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ABSTRACT

Plant-based diets (PBD) that consist of whole grains, fruits, berries, vegetables, 

nuts, seeds, and legumes have been shown to yield positive health outcomes. In 

addition to the beneficial impact, PBD can be more sustainable for the planet. 

The production of animal-based proteins is the main source of greenhouse gas 

emissions in agriculture, and the consumption of highly processed meat has 

been associated with negative health outcomes. Therefore, plant-based protein-

rich (PBPR) options are needed. Plant-based foods are often processed in vari-

ous ways to improve their nutritional content and sensory properties. Process-

ing techniques like cutting and peeling can be gentler on the raw material, 

while extraction of components can be more intense. During processing some 

biochemical changes can often occur, such as changes in the structures and 

amounts of existing compounds and formation of new compounds. In addition, 

unwanted compounds can be removed and beneficial compounds lost from the 

raw material.

The aim of this thesis was to examine the composition of small molecules in 

plant-based protein-rich foods and the impact of various food technological 

processing techniques on them. A metabolomics approach using liquid 

chromatography with mass spectrometry (LC–MS) was used with reversed-

phase (RP) and hydrophilic interaction chromatography (HILIC) to cover a wide 

range of metabolites. The first study focused on commercially available PBPR 

foods where products made from different raw materials with varying processing 

techniques were analysed. In addition, existing food processing classification 

systems were used to assess whether they agree with the study findings regarding 

PBPR foods. In the second study, four different fermentation techniques were 

used to produce lupin-based beverages and changes in their biochemical 

compositions were analysed with the same metabolomics approach.

The findings from both of these studies show that food processing can have 

major effects on the biochemical compounds present in plant-based foods. 

Fermentation stood out as a promising technique to possibly improve the 

bioavailability of beneficial compounds in soy-based foods in the first study, 

whereas these same compounds were almost absent in products made with 

purified protein concentrates or isolates. When the existing food processing 

classifications were used with these products, most of the foods were categorised 

as so-called ultra-processed foods, and some conflicting results were observed. 

In lupin-based beverages, the different fermentation techniques increased the 

abundances of lactic acid derivatives and decreased the abundances of vitamin 

B compounds. By selecting the most suitable fermentation technique depending
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on the desired results, lupins could be used to produce protein-rich alternatives 

to animal-based milk in the future.

The amount of plant-based foods in the diet, especially legumes, vegetables 

and fruits, should be increased for both environmental and health reasons. While 

the consumption of plant-based foods is generally beneficial, the impact of foods 

consisting of refined plant-based materials on human health is not fully 

understood yet. Plant-based foods often require processing and its impact on

the comprehensive biochemical composition of these foods needs to be studied

in greater detail. When assessing the healthiness of PBPR foods it would be im-

portant to consider the content and profile of nutrients and other potentially 

health-beneficial biochemicals over their possible classification categories, as

plant-based foods with beneficial compounds can often be classified as “ultra-

processed”. This thesis provides valuable insight into these aspects, and in par-

ticular demonstrates the possibilities of food fermentation to develop PBPR

foods.
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SUOMENKIELINEN ABSTRAKTI

Kasvipohjaiset ruokavaliot, jotka koostuvat täysjyvistä, marjoista, hedelmistä, 

vihanneksista, pähkinöistä, siemenistä ja pavuista, ovat osoittaneet positiivisia 

terveysvaikutuksia. Näiden hyödyllisten vaikutusten lisäksi kasvipohjaisten

ruokavalioiden ympäristövaikutukset voivat olla planeetalle  kestävämpiä.

Eläinperäisten proteiinien tuotanto on yksi maatalouden kasvihuonepäästöjen

suurimmista lähteistä, ja prosessoidut lihavalmisteet on yhdistetty kielteisiin

terveysvaikuksiin. Lihatuotantoon liittyvien haasteiden vuoksi tulevaisuudessa

tarvitaan proteiinipitoisia kasvipohjaisia vaihtoehtoja. Kasvipohjaiset tuotteet

ovat usein prosessoituja niiden ravitsemuksellisten ja aistittavien

ominaisuuksien parantamiseksi. Prosessointimenetelmät kuten pilkkominen ja

kuoriminen ovat hellävaraisempia menetelmiä kuin tiettyjen komponenttien

erottaminen kasveista. Prosessoinnin aikana tapahtuu usein muutoksia tuotteen

biokemiallisessa koostumuksessa, kuten uusien yhdisteiden muodostumista ja

tuotteessa jo ennestään olleiden yhdisteiden rakenteiden kemiallisia muutoksia.

Lisäksi voidaan menettää sekä ei-toivottuja että hyödyllisiä yhdisteitä.

Tämän väitöskirjan tarkoituksena oli tutkia kasvipohjaisten proteiinirikkaiden 

tuotteiden pienmolekyylisten yhdisteiden koostumusta ja erilaisten 

prosessointimenetelmien vaikutusta siihen. Työssä käytetty 

metabolomiikkatekniikka perustui nestekromatografia massaspektrometriaan 

käyttäen käänteisfaasi- ja hydrofiilisen vuorovaikutuksen kromatografista 

erottelua, jolloin metaboliitteja saatiin analysoitua mahdollisimman laajasti. 

Ensimmäisessä tutkimuksessa keskityttiin eri tavoin valmistettujen kaupallisten 

proteiinipitoisten kasvipohjaisten tuotteiden analysointiin. Lisäksi 

tutkimuksessa selvitettiin olemassa olevien ruoan prosessoinnin 

luokittelujärjestelmien soveltuvuutta kasvipohjaisiin tuotteisiin ja tutkimuksessa 

saatuihin tuloksiin. Toisessa tutkimuksessa käytettiin samaa 

metabolomiikkatekniikkaa neljän eri fermentointitavan vaikutuksen 

selvittämiseksi lupiinista valmistettujen juomien biokemialliseen 

koostumukseen.

Molempien tutkimusten tulokset osoittavat, että ruoan prosessoinnilla voi olla 

suuri vaikutus kasvipohjaisten tuotteiden biokemialliseen koostumukseen. 

Ensimmäisessä tutkimuksessa fermentointi erottui lupaavana tekniikkana, joka 

voi mahdollisesti parantaa hyödyllisten yhdisteiden saatavuutta soijapohjaisissa 

tuotteissa, kun taas nämä samat yhdisteet puuttuivat lähes kokonaan tuotteista, 

jotka oli valmistettu proteiinikonsentraateista tai -isolaateista. Kun ruoan 

prosessoinnin luokittelujärjestelmiä käytettiin näille samoille tuotteille, niin 

useimmat niistä luokiteltiin niin kutsutuiksi ultraprosessoiduiksi tuotteiksi ja

 iii
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verrattaessa biokemialliseen koostumukseen havaittiin ristiriitaisia tuloksia. 

Lupiinipohjaisiin juomiin eri fermentointitekniikat vaikuttivat esimerkiksi 

lisäämällä maitohappojohdannaisten signaalien tasoja ja laskemalla B-

vitamiinin ja sen johdannaisten tasoja. Halutuista tuloksista riippuen sopivan 

fermentointitekniikan valinta on oleellista. Tällöin tulevaisuudessa lupiinista 

voitaisiin tuottaa proteiinipitoisia vaihtoehtoja eläinperäisille maitotuotteille.

Ympäristöllisistä ja terveydellisistä syistä kasvipohjaisten tuotteiden, 

erityisesti palkokasvien, vihannesten, marjojen ja hedelmien, määrää

ravinnossa tulisi lisätä. Kasvipohjaisilla tuotteilla on yleisesti ottaen hyödyllisiä

vaikutuksia, mutta eroteltuihin kasvipohjaisiin raaka-aineisiin perustuvien

tuotteiden vaikutusta terveyteen ei vielä täysin ymmärretä. Kasvipohjaiset

tuotteet vaativat yleensä jonkinasteista prosessointia ja sen vaikutusta niiden

biokemialliseen koostumukseen tulee tutkia vielä syvällisemmin. Kun puhutaan

kasvipohjaisten proteiinirikkaiden tuotteiden terveellisyydestä olisi tärkeää

ottaa huomioon ravintoaineiden ja muiden biokemiallisten yhdisteiden määrä ja

laatu mahdollisten luokittelusysteemien kategorioiden sijaan, koska

kasvipohjaiset tuotteet voidaan usein sijoittaa terveydelle haitallisena pidettyyn 

”ultraprosessoitu” kategoriaan. Tämä väitöskirja tuo tärkeää tietoa näihin

kysymyksiin, erityisesti keskittyen fermentoinnin hyödyntämiseen kehitettäessä

kasvipohjaisia proteiinipitoisia tuotteita.
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1 INTRODUCTION 

As the global population continues to grow, so does the demand for increased 

food production and processing. Livestock production in agriculture is a major 

contributor to greenhouse gas emissions, and the following food processing is 

environmentally burdening, contributing to climate change1–3. Furthermore, 

Western diets which are often low in e.g. dietary fiber and bioactive compounds 

and high in highly processed meat products, are known to increase the risk of 

chronic diseases and obesity4,5. To address these challenges, changes in dietary 

patterns are necessary to provide sustainable and healthy food for the global 

population. The focus should be on the production of vegetables, fruits, and nuts 

to ensure a sufficient protein supply, alongside animal-based sources, which can 

be an important part of a nutritionally adequate diet.1,6 As such, promoting 

dietary patterns focusing on protein-rich plant-based foods such as soy, peas, and 

whole grains, which can be adapted to regional conditions, is crucial. These 

foods are not only associated with health benefits but can also be produced with 

more environmentally sustainable methods3,7.   

The health-beneficial aspect of diets rich in plant-based foods is evidenced e.g. 

by the fact that people consuming plant-based diets (BPD) have a decreased risk 

for cardiovascular diseases, as has been demonstrated in numerous 

epidemiological studies8–10. Health benefits from plant products derive from e.g. 

unsaturated fats, protein, dietary fiber, phytochemicals, vitamins, and minerals11, 

although molecular mechanisms behind their beneficial effects are not fully 

understood12. Plant phytochemicals, e.g. flavonoids and phenolic acids, are 

known for their health-promoting benefits such as anti-inflammatory and 

antioxidative properties13,14. To date, food and nutrition research has typically 

focused on a narrow range of nutrients, even single compounds, and the 

comprehensive profiling across the wide polarity scope of the thousands of 

biochemicals present in any food has not been disclosed. The current 

understanding of the health implications of food is based on <200 basic nutrients, 

even when foods contain thousands of biochemicals that may exert bioactive 

potential, and this pool of compounds should be more carefully assessed12. 

Plant-based protein-rich (PBPR) foods, which are often prepared through 

various processing techniques, have become extremely popular during the past 

few years. These products are commonly made from soy, peas, and wheat, and 

usually contain a mixture of different plant protein extracts to achieve better 

amino acid composition or to improve organoleptic properties. Processing 

techniques vary from drying to heavily refined products containing only the 

extracted protein part of the plant. Heavily refined products may therefore have 

poorer nutritional composition compared to the raw material, due to the loss of 

nutritionally important components during processing, such as fiber and 
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bioactive compounds. Furthermore, foods made from heavily refined products 

also typically include high levels of added sodium15, and therefore there is an 

urgent need to better elucidate the biochemical composition and related health 

implications of PBPR foods produced with various processing techniques.  

Fermentation with live microorganisms is one of the most traditional food 

processing methods across the globe and is of interest because of its ability to 

modify the chemical composition of the food raw material. It can be used to 

preserve food and enhance its digestibility, as well as provide unique textures 

and flavors, and remove antinutrients. Fermentation can also facilitate the 

absorbability of plant matrix-bound phytochemicals and cause the formation of 

new, potentially health-promoting bioactive compounds from plant-based 

materials16. 

In this thesis, we used a liquid chromatography – mass spectrometry (LC–MS) 

-based metabolomics approach to address the impact of various processing 

techniques on PBPR foods, which closely relates to the challenges regarding 

healthiness of heavily processed plant-based foods. We analysed the impact of 

processing on the biochemical composition of commercial plant-based foods by 

choosing products made with varying processing techniques, raw materials, and 

from different food categories, such as whole plant foods and products made 

from protein concentrates/isolates. In addition, we tested four different 

fermentation techniques with lupin-based beverages to study the changes that 

occur during fermentation and due to different fermentation cultures. 

