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ABSTRACT 

 

DETERMINATION OF THE INTERACTIONS BETWEEN BOUND AND 

FREE ANTIOXIDANTS NATURALLY OCCURRING IN FOODS 

 

ECEM EVRİM ÇELİK 

Doctor of Philosophy, Department of Food Engineering 

Doctor of Philosophy, Department of Food Science 

Supervisors: Prof. Dr. Vural GÖKMEN, Assoc. Prof. Jose Manuel Amigo 

RUBIO, Prof. Mogens Larsen ANDERSEN 

December 2017, 99 pages 

 
 
This thesis study aimed at investigating the interactions between free and macromolecule- 

bound antioxidants naturally occurring in foods, to estimate the possible status of antioxidant 

environment when they are found together. Chemometric tools were used both at the 

experimental design and multivariate data analysis steps.  

Dietary fiber (DF), protein and lipid-bound antioxidants, obtained from whole wheat, soybean 

and olive oil products, respectively and Trolox were used for this purpose in the first and second 

parts of the experimental studies. In the first part, antioxidant capacity (AC) measurements were 

performed in aqueous ABTS radical medium by monitoring the absorbance in the presence of 

Trolox and macromolecule-bound antioxidants. Results revealed antagonistic interactions for 

Trolox with all macromolecule- bound antioxidants. The reason behind this antagonism was 

investigated through oxidation reactions of Trolox via mass spectrometry analysis. 

Consequently, a proof was obtained for inhibitory effect of bound-antioxidants on auto-

regeneration reactions of Trolox. In the second part, experimental studies were carried out in an 

autoxidizing liposome medium by monitoring the inhibition of lipid oxidation via antioxidants. 

Results revealed synergistic interactions for DF and refined olive oil-bound antioxidants, and 

antagonistic interactions for protein and extra virgin olive oil-bound antioxidants with Trolox. 

A generalized version of logistic functions was successfully used for modelling the oxidation 
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curve of liposomes. Principal component analysis revealed two separate phases of liposome 

autoxidation. 

Experiments in the third and fourth parts were performed with a structural approach to enlighten 

the mechanism behind the interactions of free and macromolecule- bound antioxidants. In the 

third part, the interactions between whole wheat (WW) DF- bound antioxidants and 

hydroxycinnamic acid/ hydroxybenzoic acid (HCA/ HBA) derivatives containing different 

amounts of –OH and -OCH₃ groups localized at different positions on their aromatic rings were 

investigated. Studies were performed in liposome and aqueous media by monitoring lipid 

oxidation and scavenging of DPPH radical respectively, in the presence of WW- bound 

antioxidants and HCA/ HBA derivatives. Predominantly synergistic interactions were observed 

in aqueous medium, while both synergistic and antagonistic interactions were seen in liposome 

medium. Behaviors of HCA/ HBA derivatives, linked with their substitutions were revealed. In 

the fourth part, the interactions of coffee and bread crust melanoidins with HCA/ HBA 

derivatives were investigated. Experimental studies were carried out in aqueous DPPH radical 

medium by monitoring the scavenging of radical via melanoidins and HCA/HBA derivatives. 

Synergistic interactions were revealed for both coffee and bread crust melanoidins with 

HCA/HBA derivatives.  Phases of the radical scavenging reactions were revealed from the 

loadings plots.  

In the fifth part, the interactions between insoluble fractions of different coffee infusions and 

major cocoa free antioxidants, catechin and epicatechin, as well as the interactions between 

different coffee infusions and dark chocolate were investigated. Espresso, filtered coffee, 

French press, and Turkish coffee were the coffee infusions used for this purpose. Antioxidant 

capacity measurements were performed in DPPH radical medium, by monitoring the absorbance 

in the presence of antioxidant components. Results revealed synergistic interactions for the 

insoluble fraction of espresso, and additive/antagonistic interactions for the insoluble fractions 

of rest of coffee infusions with catechin and epicatechin. Interactions between coffee infusions 

and chocolate were synergistic for French press and Turkish coffee and additive/antagonistic 

for the rest of coffee infusions.  

Keywords: macromolecule- bound antioxidants, free antioxidants, interactions, chemometrics 
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ÖZET 

 
 

GIDALARDA BULUNAN SERBEST VE BAĞLI DOĞAL 

ANTİOKSİDANLAR ARASINDAKİ ETKİLEŞİMLERİN 

BELİRLENMESİ 

 

 

ECEM EVRİM ÇELİK 

Doktora, Gıda Mühendisliği Bölümü 

Doktora, Gıda Bilimi Bölümü 

Tez Danışmanları: Prof. Dr. Vural GÖKMEN, Assoc. Prof. Jose Manuel 

Amigo RUBIO, Prof. Mogens Larsen ANDERSEN 

Aralık 2017, 99 sayfa 

 

 
Bu tez calışması, gıdalarda doğal olarak görülen serbest ve makromoleküllere bağlı 

antioksidanlar arasındaki interaksiyonların, bir arada bulundukları zaman antioksidan çevrenin 

olası durumunu değerlendirmek amacıyla incelenmesini amaçlamıştır. Kemometrik araçlar, 

hem deneysel tasarım hem de çokyönlü veri analizi aşamalarında kullanılmıştır.  

Bu amaçla deneysel çalışmaların ilk ve ikinci bölümlerinde sırasıyla tam buğday, soya fasulyesi 

ve zeytinyağı ürünlerinden elde edilen besinsel lif, protein ve lipide bağlı antioksidanlar ile 

Troloks kullanılmıştır. İlk bölümde, antioksidan kapasite ölçümleri sulu ABTS radikali 

ortamında, Troloks ve makromoleküllere bağlı antioksidanların varlığında absorbansın 

izlenmesi ile gercekleştirilmiştir.  Sonuçlar, Troloks için tüm makromoleküllere bağlı 

antioksidanlarla birlikte antagonistik interaksiyonlar olduğunu ortaya çıkarmıştır. Bu 

antagonizmin arkasındaki sebep, Troloksun oksidasyon reaksiyonları yoluyla kütle 

spektrometresi analiziyle araştırılmıştır. Sonuç olarak, bağlı antioksidanların Troloksun oto-

rejenerasyon reaksiyonu üzerine inhibitor etkisi için bir kanıt elde edilmiştir.  İkinci bölümde, 

deneysel calışmalar otokside olan bir lipozom ortamında lipid oksidasyonunun antioksidanlarla 
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inhibisyonunun izlenmesiyle yürütülmüştür. Sonuçlar, Troloks ile besinsel liflere ve rafine 

zeytinyağına bağlı antioksidanlar arasında sinerjistik, protein ve sızma zeytinyağina bağlı 

antioksidanlar arasında antagonistik interaksiyonlar olduğunu ortaya çıkarmıştır. Lojistik 

fonksiyonunun genelleştirilmiş bir versiyonu lipozomlarin oksidasyon eğrisini modellemek 

amacıyla başarıyla kullanılmıştır. Temel bileşen analizi, lipozom otoksidasyonunun iki ayrı 

fazını ortaya çıkarmıştır.  

Üçüncü ve dördüncü bölümlerdeki deneyler, serbest ve makromoleküllere bağlı antioksidanlar 

arasındaki interaksiyonların arkasındaki mekanizmanın aydınlatılması için, yapısal bir 

yaklaşımla yapılmıştır. Üçüncü bölümde, tam buğday besinsel liflerine bağlı antioksidanlar ve 

aromatik halkaları üzerinde farklı pozisyonlarda, farklı miktarlarda –OH ve -OCH₃ grupları 

içeren hidroksisinnamik/ hidroksibenzoik asitler arasındaki interaksiyonlar incelenmiştir. 

Çalışmalar, lipozom ortamı ve sulu ortamda tam buğdaya bağlı antioksidanlar ve 

hidroksisinnamik/ hidroksibenzoik asit türlerinin varlığında sırasıyla lipid oksidasyonu ve 

DPPH radikalinin sönümlenmesinin izlenmesiyle yürütülmüştür. Sulu ortamda ağırlıklı olarak 

sinerjistik interaksiyonlar gözlenirken, lipozom ortamında hem sinerjistik hem de antagonistik 

interaksiyonlar görülmüştür. Hidroksisinnamik/ hidroksibenzoik asit türlerinin, dallanma 

grupları ile ilişkili olarak davranışları ortaya çıkarılmıştır. Dördüncü bölümde, kahve ve ekmek 

kabuğu melanidinlerinin hidroksisinnamik/ hidroksibenzoik asit türleriyle interaksiyonları 

incelenmiştir. Deneysel çalışmalar sulu DPPH radikali ortamında radikalin melanoidinler ve 

hidroksisinnamik/ hidroksibenzoik asit türleri aracılığıyla sönümlenmesinin izlenmesi yoluyla 

yürütülmüştür. Hem kahve hem de ekmek kabuğu melanoidinleri icin hidroksisinnamik/ 

hidroksibenzoik asit türleri ile sinerjistik interaksiyonlar açığa çıkarılmıştır. Radikal sönümleme 

reaksiyonlarının aşamaları loading grafikleri ile ortaya çıkarılmıştır.  

Beşinci bölümde, farklı kahve infüzyonlarının çözünmeyen kısımları ve temel kakao serbest 

antioksidanları, kateşin ve epikateşin ile farklı kahve infüzyonları ve bitter çikolata arasındaki 

interaksiyonlar incelenmiştir. Espresso, filtre kahve, French press ve Türk kahvesi bu amaçla 

kullanılan kahve infüzyonlarıdır. Antioksidan kapasite ölçümleri DPPH radikali ortamında 

antioksidan bileşenlerin varlığında absorbansın izlenmesiyle gerçekleştirilmiştir. Sonuçlar, 

kateşin ve epikateşin ile espressonun çözünmeyen kısmı için sinerjistik ve diğer kahve 

infüzyonlarının çözünmeyen kısımları için toplam/ antagonistik interaksiyonlar ortaya 
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koymuştur. Kahve infüzyonları ve çikolata arasındaki interaksiyonlar French press ve Türk 

kahvesi için sinerjistik, diğer kahve infüzyonları için toplam/ antagonistik olmuştur.  

Anahtar Kelimeler: makromoleküllere bağlı antioksidanlar, serbest antioksidanlar, 

interaksiyonlar, kemometri 
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INTRODUCTION 

Antioxidants are among the most important parts of human nutrition due to the correlation of their 

intake with the lower incidence for cardiovascular diseases (CVD), cancer, ageing and age-related 

degenerative processes [1]. Besides being free from physical or chemical interactions, a significant 

amount of dietary antioxidants are also bound to different macromolecules like dietary fibers 

(DFs), proteins or lipids [2]. Since both bound and free antioxidants constitutes a significant 

portion of our daily diet, it becomes essential to investigate their interactions in order to potentially 

take further advantage of their health effects after their consumption. If free and bound 

antioxidants, ingested with foods, exist in any part of the digestive system at the same time they 

may react, regenerate each other and create a synergistic effect; antagonistic or additive 

interactions may occur as well.  In case of synergistic interaction, a greater total antioxidant activity 

will be created than the simple sum of the antioxidant activities of bound and free antioxidants 

separately. Thus, it will improve the health effects of these antioxidants in the gastrointestinal (GI) 

tract via improving the quality of the healthy antioxidant environment there. Contrarily, an 

antagonistic interaction will create a total antioxidant effect which is less than the sum of their 

individual antioxidant activities and impair the antioxidant environment. On the other hand, an 

additive interaction may not affect the total antioxidant activity of bound and free antioxidants as 

they act separately [3]. 

In this framework, the hypothesis and starting point of this thesis is the known regeneration 

reaction and synergistic interaction between free soluble and DF-bound antioxidants [4, 5]. 

Considering the diversity of macromolecule-bound antioxidants in our daily diet and the variety 

of interactions that can occur between these bound and free antioxidants that are consumed 

together, a necessity for a broader study comes out. Hence, the objective of this study is to 

investigate the interactions between free and macromolecule-bound antioxidants, obtained from 

different sources, to estimate the possible status of antioxidant environment when they found 

together.  

Three main groups of macromolecule-bound antioxidants, i.e.: DF-bound, protein-bound and 

lipid-bound antioxidants and a well-known free antioxidant, Trolox, were used in the first and 

second parts of the experimental studies. To represent DF, protein and lipid-bound antioxidants, 

processed (to various extents) and unprocessed versions of whole wheat, soybean and olive oil 

were used respectively, after some specific preparation steps. In the first part, antioxidant 
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capacities of Trolox and macromolecule- bound antioxidants separately and in mixtures, in 

different concentrations, were determined by measuring the absorbance of the aqueous ABTS 

radical in presence of these species. The pH of the radical media was also changed for DF and 

protein-bound antioxidant studies. In the second part, evaluation of antioxidant activities was 

performed by monitoring the oxidation of liposomes. In this way, the oxidation was investigated 

by the formation of lipid oxidation products stage. The sigmoid shaped oxidation curves of 

liposomes in the presence of the mixtures of macromolecule- bound antioxidants and Trolox were 

modelled according to the equation given, which is a generalized form of logistic equation: 

 

F = 
𝐴

𝐵 + exp (−𝑘 ∗ 𝑡)  
       (1) 

The third and fourth parts of the experimental studies were designed in accordance with the need 

for a well- designed structural approach to make clearer explanations behind the interactions of 

free and macromolecule- bound antioxidants. In this framework, interactions between WW-bound 

antioxidants and 21 HCA/ HBA derivatives (Figure 1.1) containing different amounts of –OH 

and/or –OCH₃ groups localized at different positions of the aromatic ring were investigated in the 

third part. The experiments were performed both in aqueous and liposome media by monitoring 

the scavenging of DPPH radical and oxidation status of liposomes, respectively in the presence of 

WW- bound antioxidants and HCA/ HBA derivatives separately and in mixtures.  

In the fourth part, the interactions between coffee and bread crust melanoidins with 20 different 

HCA/ HBA derivatives (except 2-hydroxy-3,4-dimethoxybenzoic acid in Figure 1.1) were 

investigated. Experimental studies were carried out in aqueous medium by monitoring the 

scavenging of DPPH radical in the presence of melanoidins and HCA/ HBA derivatives separately 

and in mixtures. In the fifth part, the interactions between bound and free antioxidants from food 

sources that are frequently consumed together were aimed to be examined. With this regard, the 

insoluble fractions of coffee infusions brewed with different methods and the major free 

antioxidants found in cocoa, namely catechin and epicatechin were investigated.  
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 Figure 1.1. Hydroxycinnamic and hydroxybenzoic acid derivatives. 
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Also, the interactions between different coffee infusions and dark chocolate (60 % cocoa) directly 

as they are consumed were investigated. In this way, the background of the interactions, 

specifically whether they are dependent upon only the regeneration reaction between the insoluble 

fractions of coffee infusions and the free antioxidants of cocoa or the reactions between the total 

antioxidant content of these constituents were intended to be enlightened. In addition, the 

importance of brewing step on these interactions was aimed to be centered. Antioxidant capacity 

measurements were performed by measuring the absorbance of the aqueous ABTS radical in 

presence of these species. 

Chemometic methods were used in this study both at the stage of Design of Experiment (DoE) and 

multivariate data analysis (Principal Component Analysis (PCA) and Anova Simultaneous 

Component Analysis (ASCA)) , in contrast to traditional chemical and physical relationships 

which usually consider just one or a very few variables at the same time [6].  
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1. GENERAL INFORMATION 

1.1. Free Radicals and Oxidative Stress  

Free radicals are the chemical species having one or more unpaired electron in their outer orbit [7]. 

They are inevitably unstable and reactive. The simplest free radical is a hydrogen atom, which 

contains one proton and a single unpaired electron. Once a free radical is formed, it has the ability 

to react with another radical or molecule through different interactions [8]. The selectivity and rate 

of these reactions may vary depending on: i) the concentration of radicals, ii) delocalization of the 

single electron of the radical, iii) existence of weak bonds in the molecules which present in the 

environment that the radical can react. 

Examples of free radical species significant for living organisms include hydroxyl (OH·), 

superoxide (O2·−), nitric oxide (NO·), and peroxyl (RO2·). Besides, there are species, which can 

lead to free radical reactions in living organisms despite being non- radicals such as; singlet oxygen 

(1O2), ozone (O3), hydrogen peroxide (H2O2), peroxynitrite (ONOO−) and hypochorous acid 

(HOCl) [8].  Since the conversion of oxygen and nitrogen free radicals to the non-radical species 

is possible, the terms “reactive oxygen species” (ROS) and “reactive nitrogen species” (RNS) are 

not only used to express the radicals [9].  

ROS and RNS are generated in animals and humans owing to biochemical reactions, overly 

exposure to environment and high levels of dietary xenobiotics [10]. They cause oxidative stress 

in different pathophysiological conditions [11, 12], which change the cellular constituents in the 

human body. Principally all biomolecules, especially the polyunsaturated fatty acids (PUFA) are 

affected by free radicals. Since the progress of the oxidative damage in PUFA, in other words lipid 

peroxidation is like a self-perpetuating chain reaction, it is destructive in particular [13, 14], 

contributing to the development of CVD like atherosclerosis and preeclampsia [8]. Moreover, the 

end products of lipid peroxidation can result in a damage on proteins and DNA, which is known 

to be a continuous process in vivo [8]. Also, deterioration of biological membrane functions such 

as decreasing fluidity and inactivating enzymes and receptors bound to membrane or altering the 

nonspecific calcium ion permeability are the effects of peroxidation [15, 16]. When proteins are 

damaged by oxidation, the function of enzymes, receptors and transport proteins may change. New 

antigens that can provoke immune responses may also be generated. Furthermore, products from 

the oxidative damage of proteins have the ability to cause secondary damage to other biomolecules 
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such as loss of faithfulness of DNA polymerases in DNA replication and inactivation of enzymes 

that repair DNA [17-19]. In addition to all these, oxidative stress induced by ROS can give rise to 

various diseases including coronary heart disease (CHD), cancer and osteoporosis [20]. 

Likewise, for foods, the main reason of chemical degradation is the lipid oxidation that is caused 

by free radical chain reactions, involving initiation, propagation and terminations steps. In short, 

these reactions start with an attack of a free radical to an unsaturated fatty acid to abstract a 

hydrogen atom from the site which needs the lowest energy [21] and propagates like a chain 

constructed by successive reactions, until a termination step is reached. These reactions are called 

as autoxidation, which results in development of rancidity in foods, diminishes shelf-life, 

deteriorates sensory properties and reduces consumer acceptability [22]. In addition, 

photooxidation, which is a lipoxygenase assisted process, and thermal oxidation, which occurs 

under high temperatures like in the frying process results in the impairment of lipid quality in foods 

[23].  

As a matter of fact, oxidation is an inevitable process both for the human body and foods. All 

substrates of free radical oxidation, including PUFA, excessive amounts of oxygen and transition-

metal catalysts, which are capable of generating chain- initiating radicals are present in human 

body. Besides, the physical conditions such as the body temperature (37 °C), moisture and 

exposition to light may favor free radical activity easily [24]. Also for foods, the conditions are 

always in favor of oxidation. Under these circumstances, the key to overcome the oxidative stress 

in human body is basically enhancing cellular defenses via antioxidants [25, 26]. Similarly, the 

protection of lipids from deterioration in food matrix can be provided by antioxidants. [22].  

1.2. Antioxidants  

Antioxidants were defined as `any substance, significantly delays or inhibits oxidation of an 

oxidizable substrate when present at low concentrations compared to that substrate` by Halliwell 

& Gutteridge (1989) [27]. This definition reveals two main classes of antioxidants as 1) chain 

breaking antioxidants, which intercept the primary chain reactions and 2) preventive antioxidants, 

which prevent or retard the formation of initiating radicals by using the mechanisms involving 

metal deactivation, UV absorption or peroxide decomposition [28].  

In addition to this, antioxidants can be categorized as enzymatic and non-enzymatic according to 

their activities. [29]. The mechanism of action of enzymatic antioxidants is based on breaking 
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down and removing free radicals. They constitutively reduce the levels of lipid hydroperoxide and 

H2O2 within a multi-step process with the help of cofactors like copper, iron, manganese and zinc. 

In this way, inhibition of lipid peroxidation and maintenance of the function and structure of cell 

membranes are ensured. Protection of human body from ROS itself is provided by enzymatic 

antioxidants, such as catalase, glutathione peroxidase, superoxide dismutase and peroxiredoxin I-

IV [12]. The amount of these enzymes may vary for different subcellular sites and different cell 

types [30].  

On the other hand, the mechanism of action of non-enzymatic antioxidants is based on interrupting 

the free radical chain reactions, in which a compound carrying an unpaired electron reacts with 

another compound to leave an unpaired electron in that compound. After interrupting a free radical, 

they become able to interact with water- soluble compounds to regenerate themselves. In this way, 

the potential destructive effects of radicals are evaded from the target molecules. In such systems 

where an efficient regeneration is available, one to three molecules of antioxidants may be enough 

to preserve a thousand of target molecules[25]. Non-enzymatic antioxidants can be either natural 

or synthetic. Plant polyphenols, vitamin C, vitamin E, carotenoids and glutathione constitute the 

main representatives of the natural antioxidants [12].   

1.2.1. Antioxidants Naturally Occurring in Foods 

Despite the fact that the human body is able to produce a variety of antioxidants effective against 

ROS, we are still in need of at least two antioxidants, vitamins C and E, which the human body 

cannot produce itself, and hence must be ingested via foods regularly [31]. Besides those, a number 

of natural antioxidants are contained in foods, which may be; i) endogenous compounds, ii) 

substances formed during processing and iii) natural additives.  

Generally, the natural antioxidants are of plant origin, which may be found in any part of the plant 

[32]. They are included in the group of phenolic compounds covering simple phenols, phenolic 

acids (rosmarinic acid), anthocyanins (deplhinidin), HCA (ferulic acid), HBA (vanillic acid), 

lignans (sesamol), tannins (tannic acid), stilbenes (resveratrol), coumarins (α-coumarin), essential 

oils (limonene, eugenol) and flavonoids (quercetin, catechin). 

Plant polyphenols can act with various complementary and overlapping antioxidant mechanisms 

[33-38]. They function as reducing agents, hydrogen donors, metal chelators, singlet oxygen 

quenchers and ferryl hemoglobin reductants [39-44]. Numerous hydroxyl groups contained in their 
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structure gave them the ability to scavenge multiple free radicals. They can be divided into four 

major groups including phenolic acids (gallic, caffeic, rosmarinic acids), phenolic diterpenes 

(carnosol, carnosic acid), flavonoids (catechin, quercetin) and volatile essential oils (eugenol, 

menthol, thymol) [45]. Free radical scavenging and metal chelating constitutes the mechanism of 

actions for flavonoids broadly, while free radical trapping is the main action of phenolic acids [46].  

Vitamin C, namely ascorbic acid is one of the principal water- soluble free radical scavengers 

existing in biological tissues. It is one of the most potent and least toxic antioxidant [47], which 

efficiently can scavenge free radicals and form new ones with low energies [48]. It functions as an 

oxygen scavenger, reducing agent and a metal chelator and is known to act synergistically with 

tocopherols. The synergistic action leads to the regeneration of tocopherols, which enables them 

to be used in lower amounts. Also when in use with synergistic antioxidants, ascorbic acid is an 

efficient stabilizing agent for oils and lipid containing foods [46].  

Tocopherols, which belong to Vitamin E family together with tocotrienols [49] are antioxidants 

naturally found in plants [50]. They are subdivided into 4 groups as α- tocopherol (Vitamin E), 

which is biologically the most common and active form, β- tocopherol, δ- tocopherol and γ- 

tocopherol. The antioxidant activity of tocopherols is mainly supplied by the hydrogen atom bound 

at the C6 position [46]. Besides being singlet oxygen quenchers [51], they show their fundamental 

effect by scavenging peroxyl and alkoxyl radicals [52]. They break free radical chain reactions by 

governing the free radical. This function is achieved by donating the hydrogen atom from the free 

hydroxyl group on their aromatic ring to the free radical and creating a rather stable form of 

Vitamin E [53, 54].  

Carotenoids are the fat-soluble pigments naturally found in yellow, orange or red color.  They 

belong to the tetraterpene family characterized with a polyisoprenoid structure. Carotenes, which 

contain carbon and hydrogen atoms and xanthophylls (oxycarotenoids), which contain at least one 

oxygen atom in addition to carbon and hydrogen atoms constitute two major classes of 

carotenoinds. They are the protectives of plants against photooxidation [46]. Besides, they are 

efficient scavengers of free radicals and singlet oxygen molecules [55, 56]. The radical scavenging 

ability of carotenoids is originated from their extended electron delocalization. When the oxygen 

pressure is high in the medium, they act as singlet oxygen quenchers and hydrogen peroxide 

scavengers, while at low oxygen pressure when singlet oxygen is not present in the environment, 
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they act as chain breaking antioxidants and exert synergistic behavior with other antioxidant 

species [57, 58]. β- carotene, lycopene, lutein, zeaxanhtin, astaxanthin and β-cryptoxantin are the 

main carotenoids important for human nutrition [59]. 

Origin for plant polyphenols in foods can be counted as fruits, herbs, spices, seeds, nuts, grains, 

tea and coffee [46]. Among them, red fruits such as strawberry, blackberry, blueberry, sweet/ sour 

cherry, black/ red currant, chokeberry and red raspberry contain high amounts of HCA (caffeic, 

ferulic, p- coumaric acids), together with p-hydroybenzoic and ellagic acid [60]. Dietary spices 

including mint, sweet basil, oregano, rosemary, sage and thyme constitutes a good source for 

rosmarinic acid on the other hand [61]. Nuts and vegetable oils are the primary sources of 

tocopherols, while cereal grains and some specific vegetable oils like palm and rice bran oils are 

the main sources of tocotrienols. Carotenoids are contained in yellow or orange fruits and 

vegetables together with the green leafy vegetables. However, fruits like citrus fruits, cherries, 

kiwi and melon and vegetables like tomatoes, green leafy vegetables, cauliflower, cabbage, 

Brussel sprouts and broccoli constitute the main sources of ascorbic acid [46].  

Flavonoids, with its 10 major subclasses, flavones, flavonols, flavanols, chalcones, flavanones, 

isoflavonoids, neoflavonoids, biflavonoids, flavanonols, and anthocyanins are contained in a wide 

range of foods as well. Flavonols, the most widespread subclass of flavonoids is present in onions, 

broccoli, tomato, apples, cherries, blueberries, kale, tea, red wine, caraway, cumin and buckwheat. 

Flavones are contained in parsley, broccoli, celery, legumes, thyme, tea and some other herbs [46], 

while some of their polymethoxylated flavones are stored in the skins of citrus fruits [62]. 

Flavanones (naringenin, hesperetin, eriodicytol) as well as their glycosides (naringin, hesperidin) 

are found in grapes, citrus fruits and medicinal herbs (from Rutaceae, Rosaceae and 

Lagumunoseae family) [63, 64]. Flavanols, the most complex flavonoids, such as catechin, 

epicatehin, epicatechin gallate, epigallocatechin and epigallocatechin gallate are contained in 

berries, apples, tea, cocoa [65], grapes and certain seeds of leguminous plants [66, 67]. 

Anthocyanins together with anthocyanidins are abundant in red, pink, purple or blue colored fruits 

such as grape skins, blueberries, red cabbages, beans, red/purple rice and corn and purple sweet 

potatoes. Chalcones are found in herbs, while isoflavones (genistein, daidzein) and their glycosides 

(genistin, daidzin) are mostly found in soya and its products. Fruits, vegetables, olive oil, wine, 

coffee and tea constitute the main sources of coumarins [68]. However, lignans are mainly 
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contained in flaxseed, seseme seeds and Brassica vegetables [69]. Olive oil is a good source for 

tyrosol, hydroxytyrosol and olueoropein [70-72], while resveratrol is mainly found in foods like 

grapes, peanuts, berries and turmeric.  

In addition to this, there is considerable amounts of natural antioxidants in animal tissues such as 

carnosine, which is a dipeptide with the ability to act as a chelator and a free radical scavenger. 

Besides, there are antioxidant vitamins, minerals and enzymes that should not be ignored [23]. 

1.2.2. Antioxidants Formed During Processing 

It is known that food processing like pasteurization, sterilization, dehydration and cooking together 

with storage results in a significant loss in the amount of antioxidants present in foods [73]. At the 

same time, especially during heat treatment, new molecules possessing antioxidant activity, 

namely melanoidins, may be formed via Maillard reactions, in which the sugars condense with 

free amino acids, peptides or proteins [74]. In this way, the loss of natural antioxidants can be 

balanced by the formation of new ones [75]. 

Melanoidins are brown- colored complex molecules which have the ability to scavenge free 

radicals such as hydroxyl, superoxide and peroxyl radicals and chelate metal ions, primarily iron 

[76, 77]. The molecular weights of melanoidins depend on the source of reactants together with 

the reaction conditions [78, 79] and their chemical structure is not clearly determined yet. 

However, there is a general opinion that they are anionic, high molecular weight nitrogen 

containing compounds [76, 80].  

Melanoidins are contained in a wide variety of foods including roasted coffee beans [81], cocoa 

[82], bread [83], malt [84], roasted meat [85], roasted barley [86] and balsamic vinegar [87]. 

Among them, coffee and bread are considered as the main sources with a daily intake of 

approximately 10 g for the general population [88].  

Melanoidins are responsible for the development of color [89] and texture in thermally processed 

foods, besides being able to bind flavors [90] and chelate metal ions [91]. Besides their antioxidant 

activity, [78, 92] they are known to exert antimicrobial [93] and prebiotic [83] activities. 

Furthermore, there is substantial evidence that they act as DF, being resistant to digestion in the 

upper GI tract and fermented in the gut [94].   
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Melanoidins do not fit into the definition of DF literally, since they are not “polysaccharides 

naturally present in raw foods”, but formed during processing and include an amino acid/protein 

moiety in addition to the polysaccharides [94]. However, they are named as antioxidant- DF [95] 

since they are able to quench free radicals continuously formed in the GI tract via their reducing 

functional groups [96]. Carrying both antioxidant and DF characteristics sets them to an important 

place in the human nutrition like other DF- bound antioxidants naturally found in foods.  

1.3. Structure- Activity Relationships of Antioxidants  

Antioxidant activity of the major antioxidant components in human daily diet, namely phenolic 

compounds are dependent upon their molecular structure, broadly to the presence and number of 

-OH groups, double bond conjugation and resonance effects [97]. Especially the configuration and 

number of –OH groups can significantly affect the various mechanisms of antioxidant activity as 

conformed with most of the polyphenolic compounds [98-101]. As known, the stabilization of 

radicals such as hydroxyl, peroxyl and peroxynitrite occurs via donation of hydrogen atom or 

electron from the hydroxyl groups on the B-ring followed by a formation of relatively stable 

flavonoid radical. This radical scavenging activity increases with the number of –OH groups 

among species showing structural similarity [98].  

A 3`4` catechol structure on the B-ring is evidenced to provide strong radical scavenging [98, 100, 

102] and increased lipid peroxidation [103] activities. Flavonoids are oxidized, when catechol 

structure facilitates electron delocalization [104] by forming a fairly stable o-semiquinone radical 

[105]. However, flavones lacking catechol or o-trihydroxyl (pyrogallol) structures are weak 

scavengers [101] due to the formation of unstable radicals. Apart from increasing the total number 

of –OH groups, substitution of the A-ring has a little effect on antioxidant activity. A 5-OH is 

thought to contribute antioxidant activity [106], while a 5,7-m-dihydroxy structure is reported to 

increase TEAC [97]. Most importantly, the free radical scavenging activity of flavonoids strongly 

depends on the presence of a free 3-OH in their structure [101]. Together with 3`4` catechol design, 

flavonoids with 3-OH are shown to be 10 folds more potent than ebselen, which is a known RNS 

scavenger [100]. The main contribution of 3-OH to the antioxidant activity is the planarity that it 

creates in the three dimensional structure of flavonoids, which allows conjugation, electron 

dislocation and increase in the flavonoid phenoxyl radical scavenging stability [107]. However, 
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substitution of the 3-OH with a methyl of glycosyl group is reported to endamage the antioxidant 

activity as proven for quercetin and kaempferol against β-carotene oxidation in linoleic acid [101, 

108].  

