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II. Resumo 

Esta dissertação explora a complexidade das origens e mecanismos de formação de cor indesejada 

em bioprocessos. Presentemente, não se encontra publicado nenhum trabalho que compile informação 

sobre cor indesejada em bioprocessos; algo que este trabalho fornece. Este trabalho, dispõe também 

uma abordagem científica a dois casos de estudo, actualmente em desenvolvimento na DSM. Um 

protocolo experimental é levada a cabo, para o caso de estudo das sementes de colza, com os seguintes 

objectivos: 1) compreender os mecanismos de interacção entre o maior componente proteico e 

compostos de cor e 2) providenciar condições óptimas (menor cor, maior extracção proteica) do 

processo. Para tal, 70 extracções em diferentes condições (ou presença de aditivos) foram executadas. 

Uma ferramenta analítica foi desenvolvida para este propósito, providenciando uma análise qualitativa 

assente na comparação entre as diversas extracções e o processo standard. O resultados obtidos 

sugerem que ligações covalentes entre compostos fenólicos oxidados e a proteína são a principal causa 

para formação dos complexos proteína-cor, enquanto que interacções hidrofóbicas poderão também 

estar presentes. O trabalho contribui para a compreensão dos fenómenos de formação de cor em 

bioprocessos, através de uma avaliação das possíveis interacções entre proteínas e compostos de cor, 

obtendo condições óptimas de processo e avaliando diferentes estratégias de mitigação. 

Palavras-Chave  sementes de colza, compostos fenólicos, cor, ligações covalentes, extracção, 

metodologia de superfície de resposta 
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III. Abstract  

This dissertation explores the complexity of the several sources and formation mechanisms of color 

throughout bioprocesses. To date, no compiled publications on the undesired color formation in 

bioprocesses were found; this study provides such review on the subject. Furthermore, the work provides 

a scientifically knowledgeable approach to two case studies currently in development at DSM. An 

experimental methodology is conducted, in the rapeseed meal case study, with the purpose of: 1) 

understanding the interaction mechanisms between the major protein component and colored molecules 

and 2) providing optimal conditions (less color, most protein extracted) for the current process. To do 

such, a total of 70 extractions with different conditions or presence of additive is performed. Moreover, as 

a necessary tool in this study, an analytical method is developed for the qualitative assessment of the 

different extraction interaction profiles, giving insightful information through comparison between the 

different conditions and the standard extraction. The findings suggest that covalent interactions with 

oxidized phenolic-compounds are the main cause for protein-bound color, while hydrophobic interactions 

may also be present. 

 

KEYWORDS  rapeseed, phenolic compounds, color, covalent bonds, extraction, response 

surface methodology 
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1. Introduction 

Everyday people face an overwhelming amount of color information. It is a dominant feature of 

human perception leading to a determinant role on the consumer/client/partner behavior and assumptions. 

Color creates physiological and psychological expectations. It is associated with quality and sensory 

properties of products. Several studies on consumer psychology were focused on the colors white (light) 

and black (dark), and revealed that individuals have developed a tendency to associate white with 

decency and purity, whereas dark is typically linked with disgrace and impurity. These verbal associations 

of colors are developed pan-culturally, springing a generalized pro-white preference. 

On a business where purity is a key drive for consumers‘ preference, it is essential to guide their 

perception of our product in that direction. Otherwise their purchasing inclination may fall onto a 

competing product, not necessarily because it has superior quality but because their sensatory 

characteristics are more pleasing. Therefore, in a highly competitive market such as the food industry, it is 

crucial to address the color of our products with a knowledgeable and scientific approach, taking the 

necessary steps to make it more appealing to the consumer and thus staying ahead of our competitors 

and also generating a possible stream of an economically interesting by-product, as recent trends 

suggest. 

Besides the economical factor, the presence of such molecules can interfere in the effective 

functioning of processes making the achievement of the desired separation yield harder to attain. 

Currently in DSM, the development of important sustainable alternatives to widely used food 

ingredients is a major focus. Therefore, there is a need that the organoleptic characteristics of such 

products are not limiting to their application.  

In this work, in addition to a general literature review on the sources of colors in bio-based 

processes, the analysis of two distinct real case studies is engaged with the purpose of increasing the 

knowledge on the color formation/origin of each case and consequently providing an approach to mitigate 

the problem. 
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2. Literature Review 

2.1. Electromagnetic radiation spectrum 

Most of the surrounding radiation is not detectable by the human eye. What we can observe is 

limited to a small part, known as the visible range, of what is called the total electromagnetic spectrum. 

This spectrum includes all other forms of radiation, organized in different range-classes depending on 

their dissimilar behavior as an electromagnetic wave (Figure 2-1). The waves can be characterized by 

their wavelength or frequency, which are related through the following Equation 2.1: 

      Equation 2.1 

 Where   is frequency (measured in Hz), which represents the number of oscillations described 

by the wave per time unit;   is wavelength (measured in nm), which is the distance between two adjacent 

maxima of the wave and   is the speed of light (3x10
8
 ms

-1
). 

1,2
 

The quantum theory of electromagnetism establishes that an oscillating electric and magnetic 

disturbance (wave) across the electromagnetic field is quantized and consists of particles named photons. 

The energy associated for a given photon is directly proportional to its frequency.  This relationship is set 

by Planck‘s equation (Equation 2.2), where E is energy (measured in J), h is Planck‘s constant (6.62 × 

10-34 Js), and   is frequency (in Hz).
1
 

     Equation 2.2 

 

 

 

 

 

 

 

 

 

Figure 2-1- The different range-classes of the electromagnetic radiation spectrum. Adapted from Cole 
Parmer Instrument Company 

9
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According to Robert Christie, a total of 5 physical and chemical mechanisms can cause color
3
:  

 

(a) Color from simple excitations: color from gas excitation and color from vibrations and rotations; 

(b) Color from ligand field effects: color from transition metal compounds and from transition metal 

impurities; 

(c) Color from band theory: color in metals, in semiconductors, in doped semiconductors and from color 

centers; 

(d) Color from geometrical and physical optics: color from dispersion, scattering, interference and 

diffraction; 

(e) Color from molecular orbitals: color from organic compounds and from charge transfer.  

 

As we are dealing with organic molecules, the focus will only be on the latter. 

The interaction between radiation and matter can result in various processes - reflection, 

scattering, absorbance, fluorescence/phosphorescence (absorption and reemission), and photochemical 

reaction (absorbance and bond breaking). Among these, absorption and scattering are the two most 

important phenomena from the point of view of their influence in color. Generally, when UV-Visible 

radiation is considered, the desired phenomenon is absorbance.
2,3

 

2.1.1. Ultraviolet and Visible (UV-Vis) radiation 

As seen in Figure 2-1, the UV-Vis radiation comprises a small range of the electromagnetic 

spectrum between 200 and 780 nm. As a continuous radiation passes through a transparent material, a 

part of this radiation may be absorbed by the material. Thus, if the residual radiation passes through a 

prism, it forms a spectrum with gaps in it, known as absorption spectrum. Due to energy absorption, 

atoms and molecules are subjected to transitions between a state of low energy (ground state) and a 

state of higher energy (excited state). As seen in Figure 2-2, the energy from the absorbed 

electromagnetic radiation is exactly the same as the energy difference between the excited and grounds 

states, which makes this phenomenon able to be quantified. The excited states may differ significantly 

depending on the energy of light and on the chemical nature of the interacting compound. 
4-7

 

 

Figure 2-2 Excitation process. 
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When dealing with absorption of UV-Visible radiation, the resulting transitions are between 

electronic energy levels. As a molecule absorbs energy, an electron transits from an occupied orbital to 

an unoccupied orbital with a greater potential energy. 
4
 

Generally, the total potential energy of a molecule is the sum of its electronic, vibrational and 

rotational energies: 

                                              Equation 2.3 

The amount of energy possessed by a molecule for each form of energy is not continuous, but 

rather a series of discrete levels or states. The states of energy differentiate in terms of energy content in 

the following order: 

                                       Equation 2.4 

The UV and visible light photons, in some atoms and molecules have enough energy to allow 

their transitions between the distinct electronic energy levels. For atoms, these transitions result in very 

narrow absorbance bands at highly characteristic wavelengths corresponding to the differences between 

the energy levels of the absorbing species. However, molecules normally have many excited modes of 

vibration and rotation, and its members are generally present in many states of vibrational and rotational 

excitation. Thus, the energy differences between the energy levels are much smaller than electronic 

levels, meaning that both the vibrational and rotational levels are superimposed on the electronic energy 

levels. Therefore, each electronic transition consists of a wide number of lines that are very closely 

spaced that the spectrophotometer cannot resolve, resulting in a broad band that combine all the 

transitions. This broadening is even more intense when dealing with solutions due to the solvent-solute 

interactions. Thus, as shown in Figure 2-3, a molecule may be simultaneously exposed to electronic and 

vibrational–rotational excitation.
2,4

  

 

Figure 2-3 Diagram representing the superimposition of the vibrational transitions on the electronic 
transitions. (The rotational levels, which are very closely spaced within the vibrational levels, are omitted to better 
visualization). Figure taken from D.Pavia 

4
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The amount of light absorbed, expressed as either transmittance (given in terms of a fraction of 1 

or as a percentage) or absorbance (expressed as a percentage), is the difference between the incident 

radiation (I0) and the transmitted radiation (I). The extent of light absorption increases with the number of 

molecules capable of absorbing light at a specific wavelength, meaning that a more efficient absorption of 

light by a molecule results in a greater extent of light absorption. In general, absorbance values are used 

due to its linear relationship with both the sample concentration and path length. This relationship, known 

as the Beer–Lambert Law, is formulated as follows: 

     (
  
 
)         Equation 2.5 

  

A – absorbance; I0 – intensity of light incident upon sample cell; I – intensity of light leaving 

sample cell; c = molar concentration of solute;   = length of sample cell (cm);   = molar absorptivity. 

The molar absorptivity is an intrinsic constant property for each molecule undergoing an 

electronic transition and not a function of the variable parameters involved in the sample preparation. 

It must be noted that, in some cases - when different forms of the absorbing molecule are in 

equilibrium, when solute and solvent form complexes through some sort of association, when thermal 

equilibrium exists between the ground electronic state and a low-lying excited state, or when fluorescent 

compounds or compounds changed by irradiation are present - Beer-Lambert Law may not be obeyed. 

However, this law is rigorously valid when the observed absorption is caused by single species. 
1,2,4

 

2.1.1. Colors 

The light radiation with wavelengths within the visible region of the electromagnetic spectrum 

appear colored to the human eye. The absorptivity and reflectivity of matter is what influences its color. 

The generation and sensation of color in compounds is not very straightforward, depending on many 

factors, such as the spectrum of the illuminant and the surface structure, when solids are considered. 
2-4

 

Due to an inverse relationship between the observed color and the color absorbed, the human 

eye is only able to observe the complementary color corresponding to the wavelength of the light being 

emitted. When observing an object, only the light that is being reflected is observed, rather than the object 

emitting light. In fact, the color that the human eye is able to perceive is not the color corresponding to the 

wavelength of the light absorbed, but rather its complementary color.
4
 

The relationship between the wavelength and color of light absorbed by a substance and the 

color perceived by an observer is demonstrated by the color wheel shown in Figure 2-4, where the 

complementary colors are diametrically opposite to each other. 
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Figure 2-4 Color wheel showing the relationship between absorbance and complementary colors. Figure 
from William Reutsch  

7
 

2.1.2. Chromophores 

The determination of which wavelengths of ultraviolet-visible radiation are absorbed, causing the 

excitation of electrons from ground to excited states, depends on the nuclei that hold the electrons 

together in a bond. The energy spacing between ground and excited states is influenced by the nuclei, 

since it determines the strength with which the electrons are bound. The groups of atoms responsible for 

the absorption are known as a chromophore which for a network of conjugated π electrons that delocalize 

over a large portion of the molecule and causes it to have a well-defined energy gap between the highest 

occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO).
4,7,8

 

When the structure of a chromophore changes the exact energy of the absorption is expected to 

change accordingly. However, most of the times, it is very difficult to predict from theory how the 

absorption will change according to the structural change in the chromophore, making essential the 

application of empirical procedures guides to predict such relationships.
4
 

In Table 2-1, a list of some chromophores and their absorbance maxima wavelengths is 

presented. 

Table 2-1 Selected chromophores and their absorbance maxima. 
2
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 The presence of a chromophore is often detected due to the existence of an absorbance band at 

a particular wavelength. However, the position of the absorbance maximum is not fix since it is partially 

influenced by the molecular environment of the chromophore and by the solvent in which the sample is 

dissolved. The wavelength and intensity of the absorbance maxima can also depend on other parameters, 

such as pH and temperature.
2,7

 

2.1.3. Instrumentation 

An Ultraviolet-Visible spectrophotometer is an instrument able to measure the transmittance or 

absorbance of a sample for one or multiple wavelengths of the electromagnetic spectrum. This instrument 

is usually composed of a light source, a monochromator, a detector, and a sample cell. 
2,9,10

 

The light source is responsible for emitting the electromagnetic radiation in the ultraviolet and 

visible region of the spectrum. For the ultraviolet region a deuterium lamp is normally used and a second 

light source, a tungsten lamp, is used for the visible region. The monochromator is responsible for 

spreading the beam of light into its component wavelengths, functioning as a diffraction grating and a 

system of slits is used to focus the desired wavelength into the sample cell. The detector is usually a 

photomultiplier tube or a photodiode (used in modern instruments) and its role is to record the intensity of 

the light transmitted through the sample. The absorbance of a sample can be determined by measuring 

the intensity of light that reaches the detector without the sample (the blank) and comparing the result 

with the intensity of the light that is transmitted (the light that passes through the sample and reaches the 

detector).
2,4,11

 

The spectrometers that allow the measurement of sample and reference beams simultaneously 

are known as double beam instruments. In these instruments, the light is split into a sample beam and a 

reference beam. If there is no sample cell in the reference beam it is considered that thee detected light is 

equal to the intensity of light entering the sample. The sample cell must be composed of a material that is 

transparent to the electromagnetic radiation. For ultraviolet radiation, quartz sample cells are used, since 

these are transparent to the radiation in this region. On the other hand, glass or plastic cells are suitable 

for spectra in the visible range of the spectrum. 
4
 

The conventional double-beam instruments are suitable for measuring absorbance in a single 

point, however, when the purpose is to record the complete spectrum, a diode-array spectrophotometer 

must be used. In this instrument, a polychromatic source passes through the sample and focus on the 

entrance slit of the polychromator that disperses the light to a diode array. Each diode, records a narrow 

band of the spectrum and then all the bands are connected resulting in the whole spectrum. It is also 

possible to obtain a complete spectrum by rotating the monochromator of a traditional spectrophotometer, 

providing a scan of all the desired wavelengths; however this measurement system operates very slowly. 

