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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.  

. 
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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 tenden-

cy to associate white with decency and purity, whereas black 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 prod-

uct 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 mole-

cules can interfere in the effective functioning of processes 

making the achievement of the desired separation yield harder 

to attain. 

 

Currently at DSM,  the development of important sustain-

able alternatives to widely used food ingredients is a major 

focus. Therefore, there is a need that the organoleptic charac-

teristics 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. 

This extended abstract will focus on the model oilseed-

meal, for which experimental approaches were proposed and 

conducted to the earliest steps of the process, with the purposes 

of unravelling the underlying interactions mechanisms be-

tween the major protein component and colored molecules and 

providing an answer to which are the optimal conditions (less 

color, most protein extracted) for the current process.  

 

1.1. RAPESEED MEAL (BIOLOGICAL STREAM) 

-BACKGROUND 

Rapeseed (Brassicus Napus) emerges as an obvious pro-

spective lead for an alternative source of protein 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 com-

monly used interchangeably in the literature. 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 mate-

rial, 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 uti-

lized as fertilizers and animal feed.1-3 

But despite all these characteristics, the use of rapeseed 

meal or protein isolates for human consumption is still condi-

tioned 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.4,5 

1.2. RAPESEED PROTEINS CHARACTERIZATION 

The bulk of the proteins from rapeseed are storage pro-

teins, 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 
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(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 frac-

tion 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).5,6 

The combination of the amino-acids of these proteins of-

fer the amino-acids cysteine and methionine in balanced pro-

portion to lysine and other essential amino acids, providing a 

high nutritional potential. This is not often the case with other 

plant proteins.1 

The functional properties of the proteins are decisive, 

whether for their potential application or for the strategy of the 

extraction process. 

1.2.1. Cruciferins  

Cruciferin is the predominant protein and accounts for a 

60% or total seed protein and has a rather complex composi-

tion 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.8,12 

Information on the pI of the proteins is crucial for assert-

ing 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 7.25.9,13 

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.6,9 

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 bio-

molecules.7  

1.2.2. 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 differ-

ences in pH, concentrations of NaOH used, centrifugation and 

filtration settings, type of acid, and pH for protein precipita-

tion. 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 frac-

tion, the mixture is centrifuged and by using strong acids or 

acid buffer solutions on the supernatant, the proteins are re-

covered by precipitation which can consequently be centri-

fuged and freeze-dried. In the PMM methods the proteins are 

solubilized from the rapeseed meal by salting-in, using aque-

ous salt solutions of an ionic strength of at least 0.2M. This is 

immediately followed by filtration, concentration and purifica-

tion 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.14,15  

The latter, with the advancement of separation and mem-

brane 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%).15 

1.3. PHENOLIC COMPOUNDS 

The use of rapeseed proteins products (whether as flours, 

protein isolates or meal per se) as food ingredients is dependent 

on the removal of anti-nutrition compounds prior to the incorpo-

ration 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 second-

ary metabolites.4 In oilseed literature, the majority of the phe-

nolic compounds are identified as either phenolic acids and 

condensed tannins (polymerized flavonoids), which can be 
further classified (Figure 1). 4,5,16 

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.16 

When comparing with other oilseeds, the content of phe-

nolic compounds in the rapeseed meal is usually considerably 

higher than the levels seen for, as example, soybean, having 
sometimes 5-fold more compounds. 

1.3.1. Phenolic acids 

Phenolic acids are either derived from benzoic or cinnam-

ic acids. 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 pre-

sent 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 as hydroxybenzoic, vanil-

lic,protocatechuic, and caffeic acids were also found in rape-

seed, but in much lower quantities. 4 

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. 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. 17,18 

1.3.2. 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 differ-

ent structures, as hydrolyzable tannins are the result of simple 

phenolic acids esterified to polyols (mainly glucose) and con-

densed tannins consist of dimers, oligomers and polymers 

formations of flavonoids (more specifically flavan-3-ols). 4,16  

Although condensed tannins do not have as high reactivi-

ty towards hydrolytic agents (acids or bases) as hydrolyzable 

tannins, through hot alcohol they can undergo oxidation and be 

Figure 1 Scheme of most frequently present types of phenolic compounds in oilseeds. 
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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 phenol-

ic acids. 4 

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. 19 

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 com-

partmentally 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. 20 

The interactions between phenolic compounds and pro-

teins in the meal (or extraction) fall into two major categories: 

covalent and non-covalent interactions (Figure 2). Both are 

likely to occur simultaneously 

1.4.1. 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 (en-

hanced 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. Hydropho-

bic interactions are involved in the formation of protein-tannin 

complexes. They depend on the interaction between the aro-

matic rings of polyphenols and the hydrophobic sites of pro-

teins while hydrogen bonding requires the presence of hydrox-

yl groups in polyphenols and H-acceptors in proteins. The 

extent of each relative role is dependent on the intervenients 

and the matrix they interact in. 5,16 

Interactions are dependent on the type (structure) of phe-

nolic 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. 