When flavonoids are O-methylated instead of hydroxylation, the main factors affecting antioxidant 

activity are the hydrophobicity and molecular planarity changed. Generally, antioxidant activity is 

repressed through steric effects which subverts the planarity [101]. The ratio of methoxy to 

hydroxyl substituents has no effect on the radical scavenging capacity of flavonoids compounds. 

However, the position of the methoxy group on the B-ring is highly important. For instance, 

changing 6`-OH/4`-OMe structure with 6`-OMe/4`-OH, by encouraging coplanarity, can totally 

destroy the DPPH scavenging ability [109]. Creating a steric hindrance to the 3`4` catechol 

structure via 4`-O- methylation can easily destroy the antioxidant activity as well. Also, the 

presence of multiple methoxy groups on the A-ring is able to endamage the positive effect of a 

catechol structure on the B-ring. In any case, the effect of O- methylation is strongly dependent on 

the evaluation method and types of radical and substrate used [110].  

Apart from these, 2-3 unsaturations together with a 4- carbonyl group have shown to have a 

significant effect on the antioxidant capacity. Nevertheless, this effect is of no standing unless 

other structural criteria such as 3`4`- catechol structure, 3-OH and other multi hydroxylation 

patterns are implemented. The TEAC values of quercetin and catechin constitutes a good example 

for this situation, quercetin being two folds of catechin, revealing the importance of 2-3 

unsaturation and 4-carbonyl groups together [97]. Also, it was demonstrated that 2,3- unsaturation 

is less significant than 4-oxo itself.  

On the other hand, it was proven that the antioxidant activity decreases when aglycones are 

converted to glycones [111]. Increasing number of glycosidic moieties further decreases the 

antioxidant activity as shown for flavonol gylcosides [112]. The structure of the sugar moiety 

together with its position also has an important role. Similar to O- methylation, steric hindrance 

created by 4`-glycosilation to the 3`4` catechol structure can destroy the antioxidant effect as well.  
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1.4. Health Effects of Antioxidants 

It has been reported that diets rich in fruits and vegetables can be linked with a lower risk of CVD 

and cancer, which in turn is related with the high antioxidant contents in these foods [113]. In 

addition to this, antioxidants are known to protect human body from various disease processes 

including aging, allergies, algesia, arthritis, asthma, atherosclerosis, autoimmune diseases, 

bronchopulmonary dyspepsia, cataract, cerebral ischemia, diabetes mellitus, eczema, GI 

inflammatory diseases and genetic disorders [114].  

Despite the fact that a wide range of antioxidants are included in the disease prevention, research 

studies have generally been focused on three antioxidants: Vitamin E, Vitamin C and carotenoids, 

which are known to be essential nutrients. Each of these antioxidants have its specific effects and 

they used to work synergistic with each other, enhancing the overall antioxidant capacity in the 

body.  

Among them, Vitamin E is very well known by its singlet oxygen quenching and free radical 

scavenging abilities. Besides, it can protect β- carotene from oxidation, enhance the immune 

responses of human body at high concentrations and inhibit the conversion of nitrites to 

nitrosamines, a kind of cancer promoter, in stomach [10]. Indeed, there are contradictive research 

present in the literature regarding the effects of Vitamin E on cancer. For instance, the use of 

Vitamin E supplements has been associated with a 50% decrease in oral cancer risk [115], while 

an inverse relationship was revealed between Vitamin E supplements and dietary Vitamin E with 

breast cancer in another study [116]. On the other hand, there is strong evidence about the 

association between high intakes of Vitamin E and reduced risk of CHD.  By inhibiting platelet 

aggregation and prostaglandin synthesis, Vitamin E has a significant effect on the development of 

atherosclerosis and other vascular diseases as well [10]. It was reported that Vitamin E 

supplementation is associated with a reduced rate in lipid peroxidation, which in turn is related 

with age related degenerative processes [117]. Together with Vitamin C and carotenoids, Vitamin 

E is linked with the reduced risk of cataract by retarding the lens opacity. Also, consumption of 

Vitamin C and Vitamin E are thought to be related with slowing the progression of Parkinson`s 

disease [10].  
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Vitamin C, namely ascorbic acid is another free radical scavenger and has the ability to regenerate 

Vitamin E from its radicals. It has a protective effect on aging, arthritis, cancer and coronary artery 

disease. Formation of carcinogenic compounds such as nitrosamines and quinones are suppressed 

by Vitamin C, which in turn reveals the protective effect of fruit and vegetable consumption on 

the risk of cancer [118]. Vitamin C reduces the risk of CVD by increasing HDL level and lowering 

the total cholesterol level in the blood. Besides, its consumption is associated with a lower risk of 

cataract and improved sperm quality in heavy smokers [10].  

Among carotenoids, β-carotene is prominent by its singlet oxygen quenching and free radical 

scavenging properties [10]. Together with several other carotenoids, β-carotene is associated with 

a reduced risk of certain cancer types [119, 120]. For smokers, low concentrations of β-carotene 

is linked with a high risk of myocardial infarction [121]. Also, low levels of β-carotene in blood is 

associated with an increased risk of cataracts.  

Other antioxidant species also have some beneficial health effects. For instance, selenium, an 

antioxidant mineral, is known to be a major prophylactic factor against cancer. Its consumption 

also has some linkages with myocardial ischemia and atherosclerosis. Likewise, flavonol and 

flavone intake was demonstrated to have an inverse relationship with CHD mortality [122]. Also 

in a cohort study performed with 500 middle- aged men, the risk of stroke was found to decrease 

by 60% in 15 years for men in the quartile with the highest intake of flavonol and flavones (> 30 

mg/day) [123]. In addition to these, antioxidants found in garlic are related with its cardio- 

protective effect, anti- aging properties and blood cholesterol lowering effects, while antioxidants 

in red wine are linked with its protective effects against heart diseases [10].   

 

1.5. Free and Macromolecule- Bound Antioxidants 

The physical structure of antioxidant-rich food has a key role in determining the health beneficial 

effects of antioxidants. In fact, biological properties of antioxidants depend on their capability to 

react with free radicals, whereas their bioavailability and/or biotransformation can occur only after 

release from the food matrix during digestion or gut fermentation [124]. Antioxidants may be 

found in different forms in food microstructure: (i) free from chemical or physical interactions, (ii) 
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physically entrapped into food matrix, (iii) chemically bound to other macromolecules, or (iv) in 

insoluble form [5, 125].   

Antioxidants found as free form such as vitamins C and E, carotenoids and low molecular weight 

polyphenols are solubilized and totally or partially absorbed either in the stomach or in the small 

intestine [5, 126]. They create a peak in plasma antioxidant level immediately after ingestion and 

disappear in a few hours [127].  

However, in complex food matrices, antioxidants are mostly embedded in the matrix and somehow 

linked with different macromolecules such as carbohydrates, proteins, and lipids [2] and especially 

DFs [5], building up the “macromolecule-bound antioxidants” concept. These bound antioxidants, 

constituting a significant portion of dietary antioxidants, were shown to have the ability to quench 

free radicals as well as free antioxidants. In addition, they carry some noteworthy characteristics 

affecting their bioavailability and bioaccessibility derived from the macromolecules they bind to 

[128, 129].  

For instance, DF- bound antioxidants have a relatively lower rate of release [130], owing to the 

resistance of DFs to digestion and absorption in the small intestine [131]. The absorption of 

phenolics, carotenoids and probably tocopherol are also reported to be retarded by DFs [132]. 

Indeed, a significant amount of dietary antioxidants pass unchanged through the small intestine 

bound to DF and reach to colon, where they can be released from the fiber matrix by the action of 

the bacterial microbiota. Consequently, bioactive metabolites that can be absorbed through the 

colon are produced [133, 134].  All non-absorbable metabolites and non-fermented polyphenols 

remain in the colonic lumen and contribute to create a healthy antioxidant environment there by 

scavenging free radicals and counteracting the effects of dietary pro-oxidants [135]. From this 

standpoint, DF can be considered the perfect tool to deliver antioxidant compounds to the intestinal 

microflora, avoiding the absorption in the initial part of the GI tract [128]. The slow and continuous 

release of polyphenols bound to DF after fermentation in the gut, gives them a considerable 

survival time in the GI tract on the contrary with free soluble antioxidants, maintaining the 

continuity of the healthy antioxidant environment there [5, 128]. Besides, it was hypothesized that 

DF- bound antioxidants play a central role in the prevention of various pathologies. They can 

contribute to the health effects attributed to DF as well as to dietary antioxidants [135]; such as 
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protection against CVD [136] and certain cancer types, diabetes, neurodegenerative diseases, and 

hypertension [137-140] as well as regulation of the insulin level in blood after food ingestion [141]. 

Moreover, they constitute a significant portion of dietary antioxidants and should not be counted 

as minor constituents of DF [135]. Grains, such as wheat, oat and rye, contributing about 50% of 

DF intake [142, 143] together with antioxidants, are principal carriers of DF- bound antioxidants. 

Besides, fruits and vegetables, which also contain various antioxidant compounds linked with DFs, 

the indigestible polysaccharides of cell walls, can be considered as a good source of DF- bound 

antioxidants [2].  

Likewise, there are also naturally occurring lipid-bound phenolics present in foods, which in turn 

affect the bioaccessibility and bioavailability of the phenolics. Biologically active natural phenolic 

lipids may be generated through these interactions, which can be suitable for pharmaceutical and 

nutraceutical applications [129]. Phenolic lipids have a strong amphiphilic character due to the 

presence of separate hydrophilic and hydrophobic regions in their structure. They can interact with 

biological membranes and can incorporate into phospholipid bilayers, which results in 

considerable changes in the biophysical properties of these structures. They exert their antioxidant 

activity in various ways, such as retaining the transition metal ions from initiating oxidation, 

quenching intermediates of oxidation (ROS) and inhibiting some prooxidant enzymes, including 

lipoxygenases, cyclooxygenases and xanthine oxidase. Besides, they have antimutagenic, 

antigenotoxic, antibacterial, antitumor and fungustatic properties. They can also affect the 

structures and activities of proteins [144]. Such kind of interaction between phenolic compounds 

and lipid is known to exist in olive oil. Indeed, it is well known that phenolic compounds in virgin 

olive oil, including phenolic acids, phenolic alcohols, secoiridoids, hydroxy-isocromans, 

flavonoids and lignans, are highly bioavailable [145]. Also, it was demonstrated that they 

positively affect some physiological parameters, due to the fact that they reduce the development 

risk of chronic diseases [146-148]. However, there is no information regarding the nature or 

biological properties of those naturally occurring phenolic lipids [129]. Besides, it was reported 

that there are natural phenolic- lipid interactions in cashew [149] and propolis [150], whose 

functional health properties are increasingly gaining interest.  

In a similar fashion, a significant amount of phenolic compounds are naturally found as bound to 

proteins. In contrast to DFs, which prevents the release, and thus the bioavailability of phenolics 
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during digestion [2], proteins allows the release of phenolic compounds during their digestion in 

the stomach and small intestine [151]. Binding of phenolic compounds to proteins are of non-

covalent basis, in which the hydroxyl groups of phenolics form H-bonds with the carbonyl groups 

of peptides [152]. Oxidation to quinones also allows phenolics to bind with the reactive groups of 

proteins [153]. Besides, phenolic compounds can non- covalently bind on the surfaces of proteins 

via hydrophobic interactions [154]. Nevertheless, the binding may be also covalent between some 

oxidized phenolic compounds and proteins [155].  Such kind of interactions are reported to boost 

the antioxidant activity of proteins in plants [154, 156]. For instance, up to 82-85 % of total 

antioxidant activity in lentils is provided by phytochemicals, while it turns to be around 25-39 % 

for other leguminous foods including chickpeas, soybeans, green and yellow beans [157].  

On the other hand, proteins, as vital macromolecules, contribute to the endogenous AC of foods 

themselves by containing various sites having antioxidant activity, without necessarily interfering 

with phenolics. They have the ability to inhibit lipid oxidation through inactivation of ROS, 

chelation of prooxidative transition metals, scavenging of free radicals, reduction of 

hydroperoxides and changing the physical properties of foods. In spite of all 20 amino acids are 

potentially oxidizable, those with nucleophilic sulfur- containing side chains such as cysteine and 

methionine or with aromatic side chains such as tryptophan, tyrosine, and phenylalanine from 

which the hydrogen atom is easily abstracted, are the most reactive ones. Soybean protein 

constitutes a good example in this case with its antioxidant capacity, which is mentioned to be 

originated from its tyrosine content [158].  Histidine with its imidazole- containing side chain is 

also labile to oxidation. In addition to this, amino acid residues like histidine, glutamic acid, 

aspartic acid, phosphorylated serine and threonine give some proteins the ability to bind metals, 

but do not have this function specifically. Nevertheless, the tertiary structure of proteins constraints 

the antioxidant activity of these amino acids mentioned, making them inaccessible to prooxidants 

when they are buried in the core [159]. Heating the proteins is reported to result in an increased 

antioxidant activity in some specific cases due to the exposure of antioxidative amino acid residues 

[160]. Furthermore, the antioxidant activity may increase through heating in the presence of 

sugars, due to the formation of antioxidative Maillard reaction products [159].  
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1.6. Multivariate Data Analysis 

The nature of the food systems is multivariate itself. In other words, any particular phenomenon 

takes place with the simultaneous contribution from several different factors [161]. This 

complexity necessitates a multivariate approach when obtaining and analysing data. Design of 

experiment constitutes the first step in this context, since it allows the researcher to have the right 

type and sufficient amount of data to answer the questions of interest clearly [162]. When the right 

data is obtained, chemometric tools such as Principal Component Analysis (PCA), Partial Least 

Squares (PLS) or Anova Simultaneous Component Analysis (ASCA), among others, can be used 

to extract the most important information from the collected data.   

1.6.1. Design of Experiment  

Wagner et al. (2014) defined Design of experiment (DoE) as “a systematic approach to understand 

how process and product parameters affect response variables such as physical properties, product 

performance and processability” [163]. It should be noted that without a good experimental design, 

obtaining eligible conclusions from the data is difficult. Also, a well-designed experiment is the 

key to reach explicit data with less experimental runs when compared to ad hoc approaches [162].  

The DoE process can be divided into 5 simple steps: i) definition of the problem, ii) planning the 

experiment, iii) running the experiment, iv) analysing the data with statistical methods and v) 

reporting results [163]. The definition of the particular questions to be answered before starting 

any experiment, in other words determining the aim of the experiment is the first and the most 

critical step. The aim may cover the estimation of some unknown parameters and/or revealing of 

connections between several factors and/or comparison of the effects of some parameters [162]. 

After clarifying the problem and aim, the dependent and independent variables are selected in the 

second step. Independent variables are the parameters of process or product, which can be 

controlled within the experimental design and can be either quantitative or qualitative. Dependent 

parameters on the other hand, are the responses that are measured to determine the effects of the 

independent variables. After that, the number of data points needed for each response is determined 

according to the number of tests required to provide statistical significance. The difference in the 

response variables is also adjusted by comparing the magnitudes of dependent responses at several 

experimental points. 
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The complexity of the real- world problems brings a natural difficulty to the experimental design 

problems. Consequently, the DoE can be in various forms. Among three experimental designs, 

namely mixture experiments, factorial design and response surface, factorial design is used to 

detect the factors that have a significant effect on the response. In general, factorial designs are 

comprised of two-levels. Fractional factorial designs reduce the number of experiments to be 

performed together with the potential information that can be gathered about the interactions of 

independent variables. 

In the third step experiments are performed to collect data, always in a random order to minimise 

the systematic error. Replicate experiments are performed either at the center point and/or some 

selected points in the experimental domain. The fourth step includes data analysis, which can be 

easily done by some specific computer programs. Eventually, the prediction of independent factors 

and interactions which make significant effect on a specific response, generation of models 

predicting responses at any experimental point, visual comparison of the data via model equations, 

prediction of the conditions which allows to get the desired output can be done. After all, in the 

fifth step, the results are reported [163].  

1.6.2. Principal Component Analysis 

It is an ordination technique mainly used to display patterns in multivariate data. It displays the 

relative positions of data points in maps in less dimensions and investigates the relations between 

dependent variables [164]. By doing so, the similarity of the observations and the variables can be 

seen [165-167] and the description of the data set can be simplified [168]. While doing this, it also 

retains as much information as possible [164], leaving it in the so called principal components 

(independent between them); while the unwanted information is left outside (in the residuals).   

Considering a data table comprised of I observations and J variables in the form of I x J matrix X, 

is often preprocessed, prior to PCA. Mostly, the columns of X are centered providing the mean of 

each column to equal to 0. Besides centering, if the variables have different units, each variable is 

divided by its norm and standardized to unit norm. PCA computes a new set of orthogonal 

(independent) variables called Principal Components (PCs) from the original variables. The first 

PC contains the largest variance. The second component provide the condition of orthogonality to 
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the first component and has as large inertia as possible. The subsequent components are computed 

in the same way. The number of PCs generated increases with the number of variables. The values 

of the new variables created are named as factor scores, which can be shown geometrically as the 

projections of observations on the PCs [168]. Scores plot is considered as the main output of PCA 

and provides useful information about the data structure such as whether the samples are clustered 

or occupy a gradient. Also, contributory information is always available on the plot for 

interpretation. In addition to this, the values of the samples on the PC axes and the correlations 

between the original variables can form a reduced space plot in which the dependent variables are 

projected. These values are named as factor loadings. Loadings help explaining the importance of 

an axis to a variable [164]. 

1.6.3. Anova Simultaneous Component Analysis (ASCA) 

Analysis of variance (ANOVA) is a useful tool when a single variable is measured with an 

underlying experimental design [169]. When several variables are measured at the same time like 

in metabolomics, proteomics or transcriptomics, generalizations of ANOVA are needed to 

consider the interrelation between variables. As there are several generalizations of ANOVA from 

univariate to multivariate case in literature  such as MANOVA [170], PCA or PLS based ANOVA, 

there are also some hesitations or contradictive interpretations.  

Among them, ANOVA Simultaneous Component Analysis (ASCA), combining ANOVA with 

PCA [171], was introduced as a novel method, generalizing some former methods. ASCA deals 

with a temporal and/or design structure of complex multivariate datasets obtained from a large 

spectrum of fields [172]. It basically uses the ANOVA model to decompose a data matrix into 

effect matrices, containing level averages of experimental factors and a matrix of residuals, which 

is not explained by the model. The significance of the experimental factors is quantified by 

calculating the p-values by a permutation test. The contribution of each variable on the PCs of the 

effect matrix is determined by loadings, which in turn allows easy interpretation of the factor levels 

by means of dependent variables [173]. The variation explained by the model is used as an 

indicator of quality of fit, as is common in multivariate data analysis [174].  
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2. EXPERIMENTAL 

2.1. Interactions between Macromolecule- Bound Antioxidants and Free Antioxidant 

Trolox in Aqueous Medium 

2.1.1. Chemicals 

Potassium peroxydisulfate, 2,2`-azinobis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), 6-

hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), monopotassium phosphate, 

disodium phosphate, sodium acetate trihydyrate, acetic acid, methanol, hexane, and ethanol were 

purchased from Sigma-Aldrich Chemie (Steinheim, Germany). All solvents were of analytical 

grade, unless otherwise stated. Water was purified through a Millipore Q-plus purification train 

(Millipore Corp., Bedford, MA, USA). 

2.1.2. Food Samples   

Whole-wheat (WW) flour, edamame, soybean, soymilk, tofu, extra virgin and refined olive oil 

were purchased from local markets in Ankara, Turkey. Paste was prepared from WW flour by 

heating the flour: water mixture, formed according to the ratio (3.5 g: 25 mL) given in the AACC 

method 72-21.01 “General Pasting Method for Wheat and Rye Flour Using the Rapid Visco 

Analyzer” [175], on a magnetic stirrer to 70 °C and leaving for set-back in the room temperature. 

Bread was prepared according to the AACC method 10-10B for “Straight-Dough Bread Making” 

[176].  Boiled soybeans were obtained by boiling 100 g raw soybeans in 600 ml water for 1 h.  

2.1.3. Preparation of the DF-Bound Antioxidants 

WW- flour, ground paste and bread samples were washed according to the procedure described by 

Çelik, Gökmen, & Fogliano (2013) [5] to remove water, alcohol and lipid-soluble fractions. The 

residues were freeze-dried, ground to a fine powder form and passed through a sieve (Endecotts 

Test Sieve, London, UK) of 40 mesh size. The powder obtained, containing DF-bound 

antioxidants, was tested to be free of soluble antioxidants and kept stable under -18 °C in a close-

fitting vessel under nitrogen atmosphere prior to measurements.   

2.1.4. Preparation of the Protein-Bound Antioxidants  

Edamame, soybean, boiled soybean, soymilk and tofu proteins were subjected to isoelectric 

precipitation according to the method described by Dev, Quensel and Hansel (1986) [177] and 

Krause, Schultz and Dudek (2002) [178] with some modifications. Freeze dried and ground 
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samples (4 g) were first defatted with hexane (200 mL) in a soxhlet apparatus at 50 °C for 6 h, 

then dried at room temperature. Defatted samples (10 g) were mixed with NaOH (2.0 N, 100 mL) 

and the pH of the mixtures were adjusted to 11.0. Following 1 h stirring at room temperature, 

centrifugation was done at 8000 rpm for 30 min and supernatants were collected. The pH of the 

supernatants was adjusted to 4.6 using HCl (0.1 N) and the protein isolate precipitated was 

separated by centrifugation at 8000 rpm for 15 min. The isolates were freeze-dried and kept stable 

under -18 °C in a close-fitting vessel under nitrogen atmosphere prior to experiments.  

2.1.5. Preparation of the Lipid-Bound Antioxidants 

Extra virgin and refined olive oil samples (15 mL) were washed with methanol: water (70:30, v: 

v) mixture (25 mL) in three steps. Following vortexing of the olive oil: methanol: water mixtures, 

centrifugation was done at 8000 rpm for 3 min and the supernatants containing free phenolic 

compounds were removed in each step. The last supernatant was tested to be free of phenolic 

compounds via Folin-Ciocalteau [179] method and the final product containing lipid-bound 

antioxidants was kept stable under 4 °C in a close-fitting vessel under nitrogen atmosphere prior 

to experiments.  

2.1.6. Antioxidant Capacity Measurement  

Antioxidant capacity of DF, protein and lipid bound antioxidants and Trolox was measured 

separately and in mixtures by the QUENCHER [125] procedure using ABTS radical probe. 

ABTS•+ radical solution was prepared according to the method described by Serpen, Gokmen and 

Fogliano (2009) [180] with some minor modifications. Working solution of ABTS was prepared 

by diluting the stock solution in 0.1 M of sodium-potassium phosphate (pH 6.0) or sodium-acetate 

(pH 3.0 and 5.0) buffers for DF and protein-bound antioxidant studies.  In this way, the pH of the 

ABTS radical media was ensured to stay in the mentioned values (3.0, 5.0 and 6.0) during the 

study for all samples. For lipid-bound antioxidant studies, the stock solution was diluted with 

ethanol: water (50:50, v: v) mixture to prepare working solution, disregarding the pH arrangement. 

The absorbance of the ABTS working solution was arranged a value between 0.7-0.8 at 734 nm. 

10, 15 or 20 mg of DF/protein-bound antioxidant; 100, 150 or 200 µL of lipid-bound antioxidant 

or 100, 150 or 200 µL of Trolox (500 µM) was placed into a test tube and the reaction was initiated 

by adding 10 mL of ABTS radical solution. Following 27 min of orbital shaking at 350 rpm at 

room temperature in darkness, the tubes were centrifuged at 8000 rpm for 2 min. The optically 
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clear supernatants obtained were transferred into a cuvette and absorbance measurement was 

performed at 734 nm using a Shimadzu model 2100 variable-wavelength UV-visible 

spectrophotometer (Shimadzu Corp., Kyoto, Japan), exactly after 30 min from the initiation of the 

reaction. The absorbance measurements for bound antioxidant + Trolox mixtures were also 

performed according to the experimental matrix generated by DoE. The total antioxidant capacity 

of bound antioxidants and Trolox separately and in mixtures were expressed as inhibition % of the 

absorbance with respect to ABTS radical itself. Estimated inhibition % of the absorbance values 

were calculated by summing up the inhibition % values separately measured for the related 

concentrations of bound antioxidants and Trolox which were used to make the mixtures. Measured 

inhibition % of the absorbance values were the ones which obtained for the real mixtures.  

2.1.7. High Resolution Mass Spectrometry Analysis of Auto-Regeneration Reaction End 

Product of Trolox 

10 mg WW bound antioxidants + 100 µL Trolox (500 µM) mixture and 100 µL of Trolox (500 

µM) was separately mixed with 10 mL of ABTS working solution, prepared by diluting the stock 

solution in ethanol: water (50:50, v: v) mixture.  After 27 min of reaction by orbitally shaking the 

tubes at 350 rpm, at room temperature, in darkness the tubes were centrifuged at 8000 rpm for 2 

minutes. The optically clear supernatants were placed into vials and the measurements were done 

immediately. ABTS working solution in the same conditions without any antioxidant added was 

analyzed as well.  

The measurements were carried out by using a Thermo Scientific Accela Liquid Chromatography 

System (San Jose, CA, USA) coupled to a Thermo Scientific Q-Exactive Orbitrap High Resolution 

Mass Spectrometry (San Jose, CA, USA) in heated electrospray ionization (HESI) mode. 

Chromatographic separations were performed on Thermo Hypersil Gold aQ column (20 x 2.1 mm 

i.d., 1.9 µm) (San Jose, CA, USA). An isocratic mixture (70:30) of 0.1 % formic acid having 2 

mM ammonium formate in water (A) and 0.1 % formic acid having 2 mM ammonium formate in 

(methanol: ACN (50:50, v: v)): water (99.5:0.5, v: v) mixture (B) was used as the mobile phase at 

a flow rate of 0.3 mL/min. The injection volume was 10 µL. The scan analyses were performed in 

an m/z range between 70 and 300 at ultra-high resolving power (R = 70000). The automatic gain 

control target and maximum injection time were set to 1 × 106 and 100 ms respectively. The HESI 

source parameters were as follows: sheath gas flow rate 45 (arbitrary units), auxiliary gas flow rate 
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10 (arbitrary units), spray voltage 3.70 kV, capillary temperature 320 °C, auxiliary gas heater 

temperature 250 °C. 

2.1.8. Design of Experiment (DoE) 

Experiments for the absorbance measurements of DF and protein-bound antioxidants + Trolox 

mixtures were performed according to a fractional factorial design with 3 factors (bound 

antioxidant concentration, Trolox concentration, pH) at 3 levels, while a full factorial design with 

2 factors (bound antioxidant concentration, Trolox concentration) at 3 levels was used for lipid-

bound antioxidants + Trolox mixtures (Table 2.1). The experiments were performed randomly by 

using two replicate samples for each bound antioxidant matrix, and each measurement was done 

in triplicate. 

Table 2.1. Experimental matrices for DF/protein-bound antioxidants + Trolox and lipid-bound 

antioxidants + Trolox mixtures studies in aqueous medium   

Experiment [DF/Protein-Bound 

Antioxidant] mg 

[Trolox] 

µL 

pH [Lipid-Bound 

Antioxidant] µL 

[Trolox] 

µL 

1 10 100 3 100 100 

2 10 150 6 100 150 

3 10 200 5 100 200 

4 15 100 6 150 100 

5 15 150 5 150 150 

6 15 200 3 150 200 

7 20 100 5 200 100 

8 20 150 3 200 150 

9 20 200 6 200 200 

 

2.1.9. Statistical Analysis 

Multi-way ANOVA was performed by the statistical toolbox working under Matlab v. 2016a (The 

Mathworks, Inc. Massachusetts, USA). Duncan´s post-hoc test was perfomed at IBM SPSS 

Statistics version 24. Student`s t-test and Anova-Single Factor tests were perfomed in EXCEL v. 

2016 (Microsoft Corporation, Washington, USA). 
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2.2. Interactions between Macromolecule- Bound Antioxidants and Free Antioxidant 

Trolox in Liposome Medium 

2.2.1. Chemicals 

L-α-phosphatidylcholine from soybean (99%), sodium phosphate dibasic, 6-hydroxy-2,5,7,8-

tetramethylchroman-2-carboxylic acid (Trolox), iron(III) chloride, adenosine 5′-diphosphate 

sodium salt (ADP), L-(+)-Ascorbic acid, methanol, chloroform, hexane, and ethanol were 

purchased from Sigma-Aldrich Chemie (Steinheim, Germany). Potassium dihydrogen phosphate, 

dipotassium hydrogen phosphate, and glycine were purchased from Merck (Darmstadt, Germany). 

All solvents used were of analytical grade, unless otherwise stated. Water was purified through a 

Millipore Q-plus purification train (Millipore Corp., Bedford, MA, USA). 

2.2.2. Food Samples 

WW flour, edamame, soybean, soymilk, tofu, extra virgin and refined olive oil were purchased 

from local markets in Ankara, Turkey. Paste, bread and boiled soybean were prepared as described 

above in Section 2.1.2.  

2.2.3. Preparation of the DF-Bound Antioxidants 

DF- bound antioxidants from WW flour, paste and bread were prepared as described above in 

Section 2.1.3. Samples obtained in powder form, which are free of soluble antioxidants were kept 

stable under -18 °C in a close-fitting vessel under nitrogen atmosphere prior to measurements.   

2.2.4. Preparation of the Protein- Bound Antioxidants 

Isoelectric precipitation of edamame, soybean, boiled soybean, soymilk and tofu proteins were 

carried out according to the method described above in Section 2.1.4. Freeze dried protein isolates 

obtained were kept stable under -18 °C in a close-fitting vessel under nitrogen atmosphere prior to 

experiments. 

2.2.5. Preparation of the Lipid-Bound Antioxidants 

Lipid- bound antioxidants from extra virgin and refined olive oil samples were obtained according 

to the procedure described above in Section 2.1.5. Samples were kept stable under 4 °C in a close-

fitting vessel under nitrogen atmosphere prior to experiments. 

2.2.6. Preparation and Peroxidation of Liposomes 

Liposomes were prepared with minor modifications [181] according to the method described by 

Tirmenstein, Pierce, Leraas, & Fariss (1998) [182]. Forty milligrams of soybean 
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phosphatidylcholine were dissolved in chloroform and evaporated to dryness under nitrogen flow. 

The residual dry phosphatidylcholine was subsequently rehydrated with 5 mL of 50 mM sodium 

phosphate buffer (PB) (pH 7.4), vortexed and the suspension was sonicated at 100 W with 30 s 

intervals 10 times to obtain a homogeneous suspension of multilamellar liposomes. Between the 

intervals, the suspension was left to cool in an ice bath for at least 2 min. The sonicated suspension 

was centrifuged at 16000g for 30 min, and the supernatant containing the liposomes was collected. 

The liposomes were stored under 4 °C for 1 week prior to experiments to increase the level of lipid 

hydroperoxides (about 5−10% of the phosphatidylcholine). These will react with Fe3+ to produce 

free radicals.  

Liposomes prepared weekly prior to measurement were pipetted into a 96-well transparent plate 

as 10 μL for each well and mixed with 50 μL of sample dilutions, whereas Milli-Q water was used 

as zero sample. Sample dilutions were prepared as 5, 10 and 50 µM for Trolox 1, 5 and 10 mg/mL 

aqueous solutions for DF and protein-bound antioxidant samples (wheat and soybean products) 

and as 300, 600, 900 µL/mL hexane for lipid-bound antioxidant samples (olive oil products).  

