted spectra in percent per manufacturer. 
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Table S5 Exemplary confusion matrix of one of the LDAs of the NMR spectra with the correct (blue) and 
wrong (red) predicted spectra in percent per pharmaceutical company. 
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Table S6 Exemplary confusion matrix of one of the LDAs of the NMR spectra with the correct (blue) and 
wrong (red) predicted spectra in percent per manufacturer. 
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3.2 Hierarchical cluster analysis of spectral data of different 

paracetamol tablets 

1. Introduction 

Cluster analysis is another unsupervised tool for exploratory data analysis [1,2]. It aims to 

analyze similarities between samples and then use them to classify the samples into groups 

(clusters). Thereby, the properties within the groups should be homogeneous, whereas they 

should show a large heterogeneity towards the other clusters [2]. One of the many different 

clustering methods used today is hierarchical cluster analysis (HCA). It is characterized by the 

fact that it is not necessary to define a certain number of groups in advance and that the results 

are presented using a dendrogram. The obtained dendrogram can then be used to define 

different groups with the help of their relative distance [3]. 

The HCA is divided into two types that determine how the clusters are formed: agglomerative 

and divisive. In the divisive method, all samples belong to one large cluster at the beginning 

and are divided into smaller ones as they progress until each cluster consists of only one 

sample. In the agglomerative method, each sample starts as a separate cluster, which are 

then combined into larger ones until all samples belong to only one cluster [2]. Independently 

of the choice of clustering, the way of quantifying the similarity or dissimilarity of two objects 

must also be determined, e.g., by using the Euclidean distance [3]. 

The aim of this chapter was to compare the PCA results of subchapter 3.1 in relation to the 

manufacturer affiliations of the different paracetamol preparations and to see if similar clusters 

form or if other relationships can be identified. 

2. Materials and methods 

The spectroscopic data (NIR, MIR, NMR) used for the HCA were taken from the work in 

subchapter 3.1. There, the materials, sample preparation, spectral experiments, and data 

preprocessing are described in detail. For HCA, the MIR absorption spectra, as well as the 

bucketed NMR spectra (0.04 ppm) were used. Further data pre-processing used is described 

below. 
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2.1 Drug samples 

Table 1 Clusters as observed in the PCA in subchapter 3.1 (AUS, Australia; CHN, China; GBR, Great 
Britain; HKG, Hong Kong; IDN, Indonesia; TZA, Tanzania) 

Cluster Definition NIR MIR NMR 

A samples 
produced by the 
same 
manufacturer 

Hexal AG/1A Pharma 
GmbH; STADA 
Arzneimittel AG/Aliud 
Pharma GmbH; bene-
Arzneimittel GmbH/Denk 
Pharma GmbH & Co. 
KG; Ratiopharm GmbH 
(from DEU/AUT) 

as for NIR as for NIR 

B bought in 
Tanzania but 
manufactured in 
India 

Nestor Pharm. Lim.; 
Agog Pharma Ltd.; Astra 
Lifecare (India) Pvt. Ltd. 

Nestor Pharm. Lim.; 
Agog Pharma Ltd.; 
Lincoln Pharma; S Kant 
Healthcare 

Nestor Pharm. Lim.; 
Agog Pharma Ltd.; Astra 
Lifecare (India) Pvt. Ltd.; 
Priceline (from AUS) 

C bought in 
Tanzania but 
manufactured in 
Kenya 

Elys Chemical Industries 
Ltd.; Regal Pharm. Ltd. 

- - 

D bought in 
Tanzania 

- Nestor Pharm. Lim.; 
S Kant Healthcare; Agog 
Pharma Ltd.; Lincoln 
Pharma; Keko Pharm. 
Industries Ltd.; Elys 
Chemical Industries Ltd.; 
North China Pharm. 

- 

E bought and 
manufactured in 
Italy 

Angelini ACRAF SpA; 
Farmakopea SpA; PT. 
Actavis Indonesia 

Angelini ACRAF SpA; 
Farmakopea SpA 

as for NIR 

F bought and 
manufactured in 
Indonesia 

PT. Interbat 
Pharmaceutical Industry 
and Bernofarm or PT. 
Interbat Pharmaceutical 
Industry and P.t. Sanbe 
Farma 

PT. Actavis Indonesia; 
P.t. Phyto Kemo Agung 
Farma 

PT. Interbat 
Pharmaceutical Industry; 
P.t. Phyto Kemo Agung 
Farma and Bernofarm or 
PT. Interbat 
Pharmaceutical Industry 
and P.t. Sanbe Farma or 
PT. Actavis Indonesia 
and Bernofarm 
(depending on PCs) 

G Panadol® 
preparations 
from 
GlaxoSmithKline 

G1 (Panadol®): GSK 
IDN/tskf CHN; G2 
(Panadol® 
Advance/Optizorb): GSK 
AUS/GBR/TZA; G3 
(Panadol® ActiFast): 
GSK HKG 

as for NIR G2 + G3 

The 56 drug samples used are listed more detailed in Table 1 in subchapter 3.1. For ease of 

comparison and understanding, the same definitions of clusters were used as for PCA and 

summarized in Table 1. 
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2.2 Pre-processing and hierarchical cluster analysis 

For HCA, the MIR data were reduced by a factor of two by averaging before calculating the 

mean spectra of each tablet and forming their first derivative. Mean spectra were also formed 

for the NIR and NMR spectra, with an additional standard normal variate (SNV) transformation 

followed by formation of the first derivative for the NIR data. The final spectral ranges used for 

HCA remained the same for NMR (6.42–3.54 ppm, 3.38–2.74 ppm, 2.30–2.18 ppm, and 1.78–

0.50 ppm), MIR (1175.401–861.0605 cm−1), and NIR (1100.125–1242.595 nm and 1347.899–

1570.896 nm) as for the PCA. 

The HCA was performed using hierarchical complete-linkage as clustering method and 

absolute correlation as distance measure. The pre-processing methods and the HCA of all 

spectral methods were performed using the Unscrambler X 10.4 and 11.0 (CAMO Software 

AS., Oslo, Norway). The plots were created and edited with Unscrambler 11.0 and CorelDRAW 

2019 v 21 (Corel Corporation, Ottawa, Canada). 

3. Results and discussion 

The absolute correlation measure was used because it can capture the spectral variable 

similarities between formulations better than a straight distance measure such as the 

Euclidean measure [4]. To test whether the chosen HCA method was suitable for the study of 

the samples, the first step was the execution of the HCA only with those samples for which the 

correlations were known beyond doubt, such as the preparations of cluster A or the three 

different GlaxoSmithKline formulations (Cluster G). As can be seen in Figure 1 and 2, the 

HCAs were able to form the correct clusters for all samples and formulations. Therefore, all 

samples were analyzed at once by HCA to see if clusters similar to the PCA could be observed. 
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Figure 1 HCAs of the different GSK formulations: for the MIR (top), NIR (middle) and NMR (bottom) data 

(green, standard; blue, ActiFast; red, Advance/Optizorb). 
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Figure 2 HCAs of the samples with same manufacturer: for MIR (top), NIR (middle) and NMR (bottom) 
data (blue, Merckle GmbH; turquoise, STADA Arzneimittel AG; red, Salutas Pharma GmbH; 
green, bene-Arzneimittel GmbH). 



Results – 3.2 HCA 

70 

The samples from cluster A, which were also used to test the suitability of the HCA method, 

also formed clusters when all samples were evaluated. In the MIR and NMR data (see Figure 

3 and 5), even a larger cluster formed with the four German formulations of bene-Arzneimittel 

GmbH, Denk Pharma GmbH, Hexal AG and 1A Pharma GmbH. In the HCA of NMR data 

(Figure 5), the preparation of Dr. Max Pharma Ltd. additionally belongs to this cluster. One 

reason for this could be the very similar composition to 1A and Hexal, as well as the increased 

proportion of stearic acid in the bene, Denk and Dr. Max preparations, which was already noted 

in subchapter 3.1. However, the larger cluster of preparations manufactured in Germany that 

was evident in the PCA scores plot of the NIR data could no longer be identified in the 

corresponding HCA. 

The same samples of Cluster B, which were bought in Tanzania but manufactured in India, 

formed a cluster in the HCA of the MIR data (Figure 3) together with Keko Pharmaceutical 

Industries Ltd., pharmastandard JSC (from Russia) and Aspar pharmaceuticals Ltd. (from 

Great Britain). HCA of the NIR data also recovered the corresponding cluster from the PCA. 

Whereas Agog Pharma Ltd. and Astra Lifecare (India) Pvt. Ltd. formed an own cluster and 

Nestor Pharm. Lim. was in another one, which however has a very small relative distance to 

it. For the NMR data, cluster B could not be recovered. Of note is that all preparations that 

could belong to cluster B fall into a larger cluster at a relative distance of four, although the 

decisive criterion for this grouping is not clear. 

Clusters C and D were each seen in only one of the spectral methods, NIR and MIR, 

respectively, and this was also the case with HCA. The two preparations of cluster C, Elys 

Chemical Industries Ltd. and Regal Pharm. Ltd. formed a cluster with Inter Pharm Arzneimittel 

GmbH, which was not the case with PCA (Figure 4). Similar behavior was observed for cluster 

D. The same samples formed a cluster in HCA (Figure 3), but had further samples added to 

the group. In addition to the two preparations from Ratiopharm GmbH, which were also present 

in close proximity in PCA, pharmastandard and Aspar pharmaceuticals Ltd. were now also 

included. The two samples from Elys Chemical Industries Ltd. and North China Pharm, which 

were only in the vicinity when analyzed by means of PCA, were no longer part of the cluster, 

indicating larger differences between the samples. 

The Italian preparations (cluster E) clustered with the same behavior as in the PCA. This 

reinforces the connection between these preparations already found in subchapter 3.1, which 

could explain the similarities. The Unifarm Group, to which Farmakopea SpA belongs, also 

produces for PT. Actavis Indonesia and Angelini ACRAF SpA [5]. 

The cluster of Indonesian samples (cluster F) could no longer be observed in any of the three 

HCAs. The samples were distributed over all the clusters that formed. Only in the HCA of NMR 

data, PT. Interbat Pharmaceutical and P.t. Sanbe Farma formed a cluster with Actavis (Poland) 
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showing a large relative distance from the other samples. However, this is more likely to be 

due to the fact that all these samples contain a higher proportion of cellulose derivatives [5]. 

The results for the different Panadol® formulations were also quite similar to those of the PCA. 

In the HCA of the NIR und MIR data, the Advance/Optizorb formulations were separated as 

an own cluster. This was also true for the ActiFast formulation. The standard formulation did 

not form a cluster for itself in the NIR data but with several other samples. However, looking at 

the scores plot of the corresponding data (see Figure 4 in subchapter 3.1), this formulation 

could not form a separate cluster there either and overlapped with other samples. The HCA of 

MIR data, on the other hand, showed an own cluster for the standard formulation in addition 

with sanofi-aventis, S.A. (Spain), which also can be seen in the corresponding scores plot 

(Figure 5 in subchapter 3.1). Similar observations also applied to the NMR data. There, at a 

relative distance of six, all three formulations were in a separate cluster. However, only the 

Advance/Optizorb formulation formed an individual separate cluster with a very small relative 

distance, even if the preparation of Elys was included. The two standard formulations were 

even further apart here than in the scores plot. 

