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Summary 

Implementation of process analytical technologies (PAT) in food applications has attained a 

remarkable motivation due to higher quality and safety standards in this field. PAT applications 

also include rapid and non-invasive approaches which can be obtained from spectroscopic 

techniques. Fluorescence spectroscopy together with chemometrics is considered to be an 

outstanding analytical tool for fast and non-invasive technique for food analysis which can be 

used in various food applications on industrial scale. It is known for its sensitivity and specificity 

which can analyze the different foods and its ingredients while chemometrics helps to extract 

the useful information from the spectral data. The different chemometrics tools used for 

quantitative and qualitative analysis of spectral data, has increased the importance of this 

spectroscopic technique in generating the new ideas and hypothesis to develop new analytical 

methods which lead towards betterment in industrial operations for process and quality 

monitoring. In this doctoral project, fluorescence spectroscopic together with chemometric has 

been utilized to develop some new methods for determination of different parameters of wheat 

which provides the central idea of the thesis.  

First manuscript presents the potential of fluorescence spectroscopy to predict the analytical, 

rheological and baking parameters of different wheat flours by just taking the spectral signature 

without any sample preparation. Twelve different wheat flours milled from wheat cultivars were 

used to analyze the analytical, rheological and baking parameters using the conventional 

methods. These measured parameters were predicted from the spectral data taken for different 

wheat flours using genetic algorithm coupled with partial least square regression. The model 

obtained for protein, wet gluten and sedimentation value showing high R2 = 0.90, 0.92 and 0.81 

respectively. Similarly, the rheological parameters like dough development time and water 

absorption were also predicted with low root mean square error of cross validation (RMSECV) 

and high R2 = 0.95 and 0.77 respectively while pasting temperature showed R2 = 0.78. 

Furthermore, moisture and volume of bread were predicted with high accuracy showing 

R2 = 0.86 and 0.95 respectively in the baking parameters. Other rheological and baking 

parameters like dough stability, softening, farinograph quality number, baking loss, crumb 

hardness and springiness were not predicted well due to poor correlation and high error.  

In the second paper, characterization of complex farinographic kneading process is performed 

by using the fluorescence spectroscopy in combination with chemometric tools. The aim of this 

investigation is to determine the impact of hydration of flour onto the spectral signals, 

classification of farinographic curve and separation of wheat flours based on their bread making 

performance.  Secondly the middle curve of farinograph was predicted out of the fluorescence 
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spectra using partial least square regression (PLSR) which can help to predict optimal dough 

development time. The spectra of the flour showed high intensities in protein, NADH and 

riboflavin regions which reduce to 36 %, 58 % and 61 % respectively after the hydration process 

depicting its influence due to structural changes in protein and oxidation of NADH. The 

farinographic curve was divided into four phases and principal component analysis (PCA) has 

been used to extract the qualitative information regarding the farinographic curve from the 

fluorescence spectra to categorize all farinographic phases  into hydration, dough development, 

and stability and softening. Similarly, different pre-processing tools like standard normal variate 

and generalized least square weighting generate good separation of various wheat flours during 

the farinographic kneading process into different quality groups (E, A, B and C)  on the basis of 

their bread baking performance from the spectral data using PCA. Additionally, PLSR was 

applied to predict the middle curve of farinograph out of spectral data showing a descent 

coefficient of determination R2 = 0.75 with RMSECV of 14 Brabender units. However, more 

research can lead towards the development of a sensor for determination of optimal dough 

development time. 

