
Evaluate the Validity of Two Popular Food Oxidation Markers 

(Hexanal & Limonene Oxide) in the Dry State 

 

 

A THESIS  

SUBMITTED TO THE FACULTY OF  

UNIVERSITY OF MINNESOTA 

BY 

 

 

Xiaohan Wu 

 

 

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS  

FOR THE DGREE OF 

MASTER OF SCIENCE 

 

 

Dr. Gary A. Reineccius, Advisor 

 

January 2024



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© Xiaohan Wu 2024 



 

 

i 

Acknowledgements 

 I would like to express my deep gratitude to my advisor Dr. Gary Reineccius. His 

knowledge helps me grow professionally and personally, and his wisdom not only guides me 

through my MS study but also will influence the rest of my life. I would also like to thank my 

committee members Dr. Fernanda F G Dias and Dr. Daniel D Gallaher for their valuable 

guidance and insights. 

 Additionally, a special thank you to my lab mate Dr. Igor Shepelev who gave me lots of 

instructions and assistance in the lab. Thank you to my collogues, classmates, friends, and 

everyone that involved in my journey here.  

 Finally, I sincerely thank my parents, grandparents, and family for their endless love and 

support.  

  

 

 

 

 

 

 

 

 

 

 



 

 

ii 

Dedication 

 This thesis is dedicated to my parents, my grandparents, and every teacher that helped me 

become who I am today.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

iii 

Abstract 

 In research, it is common to use chemical indicators of oxidation to determine the 

oxidative state of a food. For example, hexanal formation/content is used to determine if lipids 

are oxidizing and limonene oxide (LO) serves a similar purpose in monitoring the oxidation of 

citrus oils. Recent research has shown that hexanal readily reacts with proteins and unpublished 

work suggests that limonene oxide also may react with proteins. Thus, these traditional 

indicators of oxidation may be inaccurate for foods that have higher protein levels or very 

reactive protein. 

 β-Lactoglobulin (BLG) is a major whey protein in bovine milk and is also a prominent 

protein utilized in the food industry. Additionally, the structure and amino acid sequence of BLG 

is well characterized, and its molecular weight is appropriate for intact protein analysis. 

Therefore, BLG was selected as the model protein for this work.   

 This research studied the covalent reactions between BLG and the two popular oxidation 

markers (hexanal and LO) in the dry state by liquid chromatography electrospray ionization 

tandem mass spectrometry (LC-ESI-MS/MS) and to determine the influence of temperature, pH, 

and water activity on the reactions. Results show that limonene oxide could form covalent bonds 

with the BLG. Moreover, the reaction rate increases with the increase of storage time, which 

could make limonene oxide inaccurate as an oxidation marker in food containing high levels of 

proteins. For hexanal, the increase of the protein adduct is not very significant during storage. 

Therefore, hexanal still can be considered as a usable oxidation marker for dry foods.   

 This research can help the food industry understand the validity of the two popular 

oxidation markers, choose better methods for food oxidation analysis, and improve their quality 

control system. 
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Chapter 1: INTRODUCTION 

1.1 Background 

 Lipid oxidation is one of the main reasons causing food quality deterioration. The 

oxidation products can not only alter flavor, texture, and nutrients but also create health problems 

(Estévez et al., 2017). Therefore, it is important to develop reliable measuring methods to 

monitor lipid oxidation in food products. A commonly used method is testing the secondary 

oxidation products which are more stable than the primary oxidation products and are well 

related to sensory analysis (Piranavatharsan et al., 2023). Many techniques have been developed 

including 2-thiobarbituric acid reactive substances (TBARS) test and gas chromatography-mass 

spectrometry analysis. Hexanal is one of the most common secondary lipid oxidation products, 

and due to its low odor threshold and the direct correlation of its content with oxidative off-

flavors, has become a popular marker (Ha et al., 2011; Vičkačkaitė et al., 2020). Gas 

chromatography is one of the most common techniques to quantify hexanal in foods. There are 

different sample preparation techniques including dynamic headspace (DHS), static headspace 

(SHS), direct injection (DI), liquid extraction, and headspace solid phase microextraction (HS-

SPME) for hexanal extraction (Azarbad & Jeleń, 2015). The headspace analysis is widely used 

because of simple sample treatment. However, hexanal has the potential to further react with 

other components in food. Recent research shows that covalent bonds form between hexanal and 

β-lactoglobulin (Anantharamkrishnan et al., 2020), which could make hexanal invalid as a 

marker of lipid oxidation when using volatile sample preparation methods. 

 Limonene oxide is the equivalent oxidation indicator for flavorings containing terpenes. 

It is the oxidative product of limonene which is a main component in orange oil. In flavor 
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encapsulation, published studies have noted that when a protein(s) is/are used as a component of 

encapsulation wall materials, the amount of limonene oxide decreases significantly compared to 

systems not using a protein component (Charve & Reineccius, 2009; Djordjevic et al., 2008; 

Marcuzzo et al., 2012). Therefore, protein materials can appear to provide effective protection 

against limonene oxidation. However, the possibility that limonene oxide and proteins can react 

has not been fully considered, which may make the oxidative marker unreliable.  

 Therefore, it is necessary to study the reactions between hexanal/limonene oxide and 

food proteins to determine if they are valid as oxidation markers.  

 

1.2 Research Objectives 

 This research is to evaluate the reliability of the two popular oxidation markers which are 

hexanal and limonene oxide. β-Lactoglobulin is chosen as the model protein because it is well 

characterized both in amino acid sequence and the structure, and it has suitable molecular weight 

for intact protein ESI MS analysis. However, for objective 2, BLG is used up and it is difficult to 

find a homozygous single cow and isolate a single variant. Therefore, whey protein isolate is 

used. However, WPI is not suitable for LC-ESI-MS analysis because of its large molecular 

weight, so the GC-FID method is adopted. 

 The objectives are: 

 1. Determine if limonene oxide reacts with beta lactoglobulins (BLG), and the reaction 

rates and extent of the interactions between hexanal/limonene oxide and BLG in the dry state. 

 2. Study the effect of pH, temperature, and water activity on the interaction between 

hexanal/LO and WPI in the dry state. 
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Chapter 2: LITERATURE REVIEW 

2.1 Food Oxidation 

 Food oxidation can happen when food is exposed to oxygen, light, and/or heat during 

processing, production, and storage. It affects many interactions among food components and 

thus is a critical influencing factor of food quality. Among all food constituents, lipids are one of 

the most susceptible to oxidation (Jacobsen, 2019). Additionally, in food that has a citrus flavor, 

limonene oxidation can happen easily. Some of the oxidative products cause deterioration of 

food quality including flavor, texture, and nutrition. Moreover, consuming food with oxidation 

products can cause health problems (Estévez et al., 2017). Therefore, monitoring and preventing 

food oxidation have been two of the most important issues in the food industry.  

2.1.1 Lipid Oxidation 

 Lipids are crucial components that influence the quality of food significantly. They not 

only provide energy to the human body but also contain essential fatty acids and fat-soluble 

vitamins which can only be obtained from diet. Moreover, one of the primary sources of 

odorants that give characteristic flavors to foods are lipids and lipid-derived compounds 

(Domínguez et al., 2019). The amount of fat in food is strongly related to consumer satisfaction 

and affects textural qualities including overall mouthfeel, juiciness, and tenderness (Frank, Joo, 

& Warner, 2016; Holman & Hopkins, 2021). In addition to the sensory qualities of foods, lipids 

play a significant role in the technological aspects of food processing. They influence the 

rheological and structural properties of food, assist fat-soluble ingredients such as antioxidants 

and vitamins dispersion, and can act as an emulsifier which improves emulsion stability 

(Domínguez et al., 2019; Domínguez, Bohrer, et al., 2021; Valenzuela, Delplanque, & Tavella, 

2011). Lipids can be classified as simple lipids and complex lipids based on their structure. 
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Simple lipids are esters of fatty acids and alcohols that generate no more than two kinds of 

products (fatty acids and alcohols) by hydrolysis, while complex lipids produce three or more 

products including fatty acids, alcohols, phosphorus, amino acid, and carbohydrates (Domínguez 

et al., 2022). Triacylglycerols (TAG), which account for 99% of all lipids of both plant and 

animal origin, are the most common type of lipid found in foods. Additionally, phospholipids, 

which are important structural lipids, can constitute a big part of the lipids in foods such as eggs 

and meat. Because they are more unsaturated, phospholipids are more prone to oxidation than 

TAG (Jacobsen, 2019). 

 Lipid oxidation is the main reason for food quality deterioration. The oxidative products 

are responsible for off-flavors, texture loss, changes of color, and nutrient value (Ahmed et al., 

2016). Rancid is the term usually used to describe the sensory alterations caused by lipid 

oxidation. Moreover, lipid hydrolysis can lead to rancidity, which is called hydrolytic rancidity. 

In unpasteurized milk, for instance, oxidative rancidity occurs because of lipid oxidation and 

hydrolytic rancidity happens due to lipolytic enzymes. Both reactions have a significant 

influence on unpasteurized milk. In addition, toxic compounds such as free radicals and reactive 

aldehydes are also produced during the reaction (Jacobsen, 2019). The products are harmful to 

human health due to their mutagenic, carcinogenic, and cytotoxic properties, which can cause 

health problems such as tumor cell growth and neuromyopathic disease (Ahmed et al., 2016).  

 Unsaturated fatty acids and oxygen are the basic components that interact during the 

oxidation of lipids. Other substances can also facilitate or inhibit the process (Domínguez et al., 

2019). Unsaturated fatty acids cannot be directly oxidized by low energy, ground state oxygen 

(triplet oxygen 3O2) because of spin prohibition, however, this restriction can be removed by the 

presence of initiators that can generate radicals or by other methods (Jacobsen, 2019). The two 
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major lipid oxidation pathways are thermal oxidation, hydrolytic rancidity, and air oxidation. 

When lipid-containing food is processed under high temperatures, lipids will oxidize, 

decompose, polymerize, and produce compounds including fatty acids, aldehydes, and 

hydroperoxide which lead to a decrease in the quality of food (Wang et al., 2023). Hydrolytic 

rancidity is commonly caused by lipase enzymes, which leads to the release of short chain fatty 

acids from acylglycerols (Zeece, 2020). Air oxidation includes three mechanisms: autoxidation, 

which happens when free lipid radicals combine with oxygen; Photooxidation, which occurs 

when lipids are exposed to light in the presence of photosensitizers; And enzymatic oxidation 

(Jacobsen, 2019; Wang et al., 2023). Autoxidation is the most important process among the three 

mechanisms. Photooxidation and enzymatic oxidation are only different from autoxidation in the 

generation of hydroperoxides in the initiation phase (Domínguez et al., 2019). These reactions 

occur easily when food is subjected to air such as during storage and processing (Wang et al., 

2023). The primary oxidation products are hydroperoxides which are not stable and break down 

into various small compounds including aldehydes, alcohols, and ketones (Ahmed et al., 2016). 

These volatile secondary oxidation products are the main reasons for flavor deterioration 

(Jacobsen, 2019). The significance of each compound in the final flavor is influenced by its 

concentration and olfactory threshold. Among these compounds, aldehydes are one of the most 

important products and play a major role in flavor alteration due to their low odor threshold and 

large quantities. Additionally, in food systems that contain proteins (e.g., meat), aldehydes can 

react with the proteins which result in modifications of nutritional and organoleptic 

characteristics (Domínguez et al., 2019). 

 Autoxidation typically consists of three phases: Initiation, propagation, and termination 

(Domínguez et al., 2019). During the initiation, free radicals are generated. Unsaturated fatty 
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acids (LH) lose hydrogen and transform into alkyl radicals (L•) in the presence of initiators, such 

as metal ions, heat, or proteins. The alkyl radicals are the initial radicals that start lipid oxidation. 

Peroxyl radicals (LOO•) are created when alkyl radicals quickly react with oxygen. These 

peroxyl radicals are highly reactive. They interact with a new unsaturated fatty acid to produce 

hydroperoxides (LOOH) and a new lipid radical, which subsequently propagates the chain 

reaction. Lipid hydroperoxides have no taste or odor due to their low volatility. The chain 

reaction terminates when the reactive compounds degrade or two free radicals combine and 

generate a non-radical product (Domínguez et al., 2019; Jacobsen, 2019). 

 Unsaturated fatty acids may undergo photooxidation in the presence of light and 

photosensitizers, such as myoglobin, hemoglobin, and riboflavin in milk and chlorophyll in 

unrefined oils. The photosensitizers absorb visible or near-UV light to transform from singlet to 

excited triplet sensitizers. Photosensitizers can be mainly classified into two types based on 

reaction mechanisms. Type I sensitizers react with lipids and produce lipid radicals which 

interact with oxygen in a similar way as autoxidation. Type II sensitizers can directly interact 

with triplet oxygen to produce singlet oxygen which is highly reactive through a triplet-triplet 

annihilation mechanism (Domínguez et al., 2019). The singlet oxygen then reacts with the 

double bond in the unsaturated fatty acids to generate hydroperoxides (ROOH) (Frankel, 2012). 

This process is non-free-radical and forms non-conjugated hydroperoxides, while the free-radical 

oxidation process produces conjugated hydroperoxides (Jacobsen, 2019). Additionally, some 

excited sensitizers interact with triplet oxygen to form superoxide radical anion via electron 

transfer, which can abstract hydrogen from unsaturated fatty acids and thus start the oxidation 

reaction (Domínguez et al., 2019). 
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 Lipoxygenase is the major enzyme that participates in the enzymatic oxidation. It has an 

active site that can remove a hydrogen atom from unsaturated fatty acids to create a conjugated 

diene system that interacts with oxygen. The peroxyl radical subsequently abstracts hydrogen 

from another unsaturated fatty acid to produce a conjugated hydroperoxy diene and alkyl radical. 

The concentration of the enzyme has a significant influence on the rate of oxidation process 

(Domínguez et al., 2019). 