The results obtained in this thesis regarding the biochemical composition of 

commercial plant-based foods and fermented lupin-based beverages offer 

valuable information for assessing the healthiness of these plant-based foods, 

and for their further development. In addition, these results can be used to 

improve and develop food processing classification systems to guide consumers 

towards healthier dietary choices. 
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2 REVIEW OF THE LITERATURE 

2.1 Plant-based protein-rich foods  

PBD consisting of foods such as whole grains, legumes, and berries, has been 

associated with several health benefits17. For instance, replacing animal-based 

proteins with plant-based ones can improve the plasma lipoprotein profile by 

decreasing the content of low-density lipoprotein (LDL) and total cholesterol18. 

Furthermore, PBD consisting of vegetables, fruits, and seeds was found to 

decrease systolic and diastolic blood pressure after four weeks of consumption. 

In addition, other beneficial health effects e.g. reduced weight, waist 

circumference, and insulin have been observed19. The impact of PBD on the 

prevention and treatment of type 2 diabetes has been previously acknowledged20, 

and whole food PBD together with exercising can improve glycaemic control 

and possibly reduce the need for both diabetes and cardiovascular medicine21. In 

addition, healthy PBD was found to be associated with lower risk for 

cardiovascular diseases and all-cause mortality22. 

Plant-based foods vary from whole foods containing the whole plant material, 

e.g. whole beans, to more processed foods made from protein concentrates or 

isolates extracted from the plant material. Often, these products are made from 

plant-based materials such as legumes, grains, vegetables, nuts, and seeds. 

Currently, PBPR foods are gaining attention as new products made from various 

raw materials are being developed. These products include e.g. burger steaks, 

minced and pulled products, and extruded chunks. PBPR foods are often made 

to resemble meat and produced from extracted plant components, such as 

proteins. Compared to animal-based proteins, plant-based ones may have limited 

functional properties, like viscosity and emulsification23. Foods made from 

plant-based raw materials with different processing techniques can be associated 

with undesirable textural properties or off-flavors, which can impact their 

acceptance by consumers24. Therefore, they might contain various additional 

ingredients to improve these issues. 

Regarding the nutritional content of PBPR foods, one important aspect is that 

they usually have added micronutrients to match the ones present in animal-

based foods25–27. However, PBPR foods might still contain inadequate amounts 

of zinc, iron, and vitamin B12 as examples28,29. While some PBPR foods may 

contain similar amounts of iron as animal-based foods, it is often present in a 

different form which might have lower bioavailability for humans28. Still, a clear 

advantage when comparing plant-based foods with animal-based ones is the high 

content of dietary fiber present in PBPR foods30, along with other bioactive 

compounds, such as polyphenols31. However, one of the concerns regarding the 
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nutritional quality of PBPR foods is that they can often have a high content of 

sodium25,30,32.  

Another popular form of plant-based foods are plant-based beverages. These 

water extracts are often made from various grains, nuts, seeds, and legumes. The 

reason for their popularity rises from the need for more environmentally 

sustainable alternatives for cow’s milk and the allergies associated with it33,34. 

As expected, lactose is one compound differentiating animal-based milk from its 

plant-based alternatives, but other compounds, such as trigonelline and 

theophylline, can be found specifically in plant-based beverages35. In addition, 

plant-based beverages contain more Maillard reaction products resulting from 

lower content of creatine in comparison to animal-based milks36,37. In relation to 

other nutritional factors, plant-based alternatives have been found to contain 

lower quantities of essential amino acids and their protein and carbohydrate 

contents are dependent on the used plant material37. Similarly, with PBPR foods, 

plant-based beverages are often fortified with micronutrients, such as vitamin 

B12 and calcium, to improve their nutritional quality. In case of unfortified plant-

based beverages, the intake of those micronutrients can be drastically less than it 

would be when compared to consuming the animal-based option38. 

2.1.1 Raw materials in processed plant-based protein-rich foods 

One of the most popular raw materials used in PBPR foods are soybeans (Glycine 

max) owing to their high content of protein. In addition to soy, another widely 

used raw material are peas (Pisum sativum), which have similar functional 

properties as soybeans e.g. emulsifying and water-holding properties39,40. They 

can be used to prepare products often associated with soy, such as tofu and 

tempe41. From grains, wheat (Triticum aestivum) protein is a popular raw 

material in plant-based foods due to its water absorbent properties and the 

capability to form meat resembling fibrous structures, which are formed during 

kneading in the preparation of seitan products. However, the content of essential 

amino acid lysine can be low in wheat protein42. PBPR foods often combine 

various plant-based raw materials to improve the nutritional quality, including 

protein content and amino acid compositions.25,43–45 Additional plant-based 

sources that could also be cultivated in Northern latitudes including Finland, such 

as fava beans (Vicia faba) and narrow-leaved lupins (Lupinus angustifolius), 

have recently gained attention. 

2.1.1.1 Soy 

Soybeans are high in protein and their protein content in dry seeds is 

approximately 40 % consisting mostly of globulins. Therefore, they are widely 
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used in food products and also in animal feed.46 However, there are also 

downsides to soy, and one of them is its allergenicity, which is an important 

aspect to consider when developing PBPR foods. Usually it has been associated 

with glycinin and β-conglycinin, which are proteins present in soybeans.47 

Moreover, another downside with soy production is that its cultivation in Europe 

can be challenging due to growing conditions, thus making it non-sustainable48.  

One of the most well-known soy-based foods is tofu, which could also be 

described as soy curd. It is made from soybeans by extracting and coagulating 

proteins (Figure 1). The traditional method of tofu preparation includes washing, 

soaking, and grinding the whole beans before filtering it to produce a milk-like 

beverage. After that follows heating of the beverage, adding the coagulant 

solution, and finally pressing the tofu into the desired form.46 Based on the 

composition of the product, tofu’s can be divided into soft or firm ones.  

Usually a lot of soy-based foods are made from soy protein concentrates or 

isolates. Additionally, extrusion is often employed in the production of soy-based 

foods. Extruded products can be prepared from e.g. flour or from the extracted 

proteins. However, foods like tempe are made from whole soybeans. (Figure 1) 

Soybeans contain various bioactive compounds like isoflavonoids, which can 

have beneficial health effects. For instance, soy proteins have been associated 

with reduced serum cholesterol49 and soy oil with reduced risk for coronary heart 

disease50. Also, fermented soy products have been found to have beneficial 

health effects, such as possible cognitive improvements in older women51 and 

reduced risk for osteoporosis52.  
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Figure 1. Processing techniques for soybeans to demonstrate the preparation of 

tofu, tempe, extraction of protein concentrates or isolates, and extruded chunks. 

Figure modified from Raita, et al. (2025)53. 

2.1.1.2 Lupin 

Lupins are legumes with a high content of protein and fiber, and they can be 

grown in Europe, including Finland. Therefore, they could work as a more 

sustainable option to soy, which needs to be imported.54,55 The Lupinus genus 

consists of various species, but only some of them are safe for consumption due 

to their antinutrients, such as alkaloids. Edible species include narrow-leaved 

lupins (Lupinus angustifolius), white lupin (Lupinus albus), yellow lupin 

(Lupinus luteus), and tarwi (Lupinus mutabilis). However, even these edible 

species differ in their alkaloid contents54,56,57. These alkaloids are often water-

soluble, and thereby their quantities can be reduced with debittering processes, 

including water soaking56. 

In addition to their high content of protein and fiber, lupins can contain 

vitamin B compounds and various phytochemicals, and they are rich in essential 

amino acids and unsaturated fatty acids55,57. Depending on the lupin species, they 

can have different chemical compositions. For instance, yellow lupins were 

found to contain less non-starch polysaccharides when compared to white and 

narrow-leaved lupins58. Differences also exist between cultivars, as some of them 

can contain more phenolic compounds, saponins, phytic acid, and quinolizidine 
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alkaloids55. However, fermentation can be used to decrease the content of 

antinutrients, e.g. phytic acid, as some microbial strains are able to produce 

phytase which can result in the degradation of phytic acid, in addition to the 

impact of lower pH59,60. When developing products from lupins, it would be 

essential to choose the most suitable species and cultivars to ensure proper 

nutritional composition. In addition, lupins could be added to food products to 

increase their nutritional value. This was demonstrated by Elhordoy et al.61, as 

they produced extruded meat alternatives with lupin flour and found that the final 

products contained compounds with antioxidant properties. 

Many of the beneficial effects behind lupins stem from the bioactive 

compounds present in them. Consumption of lupins has been associated with 

health benefits, such as prevention of hyperglycaemia, hypertension, and 

dyslipidemia62. Intake of lupin protein isolate or concentrate could also reduce 

LDL cholesterol63,64. However, varying results exist on the health outcomes after 

lupin consumption and these results are dependent on whether whole lupins or 

isolated proteins were used.65  

2.1.2 Phytochemicals in plant-based protein-rich foods 

Phytochemicals are plant-derived compounds with bioactive properties. They are 

also referred to as secondary metabolites, which plants use for adaptation to the 

environment e.g. defense against insects66. Phytochemicals consist of several 

compound classes, such as polyphenols, alkaloids, and terpenoids. Because 

phytochemicals differ widely in chemical structures, their bio accessibility is 

highly dependent on the food matrix, and they can have limited bioavailability 

due to their poor solubility and stability67,68. Therefore, even when high 

concentrations of phytochemicals are present in foods, their bioavailability might 

not be directly correlated with quantity69, however it can be affected by food 

processing70. For instance, malting process can be used to increase the content 

of phytochemicals71 and fermentation is known to improve the bioavailability of 

isoflavonoids72. Additionally, cooking and storage conditions can have 

significant impacts on phytochemicals, as was shown in a study where boiling 

and freezing of broccoli decreased the content of these compounds along with 

vitamin C73. 

Phytochemicals can be obtained through diet from plant-based foods 

including fruits, vegetables, nuts, and legumes. In addition, whole grains are one 

important source for phytochemicals71. The content of phytochemicals varies 

based on the raw material74. Some examples of dietary phytochemicals include 

lycopene obtained from tomatoes75, ferulic acid from maize76, and caffeic acid 

from coffee77. In general, dietary requirements for phytochemicals have not been 

defined, but seasonally adjusted diets consisting of various plant-based whole 
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foods and drinks like tea and coffee, can provide from 1441 to 1607 mg of 

phytochemicals in total daily78. However, for flavan-3-ols the intake of 400-600 

mg daily has been recommended for cardiometabolic protection79. For 

polyphenols, which are one of the most abundant and important group of 

phytochemicals in plant-based foods, the estimated daily quantities can vary 

from 536 mg to 750 mg in Latin America80 and from 744 mg up to 1786 mg in 

Europe81. Intake of polyphenols varies greatly depending on the consumed diet, 

for instance higher consumption of tea, coffee, and red wine result in higher 

intakes82.  

Flavonoids, which are widely present in plants, are an important class of 

phytochemicals belonging to polyphenols. Fruits and vegetables are great 

sources to obtain these compounds from the diet83. Their structural 

characteristics include two aromatic rings and one heterocyclic ring containing 

oxygen. Based on the oxidation level of the heterocyclic ring, they can be further 

divided into groups, such as isoflavonoids, flavones, and flavonols. In nature, 

these compounds are often present as sugar conjugates, which improve their 

stability.84 However, some processing techniques can modify the substitutions of 

these compounds. For instance, fermentation can increase the content of 

aglycone forms which do not contain the sugar conjugates53. These aglycone 

forms are known to have higher bioavailability for humans72. In addition, dietary 

intake of flavonoids has been associated with lower risk for type 2 diabetes, 

cardiovascular diseases, and all-cause mortality85.  