In another study, the nutritional parameters of 26 different types of wheat flour obtained from 

different vendors from the supermarket were predicted using fluorescence coupled with linear 

and non-linear chemometric tools. PCA applied on the spectral data for different types of the 

wheat flours showing a clear separation. On the other hand, PLSR was used to quantify the 

nutritional parameters of different types of wheat flours showing a good prediction for fat, 

moisture and carbohydrates using cross-validation, with a R2 of 0.88, 0.86 and 0.89, 

respectively whereas the protein, sucrose and salt contents presented a little correlation in 

PLSR. Therefore, locally weighted regression, a non-linear chemometric tool improves the 

prediction ability of all of the nutritional parameters by decreasing the error with an increasing 

R2. The energetic value, protein, fat,  carbohydrate, moisture,  sucrose, salt and saturated fatty 

acid contents showed  R2 of 0.96, 0.93, 0.99, 0.99, 0.98, 0.88, 0.95, and 0.99  respectively, for 

different wheat flours.   

The aforementioned results clearly demonstrate the potential of the fluorescence spectroscopy 

in determination of analytical, rheological, baking and nutritional parameters of the wheat flours. 

They present that it can be used to characterize and categorize the farinographic kneading 

process, which is important in the bread-baking industry. More research in this direction can 

result in developing a sensor for predicting the quality parameters and processing operations in 

the cereal based industries rapidly and non-invasively which are important for regulatory and 

screening of the wheat on quality characteristics for marketing and end product evaluations.  
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Zusammenfassung 

Aufgrund immer höherer Anforderungen an Produktqualität und Sicherheitsstandards ist eine 

Integration von aktueller Prozessanalysentechnik (PAT) in der Lebensmittelverarbeitung von 

zunehmender Bedeutung. Methoden der PAT umfassen unter anderem echtzeitfähige und 

kontaktfreie spektroskopische Verfahren wie beispielsweise die Fluoreszenzspektroskopie. In 

Kombination mit chemometrischen Auswerteverfahren ermöglicht die Fluoreszenzspektroskopie 

eine schnelle, hoch sensitive und spezifische Analyse von Rohstoffen, relevanten 

Prozessgrößen und Lebensmitteln. Chemometrische Verfahren werden angewendet, um 

sowohl qualitative als auch quantitative Analysen durchzuführen. Zudem finden sie Anwendung 

für eine effektive und sichere Prozessführung und On-line-Qualitätskontrolle. Im Rahmen der 

vorliegenden Dissertation wurde die Fluoreszenzspektroskopie mit chemometrischen 

Auswerteverfahren kombiniert, um eine neue Methode zur Bestimmung von  

Qualitätsparametern für Weizenmehle und -teige zu entwickeln. 

In der ersten Publikation wird das Potential der Fluoreszenzspektroskopie aufgezeigt, 

teigrheologische Eigenschaften und Backeigenschaften aus Spektren von unterschiedlichen 

Mehlen direkt vorherzusagen. Es erfolgte keinerlei Proben Auf- und Vorbereitung, die 12 Mehle 

unterschiedlicher Weizensorten wurden direkt vermessen. Zur Auswertung kam eine 

Kombination aus genetischem Algorithmus und Partial Least Square Regression zum Einsatz. 

Mit den berechneten chemometrischen Modellen konnten der Proteingehalt (R² = 0,90), der 

Feuchtklebergehalt (R² = 0,92) und der Sedimentationswert (R² = 0,81) vorhergesagt werden. 

Die Vorhersage der rheologischen Eigenschaften wie Teigentwicklungszeit (R² = 0,95) und 

Wasseraufnahme (R² = 0,77) gelang ebenfalls mit niedrigen Kreuzvalidierungsfehlern und 

hohem Bestimmtheitsmaß. Darüber hinaus konnten Feuchtigkeit (R² = 0,86) und 

Volumenausbeute (R² = 0,95) mit hoher Genauigkeit bestimmt werden. Weitere Parameter wie 

Teigstabilität, Teigerweichung, Farinograph Qualitätszahl, Backverlust, Krustenhärte und 

Krumenelastizität konnten aufgrund schlechter Korrelationen jedoch nicht gut bzw. nur mit 

großen Fehlern vorhergesagt werden. 