Furthermore, one entirely new cluster was found in the HCA of the NIR data. This contained 

the two preparations Crescent and Square, both of which were purchased in Bangladesh. 
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Figure 3 HCA of the MIR data with all samples. Samples were colored according to their membership in 
the clusters from PCA in subchapter 3.1 (red, Cluster A; yellow, Cluster B; blue, Cluster D; pink, 

Cluster E; orange, Cluster F; turquoise, Cluster G). 
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Figure 4 HCA of the NIR data with all samples. Samples were colored according to their membership in 
the clusters from PCA in subchapter 3.1 (red, Cluster A; yellow, Cluster B; green, Cluster C; 
pink, Cluster E; orange, Cluster F; turquoise, Cluster G). 
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Figure 5 HCA of the NMR data with all samples. Samples were colored according to their membership in 
the clusters from PCA in subchapter 3.1 (red, Cluster A; yellow, Cluster B; pink, Cluster E; 
orange, Cluster F; turquoise, Cluster G). 
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4. Conclusion 

The HCA of the different spectral data could mostly confirm the results of the PCA. All of the 

previously found clusters were found with this procedure, with only one exception. However, it 

could not always be plausibly explained why some preparations were additionally represented 

in some other clusters. In most cases, however, these preparations already showed a proximity 

to the clusters in question in the scores plots of the PCAs. Nevertheless, the HCA was also 

able to show new clusters and correlations, which could be partially explained by previously 

obtained information (e.g., with an increased proportion of stearic acid or cellulose derivatives). 

In addition, it shows new clusters whose reason for formation is still unknown and should be 

looked at more closely. Yet, these reasons are not directly apparent, since on the one hand 

the exact compositions of the preparations are not known, which is a very probable reason for 

the formation of some clusters (see NMR data) and on the other hand further possibilities for 

analysis, such as the loadings plot of the PCA, are not available. 
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3.3 Designing an NIR attachment using a 3D printer to 

measure tablets and distinguish batches from multiple 

pharmaceutical companies 

1. Introduction 

NIR spectroscopy has established itself in the pharmaceutical industry through process 

analytical technology (PAT) not only in the control of manufacturing processes or identity 

control of incoming raw materials like active ingredients and excipients, but also in final 

products, e.g. of tablets [1]. A major advance here was the miniaturization of the NIR devices, 

which enabled mobile use. Coupled with a tablet, analyses can thus be carried out directly on 

site [2]. However, such devices can be used not only to check the identity of starting materials 

in production, but also, for example, to detect counterfeit drugs [3]. Tablets can be measured 

without further sample preparation, as the spectra contain not only chemical information but 

also physical information such as compression pressure and particle size [4]. Even with the 

same composition, tablets can be distinguished from one another this way (see Figure 1). 

Hence, NIR was used to test whether it is possible to distinguish individual batches of the same 

finished drug preparation. For this purpose, an attachment was developed that allows for direct 

measurement of tablets with the existing portable NIR device, which is initially built for the 

measurement of powders and liquids. Its applicability was tested using two different batches 

of paracetamol monopreparations from nine different pharmaceutical companies. 

 

Figure 1 Influence of the dosage form on the NIR spectra. Red spectra are from tablets and blue spectra 
are from the corresponding powders (mortared). Samples 7, 8, 43, 48, 47 and 44 were used. 
For better visualization of the differences, SNV correction was performed and the 1St derivative 
(Savitzky-Golay) was used. 
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2. Experimental 

2.1 3D printing of the attachment 

The attachment was designed using an individually self-made sketch so that the various tablets 

can be measured in the best possible way. Therefore, various points were taken into account 

such as the accuracy of fit on the NIR device, different shapes of the tablets, light source and 

detector position on the NIR device, light protection and the reflection standard. A Prusa i3 

MK2.5 (0.4 mm nozzle) 3D printer was then used with the following settings: 

Printing process : Fused Deposition Modeling (FDM) 

Nozzle temperature : 245 °C 

Printing temperature : 80 °C 

Printing speed  : 80 mm/s (average value) 

Filament  : PETG Black (eSUN / Prusament) 

The finished attachment consists of a plate with an opening on which the tablets are placed, 

and a removable ring to serve as a light protection (Figure 2).  

 

  

Figure 2 Individual parts of the attachment (left) and the setup during the measuring process (right) 

2.2 Drug samples 

Two batches of every investigated paracetamol formulation (from nine different pharmaceutical 

companies) were purchased from local pharmacies (Table 1). They were of different shapes 

and sizes and contained 500 mg of paracetamol, with the exception of Efferalgan (sample no. 

15 & 15a) and Doliprane Tabs (sample no. 63 & 63a), which contained 1000 mg per tablet. 
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Table 1 Listing of all paracetamol samples which were used for batch comparison 

Sample No. Name Pharmaceutical Company batch 

1 Panadol GlaxoSmithKline plc. 135403 

1a Panadol GlaxoSmithKline plc. 134745 

7 Paracetamol 500 1A Pharma GmbH FN6315 

7a Paracetamol 500 1A Pharma GmbH HL0517 

8 Paracetamol ratiopharm Ratiopharm GmbH P42467 

8a Paracetamol ratiopharm Ratiopharm GmbH S45886A 

15 Efferalgan UPSA SAS R5400 

15a Efferalgan UPSA SAS T2821 

43 Paracetamol STADA Arzneimittel GmbH 53542 

43a Paracetamol STADA Arzneimittel GmbH 71702 

44 Paracetamol AL 500 Aliud Pharma GmbH 54449 

44a Paracetamol AL 500 Aliud Pharma GmbH 71706 

47 ben-u-ron bene-Arzneimittel GmbH 606B161 

47a ben-u-ron bene-Arzneimittel GmbH 611G171 

48 Paracetamol Hexal Hexal AG GC7080 

48a Paracetamol Hexal Hexal AG HC9249 

63 Doliprane Tabs sanofi-aventis france 7V111 

63a Doliprane Tabs sanofi-aventis france 7V018 

2.3 NIR spectroscopy 

The samples were analyzed with a Micro NIRTM 1700 ES spectrometer (VIAVI Solutions 

Deutschland GmbH, Eningen unter Achalm, Germany) covering a spectral range from 950 – 

1650 nm. The integration time was set to 22.7 ms and the scan count to 100. The temperature 

range in which the spectra were recorded was 38 °C to 40.7 °C. 

Without further sample preparation, the tablets were placed on the gap of the attachment so 

that they cover it as completely as possible. It needs to be ensured that the score line always 

points upwards, as it otherwise serves as a source of deflection impairing the scattering and 

thus the measurement process. Twelve spectra of each tablet were recorded, with the tablet 

being oriented slightly different by means of rotation after each measurement. The dark current 

and reference scan (99% reference standard) were remeasured before each tablet. 

2.4 Multivariate and statistical tests 

Principal component analysis (PCA) is a multivariate tool which is capable of reducing the data 

dimensionality to a few principal components and enables a better visualization of the data [5]. 

It was used to better evaluate the measurement parameters, to get an overview of the data 

and finally to perform the statistical tests by means of the score values. For PCAs, the entire 

recorded spectral range was analyzed and the singular value decomposition algorithm was 
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used for calculation. The internal validity was checked by cross-validation. In order not to lose 

physical information such as particle size or pressing pressure, no pre-processing methods 

were performed. The PCAs and the statistical tests, such as the Kolmogorov-Smirnov test, the 

Student’s t-test for equal and unequal variance (two-tailed) and the F-test, were performed 

with the Unscrambler X 10.4 (CAMO Software AS., Oslo, Norway) at 5% significance level. 

The free software R Studio 1.1.383 (RStudio Incorporation, Boston, USA) running R 3.6.3 (R 

Foundation for Statistical Computing, Vienna, Austria) was used for the Wilcoxon rank-sum 

test. 

3. Results and discussion 

3.1 3D print 

Polyethylene terephthalate modified with glycol (PETG) was used as filament. This is 

mechanically more stable than the otherwise frequently used PLA (polylactide) and is 

nevertheless easier to print than other engineering plastics. Disadvantages include stringing 

(formation of threads) and unclean overhangs [5]. Furthermore, the orientation of the 

components during printing was chosen to make the bottom surface facing the NIR device as 

smooth as possible to avoid possible measurement errors. 

3.2 NIR experiments 

Before the final measurements of the tablets, some parameters were checked to obtain 

reproducible and comparable spectra. These include the alignment of the NIR instrument 

during the dark current scan, measurements with and without lid, the influence of temperature, 

the alignment of the attachment, and the reapplication of the tablet before each measurement. 

Additionally, the orientation of the tablet was tested as it can have different shapes (round, 

oval, planar, convex), engravings and score lines that have an influence on the reflection. For 

this purpose, tablets of the German samples, 1A Pharma, Aliud Pharma, Ratiopharm, STADA, 

Hexal and ben-u-ron were measured and the spectra as well as their PCAs were evaluated. 
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Figure 3 NIR spectra of STADA batch 53542 measured with the score line pointing upwards (red; n = 12) 
and downwards (blue; n = 12) with reapplication before each measurement. The shift of the 
spectra due to the score line is clearly visible. 

Some parameters had only a minimal influence on the spectra, such as the lid or the shape of 

the tablet, provided it was placed correctly. This required the tablets to be placed on the 

measurement gap so that they cover it as completely as possible, with the score lines pointing 

upwards. This prevents further scattering of the infrared light at the score lines, which otherwise 

cause minimal shifts of the spectra (see Figure 3) and can be avoided this way. For the dark 

current scan, it proved to be optimal when the NIR instrument was pointed towards the floor, 

as was also indicated in the manual when using the NIR instrument normally without the 

attachment. 

 

Figure 4 Schematic top view of the NIR attachment. Shown is how far the attachment covers the detector 
(grey box) and the lamps at different orientations. At an angle of 90°, the lamps are completely 
concealed. 



Results – 3.3 Batch distinction 

82 

 

Figure 5 Influence of the orientation of the attachment on the NIR spectra of Ratiopharm. The shifts are 
stronger the more of the detector is covered by the attachment. The different orientations in 
degrees between the measurement gap and detector are highlighted in color (0°: dark blue; 30°: 

red; 60°: green; 90°: light blue). 

The temperature of the NIR device, the orientation of the attachment and repeated 

measurements without repositioning the tablet had a stronger influence. Since the attachment 

only exposes a small measurement gap, exact care had to be taken to orient the attachment 

in parallel to the detector and lamps. As more of the detector and lamps were covered (Figure 

4), the shifts in the spectra increased until only noise could be detected at an orientation of 90° 

(Figure 5). Also, different temperatures of the NIR instrument led to different shift intensities in 

the spectra (Figure 6), which also resulted from the fact that the instrument heated up more 

severely, when used with the attachment in comparison to the standard use. Therefore, before 

starting the series of measurements, the temperature was to settle between 38 °C and 40.7 °C. 

In direct successive measurements, without moving the tablet, a linear drift of the score values 

was always visible in the PCAs (see Figure 7). Although the score values of the spectra were 

closer to each other in the scores plot without repositioning, such drifts, which were caused by 

the same position of the tablet in each of the measurements, should be avoided. These score 

values do not reflect the variability of the NIR spectra between measurements obtained by 

reapplying the tablet. This is particularly important for the subsequent creation of models 

where, for example, unknown tablets shall be assigned to a specific batch. In these 

measurements, it would never be possible to place the tablets on the NIR attachment exactly 

as was done during method development. To exclude this effect, the tablets were repositioned 

before each measurement. 



Results – 3.3 Batch distinction 

83 

 

 

Figure 6 NIR spectra of the Hexal batch GC 7080 (top) and their corresponding PCA (bottom). The 
influence of temperature on the shift of the spectra is clearly visible. The same applies to the 
groupings for the PCA (dark blue: 30.7-32.0 °C; red: 32.0-33.5 °C; green 33.5-36.0 °C; light blue: 
40.0-41.0 °C).  
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Figure 7 PCA of STADA batch 71702. Samples with negative correlation to PC1 were measured on the 
score line, with positive correlation on the other side of the tablet. The blue samples were 
measured without repositioning the tablet, resulting in a trend in the scores plot. This can be 
seen well in the enlargement (the numbers correspond to the measurement sequence). 

3.3 Principal component analysis 

To get an overview of the data, a PCA was first performed for all manufacturers. Since a 

separation between the batches could be seen in the scores plot (Figure 8) a PCA was 

subsequently created for the batches of each individual pharmaceutical company. 