Isoflavonoids, also referred to as phytoestrogens, are often found in legumes 

of which soy is the main source for these compounds86. Main isoflavonoids 

found in soybeans are genistein, daidzein, glycitein, and their different 

conjugates (Figure 2)87. For instance, they participate in plant defense and 

growth88. Their chemical structure differs from other flavonoids by the position 

of the phenyl ring substitute. After consumption of isoflavonoid-rich foods, these 

compounds are metabolized by the gut microbiota to aglycones before they can 

be absorbed89. However, they can also be further metabolized, for instance 

genistein can be converted into p-ethylphenol and daidzein into equol90. Equol 

has been associated with decreasing cardiovascular biomarkers and also 

menopausal symptoms91. The reason why these compounds are also referred to 

as phytoestrogens, is that they have similar structures with estrogenic hormones 

and can thereby interact with estrogen receptors92. Isoflavonoids have been 

associated with antioxidant properties93, anti-inflammatory effects94, bone health 

for postmenopausal women95, and reduced risk for breast cancer96. Their use as 

an alternative for hormone replacement therapy in menopause has also been 

investigated and found to be efficient97.  
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Figure 2. Chemical structures of isoflavonoids genistein, daidzein, glycitein, and 

their sugar conjugates genistin, daidzin, and glycitin. 

Alkaloids are a diverse group of phytochemicals in plants, but they are also found 

in animals. They can contain one or several nitrogen atoms depending on their 

type and they are derived from amino acids98,99. Relatively low doses of alkaloids 

present in many plants can have toxic effects on humans and animals after 

consumption. Pyrrolizidine alkaloids are one group of alkaloids, and their 

consumption can lead to death in the worst-case scenario. Acute consumption 

can lead to liver damage or failure, but they can also accumulate on tissue and 

cause long-term damage100,101. Quinolizidine alkaloids, including lupanine, 13-

hydroxylupanine, angustifoline, and sparteine, are the main alkaloids found in 

lupins102 (Figure 3). In addition to pyrrolizidine alkaloids, also the consumption 

of quinolizidine alkaloids have been associated with risks for humans103. 

However, some plant alkaloids can have beneficial effects and they have been 

used as medicinal components, for instance vincristine has been used as a 

chemotherapeutic drug104,105. Though, with a proper debittering process, the 

content of alkaloids can de reduced to safe limits106. 
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Figure 3. Chemical structures angustifoline, sparteine, lupanine, and 13-

hydroxylupanine which are commonly found alkaloids in lupins.  

Phenolic acids, for example obtained from coffee and whole grains83, are divided 

into hydroxycinnamic and hydroxybenzoic acids and exist in all plant parts107. 

Common phenolic acids include caffeic acid, p-coumaric acid, chlorogenic acid, 

and cinnamic acid108,109. They are known to have antioxidant and antimicrobial 

properties, but higher number of hydroxyl or methoxy groups in the structure can 

result in decreased antimicrobial properties110. Phenolic acids have good 

bioavailability, but fermentation can increase it with these compounds too by 

increasing the content of their free forms111.    

2.1.3 Amino acid composition of plant-based protein-rich foods 

Among the main concerns regarding the nutritional quality of PBPR foods are 

their protein content and whether they contain all of the essential amino acids. 

Plant proteins can lack some of the essential amino acids and they might also 

have low protein digestibility112. The information regarding the protein 

composition and its quality in plant-based foods is scarce, as it is dependent on 

the individual product type analysed or consumed, as well as the information 

regarding whether it has been prepared from single plant protein source or 

combined from several ones.  

However, some of the concerns regarding the digestibility of plant-based 

proteins can be tackled with food processing112. Yang et al.30 found out that the 

total protein content in plant-based foods was at least adequate based on the 

required protein amount for adults, but the amino acid profile can be misbalanced 

compared to animal-based one. Nevertheless, in another study by Harnack et al.28 

most of the plant-based products made to replace ground beef were found to 

contain considerably less protein than the animal-based counterparts. Sometimes 



 Review of the Literature 11 

 

processing can have a negative impact on the nutritional quality of amino acids;  

for example treatment with high temperatures can induce changes in the side 

chains. In addition, various reactions can occur during storage, which might also 

negatively impact their nutritional quality. One of such reactions is Maillard 

reaction, which can have a significant impact on the essential amino acids present 

in foods.113 

Limiting amino acids in plant-based foods have often been found to be 

lysine114 and methionine115. However, quinoa for instance contains higher levels 

of lysine and methionine116. This highlights the importance of combining various 

plant-based raw materials to ensure the appropriate amino acid composition as 

wheat-, soy-, and pea-based products can be low in these essential amino acids. 

Xie et al.117 studied the digestibility of pork, beef, and their plant-based 

alternatives using an in vitro digestion model. The authors found out that there 

was a significant difference between the protein digestibility based on the 

simulated gastrointestinal digestion model, as plant-based alternatives had lower 

digestibility in the gastrointestinal phase compared to their animal counterparts.  

One reason for the lower digestion of plant-based proteins might be the high 

content of starch. In addition, animal-based products released more bioactive 

peptides during the digestion. Similarly, Cutroneo et al.118 stated that based on 

the INFOGEST in vitro model they used, animal-based burgers had slightly 

higher protein digestibility than plant-based ones. For plant-based yogurts, 

Zeinatulina et al.119 found that the in vitro digestibility was approximately 80% 

meaning, that majority of the proteins present in the yogurts were broken down 

during the digestion and could thereby possibly be absorbed.  

2.1.4 Antinutrients in plant-based protein-rich foods 

Antinutrients in PBPR foods are compounds that can have negative health effects, 

such as inhibition of mineral absorption, for humans after their consumption. 

Some common antinutrients present in plant-based foods are proteins like lectins 

and trypsin inhibitors, phytochemicals like tannins, phytates, and saponins, and 

raffinose family oligosaccharides120.  

Lectins, highly present in beans and peas, are proteins which can have an 

impact on the absorption of amino acids. These compounds are produced by 

plants for protection against insects. In animal studies they have showed adverse 

health effects, but their quantities can be reduced by soaking or boiling the beans 

before consumption121. For humans, lectins can cause clumping of red blood cells, 

and symptoms of lectin poisoning include vomiting and diarrhea.113 Trypsin 

inhibitors on the other hand can impact the digestibility of plant-based proteins, 

and therefore they are preferably removed from the food material122. However, 

processing techniques such as extrusion, heating, microwaves, or wet-
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preconditioning, were found to decrease the levels of trypsin inhibitors and 

tannins in legumes123,124. Plant-based foods can contain high quantities of phytic 

acid, which can act as an inhibitor for absorption of minerals, such as zinc and 

iron125. In a study conducted in Sweden, the content of phytate was analysed in 

commercially available meat alternative products. Soy, wheat, and pea proteins 

were the main ingredients in those products, but some products were made from 

whole beans (chickpeas, farm beans, and white beans), mycoprotein, and 

fermented peas. Highest contents of phytate were found in foods prepared from 

whole beans and soy, pea, and wheat protein. Protein extraction can accumulate 

phytate which might explain this observation29.  

During fermentation of PBPR foods, biogenic amines can be formed through 

decarboxylation of amino acids or through amination and transamination of 

aldehydes and ketones126,127. Various microorganisms are capable of producing 

these compounds resulting in their accumulation in the food product128. These 

biogenic amines include compounds like tyramine, histamine, spermidine, and 

putrescine, which can have adverse effects on human health129,130. For instance, 

their high consumption can lead to an increase in blood pressure and blood sugar 

levels, migraine, hypotension, and release of adrenaline and noradrenaline128. 

Tyramine has been recognised as one of the most toxic compounds in the group 

of biogenic amines, as it can have negative effects if consumed together with 

monoamine oxidase inhibitor (MAOI) antidepressant drugs by increasing blood 

pressure. The levels of tyramine in foods vary based on the food type, and deaths 

related to excess consumption of tyramine with MAOI drugs are rare.131 With 

spermidine, conflicting literature exists as it has been associated for instance with 

possible beneficial impact on aging132. Fish products, beverages like wine and 

beer, and fermented foods including plant- and animal-based products are known 

to contain highest levels of biogenic amines133. However, by selecting specific 

starter cultures, appropriate fermentation temperatures, using food preservatives 

and processing methods like irradiation, their formation can be controlled133,134. 

2.2 Processing techniques for plant-based foods 

In general, foods typically go through varying processing steps on their way from 

primary production to ready dishes. Food processing includes all kinds of 

alterations made to the product, whether it happens in industry, home kitchen, or 

restaurants. The main reasons for processing include improving shelf life, 

nutritional quality, safety, or sensory properties making the food products more 

appealing. Processing techniques include everything from drying and peeling to 

more intrusive approaches, such as boiling, frying, and extracting specific 

components135. This also applies to plant-based foods, as they are often processed 

in some ways. These processing techniques can vary from drying or preserving 
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the whole plant material to extracting components such as protein, oil, and sugar. 

Commonly used processing techniques for plant-based foods include extrusion, 

fermentation, protein extraction, and preservation. PBPR foods often go through 

various processing techniques to achieve the desired textural properties, while 

products made from whole plant materials might require less. 

During food processing, some of the beneficial compounds present in the plant 

material can be lost53,136,137. Even though plant-based foods are often perceived 

as healthier alternatives to meat, due to some intrusive processing techniques and 

added ingredients this might not always be the case138.   

2.2.1 Extrusion 

Extrusion is a common food processing technique used to produce foods with 

modified textural properties such as fibrous structures139. For plant-based foods, 

extrusion is a suitable method for producing texturized proteins that can be 

further utilized in the production of meat alternatives. While the food mass 

moves through the extruder, proteins start to denaturate forming fibrous 

structures before the mass exits the extruder. Based on the applied moisture 

content within the die, either low- or high-moisture products can be formed.23 

With low-moisture extrusion, a dry product with a puffed texture can be 

produced139,140, while with high-moisture extrusion products with meat like 

fibrous structures can be produced by cooling the mass before it exits the 

extruder141.  

Parameter optimization and raw material selection for extrusion are crucial, 

as they have major impacts on the textural properties of the product. Moisture 

content and high temperatures can impact the sensory properties by modifying 

viscosity of the material due to protein denaturation and starch gelatinization142–

144. When high temperatures are applied, the content of microorganisms in the 

product can be reduced to improve the safety of the food, and additionally some 

naturally present enzymes can be inactivated.145 In addition, modifying the pH 

of the raw material can also result in an improved texture of the product146. In a 

study by Lazou et al.147, they found that increasing the moisture content resulted 

in products with harder textures, while moderate temperatures and moisture 

content were found to be optimal for producing snacks with acceptable textures. 

Likewise, Osen et al.148 concluded that textural properties can be modified with 

the temperatures used during extrusion. Extrusion has also been shown to 

increase the total phenolic content of cereal and legume by-products149. 
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2.2.2 Fermentation 

Fermentation is an ancient food processing method where microorganisms are 

used to preserve food and improve nutritional properties by modifying its 

components. For instance, these microorganisms are able to modify the 

composition of proteins, carbohydrates, and fats. Depending on the fermentation 

type, they can be either already present in the fermented material or added later 

on. Fermentation cultures can be selected based on the desired attributes, while 

spontaneous fermentation is based on the microorganisms already present in the 

raw material or the fermentation environment. Commonly used microorganisms 

in fermentation include yeasts and lactic acid bacteria.150 For plant-based foods, 

fermentation can be applied to produce foods such as tempe, kimchi, natto, 

yogurts, and soy sauce. Tempe originates from Indonesia and is made by 

fermenting the whole beans with Rhizopus spp. molds resulting in a solid cake 

type of a product covered by the mold151. Soybeans are commonly used in the 

preparation of tempe, but other raw materials like faba beans can also be used152. 

With plant-based foods, fermentation is often used to reduce the amount of 

antinutrients, improve sensory properties and improve preservation. 

Fermentation can influence the bioavailability of some phytochemicals by 

releasing them from the plant matrix and thereby increasing the amount of their 

free forms153. For instance, during fermentation the β-glucosidase activity of the 

microbes can increase the amount of aglycone forms72,154,155. Nutritional 

availability of other components can also increase, as the microorganisms 

present in the fermented material can predigest them into more bioavailable 

forms.125 

2.2.2.1 Lactic acid bacteria fermentation 

Lactic acid bacteria (LAB) have been used for the preparation of dairy products 

as well as plant-based foods in industry and home kitchens for various purposes. 