Die zweite Publikation befasst sich mit der Charakterisierung von Knetprozessen mittels 

Fluoreszenzmessung und chemometrischer Verfahren. Das Ziel dieser Untersuchung war zum 

einen den Einfluss der Wasseraufnahme während der Teigbildung auf die Fluoreszenz zu 

untersuchen und zum anderen die Mehle entsprechend der gemessenen Farinograph 

Knetkurven zu klassifizieren. Dazu wurde die Mittelwert-Farinographkurve aus den 

Fluoreszenzspektren mittels PLS Regression vorhergesagt. Die Teigentwicklungszeit konnte mit 
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diesem Verfahren abgeschätzt werden. Die Spektren der Mehle bzw. Teige zeigten eine hohe 

Intensität in den Protein-, NADH- und Riboflavin-Bereichen. Diese wurden nach der Hydratation 

jedoch schnell  um 36 %, 58 %, und 61 % reduziert, was auf eine Strukturveränderung der 

Proteine und eine Oxidation von NADH während der Wasseraufnahme schließen lässt. Mittels 

der Spektren und einer Hauptkomponentenanalyse wurde zudem eine Klassifikation in die 4 

Phasen des Knetens Wasseraufnahme, Teigentwicklung, stabile Phase und Teigerweichung 

durchgeführt. Anhand der Fluoreszenzspektren konnte bestimmt werden, in welcher Phase sich 

der Teig gerade befindet. Eine Unterscheidung der Mehle entsprechend ihrer Qualität (E, A, B 

und C) war nach der Anwendung verschiedener Vorverarbeitungsalgorithmen wie „standard 

normal variate“ Korrektur und „generalised least squares weighting“ ebenfalls anhand der 

Spektren möglich. Bei der Berechnung der Farinograph-Mittelwertkurve mittels PLS Regression 

wurde eine Korrelation von 0,75 und ein Kreunzvalidierungsfehler von 14 Brabender Einheiten 

erzielt. Die Ergebnisse deuten darauf hin, dass basierend auf der Fluoreszenzmessung ein 

Sensor entwickelt werden kann, mit dem die Teigentwicklungszeit direkt vorhergesagt werden 

könnte. 

In der dritten Publikation wurde untersucht, ob die Nährwertparameter von 26 verschiedenen 

Weizenmehlsorten und Typen, welche aus unterschiedlichen Quellen bezogen wurden, aus 

Fluoreszenzspektren vorhergesagt werden können. Dabei kamen sowohl lineare als auch 

nichtlineare Regressionsmodelle zum Einsatz. Mittels linearer PLS Regression war die 

Quantifizierung von Fett-, Feuchte- und Kohlenhydratgehalt mit Bestimmtheitsmaßen von 

jeweils 0,88, 0,86 und 0,89 möglich. Für Salz-, Protein- und Saccharosegehalt war eine 

quantitative Bestimmung mittels PLSR allerdings nicht möglich. Mittels „locally weighted 

regression“ einer nichtlinearen Regressionmethode war die Vorhersage von Brennwert 

(R² = 0,96) und den Gehalten von Protein (R² = 0,93), Fett (R² = 0,99), Kohlenhydraten 

(R² = 0,99), Feuchte (R² = 0,98), Saccharose (R² = 0,88), Salz (R² = 0,95) und gesättigten 

Fettsäuren (R² = 0,99) erfolgreich. 

Die erzielten Ergebnisse zeigen das große Potential der mit chemometrischen Methoden 

kombinierten Fluoreszenzspektroskopie für die Analyse der Teig- und Backeigenschaften von 

Weizenmehlen auf. Weiterhin können die entwickelten Techniken die klassischen analytischen 

Verfahren ergänzen oder diese sogar ersetzen. Analytische-, rheologische- und 

Nährwertparameter sowie gängige Kennzahlen für die Backqualität konnten bestimmt werden. 