2,4
 

Figure 2-5 represents the configuration of both the traditional spectrophotometer and the diode 

array spectrophotometer. 
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Figure 2-5 Schematic of a) a conventional spectrophotometer; b) a diode array spectrophotometer. Adapted 
from Tony Owen

2
 

A single beam instrument measures the background and sample spectra one after other in order 

to obtain UV-Visible absorption spectra. This instrument is cheaper than a double beam instrument 

because it does not need a chopper and reference chamber.
10

 

2.1.4. Process Analytical Technology and Multivariate Data Analysis  

The Process Analytical Technology (PAT) initiative was introduced in 2004, by the Food and Drug 

Administration (FDA), with the objective of creating a system for the analysis and control of manufacturing 

processes, thus avoiding the postproduction quality testing. Through timely measurements of critical 

quality parameters and performance attributes of in-process products and raw materials that provide the 

necessary data for process monitoring and control, it is possible to assure an acceptable end-product 

quality. 
12-14

 

PAT involves the use of multivariate data analysis by using in-line or on-line process analytical 

chemistry techniques (e.g. near infrared spectroscopy and Raman spectroscopy, using biosensors and/or 

fiber optics) coupled with multivariate data analysis (data-based modeling techniques) and process 

control techniques (using process data with multivariate supervision and diagnosis strategies), allowing 

the acquirement of continuous process information. 
12,13

 

One of the most basic and yet useful multivariate data analysis technique is Principal Component 

Analysis (PCA). This method is a bilinear multivariate decomposition/projection technique able to reduce 

significantly large amounts of data into few parameters, known as Principal Components (PCs). These 

components capture the levels/differences/similarities between all the samples and all the variables that 

constitute the dataset.  

PCA consists in the implementation of a linear transformation implying the preservation of data 

variance and the orthogonality of the principal components. This technique allows the visualization of both 

samples and variables spaces simultaneously and shows their interrelation. Its mathematical background 

consists in the transformation of the initial multidimensional coordinate system into a new one with much 

fewer dimensions, thus allowing a display of the experimental data more clearly. Therefore, PCA is also 

very efficient as a tool to reduce the data dimension, specifically when using spectroscopic data. 
15

 

a) b) 
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2.2. Biological Pigments 

The sources of color in processes can be classified as represented in the diagram bellow (Figure 

2-6). The logic for this classification comes from the fact that Fermentation and Bio-refinery (valorization 

of industrial side streams/biomass and by-products) processes are the two main fields of operation in 

industrial biotechnology
16

, and by focusing on them, a tentative to identify the possible causes for color 

existence and/or formation was made. Like this diagram suggests, the possibilities for color formation are 

numerous and the final output color of a product is certainly not only provoked by one source, but a result 

of a complex combination of several causes and variables. Nevertheless, some factors may have a major 

contribution to color formation and thus should be determined. 

 

Figure 2-6 - Diagram color sources in a fermentation-based process or from a biological stream. The dotted 
line indicates that, depending on the nature of the stream, there is also a possibility for formation of secondary 
metabolites by existing microorganisms. 

The issue being tackled does not have any explicit literature related to it and most of the works 

approaching these pigments are based on their commercial production and application.  

 

2.2.1. Secondary Metabolites 

The designed conditions of a process may inadvertently lead to the (side) production of 

undesirable molecules. Whether it is the selected species biosynthetical capability, the carbon and 

nitrogen substrates adequacy, the process parameters range (Temperature, pH, etc…) or all in all, the 

proposed setup is vulnerable to result in high proportion production of detrimental secondary metabolites 

if preventive steps are not taken. Secondary metabolites that contain in their electron structure a 

chromophore, responsible for the colors of these molecules, are called Natural Pigments and often 
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referred as microbial pigments, when produced by microorganisms (as Bacteria, Fungi, Yeast and 

Algae).
17,18

  

This group of molecules encompasses chemically heterogeneous and biosynthetically dissimilar 

molecules. Pigment-producing microorganisms are fairly common and generate a wide array of molecules, 

the most common ones being Carotenoids, Melanins, Flavins, Phenazines, Quinones, Indigoids or 

Bacteriochlorophylls, and will be discussed further on (see Pigment Characterization)." 

The pigments can either be intracellular or extracellular and their presence is usually light related 

and several pigments are known to be non-covalently bound to proteins. An evolutionary look on the 

presence of these pigments articulates that they empowered microorganisms to develop strategies of 

survival including crypsis, mimicry, advertisement and aposematism.
17-19,21

 

Some microbial pigments are water insoluble, hygroscopic and instable to different pH, heat, light 

and oxygen conditions. This may lead to batch-to-batch color discrepancies, even though the color 

causing agent is the same.
22

 

2.2.1.1. Producing Microorganisms 

In Table 2-2 a list of some pigment-producing microorganisms, of economic interest and 

application, and their pigment is shown.  

Table 2-2 – List of commercial pigment producing organisms adapted from Malik et al. 
113

 

Microorganism Pigment Color 

Bacteria   

Agrobacterium aurantiacum 
Astaxanthin 

 
Paracoccus carotinifaciens Pink-Red 

Xanthophyllomyces dendrorhous  
 

Bradyrhizobium sp 
 

Canthaxanthin 
 

Dark - red 
Haloferax alexandrinus 

 
Chromobacterium violaceum 

 
Violacein 

 
Purple 

Janthinobacterium lividum 

Fungi   

Blakeslea trispora 

β- Carotene 

Cream 

 
Mucor circinelloides 

 
Yellow - Orange 

Phycomyces blakesleeanus 
 

Monascus sp. 
 

Monascin Ankaflavin 
 

Red - Yellow 
 

Penicilium oxalicum 
 

Anthraquinone 
 

Red 
 

Haematococcus Pluvialis 
 

 
Astaxanthin 

 
Red 
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Yeast   

Phaffia rhodozyma Astaxanthin Pink - Red 

 

Yarrowia lipolytica 

 

Unknown 

 

Brown 

Algae   

Dunaliella salina β- Carotene Red 

 

Even though this list represents a small sample of the producing microorganisms, it is noticeable 

how the same pigment can be present across all taxonomic groups and also how it may present 

variations in color. 

Bacteria 

Bacteria are a source of a vast range of pigments, the vast majority being carotenoids. Although 

bacteria would seemingly be better tailored for the production of pigments due to their non-sensibility to 

climate, easier scale-up, etc., studies dedicated to the production of pigments for commercial applications 

show us that the best bacterial systems are far below the yields obtained with eukaryotes, especially 

Fungi and Yeasts.
20,22

 

The nature of these pigments is vastly unknown. However, studies have shown that these 

pigments have a strong physiological importance, and play an important role in molecular processes and 

response to the environment of Bacteria. Yellow pigments, such as zeaxanthin and canthaxanthin, 

belonging to the carotenoid family appear to intervene in photosynthesis, survival to oxidative damage 

and resistance of UV radiation. As mentioned before, pigments bound to proteins have been reported and 

higher pigmentation of bacteria when exposed to increase UV-radiation validates the protection-role of 

pigments, protecting proteins from ionizing radiation that could alter biopolymers. Other protein-pigment 

complexes related to photosynthetic and redox phenomena have also been described.
17,20,21,23

 

When identified the metabolic pathways the pigments are associated to, the production of these 

pigments can be mitigated through the use of the advances in genetic and metabolical engineering.
18,20

 

Fungi and Yeast 

The production of commercial microbial pigments is dominated by fungal pigments. This is due to 

their natural aptitude to produce these molecules, with no necessary genetic manipulation. They are 

considered to be strong overproducers of riboflavin and carotenoids, being a prominent source of β-

carotene. Carotenoids in Fungi and Yeast are structurally related but not identical to the plant-derived 

ones.
20,24

 

Table 2-2 (continuation)– List of commercial pigment producing organisms adapted from Malik et al. 
113
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Fungal metabolites are relatively well-described for the Monascus genus because of their use in 

food coloring (in Asia) for a long time. These Monascus pigments are called azaphilones, having similar 

structures and chemical properties. The colors of these pigments are yellow (ankaflavine and monascine), 

orange (rubropunctatine and monascorubrine) and purple (rubropunctamine and monascorubramine). 

Many ascomycete Fungi naturally synthesize and secrete pigments. Moreover, the main fungal 

metabolites are polyketides and polyketide-derived pigments have been identified. Anthraquinones, 

naphthoquinones and oxopolyene are some of the detected colorants. Penicillium strains were shown to 

produce extracellular pigments in liquid media. Besides these pigments also monacolins and, more 

dangerously, mycotoxins can derive from polyketides.
19,20,22,23

 

Yeasts are considered good sources of pigments as well, showing a promising growing capacity 

in several agro-industrial wastes while producing high levels of carotenoids. They are considered 

moderate overproducers of Riboflavin.
20,22,24

  

Algae 

This is a large group with diverse constituents that usually are photoautotrophic. Some of these 

organisms are single-cell prokaryotes (cyanobacteria) or multicellular eukaryotes (blue, brown and green 

algae).  Up to 640 carotenoids have been identified in algae and producing β-carotene industrially from 

controlled salt lakes and lagoons is a reality. Furthermore algae species have proteins that show stable 

levels of fluorescence, and, in the case of cyanobacteria, have the capability of changing pigmentation in 

response to wavelength of light.
20,22,23

 

2.2.1.2. Factors affecting pigment production 

In this section some of the factors affecting pigment production, depicted in literature that focuses 

on the production of commercial pigments, are illustrated with examples. 

Temperature 

The production of microbial pigments is depends greatly on the temperature of 

incubation/fermentation as it affects cell growth and metabolite production by changing pathways that can 

enclose the production of the target pigment. Some of these pigments are somewhat labile molecules.
22

 

It has been reported that temperature regulates the concentration of enzymes involved in 

carotenogenesis. The optimized temperature for carotenoid production, in Rhodotorula glutinis, is 

described to be 29 ˚C. Whereas, for example, Monascus sp. requires 25-28 ˚C and Pseudomonas 35-36 

˚C for appropriate growth and pigment production.
22,24

 

pH 

This parameter might influence the growth and type of pigment produced. Like temperature, it 

differs from one microorganism to another. The same pigment might also change the shade of his color 

after a pH change, by undergoing dissociation or other reactions. It also acts as a selective parameter for 
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activation of biosynthetical pathways, for example, in neutral or slightly alkaline conditions it will induce 

lycopene formation while acidic conditions will be favorable for the production of β-carotene. This is 

observed in Monascus sp and Rhodotorula glutinis 5.5-6.5 and 4.0-4.5, respectively. 
22

  In contrast, the 

prodigiosin production by Serratia marcescens an optimum was observed at 8,0-8.5, related to the 

amount of proline that can be transformed in prodigiosin at the different tested pH. 
25

 

Nitrogen and Carbon sources 

Carbon and nitrogen sources are the most studied parameter regarding pigmentation influence. 

The growth of pigment producing microorganisms is affect by which carbon source he has access to, and 

glucose has been shown to be the best source for growth and pigment production. However, there are 

cases in which glucose inhibited the formation of the pigment. Other fermentable sugars, like fructose, 

maltose, lactose, etc., are also metabolized by the glycolytic pathway and used for pigment production.
22

 

Although these claims are supported with few evidence, many other authors mentioned that carbon 

sources like ethanol (non-fermentable) induce an increase in pigment synthesis.
19,26,27

 

The use of different substrates does not only influence the yield of pigment production but also 

the shade of the pigment. For instance, in the fermentation of Monascus. purpureus the use of 

maltose/glucose results in a dark pigment, whereas using sucrose a light red was observed. For 

Monascus sp the carbon source has been optimized to use starch and dextrin, as it shows moderate 

production levels with glucose and maltose and poor production on fructose. 
22

 

The nitrogen source has particularly importance in the production of N-Heterocyclic Compounds 

(Flavins, Phenazines, etc.). Ammonium chloride, ammonium nitrate, glutamate and potassium nitrate 

have all been tested for the production of monascins. Peptone also plays an important role in Monascus 

sp pigment production. Other sources like ammonium phosphate showed good results of color formation 

for different microorganisms. In Bacillus subtilis the pigment production was also stimulated by the 

addition of tyrosine and histidine.
22

 

Aeration 

This parameter has a high importance to pigments that are produced via aerobic pathways (e.g. 

carotenogenesis). The airflow in the medium is an important factor to substrate assimilation, enabling cell 

growth and the biosynthesis of pigments. Additionally, the levels of oxygen may lead to the oxidation of 

the first synthesized pigments into other pigments, as is the case of carotenes into astaxanthin, 

canthaxanthin, etc. For the production of the same pigment, the effect of aeration rate depends on 

species being used. 
24,28

 In contrast, the increase in aeration rate can may induce a sharp decrease in 

presence of pigments, inhibiting its synthesis. One example of this is the bacteriochlorophylls production 

by Rhodopseudomonas capsulata.
29
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Light 

Light has a significant role in UV-protection related pigments, especially in carotenoid production. 

The need of microorganisms to protect themselves from damaging light activates carotenogenesis as a 

photoprotective mechanism. Hyper-pigmented strains show more resistance to UV-light stress, provided 

by the higher amount of carotenoids produced. Evidence of this was provided by an increase in β-

carotene productivity in a batch reactor when utilizing two LED lamps.
24

In contrast, an experiment 

conducted by Velmurugan et al compared the pigment production yield of  five different fungi genus under 

darkness, yellow and green light; every microorganism showed increased yield under darkness.
30

 

Metal Ions and Salts 

When in the media, they may play role as inhibitors/promoters of cell growth and specific 

pigment-pathway enzymes. For instance Zn  in A. oryzae acts as growth inhibitor and, as a consequence, 

an increased production of pigments is observed due to the glucose availability for biosynthesis. Their 

presence is also reported to stimulate a selective production of carotenes, having an inhibitory and 

stimulatory effect for different types of carotenes simultaneously, for example Zn
2+

 promotes β-carotene 

production and inhibits Torulene. 
22,24

 

Type of Fermentation 

Different fermentation setups have different effects on pigment production. Pigment production is 

known to depend greatly on the environment of the microorganism. Mixed cultures have been studied for 

their beneficial interaction between two organisms (symbiosis) as they present themselves in nature. 

Interestingly, some pigments have been reported to only be produced in circumstances where quorum-

sensing is possible, or by other source of induction (Figure 2-7).
18,31

 

 

Figure 2-7 - Induction might be A) intracellular(1), by a self-produced compound (2) or by an extracellular 
component(3). It can also origin from a different microorganism B) and C). Image from Helge Bode

31
 

 

http://www.sciencedirect.com/science/article/pii/S1074552106004303
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Solid-state fermentation, in some microorganisms, shows up to a 3-fold yield increase when 

compared with submerged fermentation. Nevertheless, as previously stated, media composition, pH, 

aeration, etc. can have a positive effect in pigment production therefore submerged fermentation is 

usually preferred.
19,22

 

2.2.1.3. Recovery and Separation of microbial pigments 

Downstream processing for purification (and analogously for the purpose of removal) of color 

pigments is a major challenge, considered to be the main limitation for production. Two types of pigments 

can be considered: intracellular and the ones secreted to the extracellular medium.  For the former, cell 

disruption is a critical step for recovery and common employed technique requires the use of organic 

solvents such as acetone. The conventional next step, partition extraction, is common for both types, and 

uses water-immiscible solvents (hexane, ethyl acetate, etc.) to which pigments are recovered due to a 

better solubility, compared to water. This process leads to a large amount of exhausted solvent as the 

yield of recovery is too low. The use of such solvents also leads to the denaturation of proteins.  