 The primary oxidation product, hydroperoxides, decompose into small volatile 

compounds which are responsible for the alteration of flavor in foods. Vinyl ketones and trans, 

cis-alkadienals have the lowest flavor thresholds in oils, while alkanes and alkenes have the 

highest flavor thresholds. Depending on its concentration and the food matrix in which it occurs, 

the same volatile oxidation product can result in a variety of off-flavors. In pure oil, the off 

flavors usually are described as nutty, grass, cucumber, rancid, and synthetic. In dairy products 

such as milk, cream, and butter, “oxidized flavor”, “sunlight flavor”, and “metallic” are normally 

used to describe the flavor flaws caused by lipid oxidation. In meat products, the off flavor is 

described as “warmed over flavor “(WOF) which is mainly caused by membrane phospholipids 

oxidation. Hexanal, (E)- and (Z)-2-octenal,1-octen-3-one, (Z)-2-nonenal (E, E)-2,4-nonadienal, 

and trans-4,5-epoxy-(E)-2-decenal are the main compounds that lead to WOF (Jacobsen, 2019).  

 Numerous techniques, including peroxide value (PV), para-anisidine value (p-AV), 

thiobarbituric acid reactive substances (TBARS), HPLC, GC-MS, NIR, FTIR, and DSC, can be 

used to measure lipid oxidation. Moreover, sensory evaluation is a useful method to study the 

relationship between lipid oxidation and sensory properties of oxidized food. However, some 

methods that measure only peroxide value and hexanal or TBARS may not be accurate because 

of alternate pathways of lipid oxidation, which would result in missing a large number of 
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oxidation products and underestimating the extent of lipid oxidation. Furthermore, lipid 

oxidation radicals and secondary oxidation products including aldehydes can interact with other 

components in foods, especially proteins. As a result, these reactions deplete lipid oxidation 

intermediates and products and influence other components in food (Jacobsen, 2019) 

 Lipid oxidation not only causes flavor degradation but also leads to nutritional loss and 

toxic compound formation. Therefore, it is essential for academia and industry to control food 

lipid oxidation. 

 Antioxidants are chemical compounds that prevent, inhibit, or regulate the oxidation of a 

substrate (Zeb, 2020). Antioxidants such as chitosan, anthocyanins, secoisolariciresinol 

diglucoside (SDG), and sinapic acid (SA) have been discovered effective in lipid oxidation 

prevention (Wang et al., 2023). In food science, antioxidants are present in relatively small 

amounts in foods and can provide protection for food components from oxidation which helps 

maintain nutritional quality and extend shelf life (Zeb, 2020). They are generally classified as 

primary and secondary antioxidants based on their action mechanisms. The antioxidants that 

have more than one action mechanism are named multiple-function antioxidants (e.g., 

polyphenols). Primary antioxidants, also called chain-breaking antioxidants, react directly with 

free radicals and generate more stable products (Jacobsen, 2019). They neutralize free radicals 

by two mechanisms which are hydrogen atom transfer (HAT) and single electron transfer (SET). 

They are very effective and typically only need a low amount to neutralize many free radicals. 

This type of antioxidant is also easily reproduced. The mechanism of neutralizing prooxidant 

catalysts has been used to describe secondary antioxidants which normally includes chelation of 

transition metals, oxygen scavenging, and quenching of singlet oxygen, making them easily 

depleted (Jacobsen, 2019; Zeb, 2020). Metal chelators, which stop metal ions from breaking 
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down lipid hydroperoxides into reactive radicals, are crucial secondary antioxidants in food 

systems, such as synthetic ethylenediaminetetraacetic (EDTA), polyphosphates, and caseinate 

(Jacobsen, 2019). 

 In the industry, synthetic antioxidants, including butylated hydroxyanisole [BHA], 

butylated hydroxytoluene [BHT], and propyl gallate (Brewer, 2011), have long been applied to 

slow the reactions. These antioxidants contain one or more hydroxyl groups or phenol and can 

quench free radicals in foods, which effectively limits lipid oxidation. However, the potential 

health risks of synthetic antioxidants motivate the industry to find natural antioxidants. Natural 

phenolic compounds have attracted significant attention because of their widespread presence in 

plant foods and their effectiveness as antioxidants. Generally, phenolic compounds are 

biosynthesized from phenylalanine or tyrosine via the shikimic acid pathway. Their antioxidant 

capabilities are due to the hydroxyl group on the benzene ring (Zeb, 2020). The compounds limit 

lipid oxidation by inhibiting free radical formation and/or interrupting propagation of 

autoxidation (Brewer, 2011). They can donate their H-atoms to the free radicals and produce 

stable phenoxyl radicals (Jacobsen, 2019). In seafood, the effect of plant phenolic extract and 

compounds in retarding lipid oxidation has been proven. Antioxidants delay oxidation by 

preventing free radical formation or by breaking free radical propagation (Maqsood et al., 2014). 

The mechanisms include removing peroxidation initiative species, stopping the autoxidative 

chain reaction, and decreasing the concentration of localized O2 (Brewer, 2011). Antioxidants 

that can interrupt the free radical chain reaction are the most effective, which usually contain 

phenolic or aromatic rings. They donate H+ to the free radicals produced during oxidation and 

become radical themselves which are stable because of the electron resonance delocalization 

within the aromatic ring and synthesis of quinone structures. Therefore, phenolic compounds can 



 

 

10 

end the chain radical reaction to prevent lipid oxidation and preserve food quality, especially 

high lipid-containing foods. The potency of these compounds in retarding lipid oxidation is 

related to their metal-chelating activity or free-radical scavenging (Maqsood et al., 2014). 

Maqsood et al. (2010) discovered that ferulic acid, caffeic acid, and tannic acid are effective in 

preventing lipid oxidation in fish mince during iced storage (Maqsood & Benjakul, 2010). 

Sánchez-Alonso et al. (2007) studied the impact of adding grape antioxidant dietary fiber to 

minced fish muscle on the stability of lipids for 6 months of storage. The results showed that the 

added fiber significantly retarded lipid oxidation throughout the first 3 months of storage. The 

grape antioxidant dietary fiber could be applied as an ingredient to limit lipid oxidation in fish 

during frozen storage (Sánchez-Alonso et al., 2007; Zeb, 2020). 

 Lipid oxidation plays a critical role in the quality and reservation of food products, it is 

important to understand the mechanisms, develop reliable measuring techniques, and identify 

control methods.  

2.1.2 Limonene Oxidation 

Limonene is an unsaturated monocyclic monoterpene that has been found in more than 

300 essential oils and mainly in citrus oil (Ibáñez et al., 2020). There are two optical isomers of 

limonene: L-limonene and D-limonene. L-limonene is the primary precursor of biosynthesis of 

L-menthol which has a mint flavor, and D-limonene can be found primarily in orange peels 

(Davoudi-Monfared et al., 2023). D-limonene has high volatility and low water solubility 

(Huang et al., 2022), and is frequently used as an important flavor and fragrance compound in 

food and cosmetics industries. It has antioxidant and anticancer properties. Although D-limonene 

is considered non-toxic, it can irritate and sensitize the skin after long-term exposure (Davoudi-

Monfared et al., 2023). Nowadays, it is usually produced as a by-product of the processing of 
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citric fruit juice by a cold process including centrifugal separation or steam distillation (Birk et 

al., 2022; Ciriminna et al., 2014; Davoudi-Monfared et al., 2023). Other important aroma 

compounds including limonene oxide, carvone, and menthol can be produced from limonene 

through natural oxidation reactions (Birk et al., 2022). 

In the flavor industry, the deterioration of orange oils has been a problem for many years. 

Limonene can easily degrade when exposed to light, air, and high temperatures. Limonene 

autoxidation happens in the presence of air and light to produce various oxygenated monocyclic 

terpenes (NICNAS, 2002). Although complicated, similar to lipid oxidation, the autoxidation of 

limonene also includes free radical reaction chain initiation, chain propagation, and chain 

termination (Bernhard & Marr, 1960) (Figure 1). The primary oxidation products are 

hydroperoxides, which are unstable and can further react to produce secondary oxidation 

products including limonene oxide, carvone, and carveol (Huang et al., 2022; Kern et al., 2014). 

Limonene-2-hydroperoxide is the main hydroperoxide in the autoxidation of D-limonene while 

in photooxidation it only consists of a small fraction of the hydroperoxides (Karlberg et al., 

1994). In the photooxidation of limonene, the singlet oxygen only reacts with the endocyclic 

double bond (Schieberle et al., 1987). Polymers are the end products of limonene oxidation. 

Carvone, carveol, limonene oxide, and other hydroperoxides are probably intermediates in the 

polymerization process (Karlberg et al., 1994). 

Initiation:  

RH → R• + H• 

Propagation: 

R• + O2 → RO2•  

RO2• + RH → RO2H + R•  
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Termination: 

R• + R• → R-R 

RO2• + H• → RO2H 

Figure 1: Free radical chain reaction (Source: Horne, 1950). 

 

 
Figure 2: Main primary and secondary oxidation products of limonene. (Source: Kern et al., 

2014 with slight modifications). 

 Since limonene is widely used in many industries (e.g., food and perfume), and is easily 

oxidized which causes rancid odor and skin irritants (Karlberg et al., 1992), methods are 

developed to protect it from the environment. One of the most effective and popular ways for 

improving flavor stability is encapsulation which active compounds (core material) are covered 

by wall materials, which protects flavorings against oxidative and thermal deterioration during 

processing. Common techniques include spray drying, freeze drying, coacervation, and fluidized 
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bed coating. A new technology named electrospinning/electrospraying appeared in the past few 

years. It creates continuous sub-micron or nanoscale fibers and capsules by applying high-

voltage electrostatic fields to polymer solutions. The process doesn’t involve heating which 

makes it ideal for encapsulating heat-unstable compounds (Premjit et al., 2022). Spray drying has 

been used to encapsulate limonene for a long time, and gum acacia and modified starches are the 

most commonly used wall materials. Other wall materials such as maltodextrin and whey/soy 

proteins are becoming popular, especially protein materials which show better protection for 

limonene from oxidation than the traditional materials (Charve & Reineccius, 2009).  

 Lipid oxidation and limonene oxidation can cause significant deterioration of food 

quality. Therefore, developing and utilizing proper methods to monitor the reaction is of great 

importance.  

2.2 Hexanal and Limonene Oxide as Oxidation Markers 

 Hexanal is one of the most common products of lipid oxidation, and because of its low 

odor threshold and the direct correlation of its content with oxidative off-flavors, it has become a 

popular marker (Ha et al., 2011; Vičkačkaitė et al., 2020). Limonene oxide is used as an 

oxidation marker for orange oils. Especially in flavor encapsulation studies, the amount of 

limonene oxide is an important index to evaluate the ability of wall materials to protect flavor 

compounds from oxidation.  

2.2.1 Hexanal as an Oxidation Marker 

 Lipid oxidation, also known as rancidity, is a main cause of fat-containing food product 

deterioration including off-flavors, decrease of nutrients, and generation of toxic compounds 

(Sanches-Silva et al., 2004). Therefore, it is important to use an indicator to detect the reaction in 

food. Lipid oxidation happens when unsaturated fatty acids react with oxygen in a 
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photosensitized oxidation process or through a free radical mechanism (Vičkačkaitė et al., 2020). 

Hydroperoxides are the primary oxidation products which are highly reactive and quickly 

decompose to non-volatile and volatile compounds including aldehydes, ketones, acids, and 

alcohols. These volatile compounds are the reasons for flavor changes in food products (Panseri 

et al., 2011). Analyzing these volatile oxidation products can provide insights into the oxidation 

(Azarbad & Jeleń, 2015). Many methods have been applied to monitor lipid oxidation, and gas 

chromatography (GC) is one of the most popular ways. There are different sample preparation 

techniques including dynamic headspace (DHS), static headspace (SHS), direct injection (DI), 

liquid extraction, and headspace solid phase microextraction (HS-SPME) (Azarbad & Jeleń, 

2015). The headspace analysis is widely used because of simple sample treatment, which limits 

the formation of artifactual volatile compounds. It is usually combined with solid phase 

microextraction (SPME) using the fiber coating material to adsorb analytes from samples 

(García-Llatas et al., 2007).  

 Sanches-Silva et al. (2004) applied two methods of analyzing hexanal which are 

headspace SPME (coated fused silica) -GC-MS and derivatization reversed-phase high-

performance liquid chromatographic (RP-HPLC) to evaluate the suitability of hexanal as 

oxidation marker in potato crisps. The results show that hexanal is a good marker for the lipid 

oxidation state of potato crisps. The study conducted by Elisia and Kitts (2011) quantified 

hexanal in human milk by solid phase microextraction gas chromatography flame ionization 

detector (SPME-GC-FID). They found that hexanal was sensitive and reliable as an oxidation 

marker in human milk. In the study conducted by Bak et al. (2020), hexanal was also used as the 

oxidation marker to test the effectiveness of rosemary extract in preventing lipid oxidation in 

sliced and uncured deli turkey. The SPME headspace method was used to extract the hexanal. 
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The results showed that hexanal values were positively correlated with oxidation flavor scores 

during storage. Beltran et al. (2003) studied lipid oxidation of pressurized and cooked chicken by 

monitoring the amount of thiobarbituric acid reactive substances (TBARS) and hexanal. For 

processed meat, the most characteristic volatile compound that SPME can measure is hexanal. 

Both methods shows similar patterns throughout the experiment, which indicates that it is 

reliable to analyze hexanal levels by SPME as a measure of oxidation (Beltran et al., 2003). In 

some old studies, hexanal quantification by headspace gas chromatography was used 

successfully to monitor lipid oxidation in biological specimens as well as foods (Smith et al., 

1999). Another study developed an HS-SPME-GC method to determine hexanal and pentane in 

liquid infant foods and infant formulas. Pentane is another volatile compound used as a lipid 

oxidation marker and is inert and stable under proper storage conditions. Interestingly, there 

were no variations in hexanal contents between the samples stored for four and seven months, 

while the amount of pentane increased with time. This result shows that hexanal can interact with 

other components in the samples (García-Llatas et al., 2007). Shahidi & Pegg (1994) studied the 

deterioration of meat flavor by using hexanal as the indicator via HS-GC analysis. During the 

early stages of storage, the concentration of hexanal increased rapidly. However, after six days, 

hexanal decreased significantly, which could be the result of reactions between hexanal and other 

meat components such as proteins. Hexanal therefore should be used with caution as a lipid 

oxidation indicator.  