LAB fermented foods worldwide include e.g. bread products like sour bread and 

rye bread from Europe, alcoholic beverages and fermented cereal products in 

Africa, and commonly recognized products like kimchi, sauerkraut, and 

salami156. LAB are classified as gram-positive bacteria relating to the thickness 

of their cell walls. Depending on the species, they can be homo- or 

heterofermentative. Homofermentative species mainly produce lactic acid from 

fermentation of sugars and in addition to lactic acid, while heterofermentative 

LAB produce other end products e.g. acetate, ethanol, and carbon dioxide. In 

addition to the impact of species on these end products, fermentation conditions 

can also have an impact.157,158 LAB fermentation can be used to improve the shelf 

life and sensory properties of foods, as the production of organic acids acidifies 

the fermented material thus improving these aspects.159 Example of a LAB 
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species commonly found in nature is Lactiplantibacillus plantarum, previously 

known as Lactobacillus plantarum. This species is considered safe to be used in 

food applications, depending on the strains160.  

Fermentation with LAB can be used to modify the nutritional quality and 

sensory properties of plant-based foods161. With plant-based juices, 

bioavailability of phenolic compounds and vitamin B2 were found to improve 

after fermentation with LAB162. In addition, LAB fermentation can modify 

sensory properties of lupin beverages, and the fermented option was preferred 

over the unfermented one163. In case of LAB fermented plant-based alternatives 

to salami and other sausage products, the composition of the plant-based raw 

material, including amino acids, lipids, and carbohydrates, can provide 

challenges as those components are important aroma precursors for 

characteristics associated with the animal-based options164. However, LAB 

fermentation is still a feasible method to improve aroma profile of plant-based 

protein extracts165.  

2.2.2.2 Spontaneous fermentation 

Spontaneous fermentation is based on the presence of microorganisms in the 

fermented raw material, equipment, or environment. It is a traditionally used 

fermentation method for the production of various food products and beverages, 

including kimchi, olives, and sauerkraut.  

Because spontaneous fermentation happens under uncontrolled conditions 

and without a defined starter culture, it can have unpredictable results. For 

instance, it might lead to the growth of unwanted bacteria possibly deteriorating 

safety of the product. In industry, fermentation conditions like temperature can 

be controlled to produce more reproducible products, or starters from previous 

spontaneously fermented batches can be inoculated in to the product for a more 

time-efficient production166. During uncontrolled spontaneous fermentations 

toxic compounds can be formed due to the presence of unknown and unwanted 

bacteria or yeast. However, this problem exists with all fermentation techniques, 

but is more prominent with spontaneous one due to the uncontrolled 

conditions.167,168  

Besides the possible negative impacts of spontaneous fermentation, it can 

result in positive effects like the reduction of anti-nutrients169. For instance, 

reduction of phytic acid in grains and legumes after spontaneous fermentation 

has been reported by various studies170–172. Likewise in other fermentations, the 

content of bioactive compounds can increase. Content of total flavonoids and 

phenolic compounds has been shown to increase during spontaneous 

fermentation as they are released from the plant matrix promoting its health 

beneficial effects173.  



16 Review of the Literature 

 

 

2.2.2.3 Kombucha fermentation 

So far, kombucha fermentation has not been extensively used in the production 

of PBPR beverages. However, some studies where kombucha beverages have 

been prepared from soy-based beverages have been conducted174,175. The starter 

culture used in kombucha fermentations is a symbiotic culture of bacteria and 

yeast (SCOBY). Traditionally kombucha is made by fermenting sweetened tea 

with SCOBY, but other liquid raw materials can be fermented in the same way. 

SCOBY is a biofilm which forms on the surface of the liquid due to the 

interactions between the bacteria and yeasts under static conditions. During the 

kombucha fermentation, new layers of this biofilm are formed and they can be 

used to produce new batches of kombucha by transferring them to the sweetened 

liquid material.176 The main contributors to the formation of this biofilm are 

acetic acid bacteria (AAB), which are commonly found in kombucha starters. In 

addition, LAB are also present in kombucha.177–179 However, the employed tea 

material has an impact on the microbial composition of the kombucha beverage, 

as green tea appears to favor LAB whereas AAB prefer black tea180. 

Fermentation temperatures can also have an impact on the microbial composition 

of kombucha, which can lead to differences in the abundances of some organic 

acids like glucuronic acid181.  

Kombucha beverages contain beneficial compounds, such as polyphenols and 

organic compounds with antioxidant properties182,183. In addition, kombucha has 

antimicrobial properties184. Some of the beneficial effects of kombucha are 

related to the phytochemicals present in the tea, but also due to the chemical 

changes in the composition during the fermentation process.185 In a study by 

Mendelson et al.186, they found that kombucha consumption was associated with 

lower fasting blood glucose levels for type 2 diabetes patients. Furthermore, 

regular consumption of kombucha can influence the gut microbiota positively187. 

However, there has been debate regarding the possible toxic effects of kombucha 

consumption. In some cases, high consumption has led to liver damage188. 

2.2.3 Protein extraction 

Protein concentrates or isolates derived from the plant material are often used 

when manufacturing more processed plant-based foods, such as burger steaks 

and minced or pulled products. For this purpose, the proteins need to be extracted 

by removing other components e.g. carbohydrates, fiber, and lipids. This is often 

done using dry or wet extraction, which both include several steps before 

obtaining the protein concentrate or isolate. Usually, wet extraction techniques 

are used to produce protein isolates, while dry extraction methods are used to 

produce protein concentrates. Food industries often employ wet extraction 
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methods. However, large amounts of water are needed for this technique thus 

impacting its environmental load.189,190  

Protein concentrates are prepared after oil removal by removing the remaining 

soluble carbohydrates, while protein isolates are produced by removing the 

remaining insoluble carbohydrates and dietary fiber, which results in a higher 

protein content.191 The applied extraction method has an impact on the protein 

content of the extract, as well as on the solubility, water and oil holding capacities, 

and foaming and emulsifying properties of the proteins192. Therefore, choosing 

the right extraction method can also have a positive impact on the textural 

properties of the product.  

During protein extraction, some bioactive compounds can be lost when 

removing other components from the plant material. PBPR foods made with 

protein concentrates or isolates can contain lower abundances of phytochemicals 

compared to products made with whole beans or without protein extraction53. 

For instance, water-soluble compounds like tannins can be lost during wet 

extraction193. In a study comparing pea flour with pea protein isolate, the content 

of phenolic compounds and flavonols were lower in the protein isolate, but on 

the other hand the content of anthocyanins was higher. In the same study white 

bean flour and its protein isolate were compared, and the results were opposite 

as flavonols and total phenols were higher in the isolate, while anthocyanins were 

lower.194 The final content of bioactive compounds in protein isolates or 

concentrates is highly dependent on the extraction method and raw material. As 

an example, the degree of pH decreasing during protein extraction can have an 

impact on the total phenols in the protein isolate, as sharper decrease leads to 

higher content than decreasing the pH more steadily195.  

2.2.4 Food processing classification systems 

Food processing classification systems have been developed and used to aid 

consumers in making healthier dietary choices. These systems aim to determine 

the impact of various processing techniques on food products, as some of the 

more processed products have been associated with adverse health effects in 

epidemiological studies. During various processing techniques, the nutritional 

content of the raw material can change either positively or negatively. Literature 

regarding the impact of individual processing techniques on the nutritional 

components of foods exists, but for instance there is not enough information 

regarding plant-based foods which often go through several processing steps.  

Food processing classification systems based on the degree of processing 

include NOVA196, IARC-EPIC197, IFPRI198, Poti et al.,199, and IFIC200 as 

examples (Figure 4). Some classification systems are based more on the 

nutritional aspects, rather than on food processing techniques. These 

classifications include for instance Nutri-Score, which has been used as a front-
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of-packaging labelling in France and other European countries201. In Nutri-Score, 

foods receive scoring from A to E depending on the nutrient content including 

energy, total sugar, saturated fatty acids, sodium, protein, fiber, and content of 

fruits, vegetables and nuts. Foods with A have the highest nutritional quality 

while E graded foods have the lowest202.  

The existing systems, such as NOVA, have been criticized for insufficient 

consideration of the science behind food processing and for confusing definitions 

for the classifications203,204. Another issue with these systems is that they have, 

perhaps unintentionally and jointly with effort from the media, slightly 

demonized the concept of food processing for normal consumers. Food 

processing is often necessary and can result in positive outcomes, but the 

negative media attention concerning “ultra-processed” foods has brought a 

negative nuance towards food processing itself, even though ultra-processing 

does not exist as a food processing technique as such. Moreover, none of the 

existing classification systems consider the comprehensive biochemical 

composition of foods. These systems often consider what has been added to the 

product, but not what has been removed from the raw material during processing. 

Recently, so called ultra-processed foods have gained a lot of attention, as 

they have been associated with obesity205, higher risk of mortality206, type 2 

diabetes, and cardiovascular diseases207 in several epidemiological studies. There 

is no clear evidence yet what is the reason behind these adverse health effects in 

ultra-processed foods, but these foods are often calorie-dense and contain high 

amounts of sugar, saturated fat, and sodium208,209. Other proposed factors might 

be the added ingredients, such as emulsifiers, artificial sweeteners, and other 

preservatives210. Each of the previously mentioned factors relate to added 

ingredients and nutritional components in the food, rather than on the impact of 

the actual processing technique.  

2.2.4.1 NOVA classification system 

The NOVA196,211 food processing classification system categorises foods into 

four different groups; 1. Unprocessed and minimally processed foods, 2. 

Processed culinary ingredients, 3. Processed foods, and 4. Ultra-processed foods. 

Group 1 consists of edible parts of plants or animals without addition of other 

substances, such as salt or sugar. Processing techniques include for example 

freezing, peeling, drying, and boiling, and these processes aim to extend the life 

of the product and remove the inedible parts. Example foods include eggs, flour, 

yoghurt without added sweeteners or sugar, and meat. Group 2 consists of 

combinations of components obtained from group 1 foods. Examples include 

sugar, butter, and salt. Group 3 foods are made by adding components from 

group 2 to group 1 foods. These include canned beans, smoked meat, and cheese. 
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Group 4 foods are defined as industrial formulations made with several 

ingredients, such as salt, sugar, preservatives, stabilizers, and antioxidants. In 

addition, these foods often contain extracted components, such as gluten, protein 

isolates or concentrates, flavor enhancers, emulsifiers, and hydrogenated oils. 

Processing techniques include extrusion, pre-frying, and molding. Foods in this 

group include ready-to-eat products, pastries, sausages, artificially flavored 

yoghurts, and mass-produced breads. According to the developers of the NOVA 

system, foods belonging to group 4 should be avoided.196,211,212 

 

2.2.4.2 Other food processing classification systems 

Other classification systems use highly processed foods as the most processed 

category instead of the ultra-processed term as shown in Figure 4. As an example, 

a system which aims to classify foods based on the degree of industrial 

processing techniques has been developed by Poti et al.199 as an alternative to the 

NOVA system. Their classification system also has four groups, including 

unprocessed and minimally processed, basic processed, moderately processed, 

and highly processed. Unprocessed and minimally processed group includes 

products that have gone through none or only very slight modifications, and 

processing techniques include drying, packaging, freezing, and removal of 

inedible parts. Basic processed group includes products that have gone through 

extraction, purification, canning, and fermentation. Moderately processed group 

includes foods from the first two categories that contain additives, such as 

sweeteners, flavors, or fats. Lastly, highly processed group is defined as 

industrially formulated mixtures of multiple ingredients, and the raw material is 

no longer recognizable in the product. However, this system has not been applied 

in epidemiological studies as extensively as the NOVA system. 
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Figure 4. Group definitions for food classification systems NOVA, IARC, IFPRI. 

Poti et al. and IFIC. Green color indicates less processing while red color 

indicates more/harsher processing steps. 

2.3 Metabolomics analysis 

Metabolomics analyses can be used to identify various compounds in plant-based 

foods, the impact of processing techniques on their biochemical composition, to 

distinguish differences between animal-based products and their plant-based 

alternatives, quality control, authentication, and for the development of healthier 

plant-based foods overall. In addition, in food sciences metabolomics can be 

utilized to study dietary biomarkers, impact of environmental factors on plant 

growth,  and sensory attributes of food products213. For industrial point of view, 

identification of metabolites associated with sensory properties can be useful 

when developing new products214. Metabolomics focuses on the analysis of 

small molecules present in the analysed material, which results in thousands of 

metabolites providing information regarding the comprehensive biochemical 

composition of the product. This wider approach to analyse the compositions of 

foods, instead of just focusing on some basic nutrients, has provided valuable 
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information of the ‘dark matter’ of food products12,215. Depending on the research 

question, targeted or untargeted metabolomics analysis can be used. 