Removal of these pigments, without the use of solvent extraction, is a technological challenge. Disruption 

by spray-drying and solid-phase extraction have already been employed and are adequate for an 

environmentally and health minded procedure.
8,18,24

 

Many macromolecules can be separated and isolated utilizing non-ionic adsorption resins. Wang 

et al. developed a method for adsorption of prodigiosin to the selected resin directly from broth. 

Prodigiosin is mostly bound to bacterial envelopes; however this novel method eliminated the cell 

separation process and solvent extraction steps. This method has a much higher yield than traditional 

extraction and the resin used can be easily regenerated. Several studies were made on carotenoids 

extraction with supercritical fluids, as well as with the utilization of sunflower oil as co-solvent, the 

recovery however, was severely affected by the drying step, which is crucial in treating with SC-CO2 real 

industrial by-products. Technological advances are still needed to produce a clean and reduced-cost 

separation and removal/recovery process.
18,32-34

  

2.2.2.  Pigment Characterization  

In this segment the report will focus on the chemistry, distribution and analysis of the most 

relevant and well-described pigments. A comprehensive knowledge on the molecules synthetic pathways 

and characteristics that provide color will enable us to set a better process strategy.    

2.2.2.1. Carotenoids 

Usually constituted by 40 Carbon atoms, these terpenoid molecules are yellow to orange-red 

pigments and are one of the most extensive classes of natural pigments. A vast list of microorganisms 

(Bacteria, Yeast, Fungi and Algae) can biosynthesize carotenoids. They are known to be a precursor for 

Vitamin A as well as from protecting microorganisms from oxidative stress, being effective antioxidants. 
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Two major groups of carotenoids exist: the carotenes (hydrocarbons, such as β-carotene or Torulene) 

and xanthophylls (oxygenated derivatives from carotenes, such as Astaxanthin or Canthaxanthin) (Figure 

2-8). Carotenoids can be further sorted in sub-classes using different criteria such as function (primary 

and secondary carotenoids), chemistry of the end-groups (apo and diapo carotenoids) or number of 

carbon atoms (>40 homocarotenoids or <40 norcarotenoids).
17,24,35

 

 

Figure 2-8 - Carotenoids: a) β -carotene, b) Torulene; xanthophylls: c) Astaxanthin, d) Canthaxanthin 
characterized by Mata-Gómez et al.  

 

Their characteristic long chain, containing conjugated double bonds, is the chromophore of these 

molecules. The similarity between them results in an absorption of light in the 400-500 nm (UV-Vis) for 

nearly every carotenoid. In UV-Vis spectra, most carotenoids show three maxima that are extremely 

useful for determination of which carotenoid is present. They represent what is called ―fine structure‖ of 

the end-group. The proportions between the third and the second peak or the absence of peaks are 

simple observations that contribute to the identification of the carotenoids (Figure 2-9). 

Additionally the use of mass spectroscopy provides us with more information regarding the molecular 

weight and fragmentation pattern, which can helps rule out carotenoids and identify the functional group, 

respectively.
17,21,35

 

They are soluble mainly in nonpolar solvents. This is useful feature if one wants to separate 

carotenoids mixtures, attainable by the use of a reverse (or normal) phase liquid chromatography. 

Xanthophylls would elude first and would then be followed by a gradient of less polar carotenoids. 
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Figure 2-9 - Spectrum and maxima of (A) lutein and (B) astaxanthin identified by Pereira et al.  

A proposed pathway for the biosynthesis of carotenoids, or carotenogenesis, was described (in 

Yeast) by Goodwin in the 1970s. Nowadays, due to the importance of these metabolites, microbial 

carotenogenesis for many carotenoids is well determined for either non-photosynthetic (and anoxygenic) 

as well as for oxygenic photosynthetic microorganisms (Figure 2-10). Understanding the molecular 

mechanisms of such pathway will allows us to pinpoint the target sites for inhibitors or elimination of 

genes and, as result, prevent carotenogenesis.  
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Figure 2-10 – Carotenogenesis starting from phytoene. Crt genes are shown either on the left for non-
photosynthetic (and anoxygenic) organisms or on the right for oxygenic photosynthetic microorganisms. Figure taken 
from Sieiro et al.

36
  

In many organisms, the pathway of the carotenoid biosynthesis ends with β-carotene. In other 

cases, some carotenoids are modified with several functional groups that contain oxygen, thus originating 

the xanthophylls. These pigments when bound to a protein form a carotenoprotein.  Different carotenoids 

can form these structures, as well as several proteins of different nature are keen to bind with them. The 

conjugation is shown to be mutually beneficial as the carotenoid is protected of undergoing oxidation and 

the protein is safe from changes in the tertiary structure and ultimately denaturation. They have been 

described to be part of different functions such as protective coloration, photosensitivity, enzymatic 

activity and electronic transport. 
17,36
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2.2.2.2. Phenazines 

Phenazines were identified in several bacteria, which secrete them into the medium, as 

secondary metabolites, derived from the shikimic acid pathway (via phenazine-1,6-dicarboxylic acid). 

Their concentration can reach a range of g/L and they are known for their role in bacterial respiration and 

biological processes of facilitation of microbial metabolism. They serve as precursors of further 

metabolism and are also used in redox systems as electron shuttles to promote electron transfer between 

cells and terminal acceptors. Other function of these molecules have also been studied and include the 

capability to act as antibiotics to generate reactive oxygen species, to be signals that can alter gene 

expression or to contribute to the formation and architecture of biofilms.
37,38

 

There are more than 100 varieties of this pigment, all of them containing a substituted phenazine 

ring-system, that differ in their chemical and physical properties based on the type and position of 

functional groups present which results in a wide color range of almost every visible color (Figure 2-11). 

Bacteria are the only known source of phenazines. 
39

  

  

Figure 2-11- The phenazine ring system and substituted phenazine Neutral red 

Their physicochemical properties include oxidation-reduction capability, bright pigmentation and 

ability to change color with pH and redox state. The most studied phenazine is pyocyanin, which is blue 

when oxidized.
37,39

 

 Phenazines can be detected through a series of conventional method like: HPLC, gas 

chromatography-mass spectrometry, thin layer chromatography and capillary-mass spectrometry. 

Although these methods have high resolutions and sensitivities, they are very expensive, require 

chemicals and have complex and timely procedures. The wide color-range that characterizes phenazines 

can serve as an exclusive identification if UV-Vis spectroscopy is applied having a characteristic 

absorption spectra, with an intense peak in the range 250-290 nm and a weaker peak at 350-400 nm. 

However the absorption maxima may fluctuate depending on solvent conditions, due to phenazines redox 

active nature. To distinguish phenazines by UV-Vis three things need to be deliberated: color and source 

of phenazine and the solvent condition. By taking advantage of the different profiles of these variations of 

absorptions in oxidized/reduced states in phenazines, a spectroelectrochemical approach can be used to 

rapidly determine concentrations of specific phenazines in complex mixtures with containing multiple 

phenazines.
37,38
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Production of phenazines is organized by a regulatory network, structured differently for each 

species (Figure 2-12). The role that a certain phenazine plays for an organism might not be the same for 

every producer of said phenazine. Observation in more than one system is needed to better understand 

its complete biological function.
39

 

 

Figure 2-12 Phenazine biosynthesis. Derived from the shikimic acid pathway. phzB, phzD, phzE, phzF and 
phzG  are considered the ‘core’ biosynthetic genes as each is required for the synthesis of the basic three-ringed 
phenazine structure. They are flanked by one or more accessory genes that encode different terminal-modifying 
enzymes that result in the production of additional phenazine derivatives. Figure taken from Leland et al.

39 

2.2.2.3. Melanins 

Chemical characterization of melanins is still partially unknown as these molecules have really 

complex structures. Melanins are generally defined as biopolymers with black, brown or even yellowish 

color that result from the oxidation of phenolic metabolites, mainly tyrosine. The more general 

classification of such compounds contains three main types of such polymers: eumelanins (black or dark-

brown), pheomelanins (yellowish brown) and allomelanins  (very heterogeneous group of dark color).
40
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The color characteristics of melanins depend intrinsically of the presence of heterocycles in their 

monomers. There are diverse types of monomers, but indolequinone and dihydroxyindole are rather 

common.  Different melanins are formed by differing in the proportion and bonding pattern of these 

monomers.
17

 

 

Figure 2-13 Part of structural formulas of Pheomelanin (left) and Eumelanin (right). The arrows indicate 
where the structure continues. 

The pathway for the biosynthesis of each melanin type is explained by Plonka et al.
41

 

Melanins protect microorganisms against stresses such as UV radiation,  reactive oxygen species, 

high temperatures, chemical stresses, and biochemical threats (invasive microorganisms). In many 

pathogenic microorganisms melanins have an important role in virulence and pathogenicity, protecting 

the microbe from the host immune responses.
42

 

The typical absorption profile of melanin shows a strong UV absorption in the 200-300 nm region 

and progressively less as the wavelength increases (Figure 2-14).
43,44 

 

Figure 2-14 Typical UV-vis absorption spectra of Melanins
44 
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2.2.2.4. Quinones 

Quinones consist of a set of nearly 400 yellow, red, brown and black pigments. This group is 

considered to be the biggest one in number and structural variation. They are widely distributed, and 

Fungi have been reported to produce large quantities. Their basic structure consists of a desaturated 

cyclic ketone that derives from an aromatic monocyclic or polycyclic compound. They can be synthetized 

from very different substances and also through different pathways, normally being a byproduct. Also the 

variability in the kind and structure of substituents leads to large number of quinones. Quinones can be 

divided by their structure as benzoquinones, naphthoquinones, anthraquinones and miscellaneous 

quinones. However, at an industrial level, the most important quinones are the anthraquinones: carminic 

acid and carmesic acid (Figure 2-15).
45,46

  

 

Figure 2-15 - Different types ( a)benzoquinone; b)Naphtoquinone; c)Anthraquinone ) of basic structures of 
Quinones. Also represented are some of the most common pigments.

45
 

Due to their structure quinones are very reactive, taking part in the redox cycles, of the organisms 

that synthetized them, because of their capability of reversible reduction. They are electrophiles that react 

directly with nucleophilic compounds by 1,4-Michael addition reactions. Furthermore they may engage in 

reactions with other quinones, producing black-brown pigments. Both quinone monomers and these 

brown polymers may interact with thiol and amino groups of proteins. Furthermore, their role as an 
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enzyme cofactor has also been reported. 
46,47

 For the prototypical quinone, benzoquinone, absorbance 

maximum in the uv-vis range is in the 420-450nm range.
48

  

2.2.2.5. Bacteriochlorophylls 

These pigments are part of a small group of compounds that contribute with a wide-range of 

colors and are plentiful on every biological system (after carotenoids the most abundant). This group is 

called Tetrapyrroles and comprises, as the name suggests, compounds that contain four pyrrole moieties 

joined into a tetrapyrrole by single carbon unit bridges between their α position. They are either presented 

in their linear or cyclic (closed) forms. Notable members of this group are: hemoglobins, hematins, 

porphyrins (that constitute the chromophore of chlorophylls).
45

 

 

Figure 2-16 - Bacterial tetrapyrroles variations maintaining the porphyrin structure 

 

The structure of these pigments allows to absorbed light of shorter wavelengths, therefore 

increasing the capacity of organisms to photosynthesize at lower light levels. The color of the cyclic 

tetrapyrroles is due largely by the structure and substitutions of the tetrapyrrole molecule, and not by the 

metal. Together with their pigmentation properties, these molecules have an essential role in apoproteins 

related to respiration and photosynthesis in every organism. They play important roles in electron transfer, 

light absorption and oxygen transportation.  
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They have characteristic chromophores that allow them to exhibit unique absorption spectra, with 

two maxima in the visible region (1
st
 364-469, 2

nd
 654-770), however depending on the solvent the peaks 

may vary ~10nm or more.
49

 

2.2.2.6. Flavins 

These compounds are composed by the condensation of two rings (pteridin and a benzene ring). 

Important molecules in redox reactions of organisms, such as mono and di-nucleotide flavinadenin, 

contain this structure. They also play an important coenzyme role for many enzymes of mainstream 

metabolism that mediate oxygen, electronic transfer and hybridization reactions.
45

 

Riboflavin (Figure 2-17) is the major compound of this group. It is widely spread across almost all 

living cells and is an essential vitamin (B2) in animals, although they cannot synthetize it and have to 

obtain it through diet. The color of this compound ranges from yellow to orange and it is water-soluble. It 

has a vast variety of applications in the food industry and it is produced by a large list of 

microorganisms.
19,21

 

 

Figure 2-17 - Riboflavin 

Riboflavin has an absorbance max peak at 440 nm and another identifiable peak at 354 nm in 

aqueous media using a buffer (citric acid) for a pH range of approximately 3.02-6.03. The assay for 

riboflavin in aqueous mixtures showed high levels of accuracy and sensitivity.
50
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2.2.2.7. Indigoids 

There are several indigoids, with related structures, but the most frequent and representative one 

is 6,6‘-dibromoindigo (Figure 2-18).  

 

Figure 2-18 - 6,6’-dibromoindigo 

 

The principal physical characteristics of these compounds are the intense color, insolubility in 

solvents (and water in their oxidized colored form) and high melting temperature. 
17

 

The visible absorption spectrum of indigoids easily measured through UV-Vis spectroscopy, the 

variation of the wavelength of maximum absorption with solvent, concentration, temperature and chemical 

substituent on the indigo ring has been extensively investigated, and usually fluctuates on a 585-621nm. 

Bromination of the indigo ring has a small effect on λmax. 
51

 

The essential part of the chromophore of indigo is the structural part of the molecule without the 

benzene rings (Figure 2-19). 