Mixtures of DF, protein and lipid bound antioxidant sample derivatives with Trolox were prepared 

by combining different concentrations of bound antioxidants and Trolox at a ratio of 1:1 to give 

50 μL sample. Glycine was added to the reaction medium as glycine ascorbate buffer (GAB) as 

120 µL per well to react with aldehydes generated by lipid peroxidation to produce fluorescence. 

GAB was was prepared as 50 mM potassium phosphate buffer (PPB) with 100 mM glycine and 

450 μM ascorbate at pH 7.4. Lipid peroxidation was initiated by adding 20 μL of an oxidizing 

agent composed of 25 μM FeCl3 in 50 mM PPB (pH 7.4) with 1 mM ADP to the wells. 

The plate was inserted into the plate reader of a Tecan GENios plus fluorometer (Tecan Trading 

AG, Switzerland) immediately after addition of oxidizing agent. Oxidation of liposome system 

was monitored for 180 min at 37 °C (excitation at 360 nm, emission at 460 nm) in 10 min intervals, 

and samples were analyzed in triplicate.  

From the oxidation curves obtained after measurements for each well, AUC (area under the curve) 

for samples as well as control was calculated between 0-180 min.  To avoid differences originating 

from different starting levels of oxidation, all fluorescent values were subtracted from the lowest 

value, considering the lowest point as zero. The AUC was calculated by the trapezoid rule. Then 

by using AUC values, inhibition % of lipid oxidation value for each sample was calculated with 
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reference to the control sample. Estimated inhibition % of lipid oxidation values were calculated 

by summing up the halves of the inhibition % of lipid oxidation values separately measured for 

the related concentrations of bound antioxidants and Trolox, which were used to make a 1:1 

combination.  

2.2.7. Design of Experiment (DoE) 

In order to perform the experimental studies regarding the percentage of inhibition of lipid 

oxidation measurements for the mixtures of free and bound antioxidants, a full factorial design 

with 2 factors (bound-antioxidant concentration and free antioxidant concentration) at 3 levels, 

was performed (Table 2.2). The experiments were performed randomly by using two replicate 

samples for each bound antioxidant matrix, and each measurement was done in triplicate. 

Table 2.2. Experimental matrices for DF/protein-bound antioxidants + Trolox and lipid-bound 

antioxidants + Trolox mixtures studies in liposome medium 

Experiment [DF/Protein-Bound 

Antioxidants] mg/mL 

[Trolox] 

µM 

[Lipid-Bound 

Antioxidants] µL/mL 

1  1 5 300 

2 1 10 300 

3 1 50 300 

4 5 5 600 

5 5 10 600 

6 5 50 600 

7 10 5 900 

8 10 10 900 

9 10 50 900 
 

2.2.8. Statistical Analysis 

The curve fitting was done with Matlab, based on the theoretical model given by truncating the 

data from the point when it reaches zero oxidation level after noisy part at the beginning of the 

peroxidation. The fitting was performed by using the well-known Levenberg-Marquard algorithm. 

PCA and ASCA were performed by using PLS_Toolbox v. 8.0 (Eigenvector Research, 

Inc. Manson, WA, USA) working under Matlab v. 2016a (The Mathworks, Inc. Massachusetts, 

USA). Duncan´s post-hoc test was performed at IBM SPSS Statistics version 24. Student`s T-Test 

and Anova-Single Factor tests were performed at EXCEL v. 2016 (Microsoft Corporation, 

Washington, USA). 
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2.3. Interactions between Whole Wheat Dietary Fiber- Bound Antioxidants and 

Hydroxycinnamic/ Hydroxybenzoic Acids in Aqueous and Liposome Media 

2.3.1. Chemicals 

L-α-phosphatidylcholine from soybean (99%), sodium phosphate dibasic, iron(III) chloride, 

adenosine 5′-diphosphate sodium salt (ADP), 2,2-Diphenyl-1-picrylhydrazil (DPPH), 2-

hydroxycinnamic (o-coumaric) acid, 3-hydroxycinnamic (m-coumaric) acid, 4-hydroxycinnamic 

(p-coumaric) acid, 3,4-dihydroxycinnamic (caffeic) acid, 3,5-dihydroxyhydrocinnamic acid, 2,4-

dihydroxycinnamic acid, 3,4,5-trihydroxybenzoic (gallic) acid, 2,4,5-trihydroxybenzoic acid, 

2,4,6-trihydroxybenzoic acid, 2,3,4-trihydroxybenzoic acid, 4-hydroxy-3,5-dimethoxybenzoic 

(syringic) acid, 3,4,5-trimethoxybenzoic acid, 2-hydroxy-4,6-dimethoxybenzoic acid, 2-hydroxy-

3,4-dimethoxybenzoic acid, 3,4-dihydroxy-5-methoxybenzoic acid, 2-hydroxy-3-methoxybenzoic 

acid, 2-hydroxy-4-methoxybenzoic acid, 2-hydroxy-5-methoxybenzoic acid, 2-hydroxy-6-

methoxybenzoic acid, 4-hydroxy-3-methoxybenzoic (vanillic) acid, 3-hydroxy-4-methoxybenzoic 

(isovanillic) acid, L- (+)-ascorbic acid, methanol, chloroform, hexane, and ethanol were purchased 

from Sigma-Aldrich Chemie (Steinheim, Germany). Potassium dihydrogen phosphate, 

dipotassium hydrogen phosphate, and glycine were purchased from Merck (Darmstadt, Germany). 

All solvents used were of analytical grade, unless otherwise stated. Water was purified through a 

Millipore Q-plus purification train (Millipore Corp., Bedford, MA, USA). 

2.3.2. Preparation of the DF- Bound Antioxidants from Whole Wheat 

WW- flour was purchased from a local factory in Ankara, Turkey. DF-bound antioxidants from 

WW- flour were obtained according to the procedure described above in Section 2.1.3. The final 

product in powder form was tested to be free of soluble antioxidant compounds and kept under -

18 °C in a close- fitting vessel under nitrogen atmosphere prior to experiments. 

2.3.3. Antioxidant Capacity Measurement in Liposome Medium 

Antioxidant capacity measurement in liposome medium was carried out as described above in 

Section 2.2.6 with minor modifications. Sample dilutions were prepared as 1, 5 and 10 mg/mL 

aqueous solutions for WW- bound antioxidants and 10, 50 and 100 µM for o-coumaric, m-

coumaric, p-coumaric, 2,4 dihydroxycinnamic, 3,5 dihydroxyhydrocinnamic, caffeic and gallic 

acids. Milli-Q water was used as control sample and combinations of HCA with WW- bound 

antioxidants were prepared by mixing their different concentrations at a ratio of 1:1 to give 50 µL 

of sample. Sample were analyzed in triplicate. AUC and measured/ estimated inhibition % values 
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were calculated as mentioned above (Section 2.2.6) for each sample. 

2.3.4. Antioxidant Capacity Measurement in Aqueous Medium  

Antioxidant capacity measurements of WW- bound antioxidants and HCA/ HBA derivatives 

separately and in mixtures were performed by using direct QUENCHER procedure with minor 

modifications. DPPH stable radical was used in the method since it works at around physiological 

pH unlike the other well-known antioxidant activity assays.  

The DPPH solution was prepared according to the method described by Serpen et al. (2009) [180]. 

Dilutions of WW- bound antioxidant samples and HCA / HBA derivatives were pipetted into 96-

well transparent plates as 40 µL and mixed with 260 µL of DPPH radical, whereas Milli-Q water 

was used as zero sample. Sample dilutions were prepared as 10, 30, 50 mg/mL for WW- bound 

antioxidants; 25, 50, 100 µM for Caffeic, Gallic, 2,4,5- trihydroxybenzoic, 2,4,6- 

trihydroxybenzoic, 2,3,4- trihydroxybenzoic and 3,4-dihydroxy-5-methoxybenzoic acids and 100, 

300, 500 µM for the rest of the HCA/ HBA derivatives. Mixtures of WW- bound antioxidants with 

HCA/ HBA derivatives were prepared by combining different dilutions at a ratio of 1:1 to give 40 

µL sample. After mixing the radical with samples, the plate was immediately inserted into the plate 

reader of the SpectraMax i3x Multi-Mode Detection Platform. The absorbance was measured at 

525 and 850 nm, the wavelengths giving maximum absorbance for DPPH and WW- bound 

antioxidants respectively, for 120 min with 5 min intervals. The absorbance values measured at 

850 nm were subtracted from that at 525 nm to eliminate the interference of the insoluble WW-

bound antioxidant fraction in the wells. Scavenging % of DPPH radical was calculated with respect 

to the zero sample at each time point and oxidation rate curves were constructed by plotting 

scavenging % data vs time.  The area under the curve (AUC) values were then calculated with 

trapezoid rule for each sample. Estimated AUC values for WW- bound antioxidants + HCA/ HBA 

mixtures were calculated by summing up the halves of the AUC values separately obtained for the 

related concentrations of WW- bound antioxidants and HCA/ HBA.   

2.3.5. Design of Experiment 

A full factorial design with 2 factors (WW- bound antioxidant concentration, HCA/ HBA 

concentration) at 3 levels was used for the experimental studies performed in both liposome and 

aqueous media (Table 2.3). The experiments were performed randomly by using two replicate 

samples of WW- bound antioxidants with each HCA/ HBA variety, and each measurement was 
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done in triplicate. 

Table 2.3. Experimental matrices for WW-bound antioxidants + HCA/ HBA derivatives mixtures 

studies in liposome (I) and aqueous (II) media.  

Experiment I II 

[WW-Bound]  

mg/mL 

[HCA /HBA]  

µM 

[WW-Bound]  

mg/ mL 

[HCA / HBA]  

µM 

1  1 10 10 25 100 

2 1 50 10 50 300 

3 1 100 10 100 500 

4 5 10 30 25 100 

5 5 50 30 50 300 

6 5 100 30 100 500 

7 10 10 50 25 100 

8 10 50 50 50 300 

9 10 100 50 100 500 

 

2.3.6. Statistical Analysis 

PCA and ASCA were performed by using the PLS_Toolbox v. 8.0 (Eigenvector Research, Inc. 

Manson, WA, USA) working under Matlab v. 2016a (The Mathwotks, Inc. Massachusetts, USA). 

Duncan`s post hoc test was performed at IBM SPSS Statistics version 24. Student`s t-test and 

Anova-Single Factor tests were performed in EXCEL v. 2016 (Microsoft Corporation, 

Washington, USA).  

2.4. Interactions between Coffee/ Bread Crust Melanoidins and Hydroxycinnamic/ 

Hydroxybenzoic Acids in Aqueous Medium 

2.4.1. Chemicals 

2,2-Diphenyl-1-picrylhydrazil (DPPH), p-Coumaric acid, o-Coumaric acid, m-Coumaric acid, 3,4-

Dihydroxycinnamic acid (Caffeic acid), 3,5-Dihydroxyhydrocinnamic acid, 2,4-

Dihydroxycinnamic acid, Gallic acid, 2,4,5-Trihydroxybenzoic acid, 2,4,6-Trihydroxybenzoic 

acid, 2,3,4-Trihydroxybenzoic acid, Syringic Acid, 3,4,5-Trimethoxybenzoic Acid, 2-Hydroxy-

4,6-dimethoxybenzoic acid, 2-Hydroxy-3,4-dimethoxybenzoic acid, 3,4-Dihydroxy-5-

methoxybenzoic acid, 2-Hydroxy-3-methoxybenzoic acid, 2-Hydroxy-4-methoxybenzoic acid, 2-

Hydroxy-5-methoxybenzoic acid, 2-Hydroxy-6-methoxybenzoic acid, Vanillic acid, Isovanillic 

acid and ethanol were purchased from Sigma-Aldrich Chemie (Steinheim, Germany). Water was 
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purified through a Millipore Q-plus purification train (Millipore Corp., Bedford, MA, USA). 

Instant coffee (Nescafe Gold) and bread was purchased from a local market in Ankara.  

2.4.2. Isolation of Coffee Melanoidins 

Coffee melanoidins was isolated according to the procedure described by Delgado-Andrade et al. 

(2005) [78] with minor modifications. Two grams of instant coffee was resuspended in 100 mL of 

hot water (50-60 °C) and the solution obtained was filtered through a coarse filter paper. An aliquot 

of the filtered sample was subjected to ultrafiltration using an Amicon ultrafiltration cell model 

8400 (Amicon, Beverly, MA), equipped with 10 kDa nominal molecular mass cut off membrane. 

The retantate was filled up to 200 mL deionized water and the ultrafiltration process was continued 

to wash it. The washing procedure was repeated at least three times. The residual high molecular 

weight fraction corresponding to melanoidins was collected, freeze-dried and stored under -18 °C 

prior to analysis. 

2.4.3. Isolation of Bread Crust Melanoidins 

Bread crust melanoidins was isolated according to the procedure described by Borrelli & Fogliano 

(2005) [183]. Bread crust was separated from bread manually using kitchen type knives, ground 

and freeze- dried. 500 mg freeze- dried bread crust was mixed with 6 mL of 0.2 M Tris- HCl buffer 

(pH 8.0) containing Pronase E (0.1 mg/mL). The mixture was kept under 37 C for 70 h using a 

water bath equipped with a shaker. The brown supernatants containing hydrolisates were collected 

after centrifugation at 4000 rpm for 15 min. The high molecular weight fraction containing 

melanoidins was separated by ultrafiltration using an Amicon ultrafiltration cell model 8400 

(Amicon, Beverly, MA), equipped with 10 kDa nominal molecular mass cut off membrane. The 

melanoidins obtained was freeze- dried and stored under -18 °C prior to analysis. 

2.4.4. Antioxidant Capacity Measurement  

Antioxidant capacity measurements of bread crust and coffee melanoidins samples together with 

HCA/ HBA separately and in mixtures were performed according to the method described above 

in Section 2.3.4 with minor modifications. Sample dilutions were prepared as 0.1, 0.5, 1.0 mg/mL 

for coffee melanoidins; 10, 50, 100 mg/ mL for bread crust melanoidins; 25, 50, 100 µM for 

Caffeic, Gallic, 2,4,5- Trihydroxybenzoic, 2,4,6- Trihydroxybenzoic, 2,3,4- Trihydroxybenzoic 

and 3,4-Dihydroxy-5-methoxybenzoic Acids and 100, 300, 500 µM for the rest of the HCA/ HBA 

derivatives. Mixtures of melanoidins with HCA/ HBA were prepared by combining different 
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concentrations of melanoidins and HCA/ HBA at a ratio of 1:1 to give 40 µL sample. The 

wavelength giving maximum absorbance for the melanoidins was also 850 nm, hence the 

absorbance was measured at 525 and 850 nm for 120 min with 5 min intervals, as done before. 

Samples were analyzed in triplicate. Inhibition % of the DPPH radical and measured/ estimated 

AUC values were calculated as mentioned in Section 2.3.4.  

2.4.5. Design of Experiment (DoE) 

A full factorial design with 2 factors (melanoidins concentration, HCA/ HBA concentration) at 3 

levels was performed (Table 2.4). Experimental studies were performed according to the matrix 

constructed randomly and each measurement was done in triplicate.  

Table 2.4. Experimental matrices for CM + HCA/ HBA derivatives and BCM + HCA/ HBA 

derivatives mixtures studies. 

Experiment [CM] 

 mg/mL 

[HCA / HBA]  

µM 

[BCM]  

mg/ mL 

[HCA / HBA]  

µM 

1  0.1 25 100 100 25 100 

2 0.1 50 300 300 50 300 

3 0.1 100 500 500 100 500 

4 0.5 25 100 100 25 100 

5 0.5 50 300 300 50 300 

6 0.5 100 500 500 100 500 

7 1 25 100 100 25 100 

8 1 50 300 300 50 300 

9 1 100 500 500 100 500 

 

2.4.6. Statistical Analysis  

PCA and ASCA were performed by using PLS_Toolbox v. 8.0 (Eigenvector Research, 

Inc. Manson, WA, USA) working under Matlab v. 2016a (The Mathworks, Inc. Massachusetts, 

USA). Duncan´s post-hoc test was performed at IBM SPSS Statistics version 24. Student`s t-test 

and Anova-Single Factor tests were performed at EXCEL v. 2016 (Microsoft Corporation, 

Washington, USA). 
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2.5. Interactions between the Insoluble Fractions of Different Coffee Infusion & Major 

Cocoa Free Antioxidants and Different Coffee Infusions & Dark Chocolate 

2.5.1. Chemicals 

2,2-Diphenyl-1-picrylhydrazil (DPPH), (+)-Catechin, (-)-Epicatechin and ethanol were purchased 

from Sigma-Aldrich Chemie (Steinheim, Germany). All solvents used were of analytical grade, 

unless otherwise stated. Water was purified through a Millipore Q-plus purification train 

(Millipore Corp., Bedford, MA, USA).  

2.5.2. Coffee and Chocolate Samples 

Ground roasted coffee (Arabica) and dark Turkish chocolate containing 60 % cocoa were 

purchased from a local market in Ankara, Turkey. All different types of coffee infusions were 

prepared from the same ground roasted coffee. Espresso was prepared by brewing 6 g of coffee in 

30 mL of water using a kitchen type coffee machine (DeLonghi icona vintage) as well as by 

brewing 15 g of coffee in 150 ml of water in a moka pot (this coffee will be mentioned as moka in 

the text hereafter) on a hot plate at constant temperature (350 °C). French press was prepared by 

brewing 10 g of coffee in 180 mL water for 4 min in a French press mechanism. Filtered coffee 

was prepared by brewing 10 g of coffee in 180 mL of water in a filtered coffee machine. Turkish 

coffee was prepared by cooking 5 g of coffee in 75 mL of water in a Turkish coffee machine. After 

4 min of sedimentation, the brew was separated from the coffee ground.  

2.5.3. Isolation of the Insoluble Fractions of Coffee Infusions and Coffee 

Coffee infusions prepared with different methods were freeze dried, ground and subjected to a 

washing procedure to remove water, alcohol and lipid-soluble fractions as described by Çelik et 

al. (2013) [5]. Ground roasted coffee beans were also washed following the same procedure. The 

ratio of samples to washing solvent was 1 g: 5 mL.  Samples were first defatted by hexane twice 

and then washed thrice with water. Methanol: 1 N HCl (v:v, 85:15) was used to remove the colored 

components (3 washes) and a final wash with water was carried out 3 times. Washed samples were 

freeze- dried, ground to a fine powder form and passed through a sieve (Endecotts Test Sieve, 

London, UK) of 40 mesh size. The final products containing the insoluble fractions of coffee 

infusions and coffee were kept under -18 °C prior to experiments.  

2.5.4. Antioxidant Capacity Measurement 

AC measurement was performed with direct QUENCHER procedure, which does not need any 

extraction or hydrolysis steps for samples prior to measurement (Gokmen, Serpen & Fogliano, 
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2009) [184]. DPPH was used as the radical probe, since it allows measurements at physiological 

pH unlike other well-known radical probes. DPPH radical solution was prepared according to the 

method described by Serpen, Gökmen & Fogliano (2009). Sample dilutions were prepared as 

follows. The insoluble fractions of coffee infusions/coffee were diluted with cellulose powder, 

which does not possess AC in the ratio of 1:10. Freeze dried coffee infusions/coffee samples were 

re-suspended in water to a final concentration of 1 mg/ ml. Chocolate was melted with bain-marie 

technique and diluted in water to a final concentration of 10 mg/ ml, while catechin/epicatechin 

was prepared as a 300 µM solution. The insoluble fractions of coffee infusions/coffee dilutions at 

10, 15, 20 mg corresponding to 1.0, 1.5 and 2.0 mg sample were added to test tubes. Coffee 

infusions/coffee, chocolate and catechin/ epicatechin dilutions at 100, 150, 200 µL, corresponding 

to 0.10, 0.15, 0.20 mg; 1.0, 1.5, 2.0 mg and 30, 45, 60 nmol of sample, respectively, were added 

to the test tubes. The reaction was initiated by adding 10 mL of DPPH radical solution. After 27 

min of reaction in dark in an orbital shaker (350 rpm) at room temperature, tubes were centrifuged 

at 6080 g for 2 min. The optically clear supernatants were transferred into a cuvette and absorbance 

measurement was performed at 525 nm using a Shimadzu model 2100 variable-wavelength UV-

visible spectrophotometer (Shimadzu Corp., Kyoto, Japan), exactly after 30 min from the initiation 

of the reaction. Measurements for the mixtures of the insoluble fractions of coffee infusions and 

catechin/epicatechin together with coffee infusions and chocolate samples were also performed by 

mixing them at a ratio of 1:1 in the reaction medium, according to the experimental matrices 

generated by DoE. The percentage of inhibition of DPPH radical for the individual samples and 

their mixtures were calculated with respect to the absorbance of the DPPH radical itself. Estimated 

percentage of inhibition values for coffee infusions + chocolate mixtures together with the 

insoluble fractions of coffee infusions + catechin/epicatechin mixtures were calculated by 

summing up the percentage of inhibition values separately obtained for the related concentrations 

of the constituent samples. The estimated inhibition values calculated were then compared with 

the measured values for the real combinations to reveal the type of interactions. The total AC of 

the individual samples of coffee infusions/coffee and the insoluble fractions of coffee 

infusions/coffee were also expressed in terms of Trolox equivalents to compare with each other.  

2.5.5. Design of Experiment 

Design of Experiment (DoE) was used to construct the experimental design for the mixture 

experiments. A full factorial design with 2 factors (the insoluble fraction of coffee infusions 
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concentration and catechin/epicatechin concentration or coffee infusions concentration and 

chocolate concentration) at 3 levels was used for this purpose (Table 2.5). Experiments were 

performed randomly by using two replicate samples for coffee infusions and the insoluble fractions 

of coffee infusions and each measurement was done in triplicate. 

Table 2.5. Experimental matrices for the investigation of the interactions between: the insoluble 

fractions of coffee infusions/coffee and catechin/epicatechin; coffee infusions/coffee and 

chocolate.  

  Factors 
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Experiment Insoluble Fractions of 

 Coffee Infusions (mg) 

Catechin/Epicatechin 

(nmol) 

1 1.0 30 

2 1.0 45 

3 1.0 60 

4 1.5 30 

5 1.5 45 

6 1.5 60 

7 2.0 30 

8 2.0 45 

9 2.0 60 
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Experiment Coffee Infusions (mg) Chocolate (mg) 

1 0.10 1.0 

2 0.10 1.5 

3 0.10 2.0 

4 0.15 1.0 

5 0.15 1.5 

6 0.15 2.0 

7 0.20 1.0 

8 0.20 1.5 

9 0.20 2.0 

 

2.5.6. Statistical Analysis 

Multi-way ANOVA was performed to determine the significance of the effects of the 

concentrations of coffee infusions, insoluble fractions of coffee infusions, catechin, epicatechin 

and chocolate on the AC by using the statistical toolbox working under Matlab v. 2016a (The 
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Mathworks, Inc. Massachusetts, USA). Duncan`s post hoc test was performed at IBM SPSS 

Statistics version 24. Student`s t-test and Anova-Single Factor tests were performed in EXCEL v. 

2016 (Microsoft Corporation, Washington, USA).  
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3. RESULTS & DISCUSSION 

3.1. Interactions between Macromolecule- Bound Antioxidants and Free Antioxidant 

Trolox in Aqueous Medium 

Relative inhibition % values of ABTS radical measured and estimated in the presence of the 

mixtures of DF, protein or lipid-bound antioxidants with Trolox is given in Table 3.1 Generally, 

the difference between estimated and measured values was significant, clearly revealing the 

antagonistic interactions between Trolox and macromolecule-bound antioxidants. Combinations 

of some bound antioxidants with 200 µL Trolox at pH 3.0 and 5.0 showed up exceptions giving 

either synergistic or additive interactions. Among DF-bound antioxidants, mixtures of whole 

wheat flour with Trolox exerted the lowest antioxidant capacity, while mixtures of paste with 

Trolox being higher than or equal to the bread`s. Among protein or lipid- bound antioxidant 

samples on the other hand, there were no gradation in between themselves by means of their 

antioxidant capacities in their mixtures with Trolox.  

To demonstrate the significance of free and bound antioxidant concentrations, pH and their 2 and 

3-way interactions on the inhibition % values of ABTS radical measured, a multiple comparison 

test was performed by using one-way ANOVA. The p values obtained within 0.95 confidence 

interval from the test were shown in Table 3.2. Accordingly, bound antioxidant concentration was 

found to make a significant effect on the inhibition % of ABTS radical measured, except the 

mixtures of boiled soybean, soymilk and tofu with Trolox. Trolox concentration was only found 

to have a significant effect when mixed with whole wheat flour, edamame, extra virgin and refined 

olive oil samples. Meanwhile change of pH was found to make a significant effect for all mixtures 

of Trolox with DF and protein-bound antioxidants except whole wheat flour. On the other hand, 

all 2 and 3-way interactions between these variables were found to make a significant effect on the 

inhibition % of ABTS radical measured. In general, the resultant antioxidant activity showed a 

tendency to increase with the increasing concentrations of Trolox and bound antioxidants. 

However, the situation was not as simple for the effect of pH. For the mixtures of Trolox with 

paste, bread and boiled soybean`s bound antioxidants, there was a significant difference between 

pH 3.0 and 5.0. 
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Table 3.1. Measured and estimated values of relative inhibition % of ABTS radical for the mixtures of DF, protein or lipid- bound antioxidants 

with Trolox. 

Different letters indicate the statistical significance of difference at p<0.05 between the measured inhibition values of bound antioxidant + Trolox mixtures, for each 

combination lined up in columns. The * symbols indicate the statistical significance of difference at p<0.05 for each measured-estimated pair. 

 Bound (mg) 10 15  20  

 Trolox (µL) 100  150  200  100  150  200  100  150  200  

 pH 3 6 5 6 5 3 5 3 6 

Whole Wheat Flour measured 30.7±1.2*,a 42.5±4.2*,a 47.2±1.5*,a,c 50.2±2.3*,a 46.3±2.3a 50.5±0.9*,a 44.9±2.7*,a 49.1±0.4*,a 62.8±3.8*,a 

estimated 36.0±0.6 65.5±1.6 35.7±1.2 76.7±0.2 50.2±1.0 40.8±1.2 55.8±1.6 53.7±0.9 80.5±1.5 

Whole Wheat Paste measured 40.3±1.0*,b,d 67.9±2.1*,b 58.3±1.2b 76.3±0.3*,b 62.7±1.9*,b 61.0±0.6*,b 66.2±1.4*,b 64.5±0.8*,b 86.1±0.1*,b 

estimated 52.9±0.9 95.5±1.2 60.4±0.9 107.1±0.6 77.4±1.5 63.1±0.7 86.6±1.5 77.9±0.8 112.3±1.6 

Whole Wheat Bread measured 41.2±0.9*,b 59.8±3.1*,c,e 57.6±1.5b 66.5±0.7*,c 59.1±1.7*,c 62.3±1.0b 63.3±1.4*,c 65.3±1.5*,b 78.8±1.5*,c,e 

estimated 50.4±0.5 91.2±1.3 56.7±0.5 102.8±1.4 73.8±1.1 60.8±1.1 83.3±1.4 74.3±0.9 108.7±1.7 

Soybean measured 46.5±2.0*,c 56.2±2.4*,c,d 41.8±1.8c 59.1±2.1*,d 39.2±0.4*,d 68.8±1.5c 38.4±0.9*,d 75.3±1.8*,c 71.7±1.7*,d 

estimated 57.4±1.0 81.6±2.0 41.6±1.4 98.7±1.2 51.3±2.0 68.7±1.4 56.0±1.4 84.0±2.0 104.3±0.7 

Edamame measured 45.8±1.0*,c 54.0±1.8*,d 44.3±1.9a,c 57.6±2.0*,d 42.8±1.1*,e 66.8±1.1*,c,d 39.9±0.8*,d,e 70.2±1.2*,d 70.7±1.7*,d 

estimated 55.3±1.2 80.5±0.6 44.5±1.1 95.5±0.6 114.4±2.0 69.7±0.5 59.8±0.5 81.7±1.7 103.1±0.5 

Boiled Soybean measured 24.9±4.3*,e 68.7±1.1*,b 50.1±0.7*,d 75.3±1.0*,b 46.7±0.5*,a 49.7±3.8a 48.8±1.0*,f 51.1±5.8*,a 81.4±0.2*,e 

estimated 42.6±0.7 111.5±1.1 52.1±0.9 119.0±0.9 57.8±2.6 49.5±0.8 67.9±1.0 63.1±1.8 122.6±0.6 

Soymilk measured 43.1±1.8*,b,c 62.0±0.7*,e 45.1±2.5*,a,c 66.9±1.8*,c 43.1±2.1*,e 65.5±0.8*,d 41.7±0.8*,e 69.5±0.8*,d 76.5±1.2*,c 

estimated 58.2±0.7 99.5±2.4 49.4±1.1 109.6±1.3 60.1±1.6 76.3±1.2 66.0±1.4 90.4±1.2 114.4±0.9 

Tofu measured 36.9±2.2*,d 69.0±1.2*,b 45.0±2.9*,a,c 73.4±0.7*,b 41.7±1.4*,d,e 57.0±2.8*,e 35.4±2.1*,g 61.2±2.3*,b 79.0±1.9*,c,e 

estimated 49.5±0.9 103.2±0.8 50.6±1.2 116.0±0.9 57.4±1.9 63.9±0.8 70.8±1.5 75.7±1.2 117.9±0.4 

 Bound (µL)  100    150    200   

 Trolox (µL) 100  150  200  100  150  200  100  150  200  

Extra Virgin Olive Oil measured 49.3±1.4*,a 60.8±1.7*, a 75.7±0.3 *,a 48.6±0.5 *,a 48.4±1.0 *,a 56.8±0.1 *,a 38.7±1.4 *,a 49.4±0.4 *,a 64.5±1.0*, a 

estimated 54.9±1.4 68.9±0.9 82.6±0.5 64.2±1.9 78.2±1.4 91.9±1.0 76.5±2.1 90.5±1.5 104.2±1.1 

Refined Olive Oil measured 50.3±0.9*,a 59.5±0.3 *,a 71.2±0.9 *,b 35.1±0.6 *,b 51.8±1.3 *,b 55.1±0.8 *,b 40.0±1.0 *,a 49.4±0.4 *,a 66.2±0.0 *,a 

estimated 57.4±1.5 71.4±1.0 85.1±0.6 69.5±1.1 83.5±0.5 97.2±0.1 81.6±1.8 152.9±1.3 109.3±0.9 
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Table 3.2. The p values within 0.95 confidence interval calculated by using anova1 function in 

Matlab for [B]: Bound antioxidant concentration, [T]: Trolox concentration and pH; [B]*[T], 

[B]*pH, [T]* pH: the 2- way interactions between [B], [T] and pH; [B]*[T]*pH: the 3- way 

interaction between [B], [T] and pH.  