2.3.1 Metabolomics workflow in general 

The basic workflow of metabolomics analysis consists of experimental design 

and sample collection, sample preparation and metabolite extraction, data 

acquisition,  and finally data analysis216. Liquid chromatography coupled with 

mass spectrometry is often used for the analysis of plant-based foods. It is 

possible to analyse the semipolar plant secondary metabolites with it217. Their 

extraction is often done with aqueous alcohol solutions and with LC–MS, there 

is no need for derivatization before analysis, as GC–MS would require.218 The 

analyses are often done in reversed phase and hydrophilic interaction 

chromatographies and both in positive and negative ionization modes. One 

reason for this along with the polarity of the compounds is, that for instance 

amino acids are ionized more efficiently in positive mode, whereas some 

oligosaccharides are in negative mode219.  

Data analysis includes peak picking from raw data and preprocessing it to 

ensure proper quality before statistical analyses and metabolite annotations. The 

annotation procedure for LC-, and GC-based metabolomics is based on matching 

the m/z, fragmentation patterns, and retention time to existing databases 

containing information analysed from standard compounds.216,218 Metabolites 

can be identified with different ID levels depending on whether they were 

annotated based on chemical standards, existing spectral libraries, or based on 

physicochemical properties220. 

Software like MS-DIAL221 can be used for the peak picking and data 

alignment, and R222 with different packages e.g. notame216 can be used for data 

preprocessing. With data preprocessing retention time drift can be corrected and 

low-quality features flagged and based on preferences removed from further 

statistical analyses216. In addition to statistical analyses, R222 can be used to 

visualize metabolomics data efficiently. Principal component analyses, heatmaps, 

and other visual presentations make the data more interpretable as metabolomics 

data can often consist of tens to hundreds of thousands of metabolites. 

2.3.2 Metabolomics analysis for plant-based protein-rich foods 

In a study by Van Vliet et al.27, where they compared grass-fed beef to plant-

based alternatives using gas chromatography coupled with mass spectrometry 

(GC–MS) based metabolomics analysis, they found 171 differing metabolites 

between these products, even though the Nutrition Facts panels for the animal- 

and plant-based options were comparable. These results highlight the importance 

of the ‘dark matter’ of food products, which can be overlooked in other 
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commonly used analysis techniques. In a similar study by Hernandez et al.223, 

they used metabolomics to compare plant-based meat alternatives to ground beef. 

They concluded that plant-based foods contained various bioactive compounds, 

while the ground beef products had higher abundances of long-chain fatty acids, 

peptides, and amino acids. In addition to the differences between animal and 

plant-based products, they were able to show differences between soy- and pea-

based products. In another study by Fan et al.224, they investigated the impact of 

adding soybean hull polysaccharides in plant-based yogurts using LC–MS. With 

a targeted metabolomics approach, they were able to determine 278 metabolites 

which were different between the plain yogurts and the ones with added soybean 

hull polysaccharides. Furthermore, they used pathway analysis to determine the 

formation and degradation of various metabolites. Lou et al.225 used 

metabolomics to determine metabolites with sensory properties in soy-based 

foods. They found that during fermentation of soy-based meat alternatives, 

metabolites associated with meaty flavor and color, such as glutathione and β-

carotene, were dependent on the used starter culture for the fermentation.  

Therefore, metabolomics can be used to study PBPR foods for example by 

comparing them to their animal-based counterparts, by studying the impact of 

different processing techniques on them, or their health implications on humans.
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3 AIMS OF THE STUDY 

The aim of this thesis was to study the impact of various processing techniques, 

such as fermentation, on the biochemical composition of plant-based protein-rich 

foods using LC–MS metabolomics analysis. This thesis consisted of two studies.  

 

The objectives of the individual studies were: 

 

I. To study the impact of various processing techniques on the biochemical 

composition of commercially available plant-based foods. These foods were 

made with different raw materials and had different stages of processing varying 

from whole beans to products made with extracted components, such as protein 

concentrates. In addition, existing food processing classification systems were 

used to categorise these products. 

 

 

II. To investigate the impact of different fermentation techniques on the 

biochemical composition of lupin-based beverages. Lupin beverages were 

fermented with two lactic acid bacteria strains, spontaneous, and kombucha 

fermentations.   
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4 MATERIALS AND METHODS 

4.1 Plant-based foods 

Commercially available plant-based foods and animal-based products used in 

study I were obtained from local stores in Turku area, Finland, from September 

to December 2021. The aim was to purchase majority of the commercially 

available plant-based foods made from various raw materials with varying 

processing techniques. In total, 168 plant-based food products were purchased 

representing different degrees of food technological processing, ranging from 

whole preserved beans to more processed products made with extracted plant-

based components like protein concentrates. Unseasoned animal-based products, 

including beef, pork, fish, and chicken, were used as controls in the study. All of 

the food products were prepared based on the instructions on the packages to 

mimic the way they would be prepared at home by boiling or frying. Only 

exception was that frying oil was not used. For instance, dry extrudates were 

boiled and the animal-based foods were cooked. After preparation, all of the 

cooked and uncooked food products were stored at –20°C until further sample 

processing.  

The plant-based foods were classified based on the raw material, product 

category, and the product type based on the protein type mentioned in the 

ingredient label. For the raw material, the first plant-based ingredient mentioned 

in the ingredient label was used since plant-based foods are often made from 

several plant-based ingredients, but the first one mentioned on the list is 

commonly the main ingredient. Based on raw materials foods were classified as 

chickpea, fava bean, oat, pea, soy, wheat, or other legume-based ones. The other 

legumes group included whole beans and products made from some raw 

materials, which were only individual products or did not have all product types 

available. These included black beans, white beans, kidney beans, red lentils, 

butter beans, green lentils, borlotti beans, and three products made from rice and 

sunflower seeds. Product categories were beans, extruded chunks, minced & 

pulled products, tofu, tempe, cold cuts, nuggets, balls, steaks & others, and 

sausages. For product type, these foods were divided into extruded chunks, 

whole bean/plant, tofu, tempe, and products made with protein concentrates or 

isolates based on the used protein type of plant-based raw material. Extruded 

chunks were made from whole bean/plant or from flour, and they had textural 

properties specific to extruded products. Tofu and tempe were easy to classify as 

they are usually mentioned in the packages. Whole bean/plant group included 

products such as whole preserved beans, or products which were made using to 

whole bean/plant as mentioned in the ingredient label. Last group were products 

made with protein concentrates or isolates which was mentioned in the ingredient 
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label, but the difference between concentrate or isolate was not always 

mentioned and therefore this group contained both of them. 

4.2 Lupin beverage fermentations    

In study II, the lupin flour (Sweet lupin flour) used in the fermentations was 

obtained from local farm Koivunalhon Luomutila (Lieto, Finland). This 

commercial flour was made from organically grown and peeled lupin seeds. 

Lupin-based beverages used in fermentations were prepared by mixing the flour 

with tap water in 1:10 (w/w) ratio and blending the mixture for 30 second at 

maximum speed (Chef XL Titanium with a blender attachment, Kenwood 

Limited, Havant, UK). After blending, the beverages were centrifuged (10 min, 

5000 g, RT) to remove the excess solid materials. For the lactic acid bacteria 

fermentations, these beverages were stored at –20°C. For the spontaneous and 

kombucha fermentations these beverages were prepared freshly before the 

experiments. The single-strain LAB and spontaneous fermentations were made 

with a bioreactor in 1.5 L vessel containing 500 mL of the beverage (Minifors 2, 

Infors HT), while the kombucha fermentations were made in beakers in an 

incubator. Before the single-strain LAB fermentations, lupin beverages were 

autoclaved within the bioreactor to ensure the growth of only the inoculated 

bacteria. For the spontaneous and kombucha fermentations these beverages were 

not autoclaved. Each of the fermentations were done in triplicate. Samples were 

collected at various time points during each of the fermentations and stored at –

20°C before further sample preparation. 

4.2.1 Lactic acid bacteria fermentations 

For the single-strain LAB fermentations, two individual strains (LAB 10492 and 

LAB 20174) were used from an in-house collection, and they had been originally 

obtained from Deutsche Sammlung von Mikroorganismen und Zellkulturen 

(DSMZ, Braunschweig, Germany). These strains had been stored at –80°C in 

MRS glycerol stocks. For this study, they were first preincubated for 24 h in 

MRS broth (acumedia Neogen, USA). After preincubation, the bacteria cells 

were washed twice by centrifuging (3500 rpm, 20 min, +8°C) and the remaining 

pellet was suspended in 0.9% saline. The viable cell counts for both strains were 

determined by plating dilution series on to MRS plates and incubating them at 

+30°C for 48 h. 

After autoclaving the bioreactor with the beverage, it was let to cool down to 

room temperature before the fermentation experiments. The concentration of the 

inoculated bacteria was approximately 1 × 108 CFU/mL. Parameters for the 

fermentations conditions were +28°C, stirring of 100 rpm/min, and for 24 hours 

in total. Samples were collected throughout the fermentation, and pH was 
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monitored for the whole time with a sensor. Timepoints for sample collections 

were 0 h (after inoculation), 30 min, 1 h, 2 h, 4 h, 6 h, 8 h, and finally 24 h. 

4.2.2 Spontaneous fermentation 

The bioreactor was autoclaved without the lupin-beverage for spontaneous 

fermentations for sterilization. After cooling down the bioreactor, lupin beverage 

(500 mL) was added. Similarly with the single-strain LAB fermentations, 

parameters used were +28°C, stirring of 100 rpm/min, and pH was monitored 

with a sensor throughout the whole fermentation process. Spontaneous 

fermentations were continued until 96 h due to the slow decrease of the pH. 

However, it did not continue to decrease after 96 h during additional experiments, 

and therefore that was determined to be the end point of the fermentation. 

4.2.3 Kombucha fermentation 

The kombucha starter kit (Kombucha Starter Kit, Good Guys Oy) for kombucha 

fermentations was obtained from a local store. According to the instructions in 

the starter kit, the initial kombucha used for inoculations was prepared by boiling 

2.7 L of tap water and adding 15 g of black tea (Forsman tea, Keisarin malja tee 

(Fairtrade black tea 87 %, pineapple pieces 6 %, orange pieces 3 %, natural flavor 

2.5 %, lily 1.5 %), Aaro Forsman Oy) and letting it simmer for 20 minutes. Tea 

leaves were removed after 20 minutes, and 180 g of regular white sugar was 

added and dissolved. The temperature of the tea was let to cool down to 28–30°C 

before adding the SCOBY with the started liquid included in the starter kit. The 

kombucha was left at a dark place at RT for 11 days covered with a cheesecloth. 

For the other two kombucha fermentations, the kombucha starter was prepared 

in the same way, except that the previously prepared kombucha batch was used 

as the acidifying starter liquid for the new batch. For the fermentations, 5% v/v 

of the kombucha liquid was added to the lupin beverages. The fermentations 

were done in beakers covered with cheesecloths under static conditions inside an 

incubator. The incubator was set to +30°C, and the pH values were measured 

(LGG-pH meter 5) before sample collections. The end point for kombucha 

fermentations was determined to be 72 hours. By that time, pH had decreased to 

under 4 which was close to the final pH value in the single-strain LAB 

fermentations. 
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4.3 Sample preparation 

4.3.1 Plant-based foods 

In study I, the cooked and frozen plant-based foods (n=168) and animal-based 

products (n=8) were thawed before sample preparation. Pre-homogenization was 

done using food processor (Bamix model M133) at full speed (mode 2) for most 

of the products. Foods with harder texture, such as whole beans, were pre-

homogenized by using a pestle and mortar. To ensure the efficiency of this pre-

homogenization procedure, we performed three technical replicates from 15 food 

products with complex sample matrices. These replicates included products with 

visible spices, such as herbs. Otherwise, we performed one extraction from a 

sample. After pre-homogenization, approximately 200 mg of the product was 

weighed for the extraction, which was done with 80 % methanol (MeOH) in 

water. The amount of used extraction solvent was 400 µl per 100 mg of weighed 

sample. After adding the extraction solvent, the samples were vortexed at full 

speed (5s, RT) and 3 ceramic beads (2.8 mm; Precellys Ceramic kit) were added 

before the final homogenization (30 s−1, 1 min × 2; Tissuelyser 2; Qiagen). With 

this extraction method, some compounds can still be retained in the disgarded 

protein fraction impacting their presence in the extract. Therefore, optimization 

of the extraction method would be important in future studies. Extraction was 

done by vortexing the homogenized samples (5s, RT) and leaving the samples at 

RT for 15 minutes. Remaining solid materials were removed by centrifugation 

(18,000g, 10 min, +4 °C). The remaining supernatants were collected (200 µL) 

and diluted with 80 % MeOH (800 µL) to 1:20 concentration and vortexed (5s, 

RT). Before the LC–MS analysis all samples were filtered with 0.2 µm PTFE 

filters into HPLC vials with inserts. In addition to the samples, quality controls 

were prepared by pooling 20 µL of each diluted sample and filtered in the same 

manner. 