 

Figure 2-19 - Indigo chromophore 

2.2.3. Raw Material and Stream components 

The other two compounds of importance, besides the previously discussed carotenoids, when 

considering color intervenients from agricultural/plant based streams are: Anthocyanins and Betalains. 
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2.2.3.1. Anthocyanins 

Anthocyanins are the most important pigment, after chlorophyll, present in vascular plants, which 

is visible to the human eye. These water soluble natural colorants have been raising a lot of interest due 

to their extensive range of colors, innocuous and beneficial health effects. The shiny orange, pink, red, 

violet and blue colors present in some flowers and fruits are a result of these natural pigments. Apart from 

that, the antioxidant activity of anthocyanins plays an important part in the prevention of several diseases, 

such as neuronal and cardiovascular illnesses, cancer and diabetes.
52

 

These pigments belong to a class of phenolic compounds known as flavonoids. Chemically, 

anthocyanins are glycosides of polyhydroxy and polymethoxy derivatives of 2-phenylbenzopyrylium or 

flavylium salts. Their basic structure is the anthocyanidin, which consist of an aromatic ring bonded to an 

heterocyclic ring that contains oxygen, which is also bonded by a carbon–carbon bond to a third aromatic 

ring. The classification as anthocyanins arises when the anthocyanidins are bonded to a sugar moiety 

(glycoside form).
52,53

 

Anthocyanins differentiate depending on the number of hydroxyl groups, the nature and number 

of sugars attached to the molecule, the position of this attachment, and the nature and number of 

aliphatic or aromatic acids attached to sugars in the molecule.
53

 

 

Figure 2-20 – General anthocyanidin structure 

Depending on the pH of the solution where anthocyanins are dissolved, these compounds can be 

found in different forms. Table 2-3 shows these differences according to the pH. 
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Table 2-3 – pH influence in the different forms of anthocyanidins. 
53

 

pH Predominant species Colors 

1 Flavylium cation purple; red 

2 – 4 Quinoidal blue 

5 – 6 Carbinol Pseudobase; Chalcone pale yellow; colorless 

> 7 

Possible degradation of 

Anthocyanins (depending on 

their substituent groups) 

- 

 

 The most common technique to extract flavonoids has been solvent extraction. For anthocyanins, 

as polar molecules, aqueous mixtures of ethanol, methanol or acetone are the most suitable solvent to 

perform the extraction. These extraction techniques normally required a subsequent purification process, 

due to their limitation of co-extracting non-phenolic substances, such as sugars, organic acids and 

proteins. A common way to purify is with the use of HPLC coupled with UV-Vis as Anthocyanins show 

specific UV−vis spectra with maximum absorbance in the 500−540 nm region.
52,54

 

 

2.2.3.1. Betalains 

Betalains are water-soluble, nitrogen-containing vacuolar pigments consisting in immonium 

derivatives of betalamic acid. These compounds are synthesized from the amino acid tyrosine into two 

structural groups: the red-violet betacyanins and the yellow-orange betaxanthins.
45,55,56

 

In terms of structure, betalains are all the compounds with the structure based on the general 

formula showed in Figure 2-21. The betalamic acid is the common chromophore between all the betalain 

pigments and the nature of its addition residue determines the pigment classification of betalain as 

betacyanin or betaxanthin.
55
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Figure 2-21 Betalain general formula. A) Betalamic acid moiety, present in all betalain molecules; B) 
Depending on R1 and R2 residues the structure will represent either a betacyanin or a betaxathin.

45 

The betacyanin displays some variations in the acyl groups and sugar moieties and betaxathin 

shows conjugation with various amines and amino acids, but shows the same dihydopyridine moiety. 

In most families of the Caryophyllales, these pigments substitute the anthocyanins in flowers and 

fruits of plants. The main application of betalain pigments is the use as color in a wide range of processed 

food products.
56

 

The betalain pigments have an absorbance maximum at about 535 nm for the red-purple 

betacyanins and ~ 480 nm for the yellow betaxanthins. As for the for the betalamic acid, λmax = 424 

nm.
57

 

2.2.4.  Non-enzymatic reactions 

Non-enzymatic browning reactions stand as one of the most complex reaction in food chemistry, 

due to the large number of compounds taking part in the reaction through various pathways, thus creating 

a complex mixture of products.  

When this type of reaction occurs between the carbonyl group of a reducing sugar and free amino 

groups from amino acids, peptides or proteins, it is known as Maillard reaction. This reactive mechanism 

involves a wide range of complex transformations contributing to the production of various volatile and 

non-volatile compounds.  The browning rate of the Maillard reaction and the characteristic of the products 

formed are dependent to the chemical environment of the reaction, characterized by water activity, pH, 

chemical composition and temperature. It has been shown that the browning rate is increased with 

temperature and it is faster for smaller values of water activity.  The pH also has an influence in the 

reaction rate that generally increases with pH. The products obtained in Maillard reaction are a complex 

mixture of numerous compounds with different molecular weights. These compounds are usually referred 

to as Melanoidins.
58
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Melanoidins are heterogeneous nitrogen-containing brown polymers and copolymers produced in 

the final stage of the Maillard reaction (MR). These compounds are a brown pigment able to absorb light 

at wavelengths around 420 nm.
58,59

 

The complex array of melanoidins and the kinetics and yield of their production depends on the 

product considered, as well as on the conditions of the reaction, such as temperature, time, pH, solvent, 

and the composition of amino acids and reducing sugars.
59

 

In non-enzymatic browning reactions, the appearance of degradation compounds is caused by 

the caramelization of carbohydrates, without the involvement of amine. Caramelization occurs under 

acidic or alkaline conditions and its products are similar to the ones obtained with the MR - volatile and 

nonvolatile compounds with low and high molecular weights. 

The first phase of the caramelization process of reducing carbohydrates comprises the opening of 

the hemiacetal ring followed by enolization, which occurs through an acid- and base-catalyzed 

mechanism, leading to the appearance of isomeric carbohydrates. The conversion of sugars via their 

enediols increases with increasing pH. The temperature, pH, duration of heating, and starting material are 

the main factors influencing the characteristics of the products resulting from caramelization. It is known 

that for high temperatures (> 120°C) and at pH greater than 9 and less than 3, caramelization is favored. 

However, caramelization reactions for color formation can also occur in systems heated at lower 

temperatures. 
58

 

2.2.5. Enzymatic reactions 

Enzymatic browning is a chemical process catalyzed by the enzyme polyphenol oxidase (PPO). 

This enzyme is responsible for the oxidation of phenolic compounds to originate quinones, which in turn 

polymerize to melanoidins and/or react with other biomolecules. Other enzymes might partake this activity 

(e.g. Figure 2-22 B) laccase). This process is important for the formation of dark colors. 

The PPO enzymes, classified as oxidoreductases, are able to oxidize phenol compounds using 

oxygen as a hydrogen acceptor. The oxidation activity performed by PPO involves the catalysis of two 

basic reactions:  the monophenol oxidase activity and the the diphenol oxidase activity. The first one 

consists in the hydroxylation to the o-position adjacent to an existing hydroxyl group of the phenolic 

substrate and the latter is an oxidation of diphenol to o-(benzo)quinone (Figure 2-22A). 
58
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Figure 2-22 Enzymatic formation of o-quinone:A) Reaction catalyzed by PPOs B) Reaction catalyzed by 
laccase. Adapted from Bourvellec et al.

97 

In order to prevent enzymatic browning, it is essential to understand the structure and mechanism 

of action of PPO and the chemistry involved in this process. The methods to avoid an undesired 

enzymatic browning reaction normally consist in eliminating from the reaction one or more key 

components – such as oxygen, enzyme, copper, or substrates – enabling the inhibition or prevention of 

the PPO activity. PPO is active in a pH range between 5 and 7 and it does not have a very concise pH 

optimum. However, it is known that, at lower pH values (pH~3), the enzyme is irreversible inactivated. 

Another method to inactivate the enzyme is to use reagents that complex or remove copper from the 

prosthetic group of this enzyme. The non-enzymatic reduction of o-quinones and chemical modification or 

removal of phenolic substrates of polyphenol oxidase can also prevent the browning reaction.
58,60

 

The rate of the enzymatic browning can be controlled by the content of active polyphenol 

oxidases and phenolic content in the tissues and by the pH, temperature and oxygen availability.
58

 

2.3. Liquid-Chromatography methods for isolation and detection of bio-

molecules 

Biomolecules are susceptible to be purified by several types of liquid chromatography methods. In 

these separation processes, there is a partition of the target compounds between a mobile and a 

stationary phase. This process usually takes place within a column that has a packed solid filling, the 

stationary phase, and a liquid mobile phase which is pumped through the column and transports the 

sample mixture. The purification of such molecules is set on the separation principles that explore the 

different features of biomolecules such as: charge, hydrophobicity, isoelectric point and size.
61
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2.3.1. Ultra Performance/Pressure Liquid Chromatography (UPLC) 

UPLC shares the same concept and principles as High Performance Liquid Chromatography 

(HPLC). This classical separation has been widely used as an analytical tool or preparative/process 

separation process. It uses high pressure to push the sample, transported by the mobile phase solvents, 

through the packing of the column that is made with small sorbent particles (2–5 μm in average particle 

size). The elution profile of the mobile phase can remain constant throughout the procedure (isocratic 

elution) or change during the duration, normally starting with a weak solvent strength that gradually 

increases (gradient elution). The latter is very useful to decrease the retention of the later-eluting 

components enabling a faster elution maintaining optimal separation of peaks. 
61,62

 

 The principal constituents of a HPLC system include typically the column (that can be enclosed 

in a column oven for temperature control), an auto-sampler, a solvent pump management/delivery system 

and a detector linked to a data acquisition software(Figure 2-23).  

 

Figure 2-23 Simplified scheme of a HPLC system. Adapted from YassineMrabet © 

The HPLC systems have several advantages such as robustness, automated operation, high 

sensitivity detection, selectivity and adaptability to large scale procedures. On the other hand, they have 

inferior separation efficiency, when compared with gas chromatography, due to the lower diffusion 

coefficients of the liquid mobile phase resulting into a slower dispersion of the target compounds into the 

stationary phase. Also the operation times may sometimes be excessive for more complex sample 

matrixes.
63

 

However, according to the van Deemter equation (Equation 2.6) the efficiency and speed can be 

increased by use of smaller sized particles (sub 2 μm). This equation describes the resolving power 

(efficiency) of the column taking into account the thermodynamic, kinetic and also physical characteristics 

of the separation.  

    
 

 
     Equation 2.6 
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  describes the height equivalent of a theoretical plate, which is a measure for efficiency;   is the 

mobile-phase flow velocity;   is a coefficient for eddy diffusion, related to the channeling through non-

ideal packing and proportional to the particle size;   is the coefficient for longitudinal diffusion, while   is 

the coefficient for mass transfer resistance between the mobile phase and stationary phase with 

proportionality to the square of the particle size. Lower values of H are obtained when using smaller-

particles and higher flow-rates can be applied without sacrificing much in efficiency.
63,64

 

If time is the main constraint of the process, the way to obtain faster separations and maintaining 

the separation efficiency is by making a reduction to the column length. Efficiency is inversely proportional 

to the particle size and proportional to the column length (    
             

             
 ), thus the column can be 

reduced by the same factor as the particle size without loss of efficiency. The time of analysis can be 

reduced significantly, for example, a change from 5 μm to 1.7 μm particles, maintaining the length and 

conditions of the column induces theoretical 3-fold increase in efficiency and decrease in time. However, 

the reduction of particle size leads to an increase in back pressure to values that the conventional HPLC 

systems cannot withstand (> 400 bar), which led to the development of UPLC systems that could 

overcome the pressure limitations. 
62,63,65,66

 

Table 2-4 Summary comparison of characteristics of HPLC and UPLC. Adapted from Anagha Patil
63

 

Characteristics HPLC UPLC 

Min. Particle size 5 μm <2 μm 

Maximum backpressure 350-400 bar Up to 1000 bar 

Column dimensions Usually 150 x 3.2 mm Usually 150 x 2.1 mm 

Max. Column temperature 30
o
C 65

o
C 

Min. Injection volume 5μL Less than 2μL 

 

UPLC systems were introduced in 2004 by Waters® and they expanded the scope of 

chromatographic application because of its high speed, better resolutions and sensitivity.  The technology 

for these systems was developed to take full advantage of the increase of the efficiency, not being 

compromised by the increase in pressure. One of the key enablers of this system is the consists on a 

novel packing material formed by 1.7 μm ethylene bridged hybrid particles, providing a highly efficient and 

mechanically strong stationary phase able to ensure column performance under harsh operating 

conditions (pressures up to 1000 bar).
62-64,66
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Figure 2-24 Ethylene bridged hybrid particles: Packaging material of the UPLC columns. 

2.3.2. Size Exclusion Chromatography (SEC) 

Size exclusion Chromatography has played a significant role in the purification of biological 

macromolecules in the biotechnology industry. It is commonly referred to by different names such as gel-

filtration chromatography, gel-permeation chromatography, exclusion-chromatography, and a few other 

more. The key principle between in play is the differential migration through the column by the 

macromolecules which differ in size. SEC is usually regarded as the simplest chromatographic method, 

normally used as a final polishing purification step. 
67

 

The size of macromolecule can be measured by a multitude of parameters, the most relevant and 

universally accepted being the hydrodynamic radius and consequently the hydrodynamic volume which 

has a correlation with the apparent molecular weight of the molecule (       ).
68

  

The column is packed with inert and stable spherical particles and is equilibrated with the mobile 

phase. The molecules in the sample are eluted, in isocratic mode, through the column and are separated 

differentially as they pass through the stationary-phase porous particles. Molecules with a diameter 

greater to the maximum pore size are eluted first, as smaller molecules infiltrate these pores, eluting the 

column through a larger accessible volume. 
67,69,70

 

 

 

Figure 2-25 Separation principle in Size Exclusion Chromatography. The dark blue structures (on the right) 
represent the gel particles that constitute the stationary phase. Adapted from Shulamit Levin

69 
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The method provides a good separation of large from small molecules, with a small elution 

volume, maintaining the biological activity and conformation of the particles being separated. On the other 

hand, for a good resolution a minimal size difference of 10% is required, which limits the number of peaks 

resolved.  Every SEC column has a range for the molecular weights it can separate, molecules above the 

exclusion limit are not retained at all by the column and are eluted in the void volume, while particles 

bellow the permeation limit are eluted as a single band.
67,70

 

Besides its use for separation of different sample molecules according to their molecular size,  

SEC is useful for molecular weight characterization of an unknown biomolecule by comparison of the 

elution/retention time of this molecule with the elution of a set of known standards. 

2.3.3. Photodiode Array (PDA) Detection 

One of the most used methods for detection in liquid chromatography is UV-Visible light.  

The traditional UV-Vis detector allows the use of one or multiple wavelengths to assess the 

absorption of the biomolecules, in the sample, at those particular wavelengths. The output result is a two 

dimensional chromatogram, which plots absorbance (y-axis) through time (x-axis). The obtained peaks in 

the chromatogram are then treated and analyzed accordingly to the experimenters. The generated data 

can be used either quantitatively (through the use and comparison with known standards) or qualitatively 

(identification through retention time, purity, etc.).
67

 

 The current systems are frequently equipped with photodiode arrays detectors. The PDA 

detectors generate a three dimensional output, being able to measure absorbance as function of 

wavelength and time simultaneously. This is referred to as 3D data and allows for the possibility of 

multiple chromatograms at different wavelengths and peak identification by comparing the spectrum of 

one unknown peak can be with a library of known standards. This generates a large amount of data that 

can be retrieved from the analysis. 
69
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Figure 2-26 Visualization of the three dimensional output and resulting Chromatogram (bottom left) and UV-
Visible spectra of the selected peak (bottom right). The axis are: X-Time (minutes); Y-Absorbance (Au); Z-
Wavelength (nm). Adapted from Shulamit Levin

69
. 