 

Figure 8 Scores plot with different colored symbols for all nine pharmaceutical companies. For each of 
the pharmaceutical companies, two groups can be identified, corresponding to the two different 
batches. 

The scores plots were then examined to see if the batches could be distinguished based on a 

single principal component and if there were any outliers. This was the case for all nine 

pharmaceutical companies, although one spectrum for Ratiopharm batch P42467 and 



Results – 3.3 Batch distinction 

85 

GlaxoSmithKline batch 135403 was excluded from the statistical evaluation because they 

showed a strong shift compared to the other spectra for unknown reasons (outliers). 

3.4 Statistics 

Besides the data reduction and the better visualization of the data, the score values of the first 

principal component can also be used for statistical purposes. The prerequisite for this is the 

complete differentiation of the batches by means of this main component which was shown in 

the scores plots of the PCAs in section 3.3.3. 

First, the score values of each batch were tested for normal distribution using a 

Kolmogorov-Smirnov test. This test compares the cumulative distribution function with the 

hypothetical cumulative distribution function of the values in a normal distribution [7]. Except 

for Efferalgan (15 & 15a) and ben-u-ron (47 & 47a), all data from the other pharmaceutical 

companies were normally distributed. With these, in the second step a F-test was performed 

to see if the two batches from each pharmaceutical company had comparable variances. This 

was necessary to choose the appropriate Student’s t-test assuming either equal or different 

variance between batches. Since the variances of the Hexal, STADA and Ratiopharm batches 

could not be assumed to be equal, the Student’s t-test for unequal variances was used for 

them and the Student’s t-test for equal variances was used for Aliud Pharma, 1A Pharma, 

GlaxoSmithKline and sanofi aventis. However, the results of the corresponding t-tests were 

the same for all pharmaceutical companies. The p-values were smaller than the significance 

level (0.05) for every test and therefore the null hypothesis, that there is no difference in the 

means, had to be rejected. This means that the sets of score values are significantly different 

and so are the batches (see Figure 9). 
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Figure 9 The results of the Student’s t-tests are presented as mean comparison plots. It shows the mean 
value and its 95% confidence interval for each batch. It allows a visual comparison of the means 
of the scores for each batch and shows if the spread of the scores is the same. As can be seen 
for each pharmaceutical company, the batches differ significantly (no overlap of confidence 
intervals). 

Since a normal distribution could not be assumed for Efferalgan and ben-u-ron, a Wilcoxon 

rank-sum test had to be applied [8]. The null hypothesis had to be rejected here as well, which 

means that the score values of one batch tended to be larger or smaller than those of the other 

batch. This result was also consistent with those of the other pharmaceutical companies, thus 

demonstrating a significant difference between batches. 

4. Conclusion 

For each pharmaceutical company, it was possible to distinguish the two batches by means of 

a single principal component without having to perform any sample preparation or special 

processing of the spectra beforehand. This result could also be supported with the statistical 

tests, as for each pharmaceutical company a significant difference between the batches could 

be demonstrated. 

It should be noted that these measurement results could only be compared with each other if 

all measurements are performed consecutively and attention is paid to some critical 

measurement parameters. This concerns temperature fluctuations of the lamp which can be 

avoided by not switching off the lamp between measurements and waiting for a constant 

operating temperature. In addition, the tablet should be repositioned before each measurement 

to avoid trends. Finally, the series of experiments should be carried out in one piece, as the 

attachment cannot be locked in any particular position. As a result, the measuring gap 

assumes a slightly different position each time the attachment is removed and installed, which 

can lead to differences in the spectra. 
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With the present attachment and measuring method, it was possible to distinguish individual 

batches within one measuring process. However, to establish this in a larger scale such as in 

the pharmaceutical industry, more samples and measurements would have to be performed. 

In addition, the attachment has to be further optimized to obtain a truly robust and reliable 

method, as it is not optimally adapted to each tablet shape in the current variant. 
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Abstract 

In the development of new pharmaceutical formulations it is important to consider the possible 

interactions between the active pharmaceutical ingredient (API) and excipients which is a 

well-known problem. The objective of the work presented here was to investigate such 

reactions by means of diffusion ordered NMR spectroscopy (DOSY). The known reaction of 

5-aminosalicylic acid (5-ASA) and the excipient citric acid was studied. Three reaction products 

have been verified by DOSY, 1H NMR and HPLC measurements. Despite a poor separation 

in the DOSY diagram, the reaction products could be assigned due to the processing of 

thoughtful selected parts of the signals. The reaction of 5-ASA with formic acid and benzocaine 

with dibutyl phthalate was also studied by means of DOSY experiments. 
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1. Introduction 

It is commonly known that reactions between active pharmaceutical ingredients (APIs) and 

excipients can occur in pharmaceutical formulations which are of importance especially in the 

development of new drugs to guarantee their efficacy and safety, and prevent further 

inconvenience after the approval. The reactions can be manifold, e.g. acid base reactions or 

Maillard browning. Some examples are given by Bharate et al. [1]. 

The aim of this study is to demonstrate the capabilities of routine NMR spectroscopy in the 

field of impurity profiling using several examples. The reaction products between 

5-aminosalicylic acid (5ASA), an anti-inflammatory drug, and citric acid were studied. This 

combination was chosen because it is known to give several reaction products [2,3], and some 

formulations like Salofalk® Granu-Stix® still contain both substances. The reactions lead to an 

ester or an amide between the hydroxyl or the amino group of 5-ASA and the carboxylic group 

of citric acid (see Figure 1) as described by Larsen et al. [3]. Further the reaction of 5-ASA with 

formic acid and benzocaine, a local anesthetic, and dibutyl phthalate, a plasticizer in film 

coatings, were investigated [4]. 

DOSY can be used as a screening method [5] and is described for various applications [6–8]. 

It makes use of the translational diffusion of molecules. Small changes in structure affect the 

molecule size and shape and therefore the diffusion behavior. The resulting different diffusion 

coefficient can be used to separate the spectra of substances in a mixture. The method is 

based on the decay of signals depending on diffusion time and gradient parameters [9]. It 

enables the possibility to assign signals to a certain substance with its corresponding diffusion 

coefficient [10] and to check the purity by means of a reference spectrum. Hence, it is possible 

to measure the mixture of substances with just one measurement [10]. 

1H-NMR measurements and DOSY experiments of stressed ASA-citric acid mixtures will be 

compared with the results of the HPLC method for related substances described in the 

monograph of mesalazine in the European Pharmacopoea [11]. 
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Figure 1 5-ASA, citric acid and their reaction products (2, 3, and 4) as postulated in [3] and formic acid 
with reaction products (6 and 7) 

2. Experimental 

2.1 Materials 

Citric acid monohydrate, citric acid anhydrous, 5-aminosalicylic acid, maleic acid for 

quantitative NMR, dibutyl phthalate, formic acid, sodium hydroxide solution 50% for analysis 

and HPLC grade acetonitrile were purchased from Sigma-Aldrich Chemie GmbH (Steinheim, 

Germany). Benzocaine was purchased from Caelo (Hilden, Germany). 0.1 M Hydrochloric acid 

was obtained from VWR international (Darmstadt, Germany). Sodium dihydrogen phosphate 

monohydrate was purchased from Grüssing GmbH Analytika (Filsum, Germany), deuterium 

oxide and dimethylsulfoxide-d6 from Deutero GmbH (Kastellaun, Germany). Ultrapure water 

was produced by a water purification system from Merck Millipore (Schwalbach, Germany) 

specified at a resistivity of 18.2 MΩ-cm. All NMR samples were measured in 507-HP-7 5 mm 

routine NMR tubes from Euriso-top (Saarbrücken, Germany). 
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2.2 Sample preparation 

100 mg of 5-ASA and 100 mg citric acid monohydrate or 200 mg of 5-ASA and 200 mg 

anhydrous citric acid were pestled together. Then, either 1 mL or 2 mL of deuterium oxide was 

added. 100 mg of 5-ASA and 25 µl of formic acid dissolved in 2 mL of deuterium oxide. The 

mixtures were equilibrated at 70 °C for three hours. Afterwards, the probes were sonicated for 

a certain time, centrifuged, and the supernatant was analyzed by NMR and/or HPLC. 

In order to simulate the reaction between benzocaine and dibutyl phthalate, a mixture of 

0.12 mmol of benzocaine, 0.12 mmol of dibutyl phthalate, and 0.0048 mmol of 

N-(4-ethoxycarbonylphenyl)phthalimide were dissolved in 2 mL of dimethylsulfoxide-d6 and 

sonicated for dissolution. The amount of N-(4-ethoxycarbonylphenyl)phthalimide was chosen 

to give a content of 4%. The sample was analyzed by NMR. 

2.3 HPLC experiments and data analysis 

The test for related substances described in the European Pharmacopeia (PhEur 8.0 [11]) was 

performed on an Agilent system from the 1100 series (Waldbronn, Germany) using a 

reversed-phase column packed with octadecylsilane phase particles (250 x 4.6 mm, 5 µm, 

ZORBAX Eclipse Plus, Agilent, Waldbronn, Germany). The system consisted of a vacuum 

degasser (G1322 A), a binary pump (G1312 A), an autosampler (G1313 A), a thermostated 

column oven (G1316 A), and a diode array detector(G1315B). Mobile phase A consisted of 

6.9 g of sodium dihydrogen phosphate monohydrate dissolved in 1000 mL of water. The pH 

value of 6.2 was adjusted with sodium hydroxide solution. Mobile phase B consisted of 

acetonitrile and mobile phase A (40:60, v/v). The flow rate was set at 1.0 mL/min, the detection 

wavelength at 240 nm, and the temperature at 40 °C. Initially, the gradient started with 0% B 

until the 8th minute, then it was linerarily increased to 15% B from 8 to 20 min, to 75% from 20 

to 40 min and to 100% B from 40 to 60 min. 

The samples were prepared by diluting the supernatant of the stock solution to receive a 

sample concentration of about 0.1 mg/mL. To verify the suitability of the method, 5-ASA and 

the mixture thereof with citric acid were dissolved in 0.01 M hydrochloric acid to give a sample 

concentration of about 1 mg/mL. 20 µL of the samples were injected into the HPLC system. 

The chromatograms were processed using the ChemStation® software (Rev.B.03.02) from 

Agilent. 

2.4 NMR experiments and data analysis 

All NMR experiments were performed on a Bruker Avance III 400 MHz spectrometer operating 

at 400.13 MHz with an inverse probehead. The data were processed with TopSpin 3.5. pl7 

(DOSY2D), Dynamic Center 2.5.3 (Bruker BioSpin GmbH, Rheinstetten) and General NMR 

Analysis Toolbox (Manchester NMR Methodology Group, University of Manchester). 
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For the 1H NMR and DOSY experiments 600 µl of the supernatant was transferred into 5 mm 

tubes and were examined. The 1H NMR experiments were performed at 300 K using 256 or 

512 scans, resulting in a digital resolution of 0.251 Hz over a spectral width of 20.55 ppm (time 

domain size 64k), 30° flip angle, acquisition time of 3.98 s followed by a relaxation delay of 1 s 

and a line broadening factor of 0.3 Hz was applied. Baseline corrections were performed 

automatically though phasing was performed manually. For the COSY experiment, a standard 

Bruker pulse program was used with an increase of the scans to 64. 

The DOSY experiments are performed using a stimulated echo sequence with bipolar 

gradients and LED (Longitudinal Eddy-current Delay). The diffusion delay (big delta) was set 

to 50 ms, the gradient length (little delta) to 3.2 ms (5-ASA with citric acid; D2O), 3 ms (5-ASA 

with formic acid; D2O) and 4.4 ms (benzocaine; DMSO-d6). An Eddy Current delay of 5 ms and 

a number of scans of 32, 256 or 512 were used. A linear gradient ramp with 32 steps (start 

value 2%, final value 98%) or 16 steps (for benzocaine and 5-ASA with formic acid) was 

applied. 90° pulse length was calibrated to ensure a perfect 180° pulse for gradient echo 

sequence. Signal decay was optimized for 6-H proton down to 3.5%, for 6’H down to 7% for 

the sample of 5-ASA with citric acid. For all other samples the signal decay was optimized 

down to 2% for the smallest signal of interest. Lock system was optimized for the gradient 

experiment. The gradient was calibrated to 4.97 G/mm at 100% (10 A). 