 [B] [T] pH [B]*[T] [B]*pH [T]*pH [B]*[T]*pH 

Whole Wheat Flour 0.0014 0.0018 0.0731 4.77E-11 4.77E-11 4.77E-11 4.77E-11 

Whole Wheat Paste 0.0136 0.4612 0.0002 3.71E-18 3.71E-18 3.71E-18 3.71E-18 

Whole Wheat Bread 3.13E-05 0.1094 0.0068 3.61E-17 3.61E-17 3.61E-17 3.61E-17 

Soybean 0.0252 0.1223 1.50E-07 2.97E-19 2.97E-19 2.97E-19 2.97E-19 

Edamame 0.0461 0.0322 2.95E-07 2.24E-21 2.24E-21 2.24E-21 2.24E-21 

Boiled Soybean 0.2856 0.4491 9.30E-11 1.27E-17 1.27E-17 1.27E-17 1.27E-17 

Soymilk 0.0829 0.1189 1.59E-08 3.22E-22 3.22E-22 3.22E-22 3.22E-22 

Tofu 0.4024 0.3928 1.21E-11 8.52E-20 8.52E-20 8.52E-20 8.52E-20 

Extra Virgin Olive Oil 0.0054 8.09E-08  2.50E-24    

Refined Olive Oil 0.003 4.45E-08  7.86E-24    

 

Antioxidant activity was higher at pH 3.0 than at pH 5.0 for the mixtures of paste and bread and 

the vice versa was valid for boiled soybean. Meanwhile the results for pH 3.0 and 6.0 was 

significantly different for the mixtures of Trolox with soybean, edamame and soymilk. pH 3.0 

gave higher antioxidant activity results compared to pH 6.0 for the mixtures of soybean and 

edamame and the opposite was valid for soymilk. The change of pH did not make any significant 

difference on the antioxidant activity of flour-Trolox mixture while it made sense for all different 

pH values for tofu- Trolox mixtures.  

At this point it is important to understand the reason behind the antagonistic behavior of Trolox 

with different kinds of macromolecule-bound antioxidants (Table 3.1). Oxidation reactions of 

Trolox induced by Br2
⁻, which was revealed by Thomas et al. (1989) [185], was considered as a 

reference for this purpose. In this study, Trolox c (3,4-dihydro-6-hydroxy-2,5,7,8-tetramethyl-2H-

1-benzopyran-2-carboxylic acid) (I) had been converted into its phenoxyl radical (II) via oxidation 

with Br2
⁻ following a specific procedure [186, 187]. Then, the phenoxyl radical (II) had 

disproportionated to Trolox c (I) and a cross conjugated ketone (4,5-dihydro-3,6,8,9-tetramethyl-

2H-3,9a-epoxy-l-benzoxepin-2,7 (3H)-dione) (III). Finally, the intermediate ketone (III) had been 

hydrolyzed to a quinone (2-hydroxy-2-methyl-4-(2,5,6-trimethyl-2,4-dioxo-2,5-cyclohexadienyl) 

butanoic acid) (IV). Disproportionation of the phenoxyl radical (II), formed by the oxidation of 
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Trolox c (I) with Br2
⁻, to Trolox c (I) and a cross conjugated ketone (III), namely the auto-

regeneration reaction of Trolox, constituted the basis for the hypothesis of the experimental 

studies. The antagonism observed was thought to be originated from the interference of bound 

antioxidants to the auto-regeneration step. Evidence for this thesis was tried to be collected by 

monitoring the level of the stable end product, quinone, in the ABTS radical media containing 

Trolox alone or together with DF-bound antioxidants, via mass spectrometry analysis. The results 

obtained were as shown in Figure 3.1.  

The initial level of the ions of end product, which measured immediately after mixing Trolox and 

ABTS radical was around 2.79E6 (Figure 3.1.a). After 30 min of reaction in darkness at room 

temperature, the ion level increased by around 36 %, to 3.81E6 (Figure 3.1.b). However, the 

mixture of Trolox with whole wheat bound antioxidants in the same reaction conditions yielded 

an ion level of 3.44E6 (Figure 3.1.c), giving around a 10 % decrease for the amount of stable end 

product.  

After 1 h, all measurements were repeated and the initial ion level of the end product was found to 

be increased to 3.24 × 106 (Figure 3.1.d). However, the level after 90 min of reaction with Trolox 

and Trolox + whole wheat bound antioxidants mixture was found to decrease down to 3.70 × 106 

(Figure 3.1.e) and 3.33 × 106 (Figure 3.1.f), respectively, when compared to the levels after 30 min 

of reaction.   

The results centered an inhibitory role for whole wheat bound antioxidants on the oxidation 

reaction of Trolox depending upon the 10 % decrease on the level of ions of the stable end product 

in the reaction medium. This might be originated from the regenerative activities of Trolox 

molecules on depleted bound antioxidants during reaction in the ABTS radical environment, 

retaining themselves from the auto-regeneration reactions. This phenomenon for the regeneration 

of bound antioxidants via soluble antioxidants indeed was revealed in one of our previous study 

[5]. This situation consequently might lead to antagonistic interactions between Trolox and whole 

wheat bound antioxidants. On the other hand, the increase on the ion level of the stable end product 

after 1 h (Figure 3.1.d) and the decrease after 1.5 h (Figure 3.1.e) indicates that there is a breaking 

point for the auto-regeneration reaction even if Trolox is the only antioxidant species in the radical 

environment.  
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Figure 3.1. Mass spectra obtained for 2-hydroxy-2-methyl-4-(2,5,6-trimethyl-2,4-dioxo-2,5-

cyclohexadienyl) butanoic acid, the stable end product of the oxidation reaction of Trolox, for the 

following reaction conditions: a) Trolox + ABTS, 0 min b) Trolox + ABTS, 30 min c) Trolox + 

whole wheat bound antioxidants + ABTS, 30 min, d) Trolox + ABTS, 60 min e) Trolox + ABTS, 

90 min, f) Trolox + whole wheat bound antioxidants + ABTS, 90 min. 



 
42 

 

On the other hand, in order to understand whether antagonistic interactions of Trolox are only 

attributable to bound antioxidants, interactions of Trolox with free forms of the DF, protein and 

lipid-bound antioxidants used in this study was investigated. For this purpose, ferulic, caffeic and 

p- coumaric acids were used as the free forms of whole wheat DF- bound antioxidants. Cysteine, 

methionine, tryptophan, tyrosine, phenylalanine and histidine were tested as the free amino acids 

found in soybean products, while rutin and quercetin were tested as the free forms of olive oil 

bound antioxidants. Consequently, antagonistic interactions were also observed with the free forms 

of macromolecule- bound antioxidants (results are not given). This situation suggests a general 

inhibitory role for the other antioxidant types on the auto-regeneration reaction of Trolox 

regardless of being free or bound. However, further investigations are needed to prove this 

inference.  

 

3.2. Interactions between Macromolecule- Bound Antioxidants and Free Antioxidant 

Trolox in Liposome Medium 

The time course for the oxidation of liposomes in the presence of 5 µM Trolox and either aqueous 

solutions of DF/protein-bound or hexane solutions of lipid-bound antioxidants were monitored 

during 180 min (Figure 3.2.A). The levels of oxidation were evaluated by the formation of 

fluorescent compounds derived from the secondary lipid oxidation products generated [181]. 

Although the lag phase of the oxidation curves remained similar in general, the levels of oxidation 

depended on the added compounds. Mixtures of extra virgin and refined olive oil samples with 

Trolox gave higher levels of oxidation than the control sample indicating a pro-oxidative behavior. 

On the other hand, the mixtures of DF and protein bound antioxidants with Trolox, gave lower 

levels of oxidation than the control suggesting antioxidant effects. Adding Trolox alone to the 

liposomes gave an antioxidant effect, while the addition of whole wheat flour-bound antioxidants 

only gave weak extra antioxidant effects (Figure 3.2.B). 

The antioxidative and prooxidative effects were evaluated quantitatively based on area under the 

curves (AUC) of the fluorescence changes. The measured values of relative inhibition % of lipid 

oxidation, based on the AUC values were calculated for the different combinations of DF, protein 

and lipid-bound antioxidants with Trolox, and have been compared to estimated values calculated 

based on the sum of the values of the individual components (Table 3.3). Accordingly, the 

measured inhibition % values for the mixtures of whole wheat flour, paste and bread`s DF-bound 
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antioxidants with Trolox were significantly higher than the estimated ones, indicating synergistic 

interactions. Only the combination of 10 mg/mL whole wheat flour with 5 µM Trolox and  the 

combinations of 5 mg/mL whole wheat flour with 5 and 10 µM Trolox acted antagonistically. 

 

Figure 3.2. Time course of the fluorescence change in the liposome systems containing: A) the 

mixtures of 5 µM Trolox with 1 mg/mL aqueous solutions of DF/protein-bound and 300 µL/mL 

hexane solutions of lipid-bound antioxidants. B) 5 µM Trolox and 1 mg/mL aqueous solution of 

whole wheat flour separately and mixed. 

 

For combinations of protein-bound antioxidants with Trolox, more complex results were observed. 

Especially for 5 and 10 mg/mL protein-bound antioxidant together with 10 and 50 µM Trolox 

blends gave a systematically antagonistic behavior. Moreover, for almost all combinations of tofu 
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with Trolox, the interactions were significantly antagonistic. On the contrary with DF and protein- 

bound antioxidants, lipid bound antioxidants did not   show a specific group behavior. The 

interaction of Trolox with extra virgin olive oil was significantly antagonistic, while it was 

synergistic with refined olive oil. 

Liposomes are spherical vesicles consisting of one or more lipid bilayers that is generally created 

from phospholipids. Trolox, a water soluble analogue of Vitamin E, locates mainly in the aqueous 

phase and partly in the lipid surface of this phospholipid membranes [188]. It is known to exert a 

significant antioxidant activity when the peroxidation reaction is initiated in the aqueous phase, 

which is also observed in our measurements (results regarding the separate measurements for 

bound antioxidants and Trolox are not shown). 

DF-bound antioxidants of whole wheat products exerted a pro-oxidant behavior themselves. This 

can be due to the known pro-oxidant effect of phytophenolics in the presence of redox-active 

metals such as Cu and Fe. With the help of oxygen, these metals can catalyze the redox cycling of 

phenolics, leading to the formation of reactive oxygen species and other organic radicals that can 

damage DNA, lipids and other biological molecules [189-192]. Besides, DF phenolate groups may 

create a chain-carrying effect, by forming free radicals, that will lead to a pro-oxidant behavior 

[193]. Ferulic acid, as the predominant form of bound antioxidants in whole wheat DF matrix may 

probably be responsible for such kind of effect. In most combinations with Trolox synergistic 

antioxidant behavior of whole wheat products was observed, suggesting that Trolox has the 

capability of regenerating DF-bound phenolics, or is more reactive to react with either Fe3+ or 

radical species created, improving antioxidant capacity.   
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Table 3.3. Measured and estimated values of relative inhibition % of liposome oxidation values for the mixtures of DF, protein or lipid-

bound antioxidants with Trolox. 

 Bound (mg/mL) 1 5 10 

 Trolox (µM) 5 10 50 5 10 50 5 10 50 

Whole Wheat Flour 
measured 11.7±2.3*,a 15.6±4.3*,a 57.6±4.0*,a,c -15.6±0.2*,a -13.3±2.6*,a 56.0±3.2*,a,b -17.6±2.9*,a 24.1±0.7*,a 49.3±2.4*,a 

estimated -11.3±1.1  -4.8±1.1 17.1±1.1 -8.1±1.7 -0.5±0.9 21.8±1.8 -2.6±0.7 5.3±1.8 27.4±1.5 

Whole Wheat Paste 
measured 21.1±4.2 *,b 37.1±3.4*,b 61.8±1.0*,a,b 11.7±1.8b 30.9±1.9*,b 61.2±4.4*,b 21.0±1.5*,b 32.3±1.9*,a 66.0±4.3*,b 

estimated 6.8±1.4  13.3±1.9 28.5±2.5 11.9±1.5 21.23±1.7 35.0±2.3 14.2±1.2 24.2±2.4 36.3±3.0 

Whole Wheat Bread 
measured 24.1±2.5 *,b 30.9±2.8*,c  56.7±4.0*,a,c,d 27.9±2.4*,c 33.4±1.1*,b 56.6±0.3*,a,b 20.9±2.8b 33.6±3.7b 65.4±4.0*,b 

estimated 10.5±1.0  16.8±2.2 30.2±2.6 15.4±3.2 22.6±3.1 33.8±3.4 23.6±3.7 30.3±2.3 49.0±2.9 

Soybean 
measured 2.3±0.8 *,c 21.6±2.2*,d 46.5±3.6 *,e -16.8±3.4*,a 3.4±0.9c 48.8±2.0*,c -4.5±0.3*,c 5.6±1.2*,c 35.4±4.4*,c 

estimated -16.2±2.7  4.2±0.6 18.1±2.1 3.7±0.1 7.7±2.6 24.1±3.1 5.7±0.5 11.5±2.5 28.3±0.9 

Edamame 
measured 7.6±1.6*,a 22.3±2.8*,d 54.4±4.2*,c,d -28.6±3.0*,d -8.1±0.8*,d 48.0±2.7*,c -23.7±2.4*,d -12.6±1.7*,d 52.0±1.9*,a,d 

estimated -16.1±2.3  -1.6±0.9 19.4±2.1 -20.3±3.4 -3.3±0.9 16.3±2.7 -10.5±2.0 14.2±1.7 38.1±0.8 

Boiled Soybean 
measured 26.1±3.0 *,b 35.6±3.9*,b,c 62.9±2.5*,b 9.9±2.4*,b 23.0±1.5*,e 53.9±4.1*,a,c 19.8±3.5*,b 26.7±3.4*,a 56.0±2.0*,d 

estimated 21.1±3.3  29.3±3.3 42.6±3.3 24.2±2.1 29.9±2.0 46.7±3.0 24.0±3.6 36.7±2.4 50.0±2.4 

Soymilk 
measured -18.3±2.1d 1.0±0.9*,e 51.9±2.3 *,d -75.3±5.2*,e -67.9±4.1*,f 23.1±1.9*,d -46.9±3.7*,e -64.6±4.2*,e -8.5±1.5*,e 

estimated -28.8±5.4  -18.4±5.4 21.1±3.5 -47.7±2.9 -37.3±2.9 -15.3±2.2 -22.3±0.7 -11.8±0.7 8.2±0.7 

Tofu 
measured -36.3±2.3*,e -17.3±1.3*,f 41.7±3.1 *,f -27.7±5.9*,d -19.3±2.7*,g 8.2±4.3d -39.7±2.7*,f -33.4±0.9*,f -7.6±5.2*,e 

estimated -27.7±3.6  -12.2±3.6 -22.1±3.6 -15.8±2.6 -2.1±0.1 15.9±2.6 2.6±0.3 18.5±0.6 36.3±2.9 

 Bound (µL/mL) 300 600 900 

 Trolox (µM) 5 10 50 5 10 50 5 10 50 

Extra Virgin Olive Oil measured -64.7±6.9*,a -53.6±2.8*,a -6.8±1.4*,a -48.9±4.6*,a -59.0±4.1*,a 6.1±1.5a 52.1±3.0*,a -42.8±3.2*,a 9.8±3.7*,a 

estimated -18.6±1.3 -8.3±1.3 9.2±1.3 -23.4±0.6 -13.1±0.6 4.0±0.6 -30.0±2.5 -19.7±2.5 -4.2±1.2 

Refined Olive Oil measured -7.4±1.7b 7.8±2.5b 50.2±4.1*,b -5.7±2.0b -26.0±1.5*,b 53.7±1.4*,b -10.8±3.0b 6.5±0.3*,b 51.3±2.1*,b 

estimated -6.0±1.9 8.1±0.8 23.8±2.7 -7.1±0.8 5.3±0.9 22.9±0.8 -14.4±2.2 -3.4±0.9 15.6±2.2 

 

Different letters indicate the statistical significance of difference at p<0.05 between the measured inhibition values of bound antioxidant in mixtures with Trolox 

for each combination lined up in columns.  * indicate the statistical significance of difference at p<0.05 for each measured-estimated pair. 
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The prooxidant behavior of soybean protein-bound antioxidants themselves and the antagonistic 

behavior of them with Trolox is not surprising if we consider the nature of proteins and protein-

phenolic interactions. Indeed, all 20 amino acids have the potential to interact with free radicals, 

some of them (cysteine, methionine, tryptophan, tyrosine, phenylalanine…etc.) being more 

reactive. However, the antioxidant activity of these amino acid residues can be limited by the 

tertiary structure of the polypeptide: they can be buried within the protein core, being inaccessible 

to pro-oxidants. Besides, the ability of a protein to act as an antioxidant strongly depends on the 

energy of the resulting protein radical. If it serves and transports high energy free radicals 

promoting oxidation, it will have no value as an antioxidant as well [159]. Moreover, metals bound 

to non-specialized protein chelators can remain pro-oxidative if they retain their ability to redox 

cycle, which will be valid for our system with Fe3+ as the oxidizing agent. In the presence of 

transition metals, phenolic compounds have the potential to act as pro-oxidants as mentioned 

earlier [189]. 

In case of lipid-bound antioxidants, both extra virgin and refined olive oil samples acted pro-

oxidant themselves. However, the fact that their interactions with Trolox being totally opposite of 

each other was remarkable. With the washing procedure applied, free phenolics were removed 

from the oil samples, remaining lipid-bound phenolics [194]. Refined olive oil have less phenolics 

than extra virgin olive oil, hence should have less antioxidative potential. The synergistic behavior 

of refined olive oil and antagonistic behavior of extra virgin olive oil here suggests that the lipid-

bound phenolics exerted a pro-oxidant behavior in the presence of Fe3+ [189]; Trolox regenerated 

this phenolics, being more effective in the case of refined olive oil, since it has less phenolics, and 

remaining incapable for extra virgin olive oil, hence not being able to prevent the antagonistic 

behavior.   

Considering the same concentration combinations of DF and protein-bound antioxidants with 

Trolox, the relative inhibition % values did not follow a certain trend (Table 3.3). This situation 

proved that the interactions differs not only depending on the type of the bound antioxidant, but 

also on the concentration combinations with Trolox.  
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 Modelling of the Oxidation Reaction in Liposomes 

The fluorescence developed during the oxidation of the liposome were further analyzed by fitting 

to the sigmoidal function given by equation 1 (Figure 3.3). All the experimental data gave good 

fits with high R2-values (Table 3.4).  

 

Figure 3.3. Curve fitting performed by using the sigmoidal model given for experimental data 

regarding the liposome systems containing the mixtures of 5µM Trolox with 1 mg/mL aqueous 

solutions of DF/protein-bound and 300 µL/mL hexane solutions of lipid-bound antioxidants. 

 

The oxidation rates of liposomes, which are represented by the fitted k values, were not 

significantly different from each other for the mixtures of Trolox with DF, protein-bound 

antioxidants and for lipid bound antioxidants (Table 3.4). However, for most of these systems the 

reaction rates were faster than the control indicating prooxidant effects. The initial levels of 

oxidation, A, were found to have the highest values for liposomes containing the mixtures of 

Trolox with tofu and extra virgin olive oil, being significantly different from the others. Liposomes 

containing the mixtures prepared with whole wheat flour, paste, bread, edamame, boiled soybean 

and refined olive oil had similar initial oxidation levels. The A/B values, which are equivalent to 

the maximum levels of oxidation when time reaches infinity, were for most samples equal to the 
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control or slightly lower. Liposomes containing the mixtures of Trolox with whole wheat flour, 

edamame and boiled soybean was found to reach a lover maximum than the remaining samples. 

 

Table 3.4. The fitted constants of equation 1 modelling the oxidation reaction of liposomes in 

mixtures of Trolox with DF, protein or lipid-bound antioxidants.  

 A B A/B k (min-1) R2 

Whole Wheat Flour 431 ±110a 0.0097±0.0020a 44244 ± 14418 0.0334±0.0022 a,b 0.9994 

Whole Wheat Paste 652 ± 50a,b,c 0.0117±0.0008a 55548 ± 5752  0.0325±0.0002 

a,b,c 

0.9993 

Whole Wheat Bread 498 ± 43a,b 0.0095±0.0005a 52620 ± 5172  0.0336±0.0002a,b 0.9990 

Soybean 816 ± 168c 0.0139±0.0018a 58834 ± 14236 0.0307±0.0011a,c 0.9991 

Edamame 491 ± 19a,b 0.0104±0.0002a 47163 ± 2062  0.0328±0.0001a,b,

c 

0.9992 

Boiled Soybean 463 ± 133a 0.0120±0.0035a 38468 ± 13338 0.0321±0.0023a 0.9987 

Soymilk 766 ± 211b,c 0.0115±0.0026a 66295 ± 23748 0.0326±0.0025a,b,

c 

0.9994 

Tofu 1123 ± 77d 0.0201±0.0009c 55790 ± 4590 0.0306±0.0004a,c 0.9983 

Extra Virgin Olive Oil 1161 ± 231d 0.0180±0.0038c 64381 ± 18618 0.0343±0.0001a,b 0.9990 

Refined Olive Oil 515 ± 59a,b 0.0095±0.0012a 54128 ± 8994  0.0353±0.0005b 0.9993 

Control 858 ± 0.1c 0.0135±0.0002a 63760 ± 1173 0.0291±0.0000c 0.9979 

Different letters indicate the statistical significance of difference at p < 0.05 between mixtures composed of different 

bound antioxidants + Trolox for each constant.  

Principal Component Analysis (PCA) 

The lipid oxidation fluorescence curves were also analyzed using PCA. For this purpose, the 

intensity of the fluorescence signal data obtained from the measurements performed at each 10 

min for 180 min for the mixtures of bound antioxidants with Trolox was preprocessed by using 

the first derivative (window size of 5 points and polynomial degree of 2) and then mean centered. 

The first 2 PCs contained the highest amount of variance (supplementary information).   

According to scores plots, which were marked according to Trolox concentration (a plots in Figure 

3.4), samples mixed with 50 µM Trolox were clearly discriminated, whereas samples with 5 and 

10 µM Trolox were found to be grouped together for all bound antioxidants. Except whole wheat 

flour, the majority of this variance was explained by PC-1.   Considering scores plots, which were 

marked according to concentrations of bound antioxidants (b plots in Figure 3.4), there were no 

clear discrimination among concentrations, although for 10 mg/mL bound antioxidant 
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concentration a grouping was slightly obvious for some samples. Also, a perceptible 

discrimination among different concentrations was obvious for boiled soybean samples.  

The reason for the data being nested always for samples mixed with 5 and 10 µM Trolox will 

probably because these concentrations were too close to each other, restraining the discrimination. 

This may also be the case for the effect of bound antioxidant concentrations.   

The most striking characteristics of the loadings plots (c plots in Figure 3.4), were the intersections 

of the PC-1 and PC-2 around 20-40 min and the peaks observed for both PC-1 and PC-2 between 

60-120 min. Accordingly, it is suggested that the curve intersections in the 20-40 min interval 

correspond to the end of the lag phase, and after that point the initiation of uninhibited lipid 

oxidation occur in the liposome system.  For most of the bound antioxidants one of the two PCs 

have a positive maximum after the intersections while the other PC is close to zero or have negative 

values. 

The increase in PC-1 or PC-2 between 60-120 min interval may thus provide information about 

the uninhibited oxidation phase.  The edamame system did not give intersecting PCs, which 

probably represents a reverse situation with a totally reversed order of its data in the PC-1 scale 

with respect to the others. Similarly, for whole wheat the behavior of the PC-1 and PC-2 appears 

to be interchanged compared. 

For samples showing discrimination due to a specific PC, according to free antioxidant 

concentration for instance, the data grouped in the negative part of that specific PC, correlates the 

negative part of the loading of that PC and the data on the positive part with the positive part of 

that PC in the loading: i.e. the mixtures of edamame samples with 50 µM Trolox correlates with 

the positive part of PC-1, which is suggested to provide information related to the lag phase before 

the onset of the oxidation, indicating the mixtures with 50 µM Trolox were more effective during 

the lag phase. Likewise, for whole wheat flour, data grouped on the negative part of the PC-2, 

mainly the mixtures with 50 µM Trolox, correlates with the negative part of the loading of PC-2, 

again corresponding to the lag phase before the onset of the oxidation. The opposite situation was 

also valid for other bound antioxidants` data.   
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Figure 3.4. Scores and loadings plots for the mixtures of: 1) Whole-wheat flour, 2) Whole-wheat 

paste, 3) Whole-wheat bread, 4) Soybean, 5) Edamame, 6) Boiled soybean, 7) Soymilk, 8) Tofu, 

9) Extra virgin olive oil, 10) Refined olive oil with Trolox. The letters indicate are as follows: (a) 

scores plot colored by Trolox concentration, (b) scores plot colored by bound antioxidant 

concentration, (c) loadings plot.  
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Anova Simultaneous Component Analysis (ASCA) 

The significance of the effects of bound antioxidant and Trolox concentrations on the measured 

inhibition % values were tested with ANOVA-Simultaneous Component Analysis (ASCA) 

applied on the matrix with the same preprocessing as before. The number of permutations was 500 

and two-way interactions were included in the model (Table 3.5).  The Trolox concentration had 

a significant effect on the inhibition % of lipid oxidation values measured for all bound antioxidant 

samples. Also, the effect of bound antioxidant concentration was significant, for the mixtures of 

all bound antioxidants with Trolox, except whole wheat paste. The interaction between bound and 

free antioxidant concentrations however, was only significant for soybean, boiled soybean, 

soymilk, tofu and refined olive oil samples.  

 

Table 3.5. The p values within 0.95 confidence interval calculated by using Anova Simultaneous 

Component Analysis (ASCA) in Matlab for [T]: Trolox concentration, [B]: Bound antioxidant 

concentration, [T] * [B]: the 2-way interaction between [B] and [T]. 

 

 [T]  [B] [T] * [B] 

Whole Wheat Flour 0.0020 0.0100 0.1780 

Whole Wheat Paste 0.0020 0.5120 0.2580 

Whole Wheat Bread 0.0020 0.0020 0.3820 

Soybean 0.0020 0.0020 0.0260 

Edamame 0.0020 0.0020 0.1980 

Boiled Soybean 0.0020 0.0020 0.0020 

Soymilk 0.0020 0.0020 0.0020 

Tofu 0.0020 0.0020 0.0120 

Extra Virgin Olive Oil 0.0020 0.0020 0.3620 

Refined Olive Oil 0.0020 0.0020 0.0020 

 

Indeed, for most phytochemicals, the antioxidant and pro-oxidant behaviors are concentration-

dependent. Several polyphenols previously counted as antioxidants such as quercetin, catechins 

and gallic acid have been reported to have pro-oxidant activity at high doses [195-198]. Besides, 

most amino acids are known to exert antioxidant activity at very low concentrations, but became 
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pro-oxidative at increased concentrations [199]. This is in agreement with the synergistic behavior 

of soybean proteins at low concentrations and antagonistic behavior of high concentrations. 

3.3. Interactions between Whole Wheat Dietary Fiber- Bound Antioxidants and 

Hydroxycinnamic/ Hydroxybenzoic Acids in Aqueous and Liposome Media 

The percentage of inhibition of lipid oxidation values measured for the real combinations of WW-

bound antioxidants and HCA/ HBA and estimated by summing up their separate inhibition % 

values are given in Table 3.6.1. Both pro- oxidant and antioxidant behaviors were observed in the 

liposome medium depending on the type of HCA/ HBA mixed with the WW-bound antioxidants. 

The comparison of the measured values with the estimated ones revealed a barely synergistic 

behavior for o-, m-, and p-coumaric acids with WW- bound antioxidants at low concentrations. 

The interaction was rather antagonistic with the increasing concentrations of both types in the 

mixture, except m-coumaric acid being synergistic at 10 mg/mL-100µM combination. Meanwhile, 

3,5-dihydroxyhydrocinnamic acid exerted an opposite behavior, i.e. acting antagonistic at low 

concentrations and synergistic at high concentrations of both free and bound antioxidants in the 

mixture. On the other hand, 2,4-dihydroxycinnamic acid was significantly antagonistic, while 

Gallic and Caffeic acids were significantly synergistic with WW- bound antioxidants at almost all 

combinations.  

The AUC values calculated from the oxidation rate curves of DPPH radical for the real 

combinations of WW- bound antioxidants and HCA/ HBA and the related estimated values are 

given in Table 3.6.2. The results were demonstrated only for the combinations of 100 µM HCA/ 

HBA, the common concentration for all HCA/ HBA derivatives, with WW-bound antioxidants. 

On the contrary to the liposome medium, a rather antioxidant behavior was observed in the aqueous 

medium. Almost all HCA/ HBA derivatives were significantly synergistic with WW-bound 

antioxidants except 2,4,5-trihydroxybenzoic acid. Especially Isovanillic, 2-hydroxy-3,4-

dimethoxybenzoic and 3,4,5-trimethoxybenzoic acids were considerably synergistic.   