Weitere Untersuchungen könnten zu einer Entwicklung eines Sensorsystems führen, mit dem 

alle wichtigen Qualitätsparameter von Mehl sehr schnell und kontaktfrei bestimmt werden 

könnten. Somit wäre zum Beispiel eine lückenlose On-line-Qualitätskontrolle möglich. 
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1.1. General introduction 

The role of process analytical technologies (PAT) in food applications has grown due to the 

advancement in industrialization and increased public interest towards the production of high 

quality food, changes in eating habits and consumer behavior. Furthermore, food and drug 

administration (FDA) has established some guidelines for the industry in 2004 which leads 

towards the popularity of PAT from the last decade (van Den Berg et al., 2013). Basically, PAT 

deals with a well establish system for ensuring quality from raw material to the end product, 

describing the process attributes and critical points during the whole operation. PAT involves in 

developing sensors which serve as rapid, non-invasive, cost effective and reagent free analysis. 

These sensors are important not only for industrial point of view to attain the high demand and 

advancement in technology but also for safe environmental concerns (Hitzmann et al., 2015). 

Hence it is the need of the time to develop some PAT measurements in food applications. To 

achieve this objective, spectroscopic techniques cannot be ignored which are considered as 

rapid and non-invasive for food production and process monitoring. In this thesis, the potential 

of fluorescence spectroscopy is explored which is known for its specificity and sensitivity 

(Sádecká & Tóthová, 2007). It is being used in different fields including food research and 

analysis. Previously, it was used to quantify  only the  fluorescent molecules like the riboflavin  

in cereal (Zandomeneghi et al., 2003) while estimation of non fluorescent molecules in recent 

applications has increased its importance. For example, it was applied to determine fatty acid 

profile in meat (Aït-Kaddour et al., 2016) and  to estimate sucrose, glucose and fructose in figs 

(Jiang et al., 2013). The role of chemometric tools cannot be denied to extract the useful 

information from the spectral data, in developing the new analytical methods for screening of the 

food operation which is important for its production, marketing and regulatory purpose (Karoui & 

Blecker, 2010).  

The raw material has a strong impact on the final product quality and understanding of their 

relationship is necessary to achieve process stability. The major ingredient in the baking 

industry is wheat which is considered one of three most important cereal crops. It is cultivated 

on one third area covered by cereal cultivation in the world (Hădărugă et al., 2016). Milling of 

wheat grains result in the flour which is being used in bread, cookies, cakes, pasta and variety 

of other cereal based products. The characterization of the wheat flour is really important for the 

production of high quality wheat based food products. Different analytical parameters like 

protein, wet gluten, sedimentation value and falling number have strong impact on the quality of 
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the final product. For example protein concentration in flour is important to predict the volume of 

the bread (Dowell et al., 2008) whereas gluten in wheat flour is responsible for three 

dimensional network giving the visco-elastic characteristics to the dough which help to achieve 

the desired quality characteristics of bread (Goesaert et al., 2005). Similarly, sedimentation 

value describes the quality of the protein present in wheat flour whereas falling number 

discusses the alpha amylase activity. Determination of both parameters can help the bakers to 

predict the end quality of wheat based products. 

Different rheological parameters (water absorption, dough development time and pasting 

temperature etc.) play their role in predicting not only the quality of the final products but also 

describe the behaviors of the wheat flour during the processing operations in the baking industry 

for better machine ability of the materials (Ktenioudaki et al., 2010). Furthermore, final quality of 

the product is assured by using baking and bread parameters like volume and moisture of 

bread, baking loss, hardness and springiness of bread crumb. Moreover there are some 

process operations like kneading of the dough which is very complex and undergoes many 

changes. These changes include the development of gluten network which provide the higher 

quality characteristics to the bread. Furthermore, determination of accurate water absorption of 

the flour during the kneading process determines the behavior of further processing operations 

and the quality of end product (Miralbés, 2004). On the other hand, the prediction of nutritional 

profile of the wheat flour is considered important which not only provide the highlights to the 

consumer about the nutrition but also give an insight to the miller for proper labeling of the flour 

according to the labeling law.  