3. Results and discussion 

3.1 NMR experiments 

According to ref. [3], the ratio of 5-ASA and citric acid was chosen 1:1 and the compounds 

were mixed in 1 mL of deuterium oxide. The 5-ASA/formic acid mixture was prepared, 

accordingly. For the benzocaine/dibutyl phthalimide reaction an artificial mixture consisting of 

benzocaine, dibutyl phthalate, and 4 percent of N-(4-ethoxycarbonylphenyl)phthalimide (as 

reaction product) was prepared. 

3.1.1 5-ASA and citric acid 

In accordance to Larsen et al. [3], the NMR signals could be assigned to 5-ASA and the 

expected reaction products: the NMR signals were assigned to compound 1 (7.70 ppm, 

7.34 ppm, 6.92 ppm), 2 (7.62 ppm, 7.25 ppm, 6.96 ppm), and 3 and 4 (7.68 ppm, 

7.36 ppm,6.83 ppm, 6.79 ppm) (see Figure 2). Discrimination between compounds 3 and 4 

was not possible because Larsen et al. [3] used a different solvent. To assign the signals of 2, 

3, and 4, a COSY experiment was performed. 
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Figure 2 1H NMR spectrum (D2O) with the corresponding aromatic signals of 5-ASA (1;J [Hz]: d,8.9; 
dd,8.9,2.8; d,2.8), the reaction products (ester (2), amides (3 and 4)) and 13C satellites (5). 

Since the sizes of the reaction products are larger in comparison to the starting products, the 

outer shape of the molecule has changed and along with this, the diffusion coefficient has 

decreased. Thus, the signals of corresponding spectra should be sorted due to their different 

diffusion coefficient in the 2D DOSY diagram. 

In DOSY2D software all columns of the pseudo 2D spectrum are interpreted independently 

using either the integral or the peak height information for calculation. Since the differences 

were negligible, the integral information was used. 

In the DOSY spectra the reaction product 2 could be clearly assigned by means of the 1H 

spectrum (cf. 4). The assignment for the remaining two reaction products 3 and 4 was more 

difficult due to their proximity to the signals of 5-ASA (1). A closer examination of H6 and H4 

signal of 5-ASA revealed the much smaller signals of 3 and 4 right next to them (see Figure 2). 

The decay behavior of the smaller signal is influenced by the bigger one and leads to a shift in 

the DOSY spectrum as can be seen in Figure 3. The reason is a lack of an individual baseline 

correction for each signal. Though, the distortion depends on percentage of the overlap with 

other signals and their decay behavior. This is a typical problem of small signals right next to 

larger ones, especially when they are not baseline separated. Nevertheless, the resulting 

signals of the H6 and H4 protons of 3 and 4 can be seen. 
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Figure 3 DOSY diagram (D2O) of the supernatant zoomed in on the aromatic field with the signals of 
5-ASA (1) and 2. Due to the influence of the larger H4 and H5 signals of 5-ASA on the decay 
behavior of the smaller signals of 3 and 4, a signal shift of the corresponding DOSY signals is 
seen (O). (Processing: Software: DOSY2D (TopSpin 3.5 pl 7, Bruker BioSpin), SI(F2) 64K, 
SI(F1) 512, exponential fit of signal decay (Levenberg-Marquardt algorithm), Imod was set to 
Integral) 

 

Figure 4 Assignment of the remaining DOSY cross peaks to protons of 3 and 4 by means of the 
corresponding H’3 signals (D2O; Processing: see Figure 3). 
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Using the software of the Dynamic Center it is possible to process diffusion data in a more 

variable way. For this reason, it was used to see if it is possible to improve the DOSY 

processing (Figure 4). 

 

Figure 5 DOSY cross peaks of the reaction products (above) and 5-ASA. In the cycle, the problem of 
hidden signals and different processing is shown. For explanation see chapter 3.1.1. (D2O; 
Processing: DC, number of points in F2: 64K, number of points in F1: 512, all peak heights were 
used). 

The examination of signals split by direct spin-spin-coupling was examined as fragmented 

signals on peak height. With all peak heights selected, it allows the detection of hidden signals 

which lie under the analyzed ones as can be seen for the H4 signal of 5-ASA in Figure 5. Due 

to the hidden signal it comes to a shift in the DOSY signal. Then, the signals with the smallest 

influence were chosen to gain a better diffusion signal location of the signal in 

2D-DOSYcorresponding to a more realistic diffusion coefficient and to obtain a clear separation 

of 5-ASA and the reaction products (see Figure 6). With these variations it was possible to fully 

analyze the mixture even with the overlapping signals. 

These findings were confirmed by processing the DOSY data with a further tool, the General 

NMR Analysis Toolbox (GNAT), which provided the same results. 

In order to cross check the results of the DOSY experiments of 5-ASA and citric acid the HPLC 

method of related substances for mesalazine from the PhEur [11] was applied even though 

not optimized for this application. In addition to the API peak three new signals with retention 

times of 3.06 min, 3.83 min and 5.19 min were observed which belong to the reaction products. 

The short retention time is due to the deprotonation at pH 6.2. This measurement confirms the 

assumption that three molecules were formed. 
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Figure 6 Distinct separation of spectra of 5-ASA and of the reaction products (D2O; Processing: DC, 
number of points in F2: 64K, number of points in F1: 512, selected peak heights). 

3.1.2 5-ASA and formic acid 

By means of a 1H and COSY measurement it was possible to assign the signals to 5-ASA 

(7.76 ppm, 7.38 ppm, 6.98 ppm), formic acid (8.13 ppm), and two reaction products, the ester 

6 (8.37 pm, 7.82 ppm, 7.45 ppm, 6.89 ppm) and the amide 7 (7.57 ppm, 7.25 ppm, 6.89 ppm) 

(see Figure 7). The signals of 6 and 7 at 6.89 ppm overlap almost completely and can only be 

recognized due to a small shoulder at the bigger signal of 6. The assignment of the signals of 

6 and 7 to the ester or amide, respectively was due to the calculated chemical shifts according 

to increment tables and the chemical shifts of the ester and amide of 5-ASA and citric acid. 

This example demonstrated the limits of DOSY measurements. Due to the overlap of signals 

like the signal of 7 at 7.57 ppm with 13C satellites or the signals of 6 and 7 at 6.89 ppm and the 

proximity to larger signals seen at 8.13 ppm (formic acid), 7.82 ppm (6) and 7.45 ppm (6), most 

of the DOSY signals are influenced. As can be seen from Figure 7, cross peaks of 6 and 7, 

respectively, appear at different diffusion coefficients which physically makes no sense. In 

contrast, the 5-ASA signals as well as the signal of 7 at 7.25 ppm can be clearly assigned. 

Hence, care must be taken when signals of a large intensity difference are close together. In 

this case, the diffusion coefficient read from the diagram is not realistic. Even with the GNAT, 

which delivered a clearer separation of the DOSY cross peaks than TopSpin, the results did 

not improve (see Figure S1 and S2). 
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Figure S1 DOSY diagram of 5-ASA, formic acid and their reaction products processed with TopSpin (D2O). 

 

Figure S2 DOSY diagram of 5-ASA, formic acid and their reaction products processed with GNAT (D2O). 
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Figure 7 DOSY diagram of 5-ASA, formic acid, and their reaction products (amide (6), ester (7), 13C 
satellites (S)). It can be seen that the diffusion coefficients within 6 and 7 differ clearly. (D2O; 
Processing: DC, number of points in F2: 32K, number of points in F1: 512, selected peak 
heights) 

 

3.1.3 Benzocaine and dibutyl phthalate 

 

Figure 8 Structures of benzocaine, dibutyl phthalate and N-(4-ethoxycarbonylphenyl)phthalimide (5). 

The signals of the 1H NMR spectrum can be assigned to benzocaine (7.64 ppm, 6.57 ppm, 

5.94 ppm, 4.20 ppm, 1.27 ppm), dibutyl phthalate (7.70 ppm, 4.23 ppm, 1.65 ppm, 1.38 ppm, 

0.91 ppm), and the reaction product 5 (8.12 ppm, 7.96 ppm, 4.36 ppm) (Figure 8 and 9). The 

separated signals or the signals which were least affected by overlaps were chosen for the 

DOSY processing with Dynamic Center. Here, a distinct separation of the substance could be 
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achieved. Of note, the cross peaks of all components between δ = 4.2 and 4.4 ppm are located 

at the correct diffusion coefficient even though the intensity of the signals are very different. 

This might be due to the fact that the difference in size is large enough for separation of the 

compound spectra in the DOSY experiment. For this example GNAT confirmed the results of 

Dynamic Center and TopSpin as well. 

 

Figure 9 DOSY diagram with a clear separation of benzocaine, dibutyl phthalate and 5 based on the 
different diffusion coefficient. The signal of the amine of benzocaine at 5.94 ppm is shifted which 
might be due to proton exchange. (DMSO-d6; Processing: DC, number of points in F2: 32K, 
number of points in F1: 512, selected peak heights) 

4. Conclusion 

It has been shown that DOSY is capable of screening a mixture of API, excipient, and their 

reaction products based on their translational diffusion behavior. The measurement of the 

DOSY experiments is often less than 1 h, even when a simple 400 MHz spectrometer has been 

used. The time for the measurement can substantially be shortened using a 600 MHz machine 

equipped with a cryo probe. With the use of variable processing and previous knowledge of 

coupling patterns, an assignment was possible even of the much smaller signals next to the 

larger ones of the API. The processing of reasonable selected parts of a signal was valid and 

allows an insight into the mixture and a differentiation of slightly overlapping signals. 

DOSY experiments come to their limit, when a small and a large signal of different components 

overlap and the difference in the diffusion coefficient is too small. In all other cases the DOSYs 

are valuable tool to characterize a mixture. 
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3.5 Fingerprint spectra for formulations using a DOSY 

filter1 

1 This chapter was submitted for publication in a slightly modified form during the writing of this 

thesis. For details see chapter 7.1 List of publications. 

Copyright 

Copyright (2022) Elsevier. 

https://doi.org/10.1016/j.jpba.2022.114723 

1. Introduction 

In order to evaluate spectral data using multivariate data analysis and to obtain robust results, 

it is necessary not only to generate reproducible spectra, but also spectra that are 

characteristic and significant for the particular task (as a kind of fingerprint [1], e.g., like the 

fingerprint region in IR spectroscopy for identity testing). In addition to sample preparation, the 

measurement parameters are also an important element. For this, knowledge about the 

sample with regard to the goal of the analysis is also of great importance. 

In the chapter “Tracing the origin of paracetamol tablets by near infrared, mid infrared and 

nuclear magnetic resonance spectroscopy using principal component analysis and linear 

discriminant analysis” [2], the excipients were the crucial part of the 1H NMR spectra to 

distinguish the individual formulations and the manufacturers, respectively. For the later 

multivariate data analysis (MVA), the spectral regions of the paracetamol signals were 

excluded because they were present in each formulation and in equal amounts. To save this 

step and possibly make other excipient signals visible that are covered by the paracetamol 

signals, one can make use of the DOSY measurement principle. Here, the measurement acts 

as a kind of filter for unnecessary signals. 