1.4.2. 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 or non-enzymatic oxidation. There are different mech-

anisms 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 require-

ment of both oxidations. Besides oxidation, the formation of 

carbocations from condensed tannins (acidic conditions) also 

leads to quinones. 16,20 

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 com-

plexes. The reaction is normally a 1,4-Michael addition. Cova-

lent binding is irreversible, or at least covalently the un-

bonding of the compounds cannot be released without serious-

ly damaging the protein. 20,21 20,21 

 

Nucleophilic addition at low pH is facilitated by increas-

ing 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 absorp-

tion maximum at 420-430 nm. 22 

 

1.5. ROOT CAUSE ANALYSIS 

With the information gathered about the possible origins 

of color in the final product (and conditions at which they oc-

cur) 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 4). 

 

 
Figure 4 Cause-effect  Ishikawa diagram for protein bound color formation in 

the process 

 

To assess what type of interactions are in play during the 

process and which mitigation strategy would be best to em-

ploy, 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 interac-

tion is predominant. Several process conditions were tested, 

including temperature, pH, and Ionic Strength. 

 

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 

Figure 2 Diagram of types of possible interactions between proteins and phenolic 

compounds 

Figure 3 Quinone reaction with thiol and amine groups of proteins 

through a 1,4-Michael addition 
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standard conditions, is employed to screen their individual 

relevance. Afterwards, employing a DoE approach, multiple 

manipulations allows the observation of synergistic effects and 

optimization. 

 

1.5.1. Analytical Development 

A number of methods for quantification of phenolic com-

pounds 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. 18,23 

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 com-

pare 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 de-

tector, 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 identifi-

cation achieved by comparing ratios to standard reference. 24,25 

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. 26,27 

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.  

The method will focus on the Cruciferin peak due to, not 

only poor resolution and separation of Napin with the em-

ployed 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 manipula-

tion/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 chroma-

tographic times it allows.  

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 

5). 

 

The acquisition of data is processed at several wave-

lengths. A screening for meaningful ratios and if the changes 

over time had statistical significance, was done for the follow-

ing deemed relevant wavelengths: 

•206 nm, 214 nm, 224 nm (usual peptide bonds) 
25,26,28

  

 

•254 nm, 280 nm (aromatic ring structures) 
26,28,29

  

 

•320 nm (previously assessed as absorbance maxima of 

sinapic acid derivatives: sinapines, hydrolysable tannins, etc.) 

 

•420 nm (thiol-ether absorbance maxima. Previously as-

sessed 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 
𝑃𝑒𝑝𝑡𝑖𝑑𝑒 𝐵𝑜𝑛𝑑𝑠

𝐶𝑜𝑙𝑜𝑟 𝑚𝑜𝑖𝑒𝑡𝑖𝑒𝑠
  

and  
𝑃𝑒𝑝𝑡𝑖𝑑𝑒 𝐵𝑜𝑛𝑑𝑠

𝑆𝑖𝑛𝑎𝑝𝑖𝑐 𝐴𝑐𝑖𝑑 𝑑𝑒𝑟𝑖𝑣𝑎𝑡𝑖𝑣𝑒𝑠
 respectively. 

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”. 

 

 

 
Figure 5. Example of a chromatogram taken at t=34min for standard extraction 

conditions. Recorded absorbance at a 206nm. Major cruciferin peak is 

highlighted 

 

2. METHODS AND MATERIALS 

2.1. EXTRACTION MEDIA PREPARATION 

Protein extraction was done using similar conditions as 

the ones developed by DSM. 

2.2. 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 immedi-

ately 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 What-

man® Syringless filter (0.45 μm) vial. 

2.3. UPLC-SIZE EXCLUSION CHROMATOGRAPHY 

The content of each extraction sample was screened with 

a Waters Acquity UPLC system, with a size-exclusion chroma-

tography 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) 

 

Figure 6 Example of chromatogram taken at 

t=34min for standard extraction conditions. 
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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 oC. 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 40oC re-

sulted in pressures of around ~320 bar, oscillating slightly 

depending on the mobile phase. 