4.3.2 Lupin-based beverages 

Frozen samples collected from the various time points were thawed before 

sample preparation. The sample preparation procedure was similar to the one 

used with plant-based foods, excluding the homogenizations which were not 

relevant with these lupin beverage samples. Extraction of the samples (200 µL) 

were done with 80 % MeOH in water by vortexing at full speed (5s, RT). After 

vortexing, samples were centrifuged (18 000g, 10min, +4°C) and the 

supernatants (200 µL) were diluted with 80 % MeOH in water (800 µL), 

vortexed with full speed (5s, RT), and filtered with 0.2 µM PTFE filters into the 

HPLC-vials with inserts. Similarly, 20 µL of each diluted sample was pooled and 

filtered for quality controls. 
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4.4 Metabolomics analysis 

4.4.1 LC–MS analysis 

The LC–MS analysis using ultra-high performance liquid chromatography 

combined with quadrupole time-of-flight mass spectrometry (LC-QTOF-MS) 

was used in studies I and II. In both studies, samples were analysed using 

reversed-phase (RP) and hydrophilic interaction (HILIC) chromatographies. In 

study I, HILIC analysis was done with Elute UHPLC 1300 coupled with Bruker 

Impact II QTOF instrument from Bruker Daltonics. The RP analysis in study I, 

and both HILIC- and RP-analyses in study II were analysed with Agilent 1290 

Infinity II UPLC coupled with 6546 LC-QTOF. Columns used in this study were 

Zorbax Eclipse XDB-C18, 1.8 µm, 2.1 mm × 100 mm; Agilent Technologies for 

RP, and Acquity UPLC BEH Amide, 1.7 µm, 2.1 mm × 100 mm; Waters 

Corporation for HILIC.  

For HILIC, mobile phases consisted of 1:1 acetonitrile in water (solution A) 

and 9:1 acetonitrile in water (solution B), both containing 20 mM ammonium 

formate (Sigma-Aldrich). The gradient was 0–2.5 min, 100% B; 2.5– 10 min, 

100% B to 0% B; 10–10.01 min, 0% B to 100% B; 10.01–12.5 min, 100% B with 

0.6 ml min−1 flow rate. For RP, mobile phases were water (solution A) and 

methanol (solution B), with both containing 0.1% v/v formic acid. The gradient 

used was 0–10 min, 2–100% B; 10–14.5 min, 100% B; 14.5–14.51 min, 100–2% 

B; 14.51–16.5 min, 2% B with 0.4 ml min−1 flow rate. For both 

chromatographies the injection volume was 2 µl and sample tray was kept at 

+4 °C, and electrospray ionization was used with positive and negative modes. 

The following source parameters were used: drying gas flow, 10 l min−1; 

temperature, 325 °C; sheath gas flow, 11 l min−1; temperature, 350 °C; nebulizer 

pressure, 45 psi; capillary voltage, 3,500 V; and nozzle voltage, 1,000 V. In the 

full scan mode, the scan range was set to 50–1,600 m/z, scan time to 1.67 Hz and 

abundance threshold to 150. Quality controls were injected at the beginning of 

the analysis to prime the system and after every 12 samples to monitor the 

stability of the LC–MS analysis. Samples were analysed in a randomized order. 

Collision energies of 10 eV, 20 eV and 40 eV were applied in the separate 

MS/MS scans for the quality control and selected samples. Parameters for 

MS/MS scans were an abundance threshold of 200, target of 25,000 counts per 

spectrum, scan rate of 3.33 Hz, scan range of 50–1,600 m/z, maximum of 4 

precursors per cycle, precursor isolation width of 1.3 Da, active exclusion after 

2 spectra and release after 0.25 min. The data acquisition software used was 

MassHunter Workstation Acquisition 11.0 (Agilent Technologies). 
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4.4.2 Data analysis and metabolite annotations

In both studies, MS-DIAL221 (v.4.80) was used for automated peak picking and 

alignment of the raw data. Parameters used in study I were 0.005 Da for MS 

tolerance, 0.015 Da for MS/MS tolerance, m/z range of 0–2,000 Da, a minimum 

peak amplitude of 6,000 signal counts, a mass slice width of 0.1 Da. In study II, 

parameters used were 0.01 Da for MS tolerance, 0.025 Da for MS/MS tolerance, 

m/z range of 0–2,000 Da, minimum peak amplitude of 2,000 signal counts, and 

mass slice width of 0.1 Da. In both studies smoothing level of 3 scans and 

minimum peak width of 5 scans were used. For peak alignment in study I and II 

retention time tolerance of 0.2 min and MS1 tolerance 0.015 Da were used, as 

well as gap filling by compulsion. In positive mode the adduct ions were 

[M + H]+, [M + NH4]+, [M + Na]+, [M + CH3OH + H]+, [M + K]+,

[M + ACN+H]+, [M+H-H2O]+, [M+H-2H2O]+, [2 M + H]+, [M-NH4+H]+, 

and for negative mode [M − H]−, [M − H2O − H]−, [M + Cl]−, [2 M − H]−,

[M+HCOOH-H]−. After the data alignment, results from both RP and HILIC

and negative and positive ionization modes were exported to excel. In study I, 

this was 100,371 molecular features in total, and in study II, 52,316 molecular 

features. The raw data was then processed with notame package for data drift 

correction and flagging low-quality features226 using the quality control samples.

In study I, from the 100,371 molecular features the most abundant 8,000 

features based on the maximum average peak areas for each plant-based 

materials with the remaining 1,286 features with MS/MS data were selected for 

further analyses. In study II, from the 52,316 molecular features 35,997 features 

were selected for further analyses by calculating the maximum value of sample 

abundance to blank ratio to remove features from possible contaminations. 

Metabolite annotations in both studies were done using in-house databases and 

publicly available spectral databases (all of the ESI MS/MS databases 

available at the MS-DIAL database repository, including e.g. MassBank, 

ReSpect, GNPS, Fiehn lab and RIKEN databases) by comparing m/z, retention

time and MS/MS fragmentation patterns. ID level 1 refers to compounds identi-

fied based on chemical standards, level 2 to putatively annotated compounds

matched with spectral libraried, level 3 to putatively annotated compound

classes and level 4 to unknown compounds220.

4.4.3 Statistical analysis 

As both studies were exploratory and consisted of various different sample types, 

employing statistical analyses proved to be challenging. Commonly used 

statistical methods e.g. ANOVA did not provide additional insights, as the 

differences between sample types/groups were already evident from multivariate 

analyses. Principal component analysis (PCA) for all plant-based products and 
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animal-based ones in study I and for all fermented beverages in study II were 

prepared with z-normalized and log transformed data using ggbiplot package 

with R. For soy-based products in study I, PCA with Pareto scaling, mean 

centering, and log transformations were prepared with SIMCA v.16 (Sartorius 

Stedim Data Analytics). k-means clustering analyses for study I and II were 

prepared with z-normalized data in R with ComplexHeatmap. In study II, 

lineplots for annotated compounds were prepared with ggpubr.



 Results and Discussion 31 

 

5 RESULTS AND DISCUSSION 

5.1 Impact of processing on the biochemical composition 

of plant-based foods 

In study I, the impact of processing on the biochemical composition of plant-

based foods was examined using non-targeted metabolomics approach. The 

commercial products (n = 168) analysed in the study were made with various 

raw materials and with varying processing techniques. In addition, the 

biochemical composition of unseasoned animal-based products (n = 8) was 

analysed and compared to plant-based foods.  

 
Figure 5. Principal component analyses of plant- and animal-based foods made 

with good-quality molecular features (n = 9389) obtained from non-targeted LC–

MS based metabolomics analysis. a. Principal component analysis comparing 

PBPR foods made from various raw materials to animal-based foods (n = 176). 

b. Differences in the biochemical compositions of plant-based foods (n = 168). 

Principal components 1 and 2 (PC1 and PC2) and the variances by both are 

indicated by the percentages. Figure reprinted from Raita, et al. (2025)53. 

As expected, the biochemical composition of plant-based foods made from 

various raw materials was notably different compared to the animal-based 

products. In the PCA (Figure 5a) made with good-quality molecular features (n 

= 9389), all of the animal-based products clustered on the right bottom corner of 

the plot, while the commercial plant-based foods were more spread out on the 

upper side of the plot. Animal-based products seemed to have similar 

compositions even though they were derived from different animals. Compounds 

found to distinguish plant-based products from animal-based ones include for 

instance flavonoids, phenolic acids, and long-chain fatty-acids.223 Therefore, the 

difference in the presence of these compounds in the food products is probably 

the reason for their separation. Animal-based foods can also contain 
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phytochemicals depending on the diet of the animal, for instance grass-fed beef 

can contain higher quantities of some phytochemicals, such as hippuric acid, 

succinic acid, and 4-hydroxybenzoic acid, compared to grain-fed beef227. 

Succinic and 4-hydroxybenzoic acids were also detected in animal-based 

samples in our study. 

When further focusing on the plant-based foods, the impact of raw material 

was also noticeable as certain products separated from others (Figure 5b). Foods 

made from plant-based sources such as chickpeas, oats, and peas were found to 

have more similar biochemical compositions, while products made with soy 

separated from them. The reason why most of the other plant-based products 

appeared to have similar biochemical compositions might be that they were 

prepared using several plant-based ingredients to improve the nutritional quality 

of the product, for instance to improve amino acid composition. It is also clear 

that plant-based raw materials have different biochemical compositions as 

previously observed with soy- and pea-based products223, but the impact of other 

added components can also result in these differences. Different seasoning and 

ingredients added to improve physicochemical properties can be behind this 

phenomenon. 

5.1.1 Soy-based products 

Soy-based products (n = 62) made with varying techniques were used for further 

analyses to examine the impact of processing on their biochemical composition. 

This group included products from different processing stages, from raw beans 

to mildly processed, and to products made with refined components like soy 

protein isolates. Such diversely processed products were not found within the 

ones made with other plant-based sources. These products were categorised 

based on the product type into whole bean products, extruded chunks, tempe, 

tofu, and products made with protein concentrates or isolates. Whole soybeans 

are used in the preparation of tofu and tempe, while soy flour is used in protein 

extraction and often in extrusion processes. For tempe fermentation, whole 

soybeans are used by inoculating the starter culture, and with tofu the whole 

beans are first cooked and grinded, followed by separation of the solid pulp and 

liquid part which is then further used in the final preparation of tofu. Against 

common misconception, tofu is not a fermented product. However, it is worth 

noting that the exact processing techniques used in the preparation of these 

products are not clear, as the producers rarely mention those in the packages. In 

case of protein concentrate and isolate products, it would be interesting to know 

the exact extraction method so it could be taken into account in the analyses. 

Same applies to extruded products. 
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When examining the biochemical composition of soy-based products with PCA 

using annotated compounds (n = 193), the main reason behind their separation 

in the PCA was the difference in their product types (Figure 6a). Whole bean 

products seemed to have similar composition with tofu, while fermented foods 

exhibited similarities with extruded chunks. However, products made with 

protein concentrates or isolates separated from these other products. The reason 

for these more processed products to separate might be due to added ingredients, 

such as spices and herbs. These kinds of added ingredients are known to provide 

bioactive compounds into the product, but the main contributor for the presence 

of bioactive compounds in the product is the used plant-based raw material itself. 