The DOSY experiment allows to determine the diffusion coefficient based on signal 

attenuations caused by self-diffusion of the molecules. For this purpose, a gradient pulse is 

irradiated which interferes with the homogenous static field and leads to locally different field 

strengths. After a predefined time, a field gradient is applied in the opposite direction to refocus 

the spins. Due to self-diffusion, the spins are no longer at the same location in the sample and 

thus cannot be refocused, resulting in an attenuated signal [3]. To obtain spectra without 

signals of the active pharmaceutical ingredient (API), in this case paracetamol, the idea was 

to measure a single 1H spectrum and choose the gradient length, gradient level, and the 

diffusion delay in a way that the API signals would be completely attenuated and those of the 

excipients would still be visible due to slower diffusion. The goal was to obtain spectra that are 
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even more informative with respect to the different excipient formulations of the same API than 

a conventional 1H spectrum. To verify these considerations and to have a better comparison, 

1D DOSY measurements were performed for three of the German paracetamol formulations 

from subchapter 3.1 (same batches). 

2. Experimental 

2.1 Materials 

The 507-HP-7 5-mm routine NMR tubes and the dimethylsulfoxide (DMSO-d6, 99.8%) 

containing 0.03% tetramethylsilane (TMS) were purchased from Euriso-top (Saarbrücken, 

Germany). The paracetamol preparations from Ratiopharm GmbH, STADA Arzneimittel GmbH 

and Hexal AG contained 500 mg paracetamol and were purchased at local pharmacies. 

2.2 Sample preparation 

The samples were prepared as in Becht et al. [2]. The tablets were mortared and transferred 

into a falcon tube and 6 mL DMSO-d6 containing 0.03% TMS (v/v) were added. Finally, the 

samples were vortexed (1 min), sonicated (1 h), and centrifuged (20 min/6k U/min). 600 µL of 

the resulting supernatant was then analyzed by means of NMR spectroscopy. 

2.3 NMR measurements 

The NMR experiments were carried out on a Bruker Avance III 400 MHz spectrometer 

operating at 400.13 MHz with an inverse probehead. Data processing was done with TopSpin 

4.0.9 (Bruker BioSpin GmbH, Rheinstetten, Germany). 1H NMR experiments were performed 

at 300 K and a scan number of 32 was used. The resulting digital resolution was 0.245 Hz 

across a spectral width of 20.03 ppm (time domain size 64k). Additionally, a 30° flip angle and 

an acquisition time of 4.09 s followed by a relaxation delay of 1 s was used. A line broadening 

factor of 0.3 Hz was applied. The 1D DOSY measurements were performed at 300 K using a 

stimulated echo sequence with bipolar gradients and longitudinal Eddy-current delay. Gradient 

length (little delta) was set to 3 ms and the diffusion delay (big delta) to 100 ms for all samples. 

32 scans and an Eddy current delay of 5 ms were used. The DOSY measurement of the 

Ratiopharm preparation were performed using the same parameters as for the 1D DOSY 

measurements. Additionally, a linear gradient ramp with 8 steps (start value 2%, final value 

98%) was applied. The gradient was calibrated to 4.97 G/mm at 100% (10 A). 
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3. Results and discussion 

The performance of this approach was tested with three different paracetamol preparations 

from Ratiopharm GmbH, STADA Arzneimittel GmbH and Hexal AG (Table 1). They differed in 

the type of composition and the respective quantities of the excipients. 

Table 1 List of measured paracetamol preparations with their excipients and the weight of the tablet. 

 Ratiopharm STADA Hexal 

Weight 645 mg 630 mg 595 mg 

Excipients Corn starch 
Povidone 
Magnesium stearate 
Talc 
Microcrystalline cellulose 
Silicon dioxide 
Croscarmellose sodium 

Sodium carboxymethyl 
 starch 
Povidone 
Magnesium stearate 
Microcrystalline cellulose 

Corn starch 
Povidone 
Magnesium stearate 
Microcrystalline cellulose 
Silicon dioxide 
Stearic acid 

Based on the experience from previous DOSY measurements of the Ratiopharm preparation, 

the gradient length was set to 3 ms, as this value has been shown to be effective in suppressing 

the paracetamol signals. The diffusion delay was initially set to 50 ms. This was sufficient to 

completely attenuate the residual signals of water and DMSO, but not the signals of 

paracetamol. Their intensity decreased only to about that of the excipient signals (Figure 1). 

Nevertheless, this is an improvement for further multivariate analysis because it simplifies the 

preprocessing process. Since the large difference in intensity between excipients and 

paracetamol is cancelled out, either area normalization can be omitted or the entire spectrum 

can be evaluated. 

In the next step, the diffusion delay was increased to 100 ms, which completely attenuated the 

paracetamol signals except for that of the hydroxyl group (9.14 ppm; Figure 1). As a result, a 

new signal could be revealed, which previously overlapped with the methyl group of 

paracetamol, and belonged to povidone. This was also true for another one overlapping with 

the water signal. Based on the location of the signal in the DOSY measurement, it most likely 

belongs to the corn starch. The disadvantage, however, was that the signals of magnesium 

stearate were also completely attenuated due to the low molecular mass, and changing the 

gradient level to 50% did not improve it either. Here, the signals of stearic acid (1.23, 0.86 ppm) 

were still visible, but the signals of paracetamol were still too large. 
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Figure 1 NMR spectra of the Ratiopharm preparation (scaled to the largest signal). Shown is the influence 
of the gradient on the signals of paracetamol and the excipients. The standard 1H spectrum is 
shown for comparison, with the range of excipients additionally zoomed in (the bottom two). The 
diffusion delay is given in ms and the gradient level in percent. The asterisk marks the signals 
of magnesium stearate, P the signals of paracetamol and NS the new signals which were 

revealed. 

The STADA preparation showed only very small signals of the excipients compared to that of 

Ratiopharm, which can be attributed to the overall slightly lower amount of excipients, but 

mainly to the number and type of excipients. Sodium carboxymethyl starch tended to be less 

soluble than the corn starch contained in Ratiopharm, which is only slightly soluble in DMSO 

[4], and therefore could not be identified in a reference spectrum or in the sample. Using a 

reference spectrum, some very small signals could be assigned to cellulose, although it is not 

soluble in most organic solvents [4,5]. Therefore, the spectrum only consisted of signals of 

povidone, magnesium stearate, very small signals of microcrystalline cellulose and two 

signals, which could not be assigned to any of the excipients (Figure 2). As could be expected 

from the Ratiopharm sample only a spectrum of povidone was left with a selected diffusion 

delay of 100 ms, gradient level of 100% and gradient length of 3 ms. Also the unknown signal 

was completely attenuated. The decrease of the gradient level to 50% showed the same 

results as for Ratiopharm. Even a gradient length of 2 ms did not bring any improvements. 
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Figure 2 NMR spectra of the STADA preparation. Shown is the influence of the gradient on the signals 
of paracetamol and the excipients. The standard 1H spectrum is shown for comparison, with the 
range of excipients (6 – 0.5 ppm) additionally zoomed in. The selected diffusion delay is given 
in ms, the gradient level in percent and the gradient length in µs. The asterisk marks the signals 
of magnesium stearate, P the signals of paracetamol, U the unassigned signals and NS the new 
signals which were revealed. 

Due to the very similar composition of the tablet, the Hexal sample also showed a similar 

spectrum (Figure 3) as the Ratiopharm sample but contained approximately 50 mg less 

excipients. A diffusion delay of 100 ms and a gradient level of 100% already gave good results, 

as all paracetamol signals were attenuated, except for that of the hydroxyl group. Of the 

detectable excipients, only the signals of stearic acid were attenuated. Other settings such as 

a gradient level of 50% did not improve the results. As with the other samples, either the signals 

of paracetamol were not sufficiently attenuated and those from stearic acid were still seen or 

both were attenuated, except for the signals of povidone and corn starch or microcrystalline 

cellulose. 
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Figure 3 NMR spectra of the Hexal preparation. Shown is the influence of the gradient on the signals of 
paracetamol and the excipients. The standard 1H spectrum is shown for comparison, with the 
range of excipients additionally zoomed in (the bottom two). The diffusion delay is given in ms 
and the gradient level in percent. The asterisk marks the signals of magnesium stearate, P the 
signals of paracetamol and NS the new signals which were revealed. 

Although only a few signals remained after the 1D DOSY measurement, the formulations of all 

three MAHs could be easily distinguished based on the spectra (see Figure 4). This was 

achieved either by the hydroxyl group of the paracetamol, which was still visible for Ratiopharm 

and Hexal, or by the different amounts of excipients and the associated different signal 

intensities. 
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Figure 4 Comparison of the 1D DOSY spectra of the three different preparations. Based on the remaining 
excipient signals, as well as their intensities, the three formulations can be clearly distinguished. 

4. Conclusion 

It could be shown that it is possible to get more characteristic spectra of paracetamol tablets 

by eliminating the paracetamol signals by means of 1D DOSY measurements as filters. This 

simplifies the multivariate analysis of the NMR spectra, as it allows to remove the active 

ingredient signals altogether or to attenuate them to the point where a normalization procedure 

is no longer necessary to give more importance to the small excipient signals. It also revealed 

signals not seen before and removed some signal overlaps. This permitted the formulations to 

be distinguished only based on the spectra, even though the compositions were very similar 

and only two to three excipients were visible in the spectra. 

From the results it can also be clearly deduced which conditions must be fulfilled if a 

formulation shall be investigated by NMR spectroscopy using this method. Ideally, formulations 

should contain many different excipients that are accessible to NMR spectroscopy. This 

provides more characteristic spectral fingerprints with which to distinguish formulations of the 

same API. The excipients should be readily soluble in the chosen solvent, although this will 

almost never be the case for all of them due to widely varying solubilities. In addition, they 

should have a significant difference in molar mass compared to the API so that their signals 

are not also completely attenuated by the gradient, as was the case with stearic acid and 

magnesium stearate, respectively.  
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3.6 Comparison of a low-field NMR spectrometer (80 MHz) 

with a high-field NMR spectrometer (400 MHz) in the 

quantitative analysis of drugs 

1. Introduction 

Although NMR spectroscopy offers a wide range of analytical possibilities (qualitative as well 

as quantitative) in addition to classical structure elucidation, it is rarely used in routine drug 

quality control. Some reasons for this are probably the high acquisition and maintenance costs, 

as well as the size of the spectrometers. To achieve higher resolution for challenging analytes, 

more powerful and thus larger superconducting magnets have been developed. In contrast to 

this trend, however, small permanent magnets were reinvented and developed further [1], 

which enabled the construction of NMR spectrometers that fit on a laboratory bench. The 

difficulty here was to construct a permanent magnet with sufficient field homogeneity to resolve 

the 1H shifts of molecules [2]. These benchtop spectrometers typically operate at a 1H 

frequency between 40 – 80 MHz [3]. Because of the weaker magnetic field, which results in 

less frequency dispersion and thus more overlap of the signals, and the lower field 

homogeneity, benchtop instruments are usually used for small molecules [2,3]. However, these 

disadvantages are balanced by the much lower cost and space requirements. Therefore, 

benchtop devices are now used in a wide variety of areas such as process and reaction 

monitoring, teaching and drug analysis [4-6]. 

Nevertheless, the gold standard in the European Pharmacopoeia for purity and content 

assessments is the HPLC analysis. Yet, HPLC always require a chemical reference standard 

(CRS), which is usually very expensive and needed for each individual active pharmaceutical 

ingredient (API) to be tested. Here lies a decisive advantage of quantitative NMR (qNMR) 

analysis. A single reference substance can be used for many different analytes, as long as its 

signal does not overlap with others, such as those of the analyte or the solvent [7]. The aim of 

this exploratory investigation was to determine whether qNMR analysis would be a useful 

addition to routine analysis in pharmacies. For this purpose, two commercially available drugs 

(see Figure 1 and Table 1) were analyzed by means of qNMR and the results of a high-field 

spectrometer (400 MHz) were compared with those of a low-field spectrometer (80 MHz). 
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Figure 1 Structural formulas of the APIs contained in the drugs Bambec and Quinaplus AL. 