There was a different gradation for the mixtures of different HCA/ HBA derivatives with WW- 

bound antioxidants at a certain concentration combination by means of percentage of inhibition or 

AUC values measured for both for liposome and aqueous media studies. Thus, the multivariate 

nature of the antioxidant activity, basically depending on the concentrations and types of 

antioxidants contained in the mixture was proven once more.  
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Table 3.6. Measured and estimated values of 1) relative inhibition % of lipid oxidation and 2) AUC calculated based on the inhibition 

% rate of DPPH radical for the mixtures of WW- bound antioxidants with HCA / HBA  

1 [WW- Bound], 

mg/mL 
1 5 10 

[HCA/ HBA], 

µM 
10 50 100 10 50 100 10 50 100 

o-coumaric acid measured -3.44±2.69*
,b
 -26.39±1.23*

,b
 -30.66±3.10*

,b
 -7.84±1.84

b
 -22.82±2.56*

,b
 -29.84±1.41*

,b
 -13.48±2.26

a
 -13.14±2.45

a
 -17.76±0.39*

,b
 

estimated -9.88±1.75 -8.59±1.75 -6.34±1.75 -8.47±0.52 -7.18±0.52 -4.93±0.52 -10.22±1.01 -8.93±1.01 -6.68±1.01 

m-coumaric acid measured -6.22±1.71*
,b,c

 -4.77±1.40*
,c
 -14.50±2.67*

,a
 -19.62±1.32*

,c
 -10.42±1.53

a,c
 -14.78±0.24*

,c
 -13.50±3.55

a
 -12.20±1.60*

,a
 -1.02±1.46*

,c
 

estimated -11.40±1.97 -7.95±1.97 -9.02±1.97 -15.68±0.78 -12.24±0.78 -13.31±0.78 -12.52±1.38 -9.08±1.38 -10.15±1.38 

p-coumaric acid measured 5.03±1.73*
,a
 4.86±0.61*

,ai
 -10.30±2.57*

,a
 -12.25±2.06*

,a
 -13.46±3.50*

,a
 -0.47±2.15

a
 -12.26±3.14*

,a
 -10.88+2.49*

,a
 -7.22±2.13*

,a
 

estimated -2.47+0.47 -2.94+0.47 1.39±0.47 -1.35±0.63 -1.82±0.63 2.51±0.63 -4.94±1.57 -5.41±1.57 -1.08±1.57 

2,4- dihydroxycinnamic  acid measured -22.11±1.05*
,e
 -62.30±3.24*

,e
 -119.44±0.84*

,d
 -19.46±1.48*

,c
 -62.02±2.28*

,e
 -118.62±2.31*

,e
 -13.60±2.37

a
 -81.73±2.28*

,c
 -95.35±2.50*

,e
 

estimated -13.31±0.68 -47.31±0.68 -71.31±0.68 -11.75±0.25 -45.75±0.25 -69.75±0.25 -14.45±1.26 -48.45±1.26 -72.45±1.26 

Caffeic acid measured 24.01±0.60*
,d
 24.57±2.73*

,d
 48.13±5.90*

,c
 0.46±2.00*

,d
 46.51±2.78*

,d
 75.03±5.32*

,d
 -13.03±2.02*

,a
 54.45±6.77*

,b
 48.46±1.82*

,d
 

estimated 11.00±1.12 19.46±1.12 29.86±1.12 9.30±2.04 17.75±2.04 28.15±2.04 17.49±1.09 25.95±1.09 36.34±1.09 

3,5- dihydroxyhydrocinnamic  acid measured -9.05±1.88
c
 -12.63±0.41*

,f
 -15.06±1.41*

,a
 -26.12±1.94*

,e
 -7.56±0.52*

,c
 -4.81±1.60*

,a
 -5.15±1.99*

,b
 -3.21±1.09

d
 3.28±0.26*

,c
 

estimated -10.38±1.64 -3.83±1.64 -9.16±1.64 -11.07±1.36 -4.52±1.36 -9.85±1.36 -8.94±1.01 -2.39±1.01 -7.72±1.01 

Gallic acid measured 1.51±1.39*
,a
 23.52±3.37*

,d
 40.39±4.15*

,e
 -9.69±1.17

a,b
 15.41±0.48*

,f
 32.90±3.73*

,f
 -9.84±2.82*

,a,b
 13.71±1.86

e
 40.22±6.09*

,f
 

estimated -2.29±1.33 17.43±1.33 27.42±1.33 -8.84±1.83 10.88±1.83 20.87±1.83 -5.63±2.15 14.10±2.15 24.08±2.15 

2 [HCA/ HBA], 

µM 

100 

[WW- Bound], 

mg/mL 

10 30 50 

o-coumaric acid measured 1486.46 ± 26.74*,a 1848.44 ± 458.48a 2491.48 ± 187.40*,a 

estimated 616.35 ± 23.91 783.41 ± 126.87 685.96 ± 161.52 

m-coumaric acid measured 1903.93 ± 280.29a,b 2170.55 ± 30.78*,a,b 3272.87 ± 455.09*,a,b 

estimated 867.63 ± 76.23 990.39 ± 37.84 867.55 ± 125.79 

p-coumaric acid measured 3874.16 ± 293.29*,c,i 4522.22 ± 122.01*,c 5392.31 ± 41.43*,c,j 

estimated 1674.54 ± 23.91 1841.60 ± 126.87 1744.15 ± 161.52 

2,4-dihydroxycinnamic acid 

 

measured 10172.14 + 107.95*,d 10640.82 ± 31.64*,d 11202.99 ± 4.11*,d 

estimated 7833.51 ± 112.23 7949.97 ± 4.84 7641.88 ± 73.66 

Caffeic acid measured 8648.84 ± 243.21e,j 7799.89 ± 186.32e 9474.40 ± 372.25*,e 

estimated 7873.06 ± 148.73 7466.20 ± 137.88 6988.39 ± 334.12 

3,5-dihydroxyhydrocinnamic  acid measured 2990.29 ± 114.79c,f,k,l 3701.46 ± 49.60*,f,k 4635.61 ± 38.50*,b,c,f 

estimated 2770.74 ± 43.86 2849.42 ± 59.13 2039.17 ± 62.85 

2,3,4-trihydroxybenzoic  acid measured 12328.04 ± 52.36*,g 13824.33 ± 212.88*,g 14102.19 ± 434.00*,g 
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Different letters indicate the significance of the difference at p<0.05 between the measured inhibition % values of WW- bound antioxidant + hydroxycinnamic acid 

mixtures for each combination, specified in columns. * indicate the significance of the difference at p<0.05 for each measured-estimated pair.

estimated 9423.68 ± 148.73 9016.82 ± 137.88 8539.01 ± 334.11 

2,4,5-trihydroxybenzoic  acid measured 6708.12 ± 157.12*,h 6627.61 ± 65.44*,h 7667.22 ± 156.30*,h,k 

estimated 9063.02 ± 131.11 9258.38 ± 215.57 9275.71 ± 59.62 

2,4,6-trihydroxybenzoic  acid measured 4451.86 ± 142.54i 6191.63 ± 11.37*,h 4844.36 ± 72.07*,c,f 

estimated 4052.15 ± 44.69 3949.78 ± 4.94 2633.31 ± 203.17 

Gallic acid measured 9437.15 ± 1115.01d,j 16104.00 ± 86.71*,i 16135.70 ± 49.20*,i 

estimated 12163.69 ± 76.23 12286.45 ± 37.84 12163.61 ± 125.79 

3,4-dihydroxy-5-methoxybenzoic acid measured 6679.09 ± 170.07*,h 6149.01 ± 56.05h 7439.46 ± 168.14*,h,k 

estimated 5763.71 ± 21.96 5995.26 ± 50.60 5437.95 ± 1.06 

2-hydroxy-3-methoxybenzoic  acid measured 2072.00 ± 16.40*,a,b,f 2552.88 ± 153.63*,b 2933.58 ± 2.97*,a 

estimated 1506.05 ± 26.68 1510.80 ± 28.09 1018.98 ± 54.45 

2-hydroxy-4-methoxybenzoic acid 

 

measured 3143.58 ± 24.46*,c,k,l 5441.34 ± 194.19*,j 5216.21 ± 343.71*,c 

estimated 1990.09 ± 26.68 1994.84 ± 28.09 1503.01 ± 56.45 

2-hydroxy-5-methoxybenzoic  acid measured 2032.23 ± 53.39a,b 4203.53 ± 53.10*,c,k 4615.56 ± 11.78*,b,c,f 

estimated 1085.15 ± 249.49 1331.58 ± 52.05 364.87 ± 96.83 

2-hydroxy-6-methoxybenzoic Acid 

 

measured 3664.53 ±  102.64*,c,i 6246.10 ±  269.90*,h 5781.10 ±  212.26*,c,j 

estimated 1596.79 ±  249.49 1843.22 ±  52.05 876.50 ±  96.83 

Isovanillic acid measured 3302.85 ± 261.27*,c,l 3498.01 ± 354.61*,f 2477.09 ± 208.51*,a 

estimated 732.74 26.95 739.84 ± 43.64 761.54 ± 133.31 

Vanillic acid measured 3504.24 ± 200.36*,c,l 4472.11 ± 304.86*,c 6689.91 ± 191.55*,h,j 

estimated 2156.82 ± 99.83 2514.14 ± 212.54 2473.65 ± 264.79 

2-hydroxy-3,4-dimethoxybenzoic acid measured 1560.80 ± 20.79*,a 2355.24 ± 307.76*,a,b 3564.97 ± 31.61*,a,b,f 

estimated 262.19 ± 15.39 498.07 ± 14.14 30.32 ± 85.02 

2-hydroxy-4,6-dimethoxybenzoic acid measured 2307.92 ± 34.85*,a,b,f,k 2226.13 ± 40.33*,a,b 2753.85 ± 282.43*,a 

estimated 1209.56 ± 106.64 942.65 ± 23.80 953.30 ± 240.40 

Syringic acid measured 8304.56 ± 7.98*,e 9981.99 ± 61.23*,l 8594.00 ± 536.35e,k 

estimated 7676.75 ± 99.83 8034.07 ± 212.54 7993.58 ± 264.79 

3,4,5-trimethoxybenzoic acid measured 2621.77 ± 262.96*,b,f,k,l 4261.87 ± 92.63*,c,k 5145.00 ± 360.15*,c 

estimated 500.11 ± 109.01 393.35 ± 19.34 220.24 ± 125.05 



 
56 

 

Even though the results for individual measurements are not given here, it is important to mention 

that WW- bound antioxidants acted as pro-oxidants in the liposome medium, which was also 

revealed in our previous studies [4]. Among HCA/ HBA derivatives studied in liposome medium, 

p-coumaric acid was found to be a weak antioxidant whereas o-coumaric, m-coumaric and 3,5-

dihydroxyhydrocinnamic acids were weak pro-oxidants. Conversely, 2,4-dihydroxycinnamic acid 

was a strong pro-oxidant, while caffeic and gallic acids were strong antioxidants. In literature, it 

was reported that the o- and p- substitution with another hydroxyl group increases the stability of 

the phenoxyl radical, which in turn determines the antioxidant activity of a compound [200]. The 

importance of the –OH group at third position for a high antioxidant activity was also mentioned 

[104]. This knowledge together explains the high antioxidant activity of caffeic and gallic acids 

among others. The evidence reported for the significant contribution of 3`,4` dihydroxyphenyl 

(catechol) substitution on the B- ring to antioxidant activity, provided by catechin, epicatechin and 

their various epimers also supports this situation [201].  

On the other hand, in aqueous medium WW- bound antioxidants undertook an antioxidant role. o- 

coumaric, m- coumaric, 2-hydroxy-3-methoxybenzoic, 2-hydroxy-4-methoxybenzoic, 2-hydroxy-

5-methoxybenzoic, 2-hydroxy-6-methoxybenzoic, 2-hydroxy-3,4-dimethoxybenzoic and 2-

hydroxy-4,6-dimethoxybenzoic acids acted as weak antioxidants at the early stages of the reaction 

with DPPH radical and turned to be weak pro-oxidants at the later stages. p-coumaric, vanillic, 

isovanillic and 2,4,6-trihydroxybenzoic acids were weak antioxidants while caffeic, 3,5-

dihydroxyhydrocinnamic, 3,4-dihydroxy-5-methoxybenzoic, 2,3,4-trihydroxybenzoic, 2,4,5-

trihydroxybenzoic acids were moderate and syringic acid, 2,4-dihydroxycinnamic and gallic acids 

were strong antioxidants. 3,4,5-trimethoxybenzoic acid itself was pro-oxidant in the aqueous 

medium.   Indeed, our results were in good in agreement with the existing knowledge in literature 

indicating that the DPPH radical scavenging activity increase depending on the number of active 

groups substituted in compounds [104]. Also, the common knowledge about the mitigation effect 

of methylation on both antioxidant and pro-oxidant activities of flavonoids [97] were observed for 

the methoxylated species in our study, except 3,4-dihydroxy-5-methoxybenzoic and syringic 

acids. The reason of the relatively higher antioxidant activity of 3,4-dihydroxy-5-methoxybenzoic 

acid can be attributed to its–OH groups located at the third and fourth positions, which together 

are known to induce high antioxidant activity [201]. For syringic acid, even though the substitution 

of third and fifth –OH groups with methoxy groups leads to a decrease in antioxidant activity 
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compared to its trihydroxy derivative, the presence of two methoxy groups next to the –OH group 

at fourth position significantly enhances the hydrogen availability [97].  

According to the individual antioxidant/ pro- oxidant effects, in liposome medium it can be seen 

that HCA/ HBA derivatives which exerted strong antioxidant characteristics like gallic and caffeic 

acids, acted determinedly synergistic with WW- bound antioxidants. 2,4-dihydroxycinnamic acid 

showing strong pro-oxidant characteristics, acted distinctly antagonistic on the other hand. HCA/ 

HBA derivatives having weak pro-oxidant or antioxidant characteristics revealed both synergistic 

and antagonistic interactions with WW- bound antioxidants depending on their concentrations in 

the mixtures. This situation showed that the antioxidant/pro-oxidant power of a HCA/ HBA had a 

significant role on the determination and dominance of its synergistic or antagonistic interactions 

with other types in the liposome medium. On the other hand, in the aqueous medium the pro-

oxidant/ antioxidant nature of the HCA/ HBA derivatives had no concern with the synergistic/ 

antagonistic behavior with WW- bound antioxidants. In fact, 3,4,5-trimethoxybenzoic acid, acting 

pro-oxidant itself, exerted strongly synergistic behavior and 2,4,5-trihydroxybenzoic acid, as an 

antioxidant, exerted antagonistic behavior with WW- bound antioxidants enigmatically.  

The chemical structure of HCA/ HBA derivatives also gave some insights regarding their 

synergistic or antagonistic behaviors. For example, in liposome medium, –OH groups linked at the 

third and fourth positions of the phenol ring together, like as in caffeic and gallic acids, thought to 

make a significant contribution to the synergistic behavior, probably with a similar mechanism. 

However, a single –OH group at the mentioned positions, like as in p- and m-coumaric acids, were 

not enough to create a synergistic effect, even prone to act antagonistic.  The synergistic behavior 

of 3,5-dihydroxyhydrocinnamic acid at high concentration combinations also strengthened the 

possibility that –OH group linked at third position, may have an important role on the synergy 

behavior when it is not single. –OH groups at fifth position, which are not single, like as in gallic 

acid might have a synergistic effect as well. On the other hand, the strong antagonistic effect of 

2,4-dihydroxycinnamic acid and the general antagonistic profile of o-coumaric acid suggests that, 

either single or not, -OH linkage from second position may contribute to the antagonistic behavior. 

At this point, two different scenarios appear for the behavior of –OH groups bound at the fourth 

position of the phenol ring.  If there is a neighboring –OH group bound at the: (i) second position, 

or in m- position, it acts antagonistic, (ii) third position, or in o-position it acts synergistic. 

However, the predominant synergistic attitude in the aqueous medium did not allow any structure- 
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behavior relationship to be manifested like as in the liposome medium.  

PCA was applied to the data collected from liposome and aqueous media studies for the mixtures 

of WW-bound antioxidants and HCA/ HBA derivatives to better understand the nature of the lipid 

oxidation and radical scavenging reactions, respectively. For this purpose, the intensity of the 

fluorescence data obtained from the measurements performed at each 10 min during 180 min and 

the scavenging % of DPPH data obtained during 120 min via measurements in each 5 min was 

used for liposome and aqueous medium studies respectively. The first derivative (window size:5 

points, polynomial degree:2) and mean centering was applied as pre-processing for the intensity 

of the fluorescence data, while only mean centering was used for scavenging % of DPPH data. 

The number of components explaining the highest amount of variance was found to be two for 

both datasets.  

The results are shown as scores (A, B) and loadings (C) plots for liposome (1) and aqueous medium 

(2) studies for the mixtures of some HCA/HBA derivatives with WW-bound antioxidants, giving 

the clearest discriminations, in Figure 3.5. According to the scores plots colored by WW-bound 

antioxidant concentration (A plots), the grouping was yet unclear for both liposome (1) and 

aqueous medium (2) studies. The discrimination according to HCA/ HBA concentration (B plots) 

on the other hand was more pronounced in both media with clear boundaries between different 

concentrations for given examples. In any case, the reason for the ambiguous discriminations was 

thought to be the concentrations studied being very close to each other. 

The scores plot for the mixtures of different HCA/ HBA derivatives with WW- bound antioxidants 

in aqueous medium gave the same pattern in general (Figure 3.5.B.2). However, in liposome 

medium, the scores plots for the mixtures of 2,4-dihydroxycinnamic acid (Figure 3.5.B.1.a) and 

Gallic (Figure 3.5.B.1.b) acid with WW-bound antioxidants was the mirror image of each other. 

In the loadings plots (C plots), there were two types of systematical behavior for PCs in each media 

for the mixtures of different HCA/ HBA derivatives with WW- bound antioxidants. In liposome 

medium, PC-1 always followed an increasing trend within the positive range. However, either by 

moving from positive to negative scale or vice versa, PC-2 interrupted PC-1 line at between 10-30 

min interval, gave a peak around 60-80 min and either moved to the positive or negative scale. o-

coumaric, m- coumaric and 3,5-dihydroxycinnamic acids exerted the same type of behavior with 

p-coumaric acid (Figure 3.5.C.1.a), while Caffeic and Gallic acids exerted the opposite behavior 

as illustrated for 2,4-dihydroxycinamic acid (Figure 3.5.C.1.b). 
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In the aqueous medium, PC-1 followed an increasing trend within the positive range similar to that 

of liposome medium. Meanwhile PC-2 either by moving from positive to negative scale or vice 

versa interrupted PC-1 line at around 60-100 min interval and either moved to the positive or 

negative scale. Among HCA/ HBA derivatives Gallic and p-coumaric acids exerted the same 

behavior with 2,4,5-trihydroxybenzoic acid (Fig. 3.5.C.2.b), while the rest of the HCA/ HBA 

derivatives exerted the opposite behavior as illustrated for 2-hydroxy-4,6-dimethoxybenzoic acid 

(Fig. 3.5.C.2.a) 

The loadings plots were holding a key role by explaining the kinetic nature of the lipid oxidation 

and DPPH radical scavenging reactions in this research. For example, in liposome medium, the 

intersection of PC-1 and PC-2 around 10-30 min and the peak of PC-2 around 60-80 min, thought 

to coincide with the end of lag phase and the initiation of the uninhibited oxidation phases 

respectively. The different trends observed for PC-2 in general may add up to a denominational 

distinction between different HCA/ HBA derivatives, by means of their antioxidant behaviors. On 

the other hand, the intersection of PC-1 and PC-2 around 60-100 min in aqueous medium was 

thought to correspond to the depletion of the HCA/ HBA derivatives either by scavenging DPPH 

radicals or regenerating WW-bound antioxidants. After this point the majority of the radical 

scavenging activity is thought to be undertaken by WW- bound antioxidants. This phenomenon 

for the regeneration of DF- bound antioxidants via free soluble antioxidants and the synergistic 

interaction between them was indeed revealed in our former studies [4, 97, 104, 200-202]. 

In general, divergent behaviors were observed for the mixtures of different HCA/ HBA derivatives 

with WW- bound antioxidants, with different groupings between each other. To better understand 

the effect of amount and positions of the –OH and -OCH₃ groups on the aromatic ring on lipid 

oxidation and DPPH radical scavenging %, PCA was applied to the pooled datasets. The intensity 

of the fluorescence data and the scavenging % of DPPH data obtained from the measurements for 

all HCA/ HBA + WW- bound antioxidants mixtures were collected in itself and used for this 

purpose. As shown in Figure 3.6.1.a for liposome studies, data for the mixtures of o- and p-

coumaric acids were overlapped, located at the center of the plot and diverged from the m-

coumaric acid data on the right side. 2,4 and 3,5-dihydroxycinnamic acid data was also located on 

the right side of the plot, while caffeic and gallic acid data was appeared on the left being apart 

from each other.
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Figure 3.5. Scores plots colored according to A) WW-bound antioxidant and B) HCA/ HBA concentrations and C) loadings plots for 

the mixtures of some HCA/ HBA derivatives with WW- bound antioxidants obtained from 1) liposome and 2) aqueous medium studies. 

A.1. a) o-coumaric acid, b) p-coumaric acid, c) 3,5-dihydroxyhydrocinnamic acid; A.2. a) 2-hydroxy-6-methoxybenzoic acid; B.1.a) 

2,4-dihydroxycinnamic acid, b) Gallic acid; B.2.a) 2,4-dihydroxycinnamic acid, b) Caffeic acid, c) 3,5-dihydroyhydrocinnamic acid, d) 

2,3,4-trihydroxybenzoic acid, e) 2,4,5-trihydroxybenzoic acid, f) 2,4,6-trihydroxybenzoic acid, g) Gallic acid, h) 3,4-dihydroxy-5-

methoxybenzoic acid, i) 2-hydroxy-3-methoxybenzoic acid, j) 2-hydroxy-4,6-dimethoxybenzoic acid, k) Syringic acid, l) Isovanillic 

acid; C.1.a) p-coumaric acid, b) 2,4-dihydroxycinnamic acid; C.2.a) 2-hydroxy-4.6-dimethoxybenzoic acid, b) 2,4,5-trihydroxybenzoic 

acid.  
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On the other hand, data obtained from aqueous medium studies (Figure 3.6.2.a) was mostly 

overlapped on the left part of the plot giving divergent patterns for only 2,4-dihydroxycinnamic, 

3,4- dihydroxycinnamic (caffeic), 2,3,4- trihydroxybenzoic, 2,4,5-trihydroxybenzoic, 3,4,5- 

trihydroxybenzoic (gallic), 4-hydroxy-3,5-dimethoxybenzoic (syringic) and 3,4-dihydroxy-5-

methoxybenzoic acids on the right side. 

 

 

Figure 3.6. Scores plot obtained from the PCA of pooled data of the mixtures of HCA/ HBA 

derivatives with WW- bound antioxidants, colored by HCA/ HBA type for   1) liposome and 2) 

aqueous medium studies. 
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Considering the related loadings plots, PC-1 was found to stay in the positive range for both 

liposome and aqueous media. Meanwhile, PC-2 cut the PC-1 line at around 130 and 30 min by 

moving from negative to positive scale and vice versa in liposome and aqueous media, 

respectively.   

In liposome medium, HCA/ HBA derivatives having m- positioned –OH groups like m-coumaric, 

2-4 and 3,5-dihydroxycinnamic acids were deemed to have a close relationship with each other by 

aligning close in the scores plot. HCA/ HBA derivatives with o-positioned –OH groups like gallic 

and caffeic acids established a similar relationship for themselves as well.  

Interestingly, HCA/ HBA derivatives, which appeared as divergent groups in aqueous medium 

were the ones which also gave the highest AUC values in Table 3.6.2. This situation indicates a 

correlation between the antioxidant capacity and behavioral characteristics of the mixtures of 

HCA/ HBA derivatives with WW- bound antioxidants. In other words, it could be said that 

determined and discrete behaviors necessitates relatively higher antioxidant capacities in aqueous 

medium for HCA/ HBA + WW- bound antioxidant mixtures.  The related loadings plots for the 

pooled datasets centered general lipid oxidation and DPPH radical scavenging characteristics 

Accordingly, the end of lag phase and the depletion of free HCA/ HBA derivatives in the radical 

medium were determined as 130 and 30 min, respectively, as discussed before for the individual 

loadings plots. Among PCs, PC-1, which explains a significant part of the variation in both media 

is thought to be related with the use of HCA/ HBA derivatives either by scavenging DPPH radicals 

or by preventing the oxidation of liposomes. This attitude constitutes a good explanation for the 

junction points of PCs in both media, which indeed are both related with the depletion of HCA/ 

HBA derivatives available in the environment. Thus, PC-2, explaining the minor part of the 

variation, is thought to be related with the use of WW- bound antioxidants, which are also thought 

to have relatively minor effect on the radical scavenging and inhibition of lipid oxidation reactions 

compared to HCA/ HBA derivatives.  

Apart from that, the significance of the effects of HCA/ HBA and WW- bound antioxidant 

concentrations on lipid oxidation and scavenging % of DPPH was investigated by performing 

ASCA.  Datasets were treated with the same preprocessing as before and models, including two- 

way interactions were obtained after 500 permutations.  
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Table 3.7. The p values within 0.95 confidence interval obtained by using Anova Simultaneous 

Component Analysis (ASCA) in Matlab for [HCA/ HBA]: HCA/ HBA concentration, [WW]: 

WW-bound antioxidant concentration, [HCA/ HBA] * [WW]: the 2-way interaction between 

[HCA/ HBA] and [WW] in 1) liposome and 2) aqueous media. 

1 [WW] [HCA/ HBA] [HCA]*[WW] 

o-coumaric acid 0.0020 0.0020 0.1540 

m-coumaric acid 0.0040 0.2240 0.0020 

p-coumaric acid 0.0020 0.8060 0.0020 

2,4-dihydroxycinnamic acid 0.3060 0.0020 0.0020 

Caffeic acid 0.0680 0.0020 0.0020 

3,5-dihydroxyhydrocinnamic acid 0.0020 0.0020 0.0020 

Gallic acid 0.0020 0.0020 0.0020 

2 [WW] [HCA/ HBA] [HCA]*[WW] 

o-coumaric acid 0.0020 0.0020 0.0140 

m-coumaric acid 0.0020 0.0020 0.0320 

p-coumaric acid 0.0020 0.0020 0.0140 

2,4-dihydroxycinnamic acid 0.0580 0.0020 0.0100 

Caffeic acid 0.1920 0.0020 0.0020 

3,5-dihydroxyhydrocinnamic acid 0.0020 0.0020 0.0020 

2,3,4-trihydroxybenzoic acid 0.0020 0.0020 0.0020 

2,4,5-trihydroxybenzoic acid 0.0180 0.0020 0.0020 

2,4,6-trihydroxybenzoic acid 0.1580 0.0060 0.0020 

Gallic acid 0.5720 0.0020 0.0020 

3,4-dihydroxy-5-methoxybenzoic acid 0.0020 0.0020 0.0020 

2-hydroxy-3-methoxybenzoic acid 0.3880 0.0020 0.0020 

2-hydroxy-4-methoxybenzoic acid 0.0020 0.5060 0.0320 

2-hydroxy-5-methoxybenzoic acid 0.2220 0.2540 0.0020 

2-hydroxy-6-methoxybenzoic acid 0.0020 0.0020 0.0600 

Isovanillic acid 0.0640 0.0020 0.0080 

Vanillic acid 0.0020 0.0020 0.0020 

2-hydroxy-3,4-dimethoxybenzoic acid 0.0020 0.1120 0.0020 

2-hydroxy-4,6-dimethoxybenzoic acid 0.0280 0.0240 0.0020 

Syringic acid 0.0060 0.0020 0.0020 

3,4,5-trimethoxybenzoic acid 0.0020 0.0120 0.0020 

 

The results revealed that HCA/ HBA concentration made a significant effect on the inhibition % 

of lipid oxidation values measured, except for the mixtures prepared with m- and p-coumaric acids, 

having single –OH group at the third and fourth positions of the phenol ring. The concentration of 

WW- bound antioxidants was also significant for the inhibition % of lipid oxidation, except for 

the mixtures of caffeic and 2,4-dihydroxycinnamic acids. (Table 3.7.1).  In aqueous medium, the 
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concentration of HCA/ HBA made a significant effect on DPPH radical scavenging % except the 

mixtures prepared with 2-hydroxy-4-methoxybenzoic, 2-hydroxy-5-methoxybenzoic, 2-hdroxy-

3,4-dimethoxybenzoic acids. The concentration of WW- bound antioxidants was also significant 

for DPPH radical scavenging % except in the mixtures of 2,4-dihydroxycinnamic, caffeic, 2,4,6-

trihydroxybenzoic, gallic, 2-hydroxy-3-methoxybenzoic, 2-hydroxy-5-methoxybenzoic, and 

isovanillic acids (Table 3.7.2). The interaction between WW- bound antioxidants and HCA/ HBA 

concentrations was significant in both liposome and aqueous media except mixtures prepared with 

o-coumaric and 2-hydroxy-6-methoxybenzoic acids, respectively. 

3.4. Interactions between Coffee/ Bread Crust Melanoidins and Hydroxycinnamic/ 

Hydroxybenzoic Acids in Aqueous Medium 

The AUC values based on the oxidation rate curves obtained for the real mixtures of CM and BCM 

with HCA/ HBA were calculated and have been compared to the estimated values calculated based 

on the sum of the AUC values of individual components (Table 3.8). Accordingly, a general 

synergistic interaction was observed between CM and HCA/ HBA derivatives, except some 

combinations of 2,4,5- trihydroxybenzoic and Gallic acids, being antagonistic. Likewise, the 

interactions were generally synergistic with BCM. However, some combinations of BCM with 

2,4- dihydroxycinnamic, 2,3,4- trihydroxycinnamic, 2,4,5- trihydroxycinnamic, Gallic and 

Syringic acids were antagonistic. The measured AUC values, hence the AC exerted increased with 

the increasing concentrations of CM and BCM as a rule. The AC exerted was changed by changing 

HCA/ HBA derivatives mixed with CM and BCM. However, there were not certain gradations 

among different mixtures of either CM or BCM with HCA/ HBA derivatives by means of AC 

considering their different concentration combinations.  

Indeed, both CM and BCM acted as antioxidants themselves, as already known.  However, the 

antioxidant/ pro-oxidant properties of HCA/ HBA derivatives were changed according to their –

OH and -OCH₃ contents. For instance, HCA/ HBA derivatives having only one –OH group acted 

as either weak antioxidants or pro-oxidants. When the number of –OH groups increased to two, 

the behavior turned to be strongly antioxidant. Three –OH groups boosted the antioxidant behavior 

even more, just except 2,4,6-trihydroxybenzoic acid acting as a weak antioxidant. Including –

OCH₃ groups to the aromatic ring, either decreased the antioxidant strength of the compounds or 

shifted the behavior to pro- oxidant in general. 3,4,5- trimethoxybenzoic acid was the only strong 

pro-oxidant through all HCA/ HBA derivatives. Among the compounds with - OCH₃ groups only 
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Syringic acid exerted strong antioxidant characteristics. The aromatic structure including one –OH 

group at fourth position and two –OCH₃ groups at third and fifth positions, might suggest an 

encouraging effect on the AC.  

HCA/ HBA derivatives, acting against the general synergistic picture with their antagonistic 

behaviors were 2,4,5- trihydroxybenzoic and Gallic acids for CM studies and 2,4- 

dihydroxycinnamic, 2,3,4- trihydroxycinnamic, 2,4,5- trihydroxycinnamic, Gallic and Syringic 

acids for BCM studies. The common property of these antagonistic acting compounds is the 

amount of –OH group on their aromatic ring either being equal to or more than two. This situation 

creates a contradiction for the effects of –OH- rich HCA/ HBA derivatives. Although these 

compounds are strong antioxidants, their antagonist efficacy suggests that they repress the 

antioxidants of CM and BCM, leading -OCH₃ groups to be pronounced as the promoting groups.  

 

PCA was applied to interpret the nature of radical scavenging reactions of the mixtures of CM and 

BCM with HCA/ HBA derivatives. For this purpose, the percentage inhibition of DPPH radical 

data, obtained by monitoring the absorbance of DPPH radical in the presence of the mixtures of 

HCA/ HBA derivatives with CM and BCM for 120 min in each 5 min was used. The pre- 

processing was applied as mean centering for both CM and BCM data. The number of principal 

components were 2 and 3 for CM and BCM datasets, respectively. Results are given in Figure 3.7 

as scores (A, B) and loadings (C) plots for CM (1) and BCM (2) studies. Only explicit 

discriminations, which are also representative for other datasets are shown. 

According to the scores plots colored by CM concentration, there were two different types of 

discrimination, both being clear. Among them Figure 3.7.A.1.a, obtained for o- coumaric acid data, 

showed the same pattern with Caffeic, 3,4- dihydroxy-5-methoxybenzoic, 2,4,6- 

trihydroxybenzoic, Gallic, 2- hydroxy-4-methoxybenzoic, 2-hydroxy-6-methoxybenzoic, Vanillic 

and 3,4,5- trimethoxybenzoic acids. Figure 3.7.A.1.b, obtained for m- coumaric acid data, showed 

the same pattern with the rest of the HCA/ HBA derivatives. However, for the scores plots colored 

by BCM concentration, there were 6 different types of discrimination patterns. Figure 3.7.A.2.d 

and e were mirror images of each other, Figure 3.7.A.2.e representing both Caffeic and 2,3,4- 

trihydroxybenzoic acids. Also Figure 3.7.A.2.h and j were likely to be the mirror images, Figure 

3.7.A.2.j representing Syringic acid in addition to Gallic acid. Figure 3.7.A.2.n, obtained for 2-
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hydroxy-5-methoxybenzoic acid showed the same pattern with the rest of the HCA/ HBA 

derivatives except 3,4-dihydroxy-5-methoxybenzoic acid (Figure 3.7.A.2.k).  