 Goodridge et al. (2003) monitored lipid oxidation in freeze-dried chicken protein by three 

methods which are competitive indirect enzyme-linked immunosorbent assay (CI-ELISA), 

thiobarbituric acid reactive substances assay (TBARS), and SPME-GC/MS. TBARS is a 

common way of analyzing lipid oxidation. It is simple and highly correlated to sensory scores 
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but lacks specificity because other products in addition to malonaldehyde can also react with 

thiobarbituric acid (TBA). The CI-ELISA used the monoclonal antibody which could recognize 

hexanal conjugates to proteins, while free hexanal was not recognized. This method avoids the 

weakness of those conventional techniques, especially the headspace chromatographic methods 

which require volatilization of hexanal. Other components (e.g., proteins) in the food system 

may react with hexanal and form covalent bonds, which impedes hexanal volatilization and 

results in inaccurate quantification. Gremli (1974) studied the interaction between soy protein 

and flavor compounds. Flavors added to soy protein products usually are lost or altered. The 

interactions can be reversible or irreversible and can be caused by physical sorption or chemical 

reactions. A reversible interaction, however, may be advantageous in some cases. For example, 

during food processing, this interaction may protect the flavors, and when the food product is 

masticated, the bound flavor compounds may be released and play roles in consumers' palates 

and contribute to flavor perception. This study developed an analytical technique to identify if 

the reaction between flavor compounds and soy protein is reversible or not, and the degree of 

binding. They measured the retention rates by the headspace method and the high vacuum 

transfer system. By comparing the results of these two methods, the reversibility of the reaction 

between a given flavor compound and soy protein can be determined. Aldehydes were found to 

strongly interact with soy proteins. 37-44% of hexanal was reversibly bound with soy protein 

while <5% was irreversibly bound. Gutheil and Bailey (1992) also developed an equilibrium 

headspace sampling method to measure the binding of hexanal to muscle myofibrillar proteins. 

 Hexanal has the potential to further react with other components in food, which can result 

in harmful effects, such as protein loss (García-Llatas et al., 2007). Saturated aldehydes are one 

of the main contributors of rancidity in foods, and hexanal and propanal are the two aldehydes 
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widely detected during lipid oxidation, which usually are used as oxidation indicators. However, 

some food components (e.g., proteins) can potentially interact with these indicators via processes 

such as Schiff base reactions (Zhou & Decker, 1999). Recent research shows that covalent bond 

forms between hexanal and -lactoglobulin (Anantharamkrishnan et al., 2020), which makes 

hexanal invalid as a marker of lipid oxidation when using methods such as SPME and headspace 

GC, which measure only volatile hexanal. (Goodridge et al., 2003; Smith et al., 1999).  

2.2.2 Limonene Oxide as an Oxidation Marker 

 D-limonene is a main component of orange oil with low solubility in water (13.8 mg/L at 

25 °C) and a boiling point of 176 °C. It has a pleasant orange aroma and thus has been widely 

used in food, perfume, and cleaning products. Additionally, D-limonene has numerous health 

benefits including anti-inflammatory, antioxidant, antibacterial, and antiviral properties. 

However, D-limonene is very unstable and can oxidize easily which generates an unpleasant 

flavor (Castel et al., 2023). 

 Encapsulation is a technology widely used to protect sensitive compounds from 

degradation (Castel et al., 2023). Spraying-drying is the most popular method in the industry due 

to its low cost, high throughput, and easy implementation (Castel et al., 2023; Potdar et al., 

2020). Since D-limonene is easily oxidized which produces off-flavors, encapsulation has been a 

popular way to protect orange oil from oxygen. Limonene oxide is one of the most common 

oxidation products and is used as an oxidation marker, early detection of limonene oxide is 

critical for quality control (Marine & Clemons, 2003). Gas chromatography is considered an 

ideal method to test limonene oxide due to its volatile nature (Emberger et al., 2019).  Emberger 

et al. (2019) developed an SPME-GC-MS/MS method to quantify limonene oxide in 

encapsulated orange oil. In the study conducted by Djordjevic et al. (2007), the stability of citral 
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and limonene in emulsions stabilized with a sodium dodecyl sulfate (SDS)-chitosan complex or 

gum acacia was compared. The deterioration of limonene was determined by measuring the 

reduction of limonene and the production of limonene oxide and carvone with gas 

chromatography. The results showed that SDS-chitosan multilayer emulsifier system could 

inhibit the oxidation of citral and limonene more effectively than GA-stabilized emulsions. 

Another study also used limonene oxide as the marker of limonene degradation to compare the 

protective ability of whey protein isolate (WPI) and gum acacia. The results showed that in the 

WPI emulsion, less limonene oxide was detected than in the gum acacia emulsion (Djordjevic et 

al., 2008). Soottitantawat et al. (2004) studied the oxidation stability of spray-dried encapsulated 

D-limonene with different wall materials (Gum arabic, soybean water-soluble polysaccharide, 

and modified starch) by using limonene oxide as the marker. The results showed that the 

oxidation rate rose as the water activity increased. However, at the glass transition temperature, 

the rates rapidly decreased before rising again as the water activity increased. 

 Limonene oxide has been widely used as an oxidation marker in flavor encapsulation to 

determine the oxidation stability of powders. Some studies discovered that when a protein(s) 

is/are used as a component of encapsulation wall materials, the amount of limonene oxide 

decreases significantly compared to systems not using a protein component (Charve & 

Reineccius, 2009; Djordjevic et al., 2008; Marcuzzo et al., 2012). Therefore, protein materials 

can appear to provide effective protection against limonene oxidation. However, the possibility 

that limonene oxide and proteins can react has not been fully considered, which may make the 

oxidative marker unreliable. 
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2.3 Food Proteins 

 Proteins are one of the four major biological macromolecules and have the most diverse 

functions. They play a significant role in many biological processes. They also serve a structural 

or mechanical purpose in muscles, connective tissue of animals and cell walls of plants, etc. 

Additionally, proteins are widely applied in areas such as food, medicine, cosmetics, and 

packaging (Phillips & Williams, 2011).  

 There are twenty amino acids that are the building blocks of proteins. Nine of them are 

essential amino acids that can only be obtained from dietary sources, five are non-essential since 

they can be synthesized by the human body, and the remaining six are conditional which are only 

necessary at specific life stages or in certain disease states (The Editors of Encyclopaedia 

Britannica, n.d.). The fundamental structure of amino acids is the same. In each amino acid, there 

is a hydrogen, an amine group, a carboxylic acid group, and a R group. The R group varies for 

different amino acids and confers polar, non-polar, anionic, or cationic characteristics on amino 

acids. These characteristics offer information on the temperature range for optimal protein 

function, solubility in water or lipids, and whether the protein performs better in acidic or basic 

environments (Sanvictores, 2022). Hydrophilic amino acids typically stay at the periphery of 

globular proteins while hydrophobic amino acids in the center. Amino acids form polypeptides 

via peptide bonds, and the two ends of every polypeptide are called the carboxyl terminus (C-

terminus) and the amino terminus (N-terminus). Typically, proteins consist of 15–10,000 amino 

acids. The sequence of amino acids in the polypeptide chain determines the primary structure of 

proteins. The secondary structures, including α-helix and -sheet, are stabilized by hydrogen 

bonds. Some proteins are linear and some fold to form various globular structures. The whole 

shape of the protein is named the tertiary structure, which is maintained by interactions, such as 
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hydrogen bonding and disulfide bonding, of side chains from the polypeptide backbone. Some 

proteins also have a quaternary structure which is created by the side-chain interactions between 

two or more polypeptides (Philips & Williams, 2011; Sanvictores, 2022). Therefore, in the 

primary structure, the location of the amino acids that can form bindings such as ionic bonds and 

disulfide bridges can determine the secondary, tertiary, and quaternary structure. The shape of a 

protein is essential to its function. However, denaturation can be caused by alterations in 

temperature, pH, and chemical exposure, which results in permanent changes in protein shape, 

and thus leading to loss of function (Mattaini, 2020). 

 Proteins can be structural, contractile, regulatory, or protective, and function in transport, 

membranes, or storage (Mattaini, 2020). Linear proteins usually serve as structural components, 

for example in the connective tissue of animals. Collagen in tendons and bone, and keratin in 

skin, hair, and nails, are linear proteins that contain polypeptide chains organized in parallel to 

create long fibers. Globular proteins often participate in transport processes and dynamic 

functions in cells (Philips & Williams, 2011).  

 In addition to the functions in biological processes, proteins play a significant role as 

food ingredients and additives. Their ability in gelation, emulsion stabilization, and film 

formation leads to their wide application in the food industry. At high temperatures, globular 

proteins unfold and the denatured chains aggregate to produce gels that are thermally 

irreversible, while gelatin, which is a fibrous protein derived from collagen, can generate 

thermally reversible gels.  Proteins are usually applied to stabilize oil-in-water emulsions and 

foams because of their ability to adsorb at the oil-water and air-water interfaces, especially those 

derived from milk and eggs. The molecular size and conformation decide the surface activity of 

proteins. The adsorption ability of proteins at interfaces and their overall amphiphilic properties 
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are determined by the composition of amino acids. Globular proteins unfold and expose 

hydrophobic amino acids to adsorb at interfaces, after which elastic networks can be formed by 

proteins via self-association. Moreover, proteins including whey, soy, and corn zein are used to 

make edible films and applied in biodegradable packaging. Various bioactive compounds, such 

as essential oils, bacteriocins, and enzymes, are added to protein films to give them more 

functional properties (Philips & Williams, 2011).  

2.3.1 Whey Proteins 

 Whey proteins are a byproduct from dairy products (e.g., cheese) processing, and have 

become an important ingredient in formulated foods. Typically, they are supplied as dry 

powders, and the two most common forms are whey protein isolates (90% protein) and whey 

protein concentrates (80% protein). Whey proteins are significant in muscle nutrition because 

they are a rich supply of branched-chain amino acids which are preferentially metabolized by 

muscle instead of liver. Branched-chain amino acids can facilitate protein synthesis by activating 

important enzymes related to muscle protein synthesis. In some specific nutritional applications, 

such as infant formulas, whey proteins are usually used as a balancer for other proteins. In 

addition, their functional properties, including the ability of gelling, foaming, water-binding, and 

stabilizing interfaces, are frequently utilized in food applications. They can function as valid 

emulsifiers at low concentrations such as 0.5% and generate thin interfacial layers. During heat 

treatment, whey proteins are vulnerable to denaturation since the majority of them are globular 

and have defined tertiary and quaternary structure (Philips & Williams, 2011). 

2.3.2 -lactoglobulin 

 -lactoglobulin is the most prominent protein in whey proteins. In natural cow milk, it 

accounts for about half the whey proteins or around 12% of the total protein. It is also considered 
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a major potential allergen in cow’s milk. -lactoglobulin belongs to the lipocalin family and has 

a globular conformation including seven main strands of -sheet structure that generate a goblet 

shape. There are two genetically determined variants of BLG, which are known as variant A 

(18363 Da) and B (18276 Da) (Anantharamkrishnan & Reineccius, 2020b).  The two variants are 

formed at different amounts in milk and have various characteristics because of a variation in the 

regulatory region of the gene (Philips & Williams, 2011). The protein consists of 162 amino acid 

residues and has a molecular weight of around 18,300. The composition of the amino acids is 22 

Leu, 10 Ile, and 9 Val (or 10 in variant A), which imparts the molecule with some extremely 

hydrophobic regions. A variety of low molecular weight compounds, such as fatty acids, retinol, 

and flavor compounds can bind to the cavity in the protein. The sulfur chemistry is an important 

characteristic of beta-lactoglobulin. A single sulfhydryl group located at Cys 121 is buried in the 

protein and shielded by the α-helix, in addition to the two internal disulfide bridges that stabilize 

the protein. This single sulfhydryl group can interact with other sulfhydryl groups if exposed due 

to high temperature or other disruption of the protein’s secondary and tertiary structure, which 

can result in disulfide exchange and cross-links with other BLG molecules or other proteins 

(Creamer et al., 2004). BLG and its gelation properties are the main factors that influence whey 

protein gelling performance (Philips & Williams, 2011).  

 There are also some other proteins in whey proteins. α-Lactalbumin is a component of the 

lactose synthase enzyme and has a molecular weight of 14,200. The disulfide bridges in the 

protein maintain the molecule structure effectively, allowing it to unfold and refold by itself. 

Additionally, it can cross-link with other reactive proteins (e.g., -lactoglobulin) resulting in 

instability. Immunoglobulins (Igs) in bovine milk are a combination of blood Igs and mammary 

gland-produced Igs. They are globular proteins and are heat-labile. The health of the cow and the 
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season both affect the levels of Igs in milk. The protein typically consists of two light chains and 

two heavy chains, and every light-heavy pair is cross-linked by disulfide bridges. Bovine serum 

albumin is another protein that usually appears in whey proteins but only in a small amount. It is 

well preserved in membrane processing due to its high molecular weight. There are numerous 

disulfide bridges in the molecule, which gives the protein the ability to interact with -

lactoglobulin and bind small molecule compounds (Philips & Williams, 2011). 