2.4. Design of Experiments (DoE) 

Design of Experiments is a powerful technique, which is extensively used for engineering problem 

solving, applied to the collection and interpretation of data with the ultimate goal of generating increased 

knowledge of an existing process (or explore new processes) and ultimately achieve improvements in 

product quality and process efficiency.
71

 

This approach is a better alternative to the classical One-Variable-At-a-Time (OVAT) strategy in 

which the experimenter varies one variable at a time while keeping other factors fixed. The univariate 

approach may produce false/misleading optimum conditions for the process, as it does not account for 

the possible joint effect of different variables on the process response. Furthermore this inefficient 

methodology demands the use of a large quantity of resources for incomplete insights on the process and 

relies strongly on guesswork, experience and intuition that can be fallible even for the most experienced 

engineer.
71,72

 

Experimental design allows the planning of the experiment effectively and efficiently, in a way that 

can be carried out with minimal expenses of time/runs and money but generating valid and objective 

conclusions.  

Ultimately a DoE approach makes a tentative approximation of a real complex problem into a 

mathematical model in order to understand the relationship between a set of inputs and outputs of a 

process. Factors are the controllable variables (X), either being quantitative/continuous (temperature, pH, 

concentrations, etc.) or qualitative/discrete (type of raw material, type of supplier, type of additive, etc.). 

Additionally, variables that are difficult to control are named uncontrollable factors (operators, room 
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temperature, etc.) and an effort to mitigate them is crucial to minimize the process inconsistency. The 

dependent variables (Y) are referred to as responses, and deemed as continuous (Figure 2-27). 
71

 

 

Figure 2-27 Generic process/system scheme. Adapted from Jiju Antony
71 

The starting point for the selection of the type of design is the definition of the experimental 

objective, selection of factors and range for their variation, in which a ―level‖ is referred to a specific 

setting of the factor being tested and a ―run‖ is a the combination of factor levels to whose effect on the 

response we want to assess (Figure 2-28). The selection of what runs to test, within the range of the 

selected factors, depends on the type of design employed. 

 

Figure 2-28 Representation of an experimental design layout for 2 factors with 3 levels 

  



 

 

37 
 

 

2.4.1. Optimization – Response Surface Methodology (RSM) 

An experiment is planned accordingly to its objective and once the key factors of a process are 

identified, response surface methodology can be performed if the objectives are to obtain the optimal 

response (and process settings), look for the ―weak‖ response areas and see in which settings the 

process is less prone to perturbations.
71-73

 

With response surface methodology a second-degree polynomial model, which depicts the 

relationship between the key factors and the process response, is developed through a regression model 

that accounts for interaction and even for quadratic effects (Equation 2.7). 
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 Equation 2.7 

In this general example for N variables,   ,   ,    and     are the regression coefficients, while    

are the factors and Y is the response. 

This model provides a visual response surface and can be used to predict the responses for the 

complete experimental range of the factors. Furthermore, the estimation for all possible factors 

combinations allows us to find the optimal response and, consequently, where the optimized process 

settings are situated.  

The key factors are identified either from past experience or through screening experiments. 

Usually only 2 or 3 factors are accounted in RSM due to more factors not allowing visualization of the 

complete response surface (only possible for two factors) and requiring an enormous amount of 

experimental runs. This expenditure is due to the requirement of studying at least three levels (per factor), 

for estimation of the regression coefficients, which for a large number of factors increases runs 

exponentially. For example if the full factorial design, 3
N
, which contains every possible run, is employed 

for 4 factors: a total of 3
4 
= 81 runs are required. Full-factorial designs may lead to a prohibitive number of 

runs, hence the creation of fractional designs and other alternatives as illustrated in Figure 2-29, providing 

less time (and resources) consuming designs.
73
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Figure 2-29 Examples of RSM experimental designs for three factors: a) 3
3
 Full factorial b) 1/3 Fractional of 

the 3
3
 full factorial, usually used for screening important factors and interactions c) Central composite design, which 

contains the points of a 3
2
 full factorial augmented with 2N axial points (   ) and one central point ( ). Adapted 

from L.F. Alvarez
115 

When planning experiments, it is also important to allocate backup resources for re-do runs and 

additional runs to strengthen the model for the possible lack-fit. 
73

 

The response is usually represented graphically in three-dimensions or through a        plane 

with drawn curves of constant response, called contour plot. This allows a visualization of the response 

surface and its shape (Figure 2-30).
71-73

   

 

Figure 2-30 Generic example of Response Surface visualization: a) Three-dimensional graph; b) Contour 
plot 
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3. Case Studies Background 

Two separate cases were studied for the purpose of generating a more in-depth understanding of 

the occurring color phenomena in the process and also to provide a strategy to tackle the color issue.  

3.1. Rebaudioside A production (Fermentation Process) 

3.1.1. Background 

Stevia glycosides are of highly economic value due its diverse applications in food and beverages. 

Rebaudioside A (RebA) is the sweetest of all components in the stevia leaf, it is 200x sweeter than sugar, 

therefore being a very promising compound in the pursue for calorie-free sugar substituents.
74

 

Naturally this glycoside is obtained by steeping stevia leafs and consequently separating the 

compound, usually by means of organic solvents, several filtrations, ionic-change resins, crystallization 

and drying. This traditional sequence of separation results in a completely white product, with none of the 

predominantly present chlorophylls that attribute the green color to leaves.
75

 

In places where obesity is a serious concern, the market is booming with sugar substitutes. 

Biotechnology could (and should) have a role in creating a more sustainable and inexpensive product, 

generating higher value in the production chain of a given end-product. The production of RebA is 

possible through fermentation of glucose into steviol glycosides by a genetically modified microorganism 

with the same biosynthetic pathway than the Stevia rebaudiana plant (Figure 3-1)- 

The broth resulting from fermentation is composed mainly by wet biomass and residual sugars. 

This biological method requires different separation and purification techniques than the traditional 

procedure.  
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Figure 3-1 - The biosynthesis of steviol glycosides via the MEP pathway as described by J.E. Brandle and 
P.G. Telmer

114
 

3.1.1.1. Unwanted Color: Green 

The resulting broth from fermentation shows a very characteristic dark green color. During the 

experimental testing, it was observed that part of the color was removed as the resulting stream showed 

a less intense green color.  

The absence of chlorophylls, that are responsible for the green color in the traditional method, 

raised a question on what compound (or mixture of compounds) was responsible for color in this 

fermentative process.   
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Detection and identification of such compound was previously performed by Burhan Ozalp, via 

two different chromatographic techniques coupled with UV-Vis detection. The resulting spectra showed 

congruent results and was compared to a spectra library and later confirmed by using accurate mass 

analysis, confirming the pigments identity. The compound was identified as being biliverdin. 

 

Figure 3-2 – Chromatographic and UV-Vis results obtained by Burhan Ozalp 

3.1.1.2. Biliverdin  

The identified green pigment is a soluble tetrapyrrole, known to be the precursor of the pigment 

molecules of light-harvesting complexes (where light energy is converted into chemical energy) in 

photosynthetic cyanobacteria and higher plants. Furthermore, some of these pigments are constituents of 

phytochromes which are light sensing receptors. In bacteria the pigment component, of the equivalent 

bacteriophytocrome, is biliverdin.
76

 

Additionally biliverdin can be seen as the immediate source of bilirubin (reduction mediated by 

biliverdin reductase), whom is known to act as a cytoprotective antioxidant and anti-inflammatory agent, 

providing protection to lipids and proteins of membranes, against oxidative damage by quenching the 

propagation of reactive oxygen species. Although it is bilirubin that has this properties, biliverdin has been 

seen to be more effective when administered to injury and inflammatory sites. This is mainly due to the 

higher hydrophilic feature of biliverdin which enables a better access to the sites where then, mediate by  

biliverdin reductase, it is reduce to bilirubin. Binding between biliverdin and biliverdin reductase also 

activates a cascade of signals inside the cell that, consequently, produces an anti-inflammatory cytokine 

interferon-10.
77,78

 

The production of biliverdin is the outcome of heme oxidation, catalyzed by heme oxygenase 

(Hmx1p in Saccharomyces cerevisae). This oxidative breakdown also results in carbon monoxide and 

free-iron in a reaction that requires three oxygen molecules and seven electrons, that is, presence of O2 

and a suitable electron donor (Figure 3-3) 
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Figure 3-3 - Conversion of Heme to biliverdin and reaction intermediate. Substituents: vinyl (V), propionate 
(Pr), and methyl (Me). Described by Donghak et al.
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This reaction is highly important for heme-iron reutilization and homeostasis of regulatory pools of 

iron and heme. Studies showed that Hmx1p was abundant among cells that were grown in low 

concentration of iron. The opposite was observed is iron-sufficient media. This evidence corroborates that 

Hmx1p has a role in the cell‘s response to iron deprivation which results in the accumulation of 

intracellular iron, later reused to meet metabolical needs, as well as, biliverdin.
79

 

Supplementary data shows that this enzyme is also active in lowering the regulatory pools of 

heme, being transcribed even when there is iron sufficiency. This regulation has an essential role when 

cells are starved for iron, as degradation of heme decreases the activity of heme-dependent 

transcriptional activators that trigger genes involved in aerobic growth, which is compromised in iron 

scarcity. Therefore, it can be said that heme oxygenase (in yeast) serves the dual purposes 

aforementioned, promoted by distinct signals that can work synergistically.
80

 

The substrate of this reaction is heme. This molecule is important for cell metabolism and is 

synthesized by nearly all cells in most organisms. Its biosynthesis comprises 8 reactions steps that take 

place in the mitochondria and partly in cytosol (Figure 3-4 - Pathway for heme biosynthesis. Described by 

Hoffman et al.Figure 3-4). 
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Figure 3-4 - Pathway for heme biosynthesis. Described by Hoffman et al.
81

 

The production of heme is highly dependent on the carbon source and the availability of oxygen 

in the medium. Although oxygen is not a mandatory electron acceptor for heme synthesis, the production 

is severely decreased anaerobically. When under aerobic conditions, the biosynthesis is strongly 

regulated by the carbon source. Non-fermentable carbon sources, such as ethanol, induce this pathway 

up to an increase of 2/3 fold in total tetrapyrrole production. The first step in heme metabolism is usually 

named the ―C4 pathway‖ and the ALA synthase is not subjected to feedback inhibition by heme, allowing 

for the accumulation of said molecule that when combined with the enzymatic activity of HMX1 results in 

an increased production potential of biliverdin.
81

 

3.1.2. Possible approaches for future work 

3.1.2.1. Upstream 

 Increase levels of iron supply in the media. Assess the influence of iron scarcity on the production 

of biliverdin through degradation of Heme. 

 Knockout deletion of the Hmx1 transcribing genes.  

 See the influence of the presence of ROS molecules. 
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3.1.2.2. Detection and Removal in downstream 

 Test several membranes with different pore-sizes. 

 As biliverdin is a soluble contaminant, successive crystallizations could result in a purification of 

the end product with no trace of the contaminant.  

3.2. Rapeseed Meal (Biological Stream) 

3.2.1. Background 

With the underlying goal of developing a more sustainable, but still functional and nutritional, 

alternative to the current sources of protein (animal diet), an effort was put in place to scout for promising 

and effective processes of extraction from underutilized co-products of vegetal origin. 

Rapeseed (Brassicus Napus) emerges as an obvious prospective lead due to its world spread 

production, being considered the second most produced oilseed crop globally after soybean. Large 

producers of this seed are based in Europe, China, Canada and India. The combined production estimate, 

for the year of 2014, is about 61400 thousand tonnes. The term canola (CAN(ada) O(il) L(ow) A(cid)) was 

attributed to a genetic modified variety of the seed, with has significantly lower contents of erucic acid, an 

anti-nutritive fatty acid which compromised the use of rapeseed oil. Nevertheless, these two 

denominations are commonly used interchangeably in the literature. 
82-84

  

These seeds are conventionally processed into oil by using a process, adapted from the soybean 

processing, which comprises pressing and solvent extraction. A by-product of the oil processing is the 

meal (or pressed cake) and it is a highly-rich protein raw material, where up to 50% protein content can 

be obtained. The use of such proteins as food ingredients is regarded as having high potential, due to 

their well-balanced essential amino acid composition and functional properties, making them suitable for 

human nutrition and flexible for application on several food matrixes. Overall rapeseed stands promising, 

with the capacity to compete with the well-established soybeans, as an alternative source of proteins. 

Rapeseed meal is currently utilized as fertilizers and animal feed.
82,83

 

But despite all these characteristics, the use of rapeseed meal or protein isolates for human 

consumption is still conditioned by the presence of undesired anti-nutritional compounds and sensatory 

features, which limit their application, like dark color. From the undesired compounds (glucosinolates, 

phytates, hulls, etc.) phenolic compounds are the cause for the dark color, bitter taste and astringency of 

these meals. Rapeseed contains a substantial larger amount of these compounds compared with 

soybean (10 fold higher) and they (or derived products from oxidation/degradation) can form complexes 

with proteins.
85,86
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Phenolic compounds and their interaction with the protein fraction are considered to be the crucial 

factor for the presence of undesired color in the final product. The work will focus on the exploitation of 

the characteristics of these molecules and their interaction.   

3.2.1.1. Rapeseed Proteins characterization 

The bulk of the proteins from rapeseed are storage proteins, located in their native state in the 

embryo of the seed. They can be divided by classical nomenclature; Albumins (water soluble), Globulins 

(soluble in salt solutions), Prolamins (soluble in ethanol) and Glutelins (soluble in other solvents); or by 

their sedimentation coefficient: 12S, 11S, 7S, 2S, 1.7S or 1.8S. The two major components of the 

rapeseed protein fraction are Napins and Cruciferins. Napin is a 2S albumin of low molecular weight 

(12.5-14.5 kDa) whereas Cruciferin a 12S high molecular weight globulin (300-390 kDa).
83

 

The combination of the amino-acids of these proteins offer the amino-acids cysteine and 

methionine in balanced proportion to lysine and other essential amino acids, providing a high nutritional 

potential. This is not often the case with other plant proteins.
82

 

The functional properties of the proteins are decisive, whether for their potential application or for 

the strategy of the extraction process. Data on the structural composition of rapeseed proteins is often 

conflicting and controversial as they focused only on the native storage proteins of the rapeseed—napin 

and cruciferin in general, rather than on extracted protein fractions that have different solubilities due to 

the different extraction methods employed. 