In addition to added ingredients providing bioactive compounds, these more 

refined products can contain more added fat and other additives.  

As shown with the k-means clustering analysis in Figure 6e, products made 

with protein concentrates or isolates contain flavonoids most likely due to these 

added spices, as otherwise these compounds are often lost during protein 

extraction. In addition, this analysis clearly differentiates these product types 

based on their biochemical compositions, as compounds present in cluster 3 are 

found in tempe products, compounds present in cluster 2 in products made with 

protein concentrates or isolates, in cluster 1 in extruded chunks, cluster 4 mainly 

in tofu, and in cluster 5 compounds found in tempe, extruded chunks, and beans. 

Fermentation has been known to improve the bioavailability of amino acids228, 

and these compounds are highly abundant in cluster 3 in tempe products. 
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Figure 6. Impact of processing on soy-based products made with various 

processing techniques. a. Principal component analysis made with annotated 

compounds (n=193) for soy-based products classified by product types. b. Soy-

based products classified based on the NOVA classification system in the same 

PCA model. c. Soy-based products classified based on the Poti et al. 

classification system in the same PCA model. d. Sankey diagram demonstrating 

the classification of soy-based products based on product type, NOVA, and Poti 

et al. systems. e. k-means clustering analysis made with the annotated 

compounds (n=193) in soy-based products. Data has been z-normalized. Figure 

reprinted from Raita, et al. (2025)53. 

In addition to the product types, we used existing food processing 

classification systems NOVA196 and system developed by Poti, et al.199 to 

categorise these products. When NOVA system was applied in the PCA, ultra-

processed foods were found next to processed and minimally processed products 

(Figure 6b). The reason for this is that NOVA classifications are mainly made 

based on the ingredient lists (number of added components and their types) rather 

than based on the impact of processing on the biochemical composition of the 

product. Because of this, the definition between processed and ultra-processed 

or minimally processed and ultra-processed is sometimes misleading and can be 
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confusing. Most of the plant-based foods included in this study fall into the ultra-

processed category, as they have added ingredients or components that are 

considered to be found only in ultra-processed foods. For instance, these include 

extracted components, such as protein concentrates or isolates. When a 

classification system developed by Poti et al. was applied (Figure 6c), separation 

of differently classified products was slightly better than with the NOVA system, 

but highly processed products were still found next to basic or moderately 

processed ones. With this system, the classification of products seemed to be 

more justified, but there is still room for improvement.  

The sankey diagram (Figure 6d) demonstrates the difference between these 

classification systems, as the classification of foods based on product types is 

visually presented. Based on NOVA system, few of the tempe and tofu products 

are ultra-processed but based on the Poti et al. system they are classified as 

moderately processed. The reason for these products to be classified as ultra-

processed is that they have been industrially pre-fried and/or contain some added 

ingredients, which should only be found in ultra-processed foods based on 

NOVA212. The whole bean product falling into ultra-processed and highly 

processed categories is a burger steak, which has been made from whole 

soybeans according to the ingredient label, but still contains several added 

ingredients impacting its classification level. These results demonstrate the 

diversity of plant-based foods belonging to the ultra-processed category. Even if 

some plant-based products classified as ultra-processed have been found to 

contain less micronutrients or protein when compared to animal-based ones229, 

the ultra-processed label does not instantly indicate that the product has lower 

nutritional quality than for instance a processed product has, as their biochemical 

compositions are not taken into account in NOVA. In case of industrial frying, it 

does not automatically result in worse outcomes than home cooking, or is home 

cooking always a better option regarding harmful compounds. Home cooked 

foods have been found to contain comparable levels of harmful compounds, 

including acrylamide and compounds derived from Maillard reaction230. 

Nutritional profile of the product should be the main aspect when defining its 

healthiness. 

While the development of these classification systems is important in order to 

educate people on healthier dietary choices, these systems should be further 

developed to consider more comprehensively the biochemical composition of 

food products and the impact of different processing techniques on them. 

Currently, they do not consider what is taken away from the raw material or the 

formation of new compounds due to processing techniques. Plant-based products 

are often categorised as ultra-processed, because they can contain various added 

ingredients or additives. Even if they have been processed with beneficial 

techniques, such as fermentation, they can still be misleadingly classified as 
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ultra-processed53. While there is clear evidence that majority of ultra-processed 

foods have adverse health effects, plant-based meat alternative foods have not 

been associated with these effects like some highly processed animal-based 

products and sugary beverages have207,231. 

5.1.1.1 Isoflavonoids in soy-based products 

One specific group of compounds in soy-based products that were affected by 

different processing techniques were isoflavonoids. These compounds are also 

known as phytoestrogens, which can have various health effects on humans. In 

addition to the impact of processing on isoflavonoids, maturity of the beans and 

their water content have major impacts on their quantities232.  

The abundances of isoflavonoids in variously processed soy-based products 

are expressed in Figure 7. In Figure 7a, products are shown with sample codes 

which are based on their product types (Te, tempe; E, extruded chunks; T, tofu; 

C, protein concentrates/isolates; B, beans). Products which were made with 

protein concentrates or isolates seemed to have lower abundances of these 

compounds indicating, that their relative quantities are most likely diminished 

during the protein extraction process, as the fiber fraction likely containing them 

is being removed. Foods made from protein concentrates or isolates are often 

consumed together with other foods, which may help balance the intake of 

phytochemicals. In addition, processing techniques can have an impact on the 

form of these compounds, as the abundances of acetyl derivatives were highest 

in extruded products. This has also been observed in previous studies as high 

temperatures can increase these specific derivatives137,232. The aglycone forms 

were mainly found in fermented tempe samples, while malonyl derivatives were 

found in whole bean products, tofu, and extruded chunks. Malonyl derivatives 

are often found in whole soybeans, as they are the stable storage forms of these 

compounds233.  
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Figure 7. Isoflavonoid abundances in soy-based products. a. Abundances of 

isoflavonoids in soy-based products expressed in a heatmap. Sample codes are 

shown in parentheses. b. Abundances of isoflavonoids in different soy-based 

products. c. Visualization of total isoflavonoid abundances in three different soy-

based products categorised as ultra-processed. Figure reprinted from Raita, et al. 

(2025)53. 

From Figure 7b it is obvious that fermented products have highest abundances 

of aglycone forms. Similarly in other studies, concentrations of the aglycone 

forms of isoflavonoids have increased after germination234. These forms have the 

highest bioavailability for humans, as their absorption is faster than their 

glycoside forms154. Normally isoflavonoid glycosides are hydrolyzed to their 

aglycone forms in the small and large intestines, but during fermentation or 

germination the microorganisms can already break the glycoside bond72. 

However, our study focuses on relative abundances rather than quantification, 

and therefore conclusions regarding the bioavailability of isoflavonoids in these 

products cannot be drawn. In addition to the aglycones, fermented products with 

extruded chunks and tofu seem to have higher total abundances of isoflavonoids 

compared to beans and products made with protein concentrates or isolates. The 

low abundance of isoflavonoids in beans can result from inefficient extraction as 

they might be bound into the fibers present in beans. Isoflavonoids can also be 

lost due to leaching235, but the content of aglycones has been found to increase 
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during preparation of tofu as the glycoside bonds are probably hydrolyzed during 

soaking and by addition of heat236.  

In Figure 7c, three different products classified as ultra-processed and their 

total isoflavonoid signal abundances are shown. These abundance values 

indicate the presence of these compounds in the products. In the extruded soy 

chunk and burger steak isoflavonoids are relatively absent, while that one tempe 

product has a high abundance of them. This specific tempe product was classified 

as ultra-processed because it contained acidifying agent, which can be used to 

enhance flavors in products. Whether the addition of this ingredient makes the 

product to be avoided as recommended within the NOVA system, remains 

debatable.  

5.2 Biochemical composition of lupin-based beverages 

In the second study, the focus was on the impact of different fermentation 

techniques on the biochemical composition of lupin-based beverages. We used 

two lactic acid bacteria strains, spontaneous, and kombucha fermentations and 

analysed the samples using the same LC–MS metabolomics approach as was 

used in study I. We aimed to compare the impact of specified fermenting bacteria 

to unknown microorganisms, and how the biochemical composition of the lupin 

beverage differs between these fermentation techniques. Lupin was chosen as 

the fermentable raw material, as it has high content of protein and fiber, and 

could be utilized when producing more environmentally sustainable plant-based 

options in the future.  

5.2.1 Impact of fermentation on various compound classes 

The impact of different fermentation techniques on the biochemical composition 

of lupin-based beverages was evident, as the LAB fermentations resulted in 

different composition than spontaneous and kombucha fermentations. These 

LAB fermentations consisted of single-strain bacteria, while kombucha and 

spontaneous ones consisted of multiple microbial species. However, the 

microbial compositions of kombucha and spontaneous fermentations were not 

determined in this study. Both of the single-strain LAB fermentations exhibited 

similarities, while spontaneous and kombucha fermentations exhibited 

similarities among each other (Figure 8).  

The pH values were monitored to follow the succession of each fermentation. 

The end points for fermentations were chosen based on the pH values, and for 

the single-strain LAB fermentations these were based on preliminary tests and 

existing literature163. For spontaneous and kombucha, we aimed for similar pH 

values to be used as the end points. Additionally, longer fermentation time was 
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tested for spontaneous fermentation, but the pH did not continue to decrease. 

Kombuchas generally have pH of 2.5–3.5 and for these fermentations the end 

values ranged from 3.5 to 3.9.  

One significant reason behind the differences in the composition between 

these beverages might be in the preparation. For the single-strain LAB 

fermentations, lupin beverages were autoclaved prior inoculation to ensure 

sterile conditions. However, autoclaving would result in the loss of the 

microorganisms present in the material that are vital for the succession of 

spontaneous fermentations, and thereby it was not used for those ones. For 

kombucha fermentations, lupin beverages could have been heat treated before 

and this step would probably be necessary if they would be intended for 

consumption. In Figure 8a, different time points in the single-strain LAB 

fermentations appear to be closer to each other than in spontaneous and 

kombucha. This observation indicates that the biochemical composition of these 

beverages changes more drastically during spontaneous and kombucha 

fermentations, probably due to the differences in their microbial compositions.  

Already at the 24 hour time points separation can be seen in spontaneous and 

kombucha, but most of the changes appear to happen after that. Perhaps if the 

fermentation would have been continued for both single-strain LAB 

fermentations, similar effects would have been seen. Overall, the impact of heat 

treatment can be seen between these fermentations, and it has been previously 

shown to decrease the levels of bioactive compounds in lupin flours237. Because 

of these differences in the pH values, fermentation times and pre-treatments, 

these beverages are not biologically comparable. Still, the impact of these 

different fermentation techniques is visible and provides novel information. 

 
Figure 8. Biochemical composition of differently fermented lupin-based 

beverages. a. Principal component analysis made with good-quality molecular 
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features (n=35,996) for kombucha (n=30), LAB 10492 (n=24), LAB 20174 

(n=24), and spontaneous (n=33) fermentations. Time points are expressed in 

different colors. b. pH values for each fermentation technique with standard 

deviations from the three replicate fermentations. 

Similarities and differences between these fermentation techniques are visible in 

the k-means clustering analysis (Figure 9) made with the annotated compounds 

(n = 155). Clusters 3 and 2 show similar behaviors, as compounds present in the 

beginning of the fermentations decrease towards the end in cluster 3 and vice 

versa increase in cluster 2. Moreover, clusters 4, 5, and 6 demonstrate the 

different behaviors, as single-strain LAB fermentations behave similarly 

likewise do kombucha and spontaneous fermentations. In cluster 1, LAB 20174 

fermentation differentiates from LAB 10492 regarding some of the compounds. 

These compounds include for instance aconitic acid and quinolizidine alkaloids, 

like lupinine and oxymatrine. For some reason their abundances are lower 

already from the start point of the fermentation in LAB 20174. Most likely this 

results from some difference during the autoclaving process, as otherwise these 

beverages were prepared in the same way.  

Amino acids are a group of compounds that could be affected by the 

autoclaving procedure of the beverages. High temperatures result in protein 

denaturation and can decrease the quantities of amino acids in the product. 