 

2.4 Protein and Flavor Interactions 

 The interactions between food proteins and flavor compounds have been an issue in the 

food industry for a long time. The binding can prevent some flavor molecules from partitioning 

into the gas phase which causes problems of perception by consumers. Moreover, it would also 

result in the loss of proteins. In general, there are two types of interactions: non-covalent 

interactions and covalent reactions. Reversible hydrophobic interactions, hydrophilic 

interactions, ionic bonds, and Van der Waal’s forces are the main causes of flavor: protein 

interactions, while irreversible covalent binding can also happen (Snel et al., 2023). Equilibrium 

can be achieved over time for non-covalent interactions, but covalent bonding does not 

equilibrate and would continue until one of the reactants is consumed. In the case of food, the 

amount of protein usually is much higher than flavor, so it is more possible that flavor is 

consumed before protein (G. A. Reineccius, 2022). Therefore, it is important to understand the 

mechanisms of protein and flavor interactions to help with the flavor formulation.  

2.4.1 Non-covalent Interactions Between Protein and Flavor 

 Non-covalent interactions, also called reversible interactions, are considered predominant 

in nature since most aroma compounds are hydrophobic (Kühn et al., 2008; G. A. Reineccius, 
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2022). This type of interaction will achieve an equilibrium ultimately. Therefore, in the food 

industry, non-covalent interactions can be controlled by reformulation according to the flavor of 

the product after equilibrium (G. A. Reineccius, 2022).  

 Many studies have been conducted to understand interactions between protein and flavor 

for the past few decades, and most of them are focused on the total loss of flavor instead of the 

mechanisms. Evaluating equilibrium headspace concentration and expressing flavor retention as 

a percentage of decreased headspace concentration relative to the control is a popular method for 

studying the protein-flavor interaction. In addition, predicting flavor partitioning by modeling 

experimental data is also a method that has been commonly used (Snel et al., 2023). Whey 

proteins, especially β-lactoglobulin, are widely studied and used as the model protein for protein: 

flavor interactions research (Kühn et al., 2006). Kühn et al. (2008) studied the interactions of 

whey protein isolate (WPI) and flavor compounds (2-nonanone, 1-nonanal, and trans-2-nonenal) 

under heat and high pressure by headspace solid-phase microextraction (SPME) and gas 

chromatography (GC). Results showed that the binding decline in the order trans-2-nonenal > 1-

nonanal > 2-nonanone, which can be interpreted as only hydrophobic interactions happened for 

2-nonanone while covalent reaction can also occur in the case of the aldehydes (trans-2-nonenal 

and 1-nonanal). It was also observed that heat/pressure treatment has a different influence on the 

interactions depending on the structure of the flavor compound, which indicates that the three 

flavors react with whey proteins via different mechanisms and/or on different binding sites. 

Damodaran & Kinsella (1980) studied the binding between ketones (2-heptanone, 2-nonanone, 

and nonanal) and bovine serum albumin by a liquid-liquid partition equilibrium method. Viry et 

al. (2018) combined modeling and static headspace methods to predict flavor partitioning of a 

variety of flavor compounds above solutions of fat-free dairy protein mixture. Moreover, with 
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plant-based food becoming more and more popular, researchers have started paying more 

attention to plant proteins. Snel et al. (2023) conducted research on the interactions between 

esters and ketones and four plant proteins which are yellow pea, soy, fava bean, and chickpea, 

with whey as a reference. The flavor partitioning model was applied, and atmospheric pressure 

chemical ionization time-of-flight mass spectroscopy (APCI-TOF-MS) was used to measure the 

flavor concentration in the headspace. The results showed that hydrophobic interactions were 

highest for chickpeas, and decreased in the order of pea, fava bean, whey, and soy. However, this 

study interpreted the retention of flavor solely as hydrophobic interactions and did not take 

covalent reactions into account. Another study assessed the interactions between vanillin and 

barley proteins with pea protein and whey protein as two control proteins. Unbound vanillin at 

equilibrium was quantified, and the structure of protein-vanillin complexes was characterized by 

fluorescence spectrophotometry. Additionally, sensory evaluation was conducted to evaluate the 

interactions using a high-protein cookie. The sensory results correlated well with the Klotz plot 

predictions of unbound vanillin (Houde et al., 2018). Andriot et al. (2000) observed hydrophobic 

interactions between methyl ketones and β-lactoglobulin. They found that the addition of β-

lactoglobulin into the aroma solutions can cause a huge decrease in odor intensity. The method 

of static headspace was used to study the release of these flavor compounds in water solutions 

with different β-lactoglobulin concentrations. The equilibrium partitioning characteristics and the 

release rate of the three methyl ketones were predicted using a mathematical model. Results 

showed that the increase of the hydrophobic chain can lead to a higher affinity constant, which 

resulted in lower release rates and a lower final headspace aroma concentration.  
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2.4.2 Covalent Reactions Between Protein and Flavor 

 Covalent bonds are chemical bonds in which atoms share electrons to form electron pairs. 

In protein: flavor interactions, certain flavor compounds (e.g., aldehydes) can form covalent 

bonds with proteins. Groups such as –NH2, -SS-, and -SH in proteins are most likely to form 

covalent bonds with flavor compounds (G. Reineccius & Heath, 2006). Common reactions 

include Schiff base formation, Michael addition, and the formation of amide and ester (Kühn et 

al., 2008). These bonds are strong and irreversible and can result in permanent loss of flavor, 

significantly shortening the shelf life of the food. Early studies had difficulties in distinguishing 

covalent reactions and non-covalent reactions between flavor and protein because of a lack of 

methodologies. Recently, with the development of instrumentation, researchers have been able to 

discriminate the mechanisms. The main methods are MALDI, LC-ESI-MS, proteomics, and C14 

isotope binding (G. A. Reineccius, 2022).  

 Anantharamkrishnan & Reineccius (2020b) developed a method to characterize and 

monitor covalent reactions between BLG and flavor compounds by electrospray ionization mass 

spectrometry (ESI/MS) and proteomics. This method allows measurement of increases in 

β-lactoglobulin molecular weight when the reaction occurs (BLG + flavor) and allows 

identification of the reaction sites. After developing this method, Anantharamkrishnan et al. 

(2020) conducted research on the covalent reactions between 47 flavor compounds and 

β-lactoglobulin. The reaction mechanisms observed were Schiff base, Michael addition, and 

disulfide linkages. Results showed that the most reactive flavor compounds are aldehydes, 

functional group-containing furans, and sulfur-containing molecules (especially thiols). 

Furthermore, the influence of pH, temperature, and water activity on the formation of covalent 

bonds between β-lactoglobulin and flavor was studied. Higher pHs displayed higher reaction 
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rates, and high temperatures also led to more covalent adduct formation. For certain flavor 

compounds (allyl isothiocyanate), obvious increases in covalent bonds were observed at high 

water activities, while no big difference in the reaction rate was noticed for benzaldehyde, citral, 

and dimethyl disulfide (Anantharamkrishnan & Reineccius, 2020a). Additionally, another study 

was conducted to investigate the reaction under thermal treatments (pasteurization and 

sterilization). Covalent reactions between 46 flavor compounds and β-lactoglobulin were 

examined by UPLC−ESI−QTOF−MS under pasteurization and sterilization conditions, and three 

flavor compounds (eugenol, 4-vinyl phenol, and 3nonen-2one) were discovered covalently react 

with β-lactoglobulin which previously did not show any reactivity at room temperature. The data 

showed that the high-temperature-short-time (HTST) process had a minimal effect on the degree 

of the reaction compared to in-container pasteurization and ultra-high-temperature (UHT) 

process (Yuan et al., 2023).  

 The radioisotope (C-14) label method is ideal for studying covalent reactions because of 

its simplicity and the high-quality data it gives. This method involves using a labeled flavor 

compound, allowing reaction with protein forming covalent bonds. The unreacted labelled flavor 

compounds will then be solvent extracted to leave a protein: flavor compound solution which 

goes into a scintillate counter to measure the amount of isotope reacted with the protein, 14C-

isotope marker tracking flavor-protein reactions. The 14C-isotope flavor compound is mixed and 

incubated in a protein solution, then the free 14C-isotope is extracted with hexane and NaCl and 

quantified by the scintillation counter. However, it hasn’t been widely applied probably because 

of high cost and complicated work environment requirements (G. A. Reineccius, 2022).   

 In conclusion, the interactions between flavor and protein can influence flavor perception 

significantly and thus affect the shelf life of food products. Non-covalent interactions will 
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achieve equilibrium so they can be controlled by reformulation. However, covalent reactions are 

irreversible and will continue until either of the reactants (flavor compounds and proteins) is 

consumed. Therefore, it is important to distinguish the type of interactions and monitor the 

covalent reactions.  

 

2.5 Liquid Chromatography Electrospray Ionization Mass Spectrometry (LC-ESI-MS/MS) 

for Measuring Protein Adducts 

 LC-ESI-MS/MS, MALDI-MS, C14 isotope, and proteomics are the main methodologies 

for studying the covalent bonding of proteins and small molecules. The C-14 isotope labeling 

method uses C-14 labeled molecules to monitor reactions with proteins and gives high-quality 

data. However, the cost and availability of the isotopes, and the training and workplace 

requirements make this method less popular. Proteomics is a method for determining the location 

of the bonding in proteins. The creation of MALDI and ESI makes intact protein analysis 

possible. These two techniques allow the ionization of large protein molecules without 

enzymatic treatment. The matrix-assisted laser desorption ionization mass spectrometry 

(MALDI-MS) has properties including simple sample introduction and data interpretation, but 

the resolving power of MALDI-TOF is not adequate for detecting the reaction in most animal 

and plant proteins. LC-ESI-MS has been used widely in studying the reactions between proteins 

and small molecules (e.g., phenolic compounds and flavor compounds). Although the data 

interpretation requires a complex deconvolution step because of multiple charges, with the 

development of computer technology, the powerful MaxEnt-1 mass deconvolution software 

makes the data interpretation much more convenient. Moreover, the resolution of this method is 
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sufficient to detect the addition of small molecules to many animal and plant proteins (Alu’datt 

et al., 2019; Anantharamkrishnan & Reineccius, 2020b; Reineccius, 2022; Rouse et al., 2005) 

 Electrospray ionization mass spectrometry is an important technique used widely in 

protein studies. It allows the study of covalent bonds between proteins and small molecules. 

Mass spectrometry can give both qualitative and quantitative information about molecules. The 

target molecules are initially introduced to the mass spectrometer's ionization source, where they 

are ionized to pick up positive or negative charges. After passing through the mass analyzer, the 

ions reach various locations within the detector based on their mass/charge (m/z) ratio. A 

computer system generates and records usable signals once the ions meet the detector. The 

signals are graphically shown by the computer as a mass spectrum, which indicates the signals' 

relative abundance based on their m/z ratio. Liquid chromatography facilitates quick and 

quantitative compound separation by the physico-chemical properties of compounds, when 

combined with ESI-MS, a powerful technology that can rapidly analyze both small and big 

molecules for a wide range of applications is created (Ho et al., 2003; Sargent et al., 2013). 

 During the ESI process, electrical energy helps ions transfer from the solution into the 

gas phase in three steps: dispersing a tiny spray of charge droplets, evaporating the solvent, and 

ejecting the ions from the highly charged droplets (Figure 3). A sampling skimmer cone collects 

the released ions, which are then accelerated into the mass analyzer for molecular mass analysis 

and ion intensity measurement. The quadrupole mass analyzer is one of the most used. Usually, 

three quadrupoles are arranged in a linear pattern making up a tandem quadrupole system, 

known as a "triplequad". The result is shown as a mass spectrum which is a graph of the relative 

abundance of ion signals against the m/z ratios. For ESI, multiple protonations of proteins can 
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happen, so a deconvolution step is often applied to convert the result to a single charged format 

for easy interpretation (Ho et al., 2003). 

 
 

Figure 3: Mechanism of electrospray ionization. (Source: Ho et al., 2003). 

 Anantharamkrishnan & Reineccius (2020b) developed a method using LC-ESI-MS and 

proteomics to study covalent reactions between BLG and flavor compounds of 13 functional 

groups (Anantharamkrishnan et al., 2020). The effects of pH, water activity, and temperature on 

the reactions were also investigated by the LC-ESI-MS method (Anantharamkrishnan & 

Reineccius, 2020a). Moreover, the covalent adduct formation between the protein and flavor 

compounds under thermal treatments (pasteurization and sterilization) was explored (Yuan et al., 

2023). Poojary et al. (2023) developed a stable isotope dilution LC-ESI-MS method to identify 

and quantify adducts of polyphenols and proteins in dairy beverages. ESI-MS was also used to 

monitor the reactions between a drug named Auranofin and a group of representative proteins. 

The method provided details of the reactions and allowed the determination of the properties of 

the adducts at the molecular level (Zoppi et al., 2020). Furthermore, the adducts of proteins (β-

lactoglobulin B, human hemoglobin, cytochrome c, and insulin) and lipid oxidation products (4-
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hydroxy-2-nonenal (HNE), hexanal, and 2(E),4(E)-decadienal (DDE)) were analyzed by ESI-MS 

(Bruenner et al., 1995; Fenaille et al., 2003; Tang et al., 2011).  

 LC-ESI-MS has been widely used in clinical studies and very recently was applied to 

determine covalent reactions between proteins and flavor compounds. For decades, an enormous 

number of studies on interactions between flavor and proteins were conducted, however, most of 

them only measured the total loss of flavor without considering the mechanisms of interaction. 

Covalent bonding was observed in some studies (Alaiz & Giron, 1994; Kühn et al., 2008; 

Meynier et al., 2004) but was not proven until LC-ESI-MS was applied (Anantharamkrishnan & 

Reineccius, 2020b). LC-ESI-MS is an effective method for measuring protein adducts with small 

molecular weight. Therefore, this research used this technology to study the covalent reaction 

between BLG and the two oxidation markers which are hexanal and limonene oxide.  

 One weakness of this technology is the resolution of ESI-MS decrease with the increase 

in the molecular weight of analytes. Therefore, it is not suitable for large protein (e.g. plant 

proteins) analysis. 