On the other hand, there were no clear discrimination on the scores plots colored by HCA/ HBA 

concentration for CM studies as illustrated for p- coumaric acid in Figure 3.7.B.1.c. Also the 

discrimination was not clear for most of the HCA/ HBA derivatives in BCM studies as illustrated 

for Isovanillic acid in Figure 3.7.B.2.p. The mixtures of 2,4-dihydroyxcinnamic and Caffeic acid 

with BCM showed relatively clear discriminations (Figure 3.7.B.2.d and e respectively), Caffeic 

acid sharing the same pattern with 2,3,4- trihydroxybenzoic, 2,4,5- trihydroxybenzoic, 3,4- 

dihydroxy-5-methoyxbenzoic, Gallic and Syringic acids. 
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Table 3.8. Measured and estimated values of the AUC of the oxidation rate curves for the mixtures of 1) CM and 2) BCM with HCA/ 

HBA 

1 HCA/ HBA (µM) 100 

CM (mg/mL) 0.1 0.5 1.0 

  measured estimated measured estimated measured estimated 

o-Coumaric Acid 5349.99 ± 97.45*,a 3225.25 ± 41.31 13661.96 ± 248.01*,a 9075.56 ± 158.91 19772.11 ± 150.07*,a,d 9308.02 ± 53.83 

m-Coumaric Acid  2512.48  ± 259.57b 2684.93 ± 122.68 14492.06  ± 61.88*,b 9480.34 ± 43.94 18970.01  ± 23.81*,b 9333.08 ± 9.78 

p-Coumaric Acid 4601.63 ± 161.61c,d 4424.017 ± 41.31 14873.09 ± 473.25*,b 10274.33 ± 158.91 18543.96 ± 94.80*,c,f 10506.79 ± 53.83 

2,4-Dihydroxycinnamic Acid 11676.14 ± 115.09*,e 11002.43 ± 51.59 18462.24 ± 202.97*,c 16604.41 ± 12.01 20034.40 ± 198.44*,d,g,i 16121.13 ± 80.83 

3,4-Dihydroxycinnamic (Caffeic) Acid 11489.61 ± 311.74e 10951.76 ± 51.58 19999.37 ± 38.67*,d 16553.75 ± 12.01 20531.49 ± 75.65*,e,j 16070.46 ± 80.83 

3,5-Dihydroxycinnamic Acid 3118.52 ± 315.18f 4229.04 ± 53.07 12760.27 ± 232.29*,e 10341.54 ± 87.18 18593.67 ± 82.84*,f 10856.65 ± 9.60 

2,3,4-Trihydroxybenzoic Acid 12138.16 ± 63.11*,g 11319.49 ± 28.20 20022.16 ± 83.05*,d 17398.86 ± 41.49 19948.59 ± 96.36*,a,d,g,i 16983.60 ± 28.68 

2,4,5-Trihydroxybenzoic Acid 9962.84 ± 113.13*,h 10911.31 ± 19.28 18110.48 ± 93.86*,c 16906.14 ± 71.19 20305.00 ± 238.33*,e,h 17537.82 ± 24.85 

2,4,6-Trihydroxybenzoic Acid 6036.51 ± 5.98i 6148.74 ± 41.99 17529.64 ± 10.24*,f 11932.80 ± 83.21 20198.48 ± 153.19*,g,h,i 11386.29 ± 29.19 

3,4,5-Trihydroxybenzoic (Gallic) Acid 17657.33 ± 58.44*j 15572.90 ± 41.99 21029.92 ± 396.63g 21356.95 ± 83.21 20710.76 ± 37.28*,j 20810.44 ± 29.19 

3,4-Dihydroxy-5-Methoxybenzoic Acid 4521.80 ± 82.48*c,d 3487.94 ± 12.23 16198.06 ± 172.95*,h,k 8312.03 ± 7.21 20345.03 ± 39.09*,e,h 9065.36 ± 98.59 

2-Hydroxy-3-Methoxybenzoic Acid 4672.27 ± 230.63*c,d 3538.24 ± 120.97 12547.64 ± 161.14*,e 7238.07 ± 120.97 19453.96 ± 1.22*,k 9275.65 ± 55.17 

2-Hydroxy-4-Methoxybenzoic Acid 4876.87 ± 61.36*c,d 4094.78 ± 35.53 17224.52 ± 145.71*,f,i 10747.07 ± 12.13 19781.24 ± 83.28*,a,d 10379.50 ± 93.55 

2-Hydroxy-5-Methoxybenzoic Acid 4491.36 ± 128.53c,k 4069.31 ± 120.97 15650.04 ± 225.61*,h,j 7769.14 ± 120.97 14205.29 ± 25.43*,l 9806.72 ± 55.17 

2-Hydroxy-6-Methoxybenzoic Acid 3931.17 ± 62.99*l 3486.57 ± 37.02 17686.66 ± 144.51*,f 7264.43 ± 129.14 19356.65 ± 44.23*,k 9268.46 ± 11.01 

3-Hydroxy-4-Methoxybenzoic (Isovanillic) Acid 4809.46 ± 64.49c,d 4688.88 ± 64.06 15556.67 ± 4.09*,j 10973.65 ± 29.01 19857.97 ± 97.87*,a,d 10600.95 ± 21.41 

4-Hydroxy-3-Methoxybenzoic (Vanillic) Acid 4956.21 ± 350.64*,a,d 4038.42 ± 11.02 15892.23 ± 372.39*,h,j 10270.15 ± 29.01 20253.75 ± 25.40*,h 9897.44 ± 21.41 

2-Hydroxy-4,6-Dimethoxybenzoic Acid 2290.96 ± 84.38b 2932.77 ± 162.66 10874.57 ± 206.40*l 9162.06 ± 16.97 18335.67 ± 28.50*,c 9653.37 ± 28.06 

4-Hydroxy-3,5-Dimethoxybenzoic (Syringic) Acid 11458.56 ± 47.91e 11445.70 ± 28.20 19207.18 ± 141.03*m 17525.08 ± 41.49 19744.54 ± 39.58*,a 17109.82 ± 28.68 

3,4,5-Trimethoxybenzoic Acid 
3876.12 ± 225.42l 3488.70 ± 12.23 13953.60 ± 305.75*,a 8312.78 ± 7.21 19900.54 ± 62.33*,a,d 9066.11 ± 98.59 

2 
HCA/ HBA (µM) 100 

BCM (mg/mL) 10 50 100 

  
measured estimated measured estimated measured estimated 

o-Coumaric Acid 
3142.36 ± 39.95*,a,m,n 867.14 ± 147.78 2945.74 ± 203.21a 2023.51 ± 73.17 5364.04 ± 242.02*,a 3102.02 ± 183.81 

m-Coumaric Acid 
2908.57 ± 48.97*,a,b,m 1817.06 ± 34.56 5711.32 ± 58.52*,b 3027.33 ± 73.47 6131.19 ±24.32*,b 3407.54 ± 90.72 

p-Coumaric Acid 
1843.68 ± 145.33c 2169.10 ± 147.78 3653.36 ± 1.46*,c 3325.47 ± 73.17 4908.29 ± 130.21a 4403.99 ± 183.81 
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2,4-Dihydroxycinnamic Acid 
7648.73 ± 310.45d 7246.20 ± 5.08 7166.69 ± 121.91*,d 8991.73 ± 9.99 6669.86 ± 19.34*,b,h 8712.32 ± 109.97 

3,4-Dihydroxycinnamic (Caffeic) Acid 
9012.89 ± 26.67*,e,g 6803.55 ± 5.08 10561.03 ± 109.82*,e 8549.08 ± 9.99 9297.31 ± 38.58*,c 8269.67 ± 109.97 

3,5-Dihydroxycinnamic Acid 
3966.69 ± 123.19f 4313.69 ± 0.57 6623.61 ± 16.37f 6676.59 ± 103.71 7425.37 ± 130.29*,d,f,g 6280.17 ± 192.64 

2,3,4-Trihydroxybenzoic Acid 
9295.85 ± 149.44*,g 7725.32 ± 122.48 8263.75 ± 81.69*,g 10343.63 ± 256.41 10113.88 ± 19.07*,e 11391.80 ± 21.39 

2,4,5-Trihydroxybenzoic Acid 
8826.94 ± 126.43*,e,h 11521.52 ± 9.27 8642.05 ± 168.19*,g 13598.54 ± 35.28 8839.88 ± 47.97*,c 14273.78 ± 23.60 

2,4,6-Trihydroxybenzoic Acid 
4126.02 ± 85.81*,f 3344.57 ± 62.40 4511.12 ± 161.65h,l 4155.54 ± 15.68 7396.64 ± 62.41*,d,f,g 3516.58 ± 100.22 

3,4,5-Trihydroxybenzoic (Gallic) Acid 
17956.30 ± 46.83*,i 13420.54 ± 38.08 12787.64 ± 92.61*,i 15775.60 ± 39.64 7573.14 ± 690.15*,f,g 15041.00 ± 107.36 

3,4-Dihydroxy-5-Methoxybenzoic Acid 
7197.30 ± 60.26*,j 6036.01 ± 62.40 8290.71 ± 60.20*,g 6846.98 ± 15.68 8100.84 ± 310.70*,g 6208.02 ± 100.22 

2-Hydroxy-3-Methoxybenzoic Acid 
2625.04 ± 242.44b,k,o 2037.70 ± 69.25 5062.13 ± 641.42*,j 3560.15 ± 17.63 7708.36 ± 118.95*,f,g 2270.09 ± 24.80 

2-Hydroxy-4-Methoxybenzoic Acid 
2504.86 ± 81.10*,k,l,o 2045.04 ± 69.25 6058.23 ± 43.42*,b,k 3567.49 ± 17.63 6821.99 ± 146.96*,d,h 2277.43 ± 24.80 

2-Hydroxy-5-Methoxybenzoic Acid 
2343.55  ± 136.60*,k,l 1441.63  ± 4.48 4199.33  ± 123.35h 4119.01  ± 45.80 7642.44  ± 135.76*,f,g 4630.07  ± 100.57 

2-Hydroxy-6-Methoxybenzoic Acid 
2997.47 ± 89.51*,a,b,m,n 2134.46 ± 21.20 6114.47 ± 31.19*,b,k 3701.39 ± 37.03 7716.05 ± 20.05*,f,g 1795.08 ± 83.16 

3-Hydroxy-4-Methoxybenzoic (Isovanillic) Acid 
3197.54 ± 186.40m,n 2474.90 ± 21.20 6047.19 ± 38.67*,b,k 4041.83 ± 37.03 7179.22 ± 65.80*,d,f,h 2135.52 ± 83.16 

4-Hydroxy-3-Methoxybenzoic (Vanillic) Acid 
3312.82 ± 9.23*,n 3047.12 ± 15.21 6213.23 ± 100.19*,f,k 4872.16 ± 21.75 7415.30 ± 98.65*,d,f,g 3087.37 ± 373.65 

2-Hydroxy-4,6-Dimethoxybenzoic Acid 
2223.21 ± 28.62l 2344.06 ± 19.55 5033.85 ± 19.22*,j 4083.02 ± 120.58 7734.77 ± 62.19*,f,g 3358.53 ± 183.99 

4-Hydroxy-3,5-Dimethoxybenzoic (Syringic) Acid 
8467.80 ± 54.71*,h 7722.07 ± 122.48 8609.95 ± 17.64*,g 10340.38 ± 256.41 9269.24 ± 456.34*,c 11388.55 ± 21.39 

3,4,5-Trimethoxybenzoix Acid 
2780.09 ± 228.52*,a,b,o 1352.81 ± 19.55 4828.92 ± 35.98*,j,l 3091.76 ± 120.58 7819.75 ± 82.11*,f,g 2367.27 ± 183.99 

 
Different letters indicate the statistical significance of difference between samples for each concentration combination illustrated in columns.  

*shows the statistical significance of difference between each estimated-measured pair



 
70 

 

 

Figure 3.7. Scores plots colored according to A) melanoidins and B) HCA/ HBA concentrations 

and C) loadings plots for the mixtures of 1) CM and 2) BCM with some HCA/ HBA derivatives. 

A.1. a) o- coumaric acid, b) p- coumaric acid; A.2. d) 2,4- dihydroxycinnamic acid, e) Caffeic 

acid, h) 2,4,5- trihydroxybenzoic acid, j) Gallic acid, k) 3,4- dihydroxy-5-methoxybenzoic acid, n) 

2-hydroxy-5-methoxybenzoic acid; B.1. c) p- coumaric acid; B.2. d) 2,4- dihydroxycinnamic acid, 

e) Caffeic acid, p) Isovanillic acid; C.1. a) o- coumaric acid, c) p- coumaric acid, s) Syringic acid; 

C.2. b) m- coumaric acid, e) Caffeic acid, h) 2,4,5- trihydroxybenzoic acid.  
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Considering loadings plots obtained for CM studies, there were three different types of behavior 

as illustrated in Figure 3.7.C.1.a, c and s, for o- coumaric, p- coumaric and Syringic acids, 

respectively. In Figure 3.7.C.1.a and c, the trend of PC1 was the same staying on the positive range 

of PCs. PC-2, moved either from positive to negative scale or vice versa by cutting PC-1 line at 

around 20-50 or 50-100 mins, for o- and p- coumaric acids, respectively. However, in Figure 

3.7.C.1.s, while PC-1 was staying on positive scale, PC-2 cut it two times from around 20-30 and 

110-120 minutes. For the loadings plots obtained in BCM studies, there were 3 different patterns 

as well, as illustrated in Figure 3.7.C.2.b, e and h, for m-coumaric, Caffeic and 2,4,5- 

trihydroxybenzoic acids. In Figure 3.7.C.2.b and e PC-1 created a slight curve by moving between 

positive and negative scales, while it stayed only in the positive scale in Figure 3.7.C.2.h. PC-2 cut 

the PC-1 line at around 10-30 min or 70-110 min for m-coumaric and 2,4,5- trihydroxybenzoic 

acids respectively, either by decreasing or increasing. However, PC-2 line cut the PC-1 line twice, 

first by decreasing at around 10-20 min and then by increasing at around 80-110 min for Caffeic 

acid.  

In general, evaluation of the scores plots revealed a number of groupings between different HCA/ 

HBA derivatives, indicating some behavioral associations among them. Discriminations according 

to CM and BCM concentrations were notably clear when compared with the discriminations 

according to HCA/ HBA concentrations, which were rather ambiguous. Nevertheless, there were 

some HCA/ HBA derivatives which gave relatively clear discriminations according to HCA/ HBA 

concentration. These compounds were all known to exert strong antioxidant characteristics 

themselves, except 3,4- dihydroxy-5-methoxybenzoic acid. This situation uncovered the linkage 

between the strength of antioxidant power and the significance of the effect of concentration on 

AC once more. 

On the other hand, the different patterns seen in the loadings plots are thought to give some clues 

about the progression of the radical scavenging reactions for different HCA/ HBA and CM or 

BCM combinations. Considering Figures 3.7.C.1.a and 3.7.C.1.c, the loadings plots obtained from 

CM studies, the intersection of PC-1 and PC-2 at around 20- 50 or 50- 100 min is thought to 

correspond to the depletion of HCA/ HBA derivatives in the medium. This could be happened 

either by scavenging the DPPH stable radical or by regenerating the depleted antioxidants of 

melanoidins. After intersections, the majority of the antioxidant effect is thought to be exerted by 

the melanoidins. The same explanation will also be valid for Figures 3.7.C.2.b and 3.7.C.2.h, 



 
72 

 

obtained from BCM studies, which have the intersections at around 10-30 and 10-110 min 

respectively. At this point, two different timing by means of depletion of HCA/ HBA derivatives 

draws attention, pointing the early and late stages of the radical scavenging reactions.   

Besides, there was a third pattern seen on the loadings plots, which includes two different 

intersection points for PC-1 and PC-2 as illustrated in Figure 3.7.C.1.s and 3.7.C.2.e, obtained 

from CM and BCM studies. In these plots, the first intersection point which is around 20-30 or 10-

20 mins is thought to correspond to the depletion of HCA/ HBA derivatives which are easily 

accessible considering their relatively small structure. After that point, the majority of the 

antioxidant activity is thought to be carried out by melanoidins. When the second intersection point 

is reached, the antioxidant activity is thought to be exerted by the regenerated melanoidins.  

 

The significance of the effects of CM, BCM and HCA/ HBA concentrations and their 2- way 

interactions on the percentage of scavenging of DPPH radical was investigated with ANOVA- 

Simulatenos Component Analysis (ASCA). The preprocessing was used as mean centering as used 

before for the PCA and the number of permutations were 500. The p values obtained within 0.95 

confidence interval were illustrated in Table 3.9. The CM and BCM concentrations had a 

significant effect on the percentage of scavenging of DPPH radical measured for all HCA/ HBA 

derivatives. The concentration of HCA/ HBA derivatives were significant except o-, m-, p- 

coumaric, 2- hydroxy- 4- methoxybenzoic and 2- hydroxy- 5- methoxybenzoic acids when 

combined with CM.  For the combinations with BCM, the effectsf of HCA/ HBA derivatives were 

also significant except 2,4,6- trihydroxybenzoic, 2- hydroxy- 3- methoxybenzoic, 2- hydroxy- 4- 

methoxybezoic and 2- hydroxy- 5- methoxybenzoic acids. The 2- way interactions between either 

CM or BCM concentrations and HCA/ HBA concentrations were significant in general, except the 

combinations of 2- hydroxy- 4- methoybenzoic acid with BCM. 
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Table 3.9. The p values within 0.95 confidence interval obtained by using Anova Simultaneous 

Component Analysis (ASCA) in Matlab for [HCA/ HBA]: HCA/ HBA concentration, [CM]: CM 

concentration, [BCM]: BCM concentration; [CM]*[HCA/ HBA], [BCM]*[HCA/ HBA]: the 2-

way interaction between [HCA/ HBA] and [CM] or [BCM], respectively. 

 

 

 

[CM] [HCA/ HBA] [CM]* 

[HCA/ HBA] 

 

[BCM] [HCA/ HBA] [BCM]* 

[HCA/ HBA] 

o-Coumaric Acid 0.0020 0.5020 0.0020 0.0020 0.0020 0.0020 

m-Coumaric Acid 0.0020 0.9660 0.0340 0.0020 0.0020 0.0020 

p-Coumaric Acid 0.0020 0.0820 0.0440 0.0020 0.0020 0.0020 

2,4-Dihydroxycinnamic Acid 0.0020 0.0020 0.0020 0.0020 0.0020 0.0020 

3,4-Dihydroxycinnamic (Caffeic) Acid 0.0020 0.0020 0.0020 0.0020 0.0020 0.0020 

3,5-Dihydroxycinnamic Acid 0.0020 0.0020 0.0020 0.0020 0.0020 0.0020 

2,3,4-Trihydroxybenzoic Acid 0.0020 0.0020 0.0020 0.0020 0.0020 0.0020 

2,4,5-Trihydroxybenzoic Acid 0.0020 0.0020 0.0020 0.0020 0.0020 0.0020 

2,4,6-Trihydroxybenzoic Acid 0.0020 0.0160 0.0020 0.0020 0.0680 0.0020 

3,4,5-Trihydroxybenzoic (Gallic) Acid 0.0020 0.0020 0.0020 0.0020 0.0020 0.0020 

3,4-Dihydroxy-5-Methoxybenzoic Acid 0.0020 0.0020 0.0020 0.0020 0.0020 0.0020 

2-Hydroxy-3-Methoxybenzoic Acid 0.0020 0.0040 0.0020 0.0020 0.3600 0.0020 

2-Hydroxy-4-Methoxybenzoic Acid 0.0020 0.0020 0.0020 0.0020 0.1160 0.0320 

2-Hydroxy-5-Methoxybenzoic Acid 0.0020 0.0960 0.0020 0.0020 0.0600 0.0200 

2-Hydroxy-6-Methoxybenzoic Acid 0.0020 0.2400 0.0020 0.0020 0.0380 0.0020 

3-Hydroxy-4-Methoxybenzoic (Isovanillic) Acid 0.0020 0.0020 0.0020 0.0020 0.0060 0.0020 

4-Hydroxy-3-Methoxybenzoic (Vanillic) Acid 0.0020 0.0020 0.0020 0.0020 0.0020 0.0020 

2-Hydroxy-4,6-Dimethoxybenzoic Acid 0.0020 0.0020 0.0020 0.0020 0.0400 0.0680 

4-Hydroxy-3,5-Dimethoxybenzoic (Syringic) Acid 0.0020 0.0020 0.0020 0.0020 0.0020 0.0020 

3,4,5-Trimethoxybenzoic Acid 0.0020 0.0020 0.0020 0.0020 0.0280 0.0020 
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The common general feature of HCA/ HBA derivatives which play a role in the insignificance of 

the effect of concentration is containing only one –OH group and sometimes an additional -OCH₃ 

group on their aromatic ring, except 2,4,6- trihydroxybenzoic acid. However, it should be 

remembered that all the HCA/ HBA derivatives included in this situation exerted weak antioxidant/ 

pro- oxidant behavior themselves. Hence, it can be deduced that the strength of the antioxidant/ 

pro- oxidant effect of a chemical compound may also influence the significance of its effect of 

concentration on the AC. In any case, the concentration dependency of the AC was proven once 

more with the rest of the HCA/ HBA derivatives, CM and BCM. 

 

PCA was also applied to the pooled datasets obtained from CM and BCM studies, by using same 

PCA models as applied before for each dataset.   The scores plots obtained were colored by the 

type of HCA/ HBA derivatives and shown in Figure 3.8.1 and 4.8.2 for CM and BCM studies, 

respectively. Accordingly, no clear distinction was seen between the data points of different HCA/ 

HBA derivatives, all being overlapped, for the combinations with both CM and BCM.  
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Figure 3.8. Scores plot obtained from the PCA of pooled data of the mixtures of HCA/ HBA 

derivatives with 1) CM and 2) BCM colored by HCA/ HBA type.
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3.5. Interactions between the Insoluble Fractions of Different Coffee infusions & Major Cocoa 

Free Antioxidants and Different Coffee infusions & Dark Chocolate 

Interactions between the insoluble fractions of different types of coffee infusions and major free 

antioxidants of cocoa as well as different types of coffee infusions and chocolate were investigated 

in this study. Ground roasted coffee was brewed using different methods to obtain a variety of 

coffee infusions. Amounts of coffee infusions (ml), total dry weight of coffee infusions (g) and the 

insoluble part of coffee infusions (mg) per gram of ground roasted coffee and per serving are given 

in Table 3.10.  

 

Table 3.10. Amounts of coffee infusion (mL), total dry weight of coffee infusion (g) and the 

insoluble fraction of coffee infusion/coffee (mg) per gram of ground roasted coffee and per serving 

size.  

 Per 1 g of Coffee Per serving size  

Infusion type 
Coffee Infusion  

(mL) 

Total Dry 

Weight  

(g) 

Insoluble 

Fraction (mg) 

Coffee Infusion  

(mL) 

Total Dry 

Weight 

 (g) 

Insoluble 

Fraction (mg) 

Espresso 4.02 ± 0.003a 0.20 ± 0.001a 1.07 ± 0.002a 24.13 ± 0.003a 1.20 ± 0.001a 1.07 ± 0.002a 

Moka coffee 15.83 ± 0.003b 0.18 ± 0.001b 9.90 ± 0.002b 122.36 ± 0.003b 4.55 ± 0.001b 9.37 ± 0.002b 

French press 14.89 ± 0.003c 0.25 ± 0.001c 8.76 ± 0.002c 148.97 ± 0.003c 2.54 ± 0.001c 14.15 ± 0.002c 

Filtered coffee 8.15 ± 0.003d 0.30 ± 0.001d 5.86 ± 0.002d 158.35 ± 0.003d 1.82 ± 0.001d 33.52 ± 0.002d 

Turkish coffee 8.97 ± 0.003e 0.26 ± 0.001e 9.98 ± 0.002e 44.88 ± 0.003e 1.28 ± 0.001e 15.64 ± 0.002e 

Coffee  - - 448.60 ± 0.002f - - - 

 

Different letters indicate the statistical significance of difference between samples for each measurement illustrated 

in columns.  

The volume of infusions obtained per gram of ground roasted coffee was highest in moka and 

French press coffee, followed by Turkish coffee, filtered coffee and espresso. However, the total 

amount of dry matter transferred from one gram of coffee to the infusion was higher for filtered 

coffee, Turkish coffee and French press. After removal of water, alcohol and lipid soluble 

fractions, the insoluble fraction that remained was found to be highest in Turkish coffee followed 

by moka and French press, while espresso was found to contain the lowest amount of insoluble 

fraction. The amount of insoluble fraction was considerably higher (45–420 times) in one gram of 

ground roasted coffee than in coffee infusions obtained from one gram of coffee. Considering one 

serving size, the coffee infusion volumes obtained followed the following decreasing order: 

filtered coffee, French press, moka, Turkish coffee, and espresso. The total amount of dry matter 

in freeze-dried infusions was relatively higher for moka, French press and filtered coffee compared 
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to espresso and Turkish coffee. The insoluble fraction that remained after specific washing 

procedure was higher in filtered coffee, Turkish coffee and French press followed by moka and 

espresso.  

Consequently, it was revealed that the amount of dry matter which passed through the final 

infusions brewed with different methods using the same coffee and the insoluble fraction remained 

in those dry matter after the washing step were different. Considering one gram of ground roasted 

coffee, the amount of insoluble fraction present was relatively higher in the coffee infusions whose 

preparation took longer times. In this context, Turkish coffee was the first one followed by moka, 

French press and filtered coffee. Espresso, which took only few seconds to prepare had the least 

amount of insoluble fraction. The contact time of water with coffee is thought to be the main reason 

for this.  

However, when serving size is taken into account, following is the decreasing order of the different 

types of coffee infusions in terms of the amount of their insoluble fractions: filtered coffee, Turkish 

coffee, French press, moka and espresso. In addition to contact time, the coffee: water ratio in the 

coffee infusions is also considered to have an effect. The amounts of insoluble fractions present in 

the infusions were relatively higher in those whose coffee: water ratio was lower in general. A 

probable reason for this could be the enhancement of the extraction process due to increase in the 

contact surface between coffee and water. Similarly, a short contact time and the compressed 

coffee cake which inhibits water from reaching coffee grounds deeply might be the reason for 

espresso having less insoluble fraction.  

Nevertheless, Turkish coffee contained higher amount of insoluble fraction despite its high coffee: 

water ratio. This could be an effect of the preparation technique.  As is known, the content of 

bioactive compounds and AC of coffee infusions is primarily affected by the brewing procedure 

[203]. However, there are conflicting reports about the effect of different preparation techniques. 

For example, Niseteo, Komes, Belščak-Cvitanović, Horžić & Budeč (2012) [204] determined the 

total phenolic content of different coffee infusions and found it to be in the following decreasing 

order: instant coffee, Turkish coffee, espresso, filtered coffee. In contrast, Sánchez-González et al. 

(2005) [203] revealed that the total phenolic content of filtered coffee was the highest followed by 

espresso. Sacchetti, Di Mattia, Pittia & Mastrocola (2009) [205] have reported that the MRPs 

formed during roasting, which can be counted as bound- antioxidants found in the insoluble 
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fraction, do not contribute significantly to the AC of coffee infusions. Hence, reaching a definite 

judgement based on existing knowledge on this subject, beyond speculations is still difficult.  

The AC of coffee and different types of coffee infusions in terms of Trolox equivalents, for their 

total dry weight and insoluble fractions are given in Table 3.11. In general, a deep difference was 

obvious between the AC values measured for the total dry weight and insoluble fractions, the total 

contents exerting at around 10- 30 folds of insoluble fractions. Among different types of coffee 

infusions, the insoluble fractions of Turkish coffee and French press were found to exhibit the 

highest AC, while those of moka exhibited the weakest antioxidant properties. Espresso and moka 

showed the highest AC on the total dry weight basis. In addition, the AC measured for the total 

dry weight of ground roasted coffee was much lower than the AC of different types of coffee 

infusions.  

The fact that AC of the total contents being much higher than the insoluble fractions indicates that 

the AC of the different types of coffee infusions was mainly provided by their free soluble 

antioxidants rather than the bound ones found in the insoluble fraction. Especially moka, whose 

insoluble fraction exerted the lowest AC while its total dry content was exerting one of the highest 

ones constituted a proof for this phenomenon. On the other hand, the fact that the AC of coffee 

being much lower than that of the different types of coffee infusions showed that the brewing 

process constituted an enriching role on the AC. The main reason for this is thought to be the heat 

assisted extraction process applied during different brewing procedures.  

Table 3.11. Trolox equivalent AC (mmol Trolox/ kg sample) measured for the total dry weight 

and insoluble fractions of different types of coffee infusions and coffee.   

 Trolox Equivalent AC (mmol Trolox/kg sample) 

 Total dry weight Insoluble fraction 

Espresso 1095 ± 42.1*,a 78 ± 7.9a 

Filtered coffee 1067 ± 5.2*,a 86± 8.7a,b 

French press 1076 ± 21.0a 103 ± 7.6b 

Moka coffee 1184 ± 11.3*,b 45 ± 0.0c 

Turkish coffee 953 ± 2.6*,c 105 ± 1.3b 

Coffee  581 ± 5.2*,d 68 ± 1.6a 

 
Different letters indicate the statistical significance of difference at p< 0.0.5 between Trolox Equivalent AC values 

measured for the total dry weight and the insoluble fractions of different types of coffee infusions/ coffee.  
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A comparison of the percentage inhibition of DPPH radical (measured and estimated values) of 

the mixtures of (a) insoluble fraction of coffee infusions and catechin/epicatechin (Table 3.12) and 

(b) coffee infusions and chocolate (Table 3.13) was done so as to understand the type of 

interactions occurring between these components. Accordingly, a synergistic interaction was 

evident between catechin and the insoluble fraction of espresso, whereas both antagonistic and 

additive interactions were observed for the mixtures of catechin with the rest of the insoluble 

fractions obtained from different types of coffee infusions (Table 3.12.a). A similar synergistic 

action was observed for epicatechin and the insoluble fraction of espresso while the reaction was 

predominantly antagonistic with the insoluble fractions obtained from other coffee infusions 

(Table 3.12.b). On the other hand, when the experiments were performed with coffee infusions 

and chocolate instead of the insoluble fraction of coffee infusions and free antioxidants of cocoa, 

the status of the interactions changed dramatically. French press and Turkish coffee acted 

synergistic with chocolate for almost all concentration combinations, whereas espresso and filtered 

coffee were additive in general. However, moka exerted both additive and antagonistic behaviors 

with chocolate, depending on the concentration combinations (Table 3.13).   

In this regard, the synergistic interactions between espresso and catechin/epicatechin indicates the 

possibility that the regeneration reaction has taken place between bound antioxidants of espresso 

and catechin/epicatechin. However, the amount of insoluble fraction and in turn the amount of 

bound antioxidants contained in the infusions prepared with 1 g of coffee was the least in espresso. 

Under these conditions, it would be surprising that the synergistic interactions only occur in 

conjunction with regeneration reactions. On the other hand, either the free soluble antioxidants 

contained in Turkish coffee and French press or the other antioxidant species and components 

found in chocolate are thought to be the responsible for this synergistic behavior. Contrarily, the 

free soluble antioxidants found in espresso or the other constituents in chocolate rather than 

catechin/epicatechin are thought to be the reason of the additive behavior.  
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Table 3.12. Measured and estimated values of inhibition % of DPPH radical in the presence of 

insoluble fractions of coffee infusions and (a) catechin, (b) epicatechin mixtures.  