2. Materials and methods 

2.1 Chemicals and Materials 

Dimethylsulfoxide-d6 (DMSO-d6) and deuterium oxide (D2O) were purchased from 

Deutero GmbH (Kastellaun, Germany). 3-(Trimethylsilyl)propionic acid-d4 sodium salt 

(TSP-d4) and quinapril hydrochloride (european pharmacopoeia reference standard) were 

purchased from Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany). Hydrochlorothiazide 

(HCT) was purchased from Schwarz Pharma AG (Monheim, Germany). The samples were 

measured in 507-HP-7 5 mm routine NMR tubes obtained from Euriso-top (Saarbrücken, 

Germany). 

2.2 Drug samples 

All drug samples (Table 1) were kindly provided by Dr. Andreas Winterfeld (Montanus 

Apotheke, Leichlingen). 

Table 1 Information on the drugs used and the APIs contained therein. 

Drug API MR batch Pharmaceutical Company 

Bambec Bambuterol HCl (10 mg) 403.9 V337A AstraZeneca GmbH 

Quinaplus 
AL 

Quinapril HCl (21,66 mg) / 
Hydrochlorothiazide (12,5 mg) 

475.0 / 
297.7 

81003V Aliud Pharma GmbH 
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2.3 Sample preparation 

Regardless of whether a whole or half a tablet was measured, they were homogenized first, 

transferred to a microcentrifuge tube and 1 mL of the deuterated solvent was added (D2O for 

Bambec and DMSO-d6 for Quinaplus). Afterwards, the samples were vortexed (1 min), 

sonicated (10 min), and centrifuged (10 min/ 13k U/min). 600 µL of the supernatant was mixed 

with 100 µL of the corresponding internal standard (IS) solution and analyzed. For Bambec, 

the concentration of the IS solution was 25 mg/mL of TSP in D2O, for Quinaplus, 5 mg/mL of 

TSP in DMSO-d6. For the reference measurements of quinapril (5.38 mg) and the mix of 

quinapril and HCT (4.89 mg/2.83 mg), the respective substances were dissolved in 700 µL. 

600 µL of these were mixed with 100 µL of an IS solution (1.48 mg/mL TSP in DMSO-d6) and 

measured. For the reference measurement of HCT, 0.97 mg of TSP and 12.56 mg of HCT 

were dissolved in 1 ml DMSO-d6 of which 600 µL were analyzed. 

2.4 NMR spectroscopy 

The high-field measurements were conducted on a Bruker Avance III 400 MHz spectrometer 

operation at 400.13 MHz with an inverse probehead operating at 300 K. The quantitative 1H 

NMR experiments were performed using a flip angle of 90° without rotation. 16 Scans were 

used, resulting in a digital resolution of 0.183 Hz over a spectral width of 30.04 ppm (time 

domain size 128k). Acquisition time was 5.45 s followed by a relaxation delay of 30 s. A line 

broadening factor of 0.3 Hz was applied. Baseline correction (automatically) and phasing 

(manually) were performed with TopSpin 4.0 (Bruker BioSpin GmbH, Rheinstetten, Germany). 

To ensure sufficient relaxation time, an inversion recovery experiment was performed for all 

samples. The relaxation delay was then chosen to be at least seven times the T1 time for the 

signal with the longest T1 time, including the acquisition time, which corresponds to a recovery 

of 99.9%. 

The comparative measurements with a benchtop spectrometer were carried out by 

Magritek GmbH (Aachen, Germany). For this purpose, the Spinsolve 80 instrument (80 MHz) 

was used with the same acquisition parameters as for the high-field spectrometer. Only the 

number of scans was increased to 64. Spectra processing was performed by Magritek itself, 

while integration was performed using TopSpin. 

Resonance assignments were based on literature [8,9], a spectral database [10] and 

measured reference spectra of the corresponding APIs. The integration ranges are presented 

in Table 2. For Quinaplus, it was necessary to apply baseline correction to specific regions of 

the spectrum to provide adequate integration. The individual regions were 10.5 – 6.2 ppm and 

0.6 – -0.6 ppm. The integral for TSP was calibrated to 100. 
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3. Results and discussion 

The preliminary tests described below to develop a suitable method were all performed with 

the 400 MHz spectrometer (such as suitability of the internal standard and choice of signals 

for quantification). A new sample was then prepared, measured with the 400 MHz 

spectrometer, and sent to Magritek for a comparison measurement with the 80 MHz benchtop 

device. 

Table 2 Resonance assignments and integration ranges of the protons used for quantification (400 MHz). 

Structures Resonance assignments in ppm 

Integration range in ppm 

API TSP 

 

Quinapril 

7.33 – 7.12 (m, 9H-Ar) 
7.40 – 7.10 0.50 – -0.50  

 

HCT 

A: 8.27 (s, 1H) 
B: 8.03 (s, 1H) 
E: 7.06 (s, 1H) 

8.37 – 8.20 
8.08 – 7.99 
7.10 – 7.01 

0.50 – -0.50  

 

Bambuterol 

F: 1.38 (s, 9H, tert-Butyl) 
 

1.55 – 1.20 0.50 – -0.50  

First, the signals had to be correctly assigned (Table 2) to the corresponding APIs and 

distinguished from those of the excipients, especially in the case of Quinaplus, which contained 

two APIs. For this purpose, reference spectra of quinapril HCl and HCT were recorded (see 

Figure 2). The exact assignments to all protons were already described in the literature 

[8,10,11]. 
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Figure 2 1H NMR spectra (400 MHz; DMSO-d6) of Quinaplus, HCT, Quinapril HCl and the mix thereof. 
Most of the API signals can be assigned in the Quinaplus preparation using the reference 
spectra. The remaining signals belong to TSP (0.00 ppm), water (3.47 ppm), DMSO-d5 
(2.56 ppm) and excipients. The assignments correspond to those of the quinapril and HCT 

signals shown in Table 2. 

For Bambec (bambuterol), most of the signals could be assigned to the individual protons 

(Figure 3). This was especially true for the aromatic protons (signals A and B), since there 

were no other signals in this region, and for those of the tert-butyl group (signal F), which 

appeared as a singlet in the aliphatic region due to the axial symmetry. The proton signals of 

the methylene group (signals D), the chiral center (signal C) and the methyl groups of the 

carbamates (signals E) could be identified using a 1H NMR prediction web interface based on 

the work of Binev et al. [12] and the NMR studies of Abiramasundari et al. [9]. Here, the 

N-methyl groups appeared as two singlets due to their different orientations to the oxygen of 

the benzene ring or the carbonyl oxygen. Furthermore, since the protons of the methylene 

group are diastereotopic, they appeared as two doublets. For the same reason, the proton at 

the chiral center appeared as a doublet of doublets [9]. 
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Figure 3 1H NMR spectrum (400 MHz; D2O) of Bambec with the structural formula of bambuterol. The 
corresponding proton signals of bambuterol are indicated by different letters. 

Next, the appropriate signals for quantification were to be selected. As can been seen in Figure 

2 and 3, many of the API signals overlap with those of the excipients. Therefore, for Quinapril 

only the downfield-shifted signals were used. In the case of bambuterol, the protons of the 

tert-butyl group were used (see Table 2) because the high intensity singlet is ideal for 

quantification [13]. The content was then calculated using the following equation 

𝑃𝐴 =  
𝐼𝐴

𝐼𝐼𝑆
×

𝑁𝐼𝑆

𝑁𝐴
×

𝑀𝐴

𝑀𝐼𝑆
×

𝑚𝐼𝑆

𝑚𝐴
× 𝑃𝐼𝑆 

where I is the signal intensity, N the number of protons, M the molecular weight, m the weight 

in the sample and P the concentration of the analyte (A) and the internal standard (IS), 

respectively. 

For bambuterol, a good result was already obtained with a simple sample preparation using 

half a tablet and adding a defined amount of TSP to the sample. The calculated content for the 

tert-butyl signal was 97.4%. Here, a good result was defined as a maximum deviation of 5% 

from the declared content, which is in accordance with the specifications stated by the EMA 

(European Medicines Agency) and BfArM (Federal Institute for Drugs and Medical Devices), 

where a maximum deviation of ±5% in the content is permitted for the finished product [14,15]. 



Results – 3.6 qNMR: 80 MHz vs 400 MHz spectrometer 

119 

 

Figure 4 1H NMR spectra of Bambec recorded with the 400 MHz (D2O; 16 Scans; top) and the 80 MHz 
(D2O; 64 Scans; bottom) spectrometer. 

In the final measurement, which was then also sent to Magritek (Figure 4), the result for the 

400 MHz spectrometer were worse than in the preliminary tests and were partially outside the 

5% limit. This was the case for both the 400 MHz spectrometer (9.20 mg (92.0%)) and the 

80 MHz spectrometer (9.23 mg (92.3%)). Nevertheless, if the results from both spectrometers 

were compared, the contents were in good accordance and deviate only 0.3% from each other. 

Since the signals in the aromatic region of the Quinaplus spectrum were very close to each 

other, a sample with a known content of quinapril and HCT was measured first to see if a 

quantification was possible. For this purpose, only the two active ingredients were dissolved in 

DMSO-d6 without any excipients and measured. For this sample, a content of 102.8% was 

calculated for quinapril based on the aromatic protons (9H-Ar), and for HCT, contents between 

98.8% and 102.6%, depending on the choice of signal. Since the signals B and C of HCT 

overlapped in this sample without excipients (see Figure 2), they were integrated and 

evaluated together. Due to these results, a tablet of Quinaplus was measured in the next step. 

The spectrum of Quinaplus (400 MHz) showed that the excipients had a considerable influence 

(Figure 2). The signals of the excipients and APIs overlapped in the spectral range of 5.3 – 

3.7 ppm and 1.3 – 1.0 ppm, and they led to signal shifts, causing the signals in the aromatic 

region to be even closer to each other. In addition, the signals of the sulphonamide protons of 

HCT (signal D and C) became very broad, with signal C no longer recognizable as such unless 
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the entire spectral region containing signals A to D was integrated. This affected the integration 

of other signals, especially that of the aromatic proton next to the sulphonamide (signal B), 

resulting in a large deviation of the content compared with the other two signals. Depending 

on the signal, a content (relative to the declared content) between 92.0% and 101.8% was 

obtained for HCT and 86.2% for quinapril (Table 3). Considering only the two proton signals 

for HCT, which were least affected by the excipients, a content of 92.7% (RNH-R; signal A) 

and 92.0% (RCH-R; signal E) was obtained. This is much lower than declared, even though 

the tablets were stored in a climate-controlled laboratory with light excluded. It stands to reason 

that the quantification method is not yet ideal, especially if the influences of the excipients are 

also taken into account. 

Table 3 Calculated content of quinapril and HCT for different signals and spectrometers for the same 
sample (n = 1). The content in percent refers to the labeled content. 

Quinaplus Quinapril HCT   

9H-Ar A B E 

400 MHz 18.67 mg 86.2% 11.59 mg 92.7% 12.72 mg 101.8% 11.50 mg 92.0% 

80 MHz 18.34 mg 84.7% 11.77 mg 94.2% 13.72 mg 109.8% 13.20 mg 105.6% 

Difference 0.33 mg 1.5% 0.18 mg 1.5% 1.00 mg 8.0% 1.70 mg 13.6% 

Compared to the results of the 80 MHz spectrometer, the differences between the API contents 

were larger for Quinaplus than for Bambec. While the difference was only 1.5% for Quinapril, 

it varied between 1.5 and 13.6% for HCT. This was due to the lower resolution of the 

instrument, as well as the influence of the excipients. This was most prominent for the aromatic 

proton signal (signal E) with a difference of 13.6%. Here, the 80 MHz spectrometer was no 

longer able to completely resolve this signal from the signal of the aromatic protons of quinapril 

(9H-Ar) (Figure 5). In addition, the S/N ratios were also significantly lower again, with the signal 

of the amin (signal A) even dropping below 250 (85.6). 