2.3.1. Molecular Weight Estimation 

A Bio-Rad gel filtration standard, containing five proteins 

ranging from 1.35–670 kDa in size was run in duplicate, be-

fore and after the samples of a standard conditions extraction. 

The sample was run with standard mobile-phase and the ab-

sorbance recorded at 280nm. Standard deviation of retention 

time was below 1‰ for all peaks. A correlation of the reten-

tion times of the proteins with their respective logarithmic 

molecular sizes was made. The mean retention time, for the 

peak of interest, of the (standard conditions) extraction sam-

ples chromatograms was used to estimate the molecular weight 

of the protein in study. 

2.4. DATA PROCESSING, MODELLING, DOE AND RSM 

The peak areas obtained from the different chromato-

grams were computed using Excel. The design of experiments, 

statistical treatment and response surface outputs were con-

ducted via Design Expert 9.  

3. RESULTS AND DISCUSSION 

The results presented are referent to the proposed experi-

ments for the Rapeseed Meal (Biological Stream) case study. 

Two critical objectives were defined:  

 

• Provide insight on protein-phenolic compounds in-

teractions. 

• Optimize conditions to mitigate the color problem.  

 

Additionally, an outlook for further work in each individ-

ual experiment is given. 

3.1. 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 com-

parison, offering insightful conclusions on the interactions at 

play and possible protein-bound color improvements triggered 

by the different conditions tested. 

Looking at Figure 6 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 deriv-

atives. The fall in lower ratio values suggests that more spe-

cies/moieties, that absorb at the denominators wavelengths 

(320 and 420 nm), are eluting in the studied peak.  Both pro-

files seem to form a plateau after de 17.5 min time-point. 

 
 

Even though the extraction process is liable to a great 

amount of variability due to the complex matrix of the rape-

seed 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 

3.2.  MOLECULAR WEIGHT ESTIMATION 

From the data of the standard extraction runs, it was pos-

sible 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 (bo-

vine) - 670 kDa; b) γ-globulin (bovine) - 158 kDa; c) Ovalbu-

min (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 R2 =0.998 (Figure 7). 

 
 
Figure 7 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 molecu-

lar mass that leads to sedimentation coefficient of 7S. From the 

chromatograms (e.g. Figure 5 2) a small peak, before the char-

acterized one, is detectable. Its retention time, and consequent-

ly molecular weight, matches the 12S proteins. This indicates 

that, at the employed conditions, the dissociation is not com-

plete. 

3.3. QUATERNARY STRUCTURE AND AVAILABLE BIND-

ING SITE 

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 inter-

face (IE), while the intra-chain disulfide is at the surface (IA). 

The trimers associate into hexamers via IE face. 
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Figure 6 Triplicate runs of standard extractions. 
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Four cysteines of each monomer are involved in disul-

fides bonds, either intra- or inter- chain. One is remaining. The 

free thiol group might be prone to oxidation or other modifica-

tions. The free cysteines in the hexamer are all in the interface, 

but still accessible through a narrow hydrophobic 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 quite 

accessible. 

 

 
 
Figure 8 IA face (left) and IE face (right) with cysteines identified as 

colored spheres (respectfully to each monomer) on the top image and the 

accessible prolines marked in red in the bottom image. 

 

3.4. 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 varia-

bles remained constant. Each level was performed in triplicate 

and were always compared to the standard extraction, indicat-

ing the average percentage of relative change (for the final 

time-point) and its standard deviation. 

The significant parameters were selected for a response 

surface methodology (RSM) experiment which aimed at mod-

eling the process and obtaining the optimal operational condi-

tions. In addition to the three standard extractions, a total of 43 

extractions were performed (27 OVAT and 16 RSM). 

 

3.4.1. Temperature 

The rise in temperature is expected to facilitate the bind-

ing due to partial denaturation of the proteins, which exposes 

additional hydrophobic binding sites. In contrast, at high tem-

peratures no H-bonds are expected to endure. Although chang-

es 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 in Figure 9 corrobo-

rate what was expected. 

 

 
Figure 9 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 

 

Both profiles reveal the same tendency: lower tempera-

tures, less absorbing moieties (at 320 and 420 nm), conse-

quently, higher ratio values. A good reproducibility is ob-

served for the 0.73*a ºC and 1.27*aºC (maximum relative 

propagation error of 6% and 1.3% between time-points, re-

spectively), but for the lowest temperature there is more varia-

bility between extractions. This may be due to the inefficient 

stirring observed at this temperature, as stirring speed was 

maintained constant throughout the different levels and the 

rheological state of the extraction broth at this temperature 

might require a higher stirring speed.  