 (a) 

Insoluble fractions of  coffee 
infusions  (mg)  

Catechin 
(nmol)  Espresso Filtered Coffee French Press Moka Coffee Turkish Coffee 

1.0 

30 measured 25.29±1.46a 41.03±0.32b 43.77±0.64c 38.27±0.00*,d 46.65±0.57*,e 
estimated 22.09±1.13 46.13±1.80 50.26±2.19 35.92±0.33 50.77±0.65 

45 measured 30.83±0.76a 49.05±1.46b 50.25±0.25b,c 45.39±0.28d 51.84±0.32*,c 
estimated 26.50±1.13 54.94±1.80 59.07±2.19 44.73±0.33 59.58±0.65 

60 measured 34.59±0.06a 53.82±0.25*,b 56.11±0.89*,b 54.05±0.14b 60.32±1.33*,c 
estimated 30.77±1.13 63.49±1.80 67.61±2.19 53.27±0.33 68.13±0.65 

1.5 

30 measured 33.21±0.38*,a 47.77±2.10b 51.46±0.70c 40.37±0.48d 61.17±0.00e 
estimated 24.55±0.32 55.67±1.03 56.64±1.35 39.86±0.00 61.66±1.48 

45 measured 33.59±0.00*,a 54.33±0.51*,b 56.04±0.32*,c 46.38±0.48*,d 59.84±1.19*,e 
estimated 28.95±0.32 64.48±1.03 65.44±1.35 48.67±0.00 70.47±1.48 

60 measured 39.21±0.26*,a 58.72±1.59*,b 61.77±1.21*,b,d 51.64±0.68*,c 63.32±0.00*,d 
estimated 33.23±0.32 73.03±1.03 73.99±1.35 57.22±0.00 79.02±1.48 

2.0 

30 measured 31.56±0.70a 55.47±0.38*,b 57.06±0.06*,b 43.22±0.75c 59.78±1.46*,d 
estimated 29.94±0.39 64.43±0.39 68.75±0.45 43.28±0.97 70.75±0.26 

45 measured 37.00±0.26*,a 59.29±0.89*,b 62.21±0.00*,c 50.00±0.27d 67.15±1.19*,e 
estimated 34.35±0.39 73.24±0.39 77.56±0.45 52.09±0.97 79.56±0.26 

60 measured 41.55±0.19*,a 65.46±1.46*,b 65.33±0.83*,b 54.79±0.82*,c 72.43±0.00*,d 
estimated 38.62±0.39 81.79±0.39 86.11±0.45 60.64±0.97 88.10±0.26 

 
 
 
 (b) 

Insoluble fractions of  coffee 
infusions (mg) 

Epicatechin 
(nmol)  Espresso Filtered Coffee French Press Moka Coffee Turkish Coffee 

1.0 

30 measured 28.43±0.00*,a 48.51±0.81b 46.09±0.40*,c 36.23±0.32*,d 50.20±0.27*,e 
estimated 24.37±0.94 50.68±2.19 54.80±1.81 40.46±0.06 55.32±0.26 

45 measured 31.85±0.63a 56.33±0.31b 54.37±0.60*,c 45.88±0.32*,d 57.57±0.86*,c 
estimated 29.80±1.19 61.56±1.69 65.68±2.30 51.34±0.43 66.20±0.75 

60 measured 36.99±0.70a 62.42±0.31b 60.86±1.13*,b 53.62±0.06*,c 62.15±0.40*,b 
estimated 34.04±0.66 70.02±2.74 74.15±1.25 59.81±0.62 74.66±0.30 

1.5 

30 measured 36.42±1.02*,a 56.89±0.37*,b 55.78±1.73b 44.97±0.40c 58.27±1.20b 
estimated 26.82±0.22 60.22±0.65 61.18±0.97 44.40±0.38 66.21±1.87 

45 measured 39.15±0.70*,a 62.55±0.68*,b 62.08±0.46*,b 51.34±0.34*,c 63.67±0.60*,b 
estimated 32.26±0.02 71.09±1.14 72.06±1.46 55.28±0.11 77.09±1.37 

60 measured 44.04±0.13*,a 67.45±0.12*,b 69.19±1.20*,b 58.72±0.07*,c 69.73±0.67*,b 
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estimated 36.49±0.50 79.56±0.09 80.53±0.41 63.75±0.94 85.55±2.42 

2.0 

30 measured 38.12±0.00*,a 57.83±1.80*,b 63.50±1.00*,c 37.69±0.51*,a 64.62±0.40*,c 
estimated 32.21±0.20 68.98±0.00 73.30±0.07 47.83±0.58 75.29±0.13 

45 measured 43.14±0.83*,a 64.78±0.06*,b 69.28±0.66*,c 48.73±1.40*,d 71.23±0.87*,c 
estimated 37.65±0.44 79.86±0.50 84.17±0.56 58.70±1.08 86.17±0.37 

60 measured 46.95±0.06*,a 70.31±0.00*,b 73.60±1.66*,b 54.06±0.38*,c 78.24±1.87*,d 
estimated 41.89±0.08 88.32±0.55 92.64±0.49 67.17±0.03 94.64±0.68 

 
Different letters indicate the statistical significance of difference at p< 0.0.5 between measured inhibition values of 

the mixtures of the insoluble fractions of coffee infusions and catechin or epictechin for each combination lined in 

rows. The * symbols indicates the statistical significance of difference at p< 0.05 between each estimated- measured 

pair. 

 

Table 3.13. Measured and estimated values of inhibition % of DPPH radical in the presence of 

coffee infusions and chocolate mixtures.  

Coffee infusions 
 (mg) 

Chocolate 
(mg)  Espresso Filtered Coffee French Press Moka Coffee Turkish Coffee 

0.10 1.0 measured 27.18±0.26a 25.71±0.26*,a 32.29±0.06*,b 26.07±0.46*,a 33.12±0.90*,b 
estimated 27.48±0.68 27.14±0.10 27.26±0.42 28.58±0.02 25.74±0.13 

1.5 measured 33.29±0.13a 32.79±0.19a 38.55±0.19*,b 31.47±0.26*,c 42.55±0.19*,d 
estimated 32.28±0.78 31.93±0.20 32.05±0.52 33.37±0.10 30.53±0.23 

2.0 measured 38.69±0.07a 38.51±1.10a 45.78±0.51*,b 36.28±0.26*,a 49.23±0.58*,c 
estimated 37.20±0.55 36.86±0.03 36.97±0.29 38.30±0.11 35.46±0.00 

0.15 1.0 measured 33.49±0.59a 32.27±0.32a 36.45±0.13*,b 31.99±0.39a 36.33±0.00*,b 
estimated 33.36±0.62 32.50±0.06 33.09±0.20 33.94±0.51 30.00±0.13 

1.5 measured 38.49±0.91a 36.62±0.39b 45.20±0.19*,c 37.52±0.20a,b 44.93±0.26*,c 
estimated 38.15±0.71 37.29±0.04 37.88±0.29 38.73±0.61 34.79±0.23 

2.0 measured 43.76±0.59a 40.78±0.13*,a 49.62±0.13b 44.54±1.63a 53.15±1.93*,b 
estimated 43.08±0.48 42.21±0.19 42.80±0.06 43.65±0.38 39.71±0.00 

0.20 1.0 measured 39.47±0.46a 38.61±0.07*,a 44.10±0.00b 37.94±0.65a 42.11±0.00*,c 
estimated 38.50±0.65 37.48±0.22 37.99±0.45 39.74±0.48 34.28±0.48 

1.5 measured 43.17±0.26a 41.93±1.17a 53.08±1.15b 42.63±0.26a 50.19±0.51*,c 
estimated 43.29±0.75 42.27±0.12 42.78±0.55 44.54±0.57 39.07±0.38 

2.0 measured 48.18±0.85a 46.42±0.85a 59.81±0.45b 46.81±0.00*,a 58.99±0.96*,b 
estimated 48.21±0.52 47.19±0.35 47.70±0.32 49.46±0.35 43.99±0.61 

 
Different letters indicate the statistical significance of difference at p< 0.0.5 between measured inhibition values of 

the mixtures of coffee infusions and chocolate for each combination lined in rows. The * symbols indicates the 

statistical significance of difference at p< 0.05 between each estimated- measured pair. 
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Significance of the effects of the concentrations of the insoluble fractions of coffee infusions and 

catechin/epicatechin together with the concentrations of coffee infusions and chocolate in their 

mixtures on the AC were also investigated and the p values calculated were illustrated in Table 

3.14. The results were statistically significant for all coffee infusions except moka when 

considering the interactions between the insoluble fractions and catechin. With epicatechin, the 

results were not significant for only filtered coffee and moka. 

The concentrations of catechin and epicatehin and the two- way interactions between the 

concentrations of the insoluble fractions of coffee infusions and catechin/epicatechin was 

significant for all different types of coffee infusions.   On the other hand, the concentration of 

coffee infusions was significant except Turkish coffee, while the concentration of chocolate and 

the two- way interaction between the concentrations of coffee infusions and chocolate was 

significant for all different types of coffee infusions.  

 

Table 3.14. The p values within 0.95 confidence interval calculated by using anova1 function in 

Matlab for [CI]: coffee infusions concentration, [Insoluble CI]: Concentration of the insoluble 

fraction of coffee infusions, [Epictechin]: Epicatechin concentration, [Catechin]: Catechin 

concentration, [Chocolate]: Chocolate concentration; [CI] * [Chocolate], [Insoluble CI] 

*[Catechin], [Insoluble CI] *[Epicatechin]: the 2 way interactions between [CI] and chocolate; 

[Insoluble CI] and [Catechin]; [Insoluble CI] and [Epicatechin].  

 Espresso Filtered Coffee French Press Moka Coffee Turkish Coffee 

[Insoluble CI] 0.0475 0.0097 0.0030 0.7913 0.0008 

[Catechin] 1.97E-5 0.0010 0.0047 2.53E-10 0.0178 

[Insoluble CI]* [Catechin] 1.36E-11 1.93E-13 9.59E-16 1.47E-19 8.31E-17 

[Insoluble CI] 0.0156 0.0921 0.0169 0.9020 0.0076 

[Epicatechin] 7.03E-6 3.31E-5 0.0004 4.90E-14 0.0013 

[Insoluble CI]* [Epicatechin] 3.90E-13 4.28E-16 8.98E-15 3.80E-19 6.44E-16 

[CI] 0.0007 0.0011 0.0010 0.0007 0.0975 

[Chocolate] 0.0031 0.0026 0.0009 0.0025 8.33E-7 

[CI]* [Chocolate] 2.80E-13 1.35E-13 5.19E-17 5.34E-14 6.09E-14 
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4. CONCLUSIONS AND PERSPECTIVES 

The interactions between macromolecule- bound antioxidants from different sources and various 

free antioxidants naturally occurring in foods were investigated in different reaction media with a 

multivariate approach throughout the thesis work.  

Examination of the interactions between macromolecule- bound antioxidants and Trolox in 

aqueous medium revealed antagonistic relations in general. An inhibitory effect was evidenced for 

bound antioxidants on the auto- regeneration reaction of Trolox, with the mass spectra obtained 

for the stable end product of the oxidation reaction of Trolox. This finding was crucial to fully 

understand the mechanism behind the antagonistic interactions of Trolox. Besides, a significant 

effect for pH was revealed for the combinations of Trolox with almost all macromolecule- bound 

antioxidants. Especially, pH 3.0 inspired a higher overall antioxidant capacity for Trolox + bound 

antioxidant mixtures in general, being significantly different from either pH 5.0 or 6.0 due to 

samples. In this context, the behavior of Trolox is believed to change at different parts of the GI 

tract with the changing pH values. Also, the behavior of Trolox was evidenced to be particular due 

to the food matrix and the concentrations of both Trolox and macromolecule- bound antioxidants 

in the medium. Apart from these, an argument was centered for the constraints created in the 

standard antioxidant capacity measurement methods by the auto- regeneration reaction of Trolox, 

namely the potential underestimation of the antioxidant capacity of food samples, which should 

be considered carefully for further studies.  

The interactions between macromolecule- bound antioxidants and Trolox were also investigated 

in liposome medium to understand the effect of reaction media on the type of interactions and were 

found to be varied depending on the macromolecule- bound antioxidant source. Synergistic 

interactions were observed for DF and refined olive oil-bound antixodants, while antagonistic 

interactions were observed for protein and extra virgin olive oil-bound antioxidants with Trolox. 

A generalized version of the logistic function was successfully used for modelling the oxidation 

curve of liposomes, while the two components describing the time course of the oxidation reactions 

of liposomes were revealed with PCA. Also, the significance of the effects of free and bound 

antioxidant concentrations on the resultant antioxidant activity was revealed with PCA and ASCA.  

In addition to these, the interactions between WW-bound antioxidants and HCA/ HBA derivatives 

having different amounts of –OH and –OCH₃ groups at different positions on their aromatic ring 
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were investigated in both liposome and aqueous media to explain the background of the 

interactions with a mechanistical approach. The types of interactions were different from each 

other in liposome and aqueous media. Synergistic interactions were predominated in the aqueous 

medium, while both synergistic and aqueous interactions were observed in liposome medium. 

Inhibition of lipid oxidation and DPPH radical scavenging characteristics in the presence of the 

mixtures of WW- bound antioxidants and HCA/ HBA derivatives, and the behavioral similarities 

between different HCA/ HBA derivatives were revealed. Broadly, liposome medium was more 

informative by means of revealing and explaining the mechanism behind different types of 

interactions with a structural approach.  

Coffee and bread crust melanoidins were also used as DF- bound antioxidant sources during this 

work. Synergistic interactions were revealed between coffee/ bread crust melanoidins and HCA/ 

HBA derivatives in aqueous medium in general, pointing a stimulating effect for HCA/ HBA- rich 

foods for the AC exerted by coffee and bread crust. The characteristics of radical scavenging 

reactions in the presence of coffee/ bread crust melanoidins and HCA/ HBA derivatives in DPPH 

radical scavenging reactions was presented, by means of the usage sequence of this species. Since 

HCA/ HBA derivatives are known to be present in a variety of foods, the last two set of studies 

are also believed to be meaningful by considering the human diet.  

Apart from these the interactions between the insoluble fractions of different types of coffee 

infusions and major cocoa free antioxidants together with different types of coffee infusions and 

chocolate was investigated in this study. It was revealed that the brewing procedure can change 

the AC of coffee infusions, therefore the interactions between both coffee infusions and their 

insoluble fractions with either catechin/epicatechin or chocolate antioxidants. The importance of 

brewing step in coffee preparation by means of the interactions of its antioxidants with other 

antioxidant species was also proven.  When jointly consumption of coffee and chocolate is 

considered, this situation becomes crucial.  

In conclusion, this thesis study is an inception for the further studies investigating the interactions 

of macromolecule- bound antioxidants with free soluble antioxidants with a multivariate and 

structural approach. Further in vivo studies are encouraged to explain the behavior of 

macromolecule- bound antioxidants in human body after consumption with foods containing free 

soluble antioxidants. 



 
85 

 

 

REFERENCES 

[1] Kaliora, A. C., Dedoussis, G. V., Natural antioxidant compounds in risk factors for CVD, 

Pharmacological Research, 56, 99-109, 2007. 

[2] Palafox-Carlos, H., Ayala-Zavala, J. F., Gonzalez-Aguilar, G. A, The role of dietary fiber 

in the bioaccessibility and bioavailability of fruit and vegetable antioxidants, Journal of Food 

Science, 76, 6-15, 2011. 

[3] Wang, S., Meckling, K. A., Marcone, M. F., Kakuda, Y., Tsao, R., Synergistic, additive, 

and antagonistic effects of food mixtures on total antioxidant capacities, Journal of Agricultural 

and Food Chemistry, 59, 960-8, 2011. 

[4] Çelik, E. E., Gökmen, V., Skibsted, L. H., Synergism between Soluble and Dietary Fiber 

Bound Antioxidants, Journal of Agricultural and Food Chemistry, 63, 2338-2343, 2015. 

[5] Celik, E. E., Gokmen, V., Fogliano, V., Soluble Antioxidant Compounds Regenerate the 

Antioxidants Bound to Insoluble Parts of Foods, Journal of Agricultural and Food Chemistry, 

61, 10329-10334, 2013. 

[6] Wold, S., Chemometrics; what do we mean with it, and what do we want from it?, 

Chemometrics and Intelligent Laboratory Systems, 30, 109-115, 1995. 

[7] Gilbert, D. L., Fifty years of radical ideas, Annals of the New York Academy of Sciences, 

899, 1-14, 2000. 

[8] Aruoma, O. I., Free radicals, oxidative stress, and antioxidants in human health and 

disease, Journal of the American Oil Chemists' Society, 75, 199-212, 1998. 

[9] Fang, Y. Z., Yang, S., Wu, G., Free radicals, antioxidants, and nutrition, Nutrition, 18, 

872-879, 2002. 

[10] Bagchi, K., Puri, S., Free radicals and antioxidants in health and disease: a review, La 

Revuve de Sante de la Mediterranee Orientale, 4, 350-360, 1998. 

[11] Kim, Y.-W., Byzova, T. V., Oxidative stress in angiogenesis and vascular disease, Blood, 

123, 625-631, 2014. 

[12] Nimse, S. B., Pal, D., Free radicals, natural antioxidants, and their reaction mechanisms, 

RSC Advances, 5, 27986-28006, 2015. 

[13] Jenkinson, A. M., Collins, A. R., Duthie, S. J., Wahle, K. W., Duthie, G. G., The effect of 

increased intakes of polyunsaturated fatty acids and vitamin E on DNA damage in human 

lymphocytes. , The Faseb Journal, 13, 2138-2142, 1999. 

[14] Park, Y., Nam, S., Yi, H. J., Hong, H. J., Lee, M., Dietary n-3 polyunsaturated fatty acids 

increase oxidative stress in rats with intracerebral hemorrhagic stroke. , Nutrition Research, 29, 

812-818, 2009. 

[15] Orrenius, S., McConkey, D. J., Bellomo, G., Nicotera, P., Role of Ca2+ in toxic cell 

killing, Trends in Pharmacological Sciences, 10, 281-285, 1989. 

[16] Bast, A., Oxidative Stress and Calcium Homeostasis, in DNA and Free Radicals. Ellis 

Horwood, London, 95-108, 1993. 

[17] Halliwell, B., Oxidative stress, nutrition and health. Experimental strategies for 

optimization of nutritional antioxidant intake in humans, Free Radical Research, 25, 57-74, 

1996. 



 
86 

 

[18] Halliwell, B., Biochemical Mechanisms Accounting for the Toxic Action of Oxygen on 

Living Organisms. The Key Role of Superoxide Dismutase, Cell Biology International Reports, 

2, 113-118, 1978. 

[19] Ramotar, D., Demple, B. , Enzymes that Repair Oxidative Damage to DNA. Ellis 

Horwood: London, 166-191, 1993. 

[20] Rao, A. V., Agarwal, S. , Role of lycopene as antioxidant carotenoid in the prevention of 

chronic diseases: A review. , Nutrition Research, 19, 305-323, 1999. 

[21] Wagner, B., Buettner, G., Patrick Burns, C., Free Radical-Mediated Lipid Peroxidation in 

Cells: Oxidizability Is a Function of Cell Lipid bis-Allylic Hydrogen Content, Biochemistry, 33, 

4449-4453, 1994. 

[22] Anonymous, Lipid oxidation and antioxidants in foods, European Journal of Lipid 

Science and Technology, 119, 2017. 

[23] Shahidi, F., Antioxidants in food and food antioxidants, Food / Nahrung, 44, 158-163, 

2000. 

[24] Dormandy, T. L., Free Radical Oxidation and Antioxidants, The Lancet, 25, 647-650, 

1978. 

[25] Sies, H., Oxidative stress: oxidants and antioxidants, Experimental Physiology, 82, 291-

295, 1997. 

[26] Pal, D. K., Nimse, S. B. , Screenung of the Antioxidant Activity of Hydrilla verticillata 

Plant, Asian Journal of Chemistry, 18, 3004-3008, 2006. 

[27] Halliwell, B., Gutteridge, J. M. C., Free Radicals in Biology and Medicine, 2nd edition 

ed.; Clarendon Press, Oxford, UK, 1989. 

[28] Scott, G., Antioxidants, Bulletin of the Chemical Society of Japan, 61, 165-170, 1988. 

[29] Mustafa, M. G., Biochemical Basis of Ozone Toxicity, Free Radical Biology and 

Medicine, 9, 245-265, 1990. 

[30] Soboll, S., Gründel, S., Harris, J., Kolb-Bachofen, V., Ketterer, B., Sies, H., The content 

of glutathione and glutathione S-transferases and the glutathione peroxidase activity in rat liver 

nuclei determined by a non-aqueous technique of cell fractionation, Biochemical Journal, 311, 

889-894, 1995. 

[31] Benzie, I. F. F., Choi, S-W, Advances in Food and Nutrition Research, Vol 71, Elsevier 

Inc, 2014.  

[32] Pratt, D. E., Phenolic Compounds in Food and Their Effects on Health II, American 

Chemical Society, Washington, D.C., 1992. 

[33] Mitchell, S. H., Zhu, W., Young, C. Y. F., Resveratrol Inhibits the Expression and 

Function of the Androgen Receptor in LNCaP Prostate Cancer Cells, Cancer Research, 59, 

5892, 1999. 

[34] Chen, C., Yu, R., D. Owuor, E., N. Tony Kong, A., Activation of Antioxidant-Response 

Element (ARE), Mitogen-Activated Protein Kinases (MAPKs) and Caspases by Major Green Tea 

Polyphenol Components during Cell Survival and Death, 605-612, 2001 

[35] Han, X., Shen, T., Lou, H., Dietary Polyphenols and Their Biological Significance, 

International Journal of Molecular Sciences, 8, 950-988, 2007. 

[36] Yamauchi, S., Hayashi, Y., Kirikihira, T., Masuda, T., Synthesis and Antioxidant 

Activity of Olivil-Type Lignans, Bioscience, Biotechnology, and Biochemistry, 69, 113-122, 

2005. 



 
87 

 

[37] Shih, P.-H., Yeh, C.-T., Yen, G.-C., Anthocyanins Induce the Activation of Phase II 

Enzymes through the Antioxidant Response Element Pathway against Oxidative Stress-Induced 

Apoptosis, Journal of Agricultural and Food Chemistry, 55, 9427-9435, 2007. 

[38] Takahama, U., Ryu, K., Hirota, S., Chlorogenic Acid in Coffee Can Prevent the 

Formation of Dinitrogen Trioxide by Scavenging Nitrogen Dioxide Generated in the Human 

Oral Cavity, Journal of Agricultural and Food Chemistry, 55, 9251-9258, 2007. 

[39] A. Rice-evans, C., J. Miller, N., G. Bolwell, P., Bramley, P., B. Pridham, J., The Relative 

Antioxidant Activities of Plant-Derived Polyphenolic Flavonoids, 375-383, 1995. 

[40] Rice-Evans, C., Miller, N., Paganga, G., Antioxidant properties of phenolic compounds, 

Trends in Plant Science, 2, 152-159, 1997. 

[41] Prior, R. L., Wu, X., Schaich, K., Standardized Methods for the Determination of 

Antioxidant Capacity and Phenolics in Foods and Dietary Supplements, Journal of Agricultural 

and Food Chemistry, 53, 4290-4302, 2005. 

[42] López, D., Pavelkova, M., Gallova, L., Simonetti, P., Gardana, C., Lojek, A., Loaiza, R., 

Mitjavila, M. T., Dealcoholized red and white wines decrease oxidative stress associated with 

inflammation in rats, British Journal of Nutrition, 98, 611-619, 2007. 

[43] Ciz, M., Pavelková, M., Gallová, L., Králová, J., Kubala, L., Lojek, A., The influence of 

wine polyphenols on reactive oxygen and nitrogen species production by murine macrophages 

RAW 264.7, 393-402, 2008. 

[44] Gebicka, L., Banasiak, E., Flavonoids as reductants of ferryl hemoglobin, 509-513, 2009. 

[45] Brewer, M. S., Natural Antioxidants: Sources, Compounds, Mechanisms of Action, and 

Potential Applications, Comprehensive Reviews in Food Science and Food Safety, 10, 221-247, 

2011. 

[46] Charles, D. J., Antioxidants. Antioxidant Properties of Spices, Herbs and Other Sources, 

Springer Science and Business Media, New York, 2013. 

[47] Weber, P., Bendich, A., Schalch, W., Vitamin C and human health - A review of recent 

data relevant to human requirements, 19-30, 1996. 

[48] Buettner, G., The Pecking Order of Free Radicals and Antioxidants: Lipid Peroxidation, 

alpha-Tocopherol, and Ascorbate, Archives of Biochemistry and Biophysics, 535-543, 1993. 

[49] Evans, H. M., Bishop, K. S., On the existence of a hitherto unrecognized dietary factor 

essential for reproduction, Science, 56, 650, 1922. 

[50] Parker, S. R., Dietary and Biochemical Aspects of Vitamin E, 157-232, 1989. 

[51] Kim, H. J., Min, D. B., Food Lipids. 3rd edition ed.; Taylor and Francis, UK, 2008. 

[52] Frankel, E. N., Antioxidants in lipid foods and their impact on food quality, Food 

Chemistry, 57, 51-55, 1996. 

[53] Sies, H., Murphy, M. E., Role of tocopherols in the protection of biological systems 

against oxidative damage, Journal of Photochemistry and Photobiology, 8, 211-218, 1991. 

[54] Engin, K. N., Alpha-tocopherol: looking beyond an antioxidant, Molecular Vision, 15, 

855-860, 2009. 

[55] Di Mascio, P., Kaiser, S., Sies, H., Lycopene as the most efficient biological carotenoid 

singlet oxygen quencher, 532-538, 1989. 

[56] Stahl, W., Sies, H., Antioxidant activity of carotenoids, Molecular Aspects of Medicine, 

24, 345-351, 2003. 

[57] Rajalakshmi, D., Narasimhan, S., Food antioxidants technological, toxicological and 

health perspectives, Marcel Dekker, New York, 1996. 



 
88 

 

[58] Tapiero, H., M Townsend, D., Tew, K., The role of carotenoids in the prevention of 

human pathologies, 100-110, 2004. 

[59] Riccioni, G., Carotenoids and cardiovascular disease, Current Atherosclerosis Reports, 

11, 434-439, 2009. 

[60] Jakobek, L., Šeruga, M., Novak Jovanović, I., Medvidović-Kosanović, M., Flavonols, 

Phenolic Acids and Antioxidant Activity of Some Red Fruits, Deutsche Lebensmittel-Rundschau, 

103, 369-378, 2007.  

[61] Shan, B., Z Cai, Y., Sun, M., Corke, H., Antioxidant Capacity of 26 Spice Extracts and 

Characterization of Their Phenolic Constituents, Journal of Agricultural and Food Chemistry, 

53, 7749-7759, 2005.  

[62] Shahidi, F., Naczk, M., Food phenolics : sources, chemistry, effects, applications, 

Technomic Pub. Co.,Lancaster, Pa., 1995. 

[63] Ren, W., Qiao, Z., Wang, H., Zhu, L., Zhang, L., Flavonoids: Promising Anticancer 

Agents, Medicinal Research Reviews, 23, 519-534, 2003. 

[64] Cai, Y., Luo, Q., Sun, M., Corke, H., Antioxidant activity and phenolic compounds of 

112 traditional Chinese medicinal plants associated with anticancer, Life Sciences, 74, 2157-

2184, 2004. 

[65] Fresco, P., Borges, F., Diniz, C., Marques, M. P. M. , New insights on the anticancer 

properties of dietary polyphenols, Medicinal Research Reviews, 26, 747-766, 2006. 

[66] Arts, I. C. W., van de Putte, B., Hollman, P. C. H., Catechin Contents of Foods 

Commonly Consumed in The Netherlands. 1. Fruits, Vegetables, Staple Foods, and Processed 

Foods, Journal of Agricultural and Food Chemistry, 48, 1746-1751, 2000. 

[67] Arts, I. C. W., van de Putte, B., Hollman, P. C. H., Catechin Contents of Foods 

Commonly Consumed in The Netherlands. 2. Tea, Wine, Fruit Juices, and Chocolate Milk, 

Journal of Agricultural and Food Chemistry, 48, 1752-1757, 2000. 

[68] Fylaktakidou, K. C., Hadjipavlou- Litina, D. J., Litinas, K. E., Nicolaides, D. N. , Natural 

and synthetic coumarin derivatives with anti-imflammatory/antioxidant activities, Current 

Pharmaceutical Design, 10, 3813-3833, 2004. 

[69] Milder, I. E. J., Arts, I. C. W., van de Putte B., Venema D. P., Hollman, P. C. H. , Lignan 

contents of Dutch plant foods: a database including lariciresinol, pinoresinol, secoisolariciresinol 

and matairesinol, British Journal of Nutrition, 93, 393-402, 2005. 

[70] Aggarwal, B. B., Shishodia, S., Molecular targets of dietary agents for prevention and 

therapy of cancer, Biochemical Pharmacology, 71, 1397-1421, 2006. 

[71] Liu, R. H., Potential synergism of phytochemicals in cancer prevention: mechanism of 

action, Journal of Nutrition, 134, 3479-3485, 2004. 

[72] Colomer, R., Mendelez, J. A., Mediterrenean diet, olive oil and cancer, Clinical and 

Trnaslational Oncology, 8, 15-21, 2006. 

[73] Jonsson, L., Nutritional and Toxicological Consequences of Food Processing, Plenum 

Press, New York, 1991. 

[74] Hodge, J. E., Chemistry of browning in model systems, Journal of Agricultural and Food 

Chemistry, 928-943, 1953. 

[75] Nicoli, M. C., Anese, M., Parpinel, M. T., Francheschi, S., Larici, C. R., Loss and/or 

formation of antioxidants during food processing and storage, Cancer Letters, 114, 71-74, 1997. 

[76] Rufián-Henares, J. A.; Morales, F. J., Functional properties of melanoidins: In vitro 

antioxidant, antimicrobial and antihypertensive activities, Food Research International, 40, 995-

1002, 2007. 



 
89 

 

[77] Morales, F. J., Babbel, M. B., , Melanoidins exert a weak antiradical activity in watery 

fluids., Journal of Agricultural and Food Chemistry, 50, 4657-4661, 2002. 

[78] Delgado-Andrade, C., Morales, F. J., Unraveling the Contribution of Melanoidins to the 

Antioxidant Activity of Coffee Brews, Journal of Agricultural and Food Chemistry, 53, 1403-

1407, 2005. 

[79] Cämmerer, B., Jalyschko, W., Kroh, L. W., Intact Carbohydrate Structures as Part of the 

Melanoidin Skeleton, Journal of Agricultural and Food Chemistry, 50, 2083-2087, 2002. 

[80] Morales, F. J., Application of capillary zone electrophoresis to the study of food and 

food-model melanoidins, Food Chemistry, 76, 363-369, 2002. 

[81] Maier, H. G. E., Buttle, H., Isolation and characterization of brown roast compounds of 

coffee, Zeitschrift Fur Lebensmittel-Untersuchung Und Forschung, 150, 331-334, 1973. 

[82] Hofmann, T., Bors, W., Stettmaier, K., Radical-Assisted Melanoidin Formation during 

Thermal Processing of Foods as well as under Physiological Conditions, Journal of Agricultural 

and Food Chemistry, 47, 391-396, 1999. 

[83] Borrelli, R. C., Fogliano, V., Bread Crust Melanoidins as Potential Prebiotic Ingredients, 

Molecular Nutrition & Food Research, 49, 673-678, 2005. 

[84] Obretenov, T. D., Kuntcheva, M. J., Mantchev, S. C., Valkova, G. D., Isolation and 

characterization of melanoidins from malt and malt roots, Journal of Food Biochemistry, 15, 

279-294, 1991. 

[85] Obretenov, T. D., Ivanova, S. D., Kuntcheva, M. J., Somov, G. T., Melanoidin formation 

in cooked meat products, Journal of Agricultural and Food Chemistry, 41, 653-656, 1993. 

[86] Milic, B. L., Grujic-Injac, B., Piletic, M. V., Lajsic, S.; Kolarov, L. A., Melanoidins and 

carbohydrates in roasted barley, Journal of Agricultural and Food Chemistry, 23, 960-963, 1975. 

[87] Giudici, P., Gullo, M., Solieri, L., Falcone, P. M., Technological and Microbiological 

Aspects of Traditional Balsamic Vinegar and Their Influence on Quality and Sensorial 

Properties, Advances in Food and Nutrition Research, 58, 137-182, 2009. 

[88] Fogliano, V., Morales, F. J., Estimation of dietary intake of melanoidins from coffee and 

bread, Food and Function, 2, 117-123, 2011. 

[89] Rizzi, G. P., Chemical Structure of Colored Maillard Reaction Products, Food Reviews 

International, 13, 1-28, 1997. 

[90] Hofmann, T., Schieberle, P., Chemical Interactions between Odor-Active Thiols and 

Melanoidins Involved in the Aroma Staling of Coffee Beverages, Journal of Agricultural and 

Food Chemistry, 50, 319-326, 2002. 