Napins 

The 2S albumin is composed by two polypeptides (small 4.5 kDa subunit and large 10kDa subunit) 

linked by two disulfide bonds and is estimated to be 40% of total protein extracted. It is a highly stabilized 

protein, its tertiary structure is only affected if the disulfide bond are broken in reduction conditions, 

remaining unaltered upon acetylation or succinylation. This stability might be detrimental to gel and 

emulsion applications.
87,88

 

Napin has a high content of α- helix (~43%) and low content of β- sheet (12%). Napin is a basic 

protein with a calculated pI varying from 9 to 12.
89,90

 

These proteins have a higher diffusion rate into solvents, when compared with Cruciferin, due to 

its high solubility across a big range of pH (2 to 10) as shown by Krause et al. Studies indicate that the 

structure of napin is hydrophilic in nature, is stabilized by electrostatic interactions and may have lesser 

number of hydrophobic sites on the surface when compared with Cruciferin.
91,92

 

According to the available literature, 2S albumins are considered the main allergen in mustard 

seeds, and because of their similarity with the rapeseed napins (94% sequence similarity) it is expected 

that these proteins are allergens. Due to their stable molecular structure, 2S albumins are able to cross 

the gut mucosal barrier, sensitizing the immune system thus triggering an allergic response.
83,93
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Cruciferins 

Cruciferin is the predominant protein and accounts for a 60% or total seed protein and has a 

rather complex composition and conformation. It is considered to be an oligomeric protein, composed of 

(at-least) six sub-units arranged in two trimers, whom bond through non-covalent interactions. The 

monomers of this assembly contain acid-α (~10%) and basic-β residues (~50%) linked through one 

disulfide bond.
88,90

 

Information on the pI of the proteins is crucial for asserting its application in food processing, 

current literature only discusses the pI of rapeseed proteins in relation to the different extraction 

procedures, lacking in terms of molecular structure or food functionality. This gap in information might be 

due to the very oscillating protein composition (from one process to another) with widely spread out 

isoelectric points. Despite that, some authors state that the Cruciferin has a neutral isoelectric point of 

7.25. 
89,94

 

Dissociation of 12S proteins into 7S trimers is reported to happen upon being exposed to 

condition which lead to the dissociation. The forces keeping the two trimers together are suspected to be 

predominantly H-bonded salt bridge, which can be disrupted due to the salting  in (<0.5M), salting out, pH 

changes (<3.6), temperature increase, etc.
89,90

 

The surface of this protein has a higher hydrophobicity than Napin, which results in enhanced 

emulsifying properties of these proteins and also a higher probability to interact non-covalently, through 

hydrophobic interaction, with other biomolecules.
87

 

3.2.1.2. Protein extraction methods 

Different methods of extraction might result in extremely different end-products. The product in 

this case is a protein isolate. The traditional existing methods, used for extraction of the major proteins 

mentioned previously, are derivations of either an alkaline extraction followed by acid precipitation or 

derivations of a protein micelar mass (PMM) method.  

For the first approach the variations have slight differences in pH, concentrations of NaOH used, 

centrifugation and filtration settings, type of acid, and pH for protein precipitation. The reasoning behind 

the general approach is the that at basic conditions a high recovery of protein is possible due to better 

solubility and once the proteins are in the soluble fraction, the mixture is centrifuged and by using strong 

acids or acid buffer solutions on the supernatant, the proteins are recovered by precipitation which can 

consequently be centrifuged and freeze-dried. In the PMM methods the proteins are solubilized from the 

rapeseed meal by salting-in, using aqueous salt solutions of an ionic strength of at least 0.2M. This is 

immediately followed by filtration, concentration and purification steps that lead to a reduction on the ionic 

strength through water dilution, which ultimately forms protein micelles in the aqueous phase, that can be 

collected as an amorphous mass of protein isolate.
95,96
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The latter, with the advancement of separation and membrane technology, can be expected to be 

undertook by a new set of more efficient processes that allow higher yields than those this method allows 

(70% - 80%).
96

 

3.2.1.3. Phenolic compounds 

The use of rapeseed proteins products as food ingredients (whether as flours, protein isolates or 

meal per se)  is dependent on the removal of anti-nutrition compounds prior to the incorporation into 

human food formulations.  Among these undesired compounds, phenolic compounds are the known to be 

the cause for undesired dark color. Besides the color, they also contribute to an undesirable taste. These 

compounds are widely distributed through the plants constituents, being usually essential secondary 

metabolites.
85

 

In oilseed literature, the majority of the phenolic compounds are identified as either phenolic acids 

or condensed tannins (polymerized flavonoids), which can be further classified (Figure 3-5). 
85,86,97

 

These molecules, or oxidation derived compounds, have the particularity of interacting with 

essential amino-acids in a multitude of ways that can be either covalently or non-covalently. This will be 

discussed further on.
97

 

 

Figure 3-5 Scheme of most frequently present types of phenolic compounds in oilseeds. 

 When comparing with other oilseeds, the content of phenolic compounds in the rapeseed meal is 

usually considerably higher than the levels seen for, as example, soybean, having sometimes 5-fold more 

compounds.  

Phenolic acids 

Phenolic acids are either derived from benzoic or cinnamic acids (Figure 3-6 (A)). As classified 

previously, they can exist in the forms of free, esterified or insoluble-bound. Shahidi and Naczk state that 

in rapeseed meal the content of total phenolic acids present can reach ranges of 1300-1800 mg/100g of 

dry meal. 

It is reported in literature that the rapeseed meals could contain up to 2g of free phenolic acids 

per kg of meal. Of the free acids, the majority (70 to 85 %) is sinapic acid. Other free phenolic acids such 
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as hydroxybenzoic, vanillic, protocatechuic, and caffeic acids were also found in rapeseed, but in much 

lower quantities.
85

 

The phenolic acids are mainly in a esterified form, which comprises up to 80% of the total amount. 

The majority of the esters found in the meal are phenolic choline esters, named sinapines (Figure 3-6 (B)). 

The ratio of sinapic acid/sinapine is dependent of the seed stage, closer to seedling the ratio will be 

higher, as this molecule functions as a store supply of choline and sinapic acid that are then metabolized 

further on.
98,99

 

 

Figure 3-6 Phenolic acid structures found in rapeseed. Free phenolic acids(A) and Sinapine (B). 

 

Tannins 

Tannins are also present in rapeseed meal. These are complex phenolic compounds, having a 

molecular weight ranging from 500 to 3000 Da. This diverse group of molecules can be divided into: 

Hydrolyzable and Condensed tannins. The distinction between this two groups is also due to their 

different structures, as hydrolyzable tannins are the result of simple phenolic acids esterified to polyols 

(mainly glucose) and condensed tannins consist of dimers, oligomers and polymers formations of 

flavonoids (more specifically flavan-3-ols) (Figure 3-7).
85,97
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Figure 3-7 Hydrolyzable tannins (A) and structure of condensed tannins (B). DP stands for degree of 
polymerization 

Although condensed tannins do not have as high reactivity towards hydrolytic agents (acids or 

bases) as hydrolyzable tannins, through hot alcohol they can undergo oxidation and be cleaved into 

anthocyanidins which are colored compounds. This is the reason why condensed tannins are often 

referred to as Proanthocyanidins. Hydrolyzable tannins, as the name suggests, are easily hydrolyzed by 

weak acids or weak bases, yielding polyols (usually glucose) and the constituting phenolic acids.
85

 

The presence of these compounds depends on the stage development of the seed. They are 

mainly found in the hull of the seed. A negative correlation between the amount of the  tannins present in 

the hull and their molecular size, which affects negatively their interaction with proteins. The reported 

values for condensed tannin presence in rapeseed hulls range from 150 to up to 2000 mg/100g hulls 

(determined by the proanthocyanidin assay). Normally rapeseeds are de-hulled before processing, but 

residual hulls remain and up to 0.68-0.72%(w/w) of condensed tannins can be found in defatted canola 

meals.
100

 

3.2.1.4. Protein-Phenolic compounds interaction 

Interaction between polyphenols and proteins contribute to organoleptic, nutritional and functional 

alterations in food/biological systems. Proteins and polyphenols are compartmentally separated in living 

systems. They do not interact in vivo. Disruption of the seed, during their processing, besides inducing 

exposure of phenolic compounds to oxygen and other oxidizing agents, also allows them to migrate next 

to proteins, which ultimately leads to binding.
101

 

The interactions between phenolic compounds and proteins in the meal (or extraction) fall into 

two major categories: covalent and non-covalent interactions (Figure 3-8). Both are likely to occur 

simultaneously. 

 

 

 
(A) (B) 
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Figure 3-8 Diagram of types of possible interactions between proteins and phenolic compounds. 

 

Non-Covalent Interactions 

 The interactions deemed to be more relevant for rapeseed protein-phenolic compound complex 

formation, within the non-covalent category, are hydrophobic interactions and (enhanced by) hydrogen 

bonding. The low importance of the ionic interactions is due to the overall high ionic strength present in 

throughout the process, in which salts compete for binding with proteins, especially for PMM based 

methods.  

 Hydrophobic interactions are involved in the formation of protein-tannin complexes. They depend 

on the interaction between the aromatic rings of polyphenols and the hydrophobic sites of proteins while 

hydrogen bonding requires the presence of hydroxyl groups in polyphenols and H-acceptors in proteins 

(Figure 3-9). The extent of each relative role is dependent on the intervenient and the matrix they interact 

in.
86,97

 

 

Figure 3-9 Different mechanisms of interaction polyphenols-protein non-covalently. Figure taken from 
Bourvellec et al.

97 
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 Interactions are dependent on the type (structure) of phenolic compound, protein and 

experimental conditions. Some of the conditions that factor into the formation of complexes are: Relative 

concentrations of polyphenols and proteins; Solvent composition; Temperature; pH (especially close to 

the proteins isoelectric point); Ionic Strength. 

 

Figure 3-10 A diagram that illustrates the influence of temperature, ionic strength and solvent composition on 
the different non-covalent interactions.    Symbolizes an increase and    a decrease.  

 The influence of pH is somewhat more complex, as it can affect the interaction in several ways. 

Firstly, the interaction between phenolic compounds and proteins is stronger near the isoelectric point of 

the protein due to protein/protein repulsions being minimized and the low solubility allowing for an 

increased precipitation of the complexes. Additionally changes in the pH can alter the phenolic 

compounds present to dissociate forms that have higher affinity for the interaction.
97,102

 

The ratio of phenolic/proteins influences the phenolic compounds capability to precipitate proteins. 

In a low ratio scenario several phenolic compounds can form hydrophobic interactions (with the same 

protein) and soluble complexes are formed. At a moderated ratio phenolic compounds might act as 

multidentate ligands and with the creation of bridges between proteins and/or protein-polyphenol 

complexes, large aggregate are formed and start to precipitate. In a high ratio scenario there is phase 

separation due to the complex aggregation into either small or large particles.
97

 

The binding capacity of a phenolic compound is also dependent on itself. Its molecular weight 

(tannins with higher degree of polymerization have higher affinity), conformational mobility/flexibility and 

solubility (compounds with higher affinity for water interact less with proteins) are driving factors. Lastly, 

the features of the protein dictate if there is possibility for the interaction to take place. High proline and 
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basic residues content, large, hydrophobic and conformationally open and flexible strongly interact with 

phenolic compounds.
97,103

 

Covalent Interactions 

This irreversible bonding results from the oxidation of phenolic compounds which leads to, as we 

previously seen, the formation of quinones or semi-quinones, and their reaction with proteins. The 

oxidation of phenolic compounds (mostly phenolic acids) either by the activity of the enzyme polyphenol 

oxidase (Figure 3-11) or non-enzymatic oxidation. There are different mechanisms for non-enzymatic 

oxidation: auto-oxidation occurs in basic to neutral pH as phenolic compounds are shifted towards 

reactive phenolate forms; Metal cations can induce o-quinone or o-semi-quinone; Thermal induced 

oxidation can also lead to o-quinone or o-semi-quinone. Oxygen is a common requirement of both 

oxidations. Besides oxidation, the formation of carbocations from condensed tannins (acidic conditions) 

also leads to quinones. 
97,101

 

Quinones are highly reactive and target the nucleophile sites of proteins like the α-amino groups 

of amino acids, the ϵ-amino group of lysine or the thiol-groups of cysteine, leading to the formation of 

covalent phenolic compound-protein complexes. The reaction is normally a 1,4-Michael addition . 

Covalent binding is irreversible, or at least covalently the un-bonding of the compounds cannot be 

released without seriously damaging the protein.
47,101

 

 

Figure 3-11 Quinone reaction with thiol and amine groups of proteins through a 1,4-Michael addition 

Nucleophilic addition at low pH is facilitated by increasing peptide chain length and decreasing 

basicity of α-amino groups. The SH-group combined with the quinone ring carbon atom (position 2 or 3) 

forms a thioether which has an absorption maximum at 420-430 nm.
104

 

3.2.2. Problem and Proposed Approach 

Although the size of granulates also affects the apparent visual color (no available information for 

the examples) Figure 3-12 gives us a good indication of the differences when comparing with soy protein 

isolate. 
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Figure 3-12 Comparison of visual apparent color between Soybean Protein Isolate (SPI) and several end-
products from different process runs (i-v). The color panel done by color picking. 

One can postulate that the remaining color in the end-product derives from compounds that are 

strongly bound to the proteins, either through covalent or strong non-covalent interactions, being difficult 

to remove in the latter downstream processing in an economically viable way.  

 The suspected intervenient in this coloration are the phenolic compounds, primarily through 

quinone formation and posterior reaction with proteins, but possibly through other interaction mechanisms 

(detailed previously). 

 

3.2.2.1. Mitigation Strategy 

It is imperative to tackle the issue early on in the process sequence, to prevent coloration to an 

irreversible extent. A mitigation strategy should be understood as an imposition of favorable conditions, 

use of additives (or a combination of both) that might diminish (or extinguish) the propagation of 

undesirable complexes.  

The early stages of the process comprise a pre-treatment of rapeseeds, in which they are 

pressed resulting in oil and rapeseed cake/meal, and an extraction of the proteins in meal . 

With the information gathered about the possible origins of color in the final product (and conditions at 

which they occur) it is possible to perform a risk assessment analysis of the process. An Ishikawa 

diagram is useful for this purpose, which allows for the identification of variables (Figure 3-13).  
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Figure 3-13 Cause-Effect Ishikawa Diagram for protein bound color formation in the extraction process 

 To assess what type of interactions are in play during the process and which mitigation strategy 

would be best to employ, a scale-down experiment with a few selected crucial process conditions and a 

few additives, with different acting mechanisms, will give us insights to the which type of interaction is 

predominant. Several process conditions were tested, including temperature, pH, and Ionic Strength. 

These were tested in independent experiments as schematically represented in Figure 3-14.  

 

Figure 3-14 Representation of the experimental approach. 

 By varying the extraction parameters differences in the protein-phenolic interaction profile should 

be expected. An OVAT approach, maintaining the rest of the variables in their standard conditions, is 

employed to screen their individual relevance. Afterwards, employing a DoE approach, multiple 

manipulations allows the observation of synergistic effects and optimization.  
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3.2.2.2. Analytical Development 

A number of methods for quantification of phenolic compounds exist,  but they all make use of 

solvents to extract and isolate the compounds and do not screen for the protein-phenolic complex as it 

is.
99,105

  

 From the proposed approach comes the need to create a method that assesses the protein-

phenolic interaction in such way that allows following the evolution of the complexation throughout the 

extraction time. The method is needed to compare the interaction profile of the different extractions from 

the experiments. 

For a time controlled experiment, in a food lab environment, the method should be easy and 

performed in a quick and simple way, without the use of organic solvents.  