Autoclaving used as sterilization procedure has been shown to result in lower 

total protein content and lower concentrations of amino acids238,239. However, in 

a study by Pontes et al.237, they discovered that heating increased the content of 

protein in lupin flours. In addition, they stated that while the actual amount of 

protein in the product does not increase due to processing, its digestibility and 

bioavailability can. The abundances of amino acids, such as leucine, proline, and 

isoleucine, are low throughout the fermentation when done with both of the LAB 

strains but increase at the end in kombucha and spontaneous. Moreover, their 

abundances increase earlier in the kombucha fermentation than in spontaneous. 

As expected, the abundance of sugars, such as sucrose, trehalose, and melibiose, 

decreases towards the end as they are utilized by the bacteria. Previously, LAB 

have been shown to decrease the content of sugar by up to 20 % after 

fermentation240.  
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Figure 9. k-means clustering analysis of annotated compounds (n=155). Results 

of a k-means clustering analysis expressed in a heatmap made with z-normalized 

data using average signal abundances obtained from the three fermentation 

replicates for each technique. Compound classes for annotated compounds are 

expressed in different colors. 

5.2.2 Changes in the biochemical compositions of lupin beverages 

One class of compounds affected by fermentation were raffinose family 

oligosaccharides. Raffinose and stachyose were within the annotated compounds, 

and the changes in their relative abundances are shown in Figure 10. In the 

single-strain LAB fermentations their abundances stay rather similar during the 

whole fermentation process, while after 24 hours their abundances decrease 

almost completely in spontaneous and kombucha fermentations. Perhaps such 

effects could have been seen in the single-strain LAB fermentations if they had 

been continued for longer than 24 hours. Additionally, use of other LAB strains 

might have resulted in different outcomes. However, this could also be due to 

the presence of other microorganisms. In other studies, fermentation has been 

shown to decrease their content241. These compounds are often considered to be 
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unwanted, as they are not digested in the small intestine and can therefore cause 

flatulence242. However, they can also have beneficial effects, as they can act as 

prebiotics243.  

The formation of biogenic amines seems to be related to the fermentation type 

and culture (Figure 10). During fermentation, these compounds are formed from 

free amino acids and their formation is often associated with fermentations 

without a starter culture244,245. Kombucha fermentation increases the abundances 

of phenylethylamine, tyramine, and spermidine, while putrescine is mainly 

increased in spontaneous fermentation. Both of the single-strain LAB 

fermentations did not increase the abundances of these compounds, except for 

spermidine which started to increase towards the end point. Tyramine and 

putrescine are found to be the most dominant biogenic amines in fermented 

plant-based foods, but interestingly these and other related compounds were not 

detected from kombucha in another study246. However, spontaneously fermented 

vegetables have been associated with high levels of biogenic amines, possibly 

impacting their healthiness247. 

Lactic acid and its derivatives indolelactic acid (ILA) and phenyl lactic acid 

(PLA) are produced by LAB. Their abundances increase earlier in both of the 

single-strain LAB fermentations than in spontaneous and kombucha. The reason 

for this could be that the presence of LAB in spontaneous and kombucha is 

probably lower than in the LAB inoculated fermentations, and they could even 

be different species. The content of these compounds has been found to increase 

in LAB fermentations in other studies248. ILA is produced from tryptophan249, 

while PLA can be produced from phenylalanine and tyrosine250. Lactic acid and 

its derivatives have beneficial properties, such as improving food preservation 

and safety251,252. 
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Figure 10. Relative signal abundances of indolelactic acid, lactic acid, 

phenylethylamine, phenyllactic acid, putrescine, raffinose, spermidine, 

stachyose, and tyramine in each of the fermentation techniques. Standard 

deviations for the three replicate fermentations are expressed as vertical lines.  

Vitamin B compounds (Figure 11) are important for basic human health. This 

group of vitamins consists of eight compounds, and they can be obtained from 

various nutrition sources. Vitamin B3 compounds nicotinic acid and niacinamide 

are important for their antioxidative properties and energy production. If the 

dietary intake of these vitamins is low, it can result in a skin condition called 

pellagra.253,254 Vitamin B1 has been associated with energy production and 

carbohydrate metabolism, and inadequate intake from diet can lead to several 

symptoms, such as brain fog, mood swings, and fatigue255.  

In these beverages, the impact of autoclaving can be seen with niacinamide, 

vitamin B3 derivative. Its abundance is already higher in the single-strain LAB 

fermentations at 0 time point indicating that heat treatment might increase its 

content. However, as its content decreases during fermentations the abundance 

of nicotinic acid (vitamin B3) simultaneously increases. In the single-strain LAB 
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fermentations this change happens during the first hours, while in spontaneous 

and kombucha fermentations it happens only after 24 hours of fermentation. 

LAB can form nicotinic acid from niacinamide through deamidation process256, 

which can explain this observation. Similar behavior has been observed with 

fermented fruit juices, as the content of nicotinic acid increased after 

fermentation with LAB257. However, the sudden decrease of nicotinic acid after 

first observed increase might be explained by it’s use as a growth factor by lactic 

acid bacteria258. The changes in the abundances of niacinamide and nicotinic acid 

demonstrate faster fermentation process in the single-strain LAB fermentations, 

as they probably had higher content of bacteria present. 

While the abundances and changes of niacinamide and nicotinic acid during 

fermentation might be related, the abundance of thiamine (vitamin B1) decreases 

in each of the fermentations. In both of the LAB fermentations, its abundance in 

the beginning of the fermentation is slightly lower than in spontaneous and 

kombucha. In cow’s milk, heating has not been found to have an effect on the 

quantity of thiamine259. In tea-based kombucha fermentations, the content of 

vitamin B1 has been found to increase260, which was not observed here. Overall, 

the decrease of the abundances of these compounds is unwanted, as they can 

have several health beneficial effects. In order to retain these compounds, shorter 

fermentation times could be employed. In addition, testing and selecting 

fermenting bacteria which produce these compounds would be useful.  

 

Figure 11. Relative signal abundances of niacinamide, nicotinic acid, and 

thiamine in each fermentation. Standard deviations for the three replicate 

fermentations are expressed as vertical lines. 

5.3 Strengths and limitations of the studies 

Both studies I and II have strengths but also some limitations. Metabolomics 

analysis has strengths as a wide range of metabolites were analysed in both 
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studies. By using RP and HILIC chromatographies in both positive and negative 

ionization, metabolites with different chemical properties can be analysed.  

Study I provides valuable information of the impact of various processing 

techniques on the biochemical composition of PBPR foods. This study consisted 

of a large set of commercial plant-based foods made with varying raw materials 

and processing techniques. As comprehensive analysis of the metabolite 

composition of PBPR foods has not been conducted. With soy-based products 

we were able to demonstrate the impact of processing on bioactive compounds, 

and additionally the inefficiency of existing food classification systems. For 

study II, strengths include the novelty of the study as it provides insight into the 

application of lupins for the production of plant-based alternatives in the future. 

We showed that fermentation can have beneficial effects, as the abundances of 

lactic acid derivatives with beneficial health impacts increased, while the 

abundances of RFO’s associated with negative outcomes decreased. 

Additionally, this study included novel production of lupin-based kombucha 

beverage. 

The results obtained in study I are significant for the development of food 

processing classification systems in the future. It highlights the importance to 

consider the comprehensive biochemical composition of PBPR foods in addition 

to their nutritional content, instead of focusing solely on the used processing 

technique or basic nutrients. The presence of phytochemicals in the PBPR foods 

indicates, that their abundances were dependent on the used processing technique. 

Fermentation seemed to increase their abundances, while protein extraction 

resulted in lower abundances. They are important compounds to consider, as they 

can be related to the health benefits associated with plant-based foods. Both of 

the studies emphasize fermentation as a beneficial processing technique which 

could be used more in the future for the production of healthy plant-based foods. 

The results from study II could be employed when developing beverages or other 

food products from lupins. This underutilized raw material could provide 

protein-rich sustainably produced options to animal-based products as it can also 

be cultivated in northern latitudes. 

However, there are some limitations in the studies. Limitations within the 

metabolomics analysis include that we use relative abundances instead of exact 

quantities. Therefore, the observations related to the related abundances of 

compounds and thereby their possible impacts on health are only figurative. High 

abundance does not necessarily reflect high bioavailability of a compound, as it 

is a combination of various factors, such as the food matrix, individual factors, 

and gut microbiota. In addition, a great number of metabolites remain as 

unknows due to inefficient fragmentation or the lack of comparable standard 

compounds in our in-house database and publicly available databases. Within 

the sample analysis, some compounds can be bound to the fiber or protein matrix 
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which can result in their inefficient extraction. The use of a digestion model or a 

clinical intervention trial would have provided valuable information to support 

the obtained findings in relation to their possible health effects, but these 

approaches were outside the scope of this thesis. However, such experiments 

have been conducted with the same products used here. 

In study I, additional limitations include the complexity of the biochemical 

composition of PBPR foods which can be challenging when identifying 

phytochemicals. The study design in study II regarding the duration of 

fermentations and their pH at the end could have been determined more carefully 

for more reliable comparison between the fermentations. In addition, the impact 

of different pretreatments on the fermentations provides additional challenges. 

Sensory analysis and determination of the final microbial compositions would 

have provided valuable information for the study.  
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6 SUMMARY AND CONCLUSION 

In this thesis, non-targeted metabolomics approach using liquid chromatography 

coupled with mass spectrometry was used to study the impact of various 

processing techniques on the biochemical composition of plant-based foods. The 

aim was to determine how these different techniques, such as fermentation, can 

modify the composition of plant-based products. In study I, commercial plant-

based products made from different raw materials and with varying processing 

techniques were analysed. These products consisted of various product types, 

such as whole beans, extruded chunks, tempe, and tofu. In addition to their 

product types, existing food processing classification systems were used to 

categorise these products. Study II consisted of fermentation of lupin-based 

beverages and their analysis to see how fermentation can modify their 

biochemical composition. Employed fermentation techniques included lactic 

acid bacteria fermentation using two different bacteria strains, kombucha 

fermentation using commercially obtained SCOBY, and finally spontaneous 

fermentation with microorganisms present in the raw material.  

In study I, the impact of processing on the biochemical composition of protein 

rich plant-based foods was evident with the abundances of phytochemicals. 

Along with the plant-based foods, animal-based foods were analysed and their 

compositions differed drastically from PBPR foods. Additionally, the impact of 

raw material on PBPR foods was shown and the analyses were further continued 

with soy-based products. Fermentation stood out as a technique that increased 

the abundances of isoflavonoid aglycones, while protein extraction seemed to 

decrease their abundances in products made with protein concentrates or isolates. 

Furthermore, when existing processing classifications were used to categorise 

PBPR foods, some conflicting results were obtained as products with high 

abundances of isoflavonoids, indicating the preservation of healthy whole-plant 

parts, were categorised as ultra-processed.  

In study II, the aim was to investigate the impact of different fermentation 

techniques on the biochemical composition of lupin-based beverages. Two lactic 

acid bacteria strains were used and compared with each other, with addition to 

spontaneous and kombucha fermentations which are based on several 

microorganisms. The two single-strain LAB fermentations showed similar 

results and likewise did spontaneous and kombucha with each other. The 

difference between LAB fermentations and spontaneous and kombucha were 

probably due to the different bacteria, as well as heat treatment employed before 

LAB fermentations. Additionally, different fermentation times and final pH 

values might have resulted in the differences.  
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Food processing is often necessary for plant-based foods, but existing food 

processing classification systems can result in confusing categorisations. PBPR 

foods can be categorised as so-called ultra-processed foods even if they have 

been prepared with beneficial techniques, like fermentation. This study 

demonstrated that metabolomics can be used to assess the impact of processing 

on plant-based foods and phytochemicals present in them. Harsher processing 

techniques, such as protein extraction, resulted in the loss of phytochemicals 

from the raw material, while fermentation increased their abundances. 

Additionally, fermentation increased the abundances of phytochemicals with 

possibly higher bioavailability, as was demonstrated with isoflavonoids. By 

selecting proper fermentation raw materials, cultures, and conditions, it could be 

used to produce fermented plant-based foods and beverages from locally grown 

protein-rich sources, such as lupins.  
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