[91] Morales, F. J., Fernández-Fraguas, C., Jiménez-Pérez, S., Iron-binding ability of 

melanoidins from food and model systems, Food Chemistry, 90, 821-827, 2005. 

[92] Manzocco, L., Calligaris, S., Mastrocola, D., Nicoli, M. C., Lerici, C. R., Review of non-

enzymatic browning and antioxidant capacity in processed foods, Trends in Food Science & 

Technology, 11, 340-346, 2000. 

[93] Rurián-Henares, J. A., Morales, F. J., Antimicrobial Activity of Melanoidins against 

Escherichia coli Is Mediated by a Membrane-Damage Mechanism, Journal of Agricultural and 

Food Chemistry, 56, 2357-2362, 2008. 

[94] Morales, F. J., Somoza, V., Fogliano, V., Physiological relevance of dietary melanoidins, 

Amino Acids, 42, 1097-1109, 2012. 

[95] Saura-Calixto, F., Antioxidant Dietary Fiber Product:  A New Concept and a Potential 

Food Ingredient, Journal of Agricultural and Food Chemistry, 46, 4303-4306, 1998. 



 
90 

 

[96] Babbs, C. F., Free radicals and the etiology of colon cancer, Free Radical Biology and 

Medicine, 8, 191-200, 1990. 

[97] Rice-Evans, C. A., Miller, N. J., Paganga, G., Structure-antioxidant activity relationships 

of flavonoids and phenolic acids, Free Radical Biology and Medicine, 20, 933-956, 1996. 

[98] Cao, G., Sofic, E., Prior, R. L., Antioxidant and prooxidant behavior of flavonoids: 

structure-activity relationships, Free Radic Biology and Medicine, 22, 749-60, 1997. 

[99] Sekher Pannala, A., Chan, T. S., O'Brien, P. J., Rice-Evans, C. A., Flavonoid B-ring 

chemistry and antioxidant activity: fast reaction kinetics, Biochemical and Biophysical Research 

Communications, 282, 1161-8, 2001. 

[100] Haenen, G. R., Paquay, J. B., Korthouwer, R. E., Bast, A., Peroxynitrite scavenging by 

flavonoids, Biochemical and Biophysical Research Communications, 236, 591-593, 1997. 

[101] Burda, S., Oleszek, W., Antioxidant and Antiradical Activities of Flavonoids, Journal of 

Agricultural and Food Chemistry, 49, 2774-2779, 2001. 

[102] Hu, J. P., Calomme, M., Lasure, A., De Bruyne, T., Pieters, L., Vlietinck, A., Vanden 

Berghe, D. A., Structure-activity relationship of flavonoids with superoxide scavenging activity, 

Biological Trace Element Research, 47, 327-31, 1995. 

[103] Dugas, A. J., Jr., Castaneda-Acosta, J., Bonin, G. C., Price, K. L., Fischer, N. H., 

Winston, G. W., Evaluation of the total peroxyl radical-scavenging capacity of flavonoids: 

structure-activity relationships, Journal of Natural Products, 63, 327-31, 2000. 

[104] Arora, A., Nair, M. G., Strasburg, G. M., Structure-activity relationships for antioxidant 

activities of a series of flavonoids in a liposomal system, Free Radical Biology and Medicine, 24, 

1355-63, 1998. 

[105] Mora, A., Paya, M., Rios, J. L., Alcaraz, M. J., Structure-activity relationships of 

polymethoxyflavones and other flavonoids as inhibitors of non-enzymic lipid peroxidation, 

Biochemical Pharmacology, 40, 793-7, 1990. 

[106] Cholbi, M. R., Paya, M., Alcaraz, M. J., Inhibitory effects of phenolic compounds on 

CCl4-induced microsomal lipid peroxidation, Experientia, 47, 195-9, 1991. 

[107] van Acker, S. A., de Groot, M. J., van den Berg, D. J., Tromp, M. N., Donne-Op den 

Kelder, G., van der Vijgh, W. J., Bast, A., A quantum chemical explanation of the antioxidant 

activity of flavonoids, Chemical Research in Toxicology, 9, 1305-12, 1996. 

[108] Soobrattee, M. A., Neergheen, V. S., Luximon-Ramma, A., Aruoma, O. I., Bahorun, T., 

Phenolics as potential antioxidant therapeutic agents: mechanism and actions, Mutation 

Research, 579, 200-13, 2005. 

[109] Mathiesen, L., Malterud, K. E., Sund, R. B., Hydrogen bond formation as basis for 

radical scavenging activity: a structure-activity study of C-methylated dihydrochalcones from 

Myrica gale and structurally related acetophenones, Free Radical Biology and Medicine, 22, 

307-11, 1997. 

[110] Heim, K. E., Tagliaferro, A. R., Bobilya, D. J., Flavonoid antioxidants: chemistry, 

metabolism and structure-activity relationships, The Journal of Nutritional Biochemistry, 13, 

572-584, 2002. 

[111] Ratty, A. K., Das, N. P., Effects of flavonoids on nonenzymatic lipid peroxidation: 

structure-activity relationship, Biochemical Medicine and Metabolic Biology, 39, 69-79, 1988. 

[112] Plumb, G. W., Price, K. R., Williamson, G., Antioxidant properties of flavonol 

glycosides from tea, Redox Report, 4, 13-6, 1999. 



 
91 

 

[113] Seifried, H. E., Pilch, S. M., Antioxidants in Health and Disease. Nutrition in the 

Prevention and Treatment of Disease, (eds: Coulston, A., Boushey, C., Ferruzzi, M.), Elsevier 

Inc., 2013. 

[114] Lissi, E., Salim-Hanna, M., Pascual, C., del Castillo, M. D., Evaluation of total 

antioxidant potential (TRAP) and total antioxidant reactivity from luminol-enhanced 

chemiluminescence measurements, Free Radical Biology and Medicine, 18, 153-8, 1995. 

[115] Langseth, L., Oxidants, Antioxidants and Disease Prevention. International Life Science 

Institute, Belgium, 1996. 

[116] Ambrosone, C. B., Marshall, J. R., Vena, J. E., Laughlin, R., Graham, S., Nemoto, T., 

Freudenheim, J. L., Interaction of Family History of Breast Cancer and Dietary Antioxidants 

with Breast Cancer Risk (New York, United States), Cancer Causes & Control, 6, 407-415, 

1995. 

[117] Buttner, G. R., Burns, C. P., Vitamin E slows the rate of free radical mediated lipid 

peroxidation in cells, Archives of biochemistry and biophysics, 334, 261-267, 1996. 

[118] Potter, J. D., Plant foods and cancer risk: science and tradition, Nutrition -foundation of 

India Bulletin, 18, 1-5, 1997. 

[119] Zheng, W., Sellers, T. A., Doyle, T. J., Kushi, L. H., Potter, J. D., Folsom, A. R., Retinol, 

antioxidant vitamins, and cancers of the upper digestive tract in a prospective cohort study of 

postmenopausal women, American Journal of Epidemiology, 142, 955-60, 1995. 

[120] Negri, E., La Vecchia, C., Franceschi, S., D'Avanzo, B., Talamini, R., Parpinel, M., 

Ferraroni, M., Filiberti, R., Montella, M., Falcini, F., Conti, E., Decarli, A., Intake of selected 

micronutrients and the risk of breast cancer, International Journal of Cancer, 65, 140-4, 1996. 

[121] Kardinaal, A. F., Kok, F. J., Ringstad, J., Gomez-Aracena, J., Mazaev, V. P., Kohlmeier, 

L., Martin, B. C., Aro, A., Kark, J. D., Delgado-Rodriguez, M., et al., Antioxidants in adipose 

tissue and risk of myocardial infarction: the EURAMIC Study, Lancet, 342, 1379-84, 1993. 

[122] Hertog, M. G., Hollman, P. C., Katan, M. B., Kromhout, D., Intake of potentially 

anticarcinogenic flavonoids and their determinants in adults in The Netherlands, Nutrition and 

Cancer, 20, 21-9, 1993. 

[123] Keli, S. O., Hertog, M. G., Feskens, E. J., Kromhout, D., Dietary flavonoids, antioxidant 

vitamins, and incidence of stroke: the Zutphen study, Archives of Internal Medicine, 156, 637-

42, 1996. 

[124] Pastoriza, S., Delgado-Andrade, C., Haro, A., Rufián-Henares, J. A., A physiologic 

approach to test the global antioxidant response of foods. The GAR method, Food Chemistry, 

129, 1926-1932, 2011. 

[125] Gokmen, V., Serpen, A., Fogliano, V., Direct measurement of the total antioxidant 

capacity of foods: the 'QUENCHER' approach, Trends in Food Science & Technology, 20, 278-

288, 2009. 

[126] Manach, C., Williamson, G., Morand, C., Scalbert, A., Remsy, C., Bioavailability and 

bioefficacy of polyphenols in humans I., Review of bioavailability studies, American Journal of 

Clinical Nutrition, 81, 230-242, 2005. 

[127] Rondini, L., Peyrat-Maillard, M. N., Marsset-Baglieri, A., Fromentin, G., Durand, P., 

Tome, D., Prost, M., Berset, C., Bound ferulic acid from bran is more bioavailable than the free 

compound in rat, Journal of Agricultural and Food Chemistry, 52, 4338-43, 2004. 

[128] Vitaglione, P., Napolitano, A., Fogliano, V., Cereal dietary fibre: a natural functional 

ingredient to deliver phenolic compounds into the gut, Trends in Food Science & Technology, 

19, 451-463, 2008. 



 
92 

 

[129] Alu’datt, M. H., Rababah, T., Ereifej, K., Gammoh, S., Alhamad, M. N., Mhaidat, N., 

Kubow, S., Johargy, A., Alnaiemi, O. J., Investigation of Natural Lipid–Phenolic Interactions on 

Biological Properties of Virgin Olive Oil, Journal of Agricultural and Food Chemistry, 62, 

11967-11975, 2014. 

[130] Brownlee, I., Dettmar, P., Strugala, V., Pearson, J., The interaction of dietary fibres with 

the colon, Current Nutrition & Food Science, 2, 243-264, 2006. 

[131] Lattimer, J. M., Haub, M. D., Effects of DF and its components o metabolic health, 

Nutrients, 2, 1266-1289, 2010. 

[132] Hoffmann, J., Linseisen, J., Riedl, J., Wolfram, G., Dietary fiber reduces the antioxidative 

effetc of a carotenoidand α-tocopherol mixture on LDL oxidation ex vivo in humans, European 

Journal of Nutrition, 38, 278-285, 2000. 

[133] Arranz, S., Silvan, J. M., Saura-Calixto, F., Nonextractable polyphenols, usually ignored, 

are the major part of dietary polyphenols: a study on the Spanish diet, Molecular Nutrition & 

Food Research, 54, 1-13, 2010. 

[134] Mainai, G., Periago, M. J., Catasta, G., Toti, E., Goni, I., Bysted,,A., Granado-Lorencio, 

F., Olmedilla, B., Knuthsen, P., Valoti, M., Böhm, V., Mayer, E., Behsnilian, D., Schelemer, U., 

Carotenois: actual knowledge on food sources, intakes, stability and bioavailability and their 

protective role in humans, Molecular Nutrition & Food Research, 53, 194-218, 2009. 

[135] Saura-Calixto, F., Dietary Fiber as a Carrier of Dietary Antioxidants: An Essential 

Physiological Function, Journal of Agricultural and Food Chemistry, 59, 43-49, 2011. 

[136] Griendling, K. K., FitzGerald, G. A., Oxidative Stress and Cardiovascular Injury, 

Circulation, 108, 2034, 2003. 

[137] Sailaja Rao, P., Kalva, S., Yerramilli, A., Mamidi, S., Free Radicals and Tissue Damage: 

Role of Antioxidants, Free Radicals and Antioxidants, 1, 2-7, 2011. 

[138] Halliwell, B., Antioxidants in Human Health and Disease, Annual Review of Nutrition, 

16, 33-50, 1996. 

[139] Diplock, A. T., Antioxidants and disease prevention, Molecular Aspects of Medicine, 15, 

293-376, 1994. 

[140] Esterbauer, H., Gebicki, J., Puhl, H., Jürgens, G., The role of lipid peroxidation and 

antioxidants in oxidative modification of LDL, Free Radical Biology and Medicine, 13, 341-390, 

1992. 

[141] Bryans, J. A., Judd, P. A., Ellis, P. R., The effect of consuming instant black tea on 

postprandial plasma glucose and insulin concentrations in healthy humans, The Journal of the 

American College of Nutrition, 26, 471-7, 2007. 

[142] Belderok, B., Developments in bread-making process, Plant Foods for Human Nutrition, 

55, 1-14, 2000. 

[143] Lambo, A. M., Oste, R., Nyman, M .E., Dietary fibre in fermented aot and barley β-

glucan rich concentrates, Food Chemistry, 89, 283-293, 2005. 

[144] Stasiuk, M., Kozubek, A., Biological activity of phenolic lipids, Cellular and Molecular 

Life Sciences, 67, 841-860, 2010. 

[145] Cicerale, S., Conlan, X. A., Sinclair, A. J., Keast, R. S. J., Chemistry and Health of Olive 

Oil Phenolics, Critical Reviews in Food Science and Nutrition, 49, 218-236, 2009. 

[146] Visioli, F., Gall, C., Antioxidant and other biological activities of phenols from olives 

and olive oil, Medicinal Research Reviews, 22, 65-75, 2002. 



 
93 

 

[147] Martin-Moreno, J. M., Willett, W. C., Gorgojo, L., Banegas, J. R., Rodriguez-Artalejo, 

F., Fernandez-Rodriguez, J. C., Maisonneuve, P., Boyle ,P., Dietary fat, olive oil intake and 

breast cancer risk, International Journal of Cancer, 58, 774-780, 1994. 

[148] Covas, M. I., Nyyssonen, K., Poulsen, H. E., Kaikkonen, J., Zunft, H. J., Kiesewweter, 

H., Gaddi, A., de la Torre, R., Mursu, J., Baumler, H., Nascetti, S., Salonen, J. T., Fitto, M., 

Virtanen, J., Marrugat, J., Group, E. S., The effect of pollyphenols in olive oil on heart disease 

risk factors: a randomized trial, Annals of Internal Medicine, 145, 333-341, 2006. 

[149] Trox, J., Vadivel, V., Vetter, W., Stuetz, W., Scherbaum, V., Gola, U., Nohr, D., 

Biesalski, H. K., Bioactive compounds in cashew nut (Anacardium occidentale L.) kernels: 

Effect of different shelling methods, Journal of Agricultural and Food Chemistry, 58, 5341-

5346, 2010. 

[150] Khalil, M. L., Biological activity of bee propolis in health and disease, Asian Pacific 

Journal of Cancer Prevention, 7, 22-31, 2006. 

[151] Aydemir. L. Y., Y., A., Are Protein- bound Phenolic Antioxidants in Pulses Unseen Part 

of Iceberg?, Journal of Plant Biochemistry and Physiology, 1, 2013. 

[152] Damodaran, S., Amino acids, peptides, and proteins, 4th edition, Marcel Dekker, New 

York, USA, 1996. 

[153] Loomis, W. D., Battaile, J., Plant phenolic compouds and the isolation of plant enzymes, 

Phytochemistry, 5, 423-438, 1966. 

[154] Beveridge, T., Loubert, E., Harrison, J. E., Simple measurement of phenolic esters in 

plant cell walls, Food Research International, 33, 775-783, 2000. 

[155] Hasni, I., Bourassa, P., Hamdani, S., Samson, G., Carpentier, R., Tajmir- Riahi,. H. -A., 

Interaction of milk α- and β- caseins with tea polyphenols, Food Chemistry, 126, 630-639, 2011. 

[156] Serpen, A., Capuano, E., Fogliano. V., Gokmen, V., A new procedure to measure the 

antioxidant activity of insoluble food components, Journal of Agricultural and Food Chemistry, 

55, 7676-7681, 2007. 

[157] Han, H., Baik, B. K., Antioxidant activity and phenolic content of lentils (Lens culinaris), 

chickpeas (Cicer arietinum L.), peas (Pisum sativum L.) and soybeans (Glycine max), and their 

quantitative changes during processing., International Journal of Food Science & Technology, 

43, 1971-1978, 2008. 

[158] Boboev, A., Hasanov, A., Yotova, L., Hasanov, H., Antioxidant Activity of Peptides 

Obtained From Wheat and Cottonseed Proteins, Bulgarian Journal of Agricultural Science, 18, 

103-111, 2012. 

[159] Elias, R. J., Kellerby, S. S., Decker, E. A., Antioxidant Activity of Proteins and Peptides, 

Critical Reviews in Food Science and Nutrition., 48, 430-441, 2008. 

[160] Taylor, M. J., Richardson, T., Antioxidant activity of skim milk- Effect of heat and 

resultant sulfhydryl groups, Journal of Dairy Science, 63, 1783-1795, 1980. 

[161] Esbensen, K. H., Introduction to multivariate data analysis. Multivariate data analysis in-

practice., 5th edition, Aalborg University, Esbjerg, 2004. 

[162] Ramachandran, K. M., Tsokos, C. P., Design of Experiments. Mathematical Statistics 

with Applications in R, Academic Press, Boston, 459-494, 2015. 

[163] Wagner Jr, J. R., Mount Iii, E. M., Giles Jr, H. F., 25 - Design of Experiments, Extrusion, 

William Andrew Publishing, Oxford, 291-308, 2014. 

[164] Syms, C., Principal Components Analysis, Encyclopedia of Ecology, (eds: Jørgensen, S. 

E., Fath, B. D.), Academic Press, Oxford, 2940-2949, 2008. 

[165] Jolliffe, I. T., Principal Component Analysis. Springer, New York, 2002. 



 
94 

 

[166] Jackson, J. E., A User`s Guide to Principal Components. John Wiley & Sons, New York, 

1991. 

[167] Saporta, G., Niang, N., Data Analysis. John Wiley & Sons, London, 2009. 

[168] Abdi, H., Williams, L. J., Principal component analysis, Wiley Interdisciplinary Reviews: 

Computational Statistics, 2, 433-459, 2010. 

[169] Searle, S. R., Linear Models. John Wiley & Sons, New York, 1971. 

[170] St»hle, L., Wold, S., Multivariate analysis of variance (MANOVA), Chemometrics and 

Intelligent Laboratory Systems, 9, 127-141, 1990. 

[171] Timmerman, M. E., Hoefsloot, H. C. J., Smilde, A. K., Ceulemans, E., Scaling in 

ANOVA-simultaneous component analysis, Metabolomics, 11, 1265-1276, 2015. 

[172] Smilde, A. K., Jansen, J. J., Hoefsloot, H. C. J., Lamers, R., van der Greef, J., 

Timmerman, M. E., ANOVA-simultaneous component analysis (ASCA): a new tool for 

analyzing designed metabolomics data, Bioinformatics, 21, 3043-3048, 2005. 

[173] Zwanenburg, G., Hoefsloot, H., Westerhuis, J. A., Jansen, J. J., Smilde, A. K., ANOVA-

principal component analysis and ANOVA-simultaneous component analysis: a comparison., J. 

Chemometrics, 25, 2011. 

[174] Jansen, J. J., Hoefsloot, H. C. J., van der Greef, J., Timmerman, M. E., Westerhuis, J. A., 

Smilde, A. K., ASCA: analysis of multivariate data obtained from an experimental design, 

Journal of Chemometrics, 19, 469-481, 2005. 

[175] AACC, AACC International Method. In General Pasting Method for Wheat or Rye Flour 

or Starch Using the Rapid Visco Analyser, Vol. 76-21.01, 1999.  

[176] AACC, AACC International Method. In Optimized Straight- Dough Bread Making 

Method, Vol. 10-10B, 1985. 

[177] Dev, D. K., Quensel, E., Hansen, R., Nitrogen extractability and buffer capacity of 

defatted linseed (linum-usitatissimum l) flour, Journal of the Science of Food and Agriculture, 

37, 199-205, 1986. 

[178] Krause, J. P., Schultz, M., Dudek, S., Effect of extraction conditions on composition, 

surface activity and rheological properties of protein isolates from flaxseed (Linum 

usitativissimum L), Journal of the Science of Food and Agriculture, 82, 970-976, 2002. 

[179] Singleton, V. L., Orthofer, R., Lamuela-Raventos, R. M., Analysis of total phenols and 

other oxidation substrates and antioxidants by means of Folin-Ciocalteu reagent. Oxidants and 

Antioxidants, (eds: Packer, L.), Elsevier Academic Press Inc., San Diego, 152-178, 1999. 

[180] Serpen, A., Gokmen, V., Fogliano, V., Total antioxidant capacities of raw and cooked 

meats, Meat Science, 90, 60-65, 2012. 

[181] De Gobba, C., Tompa, G., Otte, J., Bioactive peptides from caseins released by cold 

active proteolytic enzymes from Arsukibacterium ikkense, Food Chemistry, 165, 205-215, 2014. 

[182] Tirmenstein, M. A., Pierce, C. A., Leraas, T. L., Fariss, M. W., A fluorescence plate 

reader assay for monitoring the susceptibility of biological samples to lipid peroxidation, 

Analytical Biochemistry, 265, 246-252, 1998. 

[183] Borrelli, R. C., Fogliano, V., Bread crust melanoldins as potential prebiotic ingredients, 

Molecular Nutrition & Food Research, 49, 673-678, 2005. 

[184] Gökmen, V., Serpen, A., Fogliano, V., Direct measurement of the total antioxidant 

capacity of foods: the ‘QUENCHER’ approach, Trends in Food Science & Technology, 20, 278-

288, 2009. 



 
95 

 

[185] Thomas, M. J., Bielski, B. H. J., Oxidation and reaction of trolox c, a tocopherol analog, 

in aqueous solution. A pulse-radiolysis study, Journal of the American Chemical Society, 111, 

3315-3319, 1989. 

[186] Bisby, R. H., Ahmed, S., Cundall, R. B., Thomas, E. W., Free radical reactions with 

alpha-tocopherol and N-stearoyl tryptophan methyl ester in micellar solutions, Free Radical 

Research Communications, 1, 251-61, 1986. 

[187] Cabelli, D. E., Bielski, B. H., Studies of the reactivity of trolox with Mn3+/Fe3+ 

complexes by pulse radiolysis, Journal of Free Radic Biology and Medicine, 2, 71-5, 1986. 

[188] Barclay, L. R., Artz, J. D., Mowat, J. J., Partitioning and antioxidant action of the water-

soluble antioxidant, Trolox, between the aqueous and lipid phases of phosphatidylcholine 

membranes: 14C tracer and product studies, Biochimica et Biophysica Acta, 1237, 77-85, 1995. 

[189] Rahman, A., Shahabuddin, Hadi, S. M., Parish, J. H., Ainley, K., Strand scission in DNA 

induced by quercetin and Cu(II): role of Cu(I) and oxygen free radicals, Carcinogenesis, 10, 

1833-9, 1989. 

[190] Li, Y., Trush, M. A., Reactive oxygen-dependent DNA damage resulting from the 

oxidation of phenolic compounds by a copper-redox cycle mechanism, Cancer Research, 54, 

1895-1898, 1994. 

[191] Yamanaka, N., Oda, O., Nagao, S., Prooxidant activity of caffeic acid, dietary non-

flavonoid phenolic acid, on Cu2+-induced low density lipoprotein oxidation, FEBS Letters, 405, 

186-90, 1997. 

[192] Sakihama, Y., Cohen, M. F., Grace, S. C., Yamasaki, H., Plant phenolic antioxidant and 

prooxidant activities: phenolics-induced oxidative damage mediated by metals in plants, 

Toxicology, 177, 67-80, 2002. 

[193] Çelik, E. E., Gökmen, V., Investigation of the interaction between soluble antioxidants in 

green tea and insoluble dietary fiber bound antioxidants, Food Research International, 63, 266-

270, 2014. 

[194] Mirrezaie Roodaki, M. S., Sahari, M. A., Ghiassi Tarzi, B., Barzegar, M., Gharachorloo, 

M., Effect of Refining and Thermal Processes on Olive Oil Properties, Journal of Agricultural 

Science and Technology, 18, 629-641, 2016. 

[195] Watjen, W., Michels, G., Steffan, B., Niering, P., Chovolou, Y., Kampkotter, A., Tran-

Thi, Q. H., Proksch, P., Kahl, R., Low concentrations of flavonoids are protective in rat H4IIE 

cells whereas high concentrations cause DNA damage and apoptosis, Journal of Nutrition, 135, 

525-31, 2005. 

[196] De Marchi, U., Biasutto, L., Garbisa, S., Toninello, A., Zoratti, M., Quercetin can act 

either as an inhibitor or an inducer of the mitochondrial permeability transition pore: A 

demonstration of the ambivalent redox character of polyphenols, Biochimica et Biophysica Acta, 

1787, 1425-32, 2009. 

[197] Robaszkiewicz, A., Balcerczyk, A., Bartosz, G., Antioxidative and prooxidative effects 

of quercetin on A549 cells, Cell Biology International, 31, 1245-50, 2007. 

[198] Galati, G., Lin, A., Sultan, A. M., O'Brien, P. J., Cellular and in vivo hepatotoxicity 

caused by green tea phenolic acids and catechins, Free Radic Biology and Medicine, 40, 570-80, 

2006. 

[199] White, P. J., Xing, Y., Antioxidants from cereals and legumes. Natural antioxidants, 

chemistry, health effects and applications, (eds: Shahidi, F., AOCS Press: Champaign, 25-63, 

1997. 



 
96 

 

[200] Ma, X., Li, H., Dong, J., Qian, W., Determination of hydrogen peroxide scavenging 

activity of phenolic acids by employing gold nanoshells precursor composites as nanoprobes, 

Food Chemistry, 126, 698-704, 2011. 

[201] Bors, W., Heller, W., Michel, C., Saran, M., Flavonoids as antioxidants: determination of 

radical-scavenging efficiencies, Methods in Enzymology, 186, 343-55, 1990. 

[202] Zhu, B. T., Ezell, E. L., Liehr, J. G., Catechol-O-methyltransferase-catalyzed rapid O-

methylation of mutagenic flavonoids. Metabolic inactivation as a possible reason for their lack of 

carcinogenicity in vivo, The Journal of Biological Chemistry, 269, 292-9, 1994. 

[203] Sánchez-González, I., Jiménez-Escrig, A., Saura-Calixto, F., In vitro antioxidant activity 

of coffees brewed using different procedures (Italian, espresso and filter), Food Chemistry, 90, 

133-139, 2005. 

[204] Niseteo, T., Komes, D., Belščak-Cvitanović, A., Horžić, D., Budeč, M., Bioactive 

composition and antioxidant potential of different commonly consumed coffee brews affected by 

their preparation technique and milk addition, Food Chemistry, 134, 1870-1877, 2012. 

[205] Sacchetti, G., Di Mattia, C., Pittia, P., Mastrocola, D., Effect of roasting degree, 

equivalent thermal effect and coffee type on the radical scavenging activity of coffee brews and 

their phenolic fraction, Journal of Food Engineering, 90, 74-80, 2009. 



 
97 

 

CURRICULUM VITAE 

Credentials 

Name   Ecem Evrim Çelik  

Place of Birth  Polatlı- Turkey 

Date of Birth  17.06.1990 

e-mail   ecemevrim@gmail.com // ecemevrim@hacettepe.edu.tr // hpb567@ku.dk 

Researcher ID  C-5681-2015 

Orcid ID  0000-0002-1348-0547 

Scopus ID  55916747800 

Education 

PhD   2013-2017 

Department of Food Engineering, Hacettepe Universtiy, Turkey  

2015- 2017 

Department of Food Science, University of Copenhagen, Denmark 

 

MSc   2011-2013 

Department of Food Engineering, Hacettepe Univerity, Turkey  

 

BSc   2007-2011  

   Department of Food Engineering, Hacettepe University. Turkey 

Foreign Languages 

English (fluent) 

Work Experience 

Research Assistant 2011-Current, Hacettepe University, Turkey 

mailto:ecemevrim@gmail.com
mailto:ecemevrim@hacettepe.edu.tr
mailto:hpb567@ku.dk


 
98 

 

Areas of Experiences 

Bioactive Compounds 

- Dietary antioxidants 

- Phenolic compounds 

- Maillard reaction products (Melanoidins) 

Structure-Activity Relationships of Antioxidants 

Reaction kinetics 

- Kinetic modelling 

Chemometrics 

- Principal Component Analysis (PCA) 

- Anova Simultaneous Component Analysis (ASCA) 

- Design of Experiment (DoE) 

Projects Involved 

Researcher Hacettepe University Research Projects Coordination- Scientific Collaboration 

Development Project “Synergism Study Between Soluble and Insoluble 

Antioxidants “ (Project No: FBI-2015-5613)  

Publications 

*indicates publications from this PhD thesis 

[1]* Çelik, E. E., Rubio, J. M. A., Gökmen, V., Behaviour of Trolox with macromolecule-bound 

antioxidants in aqueous medium: Inhibition of auto-regeneration mechanism, Food Chemistry, 

243, 428–434, 2018. 

[2]* Çelik, E. E., Rubio, J. M. A., Andersen. M. L., Gökmen, V., Interactions between 

macromolecule-bound antioxidants and Trolox during liposome autoxidation: A multivariate 

approach, Food Chemistry, 237, 989–996, 2017.  

[3] Çelik, E. E., Gökmen, V., Skibsted, L. H., Synergism between soluble and dietary fiber bound 

antioxidants, Journal of Agricultural and Food Chemistry, 63, 2338–2343, 2015. 



 
99 

 

[4] Çelik, E. E., Gökmen, V., Investigation of the interaction between soluble antioxidants in green 

tea and insoluble dietary fiber bound antioxidants, Food Research International, 63, 266–270, 

2014.  

[5] Çelik, E. E., Gökmen, V., Fogliano, V., Soluble antioxidant compounds regenerate the 

antioxidants bound to insoluble parts of foods, Journal of Agricultural and Food Chemistry, 61, 

10329–10334, 2013. 

Oral Presentations 

*indicates publications from this PhD thesis 

[1]* Çelik, E. E., Rubio, J. M. A., Andersen, M. L., Gökmen, V., Interactions between 

macromolecule- bound antioxidants and free antioxidant trolox in liposome medium: a 

multivariate approach, EuroFoodChem XIX Conference, 3-7 October, Budapest, Hungary, 2017.  

[2] Çelik, E. E., Gökmen, V., Skibsted, L. H., Study of the Synergy Between Soluble and Dietary 

Fiber Bound Antioxidants, 249th American Chemical Society National Meeting & Exposition, 22-

26 March, Denver, CO, USA, 2015.  

[3] Çelik, E. E., Gökmen, V., Skibsted, L. H., Study of the Synergy Between Free and Bound 

Antioxidants, 29th EFFoST International Conference, 9-12 December, Athens, Greece, 2015. 

[4] Çelik, E. E., Gökmen, V., Regeneration behavior of bioactive compounds bound to insoluble 

food matrices, EuroFoodChem XVII Conference, 7-10 May, Istanbul, Turkey, 2013. 

Poster Presentations  

*indicates publications from this PhD thesis 

[1]* Çelik, E. E., Rubio, J. M. A., Andersen. M. L., Gökmen, V., Interactions of coffee melanoidins 

with hydroxycinnamic/ hydroxybenzoic acids, 4th International Congress on Cocoa Coffee and 

Tea, 25-28 June, Turin, Italy, 2017. 

[2] Çelik, E. E., Gökmen, V., Determination of antioxidant capacity and regeneration behavior of 

bioactive compounds bound to insoluble dietary fibers, International Conference on Chemical 

Reactions in Foods VII, 14-16 December, Prague, Czech Republic, 2012.  

 