 

2.6 Gas Chromatography (GC) for Measuring Flavor Compounds 

 Gas chromatography is a technique for separation and analysis of volatile compounds. It 

is used in qualitative and/or quantitative analysis of food composition, food additives, pesticides, 

natural toxins, flavor and aroma, packaging materials, etc. (Lehotay & Hajšlová, 2002). For 

flavor compound identification, gas chromatography–mass spectrometry (GC–MS), gas 

chromatography–olfactometry–mass spectrometry (GC–O–MS), and electronic nose are the most 

commonly used techniques (Wang et al., 2020). 
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 When a sample is introduced into the GC, it will be vaporized and carried by the mobile 

phase, which is also called the carrier gas, passing through the stationary phase. The carrier gas 

is often an inert gas such as helium, nitrogen, and hydrogen. The stationary phase is set inside a 

separation column. When a sample passes through the stationary phase, due to different chemical 

and physical properties, the compounds will pass the column at different rates and exit at 

different times, and then be tested by a detector. Two common detectors are the thermal 

conductivity detector (TCD) and the flame ionization detector (FID). For TCD, analyte 

molecules elute from the column and mix with carrier gas, causing a drop in thermal 

conductivity as well as an increase in filament temperature and resistivity. These changes in 

filament temperature and resistivity eventually lead to oscillations in voltage, which trigger a 

detector response. The sensitivity of the detector is directly proportional to the filament current 

and inversely proportional to the temperature of the detector's immediate surroundings and the 

carrier gas flow rate. For FID, near the exit of the column, electrodes are positioned next to a 

hydrogen/air-fueled flame, which pyrolyzes compounds containing carbon as they escape the 

column. Due to the carbons' capacity to produce cations and electrons during pyrolysis, a current 

between the electrodes can be created. The increase in current is translated and shows up as a 

peak in a chromatogram. This detector is limited to organic and hydrocarbon-containing 

substances (Harris & Lucy, 2016). TCD is not as popular as FID mainly because of its poor 

sensitivity for most analytes (Harvey, 2000). 

 In a study conducted by Hawthorne et al. (1988), GC-FID was applied to analyze flavor 

and fragrance compounds in various natural products including orange peel, cedar wood, and 

spices. Additionally, flavor features of vegetable oils can also be assessed effectively by GC 

(Dupuy et al., 1977). In flavor encapsulation, GC was used to determine the amounts of aroma 
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compounds maintained by the encapsulation operations. The ability of wall materials to prevent 

flavors from oxidation was also evaluated by GC by measuring the amount of the oxidation 

product (Charve & Reineccius, 2009). Vazquez-Landaverde et al. (2005) developed a headspace 

solid-phase microextraction (HS-SPME) GC-FID method to quantitatively analyze the thermally 

derived off-flavors in milk under different thermal treatments. For complex food samples that 

have various flavor compounds, two-dimensional GC (GC×GC) is applied for its fortified 

separation abilities (Wang et al., 2020; Zhu et al., 2007).  

 GC usually is combined with mass spectrometry (MS) for compound identification. 

Especially in flavor analysis, the GC-MS method has been widely used in identifying flavor 

compounds in foods. GC-MS identified 183 volatile compounds in 11 types of sauce spareribs, 

and results showed that there was a good separation among groups. The inherent flavors in oat 

groats were also characterized by GC-MS (Heydanek & McGorrin, 1981). Qian & Reineccius 

(2003) quantified neutral aroma compounds in Parmigiano Reggiano cheese by the dynamic 

headspace GC-MS technique and free fatty acids by the ion-exchange chromatography and GC-

FID. A relatively new technology named gas chromatography ion mobility spectrometry (GC-

IMS) shows a good ability to measure flavor compounds accurately. It integrates the fast 

response of IMS and the high separation capacity of GC. GC-IMS separates and analyzes ionized 

molecules based on their mobilities in an electric field under ambient temperatures and pressures. 

IMS works well for trace gas analysis and has low detection limits, excellent sensitivity, low 

cost, and easy operation (Wang et al., 2020; Yao et al., 2022). Yao et al. (2022) used headspace 

gas chromatography ion mobility spectrometry (HS-GC-IMS) to study the flavor formation 

during Dezhou braised chicken processing, and 37 compounds were identified successfully by 

this method. A better understanding of the influence of processing on the flavor formation in the 
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chicken was gained, which can benefit the improvement of processing and products for the 

poultry industry. There is also a study comparing sampling techniques including steam 

distillation (SD), simultaneous distillation and solvent extraction (SDE), and headspace solid-

phase microextraction (HS-SPME) for Korean garlic flavor determination via GC-MS. HS-

SPME shows several advantages compared to other methods. It features fast solvent-free 

extraction, no significant thermal degradation, labor-saving operation and low sample 

requirements. (Lee et al., 2003).  

 GC-MS is effective in flavor compound identification, but it cannot determine the odor 

properties of the compounds. Additionally, certain volatile chemicals with strong odors have 

concentrations too low for GC-MS to identify (H. Song & Liu, 2018). Therefore, an olfactometry 

technique is integrated with GC. Gas chromatography-olfactometry (GC-O) incorporates an 

olfactometer (human assessor) that detects odor, describes the odor perceived, and evaluates the 

odor intensity and duration (Brattoli et al., 2013). An odor port is added to a standard GC, and 

the eluate splits to the odor port and the traditional detector. At the odor port, assessors sniff the 

eluting volatiles. This method allows the connection of a volatile compound to its sensory 

properties (Delahunty et al., 2006). GC-O offers both instrumental and sensorial analysis and has 

been widely used in flavor studies (d’Acampora Zellner et al., 2008). Jonsdottir et al. (2004) 

studied the flavor profiles of processed ripened roe via several methods including GC-O, 

electronic nose, and sensory analysis. GC-O was able to detect compounds with very low 

thresholds and showed good correlations with both the electronic nose measures and sensory 

evaluation. In the study conducted by Moon et al. (2006), the flavor of simulated beef was 

analyzed via GC-O and GC-MS and compared with roasted and boiled beef. GC-O has also been 

applied in cheese aroma characterization (Frank et al., 2004). Furthermore, the combination of 
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GC-O and GC-MS creates a powerful technique to study food flavors. GC-O-MS can quickly 

map aroma-active compounds, identify key aroma-active compounds, study the connection 

between odorants and sensory attributes, and clarify the formation mechanism of significant 

odorants (H. Song & Liu, 2018). GC-O-MS has many applications, and it has been used to 

investigate the effect of free fatty acids on the odor of pork (Aaslyng & Schäfer, 2008), identify 

the aroma-active compounds of Beijing roast duck, olive oils, and muskmelon juice (Chen et al., 

2009; Kesen et al., 2013; Pang et al., 2012), determine the migration of odor compounds from 

adhesives used in food packaging materials Vera et al., 2014), etc.  

 Gas chromatography is a significant technique in food flavor study, when combined with 

MS and/or olfactometry, many flavor problems and challenges in the food industry can be 

solved. This study used GC-FID to quantify the unbound oxidation markers (hexanal and 

limonene oxide) in the samples during storage to study the reactions between the proteins and the 

two markers. 
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Chapter 3: MATERIALS AND METHODS 

3.1 Materials  

 Whey protein isolate (BIPRO 9500) was provided by Agropur (Eden Prairie, MN, USA). 

The single variant β-lactoglobulin (BLG) was obtained from a previous work in the lab by 

isolating the protein from a homozygous, single cow’s milk (Anantharamkrishnan & Reineccius, 

2020b).  (+)-limonene oxide (97%, mixture of cis and trans) and ethyl butyrate (99%) were 

purchased from Sigma-Aldrich (Milwaukee, WI, USA). Ethyl heptanoate (98%) was bought 

from BeanTown Chemical (Hudson, NH, USA). Hexanal (97%) was purchased from Chem 

Impex International (Wood Dale, IL, USA). Hydrochloric acid (37%) was bought from 

Mallinckrodt Baker (Paris, KY, USA), sodium hydroxide was from Greener Life Essentials 

(Sebring, FL, USA), and magnesium chloride hexahydrate was from Sigma-Aldrich (St. Louis, 

MO, USA). The water used for the gas chromatography analysis was deionized, and for the 

electrospray ionization mass spectrometry analysis was double distilled.  

 

3.2 Methods 

3.2.1 Determination of Covalent Reactions with Proteins in Dry State 

3.2.1.1 UPLC ESI MS Conditions 

 For UPLC/MS analysis of proteins, a Waters Acquity UPLC coupled to a Waters Synapt 

G2 HDMS quadrupole orthogonal acceleration time of flight mass spectrometer was used (Waters 

Corp., Milford, MA, USA). A Waters Acquity UPLC Protein BEH C4 2.1 mm × 100 mm column 

(1.7 m diameter particles) maintained at 50C was used for a 30 min linear gradient separation at 

a flow rate of 0.400 mL/min using A: water containing 0.1% formic acid and B: methanol 
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containing 0.1% formic acid: 3% B, 0 min to 5 min; 3% B to 97% B, 5 min to 15 min; 97% B, 15 

min to 16 min; 97% B to 55% B, 16 min to 17 min; 55% B 17 min to 24 min.; 55% B to 3% B, 24 

min to 25 min. Mass spectra were collected in profile mode over the range m/z 300-2500 every 

0.1s during the chromatographic separation. MS parameters in positive electrospray ionization 

mode were as follows: capillary, 0.6 kV; sampling cone, 30.0 V; extraction cone, 5.0 V; 

desolvation gas flow, 800 L/h; source temperature, 100C; desolvation temperature, 350C; cone 

gas flow, 20 L/h; trap CE, off. Lockspray (on-the-fly mass calibration) configuration consisted of 

infusion of a 5 g/mL solution of leucine-enkephalin and acquisition of one mass spectrum (0.2s 

scan, m/z 50-1200) every 10s. Three lockspray m/z measurements of protonated (positive 

ionization mode) leucine-enkephalin were averaged and used to apply a mass correction to 

measured m/z values during the course of the analysis.  

3.2.1.2 Sample Preparation for UPLC ESI MS Storage Analysis 

 A 20% w/w beta lactoglobulin solution was prepared with double distilled water. An 

aliquot of the protein solution was spiked with either limonene oxide or hexanal (0.06% on a 

protein basis). The solution was mixed well and then frozen with liquid Nitrogen and freeze 

dried by a VirTis benchtop 3L freeze dryer (SP Industries, Inc., Warminster, PA, USA) for 5 

days. The freeze-dried powder was divided into aliquots (1g) and stored at 45C in a desiccator 

containing saturated MgCl2•6H2O salt. This saturated salt provided an air environment of aw 0.3. 

Sample aliquots were taken at different storage time points (Day 0, 1, 3, 7, 14, 28) for LC MS 

analysis. The samples for LC-MS analysis were prepared at 50 M protein.  The solution was 

filtered using a 0.22 m syringe filter. The solution was then sent to the Mass Spectrometry Lab 

in the Department of Chemistry at the University of Minnesota, Twin Cities for analysis.  
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3.2.2 Gas Chromatography FID Analysis for Studying the Influence of Reaction Conditions 

on Protein: Marker Reaction 

3.2.2.1 Gas Chromatography FID Conditions 

 A HP-5890A Series II GC (Hewlett-Packard, Alto Palo, CA, USA) with a DB-WAX 

capillary column (30 m × 0.25 mm × 0.25 μm) (J&W Scientific, Folsom, CA) and a flame 

ionization detector (FID) was used in analysis. The oven program was 40°C initial temperature, 

increasing at 7°C/min to 96°C, and then increasing at 20°C/min to final temperature of 220°C, 

holding for 5min. The injection port temperature was 220°C, and the detector temperature was 

250°C. Two μL of sample were injected using an autosampler with the GC operated in split 

mode (60:1). Hydrogen was the carrier gas, and the column head pressure was 12.0 psi. The flow 

through the column was ca. 2 ml/min.  

3.2.2.2 Reacting Proteins and Oxidation Markers 

 A 25% w/w whey protein isolate solution was prepared with deionized water. The pH 

was adjusted to 4 or 7 with 1M HCl and/or 1M NaOH. Nine g limonene oxide and 9 g hexanal 

were added to 800 g of the solution and homogenized by PowerGen 700 Homogenizer (Fisher 

Scientific, Hampton, NH) for 10 min. The “flavored” solution was then freeze dried. The 

resultant powders were separated into aliquots (1g) for storage and stored at different 

temperatures (25°, 40°, and 60°C) and water activities (0.23, 0.53, 0.75) in desiccators. The 

stored powders were analyzed at different reaction time points (Day 0, 1, 3, 7, 14, 28) for Gas 

Chromatography analysis.  
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3.2.2.3 Sample Preparation for Gas Chromatography FID Analysis to Measure the 

Unbound Hexanal/LO   

 A 15% w/w solution (6.67g) of each aliquot of the stored sample powder was prepared in 

deionized water. Three ml of the solution was transferred to a vial, then 12 ml of an acetone 

solution containing ethyl butyrate (500 ppm) and ethyl heptanoate (500 ppm) as internal 

standards was added to the vial with stirring. The mixture was allowed to settle for 30min and 

then centrifuged if necessary to produce a clear solution. The clear fraction (1.5 mL) was 

transferred to 2mL autosampler vials and loaded into a HP7673A automatic sampler (Hewlett-

Packard, Wilmington, DE), and 2 μL of sample was injected into the GC. A standard sample was 

prepared by adding limonene oxide (500 ppm), hexanal (500 ppm), ethyl butyrate (500 ppm) and 

ethyl heptanoate (500 ppm) into acetone. The standard sample was used to calculate the response 

factor. Data collection and peak area integrations were done. The experiment was run in 

duplicate.  
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Chapter 4: RESULTS AND DISCUSSION 

4.1 Reaction of BLG with Limonene Oxide 

 After incubating for 28 days, a significant increase in peak intensity was observed at a 

molecular mass of 18516 Da compared to the peak area on Day 0. The adduct peak has a mass 

shift of 152 Da which is consistent with the addition of limonene oxide. The change of the 

adduct peak size is shown in Table 1. On Day 0, the adduct peak exists probably because the 

reaction largely happens during sample preparation (mixing and freeze drying). During the 

second 14 days of incubation, the peak approximately doubles in size.  Epoxides can react with 

nucleophiles in an SN2 reaction. Thiols are the most likely nucleophilic functional group in a 

protein. In BLG, free cysteines are usually buried deeply in the protein, making it difficult for 

limonene oxide to access, which could lead to the slow reaction at the beginning. With an 

increase in reaction time, limonene oxide can access the cysteines and formed covalent adducts, 

so the reaction is much faster in the Day 14 ~ 28 interval than in the Day 0 ~ 14 period.  

a) Day 0                                                                          b) Day 28 
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Figure 4: Deconvoluted ESI mass spectra of BLG and limonene oxide incubated at 45℃, aw 0.33 

for 0 and 28 days. 