Principle 

 Through size exclusion chromatography with a PDA detector, a qualitative tool based on the 

standard practice of utilizing dual (or multiple) wavelength for measurement of absorbance ratios for a 

peak and thus determining the purity of molecules, was developed.  

 The use of absorbance ratios for the determination of a molecules purity is done routinely and is 

widely used. The absorbance ration is also often used for tentative peak identification achieved by 

comparing ratios to standard reference.
106,107

 

 For this approach, a lower wavelength provides the sensitivity for the low abundant species, while 

the higher wavelength provides a higher linear range for the major species. Changes on the ratios of the 

same peak area over time of extraction, confirms that there is an ongoing interaction in the extraction.  

Ratios are ―quantity independent‖ and allow us to see the relative presence of species and how it 

differs in time, while normalizing the variability between experiments that would be predominant in a 

quantitative approach.  

Similar purity profiling methods, using SEC, have been performed.
108,109

 
 

Application 

 It is in the interest of the experiment that the analytical method ―opens a window‖ into the 

extraction process and allow us to assess qualitatively the evolution in protein-phenolic compound (or 

color compound) complex throughout extraction time. To do so, the analytical conditions should mimic the 

extraction in order to guarantee that the complex structures detected are the ones present in the 

extraction broth at that time.  

 The use of SEC allows an isocratic elution, which maintains the conditions of the eluting 

molecules thus not promoting any alteration on the interaction or species form.  
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 The method will focus on the Cruciferin peak due to, not only poor resolution and separation of 

Napin with the employed conditions, but also because Cruciferin is the major protein component and the 

principal suspect for color-bound at the end-product.  

Sampling 

To extrapolate the conclusions from the sample taken to the full extraction broth, a minimal 

amount of manipulation/preparation prior to injection in the chromatographic system is required. 

Additionally the time between taking the sample and the elution time of the Cruciferin should be as short 

as possible to impede additional interactions to the ones that occurred in the sampling time-point. The 

use of a UPLC system is useful for this purpose, due to the shortened chromatographic times it allows.  

By perfecting the sampling timing, in a way that allowed for a maximum number of time-points for 

which there will be no waiting time in the auto-sampler, it was possible have the different time-points: 

t=1min, t=12min, t=24min, t=34min and t=60min of extraction.  

Sampling is done using a 5 mL syringe and is immediately filtrated using a 0.2 μm PVDF Acrodisc 

LC syringe filter. This has the purpose of, not only making the indispensable filtration of the sample but 

also to quench to some extent the extraction and interaction of proteins and phenolic compounds.  

The filtered sample is diluted with the appropriate mobile phase in a 1:5 (v/v) proportion, because 

it provides results within the linear dynamic range and still provides us sufficient signal for the ―weaker‖ 

wavelengths absorbance. [Results not shown] 

The use of Whatman® syringless filter vials is to accommodate the possibility of, due to the very 

complex nature of the extraction broth (fibers, oils, etc.), rupture of the syringe filter. The use of this vial 

serves a preventative step of preparation prior to the injection in the chromatographic system, in order to 

prevent blockages in the column (or system). 

 

Figure 3-15 Representation of sequence of the sampling procedure 
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System and Acquisition 

The system in use is a Waters Acquity UPLC with a PDA detector. The SEC column used has a 

2,5 mL column volume, 1.7 μm particle diameter and a 200Å pore size, which allows for the analysis of 

proteins and their aggregates with molecular weights ranging from 10,000 to 450,000 Daltons. The range 

is adequate for a good separation of Cruciferin from the rest of the small molecular weight components in 

the sample (Figure 3-16). 

The sample loop volume is 2 μL, which allows to sample small volumes from the extraction broth 

(less than 1% of total extraction volume), making the volume variation negligible. 

 

Figure 3-16 Example of a chromatogram taken at t=34min for standard extraction conditions. Recorded 
absorbance at a 206nm. Major cruciferin peak is highlighted. 

Flow rate is maintained at 0.4 mL/min and the column temperature at 40
o
C with the back-

pressure reaching a maximum of ~ 320 bars. These parameters allowed for an adequate resolution of the 

Cruciferin peak.  Each chromatogram, with exception of the standard extraction runs (15 minutes, time-

points: t=1min, t=17,5min, t=34,33min and t=60min) that also served as tuning runs, is recorded for 10 

minutes. 

The acquisition of data is processed at several wavelengths. A screening for meaningful ratios 

and if the changes over time had statistical significance, was done for the following deemed relevant 

wavelengths: 

 206 nm, 214 nm, 224 nm (usual peptide bonds) 
107,108,110

 

 254 nm, 280 nm (aromatic ring structures) 
108,110,111

 

 320 nm (previously assessed as absorbance maxima of sinapic acid derivatives: sinapines, 

hydrolysable tannins, etc.) 

 420 nm (thiol-ether absorbance maxima. Previously assessed as absorbance maxima of Visible 

range of previous extraction centrifuged supernatants) 

After screening, it was seen that good ratios to follow are 206/420 and 206/320, which can be 

interpreted as 
             

              
  and  

             

                        
 respectively. [Results not shown] 
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Figure 3-17 Representation of data acquisition (zoom in the Cruciferin peak at different wavelengths) and 
processing. The same time-window is used for integration of the different areas. 

 

As an instruction guide for the interpretation of the results, one should keep in mind that higher 206/420 

and 206/320 ratio values means that less color moieties (or species absorbing at 420 nm) and sinapic 

acid derivatives (or species absorbing at 320 nm) are present in the peak. So, as a mnemonic to follow 

the results without confusion: The higher the values, the ―better‖. 
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4. Materials and Methods 

4.1. Materials 

4.1.1. Chemicals 

Table 4-1 List of chemicals, with respective batch number and brand, used during experiments 

Name Batch Company 

Conductivity Calibration 12.8 mS/cm HC382232 Merck Chemicals B.V. 

Conductivity Calibration 147 μS/cm 140188 
VWR International, LLC 

Conductivity Calibration 1413 μS/cm 140172 

Demineralized Water - Laboratory distribution system 

4N HCl MBK 181214 

In house preparation 4N NaOH MBK 120515 

MiliQ Water - 

pH calibration solution pH 4 HC388648 

Merck Chemicals B.V. pH calibration solution pH 7 HC389539 

pH calibration solution pH 10 HC392100 

Protein Standard – Gel Filtration Cat#151-1901  Bio-Rad Laboratories, Inc. 

Rapeseeds - Local Animal Food Store 

Rapeseed meal 94345 Supplier X 

Salt known VWR International, LLC 

Sodium metabisulfite K44747557 
Merck Chemicals B.V. 

Sodium Dodecyl Sulfate L013070133 410 

Sodium Phosphate Monobasic BCBD427V Sigma-Aldrich Corp. 

Biological Adsorbent known DSM B.V. 
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4.1.2. Single-use Materials 

Table 4-2 List of disposables, with respective brand, used during experiments 

Name Company 

Centrifugation tubes 1,5 – 2 mL  Eppendorf AG. 

Centrifugation tubes 15 – 20 mL VWR International, LLC 

Nalgene Vacuum Filtration Cup (0,2 μm) Thermo Fisher Scientific Inc. 

Pipet tips Eppendorf AG. 

Pipettes 20 mL VWR International, LLC 

Syringe Filters Acrodisc® 25mm, 0.2 μm PVDF 
Membrane 

PALL Corp. 

Syringes 5 mL 5ml Luer Lock Tip Terumo Corp. 

Whatman® Syringless filter vials GE Healthcare B.V. 

4.1.3. Software 

Table 4-3 List of used software during the experiments 

Name Company 

Acquity UPLC Console 1.5 Waters Corp. 

Chromeleon 6.8 Actuate Corp. 

Design Expert 9 Statease Inc. 

ELN PerkinElmer Inc 

Office 2010 
Microsoft Corp. 

Windows 7 
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4.1.4. Equipment 

Table 4-4 List of equipments, and respective brand, used during the experiments 

Name Company 

Acquity BEH SEC 200Å column, particle 
size1.7μm, dimensions 4.6x150mm 

Waters Corp. 

Acquity UPLC System 

Centrifuges: 5810R; 5804R Eppendorf AG. 

Conductivity electrode 50 70 probe 
Hach Corp. 

Conductivity meter SensIon EC71 

Table 4-4  (cont.) List of equipments, and respective brand, used during the experiments 

Name Company 

Diversified Glassware: Beakers, Volumetric flasks, 
Funnels, etc. 

Brand GMBH+ 

Glass bottles (0.5, 1, 2 L) Schott AG. 

Heating Immersion Circulator ED Julabo GmbH. 

Magnetic hotplate stirrer RCT Basic IKA®-Werke GmbH & Co. KG 

Manual Seed Cold-Presser Piteba 

pH electrode probe VWR International, LLC 

pH meter pHM 290 Radiometer Analytical SAS 

Pipettes (0.2, 1 and 5 mL) and Multichannel (0.2) Eppendorf AG. 

Reaction vessel 150mL Louwers Glastechniek en Technisch Keramiek B.V. 

Refrigerated/Heating Circulator F25 Julabo GmbH. 

Scales: CPA62025, CPA34001P Sartorius AG. 

 

  



 

 

62 
 

 

4.2. Methods 

4.2.1. Extractions 

Extraction media preparation 

Protein extraction was done using similar conditions as the ones developed by DSM. 

4.2.2. Analytical Method 

Sample preparation 

For each time-point: t=1min, t=12min, t=24min, t=34min and t=60min, a 1.5 - 2 mL sample was 

taken, using a 5 mL syringe, from the extraction vessel. The sample were immediately filtrated using a  

0.2 μm (PVDF Membrane) syringe filter. Upon filtration, 40 μL of the sample were diluted in a 1:5 ratio 

(180 μL mobile-phase) and re-filtered using a Whatman® Syringless filter (0.45 μm) vial.  

UPLC-SEC 

The content of each extraction sample was screened with a Waters Acquity UPLC system, with a 

size-exclusion chromatography column (2.5 mL column volume and 1.7 μm pore size) and PDA detector. 

The mobile-phase depended on the extraction conditions, made to match the pH and the ionic strength of 

each extraction. For stable pH, to use for long succession of experiments, 100 mM Phosphate (NaH2PO4) 

buffers with adjusted Salt concentration (to match extraction ionic strength) were prepared. The pH was 

adjusted to each case, using highly concentrated mono-acid/base. Alternatively, for immediate single 

extraction use purposes adjusted salt-solutions, titrated to extraction pH with very weak mono-acid/base, 

were also used. Both types of mobile-phases were vacuum-filtrated with Nalgene Vacuum Filtration Cup 

(0,2 μm) and used as well for the dilution of samples. The buffers were at room temperature and the auto-

sampler temperature was cooled to 10
 o

C. Each chromatogram was recorded for 10 minutes and by 

absorption at 206, 214, 224, 254, 280, 320 and 420 nm. A filtered (0,2 μm) 20%(v/v) Ethanol solution in 

water, was used for storage and cleaning of the column.  

A flow-rate of 0.4 and column temperature of 40
o
C resulted in pressures of around ~320 bar, 

oscillating slightly depending on the mobile phase. 

4.2.3. Molecular Weight Estimation of Protein 

A Bio-Rad gel filtration standard, containing five proteins ranging from 1.35–670 kDa in size was 

run in duplicate, before and after the samples of a standard conditions extraction. The sample was run 

with standard mobile-phase and the absorbance recorded at 280nm. Standard deviation of retention time 

was below 1‰ for all peaks. A correlation of the retention times of the proteins with their respective 

logarithmic molecular sizes was made. The mean retention time, for the peak of interest, of the (standard 
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conditions) extraction samples chromatograms was used to estimate the molecular weight of the protein 

in study. 

4.2.4. Data Processing, Modeling, DoE and RSM  

The peak areas obtained from the different chromatograms were computed using Excel. The 

design of experiments, statistical treatment and response surface outputs were conducted via Design 

Expert 9.  
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5. Results and Discussion 

The results presented are representative to the proposed experiments for the model feed stream 

used. Two critical objectives were defined:  

 Provide insight on protein-phenolic compounds interactions. 

 Optimize conditions to mitigate the color problem. (Mitigation strategy) 

Additionally, an outlook for further work in each individual experiment is given.  

5.1. Standard Extraction 

An extraction, with conditions currently employed in the process in development, was performed 

in triplicate. They will be referred throughout the thesis as the standard extractions. 

 Because the output of the analytical method does not have any concrete physical significance, 

these extractions will serve as benchmarks for the assessment of the manipulations in the posterior 

experiments. This will provide a qualitative comparison, offering insightful conclusions on the interactions 

at play and possible protein-bound color improvements triggered by the different conditions tested. 

Looking at Figure 5-1 it is noticeable a clear change of the ratios throughout the duration of the 

extraction. The decrease in the ―color‖ profile is accompanied by the sinapic acid derivatives. The fall in 

lower ratio values suggests that more species/moieties, that absorb at the denominators wavelengths 

(320 and 420 nm), are eluting in the studied peak.  Both profiles seem to form a plateau after de 17.5 min 

time-point, an indication that the interaction (for such conditions) is stabilized afterwards.  

 

Figure 5-1 Triplicate runs of standard extractions. Extraction profiles: "color"(left) sinapic acid derivatives 
(right). Axis labels not disclosed. 
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Figure 5-2 Chromatogram from a standard extraction sample taken at t=60 min. 206nm Recorded 
absorbance  

 Even though the extraction process is liable to a great amount of variability due to the complex 

matrix of the rapeseed meal, a good reproducibility is observed for the profile largely due to the fact that 

what is being analyzed is a ratio, which is quantity independent. A very low propagation of error is 

observed, the most severe being registered for the 30 min time-point of the ―color‖ profile with a 3,3% 

relative error. 

 The recorded chromatograms showed a fairly good separation of the suspected cruciferin peak, 

and also enabled the tuning of the analytical method as the recording time was excessive. Afterwards, for 

the remaining extractions, only 10 minutes were recorded allowing for the sampling of a fifth time-point. 

5.2. Protein Characterization 

Molecular weight 

From the data of the standard extraction runs, it was possible to partially characterize the 

chromatographic peak that was treated as being the extracted cruciferin. The molecular weight was 

estimated by using the method described before, making use of a gel filtration standard. The proteins in 

the standard have the following weights: a) Thyroglobulin (bovine) - 670 kDa; b) γ-globulin (bovine) - 158 

kDa; c) Ovalbumin (chicken) - 44 kDa; d) Myoglobin (horse) - 17 kDa and Vitamin B12 - 1.35 kDa.  

A linear regression of the proteins molecular weight logarithmic transformation with time was 

obtained with a R
2 
=0.998 (Figure 5-3).  
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Table 5-1 Mean retention time of the protein peaks of the standard extractions (15 time-points) and 
calculated molecular weight of the protein. Standard deviation of retention times was below 0.5‰. 

 

 

 

 

Figure 5-3 Regression of the Log (MW) vs retention time of the gel filtration standard proteins ( ). 