Highlighted by the red-boxes are the first and last time-

points. It is noticeable that the differentiating effect of temper-

ature on the ratios is immediately felt upon interaction of the 

rapeseed meal with the extraction media. A separation into 

three groups is observed, indicating an improvement in pro-

tein-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. Pos-

sibly upon contact with the media, the existing 12S native 

proteins in the meal immediately dissociate to 7S trimers, due 

to the ionic strength, and the temperature at which they are 

exposed facilitates (or hinders) the interaction with the present 

phenolic compounds (or their oxidation products: quinones), 

determining the extension of the complexation. 

 Although heat treatment during food processing is known 

to thermal-induce phenolic oxidation, quinone formation can-

not be said to happen solely in the extraction, as prior to it, still 

in the meal, the phenolic compounds are exposed to oxygen. 

Nevertheless, it can be stated that the protein-color compound 

interaction is continued in the extraction and temperature has a 

negative effect, presumably due to the increased exposure of 

additional binding sites. 

3.4.2. pH 

The pH affects not only the interaction between proteins 

and phenolic compounds near the isoelectric point, but also the 

formation of colored phenolate forms that could lead to qui-

nones. 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 10 sup-

port this expectation. 

 

 
Figure 10 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 11.85%±0.3 for 

c2). Contrary to what was observed for the temperature runs, 

the profiles do not match. Indeed the  A206/A320 profiles 

reveal almost no distinction between the extractions. An ex-

planation 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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3.4.3. Ionic Strength 

Higher concentrations of salt increase the hydrophobic in-

teractions 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 com-

pounds. 

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 inter-

actions 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 

3.4.4. Response Surface Methodology 

Having identified temperature and pH as the crucial fac-

tors for protein-bond color formation, an experiment was 

conducted with ultimate 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 ex-

tracted. 

For that intent, there is a need to develop two models:  

 one that describes A206/A420  (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. 

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 con-

suming 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. 

Models and Response outputs 

Both responses were analyzed for every run and from the 

regressions the following second-degree polynomial models 

were obtained: 

 
𝐴206

𝐴420
 (t = 60 min) =  f +  (−23.121 ×  T)  +  98.85 ×  pH + (0.547 ×  T 

×  pH)  +  0.139 × T2  +  −14.184 ×  pH2 
 

𝐴206(𝑡 = 60 𝑚𝑖𝑛) =   g +  10.053 × T +  (−308.563 × pH)  +  (−0.776 × T

× pH)  +  (−0.037 ∗ T2)  +  22.449 ∗  pH2 

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 R2 and the Predicted R2. 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 11 and 12). 

 

 
Figure 11 A206/A420  (t=60 min) response surface visualization: (Left) Three-

dimensional graph; (right) Contour plot 

 
Figure 12 A206(t = 60min) response surface visualization: (Left) Three-

dimensional graph; (right) Contour plot 

Diagnostics 

From the analysis of 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. 

Also, every residual is well behaved do not exceed the limits; 

otherwise those runs have to be considered statistical outliers. 

From the responses predicted vs actual plots, it is possible 

to corroborate the former statement, showing a good adjust-

ment to the line in a random and scattered way. There is no 

evidence of areas of under or over prediction. 

Optimization 

With and appropriate model for each response (
𝐴206

𝐴420
 (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 
𝐴206

𝐴420
 (t=60 min)) 

and the most protein extracted (maximum A206(t=60 min)) simul-

taneously. The same level of importance was attributed to both 

goals. 

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. 

Compared with the standard extraction, the optimal solu-

tion 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 results are an indication that covalent interactions, 

specifically those formed between quinones and proteins, are 

prevalent.  
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4. CONCLUSIONS  

. 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 extrac-

tion, the evolution of the  A206/A420 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 A206/A420 and A206/A320 

profiles in extractions that provided oxidizing/dissociating 

conditions (pH and SMBS runs), is proof that chemical chang-

es to the interacting species occur, as their absorbance under-

goes modifications.  

The results obtained from the different extractions indi-

cated that covalent interactions are more prevalent. Tempera-

ture changes were seen to have the most influence in color 

formation. This could be used to support the postulated preva-

lence of covalent interactions, as temperature can be consid-

ered as a facilitator (or inhibitor) of the interaction with qui-

nones. 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 col-

or-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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