Table 1: The intensity of the adduct peak on different incubation days. 

Incubation Time (Days) 0 14 28 

Adduct Peak Intensity 60,450 82,020 175,700 

 

 

Figure 5: Proposed mechanism of the reaction between limonene oxide and BLG. 

4.2 Reaction of BLG with Hexanal 

 Previous work (Anantharamkrishnan et al., 2020) has shown that hexanal readily reacts 

with BLG through a Schiff base reaction (Figure 6). This reaction happens quickly in liquid 

state: large adduct peaks are observed after only 24 hours of incubation. The single Schiff base 

adduct (BLG + 82 Da) has the biggest peak which means it is the main product. In the case of 

dry state, only the peak of the single Schiff base adduct (BLG + 82 Da) appears obviously on the 

spectrum.  

 Table 2 shows the change in intensity of the adduct peak with storage time. The dry state 

makes it difficult for hexanal to access the reaction sites (lysine) in the protein, so the reaction 

rate is slow. In industry, if hexanal is used as an oxidation marker in a dry food that contains 

protein and the storage time is months, the influence of the reaction between hexanal and protein 

on the reliability of this marker could be insignificant.  
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Figure 6: Mechanism for the formation of Schiff base by hexanal and a free amine-containing 

group in a protein. 

a) Day 0                                                                               b) Day 28               

                              

Figure 7: Deconvoluted ESI mass spectra of BLG and hexanal incubated at 45℃, aw 0.33 for 0 

and 28 days.  

Table 2: The intensity of the adduct peak on different incubation days. 

Incubation Time (Days) 0 14 28 

Adduct Peak Intensity 173,000 193,000 188,100 
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4.3 Effect of Temperature, Water Activity, and pH on the Reaction Between Whey Protein 

Isolate (WPI) and Hexanal/LO  

4.3.1 WPI and Limonene Oxide 

 The amount of extractable limonene oxide in the samples was determined after selected 

storage times. Theoretically, if the extractable amount decreases, this may suggest that more 

limonene oxide is bonded with the protein. The data do show a reduction in the amount of LO 

present in samples with storage. The rate of loss increasing with increased temperature and 

increased water activity is consistent with expectations for chemical reactions. Unfortunately, 

there is another potential factor that could lead to the decrease of extractable LO – i.e., 

evaporation. The samples had to be stored in open vials when in the desiccators to properly 

adjust the water activity. This could result in the marker undergoing some loss due to 

evaporation.   

 Interestingly, on Day 0 when freeze drying was finished, the amount of extractable 

limonene oxide remaining in the sample was substantially different between samples held at two 

different pHs (pH 4 and 7) (Fig. 8). It is well known that pH changes the structure and properties 

of a protein which can alter both evaporative losses and reaction rates. The unfolding of the 

protein at pH 4 may have favored the evaporative loss of small molecules (i.e., LO). The 

alternative hypothesis is that the reaction rate between volatiles and the protein increased at low 

pH. One finds that losses increased at elevated water activities and storage temperatures. There 

are no data to differentiate between these loss mechanisms.  These observations may be 

explained/are consistent with either factor (water activity or temperature). Again, there is no 

basis to choose mode of loss based on the data.  
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Figure 8: The extractable limonene oxide in the samples during incubation.  

 

4.3.2 WPI and Hexanal 

 The amount of extractable hexanal decreases with time, and the rate increases with an 

increase in temperature or water activity. Similar to limonene oxide data, during the first few 

days of incubation, a sharp decrease in the amount of extractable hexanal probably is due to the 

evaporation of hexanal instead of the reaction with the protein. The trends that the experimental 

variables show for the loss of hexanal are very similar to those observed for limonene oxide. 

However, there are some minor differences. The protein shows different ability to maintain 

limonene oxide vs hexanal at pH 7. On Day 0 (the time that freeze drying was finished), at pH 7, 

the amount of extractable limonene oxide is 34 mg/g protein while extractable hexanal is 11 

mg/g protein. This could be related to the solubility and vapor pressure of the two compounds.  

 In conclusion, because of the influence of evaporation, solubility, and vapor pressure, this 

data is hard to interpret, and not valid to show the effect of reaction conditions (temperature, aw, 

and pH) on the reaction between LO/hexanal and WPI.  
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Figure 9: The extractable hexanal in the samples during incubation.  

4.4 Discussion  

 The MS results indicate limonene oxide could react with -lactoglobulin and form 

covalent adducts. The possible reaction mechanism could be the SN2 nucleophilic substitution 

reaction between the compound and free cysteines in the protein. The reaction rate increases 

significantly after storing for 14 days which could be due to the accessibility to the cysteines 

buried in the protein. These results suggest that limonene oxide may not be a very valid 
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oxidation marker for foods containing high levels of proteins, but more data are needed to 

determine the importance of this reaction in undermining the use of LO as an indicator of orange 

oil oxidation. The reaction between hexanal and -lactoglobulin is relatively slow in the dry state 

during storage, which could make hexanal a usable marker of lipid oxidation in dry food when 

the storage time is within months.  

 For objective 2, pure -lactoglobulin variant A is exhausted and it is difficult to find a 

homozygous single cow and isolate a single variant. Therefore, whey protein isolate is used. 

However, WPI is not suitable for LC-ESI-MS analysis because of its large molecular weight, so 

the GC-FID method is adopted. It is an indirect measurement that measures the free markers in 

the samples. Theoretically, if the amount of the free markers decreases, it would indicate that 

more are binded with the protein. However, the evaporation makes it hard to determine the 

mechanism of the loss of limonene oxide/hexanal. During storage, the sample vials are stored in 

desiccators without caps to adjust the water activity, which leads to evaporation. Moreover, 

different temperatures, water activities, and pH influence the vapor pressure and solubility of the 

two compounds, as well as the ability of the protein to maintain the compounds during freeze-

drying. Unfortunately, all these factors cause the GC results uninterpretable and invalid to 

support the second objective of this research.  

 In conclusion, this research shows that limonene oxide could form covalent bonds with 

the model food protein (-lactoglobulin). Moreover, the reaction rate would increase with the 

increase of storage time, which could make limonene oxide inaccurate as an oxidation marker in 

food containing high levels of proteins. For hexanal, the increase of the protein adduct is not very 

significant during storage, so it still can be considered as a usable oxidation marker for dry foods. 

Temperature, pH, and water activity have an influence on the reaction rate, but the experiment 
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design for objective 2 is problematic leading to uninterpretable GC results. For future work, 

using pure -lactoglobulin for sample preparation and LC-ESI-MS for analysis to study the 

effect of reaction conditions is a better choice.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

49 

References 

Aaslyng, M. D., & Schäfer, A. (2008). The effect of free fatty acids on the odour of pork 

investigated by sensory profiling and GC-O-MS. European Food Research and 

Technology, 226(5), 937–948. https://doi.org/10.1007/s00217-007-0647-3 

Ahmed, M., Pickova, J., Ahmad, T., Liaquat, M., Farid, A., & Jahangir, M. (2016). Oxidation of 

Lipids in Foods. Sarhad Journal of Agriculture, 32(3), 230–238. 

https://doi.org/10.17582/journal.sja/2016.32.3.230.238 

Alaiz, M., & Giron, J. (1994). Modification of Histidine Residues in Bovine Serum Albumin by 

Reaction with (E)-2-Octenal. Journal of Agricultural and Food Chemistry, 42(10), 2094–

2098. https://doi.org/10.1021/jf00046a005 

Alu’datt, M. H., Rababah, T., Kubow, S., & Alli, I. (2019). Molecular changes of phenolic–

protein interactions in isolated proteins from flaxseed and soybean using Native‐PAGE, 

SDS‐PAGE, RP‐HPLC, and ESI‐MS analysis. Journal of Food Biochemistry, 43(5), 

e12849. https://doi.org/10.1111/jfbc.12849 

Anantharamkrishnan, V., Hoye, T., & Reineccius, G. A. (2020). Covalent Adduct Formation 

Between Flavor Compounds of Various Functional Group Classes and the Model Protein 

β-Lactoglobulin. Journal of Agricultural and Food Chemistry, 68(23), 6395–6402. 

https://doi.org/10.1021/acs.jafc.0c01925 

Anantharamkrishnan, V., & Reineccius, G. A. (2020a). Influence of pH, Temperature, and Water 

Activity on Covalent Adduct Formation between Selected Flavor Compounds and Model 

Protein β-Lactoglobulin. Journal of Agricultural and Food Chemistry, 68(47), 13833–

13843. https://doi.org/10.1021/acs.jafc.0c06752 



 

 

50 

Anantharamkrishnan, V., & Reineccius, G. A. (2020b). Method To Characterize and Monitor 

Covalent Interactions of Flavor Compounds with β-Lactoglobulin Using Mass 

Spectrometry and Proteomics. Journal of Agricultural and Food Chemistry, 68(46), 

13121–13130. https://doi.org/10.1021/acs.jafc.9b07978 

Andriot, I., Harrison, M., Fournier, N., & Guichard, E. (2000). Interactions between Methyl 

Ketones and β-Lactoglobulin: Sensory Analysis, Headspace Analysis, and Mathematical 

Modeling. Journal of Agricultural and Food Chemistry, 48(9), 4246–4251. 

https://doi.org/10.1021/jf991261z 

Azarbad, M. H., & Jeleń, H. (2015). Determination of Hexanal—An Indicator of Lipid Oxidation 

by Static Headspace Gas Chromatography (SHS-GC) in Fat-Rich Food Matrices. Food 

Analytical Methods, 8(7), 1727–1733. https://doi.org/10.1007/s12161-014-0043-0 

Bedner, M., Sander, L. C., & Sharpless, K. E. (2010). An LC-ESI/MS method for determining 

theanine in green tea dietary supplements. Analytical and Bioanalytical Chemistry, 

397(5), 1773–1777. https://doi.org/10.1007/s00216-010-3713-9 

Beltran, E., Pla, R., Yuste, J., & Mor-Mur, M. (2003). Lipid oxidation of pressurized and cooked 

 chicken: Role of sodium chloride and mechanical processing on TBARS and hexanal 

 values. Meat Science, 64(1), 19–25. https://doi.org/10.1016/S0309-1740(02)00132-8 

Bernhard, R. A., & Marr, A. G. (1960). THE OXIDATION OF TERPENES. I. MECHANISM 

and REACTION PRODUCTS OF D-LIMONENE AUTOXIDATION. Journal of Food 

Science, 25(4), 517–530. https://doi.org/10.1111/j.1365-2621.1960.tb00363.x 

Birk, F., Hausmann, H., Fraatz, M. A., Kirste, A., Aust, N. C., Pelzer, R., & Zorn, H. (2022). 

Generation of Flavor-Active Compounds by Electrochemical Oxidation of ( R )-



 

 

51 

Limonene. Journal of Agricultural and Food Chemistry, 70(23), 7220–7229. 

https://doi.org/10.1021/acs.jafc.2c01301 

Brattoli, M., Cisternino, E., Dambruoso, P., De Gennaro, G., Giungato, P., Mazzone, A., 

Palmisani, J., & Tutino, M. (2013). Gas Chromatography Analysis with Olfactometric 

Detection (GC-O) as a Useful Methodology for Chemical Characterization of Odorous 

Compounds. Sensors, 13(12), 16759–16800. https://doi.org/10.3390/s131216759 

Brewer, M. S. (2011). Natural Antioxidants: Sources, Compounds, Mechanisms of Action, and 

Potential Applications. Comprehensive Reviews in Food Science and Food Safety, 10(4), 

221–247. https://doi.org/10.1111/j.1541-4337.2011.00156.x 

Bruenner, B. A., Jones, A. D., & German, J. B. (1995). Direct Characterization of Protein 

Adducts of the Lipid Peroxidation Product 4-Hydroxy-2-nonenal Using Electrospray 

Mass Spectrometry. Chemical Research in Toxicology, 8(4), 552–559. 

https://doi.org/10.1021/tx00046a009 

Castel, V., Rubiolo, A. C., & Carrara, C. R. (2023). Powdered ᴅ-limonene microcapsules 

 obtained by spray drying using native and thermal-treated Brea gum as wall materials. 

 Powder Technology, 417, 118263. https://doi.org/10.1016/j.powtec.2023.118263 

Charve, J., & Reineccius, G. A. (2009). Encapsulation Performance of Proteins and Traditional 

Materials for Spray Dried Flavors. Journal of Agricultural and Food Chemistry, 57(6), 

2486–2492. https://doi.org/10.1021/jf803365t 

Chen, G., Song, H., & Ma, C. (2009). Aroma-active compounds of Beijing roast duck. Flavour 

and Fragrance Journal, 24(4), 186–191. https://doi.org/10.1002/ffj.1932 



 

 

52 

Ciriminna, R., Lomeli-Rodriguez, M., Demma Carà, P., Lopez-Sanchez, J. A., & Pagliaro, M. 