It was shown that the limits of the method for Quinaplus were reached here, since on the one 

hand no ideal signal could be found for quinapril and on the other hand the influence of the 

excipients in the tablet led to overlaps of the relevant signals. Due to this strong influence of 

the excipients on the HCT signals, it was unfortunately also not possible to make an optimal 

comparison here, even though it could be seen from signal A, which was the least affected, 

that it should be possible to obtain very similar results. Since these were only initial exploratory 

experiments, it should be possible to obtain better spectra and thus significantly better results 

with optimized processing or sample preparation. For example, it would be possible to shift 

signals by means of the measurement temperature in order to further separate signals from 

each other. In addition, during the sample preparation of Quinaplus, the addition of D2O could 
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be used to eliminate the NH signals from HCT to allow better integration of the aromatic 

protons. 

 

Figure 5 1H NMR spectra of Quinaplus recorded with the 400 MHz (DMSO-d6; 16 Scans; top) and the 
80 MHz (DMSO-d6; 64 Scans; bottom) spectrometer. 

4. Conclusion 

With the measurements performed, the 400 MHz and 80 MHz spectrometer could be 

successfully compared and the problems, but also the possibilities, could be shown. Especially 

for Bambec with a deviation of 0.3% in bambuterol content it could be shown that it is possible 

to do proper quantifications of drug samples even with a benchtop spectrometer. In addition, 

the qNMR standards offer further advantages. For example, TSP is less expensive than the 

corresponding CRS for HPLC analysis and does not interfere with drugs and excipients, since 

no other signals are normally found in the spectral range of 0 ppm. However, with Quinaplus it 

became clear which problems are to be expected in the quantification of drugs by NMR 

spectroscopy, such as the overlapping and shifts of signals due to the excipients. These have 

an even greater impact on benchtop instruments due to their lower resolution. However, with 

a revised method, the benchtop device should be able to quantify the drug substances here 

as well, as has been shown in other cases [5]. With these capabilities, it is also a very good 

alternative for smaller companies, such as pharmacies working in unit dose, as it provides a 

fast and reliable measurement that also eliminates the need to have a reference substance for 

each individual API. 
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4. Final Discussion 

This thesis aimed at the analysis of APIs, excipients, and finished drug formulations with new 

approaches of established spectroscopic methods and chemometric evaluation procedures 

with regard to origin, stability and drug content to show the possibilities in the present time, as 

there has been an outstanding development within the recent years. These issues were 

addressed by various projects. For tracing the origin of different paracetamol tablets the 

combined information of MIR, NIR and NMR spectroscopy was used in combination with 

chemometric evaluation. In this context, a method for distinguishing different batches using 

NIR spectroscopy was successfully developed. DOSY measurements were demonstrated to 

be a useful tool as a screening method to investigate possible reactions between active 

ingredients and excipients on the one hand and as a filter for signals in order to obtain better 

fingerprint spectra (1H NMR) on the other hand. In addition, the possibilities of a quantitative 

NMR method using a benchtop spectrometer were shown. The results of the projects 

presented in chapter 3 are now discussed in their entirety below, including their capabilities 

and limitations. 

4.1 Spectroscopic analysis of different paracetamol 

formulations 

Tracing the origin of paracetamol tablets by means of PCA, HCA and LDA 

Since in many cases nowadays it is no longer possible to clearly trace the origin of individual 

drugs, an attempt was made to determine their origin by means of chemometric evaluation of 

spectral data. It could be demonstrated that this combination is a proper tool to determine the 

origin of drugs and also to characterize them. However, the determination of origin is limited 

to the pharmaceutical company and manufacturer, respectively, and not to geographical 

regions as it is possible for plants [1]. Unlike plants, whose composition of ingredients depends 

on regional conditions such as weather and nutrients in the soil, this is obviously not the case 

for drugs, where general requirements of the starting materials are defined by pharmacopoeial 

monographs. 

Regarding the sample preparation for the spectral methods, it was shown that it is possible to 

obtain reproducible spectra allowing for a determination of the origin, despite the strongly 

varying ingredients. However, to obtain even more information from the formulations, two 

additional approaches could be pursued in further experiments. For NMR spectroscopy, the 

tablets could be dissolved in different solvents and measured separately. This would allow 

more types and larger quantities of the excipients to be dissolved. Subsequently, the spectra 

would need to be evaluated chemometrically and the information obtained combined. For MIR 
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and NIR spectroscopy it would be advantageous to measure the whole tablet without mortaring 

it. This would include other information such as compression pressure and particle size [2,3]. 

Besides the determination of the origin by means of the chemometric methods, the 

preparations can also be characterized very well by means of their NMR data. The NMR 

spectra can be used to compare the information in the package inserts, if available, and the 

excipients actually used. In addition, with an appropriately validated method, it would also be 

possible to check the content of the active ingredients. Further possibilities for characterization 

are provided by the PCA and HCA themselves. Based on the loadings in the PCA, it is usually 

very easy to see which excipients are characteristic of a formulation and contribute to the 

formation of clusters. This information could in turn be confirmed by the HCA, since mostly the 

same clusters formed there. 

Generation of fingerprint spectra 

The use of DOSY measurements can act as a kind of filter in order to obtain 1H NMR spectra 

with only the necessary signals to distinguish and characterize the formulations. As shown, the 

characteristic part of the 1H NMR spectra of the paracetamol tablets were the signals of the 

excipients. With the adequate choice of parameters, it was possible to simplify the spectra by 

eliminating unnecessary signals within a few minutes of measurement time. In particular the 

signals of the solvent, residual water and that of the API. In addition to that, more signals came 

to light, which allows the access to much more specific spectra. The downsides of this method 

are that not all excipients are accessible to NMR spectroscopy and that signals of molecules 

with no sufficient difference in the molecular mass to the API will distinguish, which is 

particularly problematic for drug formulations with few excipients. 

Nevertheless, this is a valuable method to obtain clearer spectra and extract more information 

from them, allowing better characterization and chemometric evaluation. For the future, this 

method should be further tested by applying it to all the formulations and compare the 

chemometric results with the ones of the regular spectra. 

NIR attachment for batch distinction 

The goal of developing an attachment was to take advantage of the additional physical 

information, such as compression pressure and particle size, contained in the NIR spectra of 

whole tablets [2,3]. This was fully achieved by developing a proprietary 3D attachment, which 

is capable of measuring the tablet without any sample preparation while accurately adhering 

to a number of parameters. The relevant parameters are a constant operating temperature of 

the lamp, repositioning of the tablet before each measurement to avoid trends, and the 

execution of a series of measurements in one piece, since the attachment cannot be mounted 

and remounted in a defined, fixed position. 
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The suitability of the attachment was demonstrated by successfully distinguishing the batches 

of nine different paracetamol preparations using chemometric as well as statistical methods. 

This was done by means of PCA and statistical evaluation, for which the scores values of the 

first principal component of PCA were also used. The prerequisite is a clear differentiation of 

the batches by means of the first principal component. 

Although the attachment is not perfectly engineered for every tablet shape, it can be used in 

accordance with the mentioned parameters not only for batch distinction, but also to assign 

tablets to their pharmaceutical companies. For this purpose, it was also successfully employed 

in the student’s educatinal laboratory to introduce students to spectroscopy as well as 

chemometrics. 

4.2 Analysis of stressed mixtures by DOSY 

A new approach to the study of reactions between active ingredients and excipients was 

pursued using DOSY as a screening method for stressed mixtures. With this method the 

capabilities of NMR spectroscopy in the routine analytics of impurity profiling could be 

demonstrated. The APIs, excipients and reaction products of 5-ASA and citric acid, 5-ASA and 

formic acid, and benzocaine and dibutylphthalate were successfully detected and separated 

based on their translational diffusion behavior with measurement times of less than one hour. 

Limitations regarding large signals that can affect small signals in the immediate vicinity and 

lead to false cross peaks or only slightly overlapping signals have been overcome by careful 

processing. This was done by using Dynamic Center (Bruker BioSpin GmbH) which allows a 

fragmented analysis of signals split by direct spin-spin coupling for calculating the 2D spectra. 

This also shows that it can be advantageous to look at the same data with different processing 

software. 

However, the method has its limitations when large and small signals of different substances 

overlap, thus strongly distorting the diffusion coefficient indication. Nevertheless, this method 

is very well suited for screening mixtures such as drug formulations and not only for calculating 

the diffusion coefficient. 

4.3 Quantitative NMR spectroscopy of drugs using a high 

field and a low field spectrometer 

Even though the study was an exploratory method, which still requires a certain degree of 

optimization, it was shown that it is possible to achieve comparable results with a compact 

80 MHz spectrometer as with a 400 MHz spectrometer. In particular, for bambuterol and 

quinapril, the deviations between spectrometers were only 0.3% - 1.5% with the most suitable 
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signals for quantification. At the same time the problems of benchtop instruments and qNMR 

spectroscopy in general for drug formulations were highlighted. This was illustrated by the 

example of HCT, where no adequate comparison was possible. For HCT, content fluctuations 

between 1.5% and 13.6% were measured, which on the one hand is due to the excipients and 

on the other hand to the lower resolution of the benchtop instrument. The former is influential 

to the signal position and width, which can lead to signals overlapping and thus no longer 

allowing for an adequate integration. This leads to problems more quickly with the benchtop 

devices with their lower resolution. 

Nevertheless, this possibility of quantification is an interesting alternative, especially for smaller 

companies, as it also includes the general advantages of NMR spectroscopy. Usually, only 

one internal standard is needed for different active ingredients or formulations, which can 

reduce costs compared to the CRS standards used in HPLC analysis. In addition, the spectrum 

contains more information, since all detectable substances are measured and thus, for 

example, new impurities can also be detected. 

In the future, however, this measurement method would need to be further optimized before it 

can be validated and used. This concerns HCT in particular. In order to improve the signal 

location and width of some signals, additional solvents or solvent mixtures could be tested. For 

this purpose, a small amount of D2O should be added in addition to the DMSO-d6 during 

sample preparation to eliminate the NH signals. However, the influence on the shim and the 

lock must be considered. Alternatively, a DMSO-d6 with a lower content of water can be used 

or the measurement temperature can be changed to influence the width and location of the 

signals. 

4.4 Overall conclusion 

Although spectroscopic methods have been in use for decades, this work has shown that there 

are still opportunities to find new approaches or to further develop old ones that represent 

added value in the pharmaceutical sector. 

Especially the combination of chemometric methods and spectroscopic data is a great 

advantage in order to make comprehensive use of the many different types of information 

contained in the spectra, e.g., as described in the identity or origin determinations in this work. 

However, the fundamental prerequisite obtaining trustworthy results is a representative 

database consisting of authentic samples, as well as a profound comprehension of the 

possibilities and limitations of the pre-processing methods and individual models. If these 

circumstances are given, the chemometric evaluation is a very powerful tool that can be used 

for many purposes [4-6]. 
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Yet individual spectroscopic measurements, without chemometric evaluation, can also provide 

important information. DOSY measurements proved to be an excellent screening method to 

analyze different mixtures. They can be used as proof of identity, since the DOSY spectrum 

can also be understood as a fingerprint as well as for purity or stability analysis, in order to 

detect new and unknown substances, as in the examples described. However, to use this 

method effectively, a comprehensive knowledge of the samples should be available as well as 

the awareness that not all substances can be detected by NMR. 

The benchtop instruments, in turn, provide access to NMR spectroscopy to a wider audience, 

as they are more space-saving and cheaper to purchase, as well as to maintain. In addition, 

they are meanwhile capable of performing a wide range of different measurements with decent 

results. These include qualitative 1D measurements as well as the possibility of quantitative 

determinations or DOSY measurements [7-9]. Nevertheless, these systems can not be 

expected to be on par with highfield spectrometers in every respect. 

Thus, it can be said that the results shown reinforce the importance of spectroscopic methods 

and demonstrate that they can and should be used on a larger scale in the pharmaceutical 

sector as well. This applies not only to large pharmaceutical companies, but also to smaller 

companies such as pharmacies. 