Representation of the protein peak (  ). 

 

The molecular weight, obtained for the major protein extracted via the standard extraction, 

indicates that it is not the native seed Cruciferin 12S, with reported molecular weight of 300-390 kDa, but 

most likely the 7S globulin trimer. This is a result of the conditions at which the 12S protein is exposed in 

the extraction process.  The dissociation of the hexameric 12S protein assembly is most likely caused by 

the extractions ionic strength, which disrupts the suspected H-bonded salt bridges that connected the 

trimers, originating a protein with a molecular mass that leads to sedimentation coefficient of 7S. 

From the chromatograms (e.g. Figure 5-2) a small peak, before the characterized one, is 

detectable. Its retention time, and consequently molecular weight, matches the 12S proteins. This 

indicates that, at the employed conditions, the dissociation is not complete. James Logie and Radka 

Milanova observed similar chromatograms for an extraction with similar conditions.
112

 

 

 

 

Mean 
retention 
time (min) 

log(MW) 
Molecular 

Weight (kDa) 

2.72 5.26 181.102 
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Quaternary Structure and available Binding Sites 

 Efforts to unravel the architecture of the extracted protein, through modelling of the known 

primary structure and previously reported x-ray 3D structures, showed that each constituting monomers 

contain 5 cysteines of which 4 take part in a disulfide bonds. The inter-chain disulfide is in the interface 

(IE), the intra-chain disulfide is at the surface (IA). The trimers associate into hexamers via IE face.  

 

Figure 5-4 IA face and top view of cruciferin trimer (left) IE face and bottom view of cruciferin trimer (right). 
Cysteine are shown as spheres, with carbons colored according to belonging monomer.(some of the carbons belong 
to the other trimer, e.g. blue carbons, not shown in this figure.) 

Four cysteines of each monomer are involved in disulfides bonds, either intra- or inter- chain. One 

is remaining. The free thiol group might be prone to oxidation or other modifications. The free cysteines in 

the hexamer are all in the interface, but still accessible through a narrow hydrophobical channel. The 

accessibility in trimers does change in terms of accessible surface of the channel, however, in this 

dissociated state, the cysteine is directly accessible from the solvent. 

In terms of proline-rich regions, important for hydrophobic interactions with phenolic compounds, 

no highly saturated regions exist, although some proline pairs exist at the surface and are accessible. 

 

Figure 5-5 IA face and top view of cruciferin trimer (left) IE face and bottom view of cruciferin trimer (right). 
Accessible prolines in red. 
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5.3. Effect of Temperature, pH and Ionic Strength 

For the assessment of the extraction conditions influence in protein-bound color development, a 

one-variable at a time (OVAT) approach was employed for the screening. For each condition, three levels 

were tested while the remaining variables remained constant. Each level was performed in triplicate and 

were always compared to the standard extraction, indicating the average percentage of relative change 

(for the final time-point) and its standard deviation (Equation 8.1 and Equation 8.2). A summary of the 

results can be found in the Appendix 8.1.1.  

The significant parameters were selected for a response surface methodology (RSM) experiment 

which aimed at modeling the process and obtaining the optimal operational conditions. In addition to the 

three standard extractions, a total of 43 extractions were performed (27 OVAT and 16 RSM). 

The rise in temperature is expected to facilitate the binding due to partial denaturation of the 

proteins, which exposes additional hydrophobic binding sites. In contrast, at high temperatures no H-

bonds are expected to endure. Although changes to the molecular identity of interacting compounds 

cannot be discarded, the considered temperature range is below the usual required temperatures for non-

enzymatic oxidations (Maillard reactions). The results obtained for three different temperatures (Figure 

5-6) corroborate what was expected.  

 

Figure 5-6 Temperature extraction profiles: "color"(left); sinapic acid derivatives (right). Conditions: 0.1*a ºC 

( ), 0.73*a ºC ( ),1.27*a ºC ( ) and Standard ( ). Every level was run in triplicate. a represents the base 
temperature 

Both profiles reveal the same tendency: lower temperatures, less absorbing moieties (at 320 and 

420 nm), consequently, higher ratio values. A good reproducibility is observed for the 0.73*a ºC and 

1.27*aºC (maximum relative propagation error of 6% and 1.3% between time-points, respectively), but for 

the lowest temperature there is more variability between extractions. This may be due to the inefficient 

stirring observed at this temperature, as stirring speed was maintained constant throughout the different 
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levels and the rheological state of the extraction broth at this temperature might require a more vigorous  

stirring by a higher stirring speed.  

 Highlighted by the red-boxes are the first and last time-points. It is noticeable that the 

differentiating effect of temperature on the ratios is immediately felt upon interaction of the meal with the 

extraction media. A separation into three groups is observed, indicating an improvement in protein-bound 

color for 0.1*a ºC (-55.8%±2.8) and 0.73*a ºC (-20.8%±0.7) and no significant differences for 1.27*a ºC. 

The pH affects the interaction between proteins and phenolic compounds near the isoelectric 

point, and also the formation of colored phenolate forms that could lead to quinones. This type of 

oxidation occurs at alkaline pH, so it would be expected that a higher presence of colored compounds 

that could interact with the proteins. The results in Figure 5-7 support this expectation. 

 

Figure 5-7 pH extraction profiles: "color"(left); sinapic acid derivatives (right). Conditions: pH=c1 ( ), 

pH=c2 ( ), pH=c3 ( ) and Standard ( ). Every level was run in triplicate. 

 

There is a clear increase in the absorption of 420 nm with the increase in pH (23.7%±0.8  for c3 

and 11.9%±0.3 for c2). Contrary to what was observed for the temperature runs, the profiles do not match. 

Indeed the  
    

    
 profiles reveal almost no distinction between the extractions. An explanation to this is that 

the pH induces bathochromic shifts in the absorbance spectra, caused by the formation of phenolate 

mixtures and ultimately oxidation of phenolic compounds into quinones which absorb greatly at 420nm, 

increasing changes the ―color‖ profile, while simultaneously absorbing less at 320 nm. There are two 

phenomena at play: the formation of color components and the complexation to proteins. The task of 

extrapolating information on the type of interaction is difficult, considering also that the isoelectric point of 

the extractable protein is altered. 
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Higher concentrations of salt increase the hydrophobic interactions and decrease the effect of 

electrostatic bond by competition of the salts. Ionic strength is an important factor for extractability and 

solubility of the proteins, but has no influence on the formation of quinones or other colored compounds. 

 

 

Figure 5-8 Ionic strength extraction profiles: "color"(left); sinapic acid derivatives (right). Conditions: 0.125*b % 

(w/w) ( ), 0.5*b % (w/w) ( ),1.25*b % (w/w) ( ) and Standard ( ). Every level was run in triplicate. 

In contrast with the previous factors, there is no distinct separation between the different levels. 

This means ionic strength, for the selected range, has a small effect in the interactions in play. Although 

not conclusive, it is a clue that the majority of interactions (or at least the ones leading to an increase in 

color absorption) is led by covalent bonding. 

5.3.1. Response Surface Methodology/Optimization 

Having identified temperature and pH as the crucial factors for protein-bond color formation, an 

experiment was conducted with the objective of optimizing the extraction in a way that at the of the 

process there is the least amount of color-bound to protein and the highest amount of protein extracted. 

For that intent, there is a need to develop two models:  

 one that describes 
    

    
 (t=60 min)  by means of temperature and pH. 

 one that describes A206(t=60 min)  by means of temperature and pH. 

The optimization is obtained by maximizing both models responses, locating the solution with the 

highest desirability.  

  

A
2

0
6

/A
3

2
0

 
Time (min) 

A
2

0
6

/A
4

2
0

 

Time (min) 



 

 

71 
 

 

Design of Experiments 

Because there are merely two factors to assess, a 3-level full factorial design is employed 

allowing for a regression model that accounts for interaction and even for quadratic effects between the 

factors, without incurring into a time consuming amount of experiments. 

A two factors 3-level full factorial experiment requires the execution of all possible 9 runs. 

Additionally, 2 more center-points runs and 5 duplicate runs were performed to increase the robustness of 

the models (Figure 5-9). 

 

Figure 5-9 Design of Experiments layout 

  

Models and Response outputs  

 Both responses were analyzed for every run and from the regressions the following second-

degree polynomial models were obtained: 

    

    
 (        )       (           )               (             )                              

    (        )                    (            )   (           )   (          )                
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Table 5-2 Regression coefficients F tests and Models adjusted R-Squared, predicted R-Squared and F-tests 

 

Through an ANOVA, the models go through two F-tests. The evaluation of such is done by 

looking at the probability values, p-value. The models (and the regression coefficients) are significant (p-

value < 0.05) and have an insignificant lack of fit (p-value > 0.05). Both models exhibit high coefficients of 

determination, with only a small discrepancy between the Adjusted R
2
 and the Predicted R

2
. This means 

that the models constitute a good approximation of reality and there is no need to reduce the complexity 

of the polynomial. 

The models allow the visualization of the responses for the complete design space. 

 

Figure 5-10 
    

    
 (        ) response surface visualization: (Left) Three-dimensional graph; (right) Contour 

plot 

    

    
 T pH T*pH T

2 pH
2      T pH T*pH T

2 pH
2 

p= < 0.0001 < 0.0001 0.0058 < 0.0001 0.0017 p= 0.0284 < 0.0001 0.0141 < 0.1472 0.0025 

Adj. R
2 0.9936 Mod. p= < 0.0001 

  Adj. R
2 0.9222 Mod. p= < 0.0001   

Pred. R
2 0.9891 LoF p= 0.2899 

  Pred. R
2 0.8044 LoF p= 0.0832   
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Figure 5-11 A206(t = 60min) response surface visualization: (Left) Three-dimensional graph; (right) Contour 
plot 

 

Diagnostics  

Without randomness and unpredictability as components of any regression model, the model is 

not a valid approximation of reality. The differences between the predicted values and the observed 

values should be unpredictable and not described by the deterministic portion of the model. It is desired 

that no observable predictability of the errors exist. The analysis of the residual plots (preferably 

externally studentized residuals) helps assess if the errors occur stochastically. 

 

 

Figure 5-12 
    

    
 (        ) predicted vs actual plot (left) and Residuals vs run (right) 
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Figure 5-13 A206 (t = 60min) predicted vs actual plot (left) and Residuals vs run (right) 

For the residuals vs run plots of both models it is clear that there is a random scatter without any 

patterns or trends, evidencing the unpredictability of the errors. The residuals are well behaved do not 

exceed the limits; otherwise those runs have to be considered statistical outliers. 

 The responses predicted vs actual plots corroborate the former, showing a good adjustment to 

the line in a random and scattered way. There is no evidence of areas of under or over prediction. 

 A plethora of diagnostic tools can be applied, but the ones presented are sufficient to 

acknowledge that the models are adequate. 

Optimization 

 With and appropriate model for each response (
    

    
 (t=60 min) and A206(t=60 min)) it is necessary to set 

the criteria for the optimization. In this case, the desired extraction is one that exhibits the lesser protein-

bond color (maximum 
    

    
 (t=60 min)) and the most protein extracted (maximum A206(t=60 min)) simultaneously. 

The same level of importance was attributed to both goals. 

 

 

Figure 5-14 Optimization solution. Optimal temperature and pH with consequent responses (left) Individual 
and Combined desirabilities (right) 

The solution with highest desirability is at a pH=c and T=0.8*aºC. The following solutions were all 

for the same pH value and a range of temperature from 0.75*aºC – 0.84*aºC (Figure 5-15).  
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Figure 5-15 Desirability contour plot 

 

Compared with the standard extraction, the optimal solution foresees a reduction on the 

temperature of 20%. It was seen previously that lower temperatures would lessen the extent of the 

protein-bound color profile evolution, possibly due to the hindering of binding sites of the protein. 

Contrarily, by analyzing the contour plot of the A206(t=60 min) it is seen that the decrease in temperature has 

an effect opposed to the desired one, contributing negatively to the extraction of proteins.  

The region of interest is thus defined and can be explored. An interesting tool to use are the 

perturbation plots, which are extremely useful to decide between different optimal solutions as they show 

how sensitive the optimum is to changes in each factor. 

 

 

 

 

 

 

 

The A206(t=60 min) perturbation plot has the steepest slopes which reveals that this model is more 

prone to changes around the optimal point. 

  

Figure 5-16 Perturbation plots centered around the optimal point 
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6. Conclusions and Recommendations 

This dissertation aimed to provide an exploratory work, including a broad review on the possible 

sources and intricacies of color formation and its presence throughout bioprocesses and the end-products. 

The work tried to provide a scientifically knowledgeable approach to an neglected problem. Two dissimilar 

case studies were considered and analyzed.  

Upon consideration of the theoretical background,  experimental approaches were proposed and 

conducted on the earliest steps of the process, with the purposes of unravelling the underlying 

interactions mechanisms between the major protein component and colored molecules and providing 

optimal conditions for the current process. 

The analytical method developed for the study, was designed to avoid the use of organic solvents 

and be non-destructive of the formed complexes. A good reproducibility between extractions with same 

conditions was observed and the method also allowed for the differentiation between different conditions, 

in accordance with what was expected a priori for each case. 

Two phenomena, with regards to color formation, are in play during the extraction process: 1) 

protein-color compound interaction and 2) formation of such color compounds. For the first , despite the 

possibility of interactions prior to the extraction, the evolution of the  
    

    
 throughout the duration of the 

extraction (demonstrated in every performed extraction) indicates that the interaction is still happening as 

the protein is solubilized. The mismatch of the 
    

    
 and 

    

    
 profiles in extractions that provided 

oxidizing/dissociating conditions (pH and SMBS runs), is proof that chemical changes to the interacting 

species occur, as their absorbance undergoes modifications.  

The results obtained from the different extractions indicated that covalent interactions are more 

prevalent. Temperature changes were seen to have the most influence in color formation. This could be 

used to support the postulated prevalence of covalent interactions, as temperature can be considered as 

a facilitator (or inhibitor) of the interaction with quinones. The data suggest that hydrophobic interactions 

are also present, but to a lower extent. 

A response methodology approach provided satisfactory models that allowed the optimization of 

temperature and pH with respect to color-bound to protein and protein extraction. The obtained solution 

has a 0.73 desirability and is not far from the current process, but microbiological growth concerns might 

be an impeditive factor for application. 

 

Overall, this work was able to provide insights to the color-formation phenomena of a bioprocess. 

Specifically it was able to assess possible interactions in play between proteins and color compounds, 

provide an optimized setup and a look into possible mitigation strategies. 
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8. Appendix  

8.1.1. Average percentage of relative change (for the final time-point) 

Calculation  

The following equation was used: 
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     Equation 8.1 
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  being the average of ratios for the standard extraction and 
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being the average of the ratios for an extraction of i manipulated parameter and j level of manipulation. 

The absolute error propagation was calculated through the following equation: 
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 Equation 8.2 

with     being the absolute uncertainty,                  the standard deviation of the standard 

extractions,      the standard deviation of extractions of parameter i and level j. 