(2014). Limonene: A versatile chemical of the bioeconomy. Chem. Commun., 50(97), 

15288–15296. https://doi.org/10.1039/C4CC06147K 

Creamer, L. K., Bienvenue, A., Nilsson, H., Paulsson, M., Van Wanroij, M., Lowe, E. K., 

Anema, S. G., Boland, M. J., & Jiménez-Flores, R. (2004). Heat-Induced Redistribution 

of Disulfide Bonds in Milk Proteins. 1. Bovine β-Lactoglobulin. Journal of Agricultural 

and Food Chemistry, 52(25), 7660–7668. https://doi.org/10.1021/jf049388y 

d’Acampora Zellner, B., Dugo, P., Dugo, G., & Mondello, L. (2008). Gas chromatography–

olfactometry in food flavour analysis. Journal of Chromatography A, 1186(1–2), 123–

143. https://doi.org/10.1016/j.chroma.2007.09.006 

Damodaran, S., & Kinsella, J. E. (1980). Flavor protein interactions. Binding of carbonyls to 

bovine serum albumin: Thermodynamic and conformational effects. Journal of 

Agricultural and Food Chemistry, 28(3), 567–571. https://doi.org/10.1021/jf60229a019 

Davoudi-Monfared, E., Mojtahedzadeh, M., & Bayrami, Z. (2023). Limonene. In Reference 

Module in Biomedical Sciences (p. B9780128243152002311). Elsevier. 

https://doi.org/10.1016/B978-0-12-824315-2.00231-1 

Delahunty, C. M., Eyres, G., & Dufour, J.-P. (2006). Gas chromatography-olfactometry. Journal 

of Separation Science, 29(14), 2107–2125. https://doi.org/10.1002/jssc.200500509 

Djordjevic, D., Cercaci, L., Alamed, J., McClements, D. J., & Decker, E. A. (2007). Chemical 

 and Physical Stability of Citral and Limonene in Sodium Dodecyl Sulfate−Chitosan and 

 Gum Arabic-Stabilized Oil-in-Water Emulsions. Journal of Agricultural and Food 

 Chemistry, 55(9), 3585–3591. https://doi.org/10.1021/jf063472r 



 

 

53 

Djordjevic, D., Cercaci, L., Alamed, J., McClements, D. J., & Decker, E. A. (2008). Chemical 

and Physical Stability of Protein and Gum Arabic-Stabilized Oil-in-Water Emulsions 

Containing Limonene. Journal of Food Science, 73(3), C167–C172. 

https://doi.org/10.1111/j.1750-3841.2007.00659.x 

Domínguez, R., Pateiro, M., Gagaoua, M., Barba, F. J., Zhang, W., & Lorenzo, J. M. (2019). A 

Comprehensive Review on Lipid Oxidation in Meat and Meat Products. Antioxidants, 

8(10), 429. https://doi.org/10.3390/antiox8100429 

Domínguez, R., Pateiro, M., Purriños, L., Munekata, P. E. S., Echegaray, N., & Lorenzo, J. M. 

(2022). Introduction and classification of lipids. In Food Lipids (pp. 1–16). Elsevier. 

https://doi.org/10.1016/B978-0-12-823371-9.00018-6 

Dupuy, H. P., Rayner, E. T., Wadsworth, J. I., & Legendre, M. G. (1977). Analysis of vegetable 

oils for flavor quality by direct gas chromatography. Journal of the American Oil 

Chemists’ Society, 54(10), 445–449. https://doi.org/10.1007/BF02671032 

Elisia, I., & Kitts, D. D. (2011). Quantification of hexanal as an index of lipid oxidation in 

 human milk and association with antioxidant components. Journal of clinical 

 biochemistry and nutrition, 49(3), 147–152. https://doi.org/10.3164/jcbn.10-142 

Emberger, M. E., Lin, J., Pika, J., Christ, I., & Eigenbrodt, B. (2019). Automated Solid-Phase 

 Microextraction GC-MS/MS Method for Quantification of Volatile Limonene Oxidation 

 Products in Encapsulated Orange Oil. Flavour and Fragrance Journal, 34(1), 52–62. 

 https://doi.org/10.1002/ffj.3479 

Estévez, M., Li, Z., Soladoye, O. P., & Van-Hecke, T. (2017). Health Risks of Food Oxidation. 

In Advances in Food and Nutrition Research (Vol. 82, pp. 45–81). Elsevier. 

https://doi.org/10.1016/bs.afnr.2016.12.005 



 

 

54 

Fenaille, F., Guy, P. A., & Tabet, J.-C. (2003). Study of protein modification by 4-hydroxy-2-

nonenal and other short chain aldehydes analyzed by electrospray ionization tandem mass 

spectrometry. Journal of the American Society for Mass Spectrometry, 14(3), 215–226. 

https://doi.org/10.1016/S1044-0305(02)00911-X 

Frank, D. C., Owen, C. M., & Patterson, J. (2004). Solid phase microextraction (SPME) 

combined with gas-chromatography and olfactometry-mass spectrometry for 

characterization of cheese aroma compounds. LWT - Food Science and Technology, 

37(2), 139–154. https://doi.org/10.1016/S0023-6438(03)00144-0 

Frankel, E. N. (2012). Photooxidation of unsaturated fats. In Lipid Oxidation (pp. 51–66). 

Elsevier. https://doi.org/10.1533/9780857097927.51 

García-Llatas, G., Lagarda, M. J., Romero, F., Abellán, P., & Farré, R. (2007). A headspace 

 solid-phase microextraction method of use in monitoring hexanal and pentane during 

 storage: Application to liquid infant foods and powdered infant formulas. Food 

 Chemistry, 101(3), 1078–1086. https://doi.org/10.1016/j.foodchem.2006.03.007 

Goodridge, C. F., Beaudry, R. M., Pestka, J. J., & Smith, D. M. (2003). ELISA for Monitoring 

 Lipid Oxidation in Chicken Myofibrils through Quantification of Hexanal−Protein 

 Adducts. Journal of Agricultural and Food Chemistry, 51(26), 7533–7539. 

 https://doi.org/10.1021/jf034553f 

Gremli, H. A. (1974). Interaction of flavor compounds with soy protein. Journal of the American 

 Oil Chemists’ Society, 51(1Part1), 95A-97A. https://doi.org/10.1007/BF02542100 

Gutheil, R. A., & Bailey, M. E. (1992). A Method for Determining Binding of Hexanal by 

 Myosin and Actin Using Equilibrium Headspace Sampling Gas Chromatography. In 



 

 

55 

 Developments in Food Science (Vol. 29, pp. 783–815). Elsevier. 

 https://doi.org/10.1016/B978-0-444-88834-1.50068-5 

Ha, J., Seo, D.-W., Chen, X., Hwang, J.-B., & Shim, Y.-S. (2011). Determination of Hexanal as 

an Oxidative Marker in Vegetable Oils Using an Automated Dynamic Headspace 

Sampler Coupled to a Gas Chromatograph/Mass Spectrometer. Analytical Sciences, 

27(9), 873–878. https://doi.org/10.2116/analsci.27.873 

Harris, D. C., & Lucy, C. A. (2016). Quantitative chemical analysis (Ninth edition). W.H. 

Freeman & Company. 

Harvey, D. (2000). Modern analytical chemistry. McGraw-Hill. 

Hawthorne, S. B., Krieger, M. S., & Miller, D. J. (1988). Analysis of flavor and fragrance 

compounds using supercritical fluid extraction coupled with gas chromatography. 

Analytical Chemistry, 60(5), 472–477. https://doi.org/10.1021/ac00156a020 

Heydanek, M. G., & McGorrin, R. J. (1981). Gas chromatography-mass spectroscopy 

investigations on the flavor chemistry of oat groats. Journal of Agricultural and Food 

Chemistry, 29(5), 950–954. https://doi.org/10.1021/jf00107a016 

Ho, C., Lam, C., Chan, M., Cheung, R., Law, L., Lit, L., Ng, K., Suen, M., & Tai, H. (2003). 

Electrospray Ionisation Mass Spectrometry: Principles and Clinical Applications. 

HORNE, S. E., JR. (1950). Some Studies In The Autoxidation Of D-limonene (Order No. 

 5805150). Available from ProQuest Dissertations & Theses Global. (304391681). 

 http://login.ezproxy.lib.umn.edu/login?url=https://www.proquest.com/dissertations-

 theses/some-studies-autoxidation-d-limonene/docview/304391681/se-2 



 

 

56 

Houde, M., Khodaei, N., & Karboune, S. (2018). Assessment of interaction of vanillin with 

barley, pea and whey proteins: Binding properties and sensory characteristics. LWT, 91, 

133–142. https://doi.org/10.1016/j.lwt.2018.01.022 

Huang, C., Bian, C., Wang, L., Zhou, W., Li, Y., & Li, B. (2022). Development and validation of 

a method for determining d-limonene and its oxidation products in vegetables and soil 

using GC–MS. Microchemical Journal, 179, 107470. 

https://doi.org/10.1016/j.microc.2022.107470 

Ibáñez, M. D., Sanchez-Ballester, N. M., & Blázquez, M. A. (2020). Encapsulated Limonene: A 

Pleasant Lemon-Like Aroma with Promising Application in the Agri-Food Industry. A 

Review. Molecules, 25(11), 2598. https://doi.org/10.3390/molecules25112598 

Jacobsen, C. (2019). Oxidative Rancidity. In Encyclopedia of Food Chemistry (pp. 261–269). 

Elsevier. https://doi.org/10.1016/B978-0-08-100596-5.21672-7 

Jonsdottir, R., Olafsdottir, G., Martinsdottir, E., & Stefansson, G. (2004). Flavor 

Characterization of Ripened Cod Roe by Gas Chromatography, Sensory Analysis, and 

Electronic Nose. Journal of Agricultural and Food Chemistry, 52(20), 6250–6256. 

https://doi.org/10.1021/jf049456g 

Karlberg, A.-T., Magnusson, K., & Nilsson, U. (1992). Air oxidation of d -limonene (the citrus 

solvent) creates potent allergens. Contact Dermatitis, 26(5), 332–340. 

https://doi.org/10.1111/j.1600-0536.1992.tb00129.x 

Karlberg, A.-T., Shao, L. P., Nilsson, U., G�fvert, E., & Nilsson, J. L. G. (1994). 

Hydroperoxides in oxidized d-limonene identified as potent contact allergens. Archives of 

Dermatological Research, 286(2), 97–103. https://doi.org/10.1007/BF00370734 



 

 

57 

Kern, S., Granier, T., Dkhil, H., Haupt, T., Ellis, G., & Natsch, A. (2014). Stability of limonene 

and monitoring of a hydroperoxide in fragranced products: Detection of a limonene 

hydroperoxide. Flavour and Fragrance Journal, 29(5), 277–286. 

https://doi.org/10.1002/ffj.3210 

Kesen, S., Kelebek, H., Sen, K., Ulas, M., & Selli, S. (2013). GC–MS–olfactometric 

characterization of the key aroma compounds in Turkish olive oils by application of the 

aroma extract dilution analysis. Food Research International, 54(2), 1987–1994. 

https://doi.org/10.1016/j.foodres.2013.09.005 

Kühn, J., Considine, T., & Singh, H. (2006). Interactions of Milk Proteins and Volatile Flavor 

Compounds: Implications in the Development of Protein Foods. Journal of Food Science, 

71(5). https://doi.org/10.1111/j.1750-3841.2006.00051.x 

Kühn, J., Considine, T., & Singh, H. (2008). Binding of Flavor Compounds and Whey Protein 

Isolate as Affected by Heat and High Pressure Treatments. Journal of Agricultural and 

Food Chemistry, 56(21), 10218–10224. https://doi.org/10.1021/jf801810b 

Lee, S.-N., Kim, N.-S., & Lee, D.-S. (2003). Comparative study of extraction techniques for 

determination of garlic flavor components by gas chromatography?mass spectrometry. 

Analytical and Bioanalytical Chemistry, 377(4), 749–756. 

https://doi.org/10.1007/s00216-003-2163-z 

Lehotay, S. J., & Hajšlová, J. (2002). Application of gas chromatography in food analysis. TrAC 

Trends in Analytical Chemistry, 21(9–10), 686–697. https://doi.org/10.1016/S0165-

9936(02)00805-1 

Maqsood, S., & Benjakul, S. (2010). Comparative studies of four different phenolic compounds 

on in vitro antioxidative activity and the preventive effect on lipid oxidation of fish oil 



 

 

58 

emulsion and fish mince. Food Chemistry, 119(1), 123–132. 

https://doi.org/10.1016/j.foodchem.2009.06.004 

Maqsood, S., Benjakul, S., Abushelaibi, A., & Alam, A. (2014). Phenolic Compounds and Plant 

Phenolic Extracts as Natural Antioxidants in Prevention of Lipid Oxidation in Seafood: A 

Detailed Review: Polyphenols: antioxidants in seafood…. Comprehensive Reviews in 

Food Science and Food Safety, 13(6), 1125–1140. https://doi.org/10.1111/1541-

4337.12106 

Marcuzzo, E., Debeaufort, F., Sensidoni, A., Tat, L., Beney, L., Hambleton, A., Peressini, D., & 

Voilley, A. (2012). Release Behavior and Stability of Encapsulated D -Limonene from 

Emulsion-Based Edible Films. Journal of Agricultural and Food Chemistry, 60(49), 

12177–12185. https://doi.org/10.1021/jf303327n 

Marine, S. S., & Clemons, J. (2003). Determination of Limonene Oxidation Products Using 

 SPME and GC-MS. Journal of Chromatographic Science, 41(1), 31–35. 

 https://doi.org/10.1093/chromsci/41.1.31 

Mattaini, K. (2020, July 27). Chapter 3. Amino acids & Proteins. 

 Pressbooks. https://rwu.pressbooks.pub/bio103/chapter/amino-acids-and-proteins/ 

Meynier, A., Rampon, V., Dalgalarrondo, M., & Genot, C. (2004). Hexanal and t-2-hexenal form 

covalent bonds with whey proteins and sodium caseinate in aqueous solution. 