Currently, conventional methods are being used in the cereal industry based on time consuming 

sample preparations. These methodologies are insufficient due to the increasing demand of 

better productivity and higher quality standards during the entire process operations from raw 

material to the final product. Hence, the replacement of conventional, time consuming and 

chemical based analysis in the cereal industry is necessary with advanced instrumentation like 

fluorescence spectroscopy which characterizes as rapid and non destructive methodology, 

forms the basis of the present thesis.  

1.2. Thesis outlines 

This thesis explores the potential of fluorescence spectroscopy for characterization of wheat 

flour using different chemometrics tools in combination with various preprocessing 

methodologies. 
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Chapter 2 deals with the development of an innovative approach for prediction of analytical, 

rheological and baking parameters of wheat flours using chemometrics tools based on 

fluorescence spectral data without sample preparations procedures. 

Chapter 3 gives a detail overview for separation of different phases of farinographic curve into 

hydration dough development, dough stability and softening phases for wheat flour using 

principal component analysis (PCA) out of fluorescence spectral data taken during the kneading 

process. Furthermore, the potential of fluorescence spectroscopy to classify different cultivars of 

the wheat into different quality groups (E, A, B and C) based on bread making performance is 

also described. 

Chapter 4 introduces the potential of fluorescence spectroscopy coupled with linear and non 

linear chemometric tools for quantification of the nutritional profile of 26 different types of wheat 

flours  

Concluding remarks are presented in Chapter 5. 
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Concluding remarks  

This thesis illustrates the usefulness of fluorescence spectroscopy for characterization of wheat 

flours and its dough preparations in combination with chemometric tools. This was 

demonstrated by retrieving hidden information in fluorescence spectra of the wheat flour using 

chemometrics to predict the critical parameters (protein, dough development time and water 

absorption etc.) which are important for wheat based industry. This approach is helpful to 

develop a rapid and non-invasive sensor based on fluorescence to characterize wheat flour by 

just taking the spectral signature which in turn predicts the final product quality.  

Kneading of the dough is a complex process operation which undergoes a number of changes 

particularly the development of three dimensional gluten networks. Different instruments are 

being used in kneading of dough like farinograph. It estimates the water absorption and dough 

profile like dough development time, dough stability and softening. These characteristics are 

important for prediction of the quality of intermediate and end product during processing.  

Classification of farinographic curve using PCA into hydration, dough development, stability and 

softening phases out of fluorescence spectra has open the new horizons for development of 

sensors which can be helpful for determination of optimum dough development time. 

Furthermore, quantification of farinographic curve from fluorescence using PLSR modeling can 

predict the quality characteristics of the dough. Similarly, classification of different wheat 

cultivars into different groups like E, A, B and C on bread making performance using PCA  

during the kneading process gives a new idea to categorize the wheat according to its 

respective use. It is important for the industrial point of view for screening and regulatory 

purposes.   

Food labeling is an important step for marketing due to the high awareness of the consumers 

towards nutrition. Conventional methods are being used which are laborious and based on 

chemicals. Prediction of complete nutritional parameters of wheat flour using PLSR and LWR 

with the help of fluorescence spectroscopy provides a new vision for food labeling by just taking 

the spectral reading rapidly and non-invasively. More research in this direction leads this 

approach in other food applications by just taking the spectral signature of the sample.  

In short, fluorescence spectroscopy seems to be outstanding analytical tools for characterization 

of the wheat flour and its dough preparations based on the finding of present investigations. As 

the above mention approaches were conducted on laboratory scale using a small number of 

samples. Therefore, it is recommended to increase the number of sample to make them feasible 
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to adopt by the industry to combat with the growing concerns in technology for attaining high 

standards of quality and safety. Furthermore, application of the abovementioned techniques can 

shift the batch process operations to continuous which show a huge advantage what the 

conventional analytical methodologies can not offer. 
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