References 

[1] Wang P, Yu Z Species authentication and geographical origin discrimination of herbal 

medicines by near infrared spectroscopy: A review. J Pharm Anal (2015) 5, 277-284 

[2] Sparén A, Hartman M, Fransson M, Johansson J, Svensson O Matrix Effects in 

Quantitative Assessment of Pharmaceutical Tablets Using Transmission Raman and 

Near-Infrared (NIR) Spectroscopy. Appl Spectrosc (2015) 69, 580-589 

[3] Matero S, van Den Berg F, Poutiainen S, Rantanen J, Pajander J Towards better 

process understanding: chemometrics and multivariate measurements in 

manufacturing of solid dosage forms. J Pharm Sci (2013) 102, 1385-1403 

[4] Hohmann M, Monakhova Y, Erich S, Christoph N, Wachter H, Holzgrabe U 

Differentiation of Organically and Conventionally Grown Tomatoes by Chemometric 

Analysis of Combined Data from Proton Nuclear Magnetic Resonance and Mid-

infrared Spectroscopy and Stable Isotope Analysis. J Agric Food Chem (2015) 63, 

9666-9675 



Final Discussion 

130 

[5] Custers D, Cauwenbergh T, Bothy JL, Courselle P, De Beer JO, Apers S, Deconinck 

E ATR-FTIR spectroscopy and chemometrics: An interesting tool to discriminate and 

characterize counterfeit medicines. J Pharm Biomed Anal (2015) 112, 181-189 

[6] Challa S, Potumarthi R Chemometrics-based process analytical technology (PAT) 

tools: applications and adaptation in pharmaceutical and biopharmaceutical 

industries. Appl Biochem Biotechnol (2013) 169, 66-76 

[7] Wu N, Balayssac S, Danoun S, Malet-Martino M, Gilard V Chemometric Analysis of 

Low-field 1H NMR Spectra for Unveiling Adulteration of Slimming Dietary 

Supplements by Pharmaceutical Compounds. Molecules (2020) 25, 1193 

[8] Assemat G, Gouilleux B, Bouillaud D, Farjon J, Gilard V, Giraudeau P, Malet-Martino 

M Diffusion-ordered spectroscopy on a benchtop spectrometer for drug analysis. J 

Pharm Biomed Anal (2018) 160, 268-275 

[9] Zivkovic A, Bandolik JJ, Skerhut AJ, Coesfeld C, Prascevic M, Zivkovic L, Stark H 

Quantitative Analysis of Multicomponent Mixtures of Over-the-Counter Pain Killer 

Drugs by Low-Field NMR Spectroscopy. J Chem Educ (2017) 94, 121-125 

 



Summary 

131 

5. Summary 

Spectroscopic methods were established decades ago in a wide variety of fields. This also 

applies to the pharmaceutical field, although they initially were mostly used for identity testing 

or structure elucidation only. Technical developments, such as miniaturization (NMR benchtop 

devices), Fourier transformations (for NMR, MIR spectroscopy) or the combination with 

chemometric evaluation (e.g., in Process Analytical Technology, PAT), have further increased 

their importance and opened up new applications. The aim of this work was to investigate 

further new approaches and to find new applications for already established methods and to 

show their benefits. 

By means of MIR, NIR and NMR data and their chemometric evaluation (principal component 

analysis, PCA; hierarchical cluster analysis, HCA; linear discriminant analysis, LDA), 

possibilities were presented to successfully determine the manufacturer or the pharmaceutical 

company of various paracetamol preparations. In the course of this, various similarities and 

correlations between the preparations of individual companies could also be identified. For this 

purpose, a suitable sample preparation was developed for each spectroscopic method, and 

suitable measurement parameters in order to obtain reproducible spectra for the chemometric 

evaluation were determined. Furthermore, the results of the two unsupervised methods (HCA, 

PCA) were compared with each other. The HCA was able to confirm those of the PCA for the 

very most part. Additionally, through these methods it was possible to characterize many of 

the preparations based on clusters formed by comparable tablet compositions. 

In order to be able to measure unmortared, whole tablets using the NIR spectrometer, an 

attachment was developed and manufactured using 3D printing. Its functionality was 

demonstrated by measuring and analyzing the tablets of two different batches of nine 

paracetamol preparations. The batches were clearly distinguished on the basis of a PCA and 

a significant difference was also demonstrated by means of statistical tests. 

For NMR spectroscopy, a method was developed to obtain optimized "fingerprint" spectra of 

drug formulations. For this purpose, a 1D DOSY measurement was elaborated, in which the 

signals of the active ingredient could be filtered out by the appropriate choice of measurement 

parameters. The chemometric evaluation can thus focus on the remaining signals of the 

excipients, on the basis of which the preparations of the same API can be distinguished. 

Especially in the case of formulations that consist largely of active ingredient, data 

pre-processing of the spectra can thus be simplified and greater importance can be assigned 

to the originally very small excipient signals. 

A quantitative 1H NMR method was developed for the comparison of a high-field spectrometer 

(400 MHz) with a benchtop spectrometer (80 MHz) for two finished drugs. It was shown that it 
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is possible to obtain comparable results with both instruments, but that the influence of the 

excipients on the signals and the lower resolution of the benchtop instrument must be taken 

into account. Therefore, it was not possible to obtain comparable results without further 

optimization of the method for one of the active ingredients. 

In the investigation of various reactions between APIs and excipients using DOSY, its 

usefulness as a screening method in stability testing was demonstrated. For this purpose, three 

different APIs and excipients were stressed together and the reaction mixtures were 

subsequently measured using DOSY. Based on the translational diffusion coefficient, the 

reaction products could be identified and distinguished from the active ingredients and the 

excipients used. The importance of thoughtful processing could also be demonstrated. If all 

peak heights are selected when evaluating signals split by direct spin-spin-coupling, this allows 

the detection of hidden signals as long as not all signals have the same diffusion coefficient. 

The selective selection of individual peak heights in the case of split signals also enables the 

evaluation of signals that overlap slightly. However, the limitations of this method were also 

shown when two signals overlap too much and differ too little in their diffusion coefficients. 

Hence, it has been successfully demonstrated in the various projects that the new chemometric 

approaches, as well as the new applications of already established methods, enable in-depth 

findings and thus have a clear added value. 

  



Zusammenfassung 

133 

6. Zusammenfassung 

Spektroskopische Methoden haben sich schon vor Jahrzehnten in den verschiedensten 

Bereichen etabliert. Dies betrifft auch den pharmazeutischen Bereich, auch wenn sie hier 

zunächst meist nur zur Identitätsprüfung oder Strukturaufklärung verwendet wurden. Durch 

technische Weiterentwicklungen, wie Miniaturisierungen (NMR benchtop Geräte), 

Fourier-Transformationen (NMR, MIR) oder die Kombination mit einer chemometrischen 

Auswertung (z. B. bei Process Analytical Technology, PAT), haben sie weiter an Bedeutung 

gewonnen, und es wurden neue Einsatzbereiche erschlossen. Das Ziel der vorliegenden 

Arbeit war es, weitere neue Ansätze zu untersuchen und neue Anwendungen für bereits 

etablierte Methoden zu finden und deren Mehrwert aufzuzeigen. 

Es wurden Möglichkeiten aufgezeigt mittels MIR-, NIR- und NMR-Daten und deren 

chemometrischen Auswertungen (Hauptkomponentenanalyse, PCA; hierarchische 

Clusteranalyse, HCA; lineare Diskriminanzanalyse, LDA) erfolgreich den Hersteller bzw. das 

pharmazeutische Unternehmen verschiedener Paracetamol-Präparate zu bestimmen. In 

diesem Zuge konnten Ähnlichkeiten zwischen Präparaten unterschiedlicher Firmen identifiziert 

werden. Um dies zu erreichen, wurde für jede spektroskopische Methode eine geeignete 

Probenvorbereitung entwickelt sowie geeignete Messparameter festgelegt, um 

reproduzierbare Spektren für die chemometrische Auswertung zu erhalten. Weiterhin wurden 

die Ergebnisse der zwei unüberwachten Methoden (HCA, PCA) miteinander verglichen, wobei 

die HCA die der PCA zum allergrößten Teil bestätigen konnte. Zudem war es möglich durch 

diese Methoden viele der Präparate anhand von Clustern zu charakterisieren, die durch 

vergleichbare Tablettenzusammensetzungen gebildet wurden. 

Um mit Hilfe des NIR-Spektrometers intakte Tabletten vermessen zu können, wurde ein 

Aufsatz entwickelt und mittels 3D-Druck hergestellt. Dessen Funktionalität wurde überprüft, 

indem Tabletten aus je zwei unterschiedlichen Chargen von neun Paracetamol-Präparaten 

vermessen und analysiert wurden. Dabei konnten die Batches anhand einer PCA eindeutig 

unterschieden und zudem mittels statistischer Tests ein signifikanter Unterschied 

nachgewiesen werden. 

Für die NMR-Spektroskopie wurde eine Methode entwickelt, um optimierte „Fingerprint“ 

Spektren von Arzneimittelformulierungen zu erhalten. Dazu wurde eine 

1D-DOSY-Messmethode erarbeitet, bei der durch die passende Wahl der Messparameter die 

Signale des Wirkstoffes herausgefiltert werden konnten. Die chemometrische Auswertung 

konnte sich somit auf die Signale der Hilfsstoffe beschränken, anhand derer die Präparate 

unterschieden werden können. Vor allem bei Formulierungen, die zum größten Teil aus 
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Wirkstoff bestehen, kann so eine Datenvorverarbeitung der Spektren vereinfacht und den 

ursprünglich sehr kleinen Hilfsstoffsignalen eine größere Bedeutung beigemessen werden. 

Für den Vergleich eines Hochfeld-Spektrometers (400 MHz) mit einem 

„benchtop“-Spektrometer (80 MHz) wurde für zwei Fertigarzneimittel eine quantitative 

1H-NMR-Methode entwickelt. Es konnte gezeigt werden, dass es möglich ist, mit beiden 

Geräten vergleichbare Ergebnisse zu erzielen. Dabei ist jedoch der Einfluss der Hilfsstoffe auf 

die Signale sowie die geringere Auflösung des „benchtop“-Gerätes zu berücksichtigen. Aus 

diesen Gründen war es ohne eine weitere Optimierung der Methode für einen der Wirkstoffe 

nicht möglich vergleichbare Ergebnisse mit beiden Geräten zu erzielen. 

Bei der Untersuchung verschiedener Reaktionen zwischen Wirk- und Hilfsstoffen mittels 

DOSY konnte dessen Nutzen als Screening-Methode bei Stabilitätstests gezeigt werden. Für 

diesen Zweck wurden drei verschiedene Wirk- und Hilfsstoffe gemeinsam gestresst und die 

Reaktionsgemische anschließend mittels DOSY vermessen. Anhand des translationalen 

Diffusionskoeffizienten konnten die Reaktionsprodukte identifiziert und von den eingesetzten 

Wirk- und Hilfsstoffen unterschieden werden. Ebenso konnte die Bedeutung einer sorgfältigen 

Prozessierung demonstriert werden. Werden bei der Auswertung von Signalen, die durch 

direkte Spin-Spin-Kopplung aufgespalten wurden, alle Peakhöhen ausgewählt, erlaubt dies 

die Detektion von versteckten Signalen, falls nicht alle Signale den gleichen 

Diffusionskoeffizienten besitzen. Die selektive Auswahl einzelner Peakhöhen bei 

aufgespaltenen Signalen ermöglicht zudem die Auswertung von leicht überlappenden 

Signalen. Es wurden jedoch auch die Grenzen dieser Methode aufgezeigt: wenn zwei Signale 

zu stark überlappen und sich dabei in ihrem Diffusionskoeffizienten zu wenig unterscheiden. 

Somit konnte in den verschiedenen Projekten erfolgreich gezeigt werden, dass die neuen 

chemometrischen Ansätze, sowie die neuen Anwendungen bereits etablierter Methoden 

vertiefte Erkenntnisse ermöglichen und somit einen deutlichen Mehrwert besitzen. 
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