International Dairy Journal, 14(8), 681–690. 

https://doi.org/10.1016/j.idairyj.2004.01.003 

Moon, S.-Y., Cliff, M. A., & Li-Chan, E. C. Y. (2006). Odour-active components of simulated 

beef flavour analysed by solid phase microextraction and gas chromatography–mass 



 

 

59 

spectrometry and –olfactometry. Food Research International, 39(3), 294–308. 

https://doi.org/10.1016/j.foodres.2005.08.002 

Pang, X., Guo, X., Qin, Z., Yao, Y., Hu, X., & Wu, J. (2012). Identification of Aroma-Active 

Compounds in Jiashi Muskmelon Juice by GC-O-MS and OAV Calculation. Journal of 

Agricultural and Food Chemistry, 60(17), 4179–4185. https://doi.org/10.1021/jf300149m 

Panseri, S., Soncin, S., Chiesa, L. M., & Biondi, P. A. (2011). A headspace solid-phase 

microextraction gas-chromatographic mass-spectrometric method (HS-SPME–GC/MS) 

to quantify hexanal in butter during storage as marker of lipid oxidation. Food Chemistry, 

127(2), 886–889. https://doi.org/10.1016/j.foodchem.2010.12.150 

Phillips, G. O., & Williams, P. A. (2011). Introduction to food proteins. 

Piranavatharsan, U., Jinadasa, B. K. K. K., & Jayasinghe, C. V. L. (2023). Validation of 

thiobarbituric acid reactive substances (TBARS) method for measuring secondary lipid 

oxidation products in fresh Indian mackerel (Rastrelliger kanagurta). Food and 

Humanity, 1, 1194–1199. https://doi.org/10.1016/j.foohum.2023.09.009 

Poojary, M. M., Hellwig, M., Henle, T., & Lund, M. N. (2023). Covalent bonding between 

polyphenols and proteins: Synthesis of caffeic acid-cysteine and chlorogenic acid-

cysteine adducts and their quantification in dairy beverages. Food Chemistry, 403, 

134406. https://doi.org/10.1016/j.foodchem.2022.134406 

Potdar, S. B., Landge, V. K., Barkade, S. S., Potoroko, I., & Sonawane, S. H. (2020). Flavor 

 encapsulation and release studies in food. In Encapsulation of Active Molecules and 

 Their Delivery System (pp. 293–321). Elsevier. https://doi.org/10.1016/B978-0-12-

 819363-1.00016-8 



 

 

60 

Premjit, Y., Pandhi, S., Kumar, A., Rai, D. C., Duary, R. K., & Mahato, D. K. (2022). Current 

trends in flavor encapsulation: A comprehensive review of emerging encapsulation 

techniques, flavour release, and mathematical modelling. Food Research International, 

151, 110879. https://doi.org/10.1016/j.foodres.2021.110879 

Qian, M., & Reineccius, G. A. (2003). Quantification of Aroma Compounds in Parmigiano 

Reggiano Cheese by a Dynamic Headspace Gas Chromatography-Mass Spectrometry 

Technique and Calculation of Odor Activity Value. Journal of Dairy Science, 86(3), 

770–776. https://doi.org/10.3168/jds.S0022-0302(03)73658-3 

Reineccius, G. A. (2022). Flavor interactions with proteins. Current Opinion in Food Science, 

47, 100884. https://doi.org/10.1016/j.cofs.2022.100884 

Reineccius, G., & Heath, H. B. (2006). Flavor chemistry and technology (2nd ed). Taylor & 

Francis. 

Rouse, J. C., McClellan, J. E., Patel, H. K., Jankowski, M. A., & Porter, T. J. (2005). Top-Down 

Characterization of Protein Pharmaceuticals by Liquid Chromatography/Mass 

Spectrometry: Application to Recombinant Factor IX Comparability– A Case Study. In 

C. M. Smales & D. C. James, Therapeutic Proteins (Vol. 308, pp. 435–460). Humana 

Press. https://doi.org/10.1385/1-59259-922-2:435 

Sanches-Silva, A., Rodríguez-Bernaldo De Quirós, A., López-Hernández, J., & Paseiro-Losada, 

 P. (2004). Determination of hexanal as indicator of the lipidic oxidation state in potato 

 crisps using gas chromatography and high-performance liquid chromatography. Journal 

 of Chromatography A, 1046(1–2), 75–81. https://doi.org/10.1016/j.chroma.2004.06.101 

Sánchez-Alonso, I., Jiménez-Escrig, A., Saura-Calixto, F., & Borderías, A. J. (2007). Effect of 

grape antioxidant dietary fibre on the prevention of lipid oxidation in minced fish: 



 

 

61 

Evaluation by different methodologies. Food Chemistry, 101(1), 372–378. 

https://doi.org/10.1016/j.foodchem.2005.12.058 

Sanvictores, T. (2022, October 31). Biochemistry, primary protein structure. StatPearls - NCBI 

Bookshelf. https://www.ncbi.nlm.nih.gov/books/NBK564343/ 

Sargent, M., Sage, A., Wolff, C. H., Mussell, C., Neville, D. C. A., Lord, G. A., Saeed, M., Lad, 

R., Hird, S., Barwick, V., & Godfrey, R. (2013). Guide to achieving reliable quantitative 

LC-MS measurements. https://cronfa.swan.ac.uk/Record/cronfa18279 

Schieberle, P., Maier, W., Firl, J., & Grosch, W. (1987). HRGC separation of hydroperoxides 

formed during the photosensitized oxidation of (R)—(+)-Limonene. Journal of High 

Resolution Chromatography, 10(11), 588–593. 

https://doi.org/10.1002/jhrc.1240101102Shi, J., Nian, Y., Da, D., Xu, X., Zhou, G., Zhao, 

D., & Li, C. (2020). Characterization of flavor volatile compounds in sauce spareribs by 

gas chromatography–mass spectrometry and electronic nose. LWT, 124, 109182. 

https://doi.org/10.1016/j.lwt.2020.109182 

Shahidi, Fereidoon., & Pegg, R. B. (1994). HEXANAL AS AN INDICATOR OF MEAT 

 FLAVOR DETERIORATION. Journal of Food Lipids, 1(3), 177–186. 

 https://doi.org/10.1111/j.1745-4522.1994.tb00245.x 

Smith, S. A., Pestka, J. J., Gray, J. I., & Smith, D. M. (1999). Production and Specificity of 

 Polyclonal Antibodies to Hexanal−Lysine Adducts. Journal of Agricultural and Food 

 Chemistry, 47(4), 1389–1395. https://doi.org/10.1021/jf980803u 

Snel, S. J. E., Pascu, M., Bodnár, I., Avison, S., Van Der Goot, A. J., & Beyrer, M. (2023). 

Flavor-protein interactions for four plant proteins with ketones and esters. Heliyon, 9(6), 

e16503. https://doi.org/10.1016/j.heliyon.2023.e16503 



 

 

62 

Song, H., & Liu, J. (2018). GC-O-MS technique and its applications in food flavor analysis. 

Food Research International, 114, 187–198. 

https://doi.org/10.1016/j.foodres.2018.07.037 

Soottitantawat, A., Yoshii, H., Furuta, T., Ohgawara, M., Forssell, P., Partanen, R., Poutanen, K., 

 & Linko, P. (2004). Effect of Water Activity on the Release Characteristics and 

 Oxidative Stability of D -Limonene Encapsulated by Spray Drying. Journal of 

 Agricultural and Food Chemistry, 52(5), 1269–1276. https://doi.org/10.1021/jf035226a 

Tang, X., Sayre, L. M., & Tochtrop, G. P. (2011). A mass spectrometric analysis of 4‐hydroxy‐2‐

( E )‐nonenal modification of cytochrome c. Journal of Mass Spectrometry, 46(3), 290–

297. https://doi.org/10.1002/jms.1890 

The Editors of Encyclopaedia Britannica. (n.d.). What are the 20 amino acid building blocks of 

proteins? Encyclopedia Britannica. https://www.britannica.com/question/What-are-the-

20-amino-acid-building-blocks-of 

proteins#:~:text=The%20essential%20amino%20acids%20are,%2C%20glutamic%20aci

d%2C%20and%20serine 

Vazquez-Landaverde, P. A., Velazquez, G., Torres, J. A., & Qian, M. C. (2005). Quantitative 

Determination of Thermally Derived Off-Flavor Compounds in Milk Using Solid-Phase 

Microextraction and Gas Chromatography. Journal of Dairy Science, 88(11), 3764–3772. 

https://doi.org/10.3168/jds.S0022-0302(05)73062-9 

Vera, P., Canellas, E., & Nerín, C. (2014). Migration of odorous compounds from adhesives 

used in market samples of food packaging materials by chromatography olfactometry and 

mass spectrometry (GC–O–MS). Food Chemistry, 145, 237–244. 

https://doi.org/10.1016/j.foodchem.2013.06.087 



 

 

63 

Vičkačkaitė, V., Pipiraitė, G., Poškus, V., Jurkutė, I., & Bugelytė, B. (2020). Static headspace 

gas chromatographic determination of hexanal as a marker of lipid oxidation in fat-rich 

food. Chemija, 31(2). https://doi.org/10.6001/chemija.v31i2.4221 

Viry, O., Boom, R., Avison, S., Pascu, M., & Bodnár, I. (2018). A predictive model for flavor 

partitioning and protein-flavor interactions in fat-free dairy protein solutions. Food 

Research International, 109, 52–58. https://doi.org/10.1016/j.foodres.2018.04.013 

Wang, D., Xiao, H., Lyu, X., Chen, H., & Wei, F. (2023). Lipid oxidation in food science and 

nutritional health: A comprehensive review. Oil Crop Science, 8(1), 35–44. 

https://doi.org/10.1016/j.ocsci.2023.02.002 

Wang, S., Chen, H., & Sun, B. (2020). Recent progress in food flavor analysis using gas 

chromatography–ion mobility spectrometry (GC–IMS). Food Chemistry, 315, 126158. 

https://doi.org/10.1016/j.foodchem.2019.126158 

Yao, W., Cai, Y., Liu, D., Chen, Y., Li, J., Zhang, M., Chen, N., & Zhang, H. (2022). Analysis 

of flavor formation during production of Dezhou braised chicken using headspace-gas 

chromatography-ion mobility spec-trometry (HS-GC-IMS). Food Chemistry, 370, 

130989. https://doi.org/10.1016/j.foodchem.2021.130989 

Yuan, J., Anantharamkrishnan, V., Hoye, T. R., & Reineccius, G. A. (2023). Covalent Adduct 

Formation between β-Lactoglobulin and Flavor Compounds under Thermal Treatments 

That Mimic Food Pasteurization or Sterilization. Journal of Agricultural and Food 

Chemistry, 71(24), 9481–9489. https://doi.org/10.1021/acs.jafc.3c01220 

Zeb, A. (2020). Concept, mechanism, and applications of phenolic antioxidants in foods. Journal 

of Food Biochemistry, 44(9). https://doi.org/10.1111/jfbc.13394 



 

 

64 

Zeece, M. G. (2020). Lipids. In Elsevier eBooks (pp. 127–161). https://doi.org/10.1016/b978-0-

12-809434-1.00004-9 

Zhou, S., & Decker, E. A. (1999). Ability of Amino Acids, Dipeptides, Polyamines, and 

 Sulfhydryls To Quench Hexanal, a Saturated Aldehydic Lipid Oxidation Product. Journal 

 of Agricultural and Food Chemistry, 47(5), 1932–1936. 

 https://doi.org/10.1021/jf980939s 

Zhu, S., Lu, X., Ji, K., Guo, K., Li, Y., Wu, C., & Xu, G. (2007). Characterization of flavor 

compounds in Chinese liquor Moutai by comprehensive two-dimensional gas 

chromatography/time-of-flight mass spectrometry. Analytica Chimica Acta, 597(2), 340–

348. https://doi.org/10.1016/j.aca.2007.07.007 

Zoppi, C., Messori, L., & Pratesi, A. (2020). ESI MS studies highlight the selective interaction of 

Auranofin with protein free thiols. Dalton Transactions, 49(18), 5906–5913. 

https://doi.org/10.1039/D0DT00283F 

 
 

 

 

 

 


	Acknowledgements
	Dedication
	Abstract
	Table of Contents
	List of Tables
	List of Figures
	List of Abbreviations
	Chapter 1: INTRODUCTION
	1.1 Background
	1.2 Research Objectives

	Chapter 2: LITERATURE REVIEW
	2.1 Food Oxidation
	2.1.1 Lipid Oxidation
	2.1.2 Limonene Oxidation

	2.2 Hexanal and Limonene Oxide as Oxidation Markers
	2.2.1 Hexanal as an Oxidation Marker
	2.2.2 Limonene Oxide as an Oxidation Marker

	2.3 Food Proteins
	2.3.1 Whey Proteins
	2.3.2 (-lactoglobulin

	2.4 Protein and Flavor Interactions
	2.4.1 Non-covalent Interactions Between Protein and Flavor
	2.4.2 Covalent Reactions Between Protein and Flavor

	2.5 Liquid Chromatography Electrospray Ionization Mass Spectrometry (LC-ESI-MS/MS) for Measuring Protein Adducts
	2.6 Gas Chromatography (GC) for Measuring Flavor Compounds

	Chapter 3: MATERIALS AND METHODS
	3.1 Materials
	3.2 Methods
	3.2.1 Determination of Covalent Reactions with Proteins in Dry State
	3.2.1.1 UPLC ESI MS Conditions
	3.2.1.2 Sample Preparation for UPLC ESI MS Storage Analysis

	3.2.2 Gas Chromatography FID Analysis for Studying the Influence of Reaction Conditions on Protein: Marker Reaction
	3.2.2.1 Gas Chromatography FID Conditions
	3.2.2.2 Reacting Proteins and Oxidation Markers
	3.2.2.3 Sample Preparation for Gas Chromatography FID Analysis to Measure the Unbound Hexanal/LO



	Chapter 4: RESULTS AND DISCUSSION
	4.1 Reaction of BLG with Limonene Oxide
	4.2 Reaction of BLG with Hexanal
	4.3 Effect of Temperature, Water Activity, and pH on the Reaction Between Whey Protein Isolate (WPI) and Hexanal/LO
	4.3.1 WPI and Limonene Oxide
	4.3.2 WPI and Hexanal

	4.4 Discussion

	References

